
Interaction of Cobalt Nanoparticles with Oxygen- and Nitrogen-
Functionalized Carbon Nanotubes and Impact on Nitrobenzene
Hydrogenation Catalysis
Peirong Chen,† Fengkai Yang,† Aleksander Kostka,‡ and Wei Xia*,†

†Laboratory of Industrial Chemistry, Ruhr-University Bochum, 44780 Bochum, Germany
‡Max-Planck-Institut für Eisenforschung, Max-Planck-Strasse 1, 40237 Düsseldorf, Germany

*S Supporting Information

ABSTRACT: The type and the amount of functional groups on the surface of carbon
nanotubes (CNTs) were tuned to improve the activity of supported Co nanoparticles in
hydrogenation catalysis. Surface nitrogen species on CNTs significantly promoted the
decomposition of the cobalt precursor and the reduction of cobalt oxide, and improved the
resistance of metallic Co against oxidation in ambient atmosphere. In the selective
hydrogenation of nitrobenzene in the gas phase, Co supported on CNTs with the highest
surface nitrogen content showed the highest activity, which is ascribed to the higher
reducibility and the lower oxidation state of the Co nanoparticles under reaction
conditions. For Co nanoparticles supported on CNTs with a smaller amount of surface
nitrogen groups, a repeated reduction at 350 °C was essential to achieve a comparable high
catalytic activity reaching 90% conversion at 250 °C, pointing to the importance of
nitrogen species for the supported Co nanoparticles in nitrobenzene hydrogenation.
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1. INTRODUCTION
Carbon nanotubes (CNTs) used as support for active metal
nanoparticles are widely investigated in hydrogenation catalysis
because of their outstanding resistance to demanding reaction
conditions1 and advantageous surface properties, which can be
tuned by oxygen functionalization and nitrogen doping.2−4

These surface functional groups can be used to tailor the
catalytic performance of supported metal nanoparticles for
various hydrogenation reactions.5−9

Nitrogen-doped carbon nanotubes (NCNTs) were found to
be a promising support for hydrogenation catalysts.6,9−11 A
higher dispersion of the supported metals can be achieved on
NCNTs than on nitrogen-free CNTs,10,11 which was attributed
to a higher amount of surface nucleation sites10 and to the
formation of some individual sections around the N-rich sites,11

allowing efficient anchoring of metal nanoparticles. It was
shown in our previous work9 that Pt nanoparticles prepared by
impregnation were stabilized on NCNTs against sintering in H2
at temperatures as high as 400 °C, resulting in a smaller mean
particle size as well as a narrower size distribution than on
oxygen-functionalized CNTs (OCNTs). Pd nanoparticles
prepared by a modified colloidal method were also found to
have a narrower size distribution on NCNTs than on OCNTs.6

These observations clearly demonstrated that NCNTs have
structural beneficial effects on the supported metal nano-
particles.
In addition to the structural effect, the nitrogen functional

groups on the CNT surface also showed a strong influence on
the chemical state of the supported metals.6,9,12 Supported Pd

nanoparticles prepared by a modified colloidal method were
found to be in a more reduced state on NCNTs than on
OCNTs regardless of reduction in H2 at 200 °C or drying in air
at 60 °C, thereby pointing to the electron-donating effect of the
nitrogen groups.9 As a result of the structural and electronic-
promoting effect of the NCNT support, Pd nanoparticles on
NCNTs outperformed those on OCNTs with significantly
higher activity and selectivity in the selective hydrogenation of
cyclooctadiene (COD) to cyclooctene (COE).9 On the
contrary, supported Pt nanoparticles prepared by an impreg-
nation method were less easily reducible as on OCNTs,
presumably due to the formation of strong Pt−N bonds,9,12

which led to a less active Pt/CNT catalyst in the hydrogenation
of COD. However, the Pt nanoparticles were more selective to
COE on NCNTs than on OCNTs, indicating the importance
of surface nitrogen groups.9

Recent studies on the promoting effect of NCNT support
have mainly focused on noble metals and on the comparison of
oxygen and nitrogen functional groups. It is of great interest to
know whether the promoting effect can be applied to non-
noble metals, especially those that can be easily oxidized in air.
Also, it is not clear whether the amount of nitrogen groups
plays a role in hydrogenation catalysis. In this study, the type
and the amount of functional groups on the surface of CNTs
were tuned, aiming at tailoring the properties and catalytic
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performance of the supported Co nanoparticles for hydro-
genation catalysis. The obtained Co/CNT samples were
characterized by X-ray diffraction (XRD), temperature-
programmed reduction (TPR), thermogravimetry coupled
with online mass spectroscopy (TG-MS), transmission electron
microscopy (TEM), and X-ray photoelectron spectroscopy
(XPS), and the samples were tested in the catalytic hydro-
genation of nitrobenzene to aniline in the gas phase.

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. CNTs (Baytubes C 150 P) supplied by

Bayer MaterialScience (Leverkusen, Germany) were first purified by
washing in diluted HNO3 solution (1.5 mol L−1) in order to remove
residual catalyst used for their growth. OCNTs were prepared by
treating the purified CNTs in HNO3 vapor at 200 °C for 48 h.2

NCNTs were synthesized either by treating the OCNTs in 10 vol %
(volume percent) NH3

3 or by feeding a nitrogen source in the CNT
growth process. The obtained NCNTs were denoted as NCNT-NH3
and NCNT-grown, respectively. Prior to any further use, NCNT-
grown was purified by washing with diluted HNO3 solution.
CNT-supported Co nanoparticles were prepared by impregnation

using Co(NO3)2·6H2O (Sigma-Aldrich) as precursor. Briefly, 50 mL
of Co(NO3)2 aqueous solution (0.036 mol L

−1) and 1 g of CNTs were
mixed at 30 °C for 2 h. Dark powders were obtained after removing
water in a rotary evaporator, and the powders were then dried in
flowing He at 120 °C for 2 h. Three different samples with the same
nominal loading of 9.1 wt % (weight percent) were prepared by using
three different CNT supports and designated as Co/OCNT, Co/
NCNT-NH3, and Co/NCNT-grown. The Co/CNT samples were
subsequently calcined in oxygen (5 vol % O2 in He, 100 mL min−1) at
300 °C for 90 min, followed by reduction in diluted H2 (10 vol % H2
in He) at 350 °C for 120 min. After cooling in flowing He, the samples
were slowly exposed to air.
2.2. Characterization. Inductively coupled plasma-optical emis-

sion spectroscopy (ICP-OES, PU701 UNICAM) was used to
determine the Co loadings on different CNTs. XRD patterns were
recorded in a Philips X’Pert MPD system with Cu Kα radiation.
Scanning transmission electron microscopy (STEM) and TEM
measurements were carried out with a Jeol JEM-2200FS instrument
operated at 200 kV. The specimens for STEM and TEM were
prepared by ultrasonically dispersing the powder samples in ethanol
and dropping the suspension on a carbon-coated Au grid.
TPR experiments were preformed in a flow setup using 4.54 vol %

H2 in Ar at a flow rate of 84.1 mL min−1. The TPR of the dried Co/
CNT samples was performed from room temperature to 700 °C at a
heating rate of 5 K min−1, whereas the TPR of the calcined Co/CNT
samples was performed from room temperature to 750 °C at a heating
rate of 2 K min−1. For each measurement, about 50 mg of Co/CNT
sample was applied. The H2 content in the evolved gases was analyzed
by a thermal conductivity detector (Hydros 100, Fisher-Rosemount).
TG-MS analysis was conducted in H2 atmosphere (4.54 vol % H2 in Ar
at a flow rate of 84.1 mL min−1) at a heating rate of 2 K min−1. The
evolved gas species were monitored by a mass spectrometer in the
exhaust stream.
XPS measurements were performed in an ultrahigh vacuum setup

equipped with a high-resolution Gammadata Scienta SES 2002
analyzer and a monochromatic Al Kα X-ray source (1486.6 eV,
operated at 14.5 kV and 30 mA). The pressure inside the measuring
chamber was kept in the range of 3.5 to 6 × 10−10 mbar during each
measurement. The spectra were taken at a pass energy of 200 eV (high
pass energy mode). Charging effects due to the insufficient
conductivity of CNTs were mediated by applying a flood gun
(SPECS). The CASA XPS program was employed in the analysis of
XPS data. Calibration of the measured spectra was performed by
positioning the C 1s peak at 284.5 eV. For the deconvolution of
spectra all the parameter settings are consistent with our previous
work.3,4 Gaussian−Lorentzian mixing functions with a ratio of 70:30
and Shirley background were applied in the deconvolution of the O 1s
and N 1s spectra.

2.3. Catalytic Tests. The hydrogenation of nitrobenzene (NB) is
one of the most widely used approaches for the production of aniline
(AN), which is an indispensible raw material in the production of
methylene diphenyl diisocyanate. The proposed reaction pathway of
NB hydrogenation is shown in Scheme 1. Nitrobenzene can be
partially hydrogenated to nitrosobenzene (NSB) and fully hydro-
genated to AN.

NB hydrogenation was performed in the gas phase in a fixed-bed
reactor under plug-flow conditions. A constant nitrobenzene flow was
obtained by passing He through liquid NB at 70 °C. The composition
of the gas feed with a total flow rate of 100 mL min−1 was 0.3 vol %
NB, 3.0 vol % H2, and 96.7 vol % He. One hundred milligrams of the
calcined Co/CNT catalysts were loaded into the glass reactor. The
reactants and products were monitored by an online gas chromato-
graph (Shimadzu GC-2014) equipped with a flame ionization detector,
a HP-5 capillary column, and a Valco sample loop. A control
experiment without any catalyst was performed prior to the catalytic
tests, and conversion of NB was not detected under applied
conditions.

The reduction of the Co/CNT catalysts was carried out in diluted
H2 (10 vol % H2 in He) at 350 °C for 2 h prior to each catalytic test.
The activity of the reduced Co/CNT samples was evaluated at six
different temperatures in the range of 100 to 250 °C. In order to
achieve steady-state conditions, the reaction was performed for 1 h at
each temperature, and then the NB conversion was recorded and used
for activity evaluation. The catalytic activities of the used Co/CNT
catalysts were re-examined after a repeated reduction in H2 at 350 °C
for 2 h. Reference tests using OCNT, NCNT-NH3, and NCNT-grown
as catalysts without Co were conducted as well for comparison. The
conversion of NB (XNB) and the selectivity to AN (SAN) and NSB
(SNSB) were calculated according to eqs 1, 2, and 3, respectively.
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In the equations, CNB,0 is the initial NB concentration in the gas
feed, CNB, CAN, and CNSB are the concentrations of NB, AN, and NSB
monitored by the online GC during the hydrogenation reaction. A
carbon balance of 100 ± 6% was achieved in all the tests.

3. RESULTS AND DISCUSSION
3.1. Characterization of the CNT Supports and Co/

CNT Catalysts. All the CNTs were synthesized using the same
growth catalyst and show similar outer diameters. A detailed
description of OCNT and NCNT-NH3 can be found
elsewhere.6,9,13 Physisorption studies of N2 show similar type
of isotherms and pore size distributions despite differences in
the specific surface area of the three types of CNTs used in this
study (Table S1, Figure S1). The main difference among them
is the surface chemistry. Surface characterization by XPS
revealed that there are very different types and amounts of
surface functional groups (Table S1, refs 6 and 9). Plenty of

Scheme 1. Reaction Pathway of Nitrobenzene
Hydrogenation
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surface defects were detected by Raman analysis (Figure S2). It
is believed that the surface chemistry, including functional
groups and defects, can significantly influence supported metal
nanoparticles.6,9,14,15 Residual growth catalysts (Co, Mn, Mg,
and Al) were detected by ICP-OES (Table S2) but not visible
in XPS (Figure S3), indicating the absence of residual metal
species on the CNT surface after purification.9 Therefore,
catalytic contribution of the residual growth catalyst in
hydrogenation catalysis can be excluded.13

The OCNT, NCNT-NH3, and NCNT-grown samples were
then used as supports for Co nanoparticles resulting in three
Co/CNT catalysts. The achieved Co weight loadings were
determined by ICP-OES to be 6.98%, 7.01% and 7.23% for Co/
OCNT, Co/NCNT-NH3, and Co/NCNT-grown, respectively.
The slightly higher Co loading on NCNT-grown is likely due
to a larger amount of nitrogen groups acting as strong
anchoring sites for Co species.6,10

After impregnation, the obtained Co/CNT samples were
dried in He at 120 °C, calcined in air at 300 °C, and
subsequently reduced in H2 at 350 °C. XRD analysis was
performed after each treatment step. It has to be noted that in
the whole procedure, the Co/CNT samples were transferred in
air, and cobalt oxides were supposed to form upon contact with
air even for the reduced Co/CNT samples. The XRD patterns
of the Co/CNT samples after drying in flowing He at 120 °C
are displayed in Figure 1a. Reflections at around 26° and 42.4°
were observed in all the three samples, which can be attributed
to the (002) and (111) planes of the hexagonal graphite
structure of CNTs, respectively. In addition, peaks at 18.9°,
31.3°, 36.8°, 44.8°, 59.3°, and 65.2° were recorded, which are
the characteristic (111), (220), (311), (400), (511), and (440)
reflections of Co3O4 (PDF 42-1467), respectively. The
diffraction peaks are broader with lower intensities for Co on
OCNTs, whereas the intensities of Co3O4 are stronger on
NCNT-NH3. Even stronger reflections were observed for Co
on NCNT-grown, indicating the presence of a larger amount of
crystalline Co3O4.
The dried Co/CNT samples were calcined in air at 300 °C,

and their XRD patterns are shown in Figure 1b. As expected,
intense Co3O4 diffractions were observed for all the three
samples without a significant difference. The calcined Co/CNT
samples were subsequently reduced in H2 at 350 °C, as
suggested in the literature.16 The diffraction patterns of the
reduced samples are shown in Figure 1c. It can be seen that the
reduced Co/OCNT sample shows a very similar diffraction
pattern as after calcination, which can be related to the
incomplete reduction of Co3O4 and/or the fast reoxidation of
reduced Co on OCNTs due to the exposure to air.
Interestingly, as compared to the reduced Co/OCNT sample,
the diffraction pattern resulting from Co3O4 is much weaker for
the reduced Co/NCNT-NH3 sample, indicating a more
complete reduction of Co3O4 and/or less severe reoxidation
of the reduced Co on NCNT-NH3. The weakest Co3O4
reflections were observed for Co/NCNT-grown among the
three reduced Co/CNT samples. Instead, a strong peak due to
the (111) reflection of cubic Co (PDF 15-0806) was recorded
at ca. 44.5°. As demonstrated by the reflections in the range
between 40 and 50°, a clear decrease of the Co3O4 intensity
and an increase in metallic Co intensity occurred due to the
increase in nitrogen content from 0 to 4.9 at. % (atomic
percent) on the CNT surface (insert in Figure 1c). The XRD
results revealed that the surface chemistry of the CNT supports
had significant impacts on the composition and structure of

prepared Co/CNT samples during both the drying in He and
the reduction in H2.
The influence of the CNT supports on the reduction

behavior of the supported Co was investigated by TPR studies.
The obtained H2 uptake profiles of the dried and the calcined
Co/CNT samples are displayed in Figure 2a,b, respectively.
Two peaks were observed at temperatures lower than 300 °C in
the TPR profiles of the three dried samples (Figure 2a). The

Figure 1. XRD patterns of the Co/CNT samples after drying in He at
120 °C (a), after calcination in air at 300 °C (b), and after reduction in
H2 at 350 °C (c). All the samples were transferred in air for the XRD
analysis.
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major peak is related to the decomposition of the cobalt nitrate
precursor, as described in eqs 4 and 5:17

→ + +2Co(NO ) Co O N O N O3 2 2 3 2 4 2 5 (4)

→ + +3Co(NO ) Co O N O 2N O3 2 3 4 2 4 2 5 (5)

The major peaks for Co/OCNT and Co/NCNT-NH3 are
very similar in terms of peak shape and peak intensity.
However, the position of the major peak for Co/NCNT-NH3
was shifted to a lower temperature of ca. 205 °C, as compared
to ca. 220 °C for Co/OCNT, indicating the promoting effect of
the surface nitrogen on the decomposition of cobalt nitrate. For
the sample Co/NCNT-grown, a broad decomposition peak
centered at ca. 180 °C was recorded in the TPR profile, which
can be related to a stronger promoting effect from the increased
N concentration on the CNT surface. A minor peak centered at
ca. 240 °C was found in the three TPR profiles due to the
reduction of the cobalt oxides (formed through precursor
decomposition) to CoO.18 A shoulder in the temperature range
from 300 to 355 °C was observed as well in each TPR profile,
which is attributed to the reduction of CoO to metallic Co.19

This two-step reduction of Co3O4 or Co2O3 to metallic Co was
following the route shown in eq 6 and has been analyzed in
depth in the literature.19,20 The H2 consumption peak centered
at ca. 500 °C (Figure 2a) is related to the reduction of the
surface oxygen groups and the gasification of the CNT
support,4,19 which is confirmed by a comparative TPR study
over pure OCNT support without supported Co (Figure S4).

→ →Co O /Co O CoO Co3 4 2 3 (6)

In the TPR of the calcined Co/CNT samples, a lower
heating ramp of 2 K min−1 was applied in order to distinguish
the exact reduction temperature of different species, and very
different reduction behaviors were observed, as shown in Figure
2b. A clear peak at ca. 235 °C was observed in all the three
samples due to the reduction of Co3O4 to CoO.19 The
reduction of CoO to metallic Co starting at ca. 260 °C led to a
clearly visible H2 uptake peak at ca. 307 °C in the TPR profile
of Co/NCNT-grown, but only to broad shoulders in the TPR
profiles of Co/OCNT and Co/NCNT-NH3.

19 The enhanced

reduction of cationic Co on NCNT-grown clearly indicates that
the surface N species can promote the reduction of cobalt
oxides on CNTs. The electron-donating effect of surface N
species, as observed in several previous studies,6,21,22 is assumed
to be responsible for the promoting effect. Besides, the metal
cations were believed to be preferably located on N-containing
sites on the carbon surface,23 which possess modified local
electronic structure likely favoring the reduction of supported
Co.15 In case of NCNT-grown with a higher surface N content,
the local electronic structure can be more significantly
modified,24 leading to a more pronounced promoting effect.
The reduction process was repeated using TG-MS analysis

under similar conditions as those applied in the TPR
experiments, and the results are shown in Figure 3. It can be

seen from the TG-DTG curves (Figure 3) that there is a slight
weight loss at temperatures lower than 400 °C due to the
thermal removal of adsorbed water, the reductive removal of
surface oxygen, and the reduction of cobalt oxide to metallic
Co. A clear peak at ca. 230 °C was observed in all three DTG
curves, corresponding to the reduction of Co3O4 to CoO

Figure 2. TPR profiles of Co/CNT samples after drying in flowing He at 120 °C (a) and after calcination in air at 300 °C (b).

Figure 3. TG-DTG curves of Co/CNT samples heated in H2 (4.54 vol
% H2 in He) using a heating ramp of 2 K min−1.
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(Figure 2b), whereas the increased DTG intensity starting at ca.
260 °C is related to the reduction of CoO to metallic Co
corresponding to the increased H2 consumption in the TPR
profiles appearing at the same temperatures. The clearly higher
DTG intensity of Co/NCNT-grown in the temperature range
from 260 to 320 °C is in agreement with the H2 uptake peak at
ca. 307 °C in the TPR profile of Co/NCNT-grown.
Gasification of CNTs was found to start at ca. 350 °C and to
be accelerated beyond 400 °C, yielding methane as indicated by
the MS signal with m/z = 16 and m/z = 14 (not shown), which

is consistent with literature results.19 The TG-MS results imply
that it is important to keep the temperature below 350 °C in
the reduction of cobalt oxide supported on CNTs.
It is worth noting that the residual weights after TG analysis

(Figure 3) are very different for the three Co/CNT samples. As
shown in previous work,9 OCNT and NCNT-NH3 were
prepared using purified CNTs and have a very small amount
(less than 0.15 wt %, see Table S2) of residual growth catalyst.
Hence, the higher residual weight of Co/OCNT compared
with Co/NCNT-NH3 can be ascribed to the formation of

Figure 4. XPS studies. (a) Co 2p spectra of the Co/CNT samples after reduction; (b) N 1s spectra of NCNT-NH3 before and after Co loading; (c)
N 1s spectra of NCNT-grown before and after Co loading. The spectra were normalized, and the N 1s spectra are plotted using the same scale for
comparison.
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cobalt carbide,25,26 which is difficult to remove in reducing
atmosphere. The highest residual weight was observed for the
Co/NCNT-grown sample, which is related to a higher amount
of residual growth catalyst even after purification and the
formation of cobalt carbide or cobalt nitride.25−27

The surface chemistry of the Co/CNT samples after
reduction at 350 °C was examined using XPS. The observed
Co 2p spectra are shown in Figure 4a. The main Co 2p3/2 peaks
for all the three samples were found to be at 780.8 eV revealing
that Co is mainly in the oxidized state, which is related to the
reoxidation of the reduced Co during the transfer in air. The
characteristic shakeup peak of CoO at 786.6 eV was recorded in
all the three samples,28−30 indicating the presence of a large
portion of CoO in the investigated samples. In the case of Co/
NCNT-grown, a minor contribution was recorded at a lower
binding energy of 778.5 eV leading to a shoulder in the
spectrum, which can be assigned to Co in the metallic state. A
corresponding contribution resulting from metallic Co was
observed as well at 793.5 eV in the Co 2p1/2 region. The
presence of metallic Co confirms the stabilization effect of the
NCNT support as revealed by the XRD analysis. It has to be
noted that XPS is highly surface-sensitive, and the probing
depth is only limited to a few nanometers. Therefore, the signal
from metallic Co is much weaker than that observed in XRD
due to the formation of a cobalt oxide layer on the outer surface
of the Co nanoparticles after exposure to air.
The loading of Co nanoparticles modified the surface

composition of CNT supports, especially the surface N species
(Figure 4b,c). Both pyridinic (at ca. 398.5 eV) and pyrrolic (at
ca. 400.5 eV) N groups were detected on NCNT supports
before and after Co loading.6,9 Quantitative XPS analysis
demonstrated that the total amount (atomic percentage) of
surface N species significantly decreased on both NCNT-NH3
and NCNT-grown after Co deposition, which can be attributed
to the coverage of N groups serving as strong anchoring sites by
the anchored Co nanoparticles.6 Comparing the deconvoluted
XP N 1s spectra before and after Co loading, we cannot
observe clear preferential anchoring of Co on certain N species
(Figure 4b,c), which is in agreement with our previous
observations.6 Although there is clear evidence of the
interaction between metal particles and nitrogen species on
NCNTs,6,9,15,22,31 it is practically very challenging to establish a
precise correlation between certain nitrogen species and the
properties of the supported metal nanoparticles. One of the
major obstacles is the controlled synthesis of certain nitrogen
groups. Nearly all the syntheses of NCNTs so far lead to a
mixture of different surface N groups. Moreover, the N groups
are often not uniformly but rather shape-selectively distributed
on CNTs.24,32 All these problems complicated the metal−
NCNT system and consequently hindered the full under-
standing of metal−N interactions.
3.2. Catalytic Hydrogenation of Nitrobenzene Using

Co/CNT as Catalysts. The intrinsic activities of the catalyst
supports (i.e., OCNT, NCNT-NH3, and NCNT-grown) were
first examined as reference in the selective hydrogenation of NB
at different temperatures in the range of 100−250 °C, and the
observed NB conversions are displayed in Figure 5a as a
function of reaction temperature. It can be seen that both
OCNT and NCNT-NH3 show almost no activity in NB
hydrogenation even at a high reaction temperature of 250 °C,
whereas considerable NB conversion was achieved over
NCNT-grown at all reaction temperatures. The presence of a
larger amount of nitrogen-containing sites that are active in

hydrogenation catalysis is assumed to be the reason.13 Residual
growth catalyst in NCNT-grown, despite its higher amount
than that in OCNT or NCNT-NH3, has no detectable
contribution in gas phase hydrogenation reactions due to
encapsulation and absence from the surface (see XPS in Figure
S3).13 However, it has to be noted that in electrocatalysis
carried out in liquid phase, even traces of residual growth
catalyst could significantly influence the electrocatalytic
performance of NCNTs.33

The hydrogenation activities of the three freshly reduced
Co/CNT catalysts were tested following the same procedure as
for the CNT supports. A repeated hydrogenation test was
conducted for each used Co/CNT catalyst after a repeated
reduction at 350 °C. The results of the first and the second run
are shown in Figure 5a,b, respectively.
In both runs, NB conversion over all the three catalysts was

found to increase with increasing reaction temperatures. In the
first run using freshly reduced Co/CNT catalysts, a significantly
higher degree of NB conversion was achieved over Co/NCNT-

Figure 5. Nitrobenzene conversion (XNB) as a function of reaction
temperature in the selective hydrogenation of nitrobenzene using (a)
freshly reduced Co/CNT catalysts and (b) Co/CNT catalysts after
one run of reaction and second reduction. The intrinsic activities of
the CNT supports are shown as reference. Extrapolation of the
conversion−temperature curve (dashed line in Figure 5b) was
performed for the repeatedly reduced Co/NCNT-grown catalyst to
estimate the lowest temperature reaching full conversion of NB.
Reduction at 350 °C was performed prior to the catalytic test in both
runs.
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grown as compared to Co/OCNT and Co/NCNT-NH3 at
each chosen reaction temperature. The promoting effect of the
NCNT-grown support leading to more reduced Co nano-
particles is assumed to be responsible for the higher NB
conversion of Co/NCNT-grown. However, minor contribu-
tions from the higher Co loading and the higher amount of
surface nitrogen cannot be completely excluded. Using Co/
NCNT-grown as catalyst, a rapid increase in NB conversion
was observed with increasing reaction temperatures, and a NB
conversion higher than 90% was obtained at 250 °C.
Surprisingly, the activity of Co/NCNT-NH3 is lower than
that of Co/OCNT at the same reaction temperature.
At each reaction temperature, the Co/NCNT-grown catalyst

showed a slightly higher degree of NB conversion in the second
run than in the first run, and the full conversion of NB was
estimated to be achieved at ca. 230 °C (Figure 5b). A very
slight increase in NB conversion occurred as well in the case of
Co/OCNT. Interestingly, Co/NCNT-NH3 showed a signifi-
cantly higher NB conversion in the second run than in the first
run and reached 90% conversion at the reaction temperature of
250 °C. The slightly increased activity of Co/OCNT and Co/
NCNT-grown is probably due to the more reduced Co
nanoparticles after the repeated reduction. For Co/NCNT-
NH3, an enhanced interaction between Co and the NCNT-
NH3 support resulting from the repeated reduction is assumed
to be responsible for the significantly increased activity in the
second run.6 The comparison of the three Co/CNT catalysts
indicates that a high nitrogen content on CNT surface is of
great importance to achieve durable high performance in this
reaction, whereas a more complete reduction is required for Co
supported on CNTs with a low nitrogen content to achieve a
comparable activity. All the three Co/CNT catalysts showed a
high selectivity to aniline amounting to more than 95% in both
runs without distinguishable differences, indicating that the Co/
CNT samples are promising catalysts in selective hydro-
genation of NB. The specific activity, that is, the amount of
converted NB normalized by the total amount of Co on each
CNT support, demonstrated similar trend in both runs (Figure
S5). Specifically, Co/NCNT-grown was the most active in both
runs in terms of specific activity, whereas the specific activity of
Co/NCNT-NH3 was significantly improved in the second run.
This observation implies that the Co loading is not a decisive
factor in this reaction.
To investigate the influence of reduction time, Co/NCNT-

NH3 and Co/NCNT-grown catalysts reduced for a longer time
of 4 h were tested (Figure S6). For Co/NCNT-NH3, an activity
higher than the first run but less than the second run was
achieved, which can be related to the intermediate reduction
degree of Co. Note that Co in the second run was more deeply
reduced because of the reduction during the first run of
reaction. On the contrary, Co/NCNT-grown reduced for 4 h
showed a similar activity as that in the first and second runs,
indicating that Co was nearly fully reduced after reduction for 2
h. On the one hand, more metallic Co sites were generated as a
result of the promoting effect of N groups on the surface of
NCNT-grown, leading to more efficient activation and
dissociation of H2 and nitrobenzene.6 On the other hand,
CoNx species that are highly active in the hydrogenation of
nitroarenes34 can be more easily formed on NCNT-grown
because of the close contact between the metal cations and N-
containing sites on carbon surface.23 As a consequence, higher
hydrogenation activity was achieved on NCNTs with a higher
amount of surface N groups. This result is in good agreement

with our previous work using Pd as active phase for
hydrogenation.6 Nevertheless, more mechanistic investigations
using in situ techniques are required to gain a deeper insight
into the promoting effect of NCNTs.
The catalytic stability of the Co/CNT catalysts was tested at

250 °C for 3 h, during which the catalysts showed no signs of
deactivation (Figure S7). In all the above-mentioned catalytic
tests, NSB was detected to be the only byproduct, confirming
the reaction pathway proposed in Scheme 1. The formation of
polymerized products was not observed in the system after long
time operation. The outstanding catalytic performance points
to the high potential of the synthesized Co/CNT catalysts in
industrial-related applications.

3.3. Characterization of Co/CNT after Hydrogenation
Reactions. XRD investigations were performed with the Co/
CNT catalysts after the hydrogenation tests, and the results are
displayed in Figure 6. CoO rather than Co3O4 was found to be

the main oxide phase, obviously due to the reoxidation of
metallic Co upon contact with air. Very clear cubic Co
reflections were recorded for Co supported on NCNT-NH3
and NCNT-grown after the hydrogenation reactions, confirm-
ing the improved resistance of metallic Co against oxidation in
ambient atmosphere. A stronger cubic Co signal was observed
on NCNT-grown demonstrating the relevance of a higher
content of surface nitrogen. It has to be pointed out that cobalt
carbide and cobalt nitride may form as well during the
reduction process.35−37 However, they cannot be clearly
distinguished by XRD, because their main diffraction peak at
around 44.5° is very close to that of the cubic Co.
Figure 7 shows representative STEM and TEM images and

the corresponding particle size distributions of the Co/CNT
catalysts after the hydrogenation tests. Highly dispersed Co
nanoparticles smaller than 10 nm were observed on all the
three CNT supports (Figure 7a,d,g). However, on OCNT and
NCNT-NH3 supports, large Co particles can always be found,
whereas the particle size on NCNT-grown seems to be more
uniform, and large particles were seldom detected. The TEM
images show that the Co nanoparticles in all the three catalysts
are located on the outer surface of the CNTs. Statistical analysis
of the particle size was carried out by measuring the size of ca.
100 Co nanoparticles, which yielded the histograms shown in
Figure 7j−l. It can be seen that the average particle size of Co

Figure 6. XRD patterns of the Co/CNT samples after two
hydrogenation runs. All the samples were transferred in air for the
XRD analysis.
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nanoparticles is in the range of 4.5−4.9 nm without substantial
differences on the three CNT supports. The particle size of Co
on carbon support is often related to the metal loading, that is,
a higher Co loading usually leads to larger Co particles.38 In
case of Co/NCNT-grown, the size of Co nanoparticles remains
small despite a higher Co loading, which can be attributed to
the strong anchoring effect of surface N groups in accordance
with our previous observations.6,9 Furthermore, the particle size
distribution of Co nanoparticles, as indicated by the histograms
and the deviations of the average particle size, is slightly
narrower on NCNTs than on OCNT due to the stabilizing
effect from the nitrogen groups on CNT surface.6,9 It is
noteworthy that the difference with respect to the particle size
distribution is much smaller in the present Co/CNT system
with 7−8 wt % Co than in the low-loaded Pt/CNT9 and Pd/
CNT6 systems, likely due to the limited influence of nitrogen
groups in the case of a much higher metal loading.

4. CONCLUSIONS

On the CNT surface, both the decomposition of the cobalt
precursor and the reduction of the cobalt oxides were
significantly promoted by surface nitrogen species. Clearly
improved resistance against oxidation in ambient atmosphere
was achieved for metallic Co supported on directly grown
NCNTs (NCNT-grown) with a large amount of surface
nitrogen. The supported Co nanoparticles were found to have a
narrower size distribution on NCNTs than on OCNTs. In the
selective hydrogenation of nitrobenzene, a very high selectivity
to aniline was achieved over all the three Co/CNT catalysts.
Freshly reduced Co nanoparticles on NCNT-grown showed
the highest activity reaching more than 90% conversion at 250
°C, which can be assigned to a more complete reduction and a
lower oxidation state of Co under reaction conditions due to
the promotion effect of nitrogen species on the support. After a
repeated reduction, the activity of Co on NCNT-NH3 was
significantly enhanced leading to 90% conversion at 250 °C.
Thus, a highly active and stable hydrogenation catalyst can be
obtained by supporting Co nanoparticles on CNTs with high

Figure 7. Representative STEM and TEM images of Co/OCNT (a−c), Co/NCNT-NH3 (d−f) and Co/NCNT-grown (g−i); particle size
distributions of Co/OCNT (j), Co/NCNT-NH3 (k), and Co/NCNT-grown (l) obtained by measuring ca. 100 particles. The Co/CNT samples
were analyzed after the hydrogenation tests.
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surface nitrogen content, suggesting a new route for the
preparation of high-performance catalysts by tuning the surface
properties of the CNT support.
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