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Hydrogenation of 4-nitrochlorobenzene catalysed by cobalt
nanoparticles supported on nitrogen-doped activated carbon

J.J. Villora-Picé?, 1. Campello-Gomez?, J.C. Serrano-Ruiz®, M.M. Pastor-Blas®, A. Sepulveda-
Escribano?, E.V. Ramos-Fernandez**

The hydrogenation of nitroarenes to produce the corresponding amines using dihydrogen as reducing agent has an important
industrial role, since it allows to obtain important added-value products. This reaction needs the help of a catalyst to proceed.
Many catalysts have been already tested and studied. Most of them are based on noble metals supported on metal oxides.
These catalysts perform well, but they are expensive and thus, alternative systems are needed. In this context, cobalt-based
catalysts have emerged as adequate alternatives, despite cobalt nanoparticles per se are not very active for this reaction. A
way to improve the catalytic activity of cobalt nanoparticles is by supporting them on a support with functional groups that
are able to change their intrinsic properties and to enhance their catalytic properties. In this sense, N-containing carbons are
promising candidates to be used as support, since nitrogen functionalities may modify the catalytic properties of cobalt. In this
work, cobalt nanoparticles supported on N-doped activated carbons have been prepared and studied as catalysts for the
hydrogenation of 1-chloro-4-nitrobencene to the corresponding chloro-aniline. It is demonstrated that the catalytic activity is
enhanced by the presence of nitrogen species in the support. When the temperature of the catalyst activation treatment
(reduction under flowing hydrogen) is increased, the catalytic activity increases drastically in the presence of nitrogen
functionalities on the support. The catalysts have been characterised by transmission electron microscopy (TEM), temperature-
programmed reduction (TPR), X-ray diffraction, X-ray photoelectron spectroscopi (XPS) and N, adsorption at 77 K. It has
been found that the enhanced catalytic activity was due to two different factors, namely the interaction of the cobalt particles
with the nitrogen functional groups (forming Co4N), and the development of mesopores in the support during the activation

process that increases the accessibility of reactants to the active sites.

Introduction

Arenes are a type of organic molecules which encompasses a
huge variety of compounds. There is a myriad of applications of
these molecules, from the synthesis of drugs and medicaments',
their use as solvents 2, fine chemistry products in perfumery and

3

for polymer synthesis °. Nitroarenes are one special type of

arenes that contain a nitro group attached to the benzene ring,
arising different properties and enabling different features.
Besides, nitroarenes are often used as explosives *, they are
important intermediates in different organic synthesis °, and the
most common use relies on their application as raw materials for
the synthesis of aniline ®. Aniline is an organic solvent largely
involved in multitude of processes’, as well as the precursor for

the synthesis of different polymers, fertilizers and other products
8
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The hydrogenation of nitroarenes to obtain different anilines is a
highly interesting process for industry. Nitroarene reduction can
be achieved by several ways, such as using stoichiometric
reducing agents (Zn, Al, Sn, etc.) %10, electrochemically or by
catalytic hydrogenation using sodium borohydride or dihydrogen
as reducing agent. The latest one is the preferred method for
economic and environmental reasons. When catalytic
hydrogenation methods are used, the catalysts are obviously a
key factor to effectively produce the anilines, and this is the case
when both sodium borohydride or dihydrogen are used as
reductants. Catalysts based on noble metals such as Pd ''-13, Pt
1416 or Au 18 are the most used ones due to their high
effectiveness. In all these cases the active noble metals are scarce
and expensive, so a more convenient alternative is strongly
needed.

Cobalt is known to be an excellent catalyst for many reactions
such as cycloadditions '°, Fischer-Tropsch 2°-23, oxidations 24?3
and hydrogenations 2628, and it may be a cheaper and more
available alternative for the substitution of the noble metal-based
catalysts that are currently used for the hydrogenation of
nitroarenes. Cobalt nanoparticles by themselves are not efficient
for nitroarenes reduction, and they need to be promoted by the
support or additives to improve their intrinsic properties. One of
the cheapest supports that might be used in catalytic applications
are activated carbons. They are also easily tailored and
chemically stable during hydrogenation reactions. However,
activated carbons without any functional groups are rather inert
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and, in principle, they do not have the capability to promote the
metallic active phase®.

The introduction of heteroatoms in the activated carbon matrix
constitutes a route that allows to change the electronic properties
of the support and, consequently, opens the possibility to a
promotion effect on the supported metal particles. It has been
demonstrated that the presence of nitrogen functionalities in
activated carbons can help in the hydrogen dissociation step
when metal nanoparticles are supported on them. 27-30-32,
Beller’s group has developed several strategies to prepare cobalt
nanoparticles supported on nitrogen-containing carbons. First,
they prepared the catalysts by pyrolyzing non-volatile Co-amine
complexes at high temperature 33. Later on, they also prepared a
new generation of catalysts by controlled decomposition of metal
organic frameworks. In this way they used a cobalt-based MOF
constructed with 1,4-diazabicyclo[2.2.2]octane (DABCO) and
terephthalic acid (TPA) as linkers 34. Using both approaches they
found that the presence of nitrogen functionalities was the key
factor for the enhanced activity and selectivity. The Gascon’s
group also used Co nanoparticles supported on nitrogen-
containing carbon prepared by decomposition of ZIF-67 3'. They
found that the interaction of the carbon support with the cobalt
nanoparticles was very important to determine the catalytic
performance. Indeed, it must be taken into account that the cobalt
nanoparticles they prepared were embedded into the carbon
matrix. In this sense, sintering of the metal particles was
prevented, and some additional stability was provided. Both
groups prepared these new catalysts using expensive precursors,
metal complexes and MOFs, which means that they would be as
expensive as those prepared with noble metals, whose precursors
are also costly. Moreover, the synthesis protocol for those
precursors requires the use of organic solvents, which makes
these methods far from being considered environmentally
friendly. Besides these practical issues, it is also important to
remark that the comparison of the prepared catalysts against their
analogous without nitrogen functionalities is not possible.

In this paper we have prepared Co nanoparticles supported on
both nitrogen-free and nitrogen-doped activated carbons. The
undoped activated carbon was a commercial one (RGC30) 3537,
Unlike previously reported preparation methods using expensive
precursors, MOFs and organic solvents, we herein propose a
simpler and cheaper methodology based on melamine as the
nitrogen precursor, which is simply impregnated, polymerized
and pyrolized on the RGC30 commercial activated carbon3®3.
Then, the cobalt catalysts were prepared by a well-stablished
impregnation method using water as a solvent and cobalt nitrate
as the metal precursor.

Experimental
Synthesis of the carbon supports and the catalysts

The nitrogen-containing support was prepared by mechanically
mixing melamine and a commercial activated carbon (RGC30),

View Article Online

followed by a heat treatment under nitrogdn4thidSpRERES TS0
mixture of RGC30/melamine 1:4 ratio in weight was physically
mixed in a mortar, and then treated at 800 °C for 1 h under
nitrogen flow (100 mL/min) in an horizontal tubular furnace,
with a heating rate of 3 °C/min.
Both carbon supports, N-free and N-doped, were impregnated
with the cobalt precursor by the wet impregnation method. 10
mL of aqueous solution of cobalt nitrate (Co(NO3)2-6H20) were
added to 1 g of support in order to obtain 5 wt.% mass of cobalt
in the catalyst. The mixture was then stirred in a rotary
evaporator for 24 h, and then vacuum was applied at 70 °C until
complete evaporation of water. After this step, the carbons
impregnated with the cobalt precursor were submitted to a heat
treatment at 210 °C for 3 h to decompose the cobalt precursor.
The obtained materials were named as AC (cobalt supported on
non-doped activated carbon) and NAC (cobalt supported on N-
doped activated carbon).

Characterization

Temperature-programmed reduction (TPR) measurements were
carried out in a U-shaped quartz cell using a 5% Hz/He gas flow
of 50 mL/min, with a heating rate of 5 °C/min until 1000 °C. The
different gases released were monitored by on-line mass
spectrometry (Omnistar TM Balzers).

The XR diffractograms of the prepared materials were collected
using a Bruker equipment, model D8-Advance, provided with a
copper anode and a Géebel mirror to avoid the need of removing
the Cu Kp radiation with a Ni filter. Therefore, the Cu Kq
radiation was used. The samples were scanned with a 2theta
angle between 2.5 © and 80 ° with an angular speed of 1°/min, a
step of 0.05 s and a preset time of 3 s.

TEM images were obtained with a JEM 2010 microscope. The
acquisition of the images was made by means of a digital camera
GATAN ORIUS SC600 mounted on-axis, integrated with the
program GATAN Digital Micrograph 1.80.70 for GMS 1.8.0.
RAMAN spectroscopy was carried out in a Raman Jasco NRS-
5100 equipment using a 532 nm laser and a 600 lines/mm slit
between 0-4000 cm!.

X-Ray photoelectron spectroscopy (XPS) was performed with a
K-ALPHA spectrometer (Thermo Scientific). All spectra were
collected using Al-Ko radiation (1486.6 eV), monochromatized
by a twin crystal monochromator, yielding a focused X-ray spot
with a diameter of 400 nm, at 3 mA x 12 kV. The alpha
hemispherical analyzer was operated at the constant energy
mode with survey scan pass energies of 200 eV to measure the
whole energy band and 50 eV in a narrow scan to selectively
measure the particular elements. Charge compensation was
achieved with the system flood gun that provides low energy
electrons and low energy argon ions from a single source. The
powder samples were pressed and mounted on the sample holder
and placed in the vacuum chamber. Before recording the
spectrum, the samples were maintained in the analysis chamber
until a residual pressure of ca. 5 x 1077 N/m? was reached. The
quantitative analysis was estimated by calculating the integral of
each peak, after subtracting the S-shaped background, and by
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fitting the experimental curve to a combination of Lorentzian
(30%) and Gaussian (70%) lines.

Catalytic tests

Before reaction, all catalysts were reduced under a Hz flow at
different temperatures. The catalysts prepared with the parent N-
free carbon support were named as “AC number” (where number
is the temperature of reduction in °C); i.e., a sample reduced at
750 °C is named as AC 750. The catalysts prepared with the N-
doped carbon support were labelled as “NAC number”,
following the same way that for the AC samples.

The catalytic experiments were performed in a 300 mL batch-
type reactor (Biometa), equipped with a system that allows liquid
sampling. The experiments were carried out with an initial
hydrogen pressure of 50 bar at 100 °C. The previously reduced
catalyst (100 mg) and 1.56 g of 4-nitrochlorobenzene (NCB)
were added to 100 mL of ethanol, which is used as solvent. In all
cases 320 pL of octane was added as internal standard. The
system was heated under minimal stirring rate (10 rpm) allowing
proper heat transfer but hindering mass transfer to avoid reaction.
Zero time was fixed once reaching 100 °C, and in this moment
the stirring rate was increased to 300 rpm. Liquid samples were
analyzed with a gas chromatograph equipped with a mass
spectrometer and a capillary Carbowax column, using helium as
carrier gas.

Results and discussion

Support Preparation

Melamine (2,4,6-triamino-1,3,5-triazina) is a cheap organic
compound widely used in the polymer industry to prepare
different types of resins. The melting point of melamine is 350
°C, and it has been reported that above this temperature the
melamine molecules self-condensate to generate the so-called
graphite carbon nitride g-C3N4, that has unique properties in
catalysis*’ and photocatalysis®!. One of the main limitations of
these type of materials is their modest surface area that range
from 20 to 200 m?/g 1.

In this paper, a commercial activated carbon has been
mechanically mixed with melamine. At a temperature above its
melting point, the liquid melamine was adsorbed on the activated
carbon by capillarity and, when the temperature was increased,
the melamine condensate inside the porosity of the activated
carbon. In this way, a g-C3Nu-like coating has been prepared on
the surface of the activated carbon. The resulting material is
expected to have a high surface area, resembling that of the
parent activated carbon. Figure la shows the N2 adsorption
isotherms at 77 -196 °C of the commercial activated carbon
RGC30 and its analogous impregnated with melamine and heat
treated. As it can be seen, the adsorption capacity of the RGC30
parent carbon decreases when it is impregnated with melamine.
Thus, the surface area of RGC30 is 1400 m?/g, and that of the

Catalysis Science& Technology.
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shape of the isotherms does not change significantly, this
indicating that melamine is homogeneously impregnated and
only the narrowest pores are blocked by melamine incorporation.
However, it is important to remark that the mesopore volume is
high for both samples, which is highly recommended for
catalytic applications in the liquid phase.

Catalysts characterization

Both supports, the parent activated carbon and the activated
carbon modified with melamine, were impregnated with cobalt
nitrate as it has been explained in the experimental section.
Nitrogen adsorption isotherms

The prepared catalysts were first characterized by N2 adsorption
isotherm at -196 °C. The adsorption isotherms are shown in
Figure 1. As it can be seen, the impregnation with cobalt does
not produce any significant loss of apparent surface area, which
is an indication that the cobalt particles are well dispersed and
they do not block pores.

Temperature programmed reduction

As it is shown below, the temperature of reduction is a key factor
that controls the catalytic performance of

the catalysts tested in this work. In order to study their
reducibility, temperature-programmed reduction experiments
under H> were conducted with both samples. Figure 2 shows the
corresponding TPR profiles. Three well differentiated reduction
peaks can be seen in the TPR profile of sample AC, which are
associated with water evolution. This implies that the hydrogen
is consumed in a reduction process and it is oxidized to water 4.
The peaks found at 260, 400 °C are assigned to the reduction of
Co(III) to Co(Il), followed by the reduction of Co(II) to Co(0).
The peak centered at 550 °C is associated to carbon methanation
catalyzed by metallic cobalt, as it can be evidenced by the
evolution of methane during this experiment (See Figure 3).
The TPR profile of the NAC sample (Figure 2) shows two peaks;
the first peak at lower temperature appears at 200 °C, instead of
260 °C as it is the case for AC, and corresponds to the reduction
of oxidic cobalt species to metallic cobalt. The shifting of the

800 a) RGC-30
600 RGC-30 + Me
S 400
E 200
2
[1]
= 600 P) Qs
0 NAC
B 400
200-
0+ T T T
0.0 0.2 04 06 0.8 10

nin_
Figure 1. a) N, adsorption isotherms at 77 K of the commercial activated

carbon (RGC30) and the melamine-modified activated carbon (RGC30+Mel).
b) N, adsorption isotherms at 77 K of both supports impregnated with cobalt
nitrate and calcined (AC and NAC).
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reduction temperature from to 260 to 200 °C is ascribed to the
higher interaction of the cobalt species with the support, that can
be due to the presence of nitrogen functional groups that not only
favor the anchoring of the cobalt species to the support, but also
enhance their reducibility. The broad peak at higher temperature
is centered at 515 °C in NAC, whereas it was observed at 550 °C
in AC. This peak it associated to the methanation of the carbon
support catalyzed by cobalt particles. The lower temperature of
these peaks in NAC suggest that the presence of nitrogen groups
enhances both, the reduction of the cobalt oxide particles and
also the methanation of the carbon support.

In order to further clarify the results of the TPR experiments, the
evolution of other gases has also been checked. Figure 3 shows
the evolution profiles of CO, CO2 and H20 during the TPR
experiments with AC and NAC samples. For NAC, since there
is no H20, CO and CO:z associated to the second peak have been
assigned to methane evolution, which is further confirmed by
following the m/z = 16 and 15 signals. This methane evolution is
due to the carbon methanation process catalyzed by the metallic
cobalt particles. On the other hand, the first peak which is
associated to H20, CO and CO: evolution, is ascribed to the
reduction of cobalt oxide particles. The TPR results of the AC
samples clearly differ from those from the NAC sample at 550
°C.

The released gases are those expected when the Ellingham
diagram is considered (Figure S1). At temperatures higher than
200 °C, the reduction of CoO with carbon to yield CO2 becomes
spontaneous, and reaction takes place for both samples; it is more
intense for the NAC sample, what may be due to the strong
interaction between cobalt particles and the carbon. On the other

AC
—
B
m
S—
:5150350450060150060
 —
Q
-
£
NAC
W %0 0 o 0 w0

Figure 2. Temperature-programmed reduction profiles (hydrogen consumption)
of AC and NAC samples.
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Figure 3. Evolution of different gases during temperature programmed
reaction

temperatures higher than 500 °C, and in both samples there is a
peak of CO evolution centered between 500-600 °C, which also
takes place at lower temperature in the case of NAC samples.
From the above results it is possible to propose a series of
reactions taking place during the reduction process. First, the
reactions corresponding to the reduction of the metal oxides with
hydrogen (1 and 2) that imply water formation and hydrogen
consumption; then, reactions 3 and 4 that correspond to those
showed in the Ellingham diagram (See Figure S1) where the
carbon support is able to reduce the cobalt oxides forming CO2
and CO, respectively. Lastly, the methanation of carbon
catalyzed by metallic cobalt particles (5) takes place around 515-
550 °C, with H2 consumption and evolution of CHa. These
reactions fit well with the gases released during the TPR
experiment, as well as with the expected temperatures extracted
from the Ellingham diagram and the literature 4>43,

1.Co,03 + H, » 2C00 + H,0
2.Co0 +H; - Co+ H,0
3.2C00 +C— 2Co + CO,

4.Co0+C—->Co+CO
5.C+2H, - CH,

Regarding the NAC samples, reactions 1-3 take place at the same
temperature (200 °C), with evolution of water and CO2 and
consumption of Ha. This evidences the strong interactions
between the N functionalities and the cobalt particles, causing
that all the possible reduction reactions occur at the same
temperature. The CO signal might also be detected due to the
presence of CO2, whose presence has an associated CO signal
within the detector. Production of CO:z through reaction 3, by
reduction of cobalt oxide by the carbon support, is less favored
for the AC catalyst. In fact, CO2 evolution is mainly observed at
550 °C for this sample, whereas it is produced at only 200 °C for
the NAC catalyst. Similarly, reaction 4 takes place at 600 °C.
These findings suggest the existence of a higher kinetic barrier
for the reduction reaction in the presence of the AC catalyst,
since all the reactions take place at higher temperatures than in
the presence of the NAC catalyst.

X-ray diffraction

Please do not adjust margins
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AC samples

XRD patterns of the catalysts were collected after the reduction
treatment at different temperatures, and they are reported in
Figure 4. As it can be seen, samples reduced at 600 °C do not
show any peaks, which indicates the good dispersion of the
cobalt nanoparticles that are too small to be discerned by XRD.
When the reduction temperature is increased to 750 °C a peak at
37.5 shows up. These peak perfectly matches with the diffraction
peak corresponding to the (110) plane of Co2C, indicating that
the reduction treatment at high temperature produces
preferentially oriented 2D Co2C (JCPDS 1-072-1369). The
carburization step, which has been extensively studied in
literature, starts with the reduction of the cobalt species to
metallic cobalt; then, the carbon atoms diffuse into the cobalt
lattice forming Co2C 4443, The fact that the diffraction peaks of
metallic cobalt are not detected means that cobalt nanoparticles
are too small to be detected or they have an amorphous nature.
The carbide formed through diffusion of carbon species into the
cobalt particles is highly oriented, and its enhanced crystallinity
allows it to be detected by XRD. Sample AC 900 shows two
peaks, at 37.5° (2D Co2C) and at 43.7°. This latter is ascribed to
the diffraction at the (111) plane of metallic cobalt (body
centered cubic) (JCPDS 98-005-3805). The presence of both
peaks indicates that the increased temperature produces larger
cobalt particles that can be detected by XRD. However, it is
important to remark the higher intensity of the peak ascribed to
Co02C compared to that of the metallic cobalt. These results are
in line with those obtained by XPS (see below).

NAC samples

» #CoO 0O Co(bcc) @ CoyN * Co,C
[m]
° [ ]
*
O

r T T T T T T T

25 30 35 40 45 50 55 60 65
2 theta/°

Figure 4. XRD pattern of the AC and NAC samples reduced at different
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The cobalt species that are generated updn'?edation"Ph’the
nitrogen-containing catalysts (NAC) are different from those
produced in the AC samples. The XRD pattern of the sample
reduced at 600 °C (NAC600) does not present any discernible
peaks, indicating the amorphous nature of the species formed.
XRD pattern of sample NAC750 shows three peaks centred at
36.9,42.1 and 51.8°. The first one can be ascribed to oriented 2D
Co2C (JCPDS 1-072-1369). The second and the third ones are
ascribed to metallic cobalt. These results, together with those
from the AC samples and the TPR profiles, indicate that during
the reduction treatment the cobalt species are reduced at
temperatures lower than 600 °C- but the formed particles are not
large enough as to be detected by XRD. However, the
carburization process begins just when cobalt is reduced, and the
cobalt carbide phase starts to growth. The cobalt carbide
nanocrystals and the cobalt nanoparticles (temperature of
reduction 750 °C) are more prominent in the NAC sample,
indicating that nitrogen functional groups push the reduction and
the growth of the cobalt carbide and cobalt nanoparticles.
When the reduction temperature is increased to 900 °C two peaks
show up. Although the one centred at 44.8° could in a first sight
be ascribed to metallic cobalt, it is however shifted up 1.5 theta
respective to the reported values for the (111) plane of the body
centred cubic metallic cobalt. This may be an indication of the
formation of cobalt nitride (CosN), since nitrogen atoms can
occupy the octahedral sites of the cobalt bcc structure whether
totally or partially, producing a deformation of the structure. The
shifting of this peak due to CosN formation has been deeply
demonstrated in the literature*®#°. The same situation has also
found for the peak at 52.2 °C. It can then be concluded that the
reduction treatment at high temperature (900 °C) produces
differentiated species in AC and NAC, which will probably
affect their catalytic properties.
X-ray photoelectron spectroscopy (XPS)

TPR experiments showed that the temperature at which the
catalysts are reduced reaction might be a key factor determining
the properties of the catalysts. XPS has been used to evaluate the
surface chemical composition of the catalysts after reduction
under hydrogen at different temperatures.

The XPS spectra of the Co 2p level is shown in Figure 5. The Co
2p level spectra are difficult to analyze, since the signals of
different Co species are overlapping in a very narrow range of
binding energies. In the case of our samples it becomes
especially difficult, since the intensity of the signals decreases
when the temperature of reduction increases. This decrease in
intensity is related to the loss of cobalt surface species with the
reduction treatment. It might be ascribed to both the sintering of
cobalt particles with the increasing reduction temperature and/or
the coverage of the cobalt particles with carbon. Regarding the
oxidation state of the cobalt, it can be seen that AC and NAC
samples show different spectra, indicating that the presence of
nitrogen functional groups also affects the electronic properties
of the cobalt species. Thus, it is important to remark that AC
samples show a peak centred at 778 eV that is ascribed to
reduced cobalt. This peak is especially prominent in the sample
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AC600 and is less pronounced for samples AC750 and AC900,
what may be due to the decrease in the amount of surface cobalt
species. The more pronounced peak is the one centred at 781 eV,
which is linked to a satellite peak centred at 786 eV; these two
peaks are ascribed to electron deficient cobalt species that may
be formed by surface oxidation after the reduction treatment. The
fact that even exposing the sample to air the catalyst is nor fully
oxidized is due to the presence of cobalt carbide species.

The NAC samples show a different behaviour. The peak centred
at 778 eV is not shown, and only the peaks ascribed to electron
deficient cobalt species are present. The absence of reduced
cobalt particles must be ascribed to the formation of different
cobalt species with respect to AC. It has been published that the
interaction of nitrogen species with cobalt produces an electron
transfer from cobalt to nitrogen which is specially accentuated
when cobalt nitride is formed*. This further supports the
findings obtained by TPR and XRD analysis.

Figure S2 shows N 1s XPS spectra of N-containing catalysts
reduced at different temperatures. The N-doping results effective
and doping values of 7 at.% of N in the non-reduced catalyst are
achieved. This amount of nitrogen decreases with increasing the
reduction temperature, up to 0.7 at.% at 900°C, what can be
explained by the decomposition of the nitrogen functionalities
producing N2 and NHs. Two types of N groups are present in all
samples, those associated with pyridinic-type N at 398.3 eV, and
the corresponding pyrrolic N groups at 400.1-400.7 eV. The
decrease in nitrogen content could be due to the thermal
decomposition of these functionalities. The main difference
between the NAC samples is in the kind of groups that are loss
during the reduction treatment. Thus, the pyrrolic/pyridinic ratio
increases with the reduction temperature, indicating that pyrrolic
nitrogen, more electron-rich species, is the most thermally stable
and remains in higher amount after reduction at higher
temperature.

x10 AC0D

Intensity / a.u
Intensity / a.u.

305 7% 785 75 805 795 785 L

Binding energy / eV Binding energy / eV

Figure 5. Co 2p core level spectra of all sample after reduction treatment
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Raman spectroscopy DOI: 10.1039/D1CY00140J

Raman spectroscopy provides useful information on the carbon
microstructure. It is well known that natural diamond shows a
single Raman peak at 1332 c¢cm’!, whereas crystalline graphite
shows a Raman peak (referred as the G-peak) at around 1580 cm”
"'which is ascribed to Eag symmetry of bond-stretching vibrations
of sp? carbon sites. Amorphous carbon has an additional peak
(labelled as the D-peak) at around 1355 cm!' due to the Aig
breathing vibrations of the sixfold carbon rings. The D vibration
mode is forbidden in an ideal graphite structure, but it appears
when disorder increases. Figure 6 show the Raman spectra of the
AC600 and the AC900 samples. As it can be seen, both samples
show a D-peak which is more developed than the G-peak. If the
G and D peaks are deconvoluted and integrated (not shown) the
ratio (In/IG) can be calculated, giving a quantitative estimation of
the degree of order of the carbon matrix. The value of the In/Ig
ratio for sample AC600 is 2.9, and it is 2.7 for the sample AC900.
These values are high in comparison with other types of carbon
materials, as graphite’® or carbon nanotubes, pointing to the high
disorder of the activated carbon, as expected. The sample
reduced at high temperature (AC900) has a lower value,
indicating that the reduction treatment produces a partial
ordering of the carbon structure, as it is also expected. Similar
spectra are obtained for the N-doped catalysts, NAC600 and
NAC900.

It is interesting to point out that the samples reduced at 900 °C,
either AC900 or NAC900, show a small band at 1200 cm'!. This
peak is assigned to aliphatic moieties connected to graphitic
basic structural units, as it has been demonstrated by Bokobza et
al.’® This reveals that aliphatic moieties are formed during the
reduction treatment at high temperature, and these functional
groups are the intermediates in the gasification processes taking
place upon reduction.

Itis very difficult to discern signals corresponding to Co2C, since
the stretching modes overlap with the carbon signals;
furthermore, the amount of Co2C is very small in comparison
with the carbon content.

Textural characterization.

G
NACS00
1000
____J“\/ AC600

ACS00

Intensity / a.u.

1

‘ NAC600

0
2000 TBOC T600 T400 T200 TO0C 800

Wavenumber /cm'™

Figure 6. Raman spectra of the AC and NAC samples reduced at different
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Figure 7. Nitrogen adsorption isotherms at -196 °C for catalysts reduced at different temperatures

AC samples

Figure 7 shows the N2 adsorption isotherms at -196 °C for the
AC catalysts after the different reduction treatments. The
corresponding textural parameters are reported in Table 1. The
reduction treatment at 600 °C produces a drastic decrease of the
surface area as compared with the non-reduced catalyst (AC).
This results can be ascribed to the partial obstruction of
micropores due to the migration of cobalt particles to the more
internal pores?#3237-51-53 When the temperature of reduction was
increased to 750 °C the N> uptake increased with respect to
AC600 and AC, this indicating that new microporosity is
generated upon the reduction process. This microporosity comes
from the reaction of the carbon support with hydrogen to yield
methane (methanation). The modification of the textural
properties is especially remarkable for the sample reduced at 900
°C. At this high temperature microporosity is decreased whereas
mesopores are formed, as can be concluded for the large increase
of N2 uptake at high P/Po and the decrease at low relative
pressure, the change in the shape of the upper part of the isotherm
at relative pressures higher than 0.5, and the different hysteresis
cycle.

NAC samples

The evolution of the textural properties of N-doped catalysts
(NAC) with the reduction temperature is completely different
from those of the AC samples (Figure 7). Far from the surface
area decrease experienced by AC samples with the increased
reduction temperature, NAC samples show a slight increase in
surface area at 600 °C and 750 °C. This is an indication of the
cobalt species being strongly attached to the support. This
prevents their migration and the consequent blocking of the

narrowest porosity. This strong attachment can be assigned to the
presence of the nitrogen groups at the surface of the support. It
also indicates that upon reduction at 600 and 750 °C some
methanation of the support occurs. When the temperature of
reduction is increased to 900 °C the shape of the N2 adsorption
isotherm changes. The microporosity (adsorption at low relative
pressure) is very similar to that in samples NAC600 and
NAC750, however the mesoporisty dramatically increases (see
Table 1). This increase in mesoporosity in not followed by a
decrease of microporosity as it was observed in AC samples,
which indicates that the methanation process follows a different
path that can be related to the presence of N groups in the NAC
samples.

Transmission electron microscopy (TEM)

Figure 8 shows the TEM images for the catalysts after being
reduced at 900 °C. For both catalysts the mean Co particle size
is around 8 nm, with no differences between the N-free and the
N-doped catalysts. Interestingly, it can be seen that the cobalt
nanoparticles are covered by a carbon shell of 1-2 layers in both
the AC900 and NAC900 samples. If we bear in mind that the
XRD analysis of the AC900 sample showed a unique peak of the
Co2C crystalline phase, this image proofs that the cobalt particles
are surrounded by 2D cobalt carbide. So, it can be concluded that
the AC900 catalyst is composed by core-shell particles where the
core is metallic cobalt and the shell is 2D highly oriented cobalt
carbide. Cobalt particles in the NAC900 sample also show a
core-shell structure. However, in this case the shell might have a
more amorphous nature, as an ordering cannot be discerned. The
shell is probably composed of amorphous carbon, while the core
is cobalt nitride (Co4N), as assessed by XRD.
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Table 1. Textural parameters of the prepared catalysts. V1: Total pore volume; Vueso: Mesopore volume; Vo: Micropore volume; Sa: Apparent surface area.

SAMPLE Sa (mz/g) V1 (mL/g) Vmeso (mL/g) Vo (mL/g)
AC 1270 1.07 0.60 0.47
AC R600 650 0.84 0.62 0.22
AC R750 1370 1.13 0.61 0.52
AC R900 950 1.32 0.95 0.37
NAC R600 1110 0.93 0.44 0.49
NAC R750 1160 0.96 0.53 0.33
NAC R900 1100 2.09 1.58 0.51

Figure 8. TEM images of NA and NAC catalysts reduced at 900 °C

Catalytic test

Figure 9 shows the performance of the catalysts reduced at
difference temperatures, in terms of conversion degree (%) as a
function of reaction time. The RGC-30 parent support catalyzed
the reaction even without cobalt, although the conversion is only
24 % after 1200 min (not shown in Figure 9). It is confirmed that
the presence of cobalt particles increases the catalytic activity,

leading to 37 and 30 % conversion for the AC600 and AC750
samples, respectively, and even higher (58%) for AC900. This
enhanced activity can be attributed to two factors; firstly, the
in AC900, what facilitates the
accessibility of the reactant to the metal particles and, secondly,

mesoporosity is larger
cobalt is partially reduced (as assessed by XRD analysis). It is
known that reduced cobalt catalyses the reaction more
effectively that its oxidic forms?6-28:30:34 1t is important to remark
that for all measured samples the selectivity was 100% towards
the aniline.

The NAC samples show better catalytic activity than the AC
samples, and it increases when the reduction temperature

100 —— NAC600
—— NAC750
804 —— NAC900
—— AC600
= —— AC750
E‘/ 60 —— AC900
=
kel
&
o 404
> 0
C 4
3
204
0

* T " T ’ T : T E T . T T
0 200 400 600 800 1000 1200 1400

t (min)
Figure 9. Results of the catalytic test.

increases. This enhanced catalytic activity is ascribed to the
presence of the nitrogen functionalities. The nitrogen groups
favour two modifications in the structure of the catalyst. The
cobalt particles are mainly in the form of CosN, as evidenced by
XRD analysis. Cobalt nitride is formed by metallic cobalt in a
non-dense packing where the nitrogen atoms occupy the
octahedral sites. This arrangement facilitates the charge transfer
between cobalt Other
consideration deals with steric effects; the cobalt particles are

and nitrogen atoms. important

covered by an amorphous carbon shell that allows the reactant to
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reach the cobalt surface. Furthermore, the N2 adsorption
isotherms showed that the porosity of this material is also wider
in NAC900, this favouring the accessibility of the reactant to the
catalytic active sites. The sum of these factors results in a catalyst
with increased activity.

Conclusions

In this contribution we have prepared nitrogen-doped activated
carbon, and its role as support for cobalt nanoparticles has been
compared with that of the parent activated carbon. We have
investigated the effect of the nitrogen groups as well as the
of 4-
nitrochlorobenzene. We have found that the reduction treatment

reduction treatment in the catalytic reduction
produces different types of cobalt species. Thus, AC samples
reduced at high temperature (900 °C) are composed of 2D cobalt
carbide, whereas its N-doped counterpart is made of Cos4N. This
different composition, together with the wider porosity of the N-
doped catalyst, can explain the better catalytic behavior of
NAC900 and the selective hydrogenation of 4-nitrochlorbenzene

to 4-chloroaniline.
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