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Abstract—Ni promoted MoO, nanoparticles were synthesized by combining spray pyrolysis and solvothermal crack-
ing process. First, polycrystalline MoO, microparticles were prepared by spray pyrolysis at 600 °C. Then nano-sized Ni-
MoO, particles were formed by solvothermal cracking process after adding Ni precursor, which disassembled polycrys-
talline MoO; microparticles into crystalline grains by thermal expansion and shattered them into Ni-MoO, nanoparti-
cles by the subsequent solvothermal polyol reduction process. TPR profiles of Ni-MoO, nanoparticles presented the
decrease of reducibility of MoO, with addition of Ni promoter. Catalytic partial oxidation of n-dodecane was con-
ducted at various temperatures from 450 °C to 850 °C using Ni-MoO, nanoparticles and pure MoO, nanoparticles. H,
yield of all the Ni-MoO, nanoparticles was higher than that of pure MoO, nanoparticles at 850 °C. Specially, 7 and
10 mol% Ni-MoO, nanoparticles showed desirable catalytic performance of ca. 60% of H, yield. This is mainly
attributed to the existence of polymolybdate with addition of Ni and Ni** species partly located in the polymolybdate

layer without formation of bulk Ni phase.
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INTRODUCTION

Molybdenum dioxide (MoO,) has received great attention for
its unusual metallic electrical conductivity related to mixed inter-
atomic bonds and higher density states at the Fermi level [1].
These free electrons can enhance the catalytic activity of Mo** in
MoOQ,, contrasting the Mo™® of MoO;, where the valence electrons
of the metal are bound to adjacent oxygen atoms [2]. Many research-
ers have thus studied MoO, as fuel reforming catalyst [1-3], alter-
native anode material for solid oxide fuel cells [4,5], and anode
material for secondary lithium ion batteries [6,7]. Interestingly,
MoO, has been studied as a hydrocarbon reforming catalyst such
as jet-A fuel [1,3]. Unlike conventional Ni-based catalysts and com-
mercial MoO, with low surface-area which was quickly deactivated
by coking, MoO, nanoparticles showed a remarkably high fuel con-
version and a desirable hydrogen vield with exceptional coking resis-
tance [1,3,8].

Generally, MoO, has been prepared by reduction of MoO; using
reducing gas at around 500 °C [9,10]. The reduction of MoO; to
MoO, by reducing gas is relatively simple and commercially feasi-
ble, but this method has the disadvantage that the product particles
are agglomerated easily. Moreover, MoO, with various structures
was synthesized using high temperature deposition, electrochemi-
cal deposition, carbon nanotube template synthesis, and hydro-
thermal synthesis [11-13]. However, the product particle was still
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formed with relatively low surface area. Therefore, many research-
ers have used hydrothermal or solvothermal methods to directly
produce MoO, with high specific surface area [1,9,14].

Recently, our research group developed the scalable synthesis
method of MoO, nanoparticles through new solvothermal cracking
process using the ultrasonic spray pyrolysis to produce polycrystal-
line MoO; microparticles and solvothermal reduction method to
convert MoO; microparticles to pure MoO, nanoparticles [15].
Ni-promoted MoO, nanoparticles were prepared by the solvother-
mal cracking process to improve catalytic performance of MoO,
nanoparticles [16]. The Ni-MoO, nanoparticles with various Ni
concentrations were used as catalysts for partial oxidation of n-
dodecane to investigate the effect of Ni promoting on the catalytic
performance of MoO, nanoparticles.

EXPERIMENTAL

1. Synthesis of Ni/MoO, Nanoparticles

Initially, MoO; microparticles were prepared by ultrasonic spray
pyrolysis as described elsewhere [17]. The precursor solution was
prepared by adding 21.5 g of ammonium molybdate tetrahydrate
((NH,)6Mo0,0,,-4H,0, 81-83%, Aldrich) in 200 ml of deionized
water and then nebulized by a 1.7 MHz ultrasonic spray generator
with six vibrators. The produced droplets were transferred into a
quartz reactor heated to 600 °C. The residence time in the reactor
was maintained at 2 seconds and the product particles were col-
lected by a thimble filter.

Ni-MoO, nanoparticles were prepared by modified solvother-
mal cracking of MoO; microparticles synthesized via spray pyroly-
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Fig. 1. Reactor apparatus for catalytic partial oxidation of n-dodecane.

sis. 1.2 g of as-synthesized MoO; microparticles were added in the
solvent mixture of water and ethylene glycol (EG) with various
volume ratios of 1:3, 1:1, and 3:3. Then nickel nitrate hexahy-
drate (Ni(NO),-6H,O, 297%, Aldrich) as nickel precursor was
added into the MoO; suspension. After the mixed suspension was
charged into the Teflon-lined autoclave, a solvothermal reaction
was conducted at 210 °C for 12 h. After the solvothermal reaction,
the product particles were obtained by centrifugation for 30 min
and then washed in methanol three times. The final products were
obtained after drying at 70 °C overnight. To investigate the effect
of Ni concentration, various Ni/Mo molar ratios (3 mol%, 5 mol%,
7 mol%, and 10 mol%) were used for Ni-MoO, nanoparticles.

2. Characterizations

The crystal structure of Ni-MoO, nanoparticles was determined
by using X-ray diffraction (XRD) using a Rigaku MAC-18XHF
X-ray diffractometer equipped with a CuKe radiation source (1=
1.54 A) and measured at 26 ranging from 20 to 80°. The morphol-
ogy of Ni-MoO, nanoparticles and the distribution of the pro-
moter (Ni) were investigated using field-emission scanning electron
microscope (FE-SEM; Leo-Supra 55, Carl Zeiss STM, Germany).
The interaction between Ni and MoO, was analyzed by high-reso-
lution Raman spectroscopy (Renishaw inVia, UK).

Pure MoO, and Ni-MoO, particles were characterized by tem-
perature-programmed reduction of hydrogen (H,-TPR). For TPR
analysis, the samples were reduced in H, environment at atmo-
spheric pressure. During TPR process, the temperature of reactor was
continuously heated to 850 °C with a heating rate of 2 °C/min. The
H, consumption was measured by gas chromatography (6500GC
System, Young Lin Instrument, Korea) with thermal conductivity
detector (GC-TCD).
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3. Catalytic Partial Oxidation of n-Dodecane

Ni-MoO, nanoparticles were used as catalysts for the partial oxi-
dation of n-dodecane (C,,H,), an alternative to diesel fuel. Reac-
tion gas consisting of 20.5% oxygen and 79.5% argon was introduced
into the preheater at 300 °C and mixed with the fuel at a flow rate
of 0.5 ml/h. The oxygen to carbon (O,/C) ratio during the test was
maintained at 0.7 to maintain the molybdenum dioxide bulk phase.
Space velocity (WHSV) was fixed at 5h™". The catalysts were placed
in a quartz reactor, sandwiched between two layers of quartz wool
to maintain the bed position and prevent the catalysts from flow-
ing out of the reactor with the gaseous products. Reactant gas mix-
ture with n-dodecane was heated in the pre-heater before being
introduced into the reactor. Flow rates of gas and liquid in the feed
were controlled by a mass flow controller and syringe pump, re-
spectively. After reaction, the products were analyzed by gas chro-
matography (GC-17A, Shimadzu, Japan) with a thermal conductiv-
ity detector. The detailed procedure can be found elsewhere [17].
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Fig. 2. XRD patterns of (a) 5 mol% of Ni/MoO, prepared in the var-
ious solvent compositions (H,0: EG=1:3,1:1, 3:1), and (b)
3, 5, 7, 10mol% Ni/MoO, prepared in the solvent composi-
tion of H,0: EG=3:1.
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RESULTS AND DISCUSSION

1. Physicochemical Properties of Ni-MoO, Nanoparticles

MoO, nanoparticles containing various Ni concentrations were
synthesized by solvothermal cracking method using MoO; micro-
particles prepared by spray pyrolysis. First, to determine the opti-
mum volume ratio of water to EG for solvent, one of the most
crucial synthesis conditions in the solvothermal cracking process,
5 mol% Ni-MoO, particles were synthesized in the various solvent
mixture having the volume ratio of water to EG of 1:3, 1: 1, and
3:1, under the identical solvothermal conditions (temperature:
210°C, reaction time: 12 h). Fig. 2(a) shows XRD patterns of the
product Ni-MoO, particles synthesized under various solvent com-
positions. The phase structures of the product particles were affected
by the solvent compositions. When the ratio of water to EG was
1:3, Mo,Oy, phase (JCPDS: 05-0337) was formed obviously. Mo,0O,
phase is the intermediate phase for the reduction of MoO; into
MoO, phase [15]. When the ratio of water to EG was 1: 1, the crys-
tal structure of product particle was transformed to pure MoO,
phase (JCPDS: 32-0671). With further increasing water concentra-
tion to the ratio of water to EG=3: 1, the crystallinity of MoO, phase
increased without showing any detectable Ni species. As higher
crystallinity is more preferable for catalytic activity, the ratio of
water to EG was determined as 3 : 1 for further study.

Ni-MoO, nanoparticles with various Ni loading, 3, 5, 7 and 10
mol% were prepared under the identical conditions to investigate
the effect of Ni content on their properties as catalysts for partial
oxidation of n-dodecane. XRD patterns of the samples are shown
in Fig. 2(b). All the particles except the sample with 10 mol% of Ni
showed a comparable MoO, structure regardless of Ni concentra-
tion. 10 mol% Ni-MoO, showed a new small peak at 30.45°, which
is mainly attributed to the appearance of NiMoO, phase [18]. The
crystallite size of the samples was calculated by Scherrer equation

Table 1. Crystallite size of MoO, and Ni-MoO, nanoparticles by

Scherrer equation
Molar ratio of Ni/Mo 0 0.03 005 007 010
D (nm) 232 362 358 197 209

and presented in Table 1. The crystallite sizes of 3 and 5 mol% Ni-
MoO, nanoparticles were 36.2 nm and 35.8 nm, respectively, which
were larger than that of MoO, (23.2 nm). This indicates that Ni pro-
moter created nucleating centers that affect the growth of MoO,
crystals [19]. For 7 and 10 mol% Ni-MoO, nanoparticles, however,
the crystallite sizes decreased to 19.7nm and 20.9 nm, respec-
tively, which were smaller than that of pure MoO,. It might be due
to the fact that higher concentration of Ni promoters created a
large number of nucleating centers that reached saturation state
and these Ni promoters in lattice of MoO, induced more distorted
structures [19].

Morphology of Ni-MoO, nanoparticles was characterized using
FE-SEM images as shown in Fig. 3. The 3 and 5mol% Ni-MoO,
showed a structure of aggregates, while the 7 and 10 mol% Ni-MoO,
showed much smaller particles with very few aggregates. During
the solvothermal cracking process, the mixture containing MoO;
microparticles and Ni precursor was heated above the boiling point
of the solvent mixture, which disassembled the polycrystalline
MoO; particles to crystal grains along the grain boundary by ther-
mal expansion [15]. These degraded crystal grains were further
crushed to the nanoparticles by solvothermal cracking when MoO;
was reduced to MoO, phase by EG. This crushing phenomenon is
attributed to the crystal size difference between the MoO; phase
and the MoO, phase [15]. Note that 7 mol% Ni-MoO, showed less
aggregation than the other samples. The dispersion of Ni over MoO,
was characterized by EDX dot mappings as illustrated in Fig. 4.
The dot mapping images of Ni indicated that Ni promoters were

Fig. 3. FE-SEM images of Ni-MoO, nanoparticles with various Ni concentration: (a) 3 mol%, (b) 5 mol%, (c) 7 mol%, and (d) 10 mol%.
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Fig. 4. Secondary electron image (a) and EDX dot mappings of Mo (b), Ni (c) and O (d) for 7 mol% Ni-MoO, nanoparticles.

well dispersed in the MoO, crystals.

H,-TPR patterns of the samples were obtained to evaluate reduc-
tion behavior of Ni-MoO, nanoparticles and to study the interac-
tion between Ni and MoO, as shown in Fig. 5. TPR profiles of
pure MoO, indicated two major peaks at 330 °C and 810 °C, re-
spectively. However, TPR profiles of all Ni-MoO, nanoparticles
exhibited small peaks around 250-270 °C and large peaks around
770-810 °C. Both peaks in the low and high temperature regions
of all the catalysts can be attributed to the reduction of the inter-
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Fig. 5. H,-TPR profiles of Ni-MoO, nanoparticles under 5 vol% H,/
Ar.
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mediate molybdenum phase on the MoO, phase and the respec-
tive MoQO, reduction to the Mo metal [20-22]. The addition of Ni
promoter caused the shifting of reduction temperature to a lower
temperature [21,23].
2. Catalytic Performance of Ni-MoQ, Nanoparticles

Catalytic performance of Ni-MoO, nanoparticles with various
Ni concentrations was investigated with partial oxidation of n-
dodecane between 450 °C and 850 °C. Weight-hourly-space-veloc-
ity (WHSV) and the volume ratio of O, to carbon were fixed at
5hr' and 0.7, respectively. O,/C ratio of 0.7 was selected because
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Fig. 6. Catalytic activity of Ni-MoO, nanoparticles toward partial
oxidation of n-dodecane: H, yield.
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MoO, phase was hardly transformed to Mo,C phase during reac-
tion [24]. The effect of reaction temperature on catalytic perfor-
mance of Ni-MoO, nanoparticles with various Ni concentration is
shown in Fig. 6. At reaction temperatures below 650 °C, all the
catalysts showed negligible catalytic activities. However, at 650 °C,
both 7 and 10 mol% Ni-MoO, particles started to show catalytic
activities. When the reaction temperature increased above 650 °C,
all the catalysts showed rapidly increased H, yields. At 850 °C, H,
yield of pure MoO, was 42.27%. With increasing Ni concentra-
tion, H, yields increased to 42.33%, 47.70%, 56.68%, and 57.13%,
respectively, for 3, 5, 7, and 10 mol% Ni-MoO,. This result is at-
tributed to the low reduction temperature of the Ni-MoO, nanopar-
ticles as described in the TPR profile. Moreover, the light-off tem-
perature of 7 and 10 mol% Ni-MoO, shifted to a lower value at
650 °C. This indicates that the redox cycle of MoO, based on the
Martian-van Krevelen reaction mechanism is enhanced by the Ni
promoter [1].

HR-Raman analysis was measured to identify the interaction
between Ni and MoO, as illustrated in Fig. 7. All the samples
showed one broad peak at 661-666 cm ™' and two sharp peaks at
819 cm ™" and 992-995 cm™! that were related with MoO,. In detail,
661 or 666cm™, 819 cm™ and 992 cm™' were related with O-Mo-O
stretch (v,,), Mo=0 stretch (v,), and Mo=0 (v,,) stretch, respec-
tively [25]. Unlike the spectra of pure MoO, nanoparticles, the
spectra of Ni-MoO, nanoparticles possessed small peaks at 949
cm ' and 892 cm . These peaks at 949 cm ™' and 892 cm ™" were
stronger with increasing Ni loading, The peak at 949 cm™" rep-
resents polymolybdate formed due to the addition of Ni** species.
Dufresne et al. reported that Ni** species were partly located in the
polymolybdate layer without formation of bulk NiMoO, phase
[26]. Weak peaks of 5 to 10 mol% Ni-MoO, at 892 cm™" were identi-
fied as NiMoO, phase. Therefore, a small amount of Ni impreg-
nated in MoO, induced polymolybdate phase and further increasing
of Ni loading strengthened the interaction between MoO, and Nj,
resulting in formation of NiMoO, phase eventually [26,27]. From
these results, it is obvious that Ni is well distributed over MoO,
without formation of any bulk Ni phase. These Ni** species or
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Fig. 7. HR-Raman spectra of pure MoO, and 3, 5, 7, 10 mol% Ni-
MoO, nanoparticles.

NiMoO, phase played a significant role on improving their cata-
lytic activity.

CONCLUSION

Ni-MoO, nanoparticles were successfully synthesized by solvo-
thermal cracking process combined with the ultrasonic spray pyrol-
ysis. During the solvothermal cracking process, the polycrystalline
MoO; microparticles prepared by spray pyrolysis were first disas-
sembled into submicron particles, followed by the subsequent sol-
vothermal polyol reduction into MoO, nanoparticles. The sol-
vothermal cracking was mainly influenced by the ratio of water to
EG in solvent to produce only pure MoO, phase. Most of 3 and
5mol% Ni-MoO, nanoparticles were a structure of aggregates,
while 7 and 10 mol% Ni-MoO, nanoparticles maintained smaller
particles with few aggregates. These Ni-MoO, particles were used
as the reforming catalysts for the partial oxidation of n-dodecane.
Catalytic performance of Ni-MoO, particles outperformed that of
pure MoO, regardless of Ni loading amount. Among the investi-
gated Ni-MoO, particles, 7 and 10 mol% Ni-MoO, showed enhanced
catalytic performances due to the existence of Ni** species or NiMoO,
phase instead of bulky Ni phase.
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