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Synthesis of Co—N—C catalysts from a glucose hydrochar and
their efficient hydrogenation of nitrobenzene
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Abstract:
ation of highly-dispersed Co particles supported on N-doped carbons by the hydrothermal treatment of glucose, followed by the pyro-
lysis of a mixture of urea, glucose hydrochar and cobalt nitrate in one-pot. The effect of the pyrolysis temperature on the microstruc-

A low-cost, green catalyst for nitrobenzene (NB) hydrogenation is needed for aniline production. We report the prepar-

ture of the catalysts was studied. Results indicated that the activity for NB hydrogenation was highly affected by the surface area, Co-
loading level and Co-N, coordination in the catalysts. Co@NCG-800 pyrolyzed at 800 °C with 10% Co in the precursor had ex-
traordinary activity for NB hydrogenation, achieving full conversion and 99% aniline selectivity in isopropanol at 100 °C and 1 MPa
H, pressure for 2.5 h. NB conversion and aniline selectivity over the catalysts remained almost unchanged after six recycles, due to
the strong coordination between the N- and Co-species. The reaction system showed not only a high NB activity but also a green and

durable catalytic process, with easy operation, easy separation and catalyst reusability.
Key words: Biomass glucose; Hydrothermal; Co-N-C catalysts; Nitrobenzene hydrogenation

1 Introduction

Reduction or hydrogenation of nitrobenzene
(NB) are 2 main strategies to produce anilines' ™
which is one of important intermediates for chemicals
i.e. pesticide, dye and pigment. In particular, NB hy-
drogenation over these catalysts is a widely de-
veloped strategy, and almost 70% of anilines are pro-
duced by this method”. For instance, sucrose-based
Co—N—C catalysts had high activity in NB conver-
sion using formic acid as a H, donor"™, which can be
magnetically recovered with high recyclability from
the effect of uniformly N-species and Co particles on
the surface. As compared to stoichiometric reduction
with chemical H,, hydrogenation using H, gas is eco-
friendly and cost-effective for NB conversion into
anilines'®, in which a key issue is to find catalysts
with high activity and selectivity under mild condi-
tion.

Heterogeneous catalysts using carbons as sub-
strate have been reported for hydrogenation i.e. noble-
metals, non-noble metals and metal-free carbons, us-
ing H, as a reductant. Noble metals such as Pd, Pt or

Ru as active centers have good catalytic perfor-
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mances' . Pd-loaded carbon tubes owned high activ-
ity with TOF value of 66 900 h™' and aniline selectiv-
ity of 99% for NB hydrogenation'”. Vanyorek et
al."" reported carbon black anchored Pd-Pt catalysts
using NiO or Fe,O, as promoter, showing little differ-
ence in activity and selectivity at a wide temperature
range and 2 MPa H,, while activation energy of cata-
lysts was low of 7.6 kJ/mol. Pd, N-doped carbon foam
also used in NB hydrogenation''”!
with 99.1% aniline yield and 99.8% selectivity

, and NB conversion

reached regardless of temperature. Carbon tubes with
P, N-species and B-N co-doped graphenes were also
reported as the metal-free catalysts for nitroarene hy-

drogenation'* "

, while the comparable activity was
only observed as pressure over 3 MPa and reaction
time up to 15 h.

As comparison, non-noble metal-based carbons
i,e. M—N—C (M=Fe, Co or Ni) also had amazing

activities and low costs,'”

and great progress has
achieved even if their activity is still slightly inferior
to that noble metal-based carbons!’?". Co—N—C
catalysts as pyrolyzed by hybrids of melamine,
Co(NO;), and polyacrylonitrile had good activity in

nitroarene reduction™, and the catalyst with fluffy
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mesopores and rich N-species showed both a full con-
version and aniline selectivity at 120 °C and 1 MPa
H,. Recently, numerous methods have been reported
to prepare M—N—C catalyst, especially for pyrolys-
is of zeolite imidazolate framework (ZIFs)* "), be-
cause they often have advantages of high surface area,
hierarchical pores, high N content from imidazole,
and easily substitution of metals from different metal
salts. For instance, Co-N co-doped carbons were de-
rived by ZIF-67 pyrolysis and the size modulated by
content of imidazole™, exhibiting a full conversion
and aniline selectivity over 99% at 1 MPa H,. NB hy-
drogenation did not occur after etching to remove Co-
species”, indicating the synergistic effect between Co
and N-species. Liu and co-workers reported the design
of hollow CoS, anchored on N-doped carbons by ZIF-

(261 and S-defect in cata-

67 pyrolysis and NH; etching
lysts was positive to achieve high activity for nitro
compounds hydrogenation at 100 °C and 1.6 MPa H,.
It is admitted that N-species are useful to adjust elec-
tronic of carbon atom and uniformly stabilize ul-
trafine metals, boosting activity of M-N, coordination.
However, ZIFs production required long time and pro-
hibitive cost in the linkers and pyrolysis also largely
reduced yield, limiting their practical use in mass pro-
duction. It is necessary to seek a green and scalable
N—C catalysts for the better

use of hydrogenation reaction.

method to create Co—

Herein, we reported a facile method to incorpor-
ate Co-species into N-doped carbons through hydro-
thermal treatment of glucose biomass, followed by
pyrolysis of hybrid of hydrochar, Co(NO,), and urea
in one-pot. This route is low-cost and renewable us-

ing glucose as the carbon source and urea as N source,

Hot water

Drying
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G-HTC

223
5 =

Fine powders

where N-doped carbons with dispersed Co-species
and Co-N, sites easily achieved by urea decomposi-
tion as the form of gas during pyrolysis. The as-made
Co—N—C catalysts were highly active and stable for
NB hydrogenation. A full conversion of NB with a se-
lectivity over 99% towards anilines was achieved. Be-
sides, the present catalysts are more resistant to deac-

tivation.

2 Experimental

2.1 Preparation of Co— N— C catalysts

The catalysts were obtained by one-pot pyrolysis
of glucose hydrochar, Co(NO;), and urea. Hydrochar
was formed by hydrothermal using ZnCl, as the cata-

272
728 and a scheme was

lyst to accelerate hydrolysis
presented in Fig. 1. Firstly, 6 g of glucose and 18 g
ZnCl, were dissolved in 60 mL water by sonication,
and then sealed in autoclave to conduct hydrothermal
reaction at 180 °C for 12 h. Precipitates were washed
with water to clear impurities, followed by filtration
and dried at 100 °C for 24 h. Then, 2 g of hydrochar
as G-HTC, 4 g of urea, and 0.986 g of Co(NO,),
6H,0 (of around 10% Co-species on G-HTC in mass)
were mixed into powders, followed by the pyrolysis at
600-900 °C for 2 h under N, flow, ramping of 4 °C/min.
As a result, samples were named as 10%Co@NCG-T,
and 7 referred to temperature, for example
10%Co@NCG-800 indicated pyrolysis at 800 °C. To
observe the effect of Co-species, loadings of Co-spe-
cies also varied to be of 5% and 15%, and the samples
were named as 5%Co@NCG-800 and 15%Co@NCG-
800. As a control, NCG-800 in the absence of Co-spe-
cies was obtained by similar procedure only without

the presence of Co(NO;), in pyrolysis.

Ethanol

Pyroly3|s

N, flow

Fig. 1 Schematic diagram for the production of Co-N-C catalysts
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2.2 Characterization

Morphology and structure of catalysts were stud-
ied by X-ray diffraction (XRD), scanning and trans-
mission electron microscopy (SEM, TEM). Porosity
was stuided by N, isotherms and surface areas were
collected by the Brunauer-Emmett-Teller (BET)
method in p/p, range of 0.05-0.25. X-ray photoelec-
tron spectroscopy (XPS) was used to study coordina-
tion, where C 1s peak at 284.8 eV was used as basis to
calibrate binding energy. Apparatus information can
be found elsewhere",
2.3 Procedure for hydrogenation reaction.

Mixture of isopropanol (20 mL), catalysts
(50 mg), and NB (150 mg) was added in a 50 mL
autoclave, and air was removed by H, purging for 3
times. Reaction was performed at various H, pres-
sures and temperatures with stirring at 500 r/min, and
catalysts were collected by centrifugation. Liquid was
studied on an Agilent 6890N gas chromatograph
equipped with Agilent HP-INNOW AX capillary
column. The conversion and aniline selectivity were
determined by internal standard of chlorobenzene
based on integral areas of chromatographic peaks™,
and all tests were replicated for 3 times. Moreover, the
reusability of catalysts was done for 6 runs, which
were washed by ethanol and thermally treated under
N, flow at 800 °C for 1 h before the next cycle.

3 Results and discussion

3.1 Structural analysis

The morphology was observed by SEM observa-
tion, and all samples owned a well-defined spherical
shape in diameter of about 5 pum with varying degree
in breakage depending on pyrolysis conditions. G-
HTC had mainly microspheres with identical sizes
and smooth surface (Fig. 2a), which is a common
characteristic for hydrochar using carbohydrates as
sources™. In general, glucose hydrochar had singly-
dispersed spheres using water as media which was
widely observed by different groups™>", but these
spheres for G-HTC were partially crossing-linked
from ZnCl, catalytic effect in hydrolysis. The existing

ZnCl, was effective to increase particle size as com-

pared with hydrochar using pure H,O as reaction me-
dia””. However, Co-N-C catalysts had much rougher
surface especially for these catalysts pyrolyzed at
higher temperatures as shown in Fig. 2b-d, due to Co-
assisting graphitization of amorphous carbons. The
particle sizes of catalysts were largely shrinkaged
caused by pyrolysis as compared to that of G-HTC,
while doping Co-species did not affect shape, and
samples still remained spheres with partial breakage
regardless of pyrolysis conditions. Breakage for
10%Co@NCG was more obviously as an increase of
temperature, and a lot of small particles were ob-
served on surface. Other samples not shown here also
had similar shape to that of 10%Co@NCG. A flufty-
like shape with numerous cavities was observed as
temperature up to 900 °C (Fig. 2d). Hydrochar with
Co-particles were ever obtained by one-pot hydro-

5] and

thermal of sucrose, Co(NO,), and melamine
further pyrolysis yielded Co—N—C catalyst in
nanosheets, showing high-efficiency for the transfer
hydrogenation of nitroarene with formic acid. The dif-
ferent procedures in the production of hydrochar
would apparently affect the morphology of catalyst
and also the catalysis performances.

The TEM images for 10%Co@NCG-800 con-
firmed the formation of Co particles with well-de-
veloped porosity (Fig. 3). Partial Co particles were
singly-dispersed and wrapped by carbon layers with
average thickness of ~ 28 nm, which is conducive to

prevent Co-species from leaching during hydrogena-

Fig.2 SEM images for different catalysts: (a) G-HTC,
(b) 10%Co@NCG-700, (¢) 10%Co@NCG-800 and (d) 10%Co@NCG-900
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Fig. 3 Typical TEM images for 10%Co@NCG-800 under varied magnifications

tion. The results indicated that original Co®" in oxida-
tion were able to effectively reduce by self-reduction
of carbons, being inclined to agglomerate and form
large particles with irregular shape on carbon matrix.
Some graphitic nanosheets were also formed by the
catalytic effect of Co-species during pyrolysis. The
high-resolution TEM images indicated the lattice
structures with distance of 0.20 and 0.24 nm (Fig. 3c¢),
owing to (111) plane of metallic Co and (311) plane

of Co,0, in oxidation'*"

, respectively, and the dis-
tance of 0.34 nm was also observed for (002) plane of
graphite.

The porosities were assessed by N, isotherms
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with pore size distributions (PSD) (Fig. 4). As shown
in Fig. 4a, NCG-800 obtained by co-pyrolysis of G-
HTC and urea showed type IV isotherms with hyster-
esis loop in p/p, range of 0.45-0.95, indicating the

presence of small-sized mesopores’!

. The samples
adsorbed N, at low pressure even with a limited
amount, indicating the presence of partial micropores
in the networks, probably formed by the decomposi-
tion of nitrides and volatiles in the form of small gas
(eg. H,O0, NH, and CO,) during

pyrolysis™. PSD curves determined by density func-

molecules

tional theory (DFT) also supported the formation of

hierarchical micro- and mesopores (Fig. 4b) and large

0.30
(b) —o— NCG-800

025} —o— 5%Co@NCG-800
C) —4— 10%Co@NCG-800
5 o20f —A— 15%Co@NCG-800
3
€ 015}
)
>
S o0}
c
o
g 005}
£

0.00 }

1 10 100
Pore width/nm

0.12 F (d)
= —8— 10%Co@NCG-600
% 010tk —A— 10%Co@NCG-700
= ~0— 10%Co@NCG-900
£ 008}
=]
S
2 0.06 F
S
Q.
5 004}
=
o
g 002
a

0.00 f

1 10 100

Pore width/nm

Fig. 4 (a, c) N, isotherms and (b, d) PSDs, and isotherms in Fig. 4a were separately shifted up by 30 cm’/g for shake of clarity
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majority of pores located in a wide range. The calcu-
lated BET surface areas of NCG-800 were 204 m®/g,
which is normal for carbons from hydrochar pyrolysis
even if the existing urea can be also served as etching
reagent”®?. Isotherms for Co—N—C catalysts as pyro-
lyzed at 800 °C in Fig. 4a showed a similar situation
to that of metal-free NCG-800, including an obvious
hysteresis loop in p/p, range of 0.45-0.95. The ad-
sorbed N, amounts still had a slightly increase as p/p,
close to 1.0 especially for 5% and 10%Co@NCG-800,
indicating the presence of wide PSD in mesopores or
even partial macropores probably due to the shrink-
age of pore wall under the assistance of Co-species™".
The PSDs in Fig. 4b indicated that
5%Co@NCG-800 even possess large-sized meso-

results

pores in the 20-30 nm range. Besides, isotherms for
Co—N—C catalysts as pyrolyzed at other temperat-
ures also showed hysteresis loop (Fig. 4¢), and the ad-
sorbed amounts were highly enhanced as an increase
of pyrolysis temperature, indicating the developmet of
porosity from fully release of volatiles. As a result, the
calculated surface areas for Co—N—C catalysts had
an increase trend as temperature increased from 600 to
800 °C, while the further increase of pyrolysis temper-
ature up to 900 °C caused a slightly decrease in the
surface areas, probably due to shrinkage of carbon
skeleton and wreckage of pores by excessive pyrolys-
is. BET surface areas of 10%Co@NCG catalysts were
of 42, 170, 273 and 196 m*/g, corresponding to the
pyrolysis at 600, 700, 800 and 900 °C, respectively.
The increase of Co-loadings slightly reduced porosity
from partially porous blockage, and surface areas for
5% and 15%Co@NCG-800 were of 294 and
227 m*/g, respectively. Pore volumes for catalysts also
had a similar trend, and total pore volumes for 5% and
15%Co@NCG-800 were of 0.35 and 0.30 cm’/g, re-
spectively. The detailed pore parameters were presen-
ted in Table 1, and average pores for 5%, 10%, and
15%Co@NCG-800 were of 4.75, 3.30 and 5.23 nm,
respectively. As compared to that NCG-800, the lar-
ger surface areas in Co—N—C pyrolyzed at same
temperature were caused by a possible reaction of co-

balt oxides with carbon matrix and decomposition of

cobalt salts with more volatiles release to yield
pores™. Admittedly, a high ratio of pores in the range
of 2-10 nm associating with large surface areas were
beneficial for substrates diffusion and adsorption, ex-
posing more active sites for liquid-phase hydrogena-
tion.

To evaluate the variation of crystal structures,
XRD patterns were shown in Fig. 5. Admittedly, all
catalysts owned a broad peak at around 21° from

(002) plane for amorphous carbons!'”

. Intensity of
(002) peak slightly lowered for the series of
10%Co@NCG pyrolyzed at different temperatures as
compared to that of metal-free NCG-800. Co—N—C
catalysts also had evident shoulder peaks at 44.2°,
51.5° and 75.8° from (111), (200) and (220) plane of

Co particles™

, respectively, indicating partial forma-
tion of metallic Co from a self-reduction effect of car-
bons. Besides, a weak peak at 36.8° was observed for
Co—N—C catalyst from (311) plane for Co,0,, con-

firming that the self-reduction was not enough to re-

Table 1 Porous parameters for these catalysts obtained
from different conditions

[a]S [b] V. [c] V.o [d]D
Colysts iy ey oy om)
NCG-800 204 0.16 0.13 3.19
10%Co@NCG-600 2 0.08 0.07 7.24
10%Co@NCG-700 170 0.14 0.11 3.42
10%Co@NCG-800 273 0.23 0.16 3.30
10%Co@NCG-900 196 0.19 0.14 3.92
5%Co@NCG-800 294 0.35 0.26 4.75
15%Co@NCG-800 227 0.30 0.24 5.23

Note: ™ Surface areas;

) Total pore volumes;

I Mesopore volumes for pores larger than 1.7 nm;
1 Average pore sizes determined by 4 V/A method.
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Fig. 5 XRD patterns for the series of catalysts
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duce all Co in oxidation into metallic particles and
partially crystal oxides still existed. As shown in
Fig. 5, intensity of peaks from Co-species was highly
enhanced as an increase of pyrolysis temperature,
while half-width of peaks did not change into narrow-
er mode, indicating that high-temperature was posit-
ive to self-reduction for the formation of metallic Co
particles from oxides. That is to say, due to strong re-
duction of carbon materials, the relative content of
metal Co particles in the frameworks increases as the
increase of pyrolysis temperature, and particle sizes
do obviously.
10%Co@NCG catalysts even contained a peak at

not  increase Significantly,
25.6° from crystal plane of graphite as temperature up
to 800 °C"!, owing to the catalytic effect of Co-spe-
cies. It should be admitted that the XRD patterns for
5% and 15%Co@NCG-800 not shown here also
showed similar peaks to that of 10%Co@NCG-800
only with change in intensity, due to the different con-
tent of Co-loadings in precursor. As a result,
10%Co@NCG-800 catalysts with well-developed

mesopores, large surface areas, and high contents of

metallic Co particles would probably exhibit the
highest activity in NB hydrogenation.
3.2 Elemental analysis

XPS measurements for 10%Co@NCG-800 were
performed to evaluate its compositions. As shown in
Fig. 6a, the main peaks at around 285.1, 400.2, 532.1
and 780.1 eV were observed for energy values of Cls,

24 indicating the

Nls, Ols and Co2p, respectively
successfully doping of Co- and N-species on the sur-
face of carbons by one-pot pyrolysis. Admittedly,
peak intensity for N1s is relative weak, and urea as ni-
trogen source is probably not ideal for doping during
the pyrolysis, and the content of C, N, O, and Co-spe-
cies in composition of 10%Co@NCG-800 was 91.4
at.%, 0.5 at.%, 6.1 at.% and 2.0 at.%, respectively.
High-resolution of Cls spectra in Fig. 6b were fitted
into 4 peaks at 284.7, 285.6, 286.6 and 290.5 ¢V, due
to the bonding of C=C, C=N, C—N/C—O and

[31]

C=0, respectively” . The presence of C—N and
C=N peaks indicates successful N-doping via one-pot
pyrolysis. The deconvolution of N1s spectra in Fig. 6¢

showed 3 peaks centering at about 398.6, 399.9 and

282
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Fig. 6 XPS spectra of 10%Co@NCG-800: (a) survey curve, and high resolution XPS: (b) Cls, (¢) N1s and (d) Co2p
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401.2 eV, owing to pyridinic, pyrrolic and graphitic-
N, respectively™. The peak intensity of pyrrolic N
was the lowest due to partially thermal conversion in-
to other N-species, and the intensity for graphitic-N
was much higher than that of pyridinic N from cata-
lytic effect of Co particles at high-temperature pyro-
lysis conditions''”. As a result, the calculated relative
ratio for graphitic, pyridinic and pyrrolic N was separ-
ately 44.62%, 34.49% and 20.88% in total N-species
on the surface of 10%Co@NCG-800. The pyridinic N
often located at edges or defects of carbon layer and
provided an electron pair, which was conducive to the
attachment of metal particles, resulting in a positive
effect towards the formation of Co-N, sites. High-res-
olution of Co2p XPS spectra in Fig. 6d includes 2
main peaks at 780.3 and 795.4 eV for Co2p,, and
Co2p,,"”", where the binding energies for Co2p,,
peak were fitted into signals of Co(0) (779.7 eV), Co**
(780.7 eV) and Co’ (782.1 eV), and intense signal in
Co(0) peak confirmed crystallinity of Co particles
from CoO, due to self-reduction effect of carbon lay-
ers. Two signals at 786.2 and 803.7 eV were satel-
lite peaks for Co2p,, and Co2p,,,. All these results in-
dicates the successfully encapsulating of Co and N-
species into carbons to form Co—N—C catalysts with
the co-existence of Co-N, and Co-O, sites, which was
believed to facilitate H, dissociation in following hy-
drogenation reaction.
3.3 Catalytic performance

The transformation of NB into anilines was used
as a model reaction to evaluate the catalytic perform-
ance of Co—N—C catalysts. As shown in Table 2, no
aniline was observed in the product when no catalyst
used or glucose hydrochar used as catalyst, indicating
that catalysts were imperative in reaction. Using
NCG-800 as catalyst, the NB conversion was of only
11% with aniline selectivity up to 100% because anil-
ine was the only product from NB hydrogenation. It
was noted that the presence of N-species in carbon
catalysts was positive for catalytic performance des-
pite a limited activity from single N-dopant under
mild conditions, which was confirmed by others us-

ing heteroatoms-doped carbon nanotubes as metal-

free catalysts for NB hydrogenation reaction'* "\, For
instance, no activity was observed for N-doped car-
bon nanotubes as H, pressure lower than 2 MPa at
170 °C in early work'"!, and NB conversion was only
of 60% with aniline selectivity up to 91% even as H,
pressure up to 4 MPa for 10 h. Co—N—C catalysts
with an equal content of cobalt salt as pyrolyzed at
different temperatures had largely enhanced activity
as compared to that G-HTC and NCG-800 without
Co-species as summarized in Table 2, indicating that
the presence of Co-species were critical for NB hydro-
genation. As the pyrolysis temperature ranging from
600 to 800 °C, the catalytic activity over catalysts was
proportional to temperature, and 10%Co@NCG-800
as pyrolyzed at 800 °C did show the best activity with
a full NB conversion. Admittedly, the surface areas of
catalysts were not decisive factor for catalytic activity,
considering that 10%Co@NCG-600 as pyrolyzed at
600 °C with surface areas of only 42 m%g also
showed NB conversion of 86%. As the temperature
increased up to 900 °C, 10%Co@NCG-900 reversely
exhibited a lower NB conversion of 93.7% under the
same conditions, resulting from the fact that catalysts
with more highly graphitic sp> carbon structure were
rather chemically inert to H, and therefore not be-
nefited for NB hydrogenation* .

To understand Co-loadings on catalytic activity,
the comparative results for catalysts pyrolyzed at
800 °C were studied. As shown in Fig. 7a, all cata-
lysts with different Co-loadings can completely trans-
form NB into aniline at 120 °C under conditions of
1 MPa H, and reaction time up to 2.5 h. As temperat-
ure reduced to be 100 °C, both 10%Co@NCG-800
and 15%Co@NCG-800 still had a full NB conversion,

Table 2 NB hydrogenation over catalysts under condi-
tions of 120 °C and 1 MPa H, with reaction time up to 3 h

Entry Catalysts Conversion (%) Selectivity(%)

0 Blank 0 0

1 G-HTC 0 0

2 NCG-800 11.0 >99
3 10%Co@NCG-600 86.0 >99
4 10%Co@NCG-700 95.4 >99
5 10%Co@NCG-800 100 >99
6 10%Co@NCG-900 93.7 >99
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Fig. 7 (a) NB conversion on catalysts as pyrolyzed at 800 °C, and the effects of different reaction parameters on activity over 10%Co@NCG-800 catalyst:

(b) temperature, (c) time and (d) H, pressure

while the NB conversion for 5%Co@NCG-800 was
only of 50%. Significantly, the NB conversion for
10%Co@NCG-800 still remained 69% as reaction
temperature decreased to 80 °C, much higher than that
of other two catalysts under the same condition
(Fig. 7a), and 10%Co@NCG-800 featured in hier-
archical micro-mesopores also promoted transporta-
tion of substrates, intermediates and products'®. All
the results indicates that a higher temperature was ef-
fective for hydrogenation, and the presence of moder-
ate Co-species in catalyst was important for catalytic
process under mild conditions. Combined with TEM
results (Fig. 3), agglomeration of Co particles caused
by excessive doping may be the main reason for the
reduction of catalytic activity over 15%Co@NCG-
800. The effects of reaction conditions such as tem-
perature, time, and H, pressure on NB hydrogenation
over 10%Co@NCG-800 as an example were also as-
sessed to determine optimum conditions. The aniline
selectivity changed a little with value close to be

100% regardless of reaction conditions, while the

higher reaction temperature, longer reaction time as-
sociating with the higher H, pressure largely affected
catalytic activity. As shown in Fig. 7b, the conversion
rate of NB largely increased as the increase of reac-
tion temperature, where the conversion was around
50% at 70 °C and then increased to be a full conver-
sion at 100 °C, and further increase of temperature un-
changed the conversion rate. Similarly, the reaction
time and initial H, pressure also showed positive ef-
fect towards activity (Fig. 7c, d), where NB were fully
transformed into anilines as reaction time up to 2.5 h
and H, pressure up to 1 MPa. For instance, NB con-
version was enhanced from 37% to 98% as time ex-
tended from 0.5 to 2.0 h under conditions of 100 °C
and 1 MPa H, pressure (Fig. 7c), and a full conver-
sion was achieved as reaction time up to 2.5 h. All the
the  superiority  of
10%Co@NCG-800 for NB hydrogenation under mild
conditions of 100 °C, 2.5 h, and 1 MPa H, pressure,

constituting to be one of the best conditions for NB

phenomena  confirmed

hydrogenation from the viewpoint of sustainable
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chemistry. For instance, full conversion was ever ob-
served on Co—N—C catalysts at higher pressure or
longer reaction time as reaction temperature lower than
120 °C*'7, separately from the pyrolysis of ZIF-67
and ZIF-9 particles. As for the mechanism, the ad-
sorbed H, molecules on Co—N—C catalyst were dis-
sociated into 2 hydrogens, and the yielded H-species
reacted with nitro group to form nitroso compounds.
Then, nitroso group combined with H-species to yield
phenylhydroxylamine, followed by the reduction from
the adsorbed H, to form aniline’, and desorbed into
solution. During the process, 10%Co@NCG-800 with
hierarchical micro-mesopores benefited for transporta-
tion of substrates, intermediates, and aniline products.
3.4 Reusability

The catalytic activity of Co—N—C catalysts for
NB hydrogenation in successive runs was explored
under the optimal condition of 100 °C, 1 MPa H,
pressure, and reaction time up to 1 h. The results of
using 10%Co@NCG-800 as an example were com-
piled in Fig. 8. The catalysts were treated by ethanol,
calcined again at 800 °C, and then continued to be
used for hydrogenation. As shown in Fig. 8a, aniline
yield was close to 50.3% and catalysts can be re-
cycled up to 6 cycles with activity fluctuation in a
small range, overcoming the commonly deactivation

for hydrogenation in liquid-solution. The aniline yield

10%Co@NCG-800
¢ H-No,TLLo@REE-500, NH
60 27400 °C, 1 MPa, 1 h O,
50 [ @
40
30
20

Yield of aniline/%

1 st 2nd 3rd 4(h 51h 61h
Number of recycles

= Graphite
(b) +3rapn
*Co
-
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‘k..1 0%Co@NCG-800
A .
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] Co: PDF#15-0806
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Fig. 8 (a) The reusability of 10%Co@NCG-800 and (b) XRD patterns for
the fresh and used catalysts

after 5 recycles was still highly up to 49%. Admit-
tedly, the catalysts after the first cycle without calcin-
ation had a big loss in the activity, which is similar to
our previous work using MOFs as precursors to ob-
tain Co—N—C catalysts"!, owing to the formation of
cobalt oxides from metallic Co species during recycle
reactions. After simple calcination, the catalysts
showed good activity and stability for NB hydrogena-
tion. It is not difficult to understand that the ratio of
cobalt oxides in the system would be reduced and
metallic Co-species enhanced by self-reduction of car-
bon materials during the calcination process in inert
atmosphere. XRD patterns for catalysts after 6 recy-
cles were measured (Fig. 8b) and no newly formed
peaks were observed. The intensity for diffraction
peaks from metallic Co was reduced for the used cata-
lysts, confirming the occurrence of partial interac-
tions between active metal particles and substrate dur-
ing the reaction”!. All the above-mentioned results in-
dicate that the distinctive activity of Co—N—C cata-
lyst mainly originates from synergistic effects
between metallic Co and Co-N, coordination, not co-
balt in oxidation state in carbon substrates.

4  Conclusion

N-doped carbons incorporating Co particles were
obtained by one-pot pyrolysis using glucose hy-
drochar and urea as precursors, acting as high-effi-
cient catalysts for NB hydrogenation. The effects of
Co-loadings and pyrolysis temperature on catalytic
activity were studied, and 10%Co@NCG-800 had the
best performance with a full NB conversion and anil-
ine selectivity over 99% at conditions of 100 °C and
1 MPa H, up to 2.5 h. The catalyst had good reusabil-
ity even after 6 times reuse under the best condition
with aniline yield remaining to be of over 50%. The
formation of Co-Ny coordination inhibited agglomera-
tion of metal particles, and coating of metallic Co in
carbon layers effectively reduced the leaching of act-
ive site, resulting in the excellent activity and stability.
The present approach opened-up a facile method to
produce other earth-abundant metal catalysts for NB

conversion.
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