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Cobalt molybdenum nitride (Co3Mo3N) and molybdenum nitride (Mo2N) were investigated for the catalytic reduction of NO

with H2. The latter deactivated rapidly with time on stream, whereas the former remained active and stable over a test period of

30 h. The results of X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and H2-temprature-programmed reduction

(H2-TPR) characterization indicated that the deactivation of Mo2N was due to the bulk oxidation of Mo2N to MoO2. As for the

Co3Mo3N catalyst, despite partial decomposition into Mo2N and Co, it remained resistant to oxidation. The results suggest that

compared to the monometallic nitride, the bimetallic one is more suitable for NO reduction with H2.
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1. Introduction

It is known that nitrides and carbides of certain
transition metals possess excellent catalytic properties in
reactions such as CO hydrogenation [1,2], ammonia
synthesis [3], hydrotreatment [4–6], isomerization [7,8],
freon disposal [9], and automobile exhaust catalysis [10].
Among them, molybdenum nitride has attracted much
attention. In reactions such as dehydrogenation, hy-
drogenolysis, and isomerization, molybdenum nitride
was reported to show catalytic behavior resembles that
of noble metals [11–13]. The similarity in chemical
properties between molybdenum nitrides and noble
metals suggests that the former could be effective for
the catalytic removal of NO [10,14]. As reported by He
et al.[10] molybdenum nitride showed high activities for
NO direct decomposition: NO conversion to N2 was
ca. 89% at 450 �C, and the conversion remained stable
for ca.10 h.

Several bimetallic nitride catalysts have been synthe-
sized and used for ammonia synthesis and hydrogena-
tion reactions [15–20]. Cobalt molybdenum nitrides
were prepared by temperature-programmed nitridation
of CoMoO4 at 973 K [15–19] or NH5(CoOHMoO4)2 at
880 K [20]. It was reported that Co3Mo3N was much
more active and stable than Mo2N for ammonia
synthesis [15,16]. As for the hydrodenitrogenation of
pyridine, the catalytic properties of Co–Mo bimetallic
catalyst under medium pressure (3.0 MPa) are much
better than those of pure c-Mo2N and commercially
used sulfided CoMo/Al2O3 [17]. The promotion effect of

Co3Mo3N compared to pure c-Mo2N has been illus-
trated in ammonia synthesis and hydrogenation reac-
tions. For the catalytic elimination of NO, only
molybdenum nitride was tested. In an attempt of
improving the activity and stability of metallic nitrides,
we prepared a bimetallic cobalt molybdenum nitride
catalyst for NO elimination. In this study, cobalt
molybdenum bimetallic nitride catalyst was prepared
via temperature-programmed nitridation of the corre-
sponding oxides in flowing NH3, and its catalytic
activity and stability for NO reduction with H2 were
compared with those of monometallic molybdenum
nitride. Investigations by means of the X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS) and
H2-temperature-programmed reduction (H2-TPR) tech-
niques were carried out for the characterization of the
two nitrides.

2. Experimental

2.1. Catalyst preparation

Molybdenum trioxide (MoO3) and cobalt molybdate
hydrate (CoMoO4 � nH2O) were used as precursors for
the generation of molybdenum nitride (Mo2N) and
cobalt molybdenum nitride (Co3Mo3N), respectively.
Cobalt molybdate hydrate (CoMoO4 � nH2O) was pre-
pared by mixing cobalt nitrate (Co(NO3)2 � 6H2O) and
ammonium molybdate ((NH4)6Mo7O24 � 4H2O) solu-
tions with heating at 80 �C. The blue-purple product
was isolated by vacuum filtration and after being rinsed
twice with DI water, was dried overnight at 120 �C, and
calcined at 500 oC for 3 h.
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The molybdenum nitride catalyst was synthesized by
temperature-programmed nitridation of the oxide pre-
cursor in flowing ammonia. The procedure was similar
to that reported in the literature [10]. Typically, 2.0 g of
the oxide precursors was placed in a micro-reactor and
a flow of NH3 (150 mL/min) was introduced into the
system. Initially, the sample was linearly heated from
room temperature (RT) to 350 �C over a period of
30 min, followed by a rise in temperature from to
450 �C at a rate of 0.5 �C/min, and a further increase
from 450 to 700 �C at a rate of 1.25 �C/min. The
temperature was then kept at 700 �C for 2 h before
cooling to RT in a NH3 flow. The material was then
purged with He for 10 min followed by passivation in
1%O2 /99% He for 2 h.

2.2. Catalyst Characterization

The surface morphology of the samples was exam-
ined using a KYKY 1000 B scanning electron micro-
scope (SEM). Before the experiment, the sample was
ground in a mortar and then deposited on a circular
copper slide that had been coated with a gold film. The
working voltage of the machine is 20 kV and a
magnification of 15,000 times was used.

XRD examination was carried out on a X-ray
diffractometer (Rigaku D-Max Rotaflex) with CuKa

radiation and Ni filter. XPS measurements were con-
ducted over a spectrometer using Al Ka source operated
at 10 kV and 15 mA. Charging effects were corrected by
means of adventitious carbon (284.6 eV) referencing.

The temperature-programmed decomposition (TPD)
of the nitrides was performed on a flow system equipped
with a mass spectrometer (MS, HP G1800A). The
sample (100 mg) was first heated from RT to 120 �C in
He and maintained at this temperature for 30 min. After
being cooled to RT, the sample was directly heated to
950 �C in flowing He at a heating rate of 10 �C/min. The
effluent gases were monitored continuously as a function
of temperature.

H2-TPR experiments were carried out in a quartz
tube micro-reactor. Before each H2-TPR run, the
sample (20 mg) was heated from RT to 120 �C in Ar
and maintained at this temperature for 30 min. After
being cooled to RT, the sample was heated from 30 to
950 �C at a rate of 10 �C/min in a mixture of 5%H2/
95%Ar. The effluent gases were monitored by means of
a thermal conductivity detector.

Low-temperature O2 chemisorption capacity was
measured by injecting a standard volume of 10% O2/
He via a calibrated loop at 5 min intervals into the
catalyst using He as carrier gas until there was no
detectable oxygen uptake. Before being admitted, the He
and H2 gases were purified by means of 5A molecular
sieve and O2 purification traps. The adsorption of O2

was conducted with the catalyst sample being held at
)77 �C. Prior to the adsorption, the catalyst was

pretreated in H2 at 400 �C for 2 h, followed by He
purging at the same temperature for another 2 h.

2.3. Catalytic activity

The catalytic activity was measured over a micro-
catalytic reactor by feeding a gas mixture of 1%H2/
1% NO/98% He to the sample at 400 �C. Typically, the
catalyst (0.2 g) was pretreated in pure He at 500 �C for
1 h before the reaction. At a flow rate of 10 mL/min, the
corresponding G.H.S.V. was 2400 h)1. The effluent
gases were monitored by means of online GC equipped
with a thermal conductivity detector. A molecular sieve
5 A column was used to separate H2, O2, N2, and NO.
The amount of N2 produced was used to calculate the
conversion of NO to N2.

3. Results

3.1. Catalyst structure

Figure 1 shows the SEM photographs of Mo2N and
Co3Mo3N. It can be seen from the figure that the two
nitrides show great differences in morphology. In
figure 1A, some larger plate-like shapes and some

Figure 1. SEM photographs of Mo2N (a) and Co3Mo3N (b).
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rod-like aggregates of much smaller, nano-meter sized
particles are clearly seen. This is very similar to the
Mo2N morphology reported by Choi et al. [21]. As for
the bimetallic nitride shown in figure 1B, there is no
appearance of larger plate-like shapes, a needle type
morphology appears together with rod-like particles.
The needle type phase is believed to be attributable to
the CoMo phase [22].

List in table 1 are the BET surface areas and O2

chemisorption capacities of Mo2N and Co3Mo3N. The
former shows a larger surface area (93 m2/g), while that

of the latter is relatively small (34 m2/g); we consider
that there is room for optimization of synthesis condi-
tion for a higher Co3Mo3N surface area [23]. The O2

chemisorption capacity (at )77 �C) of Mo2N and
Co3Mo3N is 68 and 26 lmol/g, respectively; the data
compare well with that reported previously [24,25].

The XRD patterns of the as-prepared catalysts are
shown in figure 2. The diffraction pattern for Mo2N
shows peaks at 38.2o, 44.2o, 64.0o, and 76.7o, corre-
sponding to {111}, {200}, {220}, and {311} diffractions
of bulk c-Mo2N. For the as-prepared Co3Mo3N sample,
peaks are clearly observed at 35.7o, 40.1o, 42.6o, and
46.6o, in good agreement with the Co3Mo3N reported
by Korlann et al. [26].

The oxidation states of molybdenum and distribution
of various Mo ions within the as-prepared Mo2N and
Co3Mo3N samples were derived from the Mo3d peaks of
XPS studies as shown in figure 3. The relative intensities
of spin–orbit doublet peaks are given by the ratio of their
respective degeneracy, and the I(3d5/2)/I(3d3/2) intensity
ratio for the Mo3d7/2–Mo3d5/2 doublet is 3/2. A splitting
of ~3.13 eV is expected for the doublet. By means of
curve-fitting, the distribution of molybdenum oxidation
states was estimated. Over Mo2N, we observed two
oxidation states of surface Mo: the peak at binding
energy of 232.5 ± 0.2 eV is assigned to the Mo3d5/2
component ofMo6+, while that at 229.5 ± 0.2 eV to the

Table 1

BET surface areas and O2 chemisorption capacities of Mo2N and

Co3Mo3N catalysts at )77 oC

Catalyst Surface area (m2/g) O2 chemisorption

capacity (lmol/g)

Mo2N 93 68

Co3Mo3N 34 26
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Figure 2. XRD patterns of the as-prepared and used Mo2N and

Co3Mo3N catalysts: (d) c-Mo2N, (n) MoO2, (r) Co3Mo3N.
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Figure 3. Mo3d XPS spectra of the as-prepared Mo2N and Co3Mo3N

catalysts.
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Mo3d5/2 component of Mo2N. The 229.5 ± 0.2 eV
value is higher than that of Mo2+ (228.9 ± 0.2 eV)
but slightly lower than that of Mo4+ (230.0 ± 0.2 eV).
Accordingly, we denote the Mo species of Mo2N as
Mod+, where 2 < d <4. Over Co3Mo3N, we observed
only one oxidation state at 232.5 ± 0.2 eV due to
Mo6+, the highest possible oxidation state of molybde-
num.

The TPD profiles of the as-prepared Mo2N and
Co3Mo3N samples are presented in figure 4. Over the
Mo2N sample, there are two N2 peaks at 378 and
510 �C, as well as a more intense one at 890 �C. Over the
Co3Mo3N sample, N2 peaks are at much higher tem-
peratures of 520, 720, and 880 �C. There are also
desorption peaks of NH3 and H2O in the low temper-
ature range from 200 to 400 �C. The MS equipment was
not designed for hydrogen detection and the release of
H2 was not monitored. Since the freshly nitrided
samples were cooled in a flow of NH3, it is reasonable
to assume that there are NHx (x ¼ 1–3) species on the
sample surface as suggested before [27,28]. The NH3

peak could therefore be considered as the result of

desorption of weakly adsorbed NH3. The broad N2

desorption band in the range of 500–600 �C should be
due to the decomposition of NHx (x ¼ 1–3) species that
are strongly adsorbed on the catalyst surface [29]. The
N2 peak at higher temperatures (>700 �C) can be
considered as a result of nitride decomposition [30]; it
can be seen that part of the Co3Mo3N started to
decompose at 720 �C with the release of nitrogen.

3.2. Activity measurement

The activity of cobalt molybdenum nitride for NO
reduction with H2 at 400 �C was compared to that of
molybdenum nitride (figure 5). The Mo2N catalyst
showed an initial activity of ca. 99% but deactivated
with time on stream; NO conversion to N2 decreased
from ca. 99% to ca. 59% within a period of 30 h. The
deactivated catalysts can be regenerated by H2 reduction
at 400 �C. However, the regenerated catalyst deacti-
vated quickly in NO/H2 reaction, as shown in the
figure 5. Comparatively, the Co3Mo3N catalyst showed
much better activity and stability; NO conversion to N2

stayed at ca. 84% throughout the test period of 30 h.
The activities of the two catalysts for NO reduction

with H2 were reported in term of turnover rates in
table 2. The calculation of turnover rates was based on
the data of O2 chemisorption over the Mo2N and
Co3Mo3N catalysts. The measurement of O2 uptakes is
an accepted method for estimating the amount of

Figure 4. Temperature-programmed decomposition profiles of the

as-prepared Mo2N and Co3Mo3N catalysts.
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Figure 5. Time dependence of NO conversion to N2 over the

as-prepared Mo2N, the reactivated Mo2N (by H2 reduction), and the

as-prepared Co3Mo3N catalysts in NO reduction with H2 at 400 �C.

Table 2

Comparison of turnover rates of Mo2N and Co3Mo3N nitrides for NO

reduction with H2 at 400
oC

Catalyst Turnover rates after

0.5 h on stream (s)1)

Turnover rates after

30 h on stream (s)1)

Mo2N 0.11 0.064

Co3Mo3N 0.24 0.24
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surface metal atoms of nitrides [26,27]. As indicated by
the results of turnover rates, the bimetallic cobalt
molybdenum nitride catalyst is considerably more active
than the monometallic molybdenum nitride catalyst.

3.3. Characterization of the used catalysts

The X-ray diffraction patterns of the used Mo2N and
Co3Mo3N catalysts (functioned in 1%H2/1%NO/He at
400 �C for 30 h) are also shown in figure 2. Over the
used Mo2N sample, we detected sharp diffraction lines
due to MoO2 (2h ¼ 26.1�, 36.9�, and 53.2�) crystallites.
The c-Mo2N lines of the fresh sample could still be
identified apart from the MoO2 features, but in very low
intensity. This implies that a large part of the Mo2N had
been oxidized to MoO2 during the NO reduction
reaction. As for the Co3Mo3N catalyst functioned in
1%H2/1%NO/He for 30 h, the diffraction lines of
crystallized Co3Mo3N remained strong in intensity,
and a line at 2h ¼ 37.4� attributable to c-Mo2N diffrac-
tion appeared. We detected no lines that could be
assigned to metal oxides such as CoO, MoO3, and
CoMoO4.

Summarized in table 3 are the surface atomic con-
centrations of the as-prepared and used Mo2N and
Co3Mo3N catalysts. Compared to the as-prepared
Mo2N sample, the used sample shows an obvious
increase in oxygen content, from 40% to 60% after
30 h on stream. The results confirm the accumulation of
oxygen on the surface of Mo2N during NO reduction.
Comparing the used Co3Mo3N sample with the as-
prepared one, one can detect a slight increase in Mo and
Co concentration, whereas the concentration of oxygen
remains almost unchanged during the reduction reac-
tion.

The H2-TPR spectra of the fresh and used Mo2N and
Co3Mo3N catalysts are shown in figure 6. The H2-TPR
data of MoO3 and CoMoO4 are also showed for
comparison. The spectrum of the as-prepared Mo2N
sample exhibits three major peaks at 360, 680, and
850 �C. Referring to the TPR spectrum of MoO3, the
peaks at 680 and 850 �C should be ascribed to the
reduction of MoO3 to MoO2 and MoO2 to Mo,
respectively. The peak in the low temperature range
(300–500 �C) is due to the reduction of surface NHx

and/or oxygen species. Over the used Mo2N sample, a
strong peak at 725 �C appears. Based on the results of
XRD and XPS measurements, it should be due to the
reduction of oxygen located in the lattice of molybde-
num nitride.

As for the as-prepared Co3Mo3N sample, the spec-
trum exhibits two major peaks at 500 and 715 �C with a
shoulder at 680 �C, and a broad peak at 880 �C can also
be observed. The peak at 500 �C should be due to the
reduction of surface NHx and/or oxygen adspecies.
Referring to the H2-TPR spectra of MoO3 and Co-
MoO4, the shoulder at 680 �C should be due to the
reduction of MoO3, and the peak at 715 �C due to the
reduction of CoMoO4. Over the used Co3Mo3N sample,
peaks can be observed at 500, 680 and 880 �C; they can
be ascribed to the H2-reduction of surface NHx and
MoO3, respectively. However, unlike the case of used
Mo2N, we did not detect any peak possibly due to the
reduction of lattice oxygen located in the bulk of
Co3Mo3N. Moreover, the total area of the H2-TPR
peaks of the as-prepared Co3Mo3N sample is similar to
that of the used one. In other words, the extent of
oxygen incorporation into the Co3Mo3N lattice during

Table 3

Surface atomic concentration of Mo2N and Co3Mo3N catalysts

Element Atomic concentration (%)

Mo2N Co3Mo3N

Fresh Used Fresh Used

Mo3d 48 35 15 17

Co2p – – 11 13

N1s 12 5 10 9

O1s 40 60 64 61

Figure 6. H2-TPR spectra of as-prepared and used Mo2N and

Co3Mo3N catalysts; also added are those of MoO3 and CoMoO4 for

comparison purposes.
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the NO reduction reaction was not significant. In the
case of Mo2N, the total area of the H2-TPR peaks of the
used sample is much larger than that of the as-prepared
one, suggesting that the extent of oxygen incorporation
into the Mo2N lattice during the NO reduction reaction
was much larger. The results are consistent with those of
XRD and XPS measurements.

4. Discussion

Transition metal nitrides are important technological
materials. They show physical properties that are
characteristics of refractory ceramics: very high in
melting points, hardness, and tensile strengths. Also,
they display electronic and magnetic properties, such as
electrical conductivity, Hall coefficient, magnetic sus-
ceptibility, and heat capacity resemble those of metals.
When applied in catalytic reactions such as ammonia
synthesis, Fischer–Tropsch reaction, hydrogenation,
oxidation, hydrodenitrogenation and hydrodesulfuriza-
tion, these materials show activities resemble those of
the noble Group 8–10 metals (Pt, Pd, Rh, etc), and in a
number of cases, showing superior selectivity, stability,
and resistance to poisoning [31,32]. Although there have
been only two reports on the application of transition
metal nitrides in catalytic NO removal [10,33], the
similarity in chemical property between transition metal
nitrides and noble metals suggests that the former could
be potential catalysts for this reaction.

In an attempt of improving the activity and stability
of metallic nitrides, we prepared a bimetallic cobalt
molybdenum nitride catalyst for NO elimination. The
XRD pattern of Co3Mo3N differs greatly from that of
Mo2N, Co2N, and Co4N, in good agreement with those
reported by Korlann et al. [26]. This suggests that the
Co3Mo3N is a true compound rather than just a
physical mixture of monometallic compounds, indicat-
ing that the preparation of Co3Mo3N is successful.

The catalytic activity and stability of Co3Mo3N
catalyst for NO reduction with H2 were compared with
those of monometallic molybdenum nitride. In the
reduction of NO by H2, the Mo2N catalyst showed
higher initial activity, but deactivated rapidly with time
on stream. Whereas Co3Mo3N remained highly active
and stable over the tested hours (figure 5).

We adopted techniques of XRD, XPS, and H2-TPR
to characterize the structural changes of nitrides during
the NO reduction reaction. In XRD studies, diffraction
lines due to molybdenum oxide were observed over the
used Mo2N catalyst, indicating the bulk oxidation of
Mo2N (figure 2). The XPS results showed the accumu-
lation of oxygen on the surface of Mo2N during the
reaction (table 3). The results of H2-TPR measurement
showed a bigger total peak area over the used sample as
compared to that of the as-prepared case (figure 6). All
the results point to the fact that there was oxygen

incorporation into the Mo2N lattice, and Mo2N was
gradually oxidized during the NO reduction reaction.
Accordingly, the deactivation of the Mo2N catalyst is
considered to be a result of Mo2N oxidation to MoO2.
The deactivated catalysts can be regenerated by H2

reduction at 400 �C. However, the regenerated catalyst
deactivated quickly in NO/H2 reaction as shown in
figure 5. It can be understood that though H2 reduction
can remove oxygen on the surface as well as that in the
bulk, the active phase of Mo2N cannot be restored
completely by H2 reduction. With the regeneration, the
percentage of Mo2N relative to the total Mo species
becomes smaller.

As for the used Co3Mo3N catalyst, despite its partial
decomposition, the catalyst remained active and stable
for NO reduction with H2. After 30 h on stream, there
were no XRD diffraction lines due to metal oxides
(figure 2). A small portion of Co3Mo3N decomposed
into Mo2N and Co after prolonged reaction. It might be
due to the small particle size of Co, the Co phase was
not detected by wide-angle XRD. The Mo2N phase that
appears in the Co3Mo3N sample did not get converted
to MoO2. This might be related to the strong interaction
between the Mo2N and Co phases in the Co3Mo3N
catalyst, which makes the Mo2N more resistant to
oxidation. The results suggest that the Co3Mo3N
structure is preserved during the NO reduction reaction,
and compared to the Mo2N catalyst, the Co3Mo3N
catalyst is more resistant to oxidation. The results of
XPS measurements are in consistent with that of XRD
measurements: a small portion of Co3Mo3N decom-
posed into c-Mo2N and Co after prolonged reaction,
causing an increase in Mo and Co concentration on the
surface of Co3Mo3N. Since Co3Mo3N was more oxida-
tion tolerant than Mo2N, oxygen concentration re-
mained unchanged after prolonged reaction (table 3).
Moreover, there were no H2-reduction peaks possibly
due to the reduction of oxygen incorporation into the
nitride lattice. The results indicate that Co3Mo3N is
more resistant to oxidation than Mo2N.

Then, the question why cobalt molybdenum bimetal-
lic nitride is more resistant to oxidation than monome-
tallic molybdenum nitride arises. One can get insights by
looking into the structural differences between Co3-
Mo3N and Mo2N. It has been suggested that the crystal
structure of Co3Mo3N is cubic and g-carbide like, with
the metal atoms in face-centered cubic (fcc) arrangement
and N atoms filling every octahedral interstitial position
[34]. The ideal structure consists of eight regular
octahedral of Mo atoms centered on a diamond cubic
lattice and eight regular tetrahedral of Co atoms
centered on a second diamond cubic lattice that inter-
penetrates the first through a 1/2, 1/2, 1/2 unit cell
translation. Sixteen additional Co atoms are coor-
dinated in a tetrahedral fashion around the Co tetrahe-
dral and sixteen N atoms surround the Mo octahedral in
tetrahedral coordination as illustrated in figure 7 [35]. A
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comparison of the bimetallic compound to the mono-
metallic compound shows considerable differences
between the two compounds. Mo2N exhibits a L0

3

structure with fcc metallic lattice, and N atoms filling
only half of the available octahedral vacancies, as
illustrated in figure 8 [36]. It is highly likely that the
deficiency in such a crystal can be supplemented by
oxygen, yielding oxynitride as an intermediate, and
finally causing the bulk oxidation of nitrides into oxides.

As for Co3Mo3N, since there are no unoccupied sites,
the incorporation of oxygen into the lattice is not
favorable. Actually, the resistance of cobalt bimetallic
nitrides to O2 has been verified before; Yu et al. [34]
observed identical diffraction patterns and constant
lattice parameters after exposing the compound to
ambient atmosphere for several months. In addition,
as revealed by XPS results (figure 3), all the Mo atoms
in Co3Mo3N are at the highest possible oxidation state
of Mo6+. As for the Mo2N sample, Mod+ (2 < d < 4)
coexists with Mo6+, and further oxidation of molybde-
num is possible.

5. Conclusions

Cobalt molybdenum nitride (Co3Mo3N) and molyb-
denum nitride (Mo2N) catalysts were prepared and
tested for the NO reduction with H2; the former
showed much better activity and stability than the
latter. The results of XRD, XPS, and H2-TPR analysis
indicated that the deactivation of the Mo2N catalyst
was due to the bulk oxidation of Mo2N. We observed
that the Co3Mo3N catalyst is more resistant to
oxidation and keeps its structure reasonably well
during the reaction.
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