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Supported molybdenum oxide catalysts on Ti02, A1203,Zr02, Si02, and N b 2 0 ~  were prepared by the incipient- 
wetness impregnation method employing aqueous solutions of ammonium heptamolybdate ( ( w ) 6 -  

M07024-4H20). The molecular structures of the surface molybdenum oxide species were investigated by 
Raman spectroscopy, and their local site symmetries were determined by X-ray absorption near-edge 
spectroscopy (XANES) at the Mo L3-edge. Under ambient conditions, the structures of the hydrated surface 
molybdenum oxide species are controlled by the net surface pH at the point of zero charge (PZC) and are the 
same as observed in aqueous solutions: M004~-, M070&, and MosOza4-. Under dehydrated conditions, 
the structures of the surface molybdenum oxide species depend on both the specific oxide support and surface 
coverage. At low surface coverages of MOO3 on A1203 and TiO2, the primary species is isolated and tetrahedral 
coordinated. At high surface coverages of Moos, for Ti02 the primary species is polymerized and octahedral 
coordinated, but for A1203 there is a mixture of tetrahedral and octahedral coordinated species. The Moos/ 
ZrO2 system appears to be similar to the MoO3/A1203 system, and the Mo03/Nb205 system appears to be 
similar to the Mo03/TiO2 system. The surface molybdenum oxide species on Si02 is isolated and appears to 
possess a coordination that is in between tetrahedral and octahedral. Monolayer coverage was achieved at 
the same surface density of molybdenum oxide on the different oxide supports with the exception of SiO2. 
Only low loadings of molybdenum oxide can be dispersed on Si02 due to the low concentration and reactivity 
of the surface OH groups. 

Introduction 
Supported molybdenum oxide catalysts are widely used in 

various catalytic processes.' The molecular structures of the 
surface molybdenum oxide species on different oxide supports 
have been extensively investigated by various techniques over 
the past decade.2 Numerous literature studies have concluded 
from Raman, Fourier transform infrared (FI?R), solid-state 95Mo 
nuclear magnetic resonance (NMR), extended X-ray absorption 
fine structure (EXAFS), X-ray absorption near-edge structure 
(XANES), X-ray photoelectron spectroscopy ( X P S ) ,  and ultra- 
violet visible diffuse reflectance spectroscopies (DRS-W) that 
the structures of the supported molybdenum oxide species are 
a function of the specific support, extent of surface hydration 
and dehydration, surface molybdenum oxide coverage, surface 
impurities, and calcination  temperature^.^-^ It is now well 
recognized that the surface structures of the metal oxide 
overlayers on oxide supports have to be evaluated under two 
distinctly different environments: ambient and dehydrated 
conditions. Under ambient conditions, the surface metal oxides 
are extensively hydrated by water molecules adsorbed on the 
support surfaces and, therefore, possess structures affected by 
the surface water. At elevated temperatures, the catalyst surfaces 
are dehydrated, and the surface metal oxides undergo significant 
structural  change^.^.^ 

The structures of supported molybdenum oxide on A1203 have 
been extensively studied under both ambient  condition^^-^^ and 
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dehydrated  condition^.^^-^' Ram an spectroscopy studies6-" 
demonstrated that there are at least three different molybdenum 
oxide species (tetrahedral and octahedral coordinated surface 
species as well as a crystalline Moo3 phase) present on the 
A1203 surface under ambient conditions and that their relative 
concentrations depend on the molybdenum oxide coverage. 
Subsequent characterization experiments using IR,12,'3 XPS,13-15 
solid-state 95Mo NMR,l6,l7 and EXAFS/XANESI8 provided 
additional information about the three types of Mo species on 
the A1203 surfaces under ambient conditions (tetrahedral and 
octahedral species and Moo3 crystal phase). Under dehydrated 
conditions, a highly distorted octahedral molybdenum oxide 
species at low Mo loadings and a moderately distorted octahe- 
dral coordinated molybdenum oxide species (possibly polymeric 
in nature) at higher Mo loadings were suggested by Raman study 
to be the surface species present on the 4 2 0 3  s u r f a ~ e . ~ ~ ~ ~ ~  

There recently has been an increasing amount of interest in 
the MoOs/SiOz c a t a l y ~ t ' ~ * ~ ~ - ~ ~  because of its use as a model 
catalyst system (especially for selective oxidation reactions). 
Under ambient conditions, the presence of the polyanionic 
 structure^^^-^^ and silicomolybdic acid (SMA) Keggin struc- 
t u r e ~ ~ ~ - ~ ~  has been reported. Under dehydrated conditions, the 
dispersed surface molybdenum oxide species are reported to 
have either the octahedral structure32,36-39,44-47 or the tetrahedral 
~ t r u c t u r e ? ~ - ~ ~  In comparison to the M003/A1203 and Moos/ 
Si02 catalyst systems, relatively few studies have been carried 
out on the structures of surface molybdenum oxides on 
Ti02,56-65 Z r 0 2 , @ j 3 6 7  and Nb205.68v69 The molecular structures 
of these catalyst systems (MOO3 on TiOz, ZrOz, and Nb2O5) 
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TABLE 1: Surface Density of Supported MOOS Catalysts 
at Monolayer Coverage 

Hu et al. 

monolayer monolayer surface 
surface loading surface density 

support area (mz/g) (wt % Mo03) area (m2/g) (Mo atoms/nm2) 

MOO3 8.0" 
A1203 180 20 175 4.6 
Ti02 55 6 53 4.6 

NbOs 55 6 47 4.6 
Si02 380 5 275 0.8b 

Based on monolayer surface area. 

zflz 39 4 39 4.3 

a Theoretical monolayer coverage of MOO3 catalyst from ref 60. 

are still not well characterized because of the relatively weak 
Raman signals from the surface Mo oxide species compared to 
the strong background Raman signals of these oxide supports, 
especially in the low-frequency region. 

Previous attempts at the systematic characterization of 
molybdenum oxide on different oxide supports33~34~45+70*71 usually 
only investigated the structures of molybdenum oxide under 
ambient  condition^,^^ and in some cases even mixed up the 
hydrated and dehydrated conditions because of laser-induced 
dehydra t i~n .~~ .~ '  There is still a lack of general agreement on 
the dispersion of the surface molybdenum oxide species on 
different supports, the structures and coordinations of the surface 
molybdenum oxide species, and their controlling factors. 
Therefore, a systematic investigation of the surface molybdenum 
oxides on different oxide supports is important in order to clarify 
the confusion surrounding the surface structures of the supported 
molybdenum oxide catalysts and to reveal their structural 
dependence on the specific support and hydratioddehydration 
conditions. 

The objectives of this work are (1) to combine Raman and 
XANES spectroscopies to determine the molecular structures 
of the surface molybdenum oxide species deposited on different 
oxide supports (under both ambient and dehydrated conditions), 
(2) to compare the surface molybdenum oxide monolayer 
coverage for each support, and (3) for the first time to determine 
the local site symmetry of the supported molybdenum oxide 
phases at different Mo loading by using XANES at the Mo L3- 
edge. The current findings provide a more complete view of 
the surface molybdenum oxide species structural dependence 
on the specific oxide support, their dispersion on different 
supports, and the effect of hydratioddehydration. 

Experimental Section 

Catalyst Preparation. The support materials used in this 
study were Ti02 (Degussa P-25), ZrO2 (Degussa), Nb205 (from 
Nt2054H20, Niobium Products Co., calcined at 773 K for 6 
h), A1203 (Harshaw), and Si02 (Cabosil EH-5, water wetted 
and calcined at 773 K overnight). The BET surface areas of 
these supports are listed in Table 1. The supported molybdenum 
oxide catalysts were prepared by the incipient-wetness impreg- 
nation method with aqueous solutions of ammonium heptamo- 
lybdate ((IW&h4070244H20). After impregnation, the samples 
were dried ovemight under ambient conditions and further dried 
in air at 293 K ovemight. The molybdenum oxides supported 
on Ti02 and ZrO2 samples were finally calcined in dry air at 
723 K for 2 h, and the molybdenum oxides supported on NbzOs, 
Al2O3, and Si02 samples were calcined in dry air at 773 K for 
2 h. The molybdenum oxide loading of the catalysts is given 
as the nominal weight percent of the Moo3 in the samples. The 
actual loadings of the catalysts after ICP elemental analysis are 
listed in Table 2. Only the MoO3/SiOz catalyst possessed 
slightly less Moo3 than the deposited Moo3 loading, and the 

TABLE 2: Elemental Analysis of Molybdenum Oxide 
Contents for Supported Samples 

sample  MOO^ (wt %) sample MOO3 (Wt %) 

20% M005fA1203 20.8 5% M003/Nb205 5.5 
5% MoOfliO:, 5.5 4% MoO$SiOz 3.1 
5% MoOdZrO2 5.3 

Moo3 loading on the other supports are all slightly higher and 
close to the deposited Moo3 loading. The BET surface area of 
the catalysts with monolayer molybdenum oxide coverage are 
also listed in Table 1. Table 1 shows that the dispersion of 
molybdenum oxide species is dependent only on the surface 
area of the oxide supports, except for Si02. The deposition of 
molybdenum oxide on Si02 also drastically decreases the surface 
area of SiOz. 

Raman Spectroscopy. Raman spectra of the supported 
molybdenum oxide catalysts were obtained with a laser Raman 
apparatus with the 514.5 nm line of an Ar+ laser (Spectra 
Physics, Model 171) as the excitation source. The laser power 
at each sample was adjusted to -10 mW for ambient spectral 
measurements and -40 mW for the dehydrated sample mea- 
surements. The scattered radiation from the sample was directed 
into a Spex Triplemate spectrometer (Model 1877) coupled to 
a Princeton Applied Research (Model 1463) OMA 111 optical 
multichannel photodiode array detector (1024 pixels). The 
detector was cooled thermoelectrically to 238 K to decrease 
the thermal noise. The Raman scattering in the 100-1200 cm-I 
region was collected, and the spectra were recorded using an 
OMA III computer and software. The instrument resolution 
was experimentally determined to be better than 2 cm-', but 
the experimental operation and catalyst preparation added 
additional error and the reproducibility was only better than 4 
cm-' found by measuring the same loading samples from 
various preparations at different times. About 0.2 g of each 
supported molybdenum oxide catalyst was pressed into a thin 
wafer of about 1 mm thickness. For the spectral measurements 
under ambient conditions, a spinning sample holder was used 
to hold the sample pellet exposed in air and was generally 
rotated at -2000 rpm to avoid local heating by the laser beam. 
For the measurements of the dehydrated samples, a fixed sample 
holder inside a quartz tube was used which allowed for the 
continual flowing of dry oxygen gas and heating at -633 K to 
dehydrate the samples. The spectra were measured after the 
samples were fully dehydrated and cooled to room temperature, 
but the Raman spectrum for supported molybdenum oxide is 
not dependent on temperature. A scan of the entire vibrational 
region requires 30 s. Generally, an accumulation of 25 scans 
was used for stronger Raman signals (Mo on Al203, TiO2,ZrO2, 
and Nb205) and 50 scans for weaker Raman signals (Mo on 
SiO2). Raman spectra under both hydrated and dehydrated 
conditions were obtained by subtracting background signals 
(obtained under no laser beam condition) and correcting for the 
detector response for different frequency region. To minimize 
fluorescence from the support, the MoO3/SiO2 samples were 
calcined in dry air at 773 K ovemight, and the MOO3/A1203 
samples were calcined in dry air at 923 K for 2 h before the 
Raman measurements. 

X-ray Absorption Near-Edge Spectroscopy (XANES). 
Synchrotron radiation-based X-ray absorption near-edge spec- 
troscopy (XANES) at the Mo 12,3-edges has previously been 
demonstrated to provide information on the local site symmetry 
of dispersed molybdenum oxide surface phases in a series of 
supported molybdenum oxide on MgO This catalyst 
characterization method was based on some initial data of Mo 
reference compounds73 and enzymes.74 The interpretation of 
the data is based on an empirical ligand field splitting description 
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of the final state d-orbital. The initial state of L2,3-edge 
transitions are p-levels, and the dipole-allowed final states are 
predominantly of d-character. A combination of small natural 
line widths and high monochromator resolution at 2500 eV 
results in an estimated 0.5 eV experimental resolution at the 
Mo L2,s-edges. This permits any splitting of the white line at 
the Mo L2.3-edges to be observed. For a tetrahedral coordinated 
Mo the magnitude of the splitting of the d-orbital is less than 
that of Mo in an octahedral field (e, t2 versus t ~ ,  eg). The 
number of available orbitals should also be reflected in the 
relative intensity of each transition. A successful study was 
performed previously by Bare and co-workers where a direct 
comparison was made between a series of molybdenum(V1) 
reference compounds of known structure and the Mo03/MgO 
catalysts as a function of weight loading of M o . ~ ~  

The Mo XANES data were recorded at the National Syn- 
chrotron Light Source, Brookhaven National Laboratory, on 
beam line X19A. The storage ring operated at 2.5 GeV with a 
current between 110 and 230 mA. The X-ray photons were 
monochromatized with a NSLS boomerang-type flat crystal 
monochromator with Si (111) crystals. The slit width of the 
monochromator was fixed at 3 mm, estimated to give a 
resolution of 0.5 eV at the Mo L-edges. The harmonic content 
was reduced by detuning the monochromator crystals by 
approximately 90%. The X-ray absorption edges were measured 
as fluorescence yield excitation spectra using a Stem-Heald- 
Lytle detector with argon as the detector gas. The XANES of 
the reference compounds were measured as electron yield 
spectra. To minimize absorption by the air, the path length from 
the end of the beam pipe to the sample chamber was made as 
short as possible. Prolene windows (4 pm thick) were used on 
the Io chamber and entrance window to the in situ cell. 

The in situ EXAFS experiments used a commercially 
available EXAFS cell75 which has been described in detail 
el~ewhere.'~ Briefly, the device comprises a water-cooled, 
helium-flushed aluminum block into which a cylindrical insert 
for soft X-ray work can be inserted. This cylindrical insert 
consists of the sample holder and cylindrical housing. The 
sample holder is made of stainless steel and supports a disk- 
shaped sample which is heated by a Kanthal resistance heater. 
The sample holder has a gas inlet and outlet in order to control 
the gas environment around the sample. The cylindrical housing 
is water-cooled and has a 5 pm aluminized Mylar window. The 
gas inlet is connected to a versatile portable feed gas system 
equipped with electronic mass flow controllers and switching 
valves. 

In the experiments reported here, the catalyst disks (-0.7 g) 
of each catalyst were pressed and loaded into the sample holder. 
Mo L-edge X A N E S  spectra were acquired on these air-exposed, 
hydrated samples. The catalyst disks were then heated to 723 
K in a flow of 20% 0 2  in He for a given amount of time (usually 
30-45 min) in order to dehydrate the samples. Mo L-edge 
XANES spectra were then acquired at 723 K in the flow of 
02/He. The spectra are normalized to a unit edge jump 
according to conventional methods. The monochromator was 
calibrated by setting the first inflection point of the L3-edge of 
Mo foil to 2520.0 eV. In this manner the absorption edge of 
all the catalyst samples falls in the range 4.0-5.0 eV, as 
expected for Mo(V1)  compound^.^^*'^ However, chemical shifts 
have not been used in interpreting the data since the Mo in all 
of the reference materials and the catalysts is in the f 6  oxidation 
state. 

Results 
Raman of Supported Molybdenum Oxide Species under 

Ambient Conditions. The supported molybdenum oxide 
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TABLE 3: Raman Bands of Molybdate Species in Aqueous 
Solutions 

molybdate species solution pH Raman bands (cm-I) 
M004'- ' 8 . 0  897,837,317 
M 0 7 0 2 4 ~ -  6.8-4.8 943, 903,570, 362, 210 
~ 0 ~ 0 ~ ~ ~ -  2.2-1.7 965, 925, 590, 370, 230 

~ 

MOO, /AI, 0, 
(ambient) 

21 0 

i , , , , , , , , , ,  
1200 1000 800 600 400 200 

Raman Shift (cm-l) 

Figure 1. Raman spectra of MoO3/A1203 catalysts as a function of 
Moos loading. Spectra obtained under ambient conditions. 

catalysts possess significant amounts of moisture under ambient 
conditions, and the surface molybdenum oxide species are in a 
hydrated en~ i ronmen t .~~  The hydrated surface molybdenum 
oxide species are essentially indistinguishable from those found 
in aqueous  solution^.^^^^ Consequently, the molybdenum oxide 
aqueous compounds will serve as the reference compounds for 
the supported molybdenum oxide catalysts under ambient 
conditions. Table 3 lists the Raman bands of the major aqueous 
molybdate compounds (Mood2-, Mo702d6-, and 
as well as their dependence on solution pH; the Raman spectra 
of these species have previously been rep~rted.~' The M004~- 
species is isolated, tetrahedral coordinated and exhibits Raman 
bands at 897,837, and 317 cm-I. The M07024~- and Mos0264- 
species are polymerized, octahedral coordinated clusters with 
Raman bands at 943, 903, 570, 362, and 210 cm-I for 
M07024~-, and Mos0264- possesses Raman bands at 965, 925, 
590, 370, and 230 cm-I. The Raman bands in the 890-1000 
and 830-970 cm-' region are attributed to the symmetric and 
asymmetric stretching modes of the terminal Mo=O bond, the 
bands around 3 10-370 cm-I are the corresponding bending 
modes of the terminal Mo=O bond, and the bands at -560 
and 210 cm-' are assigned to the Mo-0-Mo symmetric stretch 
and Mo-0-Mo deformation modes, respectively. The 570 
cm-' band is generally very weak, and the formation of 
polymerized species is characterized by the presence of the 
200-230 cm-I Raman band of the Mo-0-Mo linkage. 

MoOJAl2O3. The Raman spectra of the 1-20% MoO3/Al203 
catalysts at ambient conditions are presented in Figure 1. The 
Raman spectrum of the A1203 support is essentially featureless 
in the 100-1200 cm-I region, and the surface molybdenum 
oxide species on the alumina support possess several Raman 
bands in the 100-1200 cm-' region. The bands at 912, 846, 
and 320 cm-' of the 1% Mo03/Al203 match fairly well with 
the Raman bands of tetrahedral coordinated Mood2- species in 
aqueous solutions (see Table 3). The slight upfield shift of the 
Raman frequencies of the surface molybdenum oxide species 
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Figure 2. Raman spectra of MoOdSiOz catalysts as a function of MOO3 
loading. Spectra obtained under ambient conditions. 

is probably due to the minor distortion of the hydrated 
tetrahedral molybdenum oxide structure on the A1203 surface. 
Accordingly, the 912, 846, and 320 cm-' can be assigned to 
the symmetric stretch, asymmetric stretch, and bending modes 
of hydrated Moo4 units, respectively. 

There are several changes in the Raman features as the 
molybdenum oxide loading increases from 1 % to 20% Moos: 
(a) the major Raman band due to the terminal Mo-0 stretch 
shifts from 912 to 949 cm-'; (b) a new weak band at 561 cm-' 
appears; (c) the band at 320 cm-' decreases, and a new band at 
360 cm-' increases; and (d) the band at 210 cm-' significantly 
increases. The significant difference in the terminal Mo-0 
stretching frequency between the 1% and 6% MoO3/Al203 
samples suggests the presence of different surface molybdenum 
oxide species. The Raman bands of the higher loading samples 
are close to that of octahedral coordinated M07024~- species in 
aqueous solutions. Thus, the bands observed at 949,904, and 
360 cm-' are attributed to the symmetric stretch, asymmetric 
stretch, and bending modes of the terminal Mo=O bond of 
octahedral coordinated Moo6 species for hydrated Mq0&,  
re~pectively.~ In addition, the Raman bands at 561 and 210 
cm-' are assigned to the Mo-0-Mo symmetric stretch and 
Mo-0-Mo deformation of the M006 unit in hydrated M07&4~-, 
respectively.28 The higher intensity of the Raman band at 846 
cm-' for the high loading ambient MoO3/Al203 samples relative 
to the aqueous Mo70& species might be due to a slightly 
different Mo-0-Mo bond angle on the alumina support.2s The 
Raman bands due to the hydrated M004~- species disappear, 
and the bands attributed to the Mo702d6- species predominate 
upon further increasing the Mo loading. These Raman band 
changes suggest the presence of tetrahedral coordinated species 
at low Mo loading (hydrated M004~-) and an increase of 
octahedral coordinated species at higher Mo loading (hydrated 
Mo70& under ambient conditions. Strong Raman bands due 
to crystalline MOO3 appear for the samples above 20% Moo3 
loading and predominate at higher molybdenum oxide loading 
samples (not shown in Figure 1) which indicates that monolayer 
coverage for this A1203 support (-180 m2/g) is -20% Moo3 
loading. 

MoOJSi02. The Raman spectra of the 1-7% MoOdSi& 
catalysts under ambient conditions are presented in Figure 2. 
The Raman spectrum of Si02 possesses broad and weak features 
at 977, 810, and 601 cm-' and a very broad band from 490 to 

1100 ' 1600 ' 9bo ' 800 ' 

Raman Shin (cm-') 

Figure 3. Raman spectra of M 0 0 f l i G  catalysts as a function of Moo3 
loading. Spectra obtained under ambient conditions. 

380 cm-I. The 977 cm-' band is due to the surface hydroxyl 
groups (Si-0-H), the 810 and 457 cm-' bands are associated 
with siloxane linkages, and the 601 and 488 cm-' bands are 
due to 3- and 4-fold siloxane As the molybdenum 
oxide loading increases, the Raman bands of the surface 
molybdenum oxide species at 947, 880, 381, and 232 cm-' 
increase in intensity but do not change positions. The Raman 
features due to the Si02 support decrease in intensity relative 
to the Raman bands of surface molybdenum oxide species as 
the molybdenum oxide coverage increases. The Raman features 
of hydrated surface molybdenum oxide species on Si02 match 
the Raman bands of Mo702d6- clusters in aqueous solutions 
(see Table 3) but are shifted -20 cm-' to higher frequency 
with the exception of the 880 cm-' band. This -20 cm-' shift 
could be due to a weak interaction between the slightly distorted 
hydrated M07024~- clusters and the Si02 surface. The relatively 
high intensity and the somewhat lower band position of the 880 
cm-' band suggests that it could arise from more than one 
vibrational modes. The Mo-0-Mo stretching mode may also 
contribute to the 880 cm-' band. The maximum dispersion is 
exceeded when the molybdenum oxide loading is higher than 
5% Mo03, and further addition of molybdenum oxide forms 
crystalline Moo3 (major Raman bands at 992, 820, and 280 
cm-I). Therefore, molybdenum oxide can be dispersed on this 
silica support up to 5% Moo3 loading with the current 
preparation method. The structure of surface molybdenum 
oxide species is octahedral coordinated hydrated M07024~- 
species at all Mo loadings under ambient conditions. 

' MoOJTiO2. The Raman spectra of the 1-7% MoO3RiO2 
catalysts under ambient conditions are presented in Figure 3. 
Raman spectra below 700 cm-' were not collected because of 
the very strong Raman background of the Ti02 support. The 
weak band at 790 cm-' is the first overtone of the 395 cm-' 
band of Ti02 and the relative intensity of this band 
decreases as the molybdenum oxide coverage increases. The 
surface molybdenum oxide species possess the terminal Mo=O 
Raman stretch in the range 934-954 cm-' which shifts to higher 
frequency as the molybdenum oxide loading increases. The 
position of the terminal Mo=O stretch at higher Mo loadings 
suggests the presence of octahedral coordinated surface mo- 
lybdenum oxide species with a structure similar to that of 
M07024~- or M0sO26~- clusters in aqueous solutions. At lower 
Mo loading, the Raman band position of the terminal Mo=O 
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Figure 4. Raman spectra of MoOdZrOz catalysts as a function of 
Moo3 loading. Spectra obtained under ambient conditions. 

bond also suggests the presence of a tetrahedral hydrated 
M004~- component. A weak and broad band at -875 cm-' 
also increases in intensity as the molybdenum oxide coverage 
increases. The 875 cm-' Raman band is probably due to the 
stretching mode of a Mo-0-Mo bond of the polymerized 
three-dimensional surface molybdenum oxide species (hydrated 
M0sO26~- or M070246-).28 Strong Raman bands of crystalline 
MOO3 are present at 820 and 992 cm-' for the 7% MoO31Ti02 
(55 m2/g) sample which indicates that monolayer coverage of 
the surface molybdenum oxide species has been exceeded. 

MoOflrO2. The Raman spectra of the 1-5% MoO3ErOz 
catalysts under ambient conditions are presented in Figure 4. 
Raman spectra below 700 cm-l were not collected due to the 
strong background of the ZrO2 support. The weak band at 760 
cm-' is due to Z I O z  support and decreases in relative intensity 
as the molybdenum oxide coverage increases. The Mo=O 
terminal Raman stretch for the 1% sample (924 cm-I) suggests 
the presence of tetrahedral species. The Raman band position 
increases to 952 cm-' as the molybdenum oxide coverage 
increases from 1% to 5% Moos, which corresponds to the range 
of the terminal stretching bands of polymolybdate species 
(hydrated M0702.4~- and M O ~ O ~ ~ ~ - ) .  The broad band around 
880 cm-' increases with coverage and increases further after 
reaching monolayer coverage as shown for the 5% MoOsErO2 
sample. Thus, the molybdenum oxide monolayer on the ZrO2 
support at higher Mo loading possesses hydrated surface hepta- 
and octamolybdate species under ambient conditions. Mono- 
layer coverage for the surface molybdenum oxide species on 
this ZrOz (39 m2/g) support is -4% Moo3 loading since 
crystalline Moo3 (major Raman bands at 820 cm-I) is present 
at higher loadings. 

MoOflb2O~.  The Raman spectrum of bulk niobium oxide 
possesses strong Raman bands at -690 cm-I, a shoulder at 
-820 cm-], and bands at -300 and 220 cm-I which are also 
quite intense. Thus, Raman spectra of the M003/Nb205 
catalysts below 800 cm-I were not collected because the very 
strong scattering from the Nb205 support dominates this region. 
The surface molybdenum oxide Raman features are quite weak 
against the strong Nb2O5 background, and thus, the peak 
positions of surface niobium oxide species are difficult to 
determine precisely. The Raman spectra of the 1-6% Mood  
Nb2O5 catalysts under ambient conditions shown in Figure 5 
were obtained by subtracting the spectrum of the N b 2 0 5  support 

3% 
948 I 

D ' 11'00 ' iooo ' goo ' aoo 
Raman Shift (cm-') 

Figure 5. Raman spectra of MoOdNbzOs catalysts as a function of 
MOO, loading. Spectra obtained under ambient conditions. 
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Figure 6. Fluorescence yield Mo L3-edge XANES of a series of Mo- 
(VI) reference compounds. The spectra have been normalized as 
described in the text. The inset shows the second derivative of the 
spectra. In both cases the vertical scale is offset for clarity. 

background in order to enhance the surface molybdenum oxide 
signals. The major Raman bands for the Mo=O stretch increase 
slightly from 943 to 952 cm-1 as the molybdenum oxide 
coverage increases. The band position for the terminal Mo=O 
stretching mode suggests that the surface molybdenum oxide 
species is primarily present as polymolybdate species (hydrated 
Mo702d6- and Mo~O26~-) on the N b 2 0 5  support. The small 
820 cm-' band and a weak shoulder at 992 cm-' characteristic 
of crystalline Moo3 appear for 6% Mo03/Nb205 sample, which 
indicates that monolayer coverage for surface molybdenum 
oxide species has been slightly exceeded. Thus, the monolayer 
coverage of molybdenum oxide on this N b 2 0 5  support (55 m2/ 
g) is -6% MoO3, and the structure of the hydrated surface 
molybdenum oxide species is similar to hydrated Mo702f- and 
Mos0264- clusters under ambient conditions. 
XANES Spectra of Reference Compounds and Hydrated 

Catalysts. The Mo Ls-edge XANES, shown as electron yield 
signals, of a series of reference compounds, CoMo06, MOO3, 
(NH4)2M0207, and NazMoO4, are shown in Figure 6. The 
prominent feature in the spectra is the intense white line. At 
the Mo L3-edge this white line is a result of transitions from 
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Figure 7. Fluorescence yield Mo L3-edge XANES of ambient 1% 
(solid line) and 18% (dotted line) MoO3lA1203 catalysts at room 
temperature. The spectrum of the 1% Mo03/A1203 sample has been 
normalized to the height of the white line of the 18% sample due to 
problems with background subtraction for the low loading sample. The 
inset shows the second derivative of the spectra. In both cases the 
vertical scale is offset for clarity. 

the dipole-allowed 2p - 4d transition. In addition, splitting of 
the line is observed, reflecting the ligand field splitting of the 
final state d - ~ r b i t a l . ~ ~ , ' ~  The magnitude, and relative intensity, 
of the splitting can be understood using simple ligand field 
concepts. In a tetrahedral field the magnitude of the splitting 
of the d-orbital is smaller than in an octahedral field (e, t2 versus 
t2g, e&. The number of available orbitals is also consistent with 
the relative intensities observed (e, 2 and t2, 3; t2g, 3 and eg, 
2).73,74 In CoMoOs and Moo3 the Mo is octahedral coordinated 
to six oxygen atoms, whereas in Na2Mo04 the Mo is tetrahedral 
coordinated. (NH&M0207 has Mo atoms both tetrahedral and 
octahedral coordinated to oxygen. Both the magnitude of the 
splitting and relative intensity of the peaks of the compounds 
shown in Figure 6 are consistent with their symmetry. The 
fluorescence yield data for these compounds have previously 
been shown, but here the magnitudes are free of thickness 
effectsS7* The inset of Figure 6 shows the second derivatives 
of the XANES which serve to highlight the differences between 
the spectra. The range of values for the splitting of tetrahedral 
coordinated Mo oxides is 1.8-2.4 eV, whereas for octahedral 
coordinated Mo oxides it is 3.1-4.5 eV.72 

The Mo XANES data under hydrated conditions indicate that 
there are significant differences in the local site symmetry of 
molybdenum oxide supported on alumina, titania, and silica 
which depend on both the oxide support and surface coverage. 
The Mo L3-edge XANES of 1 and 18 wt % M003/A1203 
catalysts in the ambient state are shown in Figure 7. The inset 
shows the second derivatives of the XANES. The measured 
splitting of the peaks in the second derivative of 1% Mood  
A1203 is 2.25 eV, and that of the 18% M003/A1203 is 3.5 eV. 
The intensity ratio of the first to second peaks is reversed 
between the two samples. In the 1% MoO3/A1203 case the 
second peak is larger than the first, and for the 18% Mood  
A1203 catalyst the first is slightly larger than the second. For 
the 1% M003/A1203 catalyst both the splitting of the peaks and 
their relative intensity indicate that the molybdenum oxide 
species is tetrahedral coordinated. The XANES spectrum of 
the 18% M003/M203 under ambient conditions suggests that 
the coordination of the surface molybdenum oxide species in 
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Figure 8. Fluorescence yield Mo L3-edge XANES of an ambient 6% 
Mo03/TiOz catalyst at room temperature. The inset shows the second 
derivative of the spectrum. 
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Figure 9. Fluorescence yield Mo L3-edge XANES of ambient 1% 
(solid line) and 5% (dotted line) MoOdSiO2 catalysts at room 
temperature. The white line intensity of the 1% sample is reduced 
due to problems with background subtraction for the low loading 
sample. The inset shows the second derivative of the spectra. In both 
cases the vertical scale is offset for clarity. 

this sample appears to be octahedral coordinated, as evidenced 
both by the large splitting of the peaks and their relative intensity 
ratio. Thus, the coordination of the surface molybdenum oxide 
species on A1203 changes from tetrahedral to octahedral with 
increasing Mo coverage under ambient conditions. 

The Mo L3-edge XANES data for the 6% MoO3RiO2 sample 
under ambient conditions are shown in Figure 8. No data were 
collected for the low-coverage MoO3/TiO2 catalyst in its 
hydrated state. The spectrum shows a splitting of -3.2 eV with 
the first peak larger than the second and is consistent with an 
octahedral coordination of the hydrated surface molybdenum 
oxide species on Ti02 at monolayer coverage. Therefore, the 
molybdenum oxide species on Ti02 is octahedral coordinated 
at monolayer coverage under ambient conditions. 

The 1% and 5% MoO3/SiO2 Mo L3-edge XANES spectra 
and the corresponding second derivatives, shown as the inset, 
are presented in Figure 9. The splitting of the white line is 3.5 
eV for the 1% MoO3/Si02 catalyst and 3.25 eV for the 5% 
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Figure 10. Raman spectra of MoOdA1203 catalysts as a function of 
Moo3 loading. Spectra obtained under dehydrated conditions. 

MoOs/SiO;! sample. In both cases the intensity of the first peak 
is larger than the second. From the splitting of the peaks at the 
white line and their relative intensity ratio the surface molyb- 
denum oxide is octahedral coordinated at both low and high 
molybdenum oxide loadings. Thus, the coordination of the 
hydrated surface molybdenum oxide species is octahedral on 
Si02 at all coverages under ambient conditions. 

Raman of Supported Molybdenum Oxide Species under 
Dehydrated Conditions, Solid molybdate compounds possess 
both tetrahedral and octahedral coordination with the high- 
frequency Raman bands ranging from 840 to 1060 cm-' for 
the terminal Mo-0 stretching modes. In general, higher 
frequencies of the Mo-0 stretch suggest shorter Mo=O bonds 
and greater distortions in the s t r u ~ t u r e . ~ ~ ~ ~ ~  Raman frequencies 
in the 200-300 and 500-800 cm-' regions are associated with 
Mo-0-Mo functionalities. The surface molybdenum oxide 
species on oxide supports, however, possess structures that are 
generally different from those found in bulk molybdenum oxide 
compounds, and consequently, appropriate model reference 
compounds are not available for the surface molybdate. The 
Raman spectra of the supported molybdenum oxide species 
under dehydrated conditions provide information about specific 
bond functionalities (Mo-0, Mo-0-Mo, etc.) but cannot 
determine the Mo coordination because of the unavailability of 
surface molybdate reference compounds. 

MoOJAl203. The Raman spectra of the Mo03/A1203 cata- 
lysts as a function of molybdenum oxide loading under 
dehydrated conditions are presented in Figure 10. At all Moo3 
loadings, a sharp Raman band in the terminal Mo=O stretching 
region at -1000 cm-' and a weak Raman band in the Mo=O 
bending region at -300 cm-' are observed. With increasing 
molybdenum oxide loading, the sharp Raman band increases 
in intensity and shifts from 990 to 1006 cm-' while a broad 
band at -870 cm-' also increases in intensity. The Raman 
spectrum of the 1 % M003/A1203 sample also possesses a broad 
band at 836 cm-' and a band at 454 cm-' which is due to the 
instrumental background.28 The Raman spectra of the higher 
Mo loaded samples reveal additional bands at -940, -590, 
-377, and -210 cm-I. The presence of the 210 and 590 cm-' 
bands, characteristic of Mo-0-Mo vibrations, for the 12- 
20% samples indicates the presence of surface polymolybdate 
species for these higher molybdenum oxide loading samples. 
The high wavenumber shift of the terminal stretching band 
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Figure 11. Raman spectra of MoO,/SiOz catalysts as a function of 
Moos loading. Spectra obtained under dehydrated conditions. 

(990-1000 cm-I) and the absence of the -210-220 cm-' band 
for the low Mo loading samples (1% and 6% MoO3/A1203) 
suggest the presence of a highly distorted and isolated dehy- 
drated surface species.80 The Raman bands at -940,590, -377, 
and 210 cm-' for the high loading samples (12-20% MoO3/ 
Al2O3) are an indication of the presence of highly distorted 
surface polymolybdate species under dehydrated conditions. 

MoOJSiO2. The Raman spectra of the MoO3/SiO2 catalysts 
under dehydrated conditions as a function of Moo3 loading are 
presented in Figure 11. The terminal Mo=O stretching band 
is located in the 976-980 cm-' region. The 977 cm-' Raman 
band of the Si-0-H stretching mode is gradually replaced by 
the 980 cm-' Raman band of the surface molybdenum oxide 
species. The asymmetric nature of this terminal band implies 
an unresolved shoulder at -970 cm-I. The 970 cm-' band is 
more pronounced in samples from nonaqueous  preparation^^^ 
that achieved higher dispersions of molybdenum oxide on Si02. 
The 970 cm-' band was also reported in an IR studf6 and was 
assigned to a second surface molybdenum oxide species. The 
Raman spectrum of the 5% Mo03/Si02 sample also exhibits a 
band at 357 cm-' which is due to the bending mode of the 
terminal Mo=O bond. The absence of the Mo-0-Mo 
deformation mode at -220 cm-' for all Mo loaded samples 
suggests that only isolated surface molybdenum oxide species 
is present on Si02 surfaces. There is a weak band at -1040 
cm-' that increases with molybdenum oxide loading that 
originated from surface Si-0- functi~nalit ies~~ formed during 
the anchoring of the surface molybdenum oxide species to the 
Si02 support. Thus, the dehydrated surface molybdenum oxide 
species on Si02 possess an isolated and highly distorted 
structure. 

MoOJTiO2. The Raman spectra of the MoOgTi02 catalysts 
under dehydrated conditions as a function of molybdenum oxide 
loading are presented in Figure 12. The Raman stretching mode 
of the terminal Mo-0 bond is sharp and occurs at 993-998 
cm-I, which suggests a highly distorted structure. A very weak 
and broad band at -910 cm-' increases as the molybdenum 
oxide loading increases and is assigned to the formation of 
polymerized surface molybdenum oxide species. There is no 
direct information about whether Mo-0-Mo linkages exist in 
the dehydrated surface molybdenum oxide species on Ti02 
because it is not possible to obtain Mo-0 vibrational informa- 
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Figure 12. Raman spectra of MoO3RiOz catalysts as a function of 
Moo3 loading. Spectra obtained under dehydrated conditions. 
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Figure 13. Raman spectra of Mo03/ZrOz catalysts as a function of 
Moo3 loading. Spectra obtained under dehydrated conditions. 

tion below 700 cm-I due to the strong Raman scattering of the 
Ti02 support. 

MoOyZr02. The Raman spectra of the Mo03/Zr02 catalysts 
as a function of molybdenum oxide loading under dehydrated 
conditions are presented in Figure 13. The stretching mode of 
the terminal Mo=O bond shifts from 980 to 997 cm-l as the 
molybdenum oxide loading increases. At low molybdenum 
oxide coverage (1 % Mo03/ZrO2), there is also a broad Raman 
band at 845 cm-' along with the major 980 cm-' band. As 
the molybdenum oxide coverage increases, the 845 cm-I Raman 
band shifts to -868 cm-'. There is no Raman information 
about the low-frequency region for the MoO3/ZrO2 catalysts 
due to the strong Raman scattering from the ZrO2 support. 
However, comparison of the Raman spectra of the MoO3/ZrO2 
catalysts with the corresponding MOO3/A1203 catalysts reveals 
a similarity between them. Therefore, similar surface molyb- 
denum oxide structures appear to be present on the Z r 0 2  surface 
as that on the A1203 surface, e.g. ,  highly distorted, isolated 
surface molybdenum oxide species present on the ZrO2 surfaces 
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Figure 14. Raman spectra of MoO3/NbzOs catalysts as a function of 
Moo3 loading. Spectra obtained under dehydrated conditions. 

for low loadings and distorted, polymerized surface molybdenum 
oxide species present on ZrO2 at high loadings. 

MoOJNb205. The Raman spectra of the Mo03/Nb20~ 
catalysts as a function of molybdenum oxide loading under 
dehydrated conditions, after subtraction of the N b 2 0 5  support 
background, are presented in Figure 14. The terminal Mo=O 
stretching Raman band shifts from 992 to 996 cm-' with 
increasing Mo oxide coverage. A broad and weak band at -900 
cm-' is also present and its intensity also increases as the 
molybdenum oxide loading increases. As above, the -996 cm-' 
Raman band can be assigned to the terminal Mo=O stretch 
mode of a dehydrated highly distorted surface molybdenum 
oxide species, and the weak -900 cm-I Raman band is possibly 
due to the presence of polymolybdate species. The strong 
Raman scattering of the NbzO5 support in the low-frequency 
region prevents the collection of additional information about 
the surface molybdenum oxide species on Nb2Os. 
XANES Studies of the Dehydrated Catalysts. The previ- 

ously calcined catalyst wafers were dehydrated in situ by flowing 
dry 20% 0 2  in He over the samples as they were heated to 723 
K. After approximately 30-45 min, the Mo L3-edge X A N E S  
was recorded on each catalyst at 723 K in the flow of O2/He. 
The spectra for the 1 % and 18% MoOJAl203 samples are shown 
in Figure 15. The inset shows the second derivatives of the 
XANES spectra shown in the main figure. The splitting of the 
two peaks for the 1% M003lAl203 catalyst is 2.5 eV, and that 
for the 18% catalyst is 2.9 eV. The intensities of the split peaks 
in the white line for the high-loading alumina-supported sample 
are of comparable magnitude. In fact, the overall spectrum is 
quite similar to that of diammonium dimolybdate ((NH4)2- 
Moz07), shown in Figure 6. For the dehydrated 1% Mood 
A1203 catalyst the second peak is still larger than the first, as in 
the hydrated case. Thus, the dehydrated 1% M003/A1203 
appears to possess tetrahedral coordinated surface molybdenum 
oxide species, and the dehydrated 18% MOO3/A1203 appears 
to possess a mixture of tetrahedral and octahedral coordinated 
surface molybdenum oxide species. 

The Mo L3-edge XANES data for the dehydrated titania- 
supported catalysts are shown in Figure 16. The XANES 
spectra of the 1% Mo03/Ti02 and the 6% MoO3/TiO2 catalysts 
are quite different. For the 1% MoO3/TiO2 catalyst the 
measured splitting in the second derivative is 2.3 eV, with the 
second peak larger than the first in the normalized data. For 
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Figure 15. Fluorescence yield Mo L3-edge XANES of dehydrated 1% 
(solid line) and 18% (dotted line) Mo03/A1203 catalysts at 723 K. The 
inset shows the second derivative of the spectra. In both cases the 
vertical scale is offset for clarity. 
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Figure 16. Fluorescence yield Mo L3-edge XANES of dehydrated 1% 
(solid line) and 6% (dotted line) MoO,/Ti02 catalysts at 723 K. The 
inset shows the second derivative of the spectra. 

the 6% MoO3/TiO2 sample, the spectrum looks quite similar to 
that of bulk MoO3, shown in Figure 6, and the splitting between 
the two peaks is 3.5 eV. The first peak is also larger than the 
second. Thus, the dehydrated 1% MoO3lTiOz possesses a 
structure with tetrahedral coordination, and the dehydrated 6% 
MoO3lTiO2 possesses an octahedral coordinated surface mo- 
lybdenum oxide species. 

In situ Mo L3-edge XANES data were collected on three 
different weight loading of the MoOs/SiOz catalysts. The 1% 
and 5% MoO3/SiOz catalysts were prepared by the aqueous 
impregnation method in our laboratory, while the 3.5% sample 
was supplied from a different group and was prepared from a 
molybdenum allyl compound.37 As shown in Figure 17, the 
spectra of all three catalysts are identical. There is no clear 
splitting of the white line at the Mo L3-edge, although the 
asymmetry of the white line clearly indicates the presence of 
two peaks. The second derivatives are shown in the inset of 
Figure 17. The peaks in the second derivative indicate a 
"splitting" of -2.8 eV. Thus, the dehydrated surface structure 
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Figure 17. Fluorescence yield Mo L3-edge XANES of dehydrated 1% 
(solid line), 3.5% (dotted line), and 5% (dashed line) MoO3/SiOz 
catalysts at 723 K. The spectra have all been normalized to the same 
intensity white line. The inset shows the second derivative of the 
spectra. In both cases the vertical scale is offset for clarity. 

of the MoO3/SiOz catalysts is not simply tetrahedral or 
octahedral coordinated and may possess a coordination in 
between Moo4 and Moo6 units. 

Discussion 

Surface Structures of Supported Molybdenum Oxides 
under Ambient Conditions. Molybdenum oxide ions are 
known to form isopolyanions in aqueous solutions, and the state 
of aggregation in these solutions is highly dependent on pH 
and Mo c o n ~ e n t r a t i o n . ~ ~ ~ ~  Above a pH of 8.0, isolated and 
tetrahedrally coordinated Mood2- is the major species present 
in aqueous solution. For pH values between 4.8 and 6.8, the 
predominate species is a polymerized and octahedrally coordi- 
nated M07024~- cluster. For pH values of 1.7-2.2, octahedral 
M0gO26~- species is the main species in aqueous solution (see 
Table 3). 

The point of zero charge (PZC) of a supported metal oxide 
catalyst system depends on both the oxide support and the 
molybdenum oxide loading since the addition of molybdenum 
oxide decreases the surface pH of the oxide support (PZC of 
Moo3 -2.3).81 It has been proposed that the final pH of the 
solutions in the filled pores of support is close to the PZC of 
the support because of the fairly large buffer capacity of the 
s ~ p p o r t . ~  However, directly following the dependence of the 
PZC of the catalysts on the molybdenum oxide loading for 
MoO3/Al203 catalysts by Kohler et aLZ3 found that the PZC of 
the catalysts continuously decreases from -9 to 3.8 as the 
molybdenum oxide loading increases from 0 to -10% Mo 
loading. This decrease in the PZC is responsible for the 
structural changes from tetrahedral to octahedral coordinated 
hydrated molybdenum oxide species which is analogous to the 
structures formed by molybdenum oxide in an aqueous solution 
possessing solution pH equal to the sample PZC. Thus, at low 
Mo loadings the PZC of the oxide support primarily determines 
the structure of hydrated surface molybdenum oxide, but at high 
Mo loadings the surface molybdenum oxide drastically depresses 
the PZC of the system. 

Raman spectra of surface molybdenum oxide species under 
ambient conditions demonstrated that the structure of the 
molybdenum oxide species depends on the specific oxide 



10906 J. Phys. Chem., Vol. 99, No. 27, 1995 

TABLE 4: Summary of XANES and Raman Structures of Surface Molybdenum Oxide Species under Ambient Conditions 

Hu et al. 

structures at low coverage structures at high coverage 
oxide SUDDOI-I Pzc Of SUDDOl7 XANES R a "  XANES Raman 

a Major species. 

support and the molybdenum oxide loading. The ambient Mo 
L3-edge XANES study of the molybdenum oxide coordination 
on the different oxide supports at low and high Mo loadings is 
in excellent agreement with the results derived from the ambient 
Raman study. The major surface molybdenum oxide species 
present on the oxide supports under ambient conditions at low 
and high Mo loading are listed in Table 4. For low Mo loading 
catalysts, the surface molybdenum oxide species on the A1203 
support (pH at PZC = 8.9) possessed mainly monomeric species 
Mood2- (Raman band at 912 cm-I), and the surface molybde- 
num oxide species on Si02 (pH at PZC = 3.7-4.3) and NbO5 
(pH at PZC = 4.0) were found to favor octahedral coordinated 
polymolybdate species such as Mo702d6- and Mos0264- (Raman 
bands at 947 and 948 cm-I, respectively; also see Table 3, 
Mo702d6- and M08026~- coexist at pH 2.2-4.8). The surface 
molybdenum oxide species on Ti02 (pH at PZC = 6.0-6.4) 
and Zr02 (pH at PZC = 5.9-6.1) formed both tetrahedral and 
isolated species (M0042-) and polymolybdate species (Mwh6- )  
as shown in Table 4 (Raman bands at 934 and 924 cm-I, 
respectively). Thus, the support pH at PZC controls the 
molecular structures of molybdenum oxide overlayer on different 
oxide supports under ambient conditions at low Mo loadings. 

The structural changes of the hydrated molybdenum oxide 
species on different oxide supports with increasing molybdenum 
oxide loading confirm the dependence of the surface molyb- 
denum oxide structures on the molybdenum oxide loading which 
corresponds to the changes in the PZC of the samples. It was 
found that23 the pH of the catalysts decreases from -9 to -3.7 
as the Mo loading increases. The M07024~- species coexist 
with the Mo80264- species at pH -3.7 as shown in Table 3. 
The Raman bands of the monolayer catalysts are all located in 
the 947-954 cm-' region, which is only slightly higher than 
the Raman band of the Mo70d-  species (943 cm-I). There- 
fore, the species formed on the different supports at high Mo 
loadings under ambient conditions are listed in Table 4, and 
the dominant species is M07024~-. As the molybdenum oxide 
content increases, the pH of their aqueous solution decreases 
and the ratio of M07024~-/Mo04~- for Mo03/Al203, Mood  
TiO2, and MoO4Z1-02 on the support surfaces increases. The 
corresponding Raman shifts toward higher frequency of the 
terminal stretching bands of the surface molybdenum oxide 
species with increasing loading of the molybdenum oxides are 
due to these structural changes (e.g., for the Mo03/Al203 
catalysts from tetrahedral to octahedral). These trends are in 
excellent agreement with the net surface pH at PZC model of 
Deo and W a ~ h s . ' ~  The good agreement between the surface 
molybdenum oxide coordination obtained from XANES and that 
of the structural information from the Raman study further 
confirms the pH dependence. In addition, Shimada et al.I8 
characterized the hydrated structures of molybdenum oxide on 
different oxide supports with EXAFS and found that a tetra- 
hedral structure is predominant on MgO (pH at PZC = 1 l), an 
octahedral molybdenum oxide structure is present on Si02 and 
high loading TiO2, and for A1203 the molybdenum oxide 
structures are tetrahedral for low loading and octahedral for high 

loading. Shimada et al.'s findings are in perfect agreement with 
the current Raman and XANES Mo L3-edge studies. 

The c m n t  work further suggests that the hydrated structures 
of surface molybdenum oxide species under ambient conditions 
are independent of the preparation method. In this study, the 
Raman spectra of the samples prepared by the aqueous 
impregnation method show that the net surface pH at PZC of 
the sample controls the structure of surface molybdenum oxide 
species and agrees with the studies done by Kim et for 
supported molybdenum oxide catalysts prepared by the equi- 
librium adsorption method. Segawa et ~ 1 . ~ ~  investigated Moo31 
Ti02 catalysts prepared by the equilibrium adsorption method 
by Raman and found that, at high molybdenum oxide loading 
and ambient conditions, octahedral coordinated molybdenum 
oxide species exist, which is in agreement with our results. 
Williams et ul.24,37 found that the structures of the Mo03/Al203 
and Mo0dSiOz catalysts under ambient conditions were 
independent of the Mo precursors and the preparation pH. 
Machej et al.61365 found that the same hydrated molybdenum 
oxide structure was present for high-coverage MoOdTTiO2 
catalysts prepared by impregnation and grafting methods. 
hazinger et uL7 found that the same structures are also present 
for molybdenum oxide dispersed on both q- and y-Al203 
supports and demonstrate that the specific structure of the oxide 
support also does not alter the surface structure of the ambient 
surface molybdenum oxide species. Thus, the molecular 
structures of the ambient surface metal oxide overlayers are 
controlled by the thermodynamics of the interactions at the 
hydrated metal oxide-oxide support interface. Furthermore, 
the ability to make the same surface molybdenum oxide 
overlayers from physical mixtures of crystalline Moo3 and 
supports demonstrates the high mobility of the Mo species and, 
consequently, the lack of dependence on the preparation 

Surface Structures of Supported Molybdenum Oxides 
under Dehydrated Conditions. As discussed above, under 
ambient conditions the molecular structures of the hydrated 
surface molybdenum oxide species are similar to those found 
in aqueous solutions. At elevated temperatures, however, the 
adsorbed moisture desorbs from the catalyst surface and the 
surface becomes dehydrated. Consequently, the structures of 
the surface metal oxides are drastically altered upon dehydration 
as was found for many supported metal oxide systems (V, Nb, 
Cr, Re,  et^.).^*^^@ Unfortunately, the structures of the surface 
molybdenum oxide species are not the same as known solid 
molybdate reference compounds. As already mentioned in the 
Results section, unambiguous assignment of the vibrational 
bands for Raman spectra of solid molybdate compounds is not 
always straightforward since inorganic molybdenum oxide 
compounds possess vibrational frequencies for the tetrahedral 
and octahedral terminal Mo-0 bond stretches that can over- 
lap.9+78 In addition, the stretching modes of the tenninal Mo=O 
groups at 1046-840 cm-I and of bridging Mo-0-Mo groups 
at 946-820 cm-I can also ~ v e r l a p . ~ ~ , ~ ~  Moreover, the structures 
of many molybdate compounds cannot be classified as having 

method.80B-87 
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TABLE 5: Summary of XANES and Raman Structures of 
Surface Molybdenum Oxide under Dehydrated Conditions 
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oxide structures at low coverage structures at high coverage 
support XANES Raman XANES R a "  
, 4 1 2 0 3  Td isolated Td + Oh polymolybdate 
Ti01 Td+Oha Oh poly molybdate 
ZrO2 (Td)' (Td + Oh)b polymolybdate 
Si02 ? isolated ? isolated 
Nb205 (Td + Oh')' (Oh)' poly molybdate 

a Minor species. ' Based on similarity of Raman spectra. 

precisely octahedral or tetrahedral coordination of the molyb- 
denum ions.'* Therefore, a Raman study of the surface 
molybdenum oxide species on different oxide supports under 
dehydrated conditions cannot provide a complete structure, but 
only gives some information about the Mo-0 and Mo-O- 
Mo functionalities. However, the Mo XANES under dehydrated 
conditions is complementary to Raman and provides important 
information about the coordination of the surface molybdenum 
oxide species. 

The Mo XANES data under dehydrated conditions indicate 
that there are significant differences in the local site symmetry 
of the surface molybdenum oxide species supported on alumina, 
titania, and silica brought about by dehydration. Table 5 lists 
the coordination of the surface molybdenum oxide species on 
different supports for the low loading and high loading catalysts 
under dehydrated conditions. For the 1% Mo03/A1203 sample, 
both the splitting of the peaks and their relative intensities 
indicate that the surface molybdenum oxide species is tetrahedral 
coordinated in the dehydrated state. For the low loading MoO3/ 
Ti02 sample, the spectrum also indicates that the surface 
molybdenum oxide species is primarily tetrahedral coordinated. 
However, the presence of some octahedral coordinated surface 
molybdenum oxide on Ti02 cannot be excluded as the second 
derivative indicates the presence of a shoulder at a splitting of 
3.6 eV, and the relative ratio of the intensities of the peaks is 
only weakly indicative of tetrahedral geometry. Thus, the 
dehydrated surface molybdenum oxide species present for low 
loading samples on A1203 and Ti02 primarily possess tetrahedral 
coordination. The XANES and Raman studies of the dehydrated 
MoOs/SiO:! catalysts will be discussed separately below since 
the surface molybdenum oxide species on the Si02 support is 
very different from the other oxide supports. 

The main Raman features upon dehydration for the supported 
molybdenum oxide catalysts are the disappearance of the 
terminal bands in the 930-960 cm-I region and the appearance 
of very sharp bands at -1000 cm-I. The terminal Mo-0 
Raman stretching bands for the different supports are very 
similar for the dehydrated samples. At low surface coverage, 
the sharp Raman band at -1000 cm-I predominates, and the 
high-frequency position of this Raman band suggests a highly 
distorted structure. The absence of Raman bands in the Mo- 
0-Mo bending region (-220 cm-l) in the spectrum of the l% 
Mo03/A1203 sample suggests that this species is isolated. The 
combined XANES and Raman data at low Mo loading suggest 
that the surface molybdenum oxide species on the A1203 support 
is isolated, highly distorted, and tetrahedrally coordinated. For 
a tetrahedrally coordinated species on the surface, the most likely 
structure is that possessing two terminal Mo-0 bonds and two 
bridging Mo-0-support bonds. Accordingly, the broad -836 
cm-' Raman band can be assigned to the asymmetric stretching 
mode of the Mo=O bonds. The Raman spectra of 1% Moo3 
on different oxide supports in the 1100-700 cm-' region are 
compared in Figure 18a and reveal very similar features for the 
1% MoO3ErO2 and 1% M003/A1203 catalysts at low coverages 
which suggests similar structures for these two catalysts. In 

I 1 % MOO, /Support 

1100 I 1000 900 ab0 7 

Raman Shift (cml) 

I 
monolayer MOO, /Support I 

, , I I I I I 

1100 1000 900 800 

Raman Shift (cm-1) 

Figure 18. Raman spectra of (a, top) 1% MOO3 catalysts on different 
oxide supports and (b, bottom) monolayer Moo3 catalysts on different 
oxide supports under dehydrated conditions. 
addition, the XANES and Raman spectra of the 1% MoO3/TiO2 
suggest that the structures of surface molybdenum oxide are 
primarily highly distorted and tetrahedral coordinated species 
with a minor component of distorted and octahedral coordinated 
species. The Raman spectrum of the 1 % MoO3/NbzOs appears 
very similar to that of the 1% MoO3RiO2, and thus, similar 
structures are presumably present also for these two catalysts 
(see Figure 18a). However, the coordinations of the dehydrated 
Mo03Er02 and MoO3/NbzOs catalysts at low loadings should 
be directly confirmed with further XANES measurements. 

The XANES spectra for the monolayer coverage catalysts 
are quite different from their corresponding low loading 
catalysts. In the XANES spectrum of 18% MoO3/A1203, the 
surface molybdenum oxide species appears to be octahedrally 
coordinated because of the large splitting of the peaks and their 
relative intensity ratio. However, the splitting decreases slightly 
compared to the spectrum of hydrated condition, and the relative 
ratio of the peaks becomes almost equal. While the second 
derivative does not clearly confirm the presence of two 
components in the XANES spectrum, the overall shape of the 
normalized spectrum is similar to that of diammonium dimolyb- 
date in which there is an equal number of tetrahedrally and 
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octahedrally coordinated molybdenum oxide. On the basis of 
this fingerprint, at high loadings of molybdenum on alumina 
under dehydrated conditions there are both octahedral and 
tetrahedral surface molybdenum oxide species present. The 
XANES spectrum of the 6% MoOdTiO2 sample clearly 
indicates the octahedral coordination of the surface molybdenum 
oxide species for this high loading sample. Thus, the coordina- 
tion of the surface molybdenum oxide species depends on the 
specific oxide support. 

The Raman spectra also reflect the structural changes with 
increasing surface molybdenum oxide coverage of the dehy- 
drated samples. As the molybdenum oxide loading increases, 
a second molybdenum oxide species which possesses Raman 
bands at -940, 865,590, 377, and 210 cm-I is formed on the 
Mo03/A1203 catalysts at high Mo loading. The 590 and 210 
cm-l bands reflect the formation of Mo-0-Mo bridging bonds 
in the surface molybdenum oxide structure which suggests the 
formation of a polymerized species. For surface molybdenum 
oxide species on other supports, the formation of this second 
species is indicated by an increase of a broad Raman band at 
-880 cm-I that generally grows with surface molybdenum 
oxide coverage with the exception of Si02, which does not form 
a polymeric species (no Raman bands at -880 and -210 cm-I). 
The polymeric surface molybdenum oxide species appear to be 
most pronounced on A1203 and Z r 0 2  relative to Ti02 and N b 0 5 .  

Figure 18b compares the Raman spectra of the monolayer 
molybdenum oxide species on different oxide supports in the 
1100-700 cm-I region. The similar Raman bands for the 4% 
MoO3/ZrO2 and the 20% MoOdA1203 catalysts, as well as 
between the 5% Mo03/Nb205 and the 6% MoOgTiO2 catalysts, 
suggest similarities in the structures of the surface molybdenum 
oxide species on the respective supports. Therefore, it is 
concluded that, for high loadings of MoO3/A1203 and Moo31 
ZrO2 catalysts, highly distorted, polymerized, and octahedral 
coordinated surface molybdenum oxide species coexist with 
tetrahedral, isolated surface species. In general, the relative 
Raman intensity of the two dehydrated surface species, poly- 
meric to monomeric species, increases with increasing metal 
oxide loading, but their relative Raman cross sections are not 
known. A surface highly distorted octahedral polymolybdate 
species is also present on the Ti02 and Nb20~  supports for high 
loading catalysts but does not appear to be as extensively 
polymerized. 

From the Raman spectra of the MoOdSiO2 catalysts, the 
surface molybdenum oxide species possesses an isolated and 
highly distorted structure under dehydrated conditions. De Boer 
et a1.36 found by EXAFS that total Mo-Mo coordination 
number decreased from 3.27 to 0.20 after dehydration, which 
confirms that dehydration produces essentially isolated molyb- 
denum oxide species on Si02. The XANES spectra at the Mo 
L3-edge of the MoOs/SiOz catalysts after dehydration change 
quite dramatically compared to the spectra under hydrated 
conditions. However, there is no clear indication of splitting 
of the XANES white line upon dehydration, although the 
asymmetry of the peak clearly indicates the presence of two 
peaks. At present, a clear interpretation of these XANES spectra 
is not available. The spectra indicate that the symmetry of the 
molybdenum is clearly not in a slightly distorted tetrahedral or 
octahedral geometry as found for the other catalysts and the 
range of model compounds investigated. However, the similar- 
ity between the XANES spectrum of the 3.5% Mo03/Si02 
sample made by the nonaqueous preparation method and the 
1 % and 5% samples made by the aqueous impregnation method 
confirms the independence of the structure of the surface 
molybdenum oxide species on the preparation method. The 

symmetry of a species between tetrahedral and octahedral 
coordination indicated by XANES data agrees with the monooxo 
model suggested by the IR study that employed 1sO-'60 
exchange to examine the MoOs/SiO2 catalysts.46 According to 
Comac et al., the coordination of surface Mo species on Si02 
is an octahedral species with one bridging Mo-0- bond which 
attaches to a surface site different from the other three Mo- 
0-Si bridging bonds. The remaining Mo=O bond and three 
Mo-0-Si bonds show tetrahedral feature. More XANES 
studies are needed on these samples as well as model reference 
compounds in order to come to a firm conclusion about the 
local symmetry of the dehydrated surface molybdenum oxide 
species on silica. 

From the combined Raman and XANES data, the dehydrated 
structures of the surface molybdenum oxide species present on 
the different oxide supports at low and high loading were 
determined and are listed in Table 5. The results in Table 5 
suggest that under dehydrated conditions the surface molybde- 
num oxide species tend to form isolated species on the oxide 
supports at low Mo loadings. When the Mo loading increases, 
the more dense surface Mo coverages allows polymolybdate 
species to be formed. For the Mo03/Si02 catalysts, higher 
surface coverages are not possible before the formation of 
crystalline MoO3, and therefore, only isolated surface molyb- 
denum oxide species are present on this support. The isolated 
structures of the surface molybdenum oxide species for the low 
loading catalysts also suggest that the breaking of precursor 
clusters has occurred upon the deposition of molybdenum oxide 
on all oxide supports. Furthermore, this study also confirms 
that there is no precursor or preparation effect to the final 
structure of the surface molybdenum oxide species. 

The combined Raman and XANES characterization tech- 
niques provide a relatively dependable determination of the 
structure and local site symmetry for supported molybdenum 
oxide catalysts. There were several recent attempts at using 
solid state 95Mo NMR to study the structures of the surface 
molybdenum oxide  specie^.^.^^.^^ However, the analysis of the 
95Mo NMR spectrum does not appear straightforward; the 
variation of octahedral and tetrahedral sites affects not only the 
chemical shift but also the line width and line shape, and the 
assignment of the line shape components requires a curve-fitting 
program to estimate many parameters.16.88 It appears that 
additional progress in solid-state 95Mo NMR is required for the 
molecular structural assignments of supported molybdenum 
oxide catalysts. 

Monolayer Coverage of Surface Molybdenum Oxides on 
Different Oxide Supports. As previously mentioned, the 
supported molybdenum oxide catalysts used in the present study 
were all prepared by the incipient-wetness impregnation method 
from an aqueous solution of ammonium heptamolybdate. 
Samples possessing only a very small Raman band at -820 
cm-' are taken as representative of monolayer coverage of 
surface molybdenum oxide species on the specific oxide support. 
The Raman signal of crystalline Moo3 is significantly stronger 
in comparison to the Raman signal of surface molybdenum 
oxide species,28 and crystalline Moo3 generally forms above 
monolayer coverage. The molybdenum oxide monolayer cover- 
ages obtained in the present study via the aqueous impregnation 
preparation method are listed in Table 1 for each support. 
Essentially the same surface density (dispersion per unit surface 
area) is obtained on all the oxide supports used (-4.6 Mo atoms/ 
nm2) with the exception of the Si02 support. The theoretical 
monolayer ooverage of molybdenum oxide on an oxide support 
was estimated to be -8.0 Mo atoms/nm2, which was obtained 
by assuming full coverage of the support surface by a single 
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layer of the Moo3 crystal phase.60 The current findings reveal 
that only -57% of a theoretical monolayer is formed for 
molybdenum oxide species on the oxide supports and suggests 
that theoretical monolayer coverage is not achievable before 
the formation of crystalline MoO3. This also indicates that the 
theoretical model which is based on a layer of crystalline Moo3 
is not realistic since the surface molybdenum oxide species 
usually possess a different structure and packing density than 
crystalline MoO3. A benzaldehyde-ammonia titration (BAT) 
method was useds9 to determine the monolayer coverages of 
the surface molybdenum oxide species on A l 2 0 3 ,  Ti02, and ZrO2 
supports. A surface concentration of <7 Mo atoms/nm2 for 
molybdena monolayer loading was found irrespective of the kind 
of support. The results are slightly higher than those from the 
current studies since the BAT method is less sensitive to the 
microcrystalline MOO3 formation than the Raman technique. 

The present work has shown that the conventional impregna- 
tion preparation gives the same dispersion as other preparation 
methods for oxide supports. Segawa et al.57 found from the 
XPS Mo(3d)/Ti(2p) ratio that -6.6 wt % Moo3 corresponds to 
monolayer coverage for the Ti02 (Degussa P-25). The close 
agreement between Segawa et al.’s results based on the 
equilibrium adsorption preparation method and the present result 
from the aqueous impregnation method (-6% MoO3) suggests 
that the preparation method does not affect the final monolayer 
coverage. A literature search of other studies of molybdenum 
oxide monolayer coverage on oxide supports did not reveal 
higher loadings when different preparation methods were 
employed with the exception of the Si02 support (see discussion 
below). The current study also demonstrates that monolayer 
coverage is only a function of the oxide support surface area 
and not a function of the specific molecular structure of the 
surface molybdenum oxide species (e.g., Oh for MoO3/TiO2 
and Oh/Td for Mo03/A1203). 

The preparation methods and precursors do not seem to have 
much of an effect on the dispersion of the surface molybdenum 
oxide species on different oxide supports except for Si02 in 
which the nonaqueous preparation of MoOdSi02 catalysts by 
Williams et a1.37-39 did produce higher loadings of the dispersed 
molybdenum oxide on Si02. However, monolayer coverage 
has never been achieved on Si02, partially due to the low surface 
OH density of this support and the reactivity between adjacent 
silanol groups to form siloxane bridges. It has been proposed 
that the interaction between the precursor and the oxide support 
surface depends on the sign of the surface charge of the support 
and of the dissolved complexes of the precursor.36 The silica 
surface is negatively charged at the pH of the AHM solution 
(-5.5) and is thought to account for the lack of interaction with 
the anionic heptamolybdate cluster. However, in the present 
study the same monolayer coverage of surface molybdenum 
oxide species on the Nb2O5 support (PZC - 4) as on the other 
oxide supports was also obtained, which suggests that the surface 
charge of the support is not the controlling factor for the 
dispersion of molybdenum oxide. The spontaneous dispersion 
b e h a v i ~ r ~ ~ - ~ ~  of molybdenum oxide on the surface of oxide 
supports with the exception of Si02 suggests it is more likely 
that there is a driving force for the dispersion of molybdenum 
oxide on the surface of oxide supports. The inability to form 
monolayer coverage of surface molybdenum oxide species on 
SiOz, however, reflects a repulsion between the Si02 surface 
and metal oxides since physical mixtures of surface molybde- 
num oxide species on Si02 and other oxide supports (Ti02, 
&03, etc.) result in complete migration of the surface 
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molybdenum oxide species away from the Si02 support upon 
heating (e.g., MoO3/SiOz + Ti02 - Si02 + Mo03/Ti02).90 

Conclusions 

The molecular structures of the surface molybdenum oxide 
species on the A1203, TiOz, ZrO2, Nb205, and Si02 supports 
were investigated by Raman and XANES at the Mo L3-edge 
spectroscopies as a function of Mo loading and hydration/ 
dehydration states. 

Under ambient conditions, the structures of supported mo- 
lybdenum oxide species resembles molybdate species in aqueous 
solutions. At low Mo loadings, the structure of surface 
molybdenum oxide species depends on the pH at the point of 
zero charge of the different supports. At high Mo loadings, 
the structure of surface molybdenum oxide species also depends 
on the molybdenum oxide coverage, which decreases the pH 
at the point of zero charge of the catalyst surface. For 
molybdenum oxide supported on Si02 and Nb2O5 supports, 
hydrated polymolybdate clusters (Mm02d6- and are 
the principal species present on the surfaces. For the Ti02 and 
ZrO2 supported molybdenum oxide, the major species are 
tetrahedral species (Mood2-) at low Mo loadings and polymo- 
lybdates (Mo70&) at high Mo loadings. For the A1203 
support, at low loadings the isolated and tetrahedral coordinated 
molybdenum oxides (M004~-) are the main species, and the 
polymeric species (Mo702d6-) increase with Mo loadings. The 
molecular structures of the hydrated surface molybdenum oxide 
species can be predicted by the pH at PZC model. 

Under dehydrated conditions, the structures of the surface 
molybdenum oxide species depend on both the specific oxide 
support and the Mo loading. A highly distorted and isolated 
structure are observed to be present on all supports at low 
loading. On the A1203 support, this species is tetrahedrally 
coordinated; on the Ti02 support the major species are also 
tetrahedral coordinated. At high loadings, octahedral coordi- 
nated polymolybdate species as well as isolated tetrahedral 
species are present on the surface of Al2O3, but the polymo- 
lybdate species predominate on the Ti02 support. The structures 
of the MoO3ErO2 appear to be similar to that of the MoO3/ 
Al2O3, and the structures of the Mo03/Nb205 appear to be 
similar to that of the MoO3/TiO2. The Si02 supported surface 
molybdenum oxide species are isolated and highly distorted at 
all loadings and possess a symmetry somewhat between 
octahedral and tetrahedral coordinations, and additional studies 
with molybdenum oxide reference compounds are required. 
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