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Abstract

The reactivities of a series of ternary and binary molybdenum nitrides have been compared. Data have been obtained for the catalytic
synthesis of ammonia at 400 °C and ambient pressure using a 3:1 H,:N, mixture. Amongst the ternary nitrides, the mass normalised
activity is in the order Co;Mo3zN >FesMo3;N> Ni,MosN. For the binary molybdenum nitrides, the ammonia synthesis activity is
significantly lower than that of CosMos;N and FesMo3;N and varies in the order y-Mo,N~f-Mo,Nj 74> d-MoN. Nanorod forms of
p-Mo,Nj 75 and y-Mo,N exhibit generally similar activities to conventional polycrystalline samples, demonstrating that the influence of
catalyst morphology is limited for these two materials. In order to characterise the reactivity of the lattice nitrogen species of the nitrides,
temperature programmed reactions with a 3:1 H,:Ar mixture at temperatures up to 700 °C have been performed. For all materials
studied, the predominant form of nitrogen lost was N,, with smaller amounts of NH; being formed. Post-reaction powder diffraction
analyses demonstrated lattice shifts in the case of CozMo3;N and Ni,Mo;N upon temperature programmed reaction with H,/Ar.
Incomplete decomposition yielding mixtures of Mo metal and the original phase were observed for FesMosN and y-Mo,N, whilst

B-Mo,Nj 75 transforms completely to Mo metal and 5-MoN is converted to y-Mo,N.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Metal nitrides continue to attract interest in terms of
their mechanical, optical, magnetic and catalytic properties
[1-4]. In the latter case, there has been a resurgent interest
since Volpe and Boudart [5] demonstrated that high surface
area materials were accessible via ammonolysis of oxide
precursors using low-temperature ramp rates and high
ammonia space velocities. These parameters are believed to
be crucial to the attainment of high surface areas via the
minimisation of the partial pressure of water generated
during the synthesis. Water is believed to reduce surface
area via the effects of hydrothermal sintering. Wise and
Markel [6] subsequently showed that, in the case of
7-Mo,N, N,/H, mixtures could also be successfully

*Corresponding author. Fax: +44 141 330 4888.
E-mail address: justinh@chem.gla.ac.uk (J.S.J. Hargreaves).

0022-4596/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.jss¢.2007.12.001

employed instead of NHj; for the synthesis of high surface
area materials, again providing very high space velocities
and low ramp rates were employed. Indeed, they even
argued that N,/H, mixtures were preferable to NHj;
in large-scale synthesis due to the difficulties associated
with heat transfer in the endothermic process associated
with NH;

In terms of the catalytic interest centring on nitrides and
oxynitrides, most attention has centred around two main
general areas. A number of studies have investigated the
application of interstitial nitrides including y-Mo,N and
CoszMosN in reactions which are typical of metals, such as
those involving hydrogen transfer. In many cases, the use
of nitrides in this context has its origins in the perceived
similarity of the electronic structures of Mo,N and
precious metals (e.g. [7]). A second general area that has
attracted attention is the application of oxynitrides as base
catalysts. Oxynitrides are of interest in this area because of
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the ability to control the levels of nitrogen doped into the
system, and hence their basicity. Amongst systems in this
category having been studied to date are AIVON [§],
ZrPON [9] and even nitrogen-containing microporous
structures such as aluminophosphates [10] and ZSM-5
[11]. It has generally been argued that the latter classes of
material are of great potential in the development of shape-
selective microporous base catalysts. The incorporation of
low levels of nitrogen within a wide range of oxide hosts is
also currently receiving attention in terms of the develop-
ment of visible light active photocatalysts (e.g. [12]). Our
interest in the catalytic chemistry of nitrides and oxyni-
trides has a different origin from those described above.
We are pursuing the possible analogy with the well-
established Mars—van Krevelen oxidation mechanism
operative in many oxidation reactions catalysed by oxides.
In this mechanism, a substrate is directly oxidised by the
lattice oxygen of the oxide catalyst, generating transient
vacancies which are then replenished by a gas-phase
oxygen source. The lattice oxygen of the oxide is therefore
reactive and the reaction can also be observed even in
the case of non-reducible oxides such as MgO [13], where
we have shown isotopic oxygen exchange pathways to
be strongly dependent upon the preparation route. In terms
of process considerations, the occurrence of this mechan-
ism allows the separation between substrate oxidation and
catalyst re-oxidation, which can be beneficial in circum-
stances where there is the possibility of sequential gas-
phase over-oxidation of a desired product [14]. Analogous
to oxidation, Mars—van Krevelen-type processes are also
observed in the case of sulfur transfer in sulfide catalysts
[15] and even for carbide catalysts. In the latter case, Green
and co-workers [16] have demonstrated direct lattice
carbon transfer to the carbon monoxide produced in the
partial oxidation of methane catalysed by molybdenum
carbide. The potential occurrence of such pathways
occurring within metal nitride catalysts seems to have been
largely ignored, despite early reports including those
centring upon the uranium nitride catalysed ammonia
synthesis in which the importance of interstitial nitrogen
was described [17,18]. Very recently, in a TAP reactor-
based study, Olea et al. [19] have demonstrated the transfer
of lattice nitrogen to the product in the VAION catalysed
direct ammoxidation of propane. Furthermore, based upon
the dramatic onset of ammonia decomposition activity of
zirconium oxynitride associated with the f'- to f’-phase
change, Soerijanto et al. [20] have proposed a mechanism
in which part of the product nitrogen originates from the
lattice in a catalytic cycle wherein it is subsequently
replenished from gas-phase ammonia. In our own work
in this area, we have sought to develop a detailed
understanding of the reactivity of lattice nitrogen via the
comparison of ammonia synthesis rates with N,/H,
mixtures and Ar/H, mixtures as a function of temperature
over a series of interstitial nitrides, with the possibility
of re-nitridation in a separate step. The separation of
nitridation and de-nitridation steps may have potential

merit in the development of novel nitrogen transfer
pathways in which NH; is used as a nitrogen containing
reagent where H, loss is thermodynamically limiting. As
part of our investigation, we have recently reported on the
reaction of CosMosN with H,, where it may be possible to
cycle via a CosMogN-like phase [21]. Here, we extend that
previous investigation to various molybdenum nitride
phases and morphologies and Fe;sMosN and Ni,MosN.
Rather than the development of detailed mechanistic
understanding for ammonia synthesis, the primary objec-
tive of the present study is to determine the influence of
structure (i.e. phase and morphology) upon the ammonia
synthesis activity and reduction behaviour of materials.

2. Experimental
2.1. Materials preparation

y-Mo,N was prepared by ammonolysis of an MoO;
(Sigma Aldrich, 99.5%) precursor. For nitriding, approxi-
mately 1 g of material was held in a vertical quartz reactor
into which a 94mlmin~' NH; (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°C min~!
and the furnace was held at this temperature for Sh. The
nitrided material was cooled in flowing ammonia to
ambient temperature and upon reaching this temperature,
nitrogen was flushed through the system at 100 mlmin~"' to
purge the reactor. Then, to prevent bulk oxidation on
exposure of the material to air, the material was passivated
overnight using a mixture containing <0.1% O,.

p-Mo,Nj 73 was prepared in situ in the fixed bed
microreactor used for the activity evaluations. In this
procedure, 0.4g of MoO; (Sigma Aldrich, 99.5%) was
charged to the reactor and treated with 60 mlmin~' of a 3:1
H,:N, (BOC, H, 99.998%, N, 99.995%) mixture at 700 °C
for 2h. The stoichiometry used for this material has not
been determined by us, but is one of a number reported in
the literature.

0-MoN was prepared according to a procedure based
upon that detailed by Marchand et al. [22]. In this method
1g of MoS, (Sigma Aldrich, 99%) was loaded into the
quartz reactor, the flow of NH; was introduced to the
reactor at a rate of 94mlmin~'. The temperature was
raised to 785 °C at a heating rate of 15°C min~' and held at
this temperature for 60 h to form 6-MoN. The material was
then cooled to ambient temperature in flowing ammonia,
flushed with nitrogen, and discharged from the reactor.

Nanorod forms of y-Mo,N and p-Mo,Ng75 were
prepared by procedures identical to those described above,
except for the precursor which was MoOj; with a nanorod
morphology. The preparation and characteristics of this
form of MoO; have been described elsewhere [23].

CozMo;N was prepared by nitriding a cobalt molybdate
hydrate (CoMoQO,-nH»0) precursor, which was prepared
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by adding aqueous solutions of Co(NO);-6H,O (Sigma
Aldrich, 98 + %) to (NH4)¢Mo0-0,4 - 4H,O (Alfa Aeser, IM
81-83% as MoOs;) 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 and once with ethanol and then
dried overnight at 150°C. The powder was calcined at
500°C and then nitrided using the procedure detailed
above for y-Mo,N.

Fe;MosN and NioMo;N were prepared by nitriding the
transition metal molybdates, FeMoQO,, NiMoQO, according
to the procedure carried out by Bem et al. [24]. The
transition metal molybdates were prepared by dropwise
addition of 400 ml (0.25 M) of an aqueous solution of metal
nitrate, Fe(NO3);-9H,O (>98%, Sigma-Aldrich) or
Ni(NO3), - 6H,O (Sigma-Aldrich), to a 150 ml solution of
Na,MoOy, - (H>0),. A brown (M = Fe) or green (M = Ni)
precipitate was obtained after vacuum filtration and the
precipitate was washed twice with distilled water and once
with ethanol and dried overnight at 150 °C. The powder
(FeMoOy4/NiMo0Q,) was then calcined at 700 °C for 6h
under a flow of nitrogen gas (S5mlmin~"'). The transition
metal molybdates were then nitrided according to the
general procedure previously described for y-Mo,N.

2.2. Activity testing

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 furnace.
All materials were pre-treated at 700 °C with 60 mlmin~" of
3:1 Hy:N, (BOC, H, 99.998%, N, 99.995%) for 2h.
Ammonia synthesis experiments were 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
determining the rate of change of conductivity with respect
to time. H,/Ar reactions were performed in a similar
manner to those for ammonia synthesis, but using a 3:1
H,:Ar mixture (BOC, H, 99.998%, Ar min 99.99%)
following the 700 °C pre-treatment and subsequent cooling
to 400 °C under H,/N,.

2.3. Characterisation

Scanning electron microscopy was performed on Philips
XLSEM and FEI Quanta 200F Environmental instruments
operating at 20kV.

Powder diffraction analyses were performed using a
Siemens D5000 instrument operating with a CuKo X-ray
tube. A 20 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
physisorption isotherms measured at liquid nitrogen
temperature using a Micromeritics Gemini instrument.

3. Results and discussion

The steady-state rates of ammonia synthesis with a 3:1
H,:N, mixture at ambient pressure and 400 °C for the
various nitrides investigated are reported in Table 1. A
typical conductivity—time plot from which the rate data are
derived is shown in Fig. 1. Figs. 2 and 3 present the post-
reaction powder X-ray diffraction samples of the samples
tested and confirm the phase assignments made. Generally,
except for -MoN and Fe;Mo;N where a minority y-Mo,N
phase is formed and Ni,Mo3;N which contains a minority
Ni phase, materials are found to be single phases. For
all the data reported in the table, the production of
ammonia is far from that expected on the basis of
thermodynamic equilibrium. In accordance with previous
literature [25-30], Co3MosN is found to exhibit the highest
rate, being greater than that of all the molybdenum nitrides
as well as the FesMos;N and Ni;Mo;N ternary nitrides.
Within the literature the activity of CosMos;N, which can
be further enhanced by Cs* doping, has been argued to

Table 1
Ammonia synthesis rates of the various nitride catalysts at 400 °C and
ambient pressure using a 3:1 Nj:H, reaction mixture

Catalyst NH; synthesis rate (umolh™'g™")
CoszMo;N 167
FC3M03N 95
Ni2M03N 29
y-Mo,N 34
B-Mo;Nj 75 35
J-MoN 4
y-Mo,N (nanorods) 30
p-Mo,Nj 75 (nanorods) 41
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Fig. 1. The change of conductivity as a function of time for the ammonia
synthesis reaction over CosMo;N at 400 °C and ambient pressure using a
3:1 H,:N, mixture.
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Fig. 2. Powder X-ray diffraction patterns of the binary molybdenum nitrides: (a) 6-MoN, (b) f-Mo,Ng 75, (¢) -Mo,N, (d) f-Mo,Nj7¢ nanorods,
(e) y-Mo,N nanorods, (f) 6-MoN following temperature-programmed reaction with Ar/H, up to 700 °C, showing its transformation into y-Mo;,N,
(g) p~-Mo,N 75 following temperature programmed reaction with Ar/H, up to 700 °C following showing its transformation into Mo metal and (h) y-Mo,N
following temperature-programmed reaction with Ar/H, up to 700 °C showing its partial conversion into Mo metal.
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Fig. 3. Powder X-ray diffraction patterns of the ternary molybdenum nitrides: (a) FesMo3N, (b) CosMosN, (c¢) Ni;MosN, (d) Ni;MosN following
temperature-programmed reaction with Ar/H, up to 700 °C, where the general form of the pattern is retained but there are small shifts in the positions of
the reflections to higher angle, and (e) Fe;MosN following temperature-programmed reaction with Ar/H, up to 700 °C which partially decomposes to yield
Mo metal, with the remaining Fe;Mo3;N phase showing no shift in the position of its reflections.

arise as a consequence of a synergistic combination of Co
and Mo components generating optimum nitrogen-binding
strength, with the role of the nitrogen within the structure
being the stabilisation of the active (111) lattice plane [31].
On this basis, in which FesMos;N and Ni,Mos;N would be
expected therefore to have non-optimal binding strengths
(with iron being stronger than cobalt, and nickel weaker
than cobalt [31,32]) it may be possible to rationalise their
lower activity.

Despite their relatively low activity, it is interesting to
make comparisons between the various binary nitride
polymorphs. To our knowledge, although molybdenum
nitride is a relatively active ammonia synthesis catalyst,
such comparisons have not been widely made. In general,
most studies of the catalytic properties of molybdenum
nitrides have centred upon the y-Mo,N phase, which is the
most commonly synthesised. It is worth noting that
Kojima and Aika [33] have reported the activity of a
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Fig. 4. SEM micrographs of (a) y-Mo,N prepared from MoO; powder; (b) y-Mo,N nanorods; (c) f/~-Mo,Ny 75 prepared from MoO3; powder; and

(d) f-Mo,Nj 75 prepared from MoOj nanorods.

7-Mo,N ammonia synthesis catalyst to be 48 pmolh™'g~!

under conditions comparable to ours. On inspection of the
table, whilst it is apparent that all these catalysts have low
activity in relation to CosMosN, there are pronounced
differences between them. The mass normalised activity of
B-Mo,Nj 75 1s found to be similar to that for y-Mo,N,
which, in turn, is significantly greater than that for -MoN.
Since the samples are air sensitive, are passivated prior to
reaction, and react with air on discharge from the reactor,
the pre- and post-reaction BET surface areas measured
may not be fully representative of the area exhibited by
reacting samples. However, post-reaction analysis indicates
the specific area of f-Mo,Ng7s (9m?g™") to be about a
tenth of that of y-Mo,N (85m?g™"), which indicates that
the former material has a much greater surface area
normalised activity. Indeed, even on this basis, J-MoN
(18 m? g~ ") has by far the lowest activity, although in this
material the potential adverse influence of sulfur residues
cannot be absolutely excluded. -Mo,Ny 75, -Mo,N and
0-MoN present very different crystal structures. y-Mo,N
can be viewed of as a face centred cubic arrangement of
molybdenum atoms with nitrogen atoms distributed within
one-half of the resultant octahedral interstitial sites [34],
whereas -Mo,Nj 75 is based on a body centred tetragonal
unit cell [1], and 5-MoN possesses the NiAs structure [22].

It is clear that, in addition to their structure, there are
pronounced differences in stoichiometry between the
various phases. Indeed, one route to f-Mo,Nj g is via
the high-temperature transformation of y-Mo,N by loss of
N, under an inert atmosphere. However, in terms of
catalytic activity, the surface structure, which is not probed
in powder diffraction, is of prime significance. In this
context, it is important to note that Thompson and co-
workers [35] have reported the surface structure of
passivated y-Mo,N, which was argued to be representative
of the nitrided surface, to be a body centred phase. On this
basis, it is possible that the surface phases do not directly
correspond to the bulk ones and, although the bulk
structures of the phases are very different, their surface
structures may not be.

In their investigation of the activity of y)-Mo,N catalysts
of varying surface area, Volpe and Boudart [36] concluded
that there was structure sensitivity, with lower surface area
catalysts having higher intrinsic activity. Accordingly, we
have sought to examine the influence of morphology on
catalytic activity and have prepared “nanorod” forms of
y-Mo,N and ;-Mo,Nj 75. Post-reaction powder diffraction
patterns of the samples are given in Fig. 2 and confirm the
phase assignments made. Representative SEMs of the
different catalyst morphologies are shown in Fig. 4. It can
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Table 2

Nitrogen content of various nitrides following H,/N, reaction at 400 °C and temperature-programmed reaction with H,/Ar at 700 °C using the regimes

shown in Fig. 5

Sample Stoichiometric nitrogen Post-N,/H, 400 °C reaction Post-Ar/H, 700 °C reaction % of N lost attributed to
content (Wt%) nitrogen (Wt%) nitrogen (wWt%) NH;

FesMo3;N 2.98 3.52 1.97 22.03

Ni;Mo3;N 4.33 2.57 2.33 34.15

y-Mo,N 6.80 5.78 2.93 19.94

S-Mo,Ng 78 5.39 5.70 0 6.78

0-MoN 12.74 13.33 5.68 3.16

be seen that y-Mo,N prepared from MoO; powder exhibits
plate-like crystals with a large size distribution. The
nanotubular y-Mo,N also exhibits a wide distribution of
crystallite sizes and aspect ratios, and is pseudomorphic
with its precursor [23]. Some degree of crystallite fracturing
is also evident. This is consistent with the corresponding
powder diffraction pattern in Fig. 2 where the reflection
widths indicate that the crystallites are multidomainic
since, for example, if the (111) width is assumed solely to
arise from Scherrer broadening this would correspond to a
diffraction domain size of ca. 140 A, a value clearly much
smaller than the apparent crystallite dimensions evident in
Fig. 4(b). However, there is a pronounced reflection width
anisotropy (compare the patterns for )-Mo,N presented in
Figs. 2(c) and (e)), which is indicative of acicular
morphology of diffraction domains. The retention of
morphology on nitridation of oxides to form y-Mo,N is
well documented in the literature (e.g. [37]). On inspection
of the micrographs of the f-Mo,Nj 75 phase, it can be seen
that the sample formed from the standard MoO; powder
precursor also exhibits a plate-like morphology, although
in this case the morphology is less well-defined and takes
on a rougher appearance. The same general observation is
true for the nanorod MoOs-derived sample, although there
are rods present that are less well-defined than for the
corresponding y-Mo,N sample. Inspection of the powder
diffraction patterns of the f-phase samples shows that the
reflection widths are generally narrower than for their
y-phase counterparts, which is a result of larger diffraction
domains and/or a lower degree of disorder. The prepara-
tion of the p-phase has been effected by the in-situ
treatment of the MoQOj; precursors with the H,/N, reaction
mixture using a non-controlled temperature ramp rate.
Unlike the ammonolysis procedure adopted for the
synthesis of y-Mo,N, it is anticipated that transient high
partial pressures of water will ensue, possibly resulting in
the irregular morphology observed.

Ammonia synthesis rates for the nanorod-derived samples
are presented in Table 1. Although the ff-phase is more active
than its powder-derived counterpart on a mass normalised
basis, the difference between the two phases and the different
morphologies is relatively small and therefore the influence
of structure sensitivity in this context is limited.

In order to assess the reactivity of lattice nitrogen within
the nitrides, temperature programmed reaction with Ar/H,

has been performed, as described elsewhere. In the case
of CosMo3N we observed that ~50% of the nitrogen could
be removed in this system by employing the temperature
programmed procedures adopted here [21]. Furthermore,
in comparative experiments with Ar and Ar/H, feeds,
hydrogen was shown to be essential for this, despite the
fact that the majority of the nitrogen lost from the nitride
did not end up in the form of NHj, presumably as a
consequence of the NHj; dissociation equilibrium at the
higher reaction temperatures employed. Accordingly, we
have undertaken similar studies with the different binary
and ternary phases described in this study. Conductivity
data are shown in Fig. 5, whilst post-reaction diffraction
patterns are given in Figs. 2 and 3 and CHN analyses in
Table 2. Also included in the table are calculated nitrogen
contents based upon the stoichiometry of the various
materials. It is obvious that there are significant deviations
in post 400 °C N,/H; reactions from those expected on the
basis of stoichiometry. It is probable that their origin is
the presence of sorbed NH, species in those materials
exhibiting greater quantities of nitrogen, such as f-Mo,Nj 75,
and surface oxidation on subsequent exposure to air for
those with lower contents, such as y-Mo,N. It is again
apparent that, despite the low levels of nitrogen loss as
ammonia in the Ar/H, reduction sequences, as detailed in
Table 2, substantial lattice nitrogen is removed from the
structures. The conductivity plots provide information on
the temperature dependence of ammonia formation via
hydrogenation of the nitride materials. Whilst, as also
detailed in Table 2, in all samples the vast majority of
nitrogen which is eliminated is not lost in the form of NHj,
the elimination of NH; from samples may be an important
consideration in terms of one of our main objectives, which
is to effect novel catalytic nitrogen transfer reactions via
the trapping of intermediate NH, species by acceptor
molecules. For example, it can be seen from the plots that
B-Mo,Nj 75 slowly eliminates low levels of NH; over the
entire temperature range investigated, whereas J-MoN
only eliminates NHj3 at temperatures above 400 °C. The
diminution of NHj loss, sometimes observed with increas-
ing temperature, can be indicative of the depletion of a
finite pool of reactive nitrogen species, which are not
replenished in the absence of a source of gas-phase
nitrogen, or the increasing favourability of ammonia
decomposition with temperature.
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Fig. 5. Conductivity—time plots for temperature-programmed reactions carried out using H,/Ar: (a) y-Mo,N, (b) f-M0,Nj 75, (¢) -MoN, (d) FesMo;N

and (e) Ni2M03N.

The loss of structural nitrogen is also evidenced in the
post-Ar/H, reaction XRD patterns presented in Figs. 2 and
3. It can be seen that different types of “decomposition”
pathway are exhibited. -Mo,N and Fe;Mo;N are similar
in that the original phase is partly retained, with essentially
no change in lattice parameter. However, there are
additional reflections in the powder diffraction pattern
which become apparent after reaction—in both cases these
correspond to the presence of Mo metal and in the latter
case this is consistent with the presence of the molybdenum

nitride impurity phase. It is interesting to note that we did
not evidence the pf-phase as an intermediate in the
decomposition of yp-Mo,N (Mo metal possesses a body
centred cubic unit cell). This type of behaviour in that part
of the sample is totally reduced whereas the remainder
apparently has not reduced at all, is intriguing. In all cases,
the quantity of hydrogen passed over the nitride samples
whilst they are held at 700 °C, the highest temperature
employed, is in large excess of that required to totally
reduce the samples. Therefore, whilst only a fraction of the
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crystallites reduce, it would appear that once reduction is
initiated within a crystal it rapidly propagates throughout
the crystallite resulting in total elimination of nitrogen
from the structure, whilst reduction is not initiated in other
crystallites. It is interesting to note that, in the case of
y-Mo,N, the resultant Mo metal formed has a compara-
tively narrow reflection width, which may indicate that
it is derived from the larger crystals. The behaviour
of Ni;Mos;N upon nitrogen loss is more similar to, but
much less pronounced than, Cos;Mos;N [21] in that a
shift of lattice parameter is observed, indicating the general
maintenance of the phase but elimination of structural
nitrogen. The shifted Ni;Mo;N phase has a lattice para-
meter of 6.611 A compared to 6.634 A reported in the
literature for the stoichiometric phase [38], and that for
shifted Cos;MosN is 10.879 A compared to 11.027 A
reported for the stoichiometric phase [39]. 6-MoN, which
possesses the NiAs structure type and can therefore be
described in terms of hexagonal close packing of Mo
atoms, is observed to lose half its structural nitrogen and
transform into the face centred cubic-based y-Mo,N
polymorph.

Currently, the origin of the differences in the types of
decomposition pathway, and their determining influences,
are not clear. However, the loss of nitrogen, and hence its
potential for reaction, is evident. Despite the vast excess of
hydrogen in the gas phase, in all cases the predominant
form of lost nitrogen is as N,. This is, we believe, a
consequence of the favourable thermodynamics of ammo-
nia decomposition at the higher reaction temperatures
employed. The relative proportions of N, and NHj3 lost
from the materials is a function both of the temperature at
which nitrogen is eliminated and also of their catalytic
efficacy for ammonia decomposition. In general, within
each subset of materials (i.e. binary and ternary), it does
seem possible to discern a relationship, possibly fotuitous,
between the loss of lattice nitrogen at 400 °C and the NH;
synthesis activity, which is also measured at 400 °C.

4. Conclusions

In this study, we have made a comparison of various
binary and ternary nitrides in terms of their ambient
pressure ammonia synthesis activity and their reducibility.
Amongst the binary nitrides, it is apparent that the
ammonia synthesis activity of the y- and f-molybdenum
nitride phases is comparable on a mass normalised basis
with the J-phase exhibiting a comparatively low activity.
Furthermore, when the influence of surface area is taken
into account the f-phase is by far the most active. This
implies that the lengthy temperature programmed ammo-
nolysis reaction frequently applied to synthesise the y-phase
produces an ammonia synthesis catalyst which, at best, has
no advantage to one prepared by direct reaction of the
oxide precursor with H,/N,. The influence of catalyst
morphology on reaction performance has been investigated
and has been found to exert little effect. In accordance with

previous literature, CosMo3;N has been found to exhibit the
highest activity amongst the ternary nitrides investigated.
It is significantly more active than all the binary nitrides
investigated. The reducibility of the nitrides has also
been investigated by temperature programmed reduction
with H,/Ar. Amongst the binary nitrides, f-Mo,Ng 75 is
observed to be the most easily reduced phase, going
completely to the metallic form under conditions which
totally transform J-MoN to the y-Mo,N phase and which
partially transform the p-Mo,N phase to Mo metal.
The favourable ammonia synthesis activity is possibly a
consequence of the comparative ease of reduction of the
B-phase. Amongst the ternary nitrides, Ni;,Mo3N, which
possesses the f-Mn structure, shows the lowest degree of
reduction, which may be consistent with its low ammonia
synthesis activity, being comparable to those of the y- and
p-phase binary molybdenum nitrides. The lowest activity
binary nitride, -MoN, does not eliminate NH3 on Ar/H,
treatment at 400°C, the temperature examined for
ammonia synthesis.
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