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a b s t r a c t

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 H2/N2 pre-treatment. Post-reaction XRD analysis
shows a pure Co3Mo3N phase in the former case and a mixed phase, containing some Co3Mo3N, in the
latter. Both ammonolysis and N2/H2 pretreatment of nickel molybdate lead to a mixture of Ni2Mo3N and
mmonia
olybdenum

atalysis

Ni, with the latter pretreatment leading to catalysts of higher activity. The reactivity of lattice nitrogen
in �-6 carbide structure Co3Mo3N and the �-Mn structure Ni2Mo3N has been investigated. In both cases,
lattice nitrogen is found to be reactive towards both H2 and C6H6 and comparisons demonstrate Co3Mo3N
to be the more reactive. For Co3Mo3N, reaction with benzene yields Co3Mo3C and graphite whereas a
carbonitride and graphite is produced with Ni2Mo3N. In the case of reaction with H2, the nickel molybde-
num system reacts to form Ni2Mo3N1−x, whereas comparable conditions with Co3Mo3N produce a novel
Co Mo N phase.
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. Introduction

Spurred by the development of the ammonolysis procedure,
n which high ammonia space velocities and controlled temper-
ture ramp rates are applied to the preparation of high surface
rea nitrides typically from oxide precursors [1], there has been
resurgent effort in the catalytic activity of nitrides [2–4]. Catalytic
ttention has almost exclusively centred upon interstitial nitrides,
nd in particular molybdenum nitride, in which parallels between
heir catalytic behaviour and that for platinum group metals have
een drawn. Amongst reactions studied to date have been ammonia
ynthesis [5,6], hydrazine decomposition [7,8], hydrodenitrogena-
ion [2,4], NO reduction [9,10] and carbon monoxide hydrogenation
11]. Recently, Cs+ doped Co3Mo3N has attracted interest in terms of
ts ammonia synthesis activity where claims have been made that
t displays higher efficacy than the commercial iron-based cata-
yst [12–17]. Jacobsen and co-workers [18] have explained the high
ctivity of this system in terms of a volcano relationship in which

he combination of Co (with too low a nitrogen binding energy) and

o (with too high a binding energy) produces an alloy with an opti-
um nitrogen binding energy not too dissimilar to that for Ru. In

his proposal, lattice nitrogen has been reported to be inactive and

∗ Corresponding author. Tel.: +44 141 330 5947; fax: +44 141 330 4888.
E-mail address: justinh@chem.gla.ac.uk (J.S.J. Hargreaves).
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ts role has been ascribed to ensuring that the required ordering
ccurs resulting in the catalyst preferentially exposing the (1 1 1)
urface termination plane in which both Co and Mo are present.

We have been interested in the possibility of applying metal
itrides as nitrogen transfer agents. It has been our aim to assess
he reactivity of lattice nitrogen to determine if novel nitrogen
ransfer catalysis can be developed. This possibility has parallels
n oxidation catalysis, where the well-known Mars-van Krevelen

echanism has been long established, and analogous processes
ave also been reported to occur in catalytic reactions involving
ulfides [19] and carbides [20]. To this end, we have studied a series
f binary and interstitial molybdenum nitrides in terms of the reac-
ivity of their lattice nitrogen with hydrogen feedstreams in which
omparisons can be drawn between ammonia synthesis rates in
he presence and absence of co-fed gas-phase nitrogen. In the case
f Co3Mo3N, which we have studied in greatest detail, we have
emonstrated that at high temperature (i.e. 700 ◦C), it is possible to
emove 50% of the lattice nitrogen, with that remaining relocating
rom the 16c to the 8a Wyckoff position, generating a novel �-12
arbide structure nitride, which was previously unknown [21]. This
ew phase has recently been confirmed in powder neutron diffrac-

ion studies. The original �-6 carbide structure Co3Mo3N phase
an be rapidly restored by switching the feedstream from Ar/H2 to
2/H2. In this way, it may prove possible to develop catalysts capa-
le of directly transferring lattice nitrogen species from the lattice
o an organic receptor molecule. To this end, it is interesting to note

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:justinh@chem.gla.ac.uk
dx.doi.org/10.1016/j.molcata.2008.08.006
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Table 1
Ammonia synthesis activities of ternary nitrides prepared by ammonolysis and
mixed oxides exposed to the reaction mixture (60 ml min−1 1/3 N2/H2, 0.4 g catalyst)

Catalyst Surface area
(m2 g−1)

NH3 synthesis rate
(�mol h−1 g−1)

Co3Mo3N 18 165
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In the case of the nickel molybdenum catalyst, a more active cata-
lyst is generated with N2/H2. Fig. 1 presents the powder diffraction
pattern for the Co3Mo3N phase prepared by ammonolysis. Prior
to reaction, it can be seen that the passivated catalyst contains
26 J.S.J. Hargreaves, D. Mckay / Journal of Mole

hat Mori and co-workers have developed homogeneous titanium
ontaining systems which they have shown capable of incorporat-
ng active nitrogen species, generated from gas-phase N2 at low
emperature, into a variety of organic molecules [23–27]. In terms of
eterogeneous systems, Segal and Sebba have previously described
he high efficacy of lattice nitrogen within uranium nitride during
mmonia synthesis [28,29]. More recently in a TAP reactor study,
lea et al. [30] have proposed the occurrence of a double Mars-van
revelen mechanism involving the transfer of both lattice oxygen
nd nitrogen during propane ammoxidation over VAlON catalysts.
n addition, based on the dramatic onset of ammonia decompo-
ition activity associated with the �- to �′-phase transition of
irconium oxynitride, Soerijanto et al. [31] suggested a mechanism
n which part of the product nitrogen originates from the lattice
n a catalytic cycle wherein its is subsequently replenished from
as-phase NH3.

In this study, a comparison between the �-6 carbide struc-
ure Co3Mo3N and Ni2Mo3N, which possesses the �-Mn structure
32], has been made. We have investigated the role of preparation
n ammonia synthesis efficacy, i.e. ammonolysis versus treat-
ent with N2/H2, since the latter would be preferable in terms

f large-scale application [33]. Comparison of the reactivity of lat-
ice nitrogen species in the two systems has been made in terms
f the ammonia synthesis activities with a Ar/H2 feed and also the
eactivity with C6H6 at high temperature.

. Experimental

CoMoO4·nH2O precursor was prepared by adding aque-
us solutions of Co(NO3)2·6H2O (Sigma–Aldrich, 98+%) to
NH4)6Mo7O24·4H2O (Alfa Aesar, JM 81–83% as MoO3) and heating
he mixed solution to approximately 80 ◦C. A purple precipitate was
btained after vacuum filtration and the precipitate was washed
wice with distilled water, once with ethanol and then dried
vernight at 150 ◦C. The powder was calcined in air at 500 ◦C. When
itrided by ammonolysis, approximately 1 g of material was placed

n a vertical quartz reactor into which a 94 ml min−1 NH3 (BOC,
9.98%) was introduced. The furnace was programmed to heat
he material in three stages. The temperature was increased from
mbient to 357 ◦C at a rate of 5.6 ◦C min−1 and then to 447 ◦C at
.5 ◦C min−1, then to 785 ◦C at 2.1 ◦C min−1 at which point it was
eld for 5 h. The nitrided material was cooled in flowing ammo-
ia to ambient temperature then nitrogen was flushed through the
ystem at 100 ml min−1. To prevent bulk oxidation on exposure of
he material to air, the material was passivated overnight using a

ixture containing <0.1% O2.
NiMoO4 was prepared by dropwise addition of 400 ml (0.25 M)

f an aqueous solution of Ni(NO3)2·6H2O (Sigma–Aldrich), to
150 ml solution of Na2MoO4·(H2O)2. A green precipitate was

btained after vacuum filtration and the precipitate was washed
wice with distilled water, once with ethanol and dried overnight
t 150 ◦C. The powder was then calcined at 700 ◦C for 6 h under a
ow of nitrogen gas (5 ml min−1). Where appropriate, the nickel
olybdate was nitrided under a flow of NH3, as described above

or Co3Mo3N.
Reaction studies were performed using 0.4 g of material placed

n a silica reactor tube and held centrally between two silica wool
lugs within the heated zone of a tube furnace. All materials were
re-treated at 700 ◦C with 60 ml min−1 of 1/3 N2/H2 (BOC, H2
9.998%, N2 99.995%) for 2 h. Ammonia synthesis experiments were

hen performed at 400 ◦C using this gas mixture, following cooling
nder the reactant gas mixture. The vent gas from the reactor was
owed through 200 ml of a 0.00108 M sulfuric acid solution and the
ate of ammonia formation was calculated by determined from the
ate of change of conductivity with respect to time. H2/Ar reactions

F
C

i2Mo3N 1 27
oMoO4·nH2O 13 135
iMoO4 3 46

ere performed using a 1/3 Ar/H2 mixture (BOC, H2 99.998%, Ar
in 99.99%) following the 700 ◦C pre-treatment and subsequent

ooling to 400 ◦C under H2/N2.
Reactions with C6H6 were performed by bubbling 60 ml min−1

f 1/3 N2/H2 through a C6H6 (Sigma AnalR) saturator. This yielded
feedstream containing ca. 12% benzene by volume.

Powder diffraction analyses were performed using a Siemens
5000 instrument operating with Cu K� radiation. A 2� range
etween 5◦ and 85◦ was scanned using a counting rate of 1 s per
tep with a step size of 0.02◦. Samples were prepared by compaction
nto a Si sample holder.

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

BET surface areas were determined from nitrogen physisorp-
ion isotherms measured at liquid nitrogen temperature using a

icromeritics Gemini instrument.

. Results and discussion

As discussed by Wise and Markel [33], it is preferable to apply
2/H2 mixtures rather than NH3 for nitridation on the large scale.
ccordingly, we have compared the use of NH3 and N2/H2 as nitrid-

ng agent for both Co3Mo3N and Ni2Mo3N. For nitridation with
2/H2, the oxide precursors were subjected to treatment with

he stoichiometric 1/3 ammonia synthesis mixture at 700 ◦C for
h prior to reaction, as were the passivated materials prepared
y ammonolysis. The steady state rates for ammonia synthesis at
00 ◦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
o this mass. It can be seen that the cobalt molybdenum contain-
ng catalyst is more active when nitrided with NH3, although that
roducing using N2/H2, a far simpler technique, is almost as active.
ig. 1. Powder X-ray diffraction patterns of (a) pre-reaction and (b) post-reaction
o3Mo3N prepared by ammonolysis.
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Fig. 3. Powder X-ray diffraction patterns of (a) pre-reaction and (b) post-reaction
Ni2Mo3N prepared by ammonolysis.
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ig. 2. Powder X-ray diffraction patterns of cobalt molybdenum oxide (a) prior
o and (b) after ammonia synthesis. The arrows indicate the positions of major
o3Mo3N reflections.

n amorphous component. However, the post-reaction pattern is
epresentative of a much more crystalline Co3Mo3N phase. In the
ase of the sample treated with N2/H2, the pre-reaction sample
s a relatively complex mixture, as can be seen in Fig. 2. This is
ound to partially match the diffraction pattern for CoMoO4·nH2O
34] and �-CoMoO4 [35] reported in the literature, although some
xpected reflections are absent. After reaction, it can be seen that
here are some reflections, as marked, which correspond to those
hich would be expected for Co3Mo3N, although these are not
ell developed. However, there are a number of additional reflec-

ions which correspond to some of those evident in the pre-reaction
ample. Post-reaction CHN data, as given in Table 2, confirm that
he nitrogen content is close to that expected for stoichiometric
o3Mo3N in the sample prepared by ammonolysis, whereas it is
nly about 50% of that in the case of the sample subjected to N2/H2.
uring nitridation of MoO3 with N2/H2, Wise and Markel [33] have
roposed that intermediate Mo metal forms which is generated via
oO2. An unidentified molybdenum oxide, hydroxide or hydrate is

eportedly often also observed. Powder diffraction patterns are pre-
ented for nickel molybdenum systems in Figs. 3 and 4. The exact
ssignment of the Ni2Mo3N phase has been controversial in the lit-
rature, with some authors assigning the phase as Ni3Mo3N [36,37].
owever, as can be seen in Fig. 3, the well defined Ni2Mo3N pat-

ern evident after reaction is accompanied by reflections indicative
f the presence of Ni, as described by others, which lends weight
o the assignment of mixed Ni–Mo phase with a Ni:Mo ratio <1.
gain, as for the Co–Mo case, the reaction and/or pre-treatment
nvironment has modified the phase present and it can be seen
hat a “clean” Ni2Mo3N phase in association with Ni is generated. In
he pre-reaction sample, nickel nitride and a different mixed nickel
olybdenum nitride are also present, as indicated. Others have also
eported the presence of Ni3N and Ni0.2Mo0.8N phases in the syn-
hesis of nickel molybdenum nitride [37]. However, upon reaction
nder our conditions, these additional phases appear to be lost. In

able 2
ost-reaction nitrogen analysis following 5.5 h reaction with 60 ml min−1 1/3 N2/H2

t 400 ◦C (0.4 g catalyst)

ample Stoichiometric nitrogen
content (wt%)

Post N2/H2, 400 ◦C
reaction nitrogen (wt%)

o3Mo3N 2.92 2.80
i2Mo3N 2.93a 2.57
oMoO4·nH2O Nil 1.51
iMoO4 Nil 2.31

a Calculated on the basis of the occurrence of a 1:1 Ni2Mo3N:Ni mixture.
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ig. 4. Powder X-ray diffraction patterns of nickel molybdenum oxide (a) prior to
nd (b) after ammonia synthesis.

he case of N2/H2 treatment of the oxide, the pre-reaction XRD pat-
ern matches that published for �-NiMoO4 [38] well. Upon reaction,
t can be seen that a very crystalline Ni2Mo3N phase in association

ith Ni is generated. Post-reaction BET surface area analysis indi-
ates that this sample has a higher surface area than its counterpart
enerated from NH3. This is a likely explanation for the differences
n their activity.

In view of the main focus our research, which is an investigation
f the reactivity of lattice nitrogen species, we have measured the
ates of ammonia synthesis with a 1/3 Ar/H2 feed. Table 3 presents
ata relating to the Co3Mo3N and Ni2Mo3N + Ni samples prepared
y ammonolysis. The data relates to 7 h runs at temperatures up to
00 ◦C over the time periods shown. The data for 400 ◦C has been

roken down into two different time intervals, since there are two
istinct phases of activity. Overall, it can be seen that ammonia
volution occurs from the samples and that the Co3Mo3N sample
s much more active than its Ni–Mo based counterpart. The absence

able 3
mmonia synthesis rates in the absence of gas-phase N2 using a 1/3 Ar/H2 feed

60 ml min−1, 0.4 g of catalyst, time refers to total time on stream)

eaction
emperature/time

Co3Mo3N NH3 synthesis
rate (�mol h−1 g−1)

Ni2Mo3N NH3 synthesis
rate (�mol h−1 g−1)

00 ◦C (0–0.5 h) 98 11
00 ◦C (1–4 h) 12 1
00 ◦C (4–5 h) 0 9
00 ◦C (5–6 h) 16 7
00 ◦C (6.5–7.5 h) 12 0
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Table 4
Ammonia synthesis rate as a function of temperature for Co3Mo3N with 1/3 N2/H2

(60 ml min−1, 0.4 g of catalyst, time refers to total time on stream)

Reaction temperature/time NH3 synthesis rate (�mol h−1 g−1)

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

Table 5
Post-H2/Ar reaction nitrogen analysis data (conditions as for those given in Table 4)

Sample Stoichiometric nitrogen
content (wt%)

Post H2/Ar 700 ◦C
reaction nitrogen (wt%)
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o3Mo3N 2.92 1.50
i2Mo3N 2.93a 2.33

a Calculated on the basis of the occurrence of a 1:1 Ni2Mo3N:Ni mixture.

f NH3 formation at 500 ◦C in the case of Co3Mo3N suggests that an
ctive pool of nitrogen has been exhausted by this temperature and
hat beyond this temperature an additional active pool is accessed.
he results for NH3 synthesis using a 3/1 H2/N2 mixture under com-
arable conditions are presented in Table 4 for Co3Mo3N and from
his it can be seen that the rate of ammonia synthesis from H2/Ar is

uch lower than that from H2/N2 for this system, although it is still
ignificant. Beyond the initial 30 min on stream, the catalytic activ-
ty was stable for each temperature studied in Table 4. The depletion
f nitrogen from both systems under the Ar/H2 treatment regime is
vident from the N analysis data presented in Table 5. One possible
athway for the generation of NH3 in the absence of co-fed N2 is
he hydrogenation of surface bound NHx residues. However, lattice
hifts evident in post-reaction powder diffraction patters confirm
he loss of N species indicating that there is, at least, a significant
ontribution of lattice N to the NH3 formed. As described elsewhere
nd discussed in the introduction, these shifts are noteworthy in the
ase of Co3Mo3N where a new phase, the �-12 Co6Mo6N phase,
s generated [21,22]. In the case of Ni2Mo3N, shown in Fig. 5 for a
elected region of the pattern, smaller shifts are evident as would be
xpected in relation to the data presented in Table 3 which indicates
hat overall much less lattice N is removed from this system.
The carburisation of �-Mo2N is an acknowledged route to the
ynthesis of the face centred cubic based �-MoC1−x carbide [39],
hich can otherwise be difficult to obtain. Such a reaction, which

s generally conducted at elevated temperature (i.e. ca 700 ◦C) using

ig. 5. Overlaid powder X-ray diffraction patterns showing the lattice shift indica-
ive of the depletion of lattice nitrogen in the Ni2Mo3N system evident upon reaction
ith Ar/H2.
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ig. 6. Powder X-ray diffraction patterns of Co3Mo3N (a) before and (b) after reaction
ith C6H6.

H4 as the carbon source, is an obvious demonstration of the reac-
ivity of lattice nitrogen species. We have followed this reaction
nd have evidenced some ammonia production (accounting for
a. 10% of the lost nitrogen.) Elsewhere, others have shown that
arburisation of Co3Mo3N with CH4 is an effective route for the
eneration of Co3Mo3C [40,41]. Accordingly, we have made compar-
sons of the carburisation of Co3Mo3N and Ni2Mo3N + Ni systems,
sing C6H6 as carburisation agent in a 1/3 N2/H2 mixture as car-
ier under the same temperature programming regime applied for
he Ar/H2 mixtures, to ascertain the relative reactivity of the N
ublattice with a carbon source. Caution must be adopted in this
nd similar procedures, since cyanides could be possible products
f reaction. Liquid phase reaction products were trapped using an
ce bath and analysis showed only the presence of unreacted ben-
ene. However, the phases of the nitrides were dramatically altered
y such treatment. In the case of post-reaction XRD analysis of
o3Mo3N, shown in Fig. 6, lattice parameter shifts were again evi-
ent, although in this instance an increase in lattice parameter was
bserved whereas Ar/H2 decreased it. The shifts shown exactly
orrespond to those reported by Bussell and co-workers in the
ransformation of Co3Mo3N to Co3Mo3C [41]. Furthermore, a broad
eflection at ca 26◦ 2� is evident which is indicative of the formation
f graphite [42]. If the width of this reflection is assumed to be solely
ue to Scherrer broadening effects, and the interlayer spacing of
raphite is taken to be 3.35 Å, then this suggests that ca. 65 layers of
raphite are laid down. The complete removal of nitrogen from this
ystem is confirmed by the data presented in Table 6, which shows
hat the amount of carbon deposited is significant (and far in excess
f that corresponding to the formation of Co3Mo3C which would
e 2.52 wt%). In the case of Ni2Mo3N + Ni, minor lattice parameter
hifts are evident and post-reaction analysis indicates that there is
till some residual N in the system, which indicates the possible

ormation of a carbonitride phase with associated graphite forma-
ion. Taken together, the carbidation results for both phases confirm
he observation made in the Ar/H2 experiments, that the lattice
itrogen in the �-6 carbide structured Co3Mo3N ternary nitride is
ore reactive than that in the �-Mn phase Ni2Mo3N ternary phase,

able 6
HN data following reaction of ternary nitride systems with 12% C6H6 and
0 ml min−1 1/3 N2/H2 (0.4 g material, applying the temperature programmed
egime shown in Table 4.)

ample Observed N
content (wt.%)

Observed C
content (wt.%)

Observed H
content (wt.%)

o3Mo3N Nil 28.96 Nil
i2Mo3N 1.00 25.54 Nil
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lthough caution should be exercised in this comparison since the
ET surface area of the former is approximately twenty times that
f the latter.

. Conclusions

Unlike binary molybdenum nitrides and nickel molybdenum
itride, controlled temperature ammonolysis is observed to gen-
rate cobalt molybdenum nitride catalysts with greater activity
han those generated by treatment with the stoichiometric N2/H2
mmonia synthesis gas mixture. In the instance of N2/H2 treatment,
mixed phase containing some Co3Mo3N is produced, whereas

ure phase Co3Mo3N is produced by ammonolysis. In the case of
he nickel molybdenum ternary systems, a pure phase mixture of
i2Mo3N and Ni is produced by either method and the ammonia

ynthesis activity of samples prepared by N2/H2 is slightly higher.
he reactivity of lattice nitrogen is evident in both systems by
emperature-programmed reaction with Ar/H2 and also with C6H6.
n both circumstances, Co3Mo3N is found to be more reactive than
i2Mo3N. In the former case Co6Mo6N and Co3Mo3C are produced

espectively, whereas in the latter case lattice nitrogen is lost to a
uch lesser extent yielding Ni2Mo3N1−x and a carbonitride phase.
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