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A practical two-stage reactive grinding-assisted pathway waste-free and cost-effective for the synthesis
of NiMoO,4 has been successfully developed. It was demonstrated that proper design in synthetic
strategy for grinding plays a crucial role in determining the ultimate polymorph of NiMoOQ,. Specifically,
direct grinding (DG) of MoO3 and NiO rendered a-NiMoO, after annealing, whereas sequential grinding
(SG) of the two independently pre-ground oxides followed by annealing generated B-NiMoO,4 solid
solution. Characterizations in terms of Raman and X-ray diffraction suggest the creation of f-NiMoO,
precursor in the latter alternative is the key aspect for the formation of B-NiMoO4. The DG-derived
o-NiMoO, tested by oxidative dehydrogenation of propane exhibited superior activity in contrast to its
analog synthesized via conventional coprecipitation. It is suggested that the favorable chemical
composition facilely obtained via grinding in contrast to that by coprecipitation was essential for
achieving a more selective production of propylene.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Catalysts based on nickel molybdates have been employed in a
wide variety of industrial processes, such as hydrodesulfurization,
hydrodenitrogenation, water-gas shift reaction, steam reforming,
and other industrially important hydrogenation and hydrotreat-
ing reactions [1]. In the last few decades, it has been also well
established that NiMoO,4-containing materials are promising candi-
dates for the selective oxidation dehydrogenation (ODH) of light
alkanes [2-6]. In this field, tremendous efforts have been dedicated
to further promote the ODH performance of Ni-Mo-O materials,
consequently parameters including preparation techniques [7],
support effect [3], and additives [8,9] have been extensively studied.
With respect to the preparation of NiMoO,, synthetic approaches
including coprecipitation [10], sol-gel [11], reactive sputtering [12],
combustion synthesis [13], etc. have been reported, among which
coprecipitation is to date the most prevailing in synthesis of
NiMoOy, as catalyst [1]. However, lack of reproducibility in chemical
composition as well as catalytic results presents as the most
unsatisfactory aspect for coprecipitation. Hence, rigorous control
of a set of parameters (ratio Ni:Mo/pH/temperature/concentration)
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during the whole procedure is often implemented to ensure the
expected chemical composition [10]. Such operations, strict and
tedious as they are, significantly complicate the synthetic process.
Moreover, the wet synthesis adds to environmental pressure by
producing tremendous wastes. In this context, development of new
practical, efficient, and environmentally friendly methods for the
preparation of the multicomponent NiMoQOy4-based catalyst system
is highly desired.

Reactive grinding based on mechanochemical activation has
long been known as an approach successfully applied in the
synthesis of various metal alloys and nanostructured metal-oxide
phases [14-20]. This method was also applied to the alloying of
such brittle materials as Si and Ge [21], to the synthesis of
composite materials incorporating preformed oxide or carbide
particles into a metallic matrix [18] or to the nitrogenation of iron
or steel under nitrogen or ammonia [22]. The highly nonequili-
bratory nature of the grinding process may provide a unique
opportunity to prepare catalytic materials with improved and/or
novel physical and chemical properties [23-25]. Another attrac-
tive aspect of grinding is its extreme simplicity and absence of
residues. Typically, the solid-state reaction includes two major
steps: (i) mixing and milling of the two oxides; and (ii) calcination
which results in further chemical interaction [26]. In contrast to
coprecipitation, solid state reaction in preparing NiMoO4 may
significantly lower the demand for strict control of a series
of experimental parameters. In view of the above-mentioned
unique properties, reactive grinding may be of high potential in
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practically fabricating and modifying nickel molybdate materials
starting from corresponding simple oxides in order to achieve
high and reproducible ODH performance.

In an earlier study, Mamoru et al. have synthesized NiMoO4
efficiently through grinding-assisted solid state reaction starting
from NiO and MoOs, and have analyzed the formation rate of
NiMoOy, either in a separate or in mixed grinding [27]. However,
study in the impact of grinding strategy on crystalline structure
and catalytic activity of NiMoO4 has not been performed. In the
present study, we also employ the method of waste-free and cost-
effective grinding activation in the preparation of nickel molyb-
dates catalysts from NiO and MoOs. Two different strategies in
grinding, namely direct grinding and sequential grinding, have
been proposed and adopted in the manufacture of nickel molyb-
date with o~ and B-crystalline forms, respectively. Probe reaction
by ODH of propane has been employed to determine the catalytic
activity of the grinding-derived NiMoO4, and further compare
with that of its analog synthesized via traditional coprecipitation.
The Ni-Mo-0 samples submitted to thermal processing at various
temperatures as well as their as-ground precursors were char-
acterized by X-ray diffraction (XRD), Raman, X-ray photoelectron
spectroscopy (XPS) and BET techniques, and these results were
carefully analyzed to account for the ODH performance and the
mechanism with respect to the formation of different NiMoO4
polymorphs.

2. Experimental
2.1. Catalyst preparation

Two different grinding strategies including direct and sequen-
tial activation of equimolar mixture of NiO (Aldrich, 99%) and
MoOs3 (Aldrich, 99%) during the grinding procedure were employed
for the preparation of nanocrystalline NiMoO4. The milling was
performed in a high energy planetary ball mill (model QM-1SP04),
using a rotational speed of 300 rpm at a constant rotation direction
and a ball to powder weight ratio of 20:1. Both the vial (50 mL) and
the balls (4-6 mm) were made of stainless steel. Direct grinding
(DG) refers to grinding of crude NiO and MoOs together for 4 h, and
sequential grinding (SG) refers to pre-grinding for 2 h of the two
oxides separately followed by mixing and further grinding for
another 2 h. The precursors resulting from the direct or sequential
grinding were then subjected to annealing at elevated tempera-
tures (400 and 600 °C) for 4 h in air, and were denoted as DG-T or
SG-T (T represents the calcination temperature), respectively. For
comparison, a reference sample (CP-600) was prepared by a
conventional coprecipitation method [10]. In brief, nickel nitrate
solution (0.25 M) was added to an equimolar 0.25 M molybdic acid
solution at 85°C, and then the pH was adjusted to 5.25 by
dropwise addition of ammonia. The precipitate obtained was hot-
filtered and dried at 120 °C for 15 h, followed by calcination at
600 °C for 4 h.

2.2. Catalyst characterization

XRD were collected using a Germany Bruker D8Advance X-ray
diffractometer equipped with a graphite monochromator, operat-
ing at 40kV and 40 mA and employing nickel-filtered Cu-Ko
radiation (1=1.5406 A). Laser Raman spectra were obtained using
a confocal microprobe Jobin Yvon Lab Ram Infinity Raman. The
visible Raman measurements were carried out using internal Ar*
excitation at 514.5 nm with a power of approximately10 mW. The
BET specific surface areas were measured on a Micromeritics
TriStar 3000 apparatus. XPS spectra were recorded with a Perkin-
Elmer PHI 5000C system equipped with an hemispherical electron

energy analyzer. The spectrometer was operated at 15 kV and
20 mA, and a magnesium anode (Mg Ko, hv=1253.6 eV) was
used. The background pressure during data acquisition was
maintained at < 2.0 x 10~> Pa. The C 1s line (284.5 eV) was used
as the reference to calibrate the binding energies (B.E.). Transmis-
sion electron microscopy (TEM) images were recorded digitally
on a JEOL 2011 electron microscope operating at 200 kV.

2.3. Reaction tests

The catalysts were tested in a fixed-bed, quartz tubular stem-
flow reactor (i.d. 4 mm, length 400 mm) operated at atmospheric
pressure. The reactor was equipped with a coaxial thermocouple
for catalytic bed temperature monitoring. 100 mg catalyst sample
(60-80 mesh) was introduced into the reactor and diluted with
150 mg quartz powder (40-60 mesh) to keep a constant volume
in the catalyst bed. Prior to reaction the catalyst was pretreated
with oxygen under the flow rate of 5 ml/min at 600 °C for 1 h,
then heated to 700 °C for 15 min and subsequently cooled down
to the reaction temperature. The reaction feed mixture was
composed of propane/oxygen/nitrogen at a molar ratio of 1:1:8.
The feed and the reaction products were analyzed on-line by
online gas chromatograph (Type GC-122, Shanghai). Permanent
gases (N, CO, CO,) were separated using a TDX-01 column
connected to a TCD detector and other reaction products were
analyzed employing a Porapak Q column connected to a FID
detector. Blank runs show that under the experimental conditions
used in this work the homogeneous reaction could be neglected.

3. Results and discussion

The structural evolutions for the two series of ground samples
as a function of calcination temperature ranging from 400 °C to
600 °C have been followed by XRD, and the results are shown in
Fig. 1. With respect to the as-ground samples, the diffraction lines
broad and weak assignable to both NiO and MoOs were observed
(Fig. 1a). Since fresh NiO and MoOs are with very strong diffraction
signals (not shown), it is clear that grinding (either DG or SG) plays
a major role in decreasing the crystallinity of both oxides. After
calcination at 400 °C (Fig. 1b), the DG-400 sample still shows
signals ascribed exclusively to NiO and MoOs, and with apparently
stronger intensities. On the other hand, SG-400 exhibits a series of
new characteristic peaks (20=26.7°, 28.7°, 33.4°, etc.) in addition
to those of simple oxides. These new peaks are assigned to a
B-NiMoOgy-like phase. Similar observation of p-NiMoO, was
reported by Moreno et al. by combustion-synthesis of Ni-Mo-0
material, as exists either in the as-prepared stage or after calcina-
tion at 350 °C in air [13]. It should be ponited out that pure
B-NiMoO, is a metastable phase, which exists in-situ at high
temperature, and transition from polymorph o to B usually
completes at above 700 °C. Reversely, cooling to below 200 °C
allows conversion from B- back to «-NiMoO, [28]. However, a
specific type of solid solution of B-NiMoO, with small fraction of
NiO, which closely resembles -NiMoOy, in structure, is reported to
be stable at ambient condition. Note that the 20 value of the
strongest diffraction line (220) for SG-400 is 26.7° (Fig. 1), slightly
higher than that for normal B-NiMoO4 (26.4°), yet fits well with
that of B-NiMoO, in the solid solution form [1]. In other words,
sample SG-400 actually comprises B-NiMoO4 solid solution
together with simple oxides of NiO and MoOs.

Calcination at 600 °C rendered prominent modifications in
phase composition: no information regarding simple oxides was
observed for both DG-600 and SG-600, and the well-defined
diffraction peaks (20 at 14.3°, 25.3°, 28.8°, 32.6°, 43.9°, 47.4°, etc.)
were identified for DG-600. These new diffraction peaks are
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Fig. 1. XRD profiles for the as-ground Ni-Mo-0O samples and those calcined at different temperatures: (a) as ground, (b) 400 °C, and (c) 600 °C. (M) a-NiMoO4;

(0O) B-NiMoOy; (¥) MoOs; and ( V') NiO.

attributable to «-NiMoO, [29], suggesting 600 °C is a temperature
permitting solid state reaction of simple oxides that generate
o-NiMoO,. This fact is in line with the result by Neiman et al. on
simple solid state synthesis of o-NiMoO,4 [30], and the solid state
preparation based on grinding in this work offers a even higher
conversion of NiO and MoOs. As for the SG-600 sample, signals
assigned exclusively to B-NiMoO, (in a solid solution form)
crystalline structures were observed, suggesting approximately
full transformtion of NiO and MoOs to B-NiMoO, solid solution
occurred after annealing up to 600 °C. B-NiMoO,4 supported on TiO,
previously has also been obtained via impregnation and copreci-
pitation method after calcination at 550 °C by Zavoianu et al. [29].
Nevertheless, rather than the approximately exclusive formation of
o~ or B-NiMoO,4 for DG-600 and SG-600, respectively, coexistence
of a- and B-NiMoO,4 was present in these impregnation/coprecipi-
tation-derived samples. In this work, through comparison of the
results of DG-600 and SG-600, it is clear that the employment of
strategy for grinding is crucial that determines the specific ploly-
morph of NiMoOy, after calcination at 600 °C.

To gain insight into the mechanisic interpretation for the
development of nickle molydate, Raman was employed to inves-
tigate the structural information with respect to the as-ground
precursor for DG and SG, as well as those calcined at 400 °C and
600 °C, respectively. As shown in Fig. 2, for all samples signals
assigned to NiO were not identified, owing to the inherent nature
that even if well-crystallized NiO provides ill-defined Raman
spectrum [31]. On the other hand, bands centering at 991, 818,
662, 374, 332, and 281 cm~! were detected for all the as-ground
precusors, and were attributable to viberation modes of MoOs [32].
Prolonged grinding time allowed weaker signals of MoOs for DG
(Fig. 2a), in agreement with the decreased crystallinity through
grinding as revealed by XRD. Through comparison of the precusors
of DG and SG, it is interesting to note that an additional band
locating at 948 cm~! is observed for SG rather than for DG
(designated by dash line in Fig. 2b). After calcination at 400 °C,
bands for MoOs; were with stronger intensities, and the band at
948 cm~! still existed for SG-400 (Fig. 2c). After calcination at

600 °C, two series of bands located at 957, 909, 702 cm~! and
948, 901, 697 cm ™', assignable to o- and p-NiMoOy, [31,33], were
observed for DG-600 and SG-600, respecively (Fig. 2d). Coincident
with the strongest band for SG-600, the band at 948 cm~' for
SG-400 and the SG precursor should possibly be assigned to
B-NiMoO,. This implies “B-NiMoO4” (probably in a solid solution
form) readily exists in the precursors for SG instead of DG. This
type of B-NiMoO, may be of small grain size, for it cannot be
detected by XRD. In a study by Moreno et al. on combustion
synthesis of B-NiMoO,, similar “B-NiMoO,” species (probably
with larger particle size, as detected by XRD) was present in
the as-prepared sample before calcination [13]. Attempt was
further made to observe this type of B-NiMoO, over the
as-ground SG sample via TEM. Unfortunately, the B-NiMoO,4
cannot be identified due to the extremely poor contrast between
the amorphous species which had been heavily ground (not
shown).

On considering the crystalline structures of NiO and MoOs, it is
known that well-crystallized and amorphous MoO3 comprise six-
coordinated MoOg octahedra and four-coordinated MoO, tetra-
hedra, respectively [34], while NiOg octahedra presents as the
exclusive crystalline unit for NiO in both cases (Scheme 1) [35]. As
for the structure of o~ and B-NiMoO,, a-NiMoO,4 is composed of
infinite chains of edge-sharing NiOg and MoOg octahedra, while
B-NiMoO, comprises alternatively connected NiOg octahedra and
MoO, tetrahedra [36]. During grinding, according to Trovarelli
et al., the ball-powder-ball collisions permit the continuous
breaking and formation of chemical bonds, and local temperature
of the being milled powders rises and local surface melts [20].
Hence, new species is likely formed via high-energy collisions
between Ni-O and Mo-0 polyhedrons as well as local heating on
the contacts during reactive grinding. One should keep in mind
that amorphous as well as defect-rich NiO (comprises NiOg
octahedra) and MoOs (comprises MoO, tetrahedra) thrive during
grinding, in view of their sharply decreased crystallinity as
evidenced by XRD. This result, together with their crystalline
structures, suggest that it may be the Ni-O-Mo bond formation
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between NiOg octahedra and MoO, tetrahedra in solid state
reaction that generated “B-NiMoO,” (illustrated in Scheme 1).

It has been well established that molybdenum oxide exhibits a
layered structure, which indicates the existence of weak interlayer
and strong intralayer bonding that allows MoOs; a high surface
mobility [34]. As a consequence, when dispersing along the product
surface (MoO3-MeO,; Me=Cd, Ni, Pb, etc.), MoOs always forms a
surface adsorption phase (Mo-0O-s) with the surface molar ratio
of Mo/Me >1 [30]. One can imagine an inhibition of the desired
Ni-O-Mo bond formation once far excessive MoO3; accumulates on
the external surface of the ground particles, since intimate contact
between different reactants on the particle’s superficial layers is a

prerequisite. XPS was performed to study the surface composition of
the as-ground Ni-Mo-0 precursors. Notice that the surface Mo/Ni
molar ratios for DG is 4.8 (Table 1), obviously far from stoichio-
metric. Namely, the external surface for the ground sample is
predominantly covered by MoOs, which may well account for the
scarce creaction of the 3-NiMoO,4 precursor during DG. With respect
to SG, on the other hand, NiOg octahedra and MoO, tetrahedra were
abundantly created via the separate-grinding procedure, free from
mutual covering. Subsequently, the together-grinding procedure
offers adequate opportunity for connection between NiOg octahedra
and MoO, tetrahedra, which consequently generates the unit for
B-NiMoO,. Since NiOg octahedra and MoO, tetrahedra are building
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Table 1
Physicochemical information for DG-600, SG-600 and CP-600.
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Catalyst Sger (m?/g) Mo/Ni® (+0.1) Mo/Ni® (+0.1) Lattice parameters
a(A)(+£0.01) b(A)(+001) c(A)(+001) F(deg) V(A% (+1)
DG-600 7.6 4.8 1.1 9.51 8.81 7.66 114 588
SG-600 11.6 2.8 1.1 10.1 9.12 6.99 106 621
CP-600 54.0 - 0.75 9.52 8.81 7.66 114 588
@ Surface Mo/Ni molar ratio for as-ground precursors calculated from XPS.
b Surface Mo/Ni molar ratio for annealed catalysts calculated from XPS.
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Fig. 3. Yield and area specific rate of propylene for DG-600, SG-600 and CP-600,
reaction temperature =600 °C, C3Hg/O2/N,=1:1:8, GHSV=11,900 h~ 1.

blocks for $-NiMoO,, SG not only fabricates them, but also allows
their effective assembly to the target product. This may explain why
“B-NiMo0O," is preferentially created during SG rather than DG.
Through further calcination, the thus-obtained -NiMoO,4 precursor
performs as the crystalline seed that induces generation of a higher
population of as well as better-crystallized B-NiMoO, (in a solid
solution form).

As far as application is concerned, it is important to test the
catalytic activity of the grinding-derived NiMoO, samples. Selective
ODH of propane to propylene has been employed as the probe
reaction, given its economic significance as to upgrading cheaper
paraffin feedstock into value-added olefin as the important industrial
raw materials [37,38]. The activity results of DG-600 and SG-600
were shown in Fig. 3, along with sample CP-600 used as a reference.
As should be pointed out, phase-pure $-NiMoO, is believed as the
more selective form of nickel molybdate for ODH [1]. In this sense,
the heat treatment up to 700 °C for 0.25 h prior to the reaction test is
commonly employed, which is aimed at in-situ transforming the
possible o-NiMoO,4 to B-NiMoO, [5,6]. Under this circumstance, at
600 °C and GHSV=11,900 h~', the yield of propylene is observed to
follow the sequence: DG-600 > CP-600 > SG-600 (Fig. 3). The lowest
activity for SG-600 is not surprising, since solid solutions of NiO and
-NiMoO, were reported to be with inferior ODH activity in contrast
to simple o- or B-NiMoO, [1]. On the other hand, DG-600, compared
favorably with CP-600 and SG-600, is with the maximum yield
of propylene (17.8%). If calculated in term of area specific rate
(mmol/h m?), activity of DG-600 appears to be an order of magnitude
higher than that for CP-600 (Fig. 3). Fig. 4 shows the selectivity to
propylene for DG-600, SG-600 and CP-600 as a function of propane
conversion at 600 °C. For all catalysts, selectivity to propylene
decreases with increasing the propane conversion over the range
of propane conversion investigated (c.a. 3-50%). For a given propane

C,H, conversion (%)

Fig. 4. Selectivity to C3Hg versus the conversion of CsHg for DG-600, SG-600 and
CP-600, reaction temperature=600 °C, C3Hg/O,/N,=1:1:8.
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conversion, DG-600 exhibits obviously higher selectivity to propy-
lene than the other two counterparts.

To account for the superior catalytic results achieved over the DG
sample, calculation on crystalline parameters for DG-600, CP-600
and SG-600 were carried out, since lattice defects have been
previously suggested as a plausible interpretation to higher activities
for CHCIF, dismutation over the ground o-AlF; [39]. However, with
respect to DG-600 and CP-600 (both with the a-polymorph), no
evident discrepancy in lattice parameters was shown (Table 1),
excluding lattice defects as the possible explanation. In addition to
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the above-mentioned consideration, excessive NiO on surface is
commonly believed to be detrimental for the ODH activity of nickel
molybdate, in view of its strong promotion to undesired over-
oxidation [1]. The NiMoO, synthesized via coprecipitation is often
inevitably contaminated by NiO, since formation of Ni(OH), deposi-
tion is available in a far wider pH as well as temperature range than
for NiMoO,4 [10]. The XPS analysis reveals approximately stoichio-
metric Mo/Ni ratio for DG-600 and SG-600, whereas slightly surplus
NiO for CP-600 (Table 1). Therefore, it should be the favorable
chemical composition facilely achieved on the DG-600 surface that
well accounted for its superior activity in contrast to that of CP-600.

In order to study the effect of reaction temperature on activity
for DG-600, the ODH was tested in the reaction temperature
range of 400-650 °C. The conversion of propane increased mono-
tonously from 4.5% to 28.3% as the temperature increased from
400 to 650 °C (Fig. 5). On the other hand, the consecutive over-
oxidation of hydrocarbons to carbon oxides is more severe at
higher temperature, as the selectivity to CO, amounts to 31.1% for
at 650 °C. Taking both the selectivity to propylene and conversion
of propane into account, 600 °C is the temperature of choice,
which provides a maximum yield of propylene at 17.8%. This
result is closely comparable with to date the highest ODH result
reported by Mazzocchia et al. (with yield of propylene at 18.1%)
over unsupported NiMoO,4 at 600 °C [40].

To gain further insights into the reproducibility of the active
catalytic results for the grinding-synthesized samples, the depen-
dences of propylene yield on grinding time and calcination time
for DG-600 were investigated, respectively. By varying the grind-
ing time from 0.5 to 8 h, followed by calcination at 600 °C for 4 h,
it is shown that high yield of propylene at c.a. 17% has always
been obtained with grinding for over 2 h (Fig. 6a). On the other
hand, with fixed grinding time at 4 h, calcination for over 1.5 h
ensures high production of propylene (Fig. 6b). The above results
clearly demonstrate the excellent repeatability for grinding in
achieving catalytic active NiMoO,. Therefore, all the above men-
tioned merits including simplicity in operation, flexibility in

tuning polymorph structure, high catalytic performance, and good
reproducibility, combined that allows grinding to be not only a
potentially practical route for the synthesis of nickel molybdates,
but also a promisingly extended alternative for manufactures of a
variety of other important multi-component systems.

4. Conclusions

In summary, we have shown that grinding-assisted activation
of equimolar NiO and MoOs followed by thermal processing
allows for the facilely waste-free fabrication of nanocrystalline
NiMoO, materials. To be versatile, select of properly designed
grinding strategies in terms of DG and SG led to formations of
NiMoO,4 with a- and - polymorphs, respectively. By adopting SG,
B-NiMoOy solid solution was obtained at below 700 °C, owing to
the achievement of B-NiMoO4 precursor via solid state reaction.
The DG preparation of a-NiMoO,4 sample, highly effective for the
ODH of propane, was shown to be with good reproducibility. The
superior performance for the grinding-derived a-NiMoO4 nano-
crystals, in contrast to its analog obtained by conventional
coprecipitation, has been attributed to the favorable creation of
o-NiMoO, that free from contamination of NiO. This new
approach may offer an attractive alternative for the convenient
synthesis of other important multicomponent catalyst systems
with controlled compositions and structures.
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