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The influence of nitriding conditions upon the ammonia synthesis activities and structures of cobalt
molybdenum and nickel molybdenum-based catalysts has been compared. Ammonolysis of cobalt molyb-
date is observed to produce a more active catalyst than H, /N, pre-treatment. Post-reaction XRD analysis

K?J/V_VOTdS-' shows a pure CosMosN phase in the former case and a mixed phase, containing some CosMosN, in the

N‘t“de. ) latter. Both ammonolysis and N, /H, pretreatment of nickel molybdate lead to a mixture of NiMo3N and

[C\arb(’“l?r'de Ni, with the latter pretreatment leading to catalysts of higher activity. The reactivity of lattice nitrogen
mmonia in m-6 carbide structure CozMosN and the 3-Mn structure Ni;MosN has been investigated. In both cases,

Molybdenum . R . . .

Catalysis lattice nitrogen is found to be reactive towards both H, and C¢Hg and comparisons demonstrate CosMosN

to be the more reactive. For CosMosN, reaction with benzene yields Co3sMo3C and graphite whereas a
carbonitride and graphite is produced with Ni;MosN. In the case of reaction with H,, the nickel molybde-
num system reacts to form Ni;Mo3sN;_x, whereas comparable conditions with CosMo3;N produce a novel

CogMogN phase.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Spurred by the development of the ammonolysis procedure,
in which high ammonia space velocities and controlled temper-
ature ramp rates are applied to the preparation of high surface
area nitrides typically from oxide precursors [1], there has been
aresurgent effort in the catalytic activity of nitrides [2-4]. Catalytic
attention has almost exclusively centred upon interstitial nitrides,
and in particular molybdenum nitride, in which parallels between
their catalytic behaviour and that for platinum group metals have
been drawn. Amongst reactions studied to date have been ammonia
synthesis [5,6], hydrazine decomposition [7,8], hydrodenitrogena-
tion [2,4], NO reduction [9,10] and carbon monoxide hydrogenation
[11]. Recently, Cs* doped CozMosN has attracted interest in terms of
its ammonia synthesis activity where claims have been made that
it displays higher efficacy than the commercial iron-based cata-
lyst [12-17]. Jacobsen and co-workers [18] have explained the high
activity of this system in terms of a volcano relationship in which
the combination of Co (with too low a nitrogen binding energy) and
Mo (with too high a binding energy) produces an alloy with an opti-
mum nitrogen binding energy not too dissimilar to that for Ru. In
this proposal, lattice nitrogen has been reported to be inactive and
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its role has been ascribed to ensuring that the required ordering
occurs resulting in the catalyst preferentially exposing the (111)
surface termination plane in which both Co and Mo are present.
We have been interested in the possibility of applying metal
nitrides as nitrogen transfer agents. It has been our aim to assess
the reactivity of lattice nitrogen to determine if novel nitrogen
transfer catalysis can be developed. This possibility has parallels
in oxidation catalysis, where the well-known Mars-van Krevelen
mechanism has been long established, and analogous processes
have also been reported to occur in catalytic reactions involving
sulfides [19] and carbides [20]. To this end, we have studied a series
of binary and interstitial molybdenum nitrides in terms of the reac-
tivity of their lattice nitrogen with hydrogen feedstreams in which
comparisons can be drawn between ammonia synthesis rates in
the presence and absence of co-fed gas-phase nitrogen. In the case
of Co3MosN, which we have studied in greatest detail, we have
demonstrated that at high temperature (i.e. 700 °C), it is possible to
remove 50% of the lattice nitrogen, with that remaining relocating
from the 16c¢ to the 8a Wyckoff position, generating a novel n-12
carbide structure nitride, which was previously unknown [21]. This
new phase has recently been confirmed in powder neutron diffrac-
tion studies. The original n-6 carbide structure CozMosN phase
can be rapidly restored by switching the feedstream from Ar/H; to
N»/H;. In this way, it may prove possible to develop catalysts capa-
ble of directly transferring lattice nitrogen species from the lattice
to an organic receptor molecule. To this end, it is interesting to note
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that Mori and co-workers have developed homogeneous titanium
containing systems which they have shown capable of incorporat-
ing active nitrogen species, generated from gas-phase N, at low
temperature, into a variety of organic molecules [23-27]. In terms of
heterogeneous systems, Segal and Sebba have previously described
the high efficacy of lattice nitrogen within uranium nitride during
ammonia synthesis [28,29]. More recently in a TAP reactor study,
Olea et al. [30] have proposed the occurrence of a double Mars-van
Krevelen mechanism involving the transfer of both lattice oxygen
and nitrogen during propane ammoxidation over VAION catalysts.
In addition, based on the dramatic onset of ammonia decompo-
sition activity associated with the [3- to ’-phase transition of
zirconium oxynitride, Soerijanto et al. [31] suggested a mechanism
in which part of the product nitrogen originates from the lattice
in a catalytic cycle wherein its is subsequently replenished from
gas-phase NHs.

In this study, a comparison between the m-6 carbide struc-
ture CosMosN and Ni;MosN, which possesses the 3-Mn structure
[32], has been made. We have investigated the role of preparation
on ammonia synthesis efficacy, i.e. ammonolysis versus treat-
ment with Ny/H;, since the latter would be preferable in terms
of large-scale application [33]. Comparison of the reactivity of lat-
tice nitrogen species in the two systems has been made in terms
of the ammonia synthesis activities with a Ar/H, feed and also the
reactivity with CgHg at high temperature.

2. Experimental

CoMoOg4-nH,0 precursor was prepared by adding aque-
ous solutions of Co(NO3),-6H,0 (Sigma-Aldrich, 98+%) to
(NH4)sMo07054-4H, 0 (Alfa Aesar, JM 81-83% as MoOs3 ) and heating
the mixed solution to approximately 80 °C. A purple precipitate was
obtained after vacuum filtration and the precipitate was washed
twice with distilled water, once with ethanol and then dried
overnight at 150 °C. The powder was calcined in air at 500 °C. When
nitrided by ammonolysis, approximately 1 g of material was placed
in a vertical quartz reactor into which a 94mlmin—! NHs; (BOC,
99.98%) was introduced. The furnace was programmed to heat
the material in three stages. The temperature was increased from
ambient to 357 °C at a rate of 5.6°Cmin~! and then to 447°C at
0.5°Cmin~!, then to 785°C at 2.1°Cmin~! at which point it was
held for 5h. The nitrided material was cooled in flowing ammo-
nia to ambient temperature then nitrogen was flushed through the
system at 100 mlmin~—'. To prevent bulk oxidation on exposure of
the material to air, the material was passivated overnight using a
mixture containing <0.1% O,.

NiMoO4 was prepared by dropwise addition of 400 ml (0.25 M)
of an aqueous solution of Ni(NO3),-6H,0 (Sigma-Aldrich), to
a 150 ml solution of Na,MoOg4-(H,0),. A green precipitate was
obtained after vacuum filtration and the precipitate was washed
twice with distilled water, once with ethanol and dried overnight
at 150°C. The powder was then calcined at 700°C for 6 h under a
flow of nitrogen gas (5mlmin~!). Where appropriate, the nickel
molybdate was nitrided under a flow of NH3, as described above
for CosMosN.

Reaction studies were performed using 0.4 g of material placed
in a silica reactor tube and held centrally between two silica wool
plugs within the heated zone of a tube furnace. All materials were
pre-treated at 700°C with 60mlmin-! of 1/3 N,/H, (BOC, H,
99.998%, N, 99.995%) for 2 h. Ammonia synthesis experiments were
then performed at 400 °C using this gas mixture, following cooling
under the reactant gas mixture. The vent gas from the reactor was
flowed through 200 ml of a 0.00108 M sulfuric acid solution and the
rate of ammonia formation was calculated by determined from the
rate of change of conductivity with respect to time. H, /Ar reactions

Table 1
Ammonia synthesis activities of ternary nitrides prepared by ammonolysis and
mixed oxides exposed to the reaction mixture (60 ml min—' 1/3 Ny /H,, 0.4 g catalyst)

Catalyst Surface area NHj3 synthesis rate
(m?g") (wmolh-"g1)

CozMosN 18 165

Ni;Mo3N 1 27

CoMo0Qg4-nH,0 13 135

NiMoO4 3 46

were performed using a 1/3 Ar/H, mixture (BOC, Hy 99.998%, Ar
min 99.99%) following the 700°C pre-treatment and subsequent
cooling to 400 °C under Hy/N,.

Reactions with CgHg were performed by bubbling 60 ml min~!
of 1/3 Ny /H, through a CgHg (Sigma AnalR) saturator. This yielded
a feedstream containing ca. 12% benzene by volume.

Powder diffraction analyses were performed using a Siemens
D5000 instrument operating with Cu Ka radiation. A 26 range
between 5° and 85° was scanned using a counting rate of 1s per
step with a step size of 0.02°. Samples were prepared by compaction
into a Si sample holder.

CHN analysis was performed using an Exeter Analytical CE-440
elemental analyser.

BET surface areas were determined from nitrogen physisorp-
tion isotherms measured at liquid nitrogen temperature using a
Micromeritics Gemini instrument.

3. Results and discussion

As discussed by Wise and Markel [33], it is preferable to apply
N, /H; mixtures rather than NH3 for nitridation on the large scale.
Accordingly, we have compared the use of NH3 and N, /H; as nitrid-
ing agent for both Co3Mo3sN and Ni;MosN. For nitridation with
N,/H,, the oxide precursors were subjected to treatment with
the stoichiometric 1/3 ammonia synthesis mixture at 700°C for
2h prior to reaction, as were the passivated materials prepared
by ammonolysis. The steady state rates for ammonia synthesis at
400°C are shown in Table 1. In all cases, the same mass of material
(0.4 g)has been loaded into the reactor and the rates are normalised
to this mass. It can be seen that the cobalt molybdenum contain-
ing catalyst is more active when nitrided with NHs, although that
producing using N, /H,, a far simpler technique, is almost as active.
In the case of the nickel molybdenum catalyst, a more active cata-
lyst is generated with N /H,. Fig. 1 presents the powder diffraction
pattern for the CosMosN phase prepared by ammonolysis. Prior
to reaction, it can be seen that the passivated catalyst contains
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Fig. 1. Powder X-ray diffraction patterns of (a) pre-reaction and (b) post-reaction
Co3MosN prepared by ammonolysis.
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Fig. 2. Powder X-ray diffraction patterns of cobalt molybdenum oxide (a) prior
to and (b) after ammonia synthesis. The arrows indicate the positions of major
CosMosN reflections.

an amorphous component. However, the post-reaction pattern is
representative of a much more crystalline CosMo3N phase. In the
case of the sample treated with N,/H,, the pre-reaction sample
is a relatively complex mixture, as can be seen in Fig. 2. This is
found to partially match the diffraction pattern for CoMoO4-nH,0
[34] and a-CoMo0Qy4 [35] reported in the literature, although some
expected reflections are absent. After reaction, it can be seen that
there are some reflections, as marked, which correspond to those
which would be expected for CosMosN, although these are not
well developed. However, there are a number of additional reflec-
tions which correspond to some of those evident in the pre-reaction
sample. Post-reaction CHN data, as given in Table 2, confirm that
the nitrogen content is close to that expected for stoichiometric
Co3MosN in the sample prepared by ammonolysis, whereas it is
only about 50% of that in the case of the sample subjected to N, /H,.
During nitridation of MoO3 with N, /H,, Wise and Markel [33] have
proposed that intermediate Mo metal forms which is generated via
Mo0,. An unidentified molybdenum oxide, hydroxide or hydrate is
reportedly often also observed. Powder diffraction patterns are pre-
sented for nickel molybdenum systems in Figs. 3 and 4. The exact
assignment of the Ni;MosN phase has been controversial in the lit-
erature, with some authors assigning the phase as NisMo3sN[36,37].
However, as can be seen in Fig. 3, the well defined Ni;MosN pat-
tern evident after reaction is accompanied by reflections indicative
of the presence of Ni, as described by others, which lends weight
to the assignment of mixed Ni-Mo phase with a Ni:Mo ratio <1.
Again, as for the Co-Mo case, the reaction and/or pre-treatment
environment has modified the phase present and it can be seen
that a “clean” Ni;Mo3N phase in association with Ni is generated. In
the pre-reaction sample, nickel nitride and a different mixed nickel
molybdenum nitride are also present, as indicated. Others have also
reported the presence of NizN and Nig>MoggN phases in the syn-
thesis of nickel molybdenum nitride [37]. However, upon reaction
under our conditions, these additional phases appear to be lost. In

Table 2
Post-reaction nitrogen analysis following 5.5 h reaction with 60 mImin~! 1/3 N,/H;
at 400°C (0.4 g catalyst)
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Fig. 3. Powder X-ray diffraction patterns of (a) pre-reaction and (b) post-reaction
Ni;MosN prepared by ammonolysis.
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Fig. 4. Powder X-ray diffraction patterns of nickel molybdenum oxide (a) prior to
and (b) after ammonia synthesis.

the case of N, /H, treatment of the oxide, the pre-reaction XRD pat-
tern matches that published for «-NiMoO4 [38] well. Upon reaction,
it can be seen that a very crystalline Ni;MosN phase in association
with Ni is generated. Post-reaction BET surface area analysis indi-
cates that this sample has a higher surface area than its counterpart
generated from NHs. This is a likely explanation for the differences
in their activity.

In view of the main focus our research, which is an investigation
of the reactivity of lattice nitrogen species, we have measured the
rates of ammonia synthesis with a 1/3 Ar/H; feed. Table 3 presents
data relating to the CosMo3sN and Ni;MosN + Ni samples prepared
by ammonolysis. The data relates to 7 h runs at temperatures up to
700°C over the time periods shown. The data for 400°C has been
broken down into two different time intervals, since there are two
distinct phases of activity. Overall, it can be seen that ammonia
evolution occurs from the samples and that the Co3Mo3N sample
is much more active than its Ni-Mo based counterpart. The absence

Table 3
Ammonia synthesis rates in the absence of gas-phase N, using a 1/3 Ar/H, feed
(60mlmin-', 0.4 g of catalyst, time refers to total time on stream)

Sample Stoichiometric nitrogen Post N2 /H3, 400°C Reaction CosMosN NHj; synthesis Ni;Mo3N NH; synthesis
content (wt%) reaction nitrogen (wt%) temperature/time rate (wmolh—'g-1) rate (pmolh="'g-1)
Co3MosN 2.92 2.80 400°C (0-0.5h) 98 11
Ni;MosN 2.932 2.57 400°C(1-4h) 12 1
CoMoO4-nH,0 Nil 1.51 500°C (4-5h) 0 9
NiMoO4 Nil 231 600°C (5-6h) 16 7
700°C (6.5-7.5h) 12 0

2 Calculated on the basis of the occurrence of a 1:1 Ni;MosN:Ni mixture.
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Table 4
Ammonia synthesis rate as a function of temperature for CosMo3N with 1/3 N, /H,
(60mlmin~', 0.4 g of catalyst, time refers to total time on stream)

Reaction temperature/time NH; synthesis rate (umolh-' g=1)

400°C (0-0.5h) 189
400°C (0.5-4h) 158
500°C (4-5h) 369
600°C (5-6 h) 173
700°C (6.5-7h) 83
Table 5

Post-H, /Ar reaction nitrogen analysis data (conditions as for those given in Table 4)

Sample Stoichiometric nitrogen Post H, /Ar 700°C
content (wt%) reaction nitrogen (wt%)

CoszMosN 2.92 1.50

Ni;Mo3N 2.932 2.33

2 Calculated on the basis of the occurrence of a 1:1 Ni;Mo3;N:Ni mixture.

of NH3 formation at 500 °C in the case of Co3Mo3N suggests that an
active pool of nitrogen has been exhausted by this temperature and
that beyond this temperature an additional active pool is accessed.
The results for NH3 synthesis using a 3/1 Hy /N, mixture under com-
parable conditions are presented in Table 4 for CosMo3N and from
this it can be seen that the rate of ammonia synthesis from H, /Ar is
much lower than that from H; /N, for this system, although it is still
significant. Beyond the initial 30 min on stream, the catalytic activ-
ity was stable for each temperature studied in Table 4. The depletion
of nitrogen from both systems under the Ar/H, treatment regime is
evident from the N analysis data presented in Table 5. One possible
pathway for the generation of NH3 in the absence of co-fed N, is
the hydrogenation of surface bound NHy residues. However, lattice
shifts evident in post-reaction powder diffraction patters confirm
the loss of N species indicating that there is, at least, a significant
contribution of lattice N to the NH3 formed. As described elsewhere
and discussed in the introduction, these shifts are noteworthy in the
case of CosMo3N where a new phase, the m-12 CogMogN phase,
is generated [21,22]. In the case of Ni;MosN, shown in Fig. 5 for a
selected region of the pattern, smaller shifts are evident as would be
expected in relation to the data presented in Table 3 which indicates
that overall much less lattice N is removed from this system.

The carburisation of y-Mo;N is an acknowledged route to the
synthesis of the face centred cubic based a-MoC;_y carbide [39],
which can otherwise be difficult to obtain. Such a reaction, which
is generally conducted at elevated temperature (i.e. ca 700 °C) using

400
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Fig. 5. Overlaid powder X-ray diffraction patterns showing the lattice shift indica-

tive of the depletion of lattice nitrogen in the Ni; Mo3 N system evident upon reaction
with Ar/H,.
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Fig.6. Powder X-ray diffraction patterns of CosMo3;N (a) before and (b) after reaction
with CgHe.

CHy4 as the carbon source, is an obvious demonstration of the reac-
tivity of lattice nitrogen species. We have followed this reaction
and have evidenced some ammonia production (accounting for
ca. 10% of the lost nitrogen.) Elsewhere, others have shown that
carburisation of CogMo3N with CHy4 is an effective route for the
generation of Co3Mo3C[40,41]. Accordingly, we have made compar-
isons of the carburisation of Co3MosN and Ni;MosN + Ni systems,
using CgHg as carburisation agent in a 1/3 N, /H, mixture as car-
rier under the same temperature programming regime applied for
the Ar/H, mixtures, to ascertain the relative reactivity of the N
sublattice with a carbon source. Caution must be adopted in this
and similar procedures, since cyanides could be possible products
of reaction. Liquid phase reaction products were trapped using an
ice bath and analysis showed only the presence of unreacted ben-
zene. However, the phases of the nitrides were dramatically altered
by such treatment. In the case of post-reaction XRD analysis of
CosMosN, shown in Fig. 6, lattice parameter shifts were again evi-
dent, although in this instance an increase in lattice parameter was
observed whereas Ar/H, decreased it. The shifts shown exactly
correspond to those reported by Bussell and co-workers in the
transformation of Co3sMo3N to CosMo3C [41]. Furthermore, a broad
reflection at ca 26° 20 is evident which is indicative of the formation
of graphite [42].If the width of this reflection is assumed to be solely
due to Scherrer broadening effects, and the interlayer spacing of
graphite is taken to be 3.35 A, then this suggests that ca. 65 layers of
graphite are laid down. The complete removal of nitrogen from this
system is confirmed by the data presented in Table 6, which shows
that the amount of carbon deposited is significant (and far in excess
of that corresponding to the formation of Co3Mo3C which would
be 2.52 wt%). In the case of Ni;Mo3N + Ni, minor lattice parameter
shifts are evident and post-reaction analysis indicates that there is
still some residual N in the system, which indicates the possible
formation of a carbonitride phase with associated graphite forma-
tion. Taken together, the carbidation results for both phases confirm
the observation made in the Ar/H, experiments, that the lattice
nitrogen in the m-6 carbide structured Co3MosN ternary nitride is
more reactive than that in the 3-Mn phase Ni;Mo3N ternary phase,

Table 6

CHN data following reaction of ternary nitride systems with 12% CgHg and
60mImin-! 1/3 N,/H, (0.4g material, applying the temperature programmed
regime shown in Table 4.)

Sample Observed N Observed C Observed H
content (wt.%) content (wt.%) content (wt.%)

CosMosN Nil 28.96 Nil

Ni;Mo3N 1.00 25.54 Nil
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although caution should be exercised in this comparison since the
BET surface area of the former is approximately twenty times that
of the latter.

4. Conclusions

Unlike binary molybdenum nitrides and nickel molybdenum
nitride, controlled temperature ammonolysis is observed to gen-
erate cobalt molybdenum nitride catalysts with greater activity
than those generated by treatment with the stoichiometric N,/H,
ammonia synthesis gas mixture. In the instance of N, /H, treatment,
a mixed phase containing some CosMosN is produced, whereas
pure phase CosMosN is produced by ammonolysis. In the case of
the nickel molybdenum ternary systems, a pure phase mixture of
Ni;Mo3N and Ni is produced by either method and the ammonia
synthesis activity of samples prepared by N;/H, is slightly higher.
The reactivity of lattice nitrogen is evident in both systems by
temperature-programmed reaction with Ar/H, and also with CgHg.
In both circumstances, Co3MosN is found to be more reactive than
Ni;MosN. In the former case CogMogN and Co3MosC are produced
respectively, whereas in the latter case lattice nitrogen is lost to a
much lesser extent yielding Ni;Mo3N;_y and a carbonitride phase.

Acknowledgements

JSJH would like to acknowledge the contribution of Professor
Eric Derouane and Dr Neil Winterton in formulating the ideas which
have led to his current research activities in the area of nitride catal-
ysis. The idea of the possibility of Mars-van Krevelen-type reaction
processes with nitride catalysts was raised by Neil and followed up
by Ericin aseries of brainstorming sessions arranged and chaired by
Eric at the then Leverhulme Centre for Innovative Catalysis. JSJH is
grateful to both individuals for sharing their stimulating ideas and
allowing him to develop them. He would also like to acknowledge
Eric’s strong support in other aspects/areas of his career, which he
will always be very thankful for.

JSJH and DM would like to thank the EPSRC for support in the
area of nitride catalysis (under GR/S87300/01) and also Mrs Kim
Wilson for her kind assistance with CHN analyses.

References

[1] L. Volpe, M. Boudart, ]J. Solid State Chem. 59 (1985) 332-347.

[2] E. Furimsky, Appl. Catal. A: Gen. 240 (2003) 1-28.
[3] J.SJ. Hargreaves, D. Mckay, Catal. RSC Special. Period. Rep. 19 (2006)
84-108.
[4] M. Nagai, Appl. Catal. A: Gen. 322 (2007) 178-190.
[5] L. Volpe, M. Boudart, J. Phys. Chem. 90 (1986) 4874-4877.
[6] D.Mckay, ].S.J. Hargreaves, J.L. Rico, ].L. Rivera, X.L. Sun, J. Solid State Chem. 181
(2008) 325-333.
[7] J.AJ. Rodrigues, G.M. da Cruz, G. Bugli, M. Boudart, Djega-Mariadassou, Catal.
Lett. 45 (1997) 1-3.
[8] X. Chen, T. Zhang, M. Zheng, Z. Wu, W. Wu, C. Li, J. Catal. 224 (2004)
473-478.
[9] C. Shi, A.M. Zhu, X.E. Yang, C.T. Au, Appl. Catal. A: Gen. 276 (2004) 223-230.
[10] C. Shi, X.F. Yang, C.T. Au, Catal. Today 93-95 (2004) 819-826.
[11] G.S. Ranhotra, A.T. Bell, J.A. Reimer, J. Catal. 108 (1987) 40-49.
[12] R. Kojima, K.-I. Aika, Chem. Lett. (2000) 514-515.
[13] R. Kojima, K.-I. Aika, Appl. Catal. A: Gen. 215 (2001) 149-160.
[14] R. Kojima, K.-I. Aika, Appl. Catal. A: Gen. 218 (2001) 121-128.
[15] R. Kojima, K.-I. Aika, Appl. Catal. A: Gen. 219 (2001) 157-170.
[16] CJ.H.Jacobsen, Chem. Commun. (2000) 1057-1058.
[17] A.Boisen, S. Dahl, C.J.H. Jacobsen, J. Catal. 208 (2002) 180-186.
[18] CJ.H.Jacobsen, S. Dahl, B.S. Clausen, S. Bahn, A. Logadottir, ].K. Norskov, J. Am.
Chem. Soc. 123 (2001) 8404-8405.
[19] P. Tetenyi, in: J.S.J. Hargreaves, S.D. Jackson, G. Webb (Eds.), Isotopes in Hetero-
geneous Catalysis, Imperial College Press, London, 2006, pp. 63-95.
[20] T.Xiao, A. Hanif, A.P.E. York, Y. Nishizaka, M.L.H. Green, Phys. Chem. Chem. Phys.
4(2002) 4549-4554.
[21] D. Mckay, D.H. Gregory, J.S.]. Hargreaves, S.M. Hunter, X. Sun, Chem. Commun.
(2007) 3051-3053.
[22] S.M.Hunter, D. Mckay, J.S.J. Hargreaves, D.H. Gregory, R.I. Smith, in preparation.
[23] M. Mori, J. Organomet. Chem. 689 (2004) 4210-4227.
[24] M. Mori, M. Akashi, M. Hori, K. Hori, M. Nishida, Y. Sato, Bull. Chem. Soc. Jpn. 77
(2004) 1655-1670.
[25] K. Ueda, M. Mori, Tetrahedron Lett. 45 (2004) 2907-2910.
[26] M. Akashi, M. Mori, Heterocycles 59 (2003) 661-668.
[27] M. Akashi, Y. Sato, M. Mori, J. Org. Chem. 66 (2001) 7873-7874.
[28] N. Segal, F. Sebba, J. Catal. 8 (1967) 105-112.
[29] N. Segal, F. Sebba, J. Catal. 8 (1967) 113-119.
[30] M. Olea, M. Florea, I. Sack, R. Prada Silvy, E.M. Gaigneaux, G.B. Marin, P. Grange,
J. Catal. 232 (2005) 152-160.
[31] H. Soerijanto, C. Rodel, U. Wild, M. Lerch, R. Schomacker, R. Schlogl, T. Ressler,
J. Catal. 250 (2007) 19-24.
[32] TJ. Prior, P.D. Battle, J. Solid State Chem. 172 (2003) 138-147.
[33] RS. Wise, E.J. Markel, ]. Catal. 145 (1994) 344-355.
[34] K. Eda, Y. Uno, N. Nagai, N. Sotani, M.S. Whittingham, J. Solid State Chem. 178
(2005) 2791-2797.
[35] Y. Kong, J. Peng, Z. Xin, B. Xue, B. Dong, F. Shen, L. Li, Mater. Lett. 61 (2007)
2109-2112.
[36] PS. Herle, M.S. Hegde, K. Sooryanarayana, T.N.G. Row, G.N. Subbanna, Inorg.
Chem. 37 (1998) 4128-4130.
[37] S. Alconchel, F. Sapina, D. Beltran, A. Beltran, ]J. Mater. Chem. 8 (1998)
1901-1909.
[38] H.M. Abdel Dayem, M.A. Al-Omair, Ind. Eng. Chem. Res. 47 (2008) 1011-1016.
[39] L. Volpe, M. Boudart, J. Solid State Chem. 59 (1985) 348-356.
[40] S. Alconchel, F. Sapina, E. Martinez, Dalton Trans. (2004) 2463-2468.
[41] S. Korlann, B. Diaz, M.E. Bussell, Chem. Mater. 14 (2002) 4049-4058.
[42] T. Tsuchida, J. Mater. Sci. 36 (2001) 1735-1749.



	A comparison of the reactivity of lattice nitrogen in Co3Mo3N and Ni2Mo3N catalysts
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References


