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The catalytically relevant Nb,Mo3014 phase has been prepared in bulk and silica-supported forms via the so-called
“multiple molecular precursors method” from water-soluble oxo-oxalato complexes of Nb and Mo, (NH4)s[NbO-
(0x)3]+H20, and (NH,),[MoOs(ox)]-H,0. Thermal treatment of the mixed Nb—Mo precursor has been optimized for
the formation of the pure Nb,Mo3;014 phase, either as bulk oxide or a silica-supported phase with high specific
surface area. A characterization of the bulk phase obtained via the conventional ceramic route has also been
carried out and a comparison has been made with the precursors route. According to this route, the Nb,M0o3014
phase is shown to be formed in a pure form at 700 °C (i.e., 100 °C below the lowest temperature reported so far
for the formation of the phase by the ceramic method). The supported samples have appreciable specific surface
areas of 60—70 m? g%, much larger than those reached in the previous attempts under vacuum in sealed vials.
The SEM and EDX analyses reveal a high dispersion of the desired phase on the silica support.

I. Introduction from multicomponent systems such asNb—Mo,>%12Nb—
. . - . V—Mo—Sh“and Nb~V)—Mo—Te” 81518 gre still under
In recent years, multimetallic Nb-containing oxides have . S
; . . ) horough investigation and huge efforts have been made to
generated considerable interest in many fields because of .~ : . .
optimize their formulations or preparation methods to

their attractive physical or chemical properties. One of the . ) . .
. T : .. improve their catalytic performance. These catalysts are in
most important features of these materials is their promising

catalytic behavior in several highly challenging industrial gﬁg?i;ﬁﬁgfﬁﬁi;:ﬂikt:gwﬁ,oﬁnt;i?;uﬁ;afﬁs _P\?*;i often
processes, like alkane oxidation or ammoxidatiériPure poorly -np '

L S . . oxide system, investigated by Trunov et'&land Ek-
niobium pentoxide itself is a very selective catalyst for stram 221 shows several phases of stoichiometries displavin
propane oxidative dehydrogenation (ODH) even though its ' P playing

catalytic activity is only moderate In recent years, it has Kj\greﬁcs;nog ag]k())glli/lncgso of arr]:(c:j)bllll:qml\:/louomos%?nol\llbé'(\j/l:r%r?]-
been shown that associating niobium with elements such as © 4" > * 2 ZVTss y

vanadium, molybdenum, or antimony could considerably (1) smits, R. H. H.; Seshan, K.; Leemreize, H.: Ross, J. RChtal.
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rich Nby 0dM 00910250 phase is also known but should be In the present work, we report the optimization of the
considered to be a Nb-doped Mg®Oxide?* Among these previously described molecular precursors route to obtain
niobium and molybdenum-containing phases, theNNizgO1 4 the pure NBMo3O,4 phase in a bulk form and in a silica-

oxide is often detected in NbMo—(M) catalysts>¢1218and supported form. The improvement of the process concerns
it was already mentioned in the literature as being moderately both the purity of the samples and, particularly, the preserva-
active in a bulk form for the ODH of ethane to etheh& tion of most of the surface area of the silica support. A
or the conversion of propane into acrylic aéfdJntil now, comparison between the bulk ternary oxide obtained by this
the NMo3O14 phase has been obtained in a pure form precursors method and by the conventional ceramic method
typically by a thermal treatment above 700 in a closed will also be given.
quartz tube to prevent loss of molybdenum. This process
unfortunately leads to a bulk oxide with a very low specific . Experimental Section
surfape area'. ) Precursors. The molecular precursors used for oxide syntheses
This work is dedicated to the development of a novel route ¢orespond to the oxo-oxalato complexes @4ENbO(0X)]-H-0
allowing the synthesis of the Mido3014 phase in a supported  and (NH,),[MoOs(0x)]-H;0. The synthesis used for the niobium
form. The idea is to use preisolated soluble molecular compound is that reported by Mathern et?fland the preparation
precursors, in which the metals are chelated by organic method for the molybdenum complex has been adapted from the
ligands, so that both metals will be incorporated in the procedure of Xing et al. for the potassium deriva@i?eBoth
samples. Ideally, these precursors must be compatible withcomplexes are soluble in water and stable toward hydrolysis.
each other, mainly from the point of view of solubility and ~ Oxalic acid, Hox-2H,O (Merck), ammonium oxalate, (Nf#-
thermal degradation. The advantages of this so-called ©xH20 (Merck), ammonium heptamolybdate, (W#070,4-4H,0
multiple molecular precursors method are mainly (i) the (ACros Organics), and aqueous ammonia (25 wt % solution) were
formation of homogeneous materials resulting from the commercial products a_nd were used as re<_:e|ved. Niobic acid,
.. I . Nb,Os-nH,0, was supplied from CBMM (Brazil).
mixing at a molecular level of the metals, (ii) the formation

. . -, SN . Synthesis of (NH,)3[NbO(0x)s]-H,0. Solid niobic acid (1 g)
of crystalline oxides under conditions significantly milder was added to an equimolar solution ofd2H,0 (3 g, 21 mmol)

Fhan thos_e emp!oygd in the ceramic.route, and finally, (iii) gnq (NH):0x-H,0 (2.74 g, 21 mmol) in approximately 200 mL
its potential application to the synthesis of supported samplesgjstilied water. After the mixture was stirredrf@ h at 80°C, the

by impregnation of a support with a solution of the starting solid was dissolved, and the solution was gently evaporated. The
complexes. Unfortunately, the limited availability of soluble excess of oxalate ions precipitated first as the ammonium salt of
niobium compounds complicates the preparation of Nb- the hydrogenooxalate. (NjHox was filtered off and eliminated.
containing bulk or supported phases via these precursorThe subsequent evaporation yielded a viscous solutiew (31L)
methods. We have recently validated this molecular precur- which was then slowly cooled to room temperature, providing the
sors approach from peroxo complexes in agueous mediumcomplex as small white needles. These were filtered off and washed

for the syntheses of NbTa, Nb-Ta—V, and Nb-Ta—Bi with acetone.
bulk oxides2? Synthesis of (NH);[M0oO 3(0x)]*H20. (NH4)sM07024:4H,0 (5

v . g, 4.05 mmol) and (N.0x-H,O (2.01 g, 14.2 mmol) were
Nb—Mo—O bulk oxides were prepared by Burch et al. dissolved in 20 mL water and 5 mL ammonia. The clear solution

from allfr(.eeze-drled solution of am'moruum heptamolybdate, was then stored at 8C. The complex appeared after a few days as
and niobium oxalate was formed in situ and calcined under sma| white needles, which were filtered off and dried in air.
the same conditions as in the ceramic method described gy Nb,Mo040,4 Prepared by the Precursors Method.The
above2® The pure NBMo3O14 phase was prepared by the  oxo-oxalato complexes of Nb and Mo were dissolved simulta-
ceramic route, from the corresponding binary oxides treated neously in distilled water according to the appropriate Nb/Mo
above 70C0C in an evacuated sealed quartz tube to prevent proportion of 2/3. The resulting clear solution was then stirred at
loss of molybdenum by volatilizatiol#:24In a previous paper,  room temperature for 1h. The solvent was removed overnight by a
we described the use of peroxo compounds of niobium andfreeze-drying process, and the mixed solid precursor obtained was
molybdenum with carboxylato ligands as metal sources in calcined at different temperatures for several hours in flowing air.
an impregnation method for the preparation of silica-  Silica-Supported Nb;Mo3O14 Prepared by the Precursors
supported NEMosOy, catalysts in an almost pure for#h. 'V_'ethIOd- The clnxq-osgle}ltlo((j:omplex(eﬁbc;l;leb 2;‘30)' '\"Sc?l_""e“(al\f'ssil"ed
mall amounts of mol nuUMm oxi M re still simultaneously in distilled water & . Silica (Merck,
jet:ctee(lj ?nu tf?e Osamop)lleb.dT\/I(;JreO\?er?et,he Q::i(r)z,ivsetis tshermal 345 n? g~1) was then added; the pH was adjusted to 1 with nitric

treat tund idered in that K similar t acid (1 mol 1), and the suspension was stirred at room
reatment under vacuum considerea in that work, simifar to temperature for 2 h. Three different metal (NK0)/Si loadings

that used by Burch et al., combined with the use of silica, \,gre engaged: 5, 10, and 20 mol %. The solvent was removed
unfortunately resulted in samples with very low specific oyemight by a freeze-drying process, and the solid residue was

surface areas. The potential advantages of supporting the puraicined in flowing air under the optimal conditions determined
Nb,Mo3014 phase for its use in heterogeneous catalysis were by the tests carried out with the bulk oxides (i.e., at 7Q0for 2

thus lost in the method as used so far. h).
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447, 1999 55, 521-523.
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Bulk Nb,Mo03014 Prepared by the Ceramic Method.The pure
bulk Nb,M030,4 phase was prepared by the ceramic route carried
out in a closed system to prevent loss of Mdy volatilization. *
A milled mixture of MoQ; and NBOs was heated at 80TC for 6
h in an evacuated sealed quartz tube. This method has been
described previousl§t

Analysis. The transformation of the metal oxo-oxalato precursors
into metal oxides was analyzed by thermogravimetric analyses using
a Mettler Toledo TGA/SDTA851analyzer. The sample was heated
at 10°C min~tin air (100 mL min1). ICP analyses were carried
out by Medac LTD (United Kingdom). The bulk and silica-
supported Nb-Mo oxides were characterized by X-ray diffraction,
surface area measurements, SEM, and EDX analyses. Powder X-ray
diffraction (XRD) measurements were carried out on a SIEMENS
D-5000 diffractometer using Cudradiation § = 1.5418 A, step
width = 0.1°). The samples were placed on quartz monocrystals,
and the crystalline phases were identified by reference to the
JCPDS-ICDD database. Specific surface areas were measured with
a Micromeritics ASAP 2000 analyzer with nitrogen (supported
samples) or krypton (bulk samples) at 77 K according to the
Brunauer-Emmet-Teller (BET) method. The scanning electron
microscopy (SEM) images were obtained on a DSM982 GEMINI
microscope with 1 kV accelerating voltage. EDX analyses were
performed on the same equipment coupled with energy-dispersive
analyzer (accelerating voltage 15 kV). X-ray photoelectron
spectroscopy (XPS) measurements were carried out at room
temperature on a SSI-X-probe (SSX-100/206) photoelectron spec-
trometer from FISONS using the Al Kradiation € = 1486.6
eV) and a sample holder. Charge effects were avoided by placing
a nickel grid above the samples and using a flood gun set at 8 eV.
The energy scale was calibrated with reference to the AupHak
at 84 eV, and the binding energies were calculated with respect to
the C—(C,H) component of the C1s peak fixed at 284.8 eV. The
intensity ratiol (Mo 3ds;)/I(Mo 3ds,) was fixed at 1.50, and the
difference in binding energy between the two components of the
Mo 3d doublet was fixed at 3.13 eV.

26 ()

Figure 1. Diffractogram of the bulk oxide prepared by the ceramic route
at 800°C for 6 h: (*) NbMo3O14 (JCPDS file 18-840)).

I1l. Results and Discussion

Characterizations of the Bulk Nb,Mo030,4 Prepared by
the Ceramic Method. The diffractogram of the sample
treated in the sealed quartz vial proves that heating at 800
°C for 6 h under such conditions allows the formation of
the dark green NiMosO;4 phase in pure form (Figure 1).
The JCPDS file (number 18840) used for the indexation ~ molybdenum{1V), (+V), and (+VI) are assumed to appear.
refers to the NEVIo;04; formulation in which molybdenum  Deconvolution of the spectrum reveals that molybdenum is
displays the oxidation state-(V), while the corresponding ~ present in the single oxidation state &f\(I). Observed Mo
publication from Trunov et &P refers to the NiMo03z014 3ds2 and 3d, binding energies, at 236.4 and 233.2 eV,
stoichiometry, implying only Mo(VI). The ambiguity still  respectively, are close to those in M9(235.9 and 232.8
remains in the literature as for the right formulation of this €V). For comparison, the Mo 3d binding energy values
phase and authors always refer to this JCPDS file whetherare 229.3 eV in Mo@and 231.6 eV in MgOs.? Although
they mention the one stoichiometry or the other. ICP and the XPS technique is a surface analysis method, the absence
XPS analyses of the prepared bulk sample were carried outof any Mo(IV) or Mo(V) at the surface is circumstantial
and allow clarification of that point. The duplicated analyses €evidence of the NiMo3Oi4 stoichiometry.
on the bulk oxide provided mean Nb and Mo contents  The specific surface area of the Mos0,,4 oxide prepared
corresponding to 26.93 and 39.60%, respectively. Theseby the ceramic route at 80T for 6 h was measured with
experimental percentages are in better agreement with thekrypton and reaches only 1%g~*. Figure 3 illustrates the
Nb,M03s014 stoichiometry (Nb, 26.64%; Mo, 41.25%) in SEM picture of the bulk NiMo3z0,4 prepared by the ceramic
comparison with the calculated values for NwsO11 (Nb, method (80C0°C/6 h). The sample is quite crystalline and is
28.60%; Mo, 44.30%). Moreover, the XPS spectrum, il- . .

(27) Wagner, C. D.; Riggs, W. M.; Davis, L. E.; Moulder, J Handbook

lustrated in Figure 2, displgys the binding encrgy range of X-ray Photoelectron Spectroscopjuilenberg, G. E., Ed.; Physical
between 225 and 245 eV, in which the 3d photopeaks of Electrionics: Eden Prairie, MN, 1979.

Figure 2. Mo 3d XPS spectrum of the bulk MklosO14 phase prepared
by the ceramic route (80%C for 6 h).
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Table 1. XRD and BET Results for the NbMo Bulk Oxides Prepared
from the Oxo-oxalato Precursérs

calcination phases observed by XRD Seer
temp time NBMo03O14 MoOs® T-NbOs H-NbOs (m2g-1)e
600°C 6h m M m / 11
650°C 6h m M m / 11
700°C 2h S / / / 1.3
700°C 6h M / / m 1.3
750°C 6h / / / S 1.8

aM = major phase, m= minor phase, S= single phase, and +
unobserved phaseMoO; often appears to be the major phase probably
because of its high crystallinity. Its diffraction peaks are thus very intense
in comparison with those occurring from the other phases even if they are
present in equivalent amounts in the sample. The quantitative interpretation
on the basis of the relative intensity of the peaks should thus be taken with
caution.¢ Measurements performed with krypton.

Figure 3. SEM picture of the bulk NfMo3O14 phase prepared by the
ceramic route (800C for 6 h). ol =
% M % % sk

100 A 750°C/6h

80
9
£ Ik JU °c
S 0] 700°C/6h
H

40

20 . . . . . . . . 700°C/2h
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Temperature (°C)
Figure 4. Thermogram under air of the NtMo mixed oxo-oxalato
precursor (10 min~1).
650°C/6h

composed of stick-shaped particles of inhomogeneous sizes 4, 15 ‘ 20 ‘ 25 30 ‘ 35 ‘ 40
in the range of 25 um. 20 ()

Thermal Analyses of the Mixed Precursors.The ther- Figure 5. Diffractograms of the bulk NBMo oxides obtained from the
mogram of the mixed NbMo oxalato precursor obtained oxo-oxalato precursors by thermal treatment at 850or 6 h, at 700°C
after the freeze-drying process is illustrated in Figure 4. After fﬁ_erbfgg (gé‘ﬁ,grs‘dﬁfé o 4‘2’52)%‘:Tfﬁ)bggé%gggg?lz'gggg%)”é;) ;
the dehydration step around 100, the precursor deCOm- e unindexed peaks correspond to,MbzO14 (JCPDS file 18-840).
poses into oxide until a final temperature of 60D. When
the temperature reaches ca. 7380, a progressive weight MozO,,4 phase at a temperature lower than that required by
loss is observed and continues to 880 This phenomenon  the ceramic method (700 minimum for its formation and
is the result of the volatilization of molybdenum oxide in 800°C to obtain it in a pure form). When the temperature is
this temperature range. Consequently, the calcination of theraised to 650C, the amount of binary oxides decreases and
mixed precursors was carried out at temperatures betweerthe amount of the ternary phase increases. When the mixture
600 and 75CC for 2 or 6 h. is heated at 700C for 2 h, the sample only contains the

Characterizations of the Bulk Nb,Mo3014 Prepared by Nb,Mo30,4 phase in a pure form. These calcination condi-
the Precursors Method.Table 1 summarizes the calcination tions are thus the optimal ones to prepare the desired phase
conditions, the crystalline phases observed by XRD for eachand will be used for the silica-supported samples.
treatment, as well as the BET specific surface areas Moreover, pure monoclinitd-Nb,Os is formed as the
determined for our bulk NbMo oxides. Figure 5 displays thermal treatment continues at 700. When the sample is
the diffractograms obtained for each thermal treatment treated at 700C for 2 days or 750C for 6 h, the obtained
considered and illustrates the combined influence of calcina- residue is composed &f-Nb,Os only. These results are in
tion temperature and time. agreement with the observations made by TGA which show

Calcination of the mixed precursor at 60Q yields the that the sublimation of molybdenum oxide begins in that
desired ternary phase in a small amount, together with bothtemperature region.
binary oxides, Mo@ and T-Nb,Os (orthorhombic). This In conclusion, the NfMo3z0.4 phase is already partially
precursor method allows the formation of the mixed,Nb  formed when the mixed precursor is totally decomposed (600

4410 Inorganic Chemistry, Vol. 45, No. 11, 2006
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Figure 6. Thermogram under air of the bulk M03;014 phase prepared
by the ceramic method (18C min-1).

Figure 7. SEM images of the bulk NiMo3014 phase prepared from the
oxo-oxalato precursors (700/2 h).

°C), and it becomes more and more abundant when the
temperature increases up to 700. However, this oxide is
quite unstable once formed; it decomposes quite readily into
its binary oxides with temperature and time. This was
demonstrated by the TGA of the pure Ntp;014 phase
prepared either by the ceramic route or the precursors
method; this oxide undergoes a weight loss near 70
corresponding to its decomposition irleNb,Os (evidenced

by XRD) and MoQ, which volatilizes (Figure 6).

A SEM image of the sample calcined at 78D for 2 h is
displayed in Figure 7. The particles observed are smaller
(~1 um) than in the case of the Nd030,4 oxide prepared
by the ceramic method (Figure 3).

Characterizations of the Silica-Supported NbM03014
Prepared by the Precursors Method.Table 2 lists the XRD
and BET results obtained for the silica-supported-Nip
samples treated at 70C for 2 h under flowing air and with
the different metal loadings. Figure 8 illustrates the diffrac-
togramms observed in each case.

The thermal treatment used allows the formation of the
Nb;Mo030,4 phase in a supported form, with a loading of 10
and 20 mol %, corresponding to ca. 25 and 50 wt %,
respectively. There was no diffraction line detected in the
case of the sample characterized by a loading of 5 mol %.

Table 2. XRD and BET Results for the NbMo Silica-Supported
Oxides Prepared from the Oxo-oxalato Precursors Calcined at@00
for2 h

metal phase
loading (mol %) observed by XRD SeeT (M2 g2

20 Nb2M03014 61

10 Nb2M03014 70

5 275

a Measurements performed with nitrogen.
20 %
10 %
e
: : et : 5%
10 20 30 40 50 60
26 (°)

Figure 8. Diffractograms of the silica-supported NiMo oxides obtained
from the oxo-oxalato precursors (70GQ for 2 h).

Figure 9. SEM images of the NbMo silica-supported oxides prepared
from the oxo-oxalato precursors (70C for 2 h) and characterized by a
metal loading of (a) 5, (b) 10, and (c) 20 mol % and (d) SEM images of
pure silica. Arrows on image c indicate the places where EDX (Figure 10)
analyses have been performed.

This phenomenon is probably caused by the low amount of
active phase on the support, combined with a high dispersion
of the active phase.

The supported NbMo oxides display relatively high
specific surface areas, but they decrease when the metal
loading increases. In the sample with 5 mol % in active
metals, the specific surface reaches 27gmt. When the
loading corresponds to 10 or 20 mol %, it decreases
drastically to 70 and 61 ng~?, respectively, as a conse-

Inorganic Chemistry, Vol. 45, No. 11, 2006 4411
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Si Si to produce a well-dispersed active Nip3;014 phase on the
support.

IV. Conclusions

Nb The pure NBMo03O.4 phase has been prepared by the
. Nb Mo multiple molecular precursors method from water-soluble
2 oxo-oxalato complexes (NHE[NbO(ox)s]-H-0 and (NH,),-
15 17 19 21 23 15 17 19 21 23 [MoOs(0x)]-H20. The optimization of the thermal treatment
Energy (keV) Energy (keV) of the mixed Nb-Mo precursor allows the pure Mid03014

Figure 10. Examples of EDX analyses (Figure 9c, arrows 1 and 2) Phase to be obtained in a bulk or supported form. According
performed on the NbMo-supported sample with the highest loading (20  to this route, the NfMo304 phase is shown to be formed
mol 96). in a pure form at 700C (i.e., 100°C below the lowest
guence of the large amount of active phase on the supporttemperature reported so far for the formation of the phase
A decrease in the surface area was expected. by the ceramic method). The supported samples have

SEM images of the pure silica and supported-Nio appreciable specific surface areas of-60@ n¥ g%, much
samples are shown in Figure 9. The morphology of the oxides larger than those reached in the previous attempts under
is not significantly different despite the loading. No particle vacuum in sealed vials. The formation of this phase in a
with a morphology similar to that observed for the bulk;Nb — supported form, displaying, for the first time, a relatively
Mo30,4 prepared by the same precursors method (Figure 7) high surface, opens new perspectives to understand its real
is observed on the surface of the support. Moreover, EDX role in catalytic reactions such as alkane ODH.
analyses have been carried out at different places, indicated
by the arrows in Figure 9c, on the more loaded sample (20
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