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A new and facile method for the preparation of bulk and MCM41-supported bimetallic molybdenum
nitrides is described. Both PMosN and CgMosN are prepared in a one-step synthesis without
ammonolysis. A mixed-salt precursor containing HMT (HMThexamethylenetetramine), Ni (Co) nitrate,
and (HMT)(NH4)4sM0-024:2H,0 is directly converted to bimetallic nitride under a flow of argon at 923
K. The formation process shows that Ni (Co) metal anlo,N are formed first and that they then
transform into the bimetallic nitride phase on remaining at 923 K. The HMT is used as a reducing agent
and nitrogen source. The metal salts and HMT are initially contained in the precursor, thus allowing us
to obtain bimetallic nitride by a one-step synthesis without ammonolysis. To get high surface catalysts,
MCM41-supported bimetallic nitrides have also been successfully prepared with this simple method.
The ammonolysis is not a prerequisite here, and the bimetallic molybdenum nitride is facile under mild
conditions. The results suggest that this novel method possesses the potential to be a general route for
the preparation of bimetallic molybdenum nitrides.

Introduction shows good catalytic activity in ammonia decomposition.
. . L n On the other hand, several laboratories have investigated the
Monometallic and bimetallic nitrides of early transition hydrotreating properties of bulk and supported!@osN and
metals have attracted considerable attention in recent yearyi,MosN, as well as supported nitride materials containing
due to a number of interesting properties that they display, \ 4 with either Co or Ni. These nitrides have proven to be
WhICh can mcludg hardness, e[ectrlcal or thermal coqquctlv— active and selective in hydrodesulfurization (HDS)hy-
ity, superconductivity, magnetism, and catalytic activity. drodenitrogenation (HDNJ:12 and hydrogenatiof® The

In particular, the Mo-based nitrides have been identified as oqits indicate that these materials possess the potential to
potential catalysts for many applicatiohs? In this respect,  pa sed as new industrial catalysts.

the bimetallic molybdenum nitrides MlosN (M = Ni, n=

2; M = Co and Fen = 3) showed better activity and have
received the most attentiéri:* 2 Jacobsenhas reported that
bimetallic nitrides NiMosN, CosMosN, and FeMosN exhibit monolysis of the bimetallic oxide (e.g., 0N from
high catalytic activities in ammonia synthesis and that the CoMoQ;) or the mixed-metal oxide (e.g., MlosN from a
promoted catalyst Cs/GulosN is more active than the iyt re of NiMoO, and MoQ).52 Other routes that have

commercial, multi-promoted, iron-based catalyst. Liang et oo tilized include a reaction between from molybdenum
al® have found that the nickel molybdenum nitride catalyst nitride and metal@ by ammonolysis of metal nitrate

supported on molybdenum nitridend by ammonolysis of
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produce a high surface area and good dispersion of the nitrideflow of 1% (v/v) O./N,. To investigate the formation process, some
phase. In this respect, a temperature-programmed reductiorintermediate samples were prepared. The precursor was heated to
(TPR) synthesis method has been shown to be particularlythe desired temperature and then cooled rapidly (ca. 100 K/min)

successful and was utilized in almost all rese&réhi®In
this method, the metal oxide precursor was nitrided at a slow
rate (0.1-5 K/min) to a high temperature (973173 K)
under a high flow rate of ammonia. It can be concluded that
the ammonolysis has been a necessary procedure in th
synthesis of both the bulk and the supported bimetallic
molybdenum nitrides up to now. The synthesis conditions
were quite rigid and have a strong influence on the catalytic
activity of molybdenum nitrid&2 It is worthwhile to find

to room temperature. After cooling, the products were passivated
as described previously.

The supported mixed-salt precursor for theNidsN/MCM41
catalyst with theoretical loadings of 25 wt %JNosN was prepared
by impregnation of MCM41 with an aqueous solution of Ni(j£

E(ISHZO, (NH,)eM070,4:4H,0, and HMT with a mole ratio of 14:3:

20, which was made by dissolving the reagents in 15%-NkD
solution. The sample was then dried naturally for 24 h and dried at
313 K for 6 h. The precursor was then heated at a rate of 10 K
min~! and kept at 923 K o2 h under a flow of argon at a mass

simple and generally applicable methods for the preparationrate of 1.5 hl. The sample was cooled and passivated as described

of bimetallic molybdenum nitride catalysts.

Recently, Afanasi€¥ reported thaty-Mo,N could be
obtained from the decomposition of a molybdate HMT (HMT
= hexamethylenetetramine) complex. In this method, both
carbon and nitrogen were initially contained in the complex
precursor, thus providing nitride without ammonolysis. It has
also been observed that Ni and Co HMT complexes
decomposed with the formation of the corresponding metals.
In accordance with the formation of gdosN via Co and
Mo,N reported by Jacobséhjt was natural to attempt the
preparation of bimetallic molybdenum nitride by combination
of the metal (Ni or Co) reduced by HMT and the hib
obtained by decomposition of the Mo HMT complex. In the
current study, such an idea is realized. BothNNisN and
CaosMosN were prepared in a one-step synthesis, in which a
mixed-salt precursor containing (HMANH.)4sM07024°
2H,0, Ni(NO3)26H,0 (Co(NGy),-6H.,0), and HMT was
directly converted to nitride under a flow of argon at 923 K.
The investigation of the formation process showed that the
bimetallic molybdenum nitride phase was formed via metal
(Ni or Co) andy-Mo,N. To obtain a high surface catalyst,

MCM41-supported bimetallic nitride has also been success-

fully prepared with this simple method. The MCM41 zeolite
was employed as a steady support in this work, due to its

previously to obtain the supported nitride.

Synthesis of CgMo3N and CosMo3sN/MCM41. A mixed-salt
precursor to CgMozN was prepared by dissolving Co(N@6H,0,
(NH4)sM070,4-4H,0, and HMT with a fixed mole ratio of 14:2:25
in 15% NH;-H,0 solution, then evaporating to dryness. A purple
solid was obtained. After drying at 313 K for 6 h, the solid was
heated under a flow of argon according to the procedure for the
preparation of NiMosN described previously. The product was
cooled and passivated. The intermediate samples were also prepared
as described previously.

The supported mixed-salt precursor for the;&osN/MCM41
catalyst with theoretical loadings of 25 wt % #£BosN was
prepared by impregnation of MCM41 with an aqueous solution of
Co(NG;)2:6H20, (NH4)sM070,4:4H,0, and HMT with a mole ratio
of 14:2:25, which was made by dissolving the reagents in 15%
NH3-H,0 solution. The sample was then aired for 24 h and dried
at 313 K for 6 h. The precursor was then heated and passivated
according to the procedure for the preparation gMdiisN/MCM41
to produce the supported nitride.

Characterization. X-ray diffraction (XRD) characterization was
conducted using a Rigaku D/max-2500 powder diffractometer
employing Cukx radiation (40 kV, 40 mA). Transmission electron
microscopy (TEM) images were acquired using a TECNAI G2 T20
high-resolution transmission electron microscope equipped with an
EDX system (EDAX) operating at 200 kV. The samples were
dispersed in ethanol and treated with ultrasound for 5 min. The

good t_herma| Stabi_lity, high surface area, an_d large adsorptiongpx signals of the nitride particles were obtained by focusing the
capacity for organic molecules. This material has been usedelectron beam on the particles and accumulating the spectra. When

as a support in place of alumina by many research grédps.

Experimental Procedures

Synthesis. Synthesis of NMo3N and Ni;Mo3N/MCMA41. All
reagents used were of analytical purity. A precursor tgViegN
was prepared by dissolving Ni(NR-6H,0, (NH,)sM070,4-4H,0,
and HMT with a fixed mole ratio of 14:3:34 in 15% NHH,O
solution. The content of HMT in the precursor had an influence on
the products and was carefully optimized. The solution was then

evaporated slowly to dryness, and a light green solid was obtained.

After drying at 313 K for 6 h, the solid was heated in a stainless
steel boat under a flow of argon (99.99%) at a mass rate of 1.5
h~1. The temperature was increased linearly at a rate of 10 K’'min
and then kept at 923 K for 4 h. The product was cooled to room
temperature (ca. 5 K/min) under argon and passivate foin a

(23) Trawczyski, JCatal. Today2001, 65, 343.

(24) Afanasiev, PInorg. Chem2002 41, 5317.

(25) Corma, A.; Marmez, A.; Martnez-Soria, V.; Monto J. B.J. Catal.
1995 153 25.

(26) Wang, A.; Wang, Y.; Kabe, T.; Chen, Y.; Ishihara, A.; Qian W.; Yao,
P.J. Catalysis2002 210 319.

it was no longer possible to detect a clear increase in the Ni and
Mo peaks, the EDX counting was stopped and the spectrum was
stored. Scanning electron microscopy (SEM) images were obtained
using a Hitachi S-3500N scanning electron microscope. The samples
were covered by a thin film of gold for better image definition.
Single-point BET surface area measurements employing nitrogen
adsorption were acquired using a Micromeritics ASAP 2010
apparatus. Measurements of CO chemisorption were performed with
a standard volumetric adsorption method using a Micromeritics
ASAP 2020 apparatus. Prior to measurement, the sample was
pretreated under flowing +ht 673 K for 3 h. The irreversible CO
chemisorption at 343 K was determined by double isotherms. The
nickel and molybdenum analyses of the samples were carried out
using an IRIS Advantage inductively coupled plasma atomic
emission spectrometer (ICFAES), and the nitrogen and carbon
analyses of the samples were carried out with an Elementar Vario
EL elemental analyzer.

Results and Discussion

Ni;Mo3sN and Ni;MosN/MCM41. As shown in Figure 1,
the bulk and MCM41-supported MilosN were successfully
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Table 1. Chemical Composition and BET Surface Area of Bulk and Supported Bimetallic Nitrides
sample M (at. %)/Mo (at. 98) nitrogen (wt %% carbon (wt %) elemental composition Sser(Mm2gh)
Ni,MosN 0.65 3.25(3.34) 0.42 MV03.0dN1.01Co.15 10.7
Ni2M03N/MCM41 0.71 (065) 0.89 (084) 0.05 WOz,gj\lllo:;Co,m 403.4
CosMosN 1.00 3.02 (2.93) 0.16 GM03.01N1.04C0.06 23.9
CozMosN/MCM41 0.92 (1.04) 0.81(0.74) 0.08 €Mo3 26N 1.05Co.13 503.0

a]|CP—AES (EDX).P The value in parentheses is the calculated value.
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Figure 1. XRD patterns of (A) NiMosN, (B) NizMosN/MCM41, and (C)
MCM41 supports.

Figure 2. SEM image of the bulk NMosN.

Using the Scherrer equation and the full-width at half-
maximum (fwhm) of the peak at 40.8an average crystallite
size of 42.6 nm was calculated and is smaller than the 67.8
nm for the unsupported PNVIosN.

The TEM image of the NMosN/MCM41 catalyst is
shown in Figure 3 A. The NMosN on the support has an
oval-shaped morphology with a particle size in the range of
30—-50 nm and is well-dispersed over the support. Figure
3B shows an HRTEM micrograph of an oval-shaped- Ni
MosN particle on the MCM41 support having dimensions
of 30 x 40 nm. Examination of the image as well as others
revealsd spacing values of 0.38 and 0.22 nm for {111}
and {221} crystallographic planes of cubic MosN,
respectively, which are identical with the calculated value.
The EDX results for the particles are shown in Figure 3C
and give a Ni/Mo ratio of 0.65, which is in agreement with
the theoretical value (0.667). The compositions of the
supported NiMosN have also been analyzed by chemical
analysis. As shown in Table 1, the Ni/Mo atom mole ratio,
the nitrogen content, and the elemental composition are
approximately consistent with the calculated values. The
carbon content is 0.05 wt % and obviously lower than that
of the bulk NiMosN, which is due to the low content of
NiMosN in the supported sample. The BET surface areas
of both bulk and MCM41-supported bimetallic nitrides have
been measured and are listed in Table 1. The buiMiNiN
has a BET surface area of 10.7Z gr?, and the MCM41-
supported NiMozN has a BET surface area of 403.4 gn.

In our previous work, the bulk and MCM41-supported-Ni
MosN catalysts were also prepared using the typical TPR
method (Figure S1). The details are described elsewRere.

prepared by a one-step synthesis from unsupported andn the TPR method, the mixed-salt precursor is first calcined
MCM41-supported mixed-salt precursor. The XRD pattern at 773 K for 5 h and then nitrided at a slow rate (1 K rmiin

for the bulk sample, shown in Figure 1A, is similar to those
reported by othet&1°for nearly single-phase BVosN. As

to 923 K in flowing ammonia with a volume hourly space
velocity (VHSV) of 6500 ht, whereas in this new method,

listed in Table 1, quantitative chemical analyses of the samplethe precursor is directly heated at a rate of 10 K Thito

show that the Ni/Mo atom mole ratio, the nitrogen content,

923 K under a flow of argon at a mass rate of 1.8.Hn

and the elemental composition of the bulk sample are in addition, the MCM41-supported oxide (NiMg®™CM41)
agreement with the theoretical values. Unlike the phase pureprecursor was also nitrided at a rate of 10 K nito 923 K
Ni-MosN prepared by the TPR method, the as-prepared bulk that was held fo2 h inflowing ammonia. The result (Figure
sample contains 0.42 wt % carbon as an impurity, which is S1) shows that Ni and-Mo.N obviously exist on the
due to the decomposition residue of HMT and can probably supported material except the major phas#/idgN. It means

be eliminated by increasing the reaction temperature.
The SEM image of the as-prepared bulk:MozN is
shown in Figure 2. The morphology of the bulk;MiozN is

that the formation of bimetallic molybdenum nitride is easier
in this new method than in TPR method under mild
conditions for the supported material. Comparison of the two

comprised of a few homogeneously nucleated spherical syntheses clearly indicates that the new method described
particles embedded in a matrix that primarily consists of large here is simpler and more straightforward.

agglomerates of irregularly shaped particles.

The XRD pattern for the MCM41-supportedNiosN is
given in Figure 1B. As compared with the MCM41 support
(Figure 1C), additional peaks in the XRD pattern of-Ni
MosN/MCM41 all are in accord with those of pure NosN.

Furthermore, the bulk MViozN obtained by both methods
possesses equal BET surface areas, whereas the BET surface
area of 403.4 rhg~! for the material prepared by this new
method is significantly larger than the value of 179.2 m
g~ for that prepared by the TPR method. It demonstrates
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Figure 3. As-prepared NiMosN/MCM41 material. (A) TEM micrograph, (B) HRTEM micrograph of a-NiosN particle, and (C) EDX result for the
particle.

that the destruction of the MCM41 in this new method is
not as severe as that in the TPR method, which is probably
due to the shorter time of heat treatment in this method as

compared with the TPR method. A
Our new synthesis of MlosN/MCM41 yields an average

crystallite size of 42.6 nm, which is larger than the average
crystallite size of 26 nm for the MiosN/MCM41 catalyst B)

prepared by the TPR methétiThe same results can also MM ) N

be concluded from the TEM measurements. Furthermore,

the CO chemisorption capacity of the ;MiosN/MCM41 \"/\ ©

catalyst prepared by the new method (1dn®l g-2) is lower — T T T T

than that of the sample prepared by the TPR method (19.6 1 % o ow (Degreff) *® ° %
umol g*), mainly owing to the low dispersion of bVosN. Figure 4. XRD patterns of (A) CeMoaN, (B) CosMosN/MCM41, and

In addition, it is impossible that the small amounts of carbon (C) MCM41 support.

impurities exist as surface carbon that is blocking metal sites reported by othetd6 for nearly pure CgMosN. It can be
in the sample prepared by the new method. All the results seen that the as-prepared bulks®0osN contains a minor
clearly indicate that this new method yields a lower disper- jmpurity. The additional impurity peaks can be identified as
sion of NbMosN than the TPR method. It is probably due  corresponding to metal cobalt and molybdenum nitride. In
to the stronger interaction between metal oxides and supportihis respect, it should be mentioned that phase-pugMG\
in the precursor used in the TPR method than between metalcan be prepared by the TPR meti8@he Co/Mo atom mole
salts and support in the precursor used in our new method.ratio, the nitrogen content, and the elemental composition
During heat treatment of the precursor, the supported metalsof the as-prepared bulk sample are in agreement with the
in our new method tend to conglomerate more easily than co,Mo;N composition for the majority phase. The carbon
in the TPR method. At the same time, the average crystallite content is 0.16 wt %. Figure 5 shows an SEM image of the
size of NpMosN/MCM41 prepared by this new method (42.6  pylk Co;MosN. Inspection of the image indicates that the
nm) is considerably larger than that for the;MosN/Al O3 morphology of CeMosN is quite similar to that of NMogN.
catalyst prepared by the TPR method (16 Atwyhich could The XRD pattern for the MCM41-supported £8osN is
be due to both synthesis method and difference in the supportgiven in Figure 4B. In addition to peaks associated with the
CosMosN and CosMosN/MCM41. The success of this  MCM41 support, the XRD pattern of GdosN/MCM41
synthesis method for BViosN led us to consider its  shows peaks that are all in good agreement with those of
applicability for the preparation of other bimetallic molyb-  single phase GMosN. The average crystallite size of §o
denum nitrides. Cobalt nitrate replaced the nickel nitrate in MosN can be calculated using the Scherrer equation and the
the mixed-salt precursor, and then this precursor was treatedwhm of the peak at 42% For Ca@MosN/MCM41, the
similarly to obtain cobalt molybdenum nitride. crystallite size of 27 nm is smaller than that of 47 nm for an
As shown in Figure 4, the bulk and MCM41-supported unsupported CiMosN and slightly larger than that of 21
CosMosN were successfully prepared. The XRD pattern for nm for a CaMosN/y-Al,O; catalyst prepared by the TPR
the bulk sample, shown in Figure 3A, is similar to those method!®
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prepared by the TPR method. The as-prepared MCM41-
supported CéMozN has a BET surface area of 503 gr.

Formation Process.To investigate the formation process
of the bimetallic molybdenum nitrides, some intermediate
samples were characterized. Figure 7 shows a series of XRD
patterns of the unsupported precursor fogNWsN treated
at different temperatures. At 773 K, the precursor phase was
transformed into a mixture of poorly crystalline Ni metal
and some amorphous unidentified species. When the tem-
perature increased to 873 K, Ni metal still existed, and
y-Mo,N was formed. When the sample was heated to 923
K, NizMosN was found with the existence of Ni metal and
R y-MooN. After treating at 923 K for 0.5 h, the desired product
HanKai WD 8.1mm 20.0kV x10k  Sum Ni-MosN was obtained as the majority phase, and small
amounts of Ni andy-Mo.N still remained. When the
temperature was held at 923 K for 4 h, the intensity of the

Shown in Figure 6 is the TEM image and EDX result of Ni and y-Mo:N peaks detectable in the sample pattern
a supported CosN sample. Observation of Figure 6A decreased, and pWosN was obtained as nearly a single
shows that CgMosN on the support has an oval-shaped Phase. Such a process has also been observed in the
morphology with a particle size in the range of-240 nm. formation of CgMosN. As shown in Figure 8, the precursor
Figure 6B shows an HRTEM micrograph of a 4MosN phase transformed into a mixture of Co metaMozN, and
particle on the MCM41 support having dimensions of26 ~ an unidentified phase when the sample was heated to 673
30 nm. This image, as well as others, yiettspacing values K. Then CaMosN, Co metal, ang’-Mo:N phases appeared
of 0.39 and 0.63 nm for thg220 and{111} crystallographic at 923 K. When the sample was treated at 923 K for 1 h,
planes of CgMosN, respectively, which are in good agree- C0sMosN was formed as the main phase. After holding at
ment with the calculated values. The EDX results for the 923 K for 4 h, the intensity of the Co angtMo;N peaks
particles are shown in Figure 6C and give a Co/Mo mole clearly decreased, and @dos;N was obtained as nearly a
ratio of 1.04, which is approximately consistent with the single phase, except for minor Co apeMoN.
theoretical value. The chemical compositions of the supported From these experiments, it can be noted first that the
CosMosN are given in Table 1. The Co/Mo atom mole ratio, minimum temperature at which the bimetallic nitride appears
the nitrogen content, and the elemental composition areas the majority phase is 923 K for both,NiosN and Ceg-

Figure 5. SEM image of the bulk GsosN.

approximately consistent with the calculated values. MosN. To our knowledge, this temperature is the lowest
The BET surface areas of both bulk and MCM41- observed for the preparation of bimetallic nitride up to now.
supported CgMosN are listed in Table 1. The bulk @dosN Furthermore, it can be concluded that an elevated temperature

has a BET surface area of 23.9 grt, which is obviously (=923 K) is a necessary condition for the formation of-Ni
larger than that of NMosN stated previously and the value MosN and C@MosN. In this respect, other evidence can be
of 11 n? g reported by Jacobserfor bulk Co;MosN found in the literature. Alconchel et ¥l.showed that a

Figure 6. As-prepared CgMosN/MCM41 material. (A) TEM micrograph, (B) HRTEM micrograph of a 4MosN particle, and (C) EDX result for the
particle.
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on remaining at 923 K. Such a procedure is very similar to
the formation process of bimetallic molybdenum nitride by
ammonolysis described by others. Kojima et’atharacter-
ized the intermediates during the nitridation of CoMoO
923K 4h precursor under Niflow and found that the oxide precursor
. ‘l LA first transformed into Co ang-Mo,N and then that Co and
' y-Mo:N formed CaMosN on remaining at 973 K for 6 h.
Jacobsenprepared CgéMosN by ammonolysis of an N
(CoOHMOQy), precursor and observed that the precursor
923K 0.5h initially transformed into Co and M and finally that Ce-
T LJ MosN was formed from Co and Mbl. All the results proved
. that for both this new method and the traditional ammonoly-
. sis method, the formation of the bimetallic molybdenum
923K . » nitride follows a general procedure: first metals and;Mo
AP NN then bimetallic nitrides. The difference is that in the
¢ . ammonolysis method, the Ni metal is reduced bys;N&hd
“ y-Mo,N is formed by ammonolysis of molybdate oxide,
whereas in this new method, the Ni metal is reduced by
773K HMT, and y-Mo,N is formed by decomposition of the
molybdate HMT complex. That is, the HMT is used as a
T T J y T reducing agent and nitrogen source instead of.N\tktals,
20 30 40 50 60 70 80 . . e
26 (Degrees) the reducing agent, and the nitrogen source are all initially
Figure 7. XRD patterns of the precursor for bulk MosN treated at contained in the precursor, thus allowing us to obtain nitrides
different temperatures. Peaks marked with triangles, circles, and squareshy a one-step synthesis. It is notable that ammonolysis is
represent Niy-MozN, and NeMosN, respectively. not a prerequisite and that the bimetallic molybdenum nitride
is facile under mild conditions. Such a simple and straight-
forward synthesis route is expected to be a general method
for preparing the bulk and supported bimetallic molybdenum
nitrides.

923K 4h
o A Conclusion
—'\—*JJJJ

-
|

873K

|

A mixed-salt precursor containing Mo HMT complex, Ni
(Co) nitrate, and HMT was directly converted to bimetallic
nitride under a flow of argon at 923 K. Both MosN and
923K 1h . oo
A n CosMosN were successfully prepared. The investigation of
LS A the formation process showed that the bimetallic nitride phase
was formed via metal (Ni or Co) andMo,N. Furthermore,

s se t e .. MCM41-supported bimetallic nitride has also been success-
A P N fully prepared by this simple method. The supported nitride
873K . materials have a high surface area and good dispersion of

WM " the nitride phase. The results suggest that these syntheses
T e provide a potential route for the preparation of a wide range
20 30 40 50 60 70 80

26 (Degrees)

of bimetallic molybdenum nitrides.

Figure 8. XRD patterns of the precursor for bulk €dosN treated at
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Investigation of the synthesis process clearly shows that cmM047735D
Ni (Co) andy-Mo2N are formed first and that they are then
mixed on the atomic level to form the bimetallic nitride phase (27) Kojima, R.; Aika, K.Appl. Catal. A2001, 219, 157.




