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Abstract

A set of bimetallic nitrides, ZrMo N –Mo N, of high specific surface area up to 132 m2rg has been synthesized by2 x 2
Ž .temperature programmed nitriding TPN mixtures of Zr- and Mo-containing compounds with ammonia. Two series of

precursors have been studied using XRD, SEM and FT-IR. It is found that the structure and composition of the end-products
depend on the properties of the precursors and these, in turn, are influenced to a large extent by the preparation method of
the precursor, i.e. using impregnation or using coprecipitation. The end-catalysts obtained from precursors prepared by
impregnation are composed of ZrO –Mo N while those from precursors prepared by coprecipitation consist of ZrMo N –2 2 2 x

Mo N. XRD and SEM results reveal that the characteristic platelet structure of MoO is damaged upon the introduction of2 3

the second metal component by coprecipitation, but is retained when using impregnation. The catalytic activities of the
bimetallic nitrides for the hydrogenation of cyclohexene and the hydrodesulfurization of thiophene are found, under medium

Ž .pressures 3.0 MPa , to compare favourably with those of a commercial sulfided NiCoMorAl O catalyst and unsupported2 3

g-Mo N. H -TPD results indicate that the bimetallic nitrides possess a more extensive capacity for hydrogen adsorption in2 2

low temperature states. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Unsupported molybdenum nitride with high
specific surface area has attracted a great deal of

w xinterest for its excellent catalytic properties 1–5
and has the potential to replace noble metal
catalysts in a number of industrial applications
w x6–10 . Many studies have demonstrated that

) Corresponding author. Tel.: q44-151-7943580; fax: q44-
151-7943589; e-mail: yxli@liverpool.ac.uk

molybdenum nitride is an effective and selective
w xhydrotreating catalyst 11–13 . However, since

only nitrides with high surface area are useful as
efficient catalysts, an important emphasis has
been placed on developing new preparation
methods. There are several ways to prepare Mo
nitrides of high surface area. Volpe and Boudart
have developed a method for the preparation of
transition metal nitrides and carbides by
topotactic reaction between the relevant transi-

w xtion metal oxides and NH 14 . In a typical3
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process 0.2 to 1 g of precursor is employed and
a passivated surface area of up to 170 m2rg can
be achieved. The properties of the resultant
material appear to be strongly dependent on the
synthesis conditions. Wise and Markel have re-
ported another method for the preparation of
high surface area Mo nitrides using temperature
programmed reaction between MoO powder3

w xand a mixture of H and N 15 . Their syn-2 2

thetic conditions were similar to those of the
NH -based synthesis. A space velocity of3

259 000 hy1 and a temperature ramping rate of
0.6 Krmin were used for 0.5 g of MoO . It can,3

therefore, be seen that the preparation of
monometallic transition metal nitrides of high
specific surface area requires rather demanding
conditions and the quantity of product in each
batch is small, thus seriously limiting potential

w xindustrial applications 16,17 . Consequently, it
is important to modify the reaction pathway in
order to synthesize more material in one batch
under relatively mild conditions. One possible
approach for further improving the catalytic
properties of Mo nitrides is to introduce a sec-
ond transition metal into the nitride; this may
also provide a possible way to prepare the cata-
lysts under milder conditions. There are few
reports of such research in the literature so far
w x18–21 . Furthermore, a thorough investigation
of the surface properties, catalytic activities and
bulk structure of the bimetallic nitrides obtained
may lead to new insights into the chemistry of
high specific area nitrides.

In this paper the bimetallic transition metal
nitrides, ZrMo N –Mo N, have been synthe-2 x 2

sized, for the first time to our knowledge, by
Ž .temperature programmed nitriding TPN Zr-

and Mo-containing compounds which were pre-
pared by impregnation or by coprecipitation.
The influence of different contents of zirconium
and different preparation methods on the end-
catalysts are also explored. It has been found
that zirconium takes the form of ZrO in the2

end-product if the precursor is prepared by im-
pregnation or the form of ZrMo N if the pre-2 x

cursor is prepared by coprecipitation.

2. Experimental

2.1. The synthesis of the catalysts and nomen-
clature

Two groups of precursors were prepared by
impregnation and coprecipitation methods, re-
spectively. For the impregnation method a given
amount of MoO powder was put into an aque-3

ous solution of zirconium nitrate and the mix-
ture was evaporated in a water-bath and then
dried at 393 K for 2 h and calcined at 773 K for
3 h. For the coprecipitation method, ammonium
heptamolybdate and zirconium nitrate were
mixed in an aqueous solution with their ratio
varied in order to make the Zr content in term

Ž .of ZrO wt% in the obtained precursor as2

required. The solution was evaporated in a wa-
ter-bath and dried at 393 K for 2 h and calcined
at 773 K for 3 h.

For the synthesis of the bimetallic end-prod-
ucts, 5 g of precursor was pressed into 20–40
mesh pellets and placed inside a quartz tube
reactor. TPN was performed in flowing NH 3

with a space velocity of 17 000 hy1. The sample
was heated from room temperature to 573 K at
a rate of 5 Krmin and then to 973 K at 1 or 3
Krmin and finally held at 973 K for another 2
h. After this the sample was rapidly cooled to
room temperature in flowing NH and then3

passivated in flowing N containing a small2

amount of O for 12 h to obtain a stable2

catalyst.
A pure molybdate salt, ZrMo O , was pre-2 8

pared from a mixture of aqueous solutions of
zirconium nitrate and ammonium heptamolyb-
date with the atomic ratio of Zr:Mos1:2. The
mixture was evaporated in a water-bath and
then dried at 393 K for 2 h and calcined at 773
K for 3 h. The ZrMo O obtained was also2 8

nitrided, using the same conditions, to make
ZrMo N with a BET surface area of 72 m2rg.2 x

It is straightforward that the molybdate has been
nitrided as the effluent consisted of H O, how-2

ever the extent of the nitriding is unknown,
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therefore an ‘x’ is used to present the number
of nitrogen atoms in the formula.

For the purpose of simplicity and clarity a
nomenclature of the samples, both for the pre-
cursors and the end-products, is necessary. The
material code takes the form of ZrMoN-xy,
where N indicates nitride, meaning end-product
after nitriding; without N indicates a precursor;
x is a number, indicating the weight percentage
of Zr in terms of ZrO ; ys i indicates the2

precursor prepared by impregnation and ysc
indicates the precursor prepared by coprecipita-
tion. For example ZrMoN-3c is an end-product
after nitriding, from the precursor prepared by
coprecipitation containing 3 wt% Zr in terms of
ZrO and ZrMo-10i is a precursor prepared by2

impregnation containing 10 wt% Zr in terms of
ZrO .2

2.2. The characterization of the catalysts

2.2.1. X-ray diffraction
The passivated samples were ground gently

and fixed on a backless glass slide for XRD
Ž .experiments using a Rigaku Rotaflex Ru-200B

powder X-ray diffractometer equipped with a
Cu target and Ni grating monochromatic sys-
tem. The working voltage of the instrument was
40 kV and the electric current was 50 mA.

2.2.2. FT-IR spectroscopy
The infrared experiments were carried out

using a Bio-Rad FTS-65A Fourier transform
infrared spectrometer. The sample, mixed with
KBr, was ground into pellets and pressed into
self-supporting discs. The resolution of the in-
strument was 4 cmy1, the scanning range was
4000–500 cmy1 and the sample was located in
air during the experiment.

( )2.2.3. Differential thermal analysis DTA
The differential thermal analysis of the pre-

cursors was accomplished using a DT-20B ther-
Ž .mal analyzer Shimadzu employing a mixture

Ž .of N and NH 30 mlrmin, 1:1 by volume2 3

and a heating rate of 10 Krmin. 65 mg sample
was used for each experiment.

( )2.2.4. Scanning electron microscopy SEM
The surface morphology of the samples was

examined by using a KYKY 1000B scanning
electron microscope. Before an experiment, the
sample was ground in a mortar and then de-
posited on a circular copper slide that had been
coated with a gold film. The working voltage of
the machine was 20 kV and a magnification of
1000 or 3000 times was used.

2.2.5. H -temperature programmed desorption2
( )TPD

A home-made gas handling system equipped
Ž .with a thermal conductivity detector TCD was

used to perform the hydrogen temperature pro-
Ž .grammed desorption H -TPD experiments. 0.12

g of a passivated catalyst was placed in a U-
shaped quartz tube and reduced in H at 673 K2

for 2 h followed by flushing with Ar at the same
temperature for 1 h. After hydrogen adsorption
for 0.5 h at the required adsorption temperature
in a H stream with a flowing rate of 252

mlrmin, the sample was cooled down to room
temperature in atmospheric hydrogen and then
purged with Ar to remove the physisorbed hy-
drogen. The measurement of H -TPD was car-2

ried out using Ar as the carrier gas and the
heating rate was 10 Krmin.

2.2.6. EÕaluation of the catalytic actiÕities
The activity measurements for cyclohexene

Ž .hydrogenation HYD , benzene hydrogenation
Ž .BHY and thiophene hydrodesulfurization
Ž .HDS were carried out in a medium-pressure
stainless-steel system with a hydrogen pressure
of 3.0 MPa. 0.5 g of catalyst in the form of
20–40 mesh pellets was loaded between pads of
quartz sand plugs in a fixed-bed microreactor.
Every sample was pretreated in H under2

Ž .medium pressure 3.0 MPa at 673 K for 2 h
before the reaction run. A commercial
NiCoMorAl O catalyst was sulfided in a mix-2 3
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ture of 10% H SrH at 673 K for 2 h before2 2

the measurement. The reactant feed, consisting
of 20 wt% cyclohexene, 10 wt% benzene, 1
wt% thiophene and 69 wt% cyclohexane, was
introduced into the reactor by a syringe pump.

Ž .The liquid hourly space velocity LHSV was
10 hy1. The volume ratio of hydrogen to liquid
was 700 and the reaction temperature was 573
K. The effluents were analyzed by gas chro-

Ž .matography GC using a 4 m long column
Žfilled with 15% carbowax 60–80 mesh parti-

. Ž .cle and a flame ionization detector FID .

3. Results and discussion

3.1. The synthesis of the bimetallic catalysts

The synthetic conditions for the bimetallic
catalysts created from precursors prepared by
impregnation and their BET surface areas and
pore data are listed in Table 1. Table 2 shows
the synthetic conditions for the bimetallic cata-

lysts created from precursors prepared by copre-
cipitation. Sample ZrMoN-3c has the highest

Ž 2 .BET surface area 132 m rg . As a general
trend, the BET surface area of the resultant
material decreases with increasing content of
ZrO . This is exemplified clearly in Table 2,2

where the BET surface area drops from 118 to
69 m2rg as the content of ZrO increases from2

1 to 20 wt%. It can also be seen that the
synthetic conditions of catalyst ZrMoN-3c are
much milder than those for pure g-Mo N: the2

quantity in a batch was increased to 5 from 3 g;
the heating rate was three times that for the
monometallic Mo nitride and the space velocity
of NH was 17 000 hy1, which is much lower3

than that of 37 000 hy1 for the synthesis of
Mo N, thus significantly saving ammonia con-2

sumption.

3.2. The bulk structure of the precursors

Fig. 1 shows the XRD patterns of the precur-
Ž .sors prepared by impregnation a to e and those

Table 1
The synthetic conditions and the surface properties of the bimetallic catalysts created from precursors prepared by impregnation

˚Ž .Catalyst code ZrO Precursor Heating rate NH Average pore size A Pore volume S2 3 BET
y1 3 2Ž . Ž . Ž . Ž . Ž . Ž .wt% g Krmin h cm rg m rg

ZrMoN-1i 1 5 1 17 000 32.10 0.092 115
ZrMoN-3i 3 5 1 17 000 28.60 0.092 105
ZrMoN-5i 5 5 1 17 000 25.99 0.072 104
ZrMoN-10i 10 5 1 17 000 32.04 0.068 95
ZrMoN-20i 20 5 1 17 000 43.51 0.069 89
g-Mo N — 3 1 37 000 24.80 0.086 1402

Table 2
The synthetic conditions and the surface properties of the bimetallic catalysts created from precursors prepared by coprecipitation

˚Ž .Catalyst code ZrO Precursor Heating rate NH Average pore size A Pore volume S2 3 BET
y1 3 2Ž . Ž . Ž . Ž . Ž . Ž .wt% g Krmin h cm rg m rg

ZrMo O — — — — 69.83 0.041 252 8

ZrMo N — 5 — 17 000 33.46 0.061 72x y

ZrMoN-1c 1 5 1 17 000 31.48 0.093 118
ZrMoN-3c 3 5 3 17 000 25.70 0.084 132
ZrMoN-5c 5 5 1 17 000 31.62 0.091 115
ZrMoN-10c 10 5 1 17 000 35.85 0.090 100
ZrMoN-20c 20 5 1 17 000 40.63 0.070 69
g-Mo N — 3 1 37 000 24.80 0.086 1402
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Ž .Fig. 1. XRD profiles of precursors prepared by impregnation. a
Ž . Ž . Ž . Ž .ZrMo-1i, b ZrMo-3i, c ZrMo-5i, d ZrMo-10i, e ZrMo-20i,

Ž . Ž .f MoO and g ZrO .3 2

Ž .for pure MoO and ZrO f and g . From these3 2

profiles it is clear that the precursors with dif-
ferent ZrO content exhibit only the diffraction2

Ž .peaks of MoO , shown in Fig. 1 f . No ZrO3 2

features are visible for the MoO –ZrO precur-3 2

sors. The FT-IR spectra of pure MoO and the3

bimetallic precursors prepared by impregnation
are shown in Fig. 2. Three bands at 995, 873
and 820 cmy1 are displayed for pure MoO3
Ž .Fig. 2a which are typical stretching vibrations

w xof Mo5O and Mo–O–Mo 22,23 . With in-
creasing ZrO content, the intensities of all2

Ž .three bands decrease, Fig. 2b–f , but no new
bands are detected. Our infrared experiments for
pure ZrO also show no IR absorption in the2

scanning range. Therefore, the XRD and FTIR
results are consistent in showing that all the
precursors contain a crystalline MoO compo-3

nent. The XRD data, furthermore, indicate that
this MoO component has a preponderance of3
� 4010 planes, presumably arising from the
anisotropic platelet structure favoured by pure

w xMoO 14 . The FTIR data show that the pro-3

portion of this MoO component decreases sig-3

nificantly with increasing ZrO content. The2

lack of signal from ZrO can be attributed to the2

fact that both the XRD and FTIR signals from
ZrO are intrinsically weak making it difficult2

to detect this component. Another possibility for
the lack of XRD signal may be that ZrO is2

highly dispersed or in an amorphous form.
Precursors prepared by coprecipitation dis-

play rather different behaviour as shown in Fig.
3. The intensities of the diffraction peaks due to
MoO at 2u values of 12.7, 25.7, 27.3 and3

Ž .39.08 Fig. 3a gradually decrease with increas-
ing content of Zr, while the intensity of the
diffraction peak at 23.38 remains constant up to

Ž .Fig. 2. FT-IR spectra of precursors prepared by impregnation. a
Ž . Ž . Ž . Ž .MoO , b ZrMo-1i, c ZrMo-3i, d ZrMo-5i, e ZrMo-10i and3

Ž .f ZrMo-20i.
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Ž .Fig. 3. XRD profiles of precursors prepared by precipitation. a
Ž . Ž . Ž . Ž .ZrMo-1c, b ZrMo-3c, c ZrMo-5c, d ZrMo-10c, e ZrMo-20c,

Ž . Ž . Ž .f ZrMo O , g MoO and h ZrO .2 8 3 2

Ž .10% Zr content in terms of ZrO and then2
Žincreases significantly at 20% Zr content Fig.

.3b–f . Furthermore, when the Zr content reaches
10 wt%, a new diffraction peak appears with a
2u value of 30.68 and when the Zr content
reaches 20 wt%, three new diffraction peaks
appear at 47.3, 49.9 and 68.88, respectively.

The XRD profiles of the precursors in Fig.
Ž . Ž .3 a to e were carefully checked and compared

with each other and with those of the pure
Ž . Ž .materials: ZrMo O Fig. 3f , MoO Fig. 3g2 8 3

Ž .and ZrO Fig. 3h . The decrease in peak inten-2

sities at 2u value of 12.7, 25.7 and 27.38 clearly
indicates a decrease of MoO content with in-3

creasing ZrO content. Meanwhile, the increase2

of peak intensity at 2u value of 23.38 and the
appearance of peaks at 30.6, 47.3, 49.9 and
68.88 indicates the formation of ZrMo O . Thus,2 8

there is evidence of the coexistence of ZrMo O2 8

and MoO in all the precursors. Finally, as for3

the precursors obtained by impregnation, there
are no XRD peaks from the two most intense
diffractions that can unambiguously be assigned

Ž . Ž . Ž .to ZrO Fig. 3h arising from the 111 28.5782
Ž . Ž .and 111 31.88 planes.

Further evidence for the formation of precur-
sors consisting of ZrMo O and MoO is pro-2 8 3

vided by FT-IR spectra, Fig. 4. The bands at
995, 873 and 820 cmy1, arising from MoO , are3

present for all the precursors but show a de-
creasing trend with increasing Zr content. When

Ž .Zr content in terms of ZrO reaches 10 wt%, a2

small band at ca. 945 cmy1 is observed and
when the Zr content reaches 20 wt%, three new

Ž .Fig. 4. FT-IR spectra of precursors prepared by precipitation. a
Ž . Ž . Ž . Ž . Ž .MoO , b ZrMo-1c, c ZrMo-3c, d ZrMo-5c, e ZrMo-10c, f3

Ž .ZrMo-20c and g ZrMo O .2 8
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y1 Žbands appear at 976, 936 and 814 cm Fig.
.4f . These bands correspond closely to those of

Ž Ž ..ZrMo O Fig. 4 g .2 8

XRD evidence also points to significant mod-
ification to the MoO component upon the in-3

troduction of the second metal component. For
example, there is a strong decrease in concentra-

� 4tion of the 010 orientated planes of MoO3

and, even at the lowest Zr content, the diffrac-
� 4 Žtions from the 0k0 planes of MoO 2us3

Ž . Ž . Ž ..12.78: 020 ; 25.78: 040 ; 39.08: 060 decrease
dramatically in intensity. Meanwhile the other

Ž .diffractions of MoO , e.g. from the 021 plane3
Ž . Ž . Ž .2us27.38 and the 110 plane 2us23.38 ,
are present in greater relative intensity com-
pared to pure MoO . This suggests that copre-3

cipitation creates precursors in which the MoO3

platelet structure, favouring the formation of
� 40k0 planes, is disrupted, while the creation of
Ž . Ž .021 and 110 planes is enhanced. This is
reminiscent of the behaviour reported for inter-
mediate phases formed during the reduction of
MoO in which crystallographic shear occurs,3

causing oxygen vacancies to collapse along
� 4 w x120 shear planes 14 .

From the above results it can be concluded
that different precursors are obtained by differ-
ent methods of preparations: crystalline MoO3

for the precursors prepared by impregnation and
crystalline MoO and crystalline ZrMo O for3 2 8

the precursors prepared by coprecipitation. It is
difficult, however, to ascertain whether amor-
phous andror highly dispersed ZrO is also2

present in either type of precursor.

3.3. The bulk structure of the bimetallic cata-
lysts

Fig. 5 shows the XRD profiles of the bimetal-
lic catalysts made from precursors prepared by

Ž .impregnation Fig. 5a–e and the pure materi-
Ž . Ž .als, g-Mo N Fig. 5f and ZrO Fig. 5g . Only2 2

the crystalline phase of Mo N is detectable2

when the amount of ZrO is 1 and 3 wt%.2

When ZrO content is 5 wt% or more, the XRD2

Fig. 5. XRD profiles of bimetallic catalysts obtained from precur-
Ž . Ž . Ž .sors prepared by impregnation. a ZrMoN-1i, b ZrMoN-3i, c

Ž . Ž . Ž . ŽZrMoN-5i, d ZrMoN-10i, e ZrMoN-20i, f g-Mo N S s2 BET
2 . Ž .140 m rg and g ZrO .2

profiles show an increasing presence of crys-
talline ZrO . It, therefore, seems that the zirco-2

nium oxide present in the precursor is not ni-
trided. It is relevant to note that separate TPN
experiments of pure ZrO also show no evi-2

dence of any nitriding occurring. We, therefore,
suggest that the nitriding mechanism for the
precursors follows a similar path to that of the
pure MoO . This conclusion is supported by3

XRD data for the nitrided products which show
that the ratio of the peak intensities from the
Ž . Ž . Ž . Ž .200 and 111 planes in Fig. 5 a – e are very
similar to that of high surface area pure g-Mo N2
Ž .f . Volpe and Boudart have previously shown
that this nitriding process is a topotactic reaction

� 4in the sense that the 100 planes of Mo N are2
� 4 w xparallel to the 010 planes of MoO 14 .3

Fig. 6 shows the XRD results of the bimetal-
lic catalysts made from precursors prepared by

Ž .coprecipitation Fig. 6a–e and those of the pure
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Fig. 6. XRD profiles of bimetallic catalysts obtained from precur-
Ž . Ž .sors prepared by coprecipitation. a ZrMoN-1c, b ZrMoN-3c,

Ž . Ž . Ž . Ž .c ZrMoN-5c, d ZrMoN-10c, e ZrMoN-20c, f g-Mo N2
Ž 2 . Ž . Ž .S s140 m rg , g ZrMo N and h ZrMo O .BET 2 x 2 8

Ž . Žmaterials: g-Mo N Fig. 6f ; ZrMo N Fig.2 2 x
. Ž .6g and ZrMo O Fig. 6h . Only Mo N is2 8 2

detectable in the XRD data of the final resultant
materials. There is no trace of the features
attributable to ZrMo O or ZrO . Separate TPN2 8 2

experiments on pure ZrMo O show that after2 8
Žnitriding, all the ZrMo O features as seen in2 8

.Fig. 6h disappear to exhibit a featureless pro-
Ž .file Fig. 6g , which may be assigned to a

bimetallic nitride, presumably ZrMo N . We,2 x

therefore, conclude that two kinds of nitrides
are present in the end-products, Mo N and2

ZrMo N , in an unknown ratio.2 x

Furthermore, Fig. 6 also shows that for each
of the bimetallic nitrides, the diffraction inten-

Ž .sity from the 200 plane of the resultant Mo N2
Ž .is much lower than that of the 111 plane. This

is the opposite to what is observed with high
surface area Mo N where the topotactic nitrid-2

Ž .ing reaction leads to the 200 plane giving rise
Ž .to a more intense peak than the 111 plane.

Clearly, this difference arises from the fact that
the MoO component in the coprecipitated pre-3

cursors has a different morphology in which the
� 4dominance of the 010 planes is disrupted and

Ž . Ž .where 110 and 021 planes are present in
significant amount. The elements of a topotactic
nitriding reaction may, however, be still re-
tained in that the loss in intensity of the Mo N2
Ž .200 planes with increasing Zr content, seen in

Ž . Ž . � 4Fig. 6 a – e , parallels the loss of 0k0 planes
in the original MoO precursor component.3

However, this conclusion remains only tentative
at present.

3.4. InÕestigation of the nitriding mechanism

Ž .Differential thermal analysis DTA , Fig. 7,
provides further information on the nitriding
mechanism of the coprecipitated bimetallic pre-
cursors, carried out in a mixture of N and NH2 3
Ž .1:1 by volume . Turning first to the results

Ž .obtained for pure MoO , Fig. 7 e , an endother-3

mic process is observed at ca. 393 K which we
assign to the dehydration of the lattice water in
MoO on the basis of our effluent analysis3

during TPN. The next endothermic peak ap-
pears at around 500 K and is attributed to the

6q 5q w xtransformation from Mo to Mo 24,25 .
XRD data obtained after the third endothermic
peak at ca. 653 K, indicates a mixture phase of
MoO –MoO , and we, therefore, attribute this3 2

peak to a disproportionation reaction: 2Mo5qs
Mo4qqMo6q. XRD data obtained after the
exothermic process at ca. 733 K show a pure
MoO phase, therefore, this peak must arise2

from the reduction of Mo6q to Mo4q. The final
endothermic process observed corresponds to

w xthe nitriding reaction 5,26 .
Ž . Ž .Fig. 7 b to d show that all the bimetallic

precursors are easier to nitride than pure MoO3

in that the integrated area of their endothermic
DTA peak for nitriding is smaller than that of

Ž .MoO , Fig. 7 e . The detailed behaviour of each3
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Fig. 7. Differential thermal analysis of precursors in a mixtures of
Ž . Ž . Ž . Ž .N and NH 1:1 by volume . a ZrO , b ZrMo O , c2 3 2 2 8

Ž . Ž .ZrMo-20c, d ZrMo-3c and e MoO .3

precursor depends strongly on Zr content. For
example, the DTA profile for the precursor with

Ž .3% Zr, Fig. 7 d , is very similar to that of pure
Ž .MoO , Fig. 7 e , except that the exothermic3

process to form MoO takes place at a much2

lower temperature. This is consistent with our
XRD analysis where we propose that the pres-
ence of the second metal leads to the creation of
crystallographic shear planes of the type ob-
served in intermediate phases formed during the
reduction of MoO to MoO .3 2

The DTA profile for the ZrMo–20c precur-
Ž .sor, Fig. 7 c , looks similar to that of ZrMo O ,2 8

Ž .Fig. 7 b , again in accordance with XRD and
FTIR data. In addition, the characteristic sharp
exothermic peak of MoO at 653 K disappears3

and is replaced by a broad hump starting at 553

K, which may indicate that the transformation
of Mo6q to Mo4q is even easier with high ZrO2

contents. Finally, it seems that the MoO and3

ZrMo O components of the bimetallic copre-2 8

cipitated precursors are nitrided simultaneously:
933 K

ZrMo O qNH ™ ZrMo N qH OqN2 8 3 2 x 2 2

1Ž .
933 K

MoO qNH ™ Mo NqH OqN 2Ž .3 3 2 2 2

In addition, the effect of different precursors
on the nitriding reaction was studied by SEM.

Ž .Fig. 8 a shows the characteristic platelet mor-
phology of MoO . The morphology of the high3

Ž 2 .surface area g-Mo N 140 m rg , resulting2

from the topotactic reaction of MoO with NH ,3 3
Ž .is shown in Fig. 8 b and looks very similar to

that of MoO . This topotactic reaction brings3

about the crystallographic orientation relation-
Ž . Ž . w xship of 010 rr 100 14,27,28 , i.eMoO Mo N3 2

the platelets of MoO which predominantly ex-3
Ž .pose the 010 planes are transformed into the

Ž .100 planes of the resultant g-Mo N. For such2

a topotactic reaction from MoO , the intensity3
Ž .of the Mo N 200 plane is always much higher2
Ž .than that of 111 planes as shown in Fig. 6.

Ž .The ratio of the intensities of the 200 and
Ž .111 diffractions is considered as a quantitative

w xparameter of texturing 14,27,28 .
In contrast, the low surface area Mo nitride

prepared by nitriding MoO with NH is doubt-3 3
w xfully the result of a topotactic reaction 28 , so

Žthe morphology of the resultant g-Mo N 322
2 .m rg is expected to be different from that of

the high surface area Mo nitride and hence that
of MoO . This turns out to be the case, as3

Ž .exhibited in Fig. 8 c . The XRD profiles of this
low surface area Mo nitride exhibits
Ž . Ž .I 111 rI 200 )1, the opposite of what is ob-

served with high surface area Mo N.2
Ž . Ž .Fig. 8 d and e show the micrographs of the

bimetallic material with 3 wt% of ZrO pre-2
Ž .pared by impregnation, before ZrMo-3i and

Ž .after nitriding ZrMoN-3i . The morphologies
of these two samples are similar and show the
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platelet morphology exhibited by MoO . How-3

ever, if we turn to the morphology of the 3% Zr
bimetallic precursor prepared by coprecipita-

Žtion, before and after nitriding, ZrMo-3c Fig.

. Ž .9f and ZrMoN-3c Fig. 9g , obvious differ-
ences are seen. Neither sample retains the char-
acteristic platelet morphology of MoO , seen in3

Ž . Ž . Ž . Ž .Fig. 8 a , b , d and e . This confirms the

Ž . Ž . Ž 2 . Ž . Ž 2 . Ž . Ž .Fig. 8. Scanning electron micrographs. a MoO , b g-Mo N S s140 m rg , c g-Mo N S s32 m rg , d ZrMo-3i, e3 2 BET 2 BET
Ž 2 . Ž . Ž . Ž 2 .ZrMoN-3i S s105 m rg , f ZrMo-3c and g ZrMoN-3c S s132 m rg .BET BET
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Ž .Fig. 8 continued .

conclusions of the XRD data that the addition of
the second metal component by coprecipitation
destroys the platelet structure of the precursor.
It is not possible, at present, to comment confi-
dently on whether the nitridation of such precur-
sors occurs via a topotactic reaction.

In summary, we find that the catalysts ob-
tained after nitriding the impregnated precursors
are very different from those obtained from the
coprecipitation: the former consist of ZrO q2

Mo N and the latter contain bimetallic2

ZrMo N qMo N. In particular, the impreg-2 x 2

nated catalysts undergo a topotactic nitriding
reaction which retains the platelet structure of
the original MoO and leads to XRD patterns3

Ž . Ž .with I 111 rI 200 -1. In contrast, coprecipi-
tation leads to precursors in which the platelet
morphology is destroyed and this is reflected in
the resultant catalyst structure, where XRD show
Ž . Ž .I 111 rI 200 )1. Importantly, both types of

catalysts are easier to nitride than pure MoO .3

3.5. EÕaluation of the catalytic actiÕities for
selectiÕe hydrogenation and hydrodesulfuriza-
tion

Catalytic activity measurements for cyclo-
Ž .hexene hydrogenation HYD , benzene hydro-

Ž .genation BHY and thiophene hydrodesulfur-
Ž .ization HDS are shown in Fig. 9. After the

catalysts had been on stream for 3 h, the cat-
alytic properties of the bimetallic nitrides were
observed to be superior to those of g-Mo N and2

the sulfided NiCoMorAl O catalyst for con-2 3

version of cyclohexene and thiophene, while the
activity of g-Mo N was similar to that of the2

commercial hydrotreating catalyst, sulfided
NiCoMorAl O . However, we note that these2 3

tests were not carried out under commercial
conditions and we are currently investigating
the reactivity behaviour after longer on-stream
times.

In the present study, the catalysts ZrMoN-1i,
ZrMoN-1c and ZrMoN-3c showed the highest
activities for HYD and HDS. However, the
morphology and texturing of the g-Mo N phase2

which is present in all the catalysts does not
seem to play an important role in altering cata-
lyst reactivity. For example, SEM and XRD
data show that the ZrMoN-1i catalyst has a
number of similarities with g-Mo N, in terms2

of platelet morphology, Fig. 8, and extent of
texturing, with both samples showing
Ž . Ž . Ž .I 111 rI 200 -1 Fig. 6 . Meanwhile, the Zr-

MoN-1c and ZrMoN-3c catalysts, with similar
activities, show another type of sample mor-

Ž .phology Fig. 8 and their XRD data display
Ž . Ž .I 111 rI 200 )1. The high HYD and HDS

activities of the bimetallic nitride catalysts, Zr-
MoN-1c and ZrMoN-3c, may be directly at-
tributed to the presence of the bimetallic zirco-

Ž .nium–molybdenum nitride ZrMo N phase,2 x

Fig. 9. Activities of hydrodesulfurization and selective hydrogena-
tion of ZrMoN-1i, ZrMoN-3i, ZrMoN-1c, ZrMoN-3c, g-Mo N2
Ž 2 .120 m rg and sulfided NiCoMorAl O . Reaction temperature2 3

s573 K, LHSVs10 hy1 , H roils300 and p s3.0 MPa.2 H 2
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however, this cannot be the case for ZrMoN-1i
catalyst prepared from impregnation, where a
mixture of g-Mo N and ZrO phases are pre-2 2

sent. It would, therefore, seem that the presence
of the second metal, Zr, in itself has a promot-
ing effect.

The improved catalytic activities of molybde-
w xnum nitrides have, in the past 29 , been corre-

lated with the ability to adsorb low temperature
states of hydrogen. In order to investigate
whether this is also the case for the bimetallic
catalysts, we carried out hydrogen temperature

Ž .programmed desorption H -TPD from the2
Žbimetallic catalysts 1–20 wt% of Zr in terms of

.ZrO and from the precursor ZrMo-1c and2

pure g-Mo N, after H adsorption at 373 K,2 2

Fig. 10. The precursor, ZrMo-1c, does not ad-

Fig. 10. H -TPD profiles of bimetallic catalysts after H adsorp-2 2
Ž . Ž . Ž . Ž .tion at 373 K. a ZrMo-1c, b ZrO , c ZrMoN-1c, d ZrMoN-2

Ž . Ž . Ž . Ž .3c, e ZrMoN-5c, f ZrMoN-10c, g ZrMoN-20c and h g-
Mo N.2

sorb any hydrogen as no hydrogen desorption
Ž .peak appears, Fig. 10 a , while H desorbs from2

Ž .ZrO at rather high temperature b . The hydro-2

gen desorption from pure unsupported g-Mo N2

occurs at 493, 645 and 773 K. It has been
suggested that the H desorption from Mo N at2 2

around 493 K is from the surface sites and that
at around 773 K is from the subsurface andror

w xthe bulk 29 . In comparison, the bimetallic
nitrides display three desorption peaks which
appear at lower temperatures of around 373,

Ž . Ž .523 and 753 K from Fig. 10 c to g , with the
amount of hydrogen desorbed in the low tem-
perature region being much greater than that in
the medium and high temperature regions. This
low temperature hydrogen desorption displays a
sharp peak starting from as low as 310 K. In
contrast, the monometallic Mo nitride does not
show hydrogen desorption in this temperature

Ž .region Fig. 10h . These results obviously indi-
cate that the existence of ZrMo N can create2 x

active sites for hydrogen adsorption with lower
adsorption energy, which are similar to those

w xfound with group VIII noble metals 30 . The
nature of these new active sites is unknown.
However, it is certainly a possibility that the
improved activity of the bimetallic nitrides is
linked to their extensive capacity of hydrogen
adsorption.

4. Conclusion

An improved method has been developed for
the preparation of bimetallic transition metal
nitrides with high surface area by temperature
programmed nitriding a material composed of
ZrMo O and MoO with NH . The structures2 8 3 3

and compositions of the bimetallic catalysts pro-
duced are significantly influenced by different
preparation methods of the precursors. It has
been found that the end-product is composed of
ZrO –Mo N if the precursor is prepared by2 2

impregnation and of ZrMo N –Mo N if the2 x 2

precursor was prepared by coprecipitation. XRD
and SEM results reveal that after impregnation,
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the bimetallic materials retain the characteristic
platelet structure of MoO and Mo N but that3 2

this structure is destroyed in the coprecipitation
process. The catalytic activities of the bimetallic
nitrides for HYD and HDS exceed those of the
unsupported g-Mo N and the commercial sul-2

fided NiCoMorAl O catalyst, under medium2 3

pressure. The reasons for this promoting effect
are, at present, open for discussion. However,
H -TPD results indicate that the introduction of2

ZrMo N into Mo N creates new active sites2 x 2

which adsorb hydrogen with lower adsorption
energy. We, therefore, conclude that the pur-
pose of modifying the properties of Mo N by2

introducing a second metal component has been
successful in the first stage and the nitriding
conditions we have used are milder than that for
the preparation of Mo N.2
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