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Molecular Structural Determination of Molybdena in Different Environments: Aqueous
Solutions, Bulk Mixed Oxides, and Supported MoQO; Catalysts
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UV —vis diffuse reflectance spectroscopy (DRS) and Raman spectroscopy were used to examine the electronic
and molecular structures, respectively, of well-defined Mo(VI) bulk mixed oxide reference compounds ((i)
isolated MoO,4 or MoOg monomers, (ii) dimeric OsMo—O—MoOs, (iii) chains of alternating MoO, and MoOg
units, (iv) MoOg-coordinated Mo;—Mo, clusters, and (v) infinite layered sheets of MoOs units), aqueous
molybdate anions as a function of solution pH, and supported MoOj catalysts (MoO5/SiO,, MoO3/Al,05, and
MoOs/Zr0O,). Raman spectroscopy confirmed the identity and phase purity of the different bulk and solution
molybdenum oxide structures. UV—vis DRS provided the corresponding electronic edge energy (Eg) of the
ligand-to-metal charge transfer (LMCT) transitions of the Mo(VI) cations. A linear inverse correlation was
found between Eg and the number of bridging Mo—O—Mo covalent bonds around the central Mo(VI) cation.
A relationship between Eg and the domain size (Ny,) for finite MoO, clusters, however, was not found to
exist. Application of the above insights allowed for the determination of the molecular structures of the two-
dimensional surface MoO, species present in supported MoO; catalysts as a function of environmental
conditions. The current electronic and molecular structural findings are critical for subsequent studies that
wish to establish reliable structure—activity/selectivity relationships for molybdenum oxide catalysts, especially

supported MoOj; catalysts.

1. Introduction

Molybdates are extensively applied as heterogeneous cata-
lysts.! Bulk and supported molybdena catalysts are commercially
employed for methanol oxidation to formaldehyde; selective
oxidation/ammoxidation of propylene to acrolein, acrylic acid,
and acrylonitrile; isomerization; hydrogenation; polymerization;
and hydrodesulfurization (HDS) of petroleum feedstocks. In the
past few years, there has also been much interest and activity
in extending the use of Mo-containing catalysts to selective
oxidation of lower alkanes.>”> Furthermore, Mo-containing
heteropoly compounds with Keggin/Anderson structures were
also intensively investigated due to their special redox/acidic
catalytic properties in homogeneous (electrochemical and
photochemical reactions), heterogeneous liquid-phase processes,
and heterogeneous gas—solid reactions.®™”

The molybdenum oxide molecular structures in these mo-
lybdena-containing catalysts have been extensively investigated
with many characterization techniques: Raman spectroscopy,
Fourier transform infrared (FT-IR) spectroscopy, X-ray diffrac-
tion (XRD), solid-state Mo nuclear magnetic resonance
(NMR), XANES/EXAFS, X-ray photoelectron spectroscopy,
and UV—visible diffuse reflectance spectroscopy (DRS)."”2
These investigations have resulted in major contributions to both
fundamental research and industrial catalyst development,
particularly in the field of petroleum chemistry. For supported
molybdena catalysts, it is generally accepted that the structure
of the surface molybdena is controlled by both the specific oxide
support and the surface coverage. At low surface coverage, the
primary molybdena species supported on Al,Os, TiO,, and ZrO,
are isolated and tetrahedral coordinated under dehydrated
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conditions. At high surface coverage, the primary dehydrated
molybdena species supported on Al,O; and ZrO, are a mixture
of tetrahedral and octahedral MoO, coordinated species.?!™#?
There is still, however, a lack of general understanding of the
factors controlling the dispersion and local MoO, coordination/
structure of supported molybdena oxides and their dependence
on the nature of supports, surface coverage, and the extent of
surface hydration/dehydration.

UV—vis—NIR spectroscopy is one of the most versatile
spectroscopic technique because it can function under ambient,
dehydrated, and in situ conditions and measures the electron
transition of the ligand-to-metal charge transfer (LMCT) in the
ultraviolet (UV), visible (vis), and near-infrared (NIR) regions.*
Furthermore, the UV—vis edge energy (Eg) or band gap of the
LMCT, which is determined from the position of the low energy
rise in the material’s UV —visible spectrum, can also quantitatively
establish the extent of polymerization of metal oxides. In recent
years, therefore, UV—vis—NIR spectroscopy has found more use
in the structural determination of MoO, clusters.>!%264747 Few
publications, however, have quantitatively investigated the local
Mo structure on the basis of the UV—vis edge energy values.
A pioneering study was reported by R. S. Weber where the
edge energies of bulk molybdenum polyoxometalates were
correlated with the degree of aggregation/polymerization (cal-
culated as the average number of nearest molybdenum neigh-
bors).*® Unfortunately, application of this aggregation—edge
energy relationship to determine the local Mo oxide structure
was problematic because (1) the data employed by Weber were
collected from a number of different research groups’ publica-
tions and, consequently, lacked internal consistency, (2) other
characterization methods were not used to confirm the assigned
molecular structures, and (3) the Eg values tend to only provide
an average value when multiple molecular MoO, species are
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present.**¥ Thus, other molecularly sensitive characterization
methods must also be used in conjunction with UV—vis
spectroscopic measurements to check the structural purity of
MoO, species.

The molecular structures of the different Mo(VI) oxide species
present in various model compounds and environments, aqueous
solution, bulk mixed oxides, supported molybdena on oxide
supports under hydrated and dehydrated conditions, and Keggin
polyoxometalates, will be examined with combined in situ
Raman and UV—vis—NIR spectroscopy. The local molecular
structure of the molybdena species will first be determined with
Raman spectroscopy because of its high sensitivity in discrimi-
nating among different structures under ambient and dehydrated
conditions. An empirical correlation between the size of Mo
oxide domain and Eg values will be established and used to
determine the local molybdena structures of supported molyb-
dena catalysts on various oxide supports as a function of Mo
loading under ambient and dehydrated conditions. Finally, the
assigned structures of the supported molybdena catalysts from
UV —vis spectroscopy will be compared to the corresponding
Raman and XANES findings to determine the consistency of
the structural assignments with these spectroscopic techniques
and to provide a complete view of the molybdenum oxide
structure, its dependence on various phases (solid, aqueous
solution, or Keggin clusters), oxide support and dispersion, as
well as the effect of surface hydration and dehydration.

2. Experimental Section

2.1. Molybdate Synthesis. The bulk metal molybdates
(A]z(MOO4)3, MgM0207, Fez(M004)3, Na2M004, and NIMOO4)
were prepared by coprecipitation of aqueous (NH4)¢M070,4°
4H,0 (Alpha Aesar Products, 99.9%) and the corresponding
metal nitrates (AI(NO3);°9H,0, Mg(NO;),*6H,0, Fe(NO;);*
9H,0, and NaNOs3, Ni(NOs),*6H,0 from Alpha Aesar Products,
99.9%). The preparation details have been previously reported.**>°
The (NH4),M0,07, (NH4)sM070,4, and (NH,)4sMogO»¢ salts were
obtained from H. C. Starck.

The aqueous molybdate solutions were prepared from a 0.2
M (Mo) ammonium heptamolybdate solution of doubly distilled,
deionized water. The solution pH was adjusted from 2.0—11.0
by addition of appropriate amounts of acidic 1 M HCI and basic
NH,*H,0. Measurements of the pH were required during
synthesis as well as during the several of the experimental
procedures. The pH of the aqueous solutions was measured
using a Cole Parmer pH/mV/°C meter, and the electrode was
standardized using pH solutions of 4, 7, and 10.

The supported molybdena catalysts on Al,O3 (Engelhard, 180
m?/g), SiO, (Cabosil, 380 m?*/g), and ZrO, (Degussa, 39 m*/g)
were prepared by incipient-wetness impregnation with aqueous
solutions of ammonium heptamolybdate ((NH4)sM070,4+4H,0,
Alpha Aesar Products, 99.9%) as previously described.?* After
impregnation, the samples were dried overnight under ambient
conditions and subsequently calcined in dry air (AirGas,
ultrahigh purity (UHP) air) at 723 K for 2 h. The molybdenum
oxide loading of the catalysts is given as the nominal weight
percent of the MoO; in the samples.

2.2. BET Surface Area. The BET surface areas were
measured with the N, adsorption/desorption method with a
Quantachrome QT-3 BET system. The BET surface areas of
the samples were obtained using a 3:7 ratio of Ny/He mixture.
Typically, 0.200—0.300 g of sample was used for the measure-
ment, and the sample was outgassed prior to N, adsorption.

2.3. UV—Vis Diffuse Reflectance Spectroscopy (DRS). The
UV —vis DRS measurements were performed with a Varian Cary
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S5E UV-—vis spectrophotometer with the diffuse reflectance
integration sphere attachment. Finely ground powder samples
of bulk or supported MoO, catalysts were loaded into an
environmental cell (Harrick, HVC-DR2), and the UV—vis
spectra were collected in the 200—800 nm region. An MgO
reflectance standard was used as the baseline. The spectra of
the dehydrated samples were obtained at room temperature after
the samples were heated to 400 °C in flowing 10% O,/He gas
(Air Gas, UHP certified gas mixture) at 30 mL/min for 1 h.

The darker colored Fe,(MoQ,); and NiMoO, bulk mixed-
metal molybdates were diluted with the MgO white standard
to minimize the effects of regular reflection and particle size.
The MgO was added until the Kubelka—Munk F(R..) function
became less than 1 and a constant UV—vis DRS edge energy
resulted.

The UV—vis DRS measurements of the aqueous molybdate
solutions were also obtained in the 200—800 nm range. In the
double beam mode, the UV—vis radiation passed though the
first quartz cell containing the aqueous molybdate solution, and
a second quartz cell containing only reference water with the
same path length was also simultaneously monitored.

The Kubelka—Munk F(R..) function was calculated from the
absorbance of the UV—vis DRS. The edge energy (Eg) for
allowed transitions was determined by finding the intercept of
the straight line for the low-energy rise of a plot of [F(R..)hv]?
versus hv, where hv is the incident photon energy.’! A graph
containing an example of the determination of Eg can be found
in Figure S1.

2.4. Raman Spectroscopy. The Raman spectra were col-
lected with a state-of-the-art combined UV/visible Raman
spectrometer system (Horiba-Jobin Yvon LabRam-HR) equipped
with a confocal microscope (Olympus BX-30), notch filter (532
nm), single stage monochromator, and a 900 grooves/mm
grating. The visible laser excitation at 532 nm (green) was
supplied by a Yag doubled diode pumped laser (20 mW,
manufacturer’s specifications). The scattered photons were
directed and focused onto the single stage monochromator and
measured with a UV sensitive LN,-cooled CCD detector
(Horiba-Jobin Yvon CCD-3000 V). The notch filter has a ~100
cm™! cutoff for the visible spectra, thus only allowing Raman
spectral collection above 100 cm™'. The spectral resolution of
the Horiba-Jobin Yvon LabRam-HR system is better than 2
cm™! for the given parameters.

The various aqueous molybdate solutions were deposited on
glass slides placed below the confocal microscope to obtain their
Raman spectra. Similarly, the Raman spectra of the ambient
MoO,-containing catalysts were also collected by loosely
spreading the powder onto glass slides. The Raman spectra of
the dehydrated MoO,-containing catalysts were obtained by
loading ~30 mg of finely ground sample into an environmental
cell (Linkam, TS1500) and dehydrating at 400 °C for 1 h in
flowing 10% O,/He (30 mL/min) to remove the adsorbed
moisture. The Raman spectra of the dehydrated MoO,-contain-
ing catalysts were collected at room temperature in the flowing
10% O,/He. The laser power was typically kept below 0.5 mW
at the samples to minimize any laser-induced sample changes.
Spectral collection times were typically 2—5 s per scan with
two scans.

3. Results

3.1. Bulk Molybdate Compounds. The Raman spectra of
the various bulk metal molybdate compounds with known
structures, under ambient conditions, are shown in Figures 1
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Figure 1. Raman spectra of various bulk metal molybdate compounds.
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Figure 2. Raman spectra of ammonium molybdate salts and a-MoOs.

and 2. Their corresponding UV—vis DRS edge energy values,
local coordination, and molecular structures are summarized in
Table 1.

Isolated MoOQ, Structures. Only isolated MoO, sites are
present in the bulk Fe,(M00Qy);,°>7% Al,(M004);,°>%% and
Na,Mo0,%¢! compounds. The appearance of triplet bands in
the 930—1030 cm™! region of the Raman spectra of Al,(MoOy,)s
(1026, 1004, and 993 cm™ ') and Fe,(MoO,); (988, 969, and
935 cm™!) reflects the presence of three highly distorted MoO,
units in these compounds. The distortion of the MoO, unit refers
to a deviation in ideal structure corresponding to a shortening
of the Mo—O bonds, which is manifested in Mo—O vibrations
at higher wavenumber Raman shifts. In contrast, bulk Na,MoO,
exhibits only a single Raman band at 922 cm™!, reflecting the
presence of only one MoO;, unit with a less distorted structure
because lower wavenumber values correspond to longer Mo—O
bonds.”? Furthermore, the absence of Raman bands in the
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TABLE 1: Bulk Molybdena Local MoO, Structures and
Corresponding UV—Vis DRS Edge Energy (Eg) Values

bulk MoO,

compound local MoO, structure Eg (eV)
Al,(M00y); isolated MoOy 4.2
Fe>(M00y,); isolated MoOy 4.5
Na,MoO, isolated MoOy 4.7
NiMoO;, isolated MoOg 4.4
MgMo,0, Mo,07 dimer 4.2
(NH4);Mo0,0, alternating MoO,/MoOglinear chain 3.5
(NH4)¢Mo070,4 MoOg-containing cluster 3.5
(NH4);Mo030,4 MoOg-containing cluster 34
H3PMo0,049 MoOg-containing cluster 2.7
a-MoO; infinite layered sheets 35

500—700 cm™! range further confirms that the MoO, units in
the bulk Fe,(MoQy);, Al,(M00Oy)s, and Na,MoO, compounds
are isolated and free of Mo—O—Mo bridging bonds. The high
UV—vis DRS Eg values of these three compounds (4.2—4.7
eV) reflect the isolated nature of these MoO, containing
structures. The Eg values also vary inversely with extent of
distortion (e.g., Al,(M0Q,); contains the most distorted structure
with an Eg = 4.2 eV, the intermediately distorted Fe,(MoQy);
exhibits an Eg = 4.5 eV, and the least distorted Na,MoO,
possesses an Eg = 4.7 eV).

Isolated MoOQg Structures. Only isolated, distorted MoOg sites
are present in bulk NiM00O,,’>%276 and the Raman band at 965
cm™! is assigned to the MoOg symmetric stretch, and bands at
918 and 707 cm™! are attributed to the corresponding MoOg
asymmetric vibrations. The absence of Raman bands in the
500—700 cm ™! range reflects the lack of bridging Mo—O—Mo
bonds and further confirms the isolated structure of the MoOg
units in bulk NiMoOy. The corresponding UV—vis DRS Eg
value of the isolated MoOg-containing NiMoO, compound
occurs at 4.4 eV, which is comparable to that found for the
distorted bulk Fe,(MoO,); and Al,(MoQO,); compounds contain-
ing only isolated MoQOy, units.

Dimeric Mo,0; Structure. The dimeric OsMo—0—Mo0;
unit is present in the bulk MgMo,0O; compound.®%61:6667 The
Raman spectrum of MgMo,0; exhibits strong bands at 930 and
882 cm™!, which are assigned to the symmetric and asymmetric
MoO, stretches, weak and broad bands at 476 and 706 cm ™'
(symmetric and asymmetric stretches of bridging Mo—O—Mo
bonds, respectively), and bands at 333 and 195 cm™! (bending
modes of the MoO, unit and the bridging Mo—O—Mo bond,
respectively). The corresponding UV—vis DRS Eg value of
MgMo,0; occurs at 4.2 eV, which is lower than the Eg values
found for the isolated MoO4/MoQg units in the bulk compounds
above with the exception of the highly distorted MoO, units
present in bulk Al,(MoQOy);.

Linear Mo,0; Chains. Linear Mo,0; chains consisting of
alternating MoO4/MoQOs units are contained in the bulk
(NH4),M0,0; salt.®®% The strong Raman bands at 943 and 914
cm™! are assigned to the symmetric stretching modes of the
MoQO, and MoOg units, respectively, and the weak, overlapping
bands at 849 and 838 cm™! are assigned to the corresponding
asymmetric stretches, respectively. The presence of bridging
Mo—O—Mo bonds is clearly reflected by the Mo—O—Mo
stretches at 470 and 704/724 cm™' as well as Mo—O—Mo
bending mode at 167 cm™!. The weak Raman band at 315 cm™!
is assigned to the symmetric/asymmetric bending modes of the
MoO4#/MoOg units. The corresponding Eg value for the
(NH4),Mo0,05 salt containing a linear MoO, polymeric chain is
3.5 eV, which is significantly below that for dimeric Mo,0;
(Eg =42 eV).
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Mo ;0,4 Cluster. The Mo,0,, cluster possesses seven vertex-,
edge-, corner-shared MoO, coordinated units in the bulk
(NH4)§M070,4 salt.®*7° The strong Raman band at 942 cm™' is
assigned to the symmetric vibration of the distorted MoOj units,
and the weaker Raman bands at 889 and 860 cm ™' are associated
with the asymmetric stretches. The small Raman bands at 556
and 635 cm ™! are associated with the asymmetric and symmetric
vibrations of the bridging Mo—O—Mo bonds, and the bands at
200—400 cm™' are related to the bending modes. The corre-
sponding UV—vis DRS Eg value for the M0;0,4 cluster in the
(NH4)¢Mo070,4 salt is 3.5 eV, which is comparable to the Eg
value for the linear MoO4/MoOQOg chain structure present in
(NH4),Mo,0;.

Mos0;s Cluster. The MogO, cluster is composed of eight
MoOQg octahedra with six of the MoOg octahedra arranged in
the same way as in Mo;0,, cluster.”'~7* The Raman spectrum
of (NH4)4sMogO,¢ possesses a symmetric stretch at 971 cm™!
from the distorted MoQOg unit and several weaker bands at
822—941 cm™! from the related asymmetric stretches. The weak
Raman bands at 544, 613, 634, and 733 cm™! originate from
the symmetric and asymmetric stretches, and the corresponding
band at 157 cm™! is from the symmetric bending mode of the
bridging Mo—O—Mo bonds. The asymmetric and symmetric
bending modes of the MoOg unit occur at 340 and 400 cm™'.
The multitude of features in the Raman spectrum for this
compound can be attributed to possible impurities of M070y4
clusters as many of the bands overlap in the two spectra. The
[NH,]" vibrations are not observed below 1200 cm™!, and every
Mo atom is completely surrounded by oxygen within the cluster,
which eliminates the possibility of N—Mo and N—Mo—N bonds
arising from the presence of ammonium. The corresponding
UV—vis Eg value for the MogO, cluster in the (NH,)4sM0gO4
salt occurs at 3.4 eV, which is slightly lower than that found
for the Mo;0,4 cluster.

Mo;,049 Cluster. The Mo;,04 clusters are present in Keggin
polyoxo metalate anions with the general formula [XMo;,04]%.
The Keggin anion structure is composed of a globular cluster
of vertex- and edge-shared MoQg units that enclose a central
X0y cavity, where X can be P, Si, Al, etc. Each MoOg unit
also contains one terminal Mo=O bond and four bridging
Mo—0O—Mo bonds. The MoOg units are edge-shared into four
Mo30;3 groups possessing Cs, symmetry, and these “ligands”
are connected to the central XOy tetrahedron to give the overall
T, symmetry of the Keggin anion.®"® Some of the Raman
vibrational assignments of Keggin anions are still not completely
resolved in the literature; nevertheless, the Raman assignments
for H3XMo,,04 (X = P, Si) are tentatively undertaken on the
basis of the empirical Raman cm™' Mo—O bond length
relationship®? and DFT calculations.”*7® The Raman spectrum
of the Keggin possesses bands at 960—1000 cm™! (symmetric
MoOgs stretch), 840—930 cm™! (asymmetric MoOg stretch), 470
and 750 cm™! (symmetric and asymmetric stretch of bridging
Mo—0O—Mo, respectively), asymmetric MoOg bending modes
in the 500—310 cm™! region, and a symmetric bending mode
in the 300—100 cm™' region. The UV—vis DRS Eg value for
the H;PMo,,04 Keggin anion is 2.7 eV, which is much lower
than the value for the MogO,¢ cluster.

Infinite Layered Sheets. Infinite layered sheets of edge-shared
MoOg coordinated units, sometimes referred to as MoQOs units
because the sixth O atom is very far away, with weak bonding
between the terminal Mo=O0 functionality in one layer and Mo
in the adjacent layer, make up the crystalline structure of bulk
0-M005.%%7778 The modest Raman band at 994 cm ™! is related
to the symmetric stretch of the terminal Mo=O0 bond, and the
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Figure 3. Raman spectra of aqueous 0.2 M (NH4)sMo,0,4 solutions

as a function of solution pH. Note the 173 cm™! band is from the glass
dish used to hold the aqueous molybdena solution.

TABLE 2: Aqueous Solution MoO, Structures, Determined
with Raman and UV—Vis DRS Eg Values as a Function of
Solution pH (0.2 M (NH4)¢Mo0,0,4 Aqueous Solution)

aqueous pH aqueous MoO, molecular structure Eg (eV)
2.95 [MogOas]*~ 34
4.2 [M07024]%+[MogOs6]*~ 34
6.16 [M07044]%~ 35
7 [MoO4]*~ +[Mo070,4]%~ 3.8
>9.27 [MoOg4]*~ 4.5

strong band at 815 cm™! has been assigned to the asymmetric
vibration of the bridging Mo—O—Mo bonds, and the associated
Mo—0O—Mo bending mode appears at 150 cm™!. The corre-
sponding UV—vis DRS Eg value for a-MoO; was determined
to be 3.5 eV.

3.2. Aqueous Polymolybdates as a Function of Solution
pH. The aqueous phase diagram for polymolybdate species
reveals that three distinct aqueous molybdena species ((MoO,]*,
[Mo0,0,4]%", and [MogOx]*") are present and that their relative
concentrations depend on both the solution pH and the MoO,
concentration.””3 In the present investigation, the pH of a 0.2
M (NH4)¢Mo070,4 aqueous solution was varied by addition of
appropriate amounts of acidic HCI and basic NH,;OH. Raman
spectroscopy was initially employed to determine the aqueous
molybdena speciation because of the ability of Raman to
discriminate between the different aqueous molybdena molecular
structures, and the corresponding Eg values were obtained with
UV—vis DRS.

The Raman spectra of the aqueous 0.2 M (NH4)sMo7;0y4
solution at various pH values (2.95, 4.20, 6.16, 7.00, and 9.27)
are presented in Figure 3, and the corresponding molecular
speciation and UV—vis DRS values are summarized in Table
2. The 173 cm™' Raman band is not related to the aqueous
molybdena anions and originates from the glass slide used to
hold the aqueous solutions. At solution pH values of 9.27 and
greater, only the isolated [MoQ,4]*>~ anion is present in the
aqueous solutions. The aqueous [MoO,]>~ anion gives rise to
Raman bands at 904 and 844 cm™!' from the MoO, unit
symmetric and asymmetric stretches, and 326 cm™! from the
related MoO, bending mode.'* No vibrations characteristic of
bridging Mo—O—Mo bonds are present in the 500—800 and
100—300 cm™! regions of the Raman spectrum. The corre-
sponding UV—vis DRS Eg value for the aqueous isolated
[MoO,]*™ anion is 4.5 eV, which is consistent with the value
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TABLE 3: BET Surface Area, Molybdenum Oxide Loading, and Surface Molybdena Coverage for the Supported MoO;

Catalysts
surface areas of the surface density fraction of
catalysts support (m?%g) loading weight (%) (Mo atoms/nm?) monolayer coverage
MoO3/SiO, 380 1 0.16 0.20 of maximum dispersion”
5 0.80 maximum dispersion®
MoO3/Al,05 180 1 0.23 0.05
20 4.6 1.0
MoO3/ZrO, 39 0.5 0.55 0.13
4 43 1.0

“ Maximum dispersion refers to the highest dispersion on SiO, before the formation of crystalline MoO;NPs, which only occurs below

monolayer coverage on SiO,.

for isolated MoO, units in the mixed-metal molybdate com-
pounds (see Table 1). New Raman bands appear at 940 and
218 cm™! upon lowering the solution pH to 7.0, which suggests
the presence of a new aqueous molybdena species in addition
to the aqueous [MoQg4]?>~ anion. As the solution pH value is
lowered to 6.16, the Raman vibrations of the aqueous isolated
[MoO,]*" anion are no longer present, and new Raman bands
associated with the aqueous [Mo70,4]®” anion cluster are
present: 940 cm™! (MoOg unit symmetric stretch), 900 cm™!
(MoOg unit asymmetric stretch), a very weak band at 547 cm™!
(symmetric stretch of bridging Mo—O—Mo bonds), 442 and
366 cm™! (MoOg unit asymmetric and symmetric bending
modes, respectively), and 218 ¢cm™! (bending mode of the
bridging Mo—O—Mo bonds).!* The corresponding UV—vis
DRS Eg value is 3.5 eV for the aqueous [Mo0,0,4]®" anion and
is the exact same value as the Mo,0»4 cluster in the ammonium
salt (see Table 1). Further lowering the aqueous solution pH
value to 4.20 shifts the strongest Raman band from 940 to 952
cm™!, which indicates the presence of a new aqueous molybdena
anion species. At an aqueous solution pH value of 2.95, only
the Raman bands of the aqueous [MogOx]*~ anion are present:
MoOs unit symmetric stretch at 965 cm™!, MoOg unit asym-
metric stretching modes at 927 and 850 cm™!, symmetric stretch
of the bridging Mo—O—Mo bond at 534 cm™!, bending mode
of the MoOg unit at 369 cm™!, and the bridging Mo—O—Mo
bending mode at 215 cm™!.!* The corresponding UV—vis Eg
value for the aqueous [MogOx]*~ anion at 3.4 €V is identical
to the Eg value for the MogOy cluster in the ammonium salt
(see Table 1). The Raman spectra of the aqueous molybdena
cluster anions are very similar to their corresponding ammonium
salts, with the weak vibrations of the bridging Mo—O—Mo
bonds better resolved in the ammonium salts and mixed-metal
molybdate compounds.

3.3. Supported MoQO; Catalysts. The molybdenum oxide
weight loadings and surface coverage of the supported MoO;
catalysts on the different oxide supports are summarized in Table
3. Note that it is not possible to form a complete surface MoO,
monolayer on the relatively inert SiO, support, and the
maximum dispersion achieved in this study was 5% MoOs/
Si0,.8! The Raman spectra of the supported MoOjs catalysts on
Si0,, Al,O;, and ZrO, under ambient and dehydrated conditions
are shown in Figures 4—6, and the corresponding UV —vis DRS
Eg values are listed in Table 4 for ambient conditions and Table
5 for dehydrated conditions. For the supported MoOs/Al,O5 and
MoO5/Si0O; catalysts, the Raman spectra reveal that the strong
Raman crystalline MoOj; nanoparticle (NP) band at ~820 cm ™!
is essentially absent and that the supported molybdena phase is
100% dispersed as a two-dimensional surface MoO, overlayer
on these supports. For the supported MoOs/ZrO, catalysts, a
bare trace of crystalline MoOs is only present for the supported
4% MoQOs/ZrO, sample. It is critical to confirm that crystalline
MoO; NPs are absent in the samples before conducting the
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Figure 4. Raman spectra of supported MoO5/SiO, catalysts under
ambient and dehydrated conditions as a function of surface molybdena
coverage.
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Figure 5. Raman spectra of supported MoO3/Al,O; catalysts under
ambient and dehydrated conditions as a function of surface molybdena
coverage.

corresponding UV—vis DRS measurements because modest
amounts of crystalline MoO3, which possesses a low Eg value,
will skew the overall UV—vis DRS measurement for the surface
molybdena phase.

3.3.1. Ambient Conditions. Under ambient conditions, the
surface MoO, phase is hydrated with moisture, and the surface
molybdenum oxide species have been shown to be present in
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Figure 6. Raman spectra of supported MoO3/ZrO, catalysts under
ambient and dehydrated conditions as a function of surface molybdena
coverage.

the same molecular structures as found in aqueous molydbdena
solutions, the [MosO»6]*~, [M070,4]°~, and [M0O,]>~ anions.?"*

MoO3/SiO,. For the supported MoO5/SiO, catalysts under
ambient conditions, the hydrated surface MoO, phase gives rise
to Raman bands at 950 and 880 cm™! for 1% MoO3/SiO, and
950, 880, ~695, 381, and 232 for 5% MoO3/SiO, as shown in
Figure 4. The remaining bands originate from the silica support
as can be seen from the Raman spectrum of SiO, in Figure 4.
The corresponding UV—vis DRS Eg values for both hydrated
supported MoOs/SiO, catalysts are listed in Table 4 and are
both 3.5 eV. These Eg values match the Eg value previously
obtained for the aqueous [Mo070,4]°" anion (see Table 2). This
is further supported by the very similar Raman bands for the
aqueous [Mo;0,4]%" cluster (940, 900, 547, 442, 366, and 218
cm™!) and the hydrated supported MoO5/SiO; catalysts (950,
880, 693, 381, and 232 cm™!). The slight differences in position
and intensity between the aqueous and silica supported hydrated
[Mo0;0,4]°" clusters are most probably a consequence of the
slight distortion of the anion cluster caused by its interaction
with the surface of the SiO, support.

MoO3y/Al,O;. The Raman spectrum of the hydrated 1% MoOs/
Al,Oj5 catalyst, which corresponds to 0.05 monolayer coverage,
is presented in Figure 5 and exhibits bands at 912, 846, and
320 cm ™! that fairly well match the Raman bands of the aqueous
[MoO,]*™ anion (903, 844, and 326 cm™"). Note that vibrations
from bridging Mo—O—Mo bonds are absent. The slight shift
of the highest wavenumber band is most probably associated
with the distortion of the hydrated, isolated [MoQO4]*>~ anion on
the alumina surface as well as minor amounts of [Mo70,4]®~
anions. Unlike the SiO, support, the transitional Al,O3 support
does not give rise to any Raman bands. The corresponding
UV—vis Eg value is listed in Table 4 and is 4.4 eV, which is
just below the Eg value of 4.5 eV for the aqueous [MoQO4]*>~
anion. For the hydrated 20% MoO3/Al,0; sample, which
corresponds to monolayer surface molybdena coverage, very
different Raman features are present as shown in Figure 5. The
Raman bands for the hydrated 20% MoO3/Al,O; are present at
950, 846, 501, 367, and 210 cm™!, which most closely match
the vibrations of the aqueous [Mo0;0,4]%" clusters (940, 900,
547, 442, 366, and 218 cm™!). The corresponding UV —vis DRS
Eg value is now much lower and is found at 3.6 eV. This value
is only slightly higher than the Eg value of 3.5 eV of the aqueous
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[Mo070,4]°" cluster and may reflect the presence of a minor
amount of aqueous [MoO,]*~ anion. Thus, unlike the ambient
supported MoQ5/SiO, catalysts, both hydrated [MoO,]*~ and
[Mo0;0,4]°" anions are present on the Al,O; support under
ambient conditions, and their relative concentration depends on
the surface molybdena coverage.

MoO3/ZrO,. For the supported MoO3/ZrO, catalysts under
ambient conditions, the 0.5% MoQ;/ZrO, catalyst, corresponding
to 0.13 monolayer coverage, exhibits a Raman band at 919 cm™,
and the supported 4% MoQO3/ZrO, catalyst, corresponding to
monolayer coverage, exhibits Raman bands at 952 and 880
cm~!. The supported MoQOs/ZrO, Raman spectra are not
presented in Figure 6 below 700 cm™' because of the strong
crystalline ZrO, (monoclinic) vibrations that dominate the
Raman spectrum in this region. The Raman band position of
the hydrated 0.5% MoOs/ZrO, catalyst at 919 cm™! is only
consistent with that of the aqueous [MoO,4]*>~ anion. This is
supported by the corresponding UV—vis Eg value listed in Table
4 as 4.4 eV. The slightly lower Eg value relative to the [MoO,4]*~
anion at 4.5 eV most probably reflects the presence of a small
amount of hydrated [Mo;0,4]%" clusters in this sample. The
Raman band positions of 952 and 880 cm™! for the hydrated
4% MoO,/ZrO, reflect the presence of hydrated [Mo;044]%"
clusters (940 and 900 cm™"). The corresponding UV —vis DRS
Eg value is 3.3 eV, which is slightly lower than 3.5 eV expected
for the aqueous [Mo;0,4]° cluster and may reflect the additional
presence of some aqueous [MogOys]*~ clusters or small experi-
mental error. Similar to the ambient supported MoO3/Al,0O5
catalysts that exhibit multiple aqueous molybdena anions with
surface molybdena coverage, the ambient supported MoO3/ZrO,
catalysts can contain hydrated [MoO,]*", [M070,4]°", and
possibly some [MogOx]*~ anions with their relative concentra-
tions depending on the surface molybdena coverage.

3.3.2. Dehydrated Conditions. Upon dehydration, the ad-
sorbed moisture evaporates and the molybdena anions decom-
pose, and the molybdena anchor to the oxide support by titrating
the support surface hydroxyls.?!32

MoO3/SiO,. For the dehydrated supported MoO3/SiO, cata-
lysts (Figure 4), the Raman spectra exhibit a sharp band at 980
cm™! that has been assigned to the isolated dioxo surface
(0=),Mo00, species,? 78 and the additional weaker band at 357
cm™~! present for the higher loaded sample corresponds to the
associated surface MoO, bending mode. The absence of the
bridging Mo—O—Mo deformation mode at ~220 cm™!' is
consistent with only the presence of isolated surface MoO,
species on the SiO, support under dehydrated conditions.

MoO3/ALO;. The Raman spectra of the dehydrated supported
MoO3/Al,0; catalysts are presented in Figure 5. The dehydrated
supported 1% MoOs5/Al,O5 catalyst possessing about 0.05
monolayer coverage exhibits a sharp Raman band at ~990 cm™
that is consistent with the symmetric stretch of dioxo surface
(0=),Mo00, species.®! 8 The corresponding bands at ~838 and
345 ¢cm™! are the associated bridging Mo—O—Al stretch and
MoO, bending modes, respectively. The additional weak, broad
band at ~452 cm™! may be the asymmetric MoO, bending mode
or an anomalous band. For the monolayer covered supported
20% Mo0O;/Al,0; catalyst, Raman bands are present at ~1006
(s), ~940 (w), ~870 (m), ~560 (vw), ~377 (m), and ~210
(m) cm™~'. The Raman bands at 560 and 210 cm™! arise from
the symmetric stretch and bending modes of bridging Mo—O—Mo
bonds, respectively.?! The Raman band at 1006 cm™' coincides
with the symmetric stretch found for the monoxo H3SiMo,,04
Keggin,®' and the band shift from ~990 to 1006 cm™' also
coincides with monoxo, surface MoOs species from DFT
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TABLE 4: Comparison of UV—Vis DRS Local MoO, Molecular Structural Assignments of Supported MoQO; Catalysts with

Raman and XANES under Ambient Conditions

local MoO, structural assignments under ambient conditions

average no.
catalysts Eg values (eV) Mo—O—Mo" UV—vis DRS Raman XANES!+2!
1% Mo0O5/Si0, 3.5 ~2.7 [Mo07024]°" cluster [Mo0,0,4]°" cluster MoOg
5% MoQO5/Si0O, 3.5 ~2.7 [Mo07024]°" cluster [Mo0,0,4]°" cluster MoOg
1% MoO3/Al,04 4.4 ~0.4 isolated [M0O,]?~ and trace of [M07,0,4]°~ isolated [MoOy4]*~ MoO,
20% Mo0O5/Al,05 3.6 ~2.4 [Mo07044]° cluster and trace of isolated [M0O4]>~  [Mo070.4]°" cluster MoOg
0.5% Mo00O»/ZrO, 4.4 ~0.4 isolated [M0O,]?~ and trace of [M07,0,4]°~ [MoO,]?~ cluster
4% MoO3/ZrO, 3.3 ~3.2 [Mo07044]° cluster and trace of [MogOa6]*™ [Mo0,0,4]°" cluster

¢ Average number of Mo—O—Mo bonds approximated using eq 1.

TABLE 5: Comparison of UV—Vis DRS Local MoO, Molecular Structural Assignments of Supported MoQO; Catalysts with

Raman and XANES under Dehydrated Conditions

local MoO; structural assignments under dehydrated conditions

average no.
catalysts Eg values (€V) Mo—O—Mo* UV—vis DRS Raman XANES'+?!

1% Mo05/Si0, 4.4 ~0.4 monomolybdate monomolybdate (O=),Mo0O, MoO,

5% Mo0O5/Si0, 4.4 ~0.4 monomolybdate monomolybdate (O=),Mo0O, MoO,

1% Mo0O5/Al,05 4.4 ~0.4 monomolybdate monomolybdate (O=),Mo0O, MoO,

20% MoOs/Al,0; 4.1 ~14 monomolybdate and polymolybdate  polymolybdate O=MoO, MoO, and MoOg

0.5% Mo0O3/ZrO, 4.4 ~0.4 monomolybdate monomolybdate (O=),Mo0,

4% MoOs/ZrO, 4.0 ~14 monomolybdate and polymolybdate  polymolybdate O=MoO,

“ Average number of Mo—O—Mo bonds approximated using eq 1.

calculations.®*#* The Raman band at ~870 cm™' is associated
with the bridging Mo—O—Al stretch, and the remaining bands
at ~940 and 377 cm™! are related to the asymmetric stretch
and bending mode of the polymeric surface MoOs species. Thus,
unlike the dehydrated supported MoO;/Si0, catalysts that only
contain isolated surface MoQO, species, both isolated and
polymeric dehydrated surface MoO, species are present on
Al,Os, and their relative concentration depends on the surface
MoO; coverage.

MoO3/ZrO,. The Raman spectra of the dehydrated supported
MoO5/ZrO, catalysts are shown in Figure 6. The dehydrated
supported 0.5% MoOs/ZrO, catalyst, which contains ~0.13
monolayer MoO, coverage, exhibits Raman bands at ~970 and
~845 cm™!. The Raman band at 970 cm™! is assigned to the
symmetric stretch of dioxo surface (0=),MoQ, species,** %
and the weak band at ~845 cm™! is the vibration from the
bridging Mo—O—Zr bond. The Raman band shift from ~970
to 997 cm™! from the dehydrated supported 1% to 4% MoOs/
ZrO, catalysts is consistent with transformation of dioxo surface
(0=),Mo00; species to monoxo O=MoQ, species at monolayer
coverage.**%* The bridging Mo—O—Zr vibration occurs at ~868
cm™!, and the weak band at ~820 cm™' is from a trace of
crystalline MoOs; NPs. Note that the Raman cross-section for
crystalline MoOj; is more than an order of magnitude greater
than that of the surface MoO, species and, consequently, is very
easy to detect with Raman. The inability to detect MoO,
vibrations below 700 cm™!, due to the strong ZrO, Raman
vibrations in this region, prevents determination of the extent
of polymerization of the dehydrated surface MoO, species on
the ZrO, support.

3.3.3. Quantitative Determination of Polymerization Extent
of Dehydrated Surface Molybdena Species. The extent of
polymerization of the dehydrated surface MoO, species was
estimated by interpolating the UV —vis Eg values between that
of the isolated, aqueous [MoO,4]*>~ anion (Eg = 4.5 eV) and
linear chains of alternating MoO4#/MoOg units present in bulk
(NHy),Mo0,07 (Eg = 3.5 eV) as was previously performed for
analogous vanadium oxide structures.® The MoO, clusters were
not considered in this determination because they possess 3D
morphology, and the dehydrated surface MoQ, are only present

as 1D and 2D configurations. It should also be noted that due
to the broad nature of UV—vis bands, individual bands for
monomers and polymers are not present; rather a single leading
edge yielding an Eg indicative of the extent of polymerization
was found (see Figure S2). For the low surface coverage
supported MoOj catalysts under dehydrated conditions, such
an estimate suggests that ~90% of the dehydrated surface MoO,
species are isolated on the different oxide supports. These values
may be slightly affected by the broader UV—vis DRS bands
for the dehydrated surface MoO, species as compared to the
reference compounds of aqueous [MoO4]*>~ and crystalline
(NH4);Mo0,0;. For the monolayer covered supported MoO;
catalysts under dehydrated conditions, the estimate suggests
~60% monomer (~40% polymer) for the supported MoOs/
AL Oj catalyst and ~35% monomer (~65% polymer) for the
supported MoOs/ZrO, catalyst. Thus, in agreement with the
above Raman observations, essentially only dehydrated, isolated
surface MoO, species are present on all of the oxide supports
at low surface MoO, coverage, which also includes the
maximum surface MoO, coverage on SiO, because of its low
coverage. The monolayer-covered supported MoO;/Al,05 and
MoOs/ZrO, catalysts, however, possess ~40% and ~65%
polymeric surface MoO, species, respectively, indicating greater
extent of polymerization on ZrO, than Al,Os;.

4. Discussion

4.1. Correlation of the UV—Vis DRS Eg with the Local
Structures of Mo(VI) Oxides. The successful correlation of
the number of M—O—M bonds or the local symmetry of the
central cation with the UV—vis DRS edge energies for V(V)
and W(VI) cations has been previously reported.’!*® Further-
more, an attempt to correlate domain size and edge energy using
data from several sources has already been made.*® Following
the previous successful empirical correlations between Eg and
the number of nearest cations surrounding the central M cation,
a correlation between Eg and the average number of covalent
bridging Mo—O—Mo bonds (Ny,—-0-m0) Of the central Mo(VI)
cation is also examined for the Mo(VI)-containing molybdenum
oxide reference compounds investigated in this Article. The plot
of Nyo—o-Mo versus Eg is presented in Figure 7, where the Eg
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Figure 7. Correlation between the UV—vis DRS edge energy (Eg)
and number of bridging Mo—O—Mo bonds in bulk mixed-metal
molybdates, ammonium salts, and aqueous solution molybdena anions
present in the different Mo(VI) structures.

values have an inverse linear variation with Ny,—o—mo, With the
exception of the isolated MoO, structures whose Eg values vary
over a wide range (4.2—4.7 eV) due to distortion, which is
similar to the earlier correlations for V(V) and W(VI) com-
pounds.’! This relationship is quite similar to the correlation
proposed by Weber for Mo(VI) compounds, which represents
the degree of aggregation/polymerization of the absorbing
species.*® The line shown in Figure 7 can be expressed by the
equation:

Nyo-o-ye = 11.8 — 2.6Eg with R* = 0.80 (1)

The high R? value is attributed to the distribution of Eg values
for the isolated MoO4/MoQOg structures due to the distortion of
the isolated MoO., structures that can be observed in the Raman
spectra. The obtained Mo(VI) correlation is comparable to that
obtained by Weber for Mo(VI) oxide clusters, Ny, = 16 —
3.8Eg. However, Weber obtained his Eg values from multiple
publications, whereas the current study generated a consistent
set of Eg values. There is also a striking similarity to the
correlations found by Gao et al. for V(V) oxide clusters, Ny—o-v
= 14.03 — 3.95Eg, and by Ross-Medgaarden et al. for W(VI)
oxide clusters, Nw—o-w = 11.89 — 2.37Eg. The similar
correlations obtained for the Mo(VI), V(VI), and W(V) cations
suggest that the edge energies of metal oxide clusters are
associated with the extent of spatial delocalization of the
molecular orbitals involved with electronic transitions, as
initially proposed by Weber.*® It follows from the correlation
in Figure 7 that Eg is primarily determined by the number of
covalent bridging Mo—O—Mo bonds or the degree of polym-
erization of the central Mo(VI) cation. The wide range of Eg
values obtained for the isolated MoO,/MoQg structures appears
to reflect the sensitivity of the UV—vis DRS measurement to
the extent of distortion of the Mo(VI) cation and needs to be
considered when determining local structures.

An inverse relationship between Eg and domain size or
number of MoQO, units in a molybdenum oxide cluster or domain
size has also recently been invoked in the literature, but never
been rigorously examined.® The plot of Eg versus Ny, where
Ny represents the number of Mo atoms present in a finite
cluster, is presented in Figure 8. The Eg versus Ny, plot does
not support a direct relationship between Eg and Ny, or domain
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size for finite MoO, clusters as shown by the plot in Figure 8.
First, the Eg values for isolated MoO4/MoOs structures vary
over a very wide range due to the sensitivity to extent of
distortion of the Mo(VI) cation. Second, comparable Eg values
are obtained for finite Mo, and Mog clusters and infinite linear
chains. It is also obvious that the bulk crystal structure of MoO;
containing infinite sheets of Mo atoms does not fall within this
trend as it too has an Eg value similar to an infinite linear chain
or finite cluster. The position of the infinite sheets in the bulk
crystal correlates well with the infinite polymeric chain
(XMo0,05); however, the polymeric chain’s point also does not
fall within the trend invoked in the literature. The inverse
relationship between Eg and number of Mo—O—Mo bonds in
Figure 7 better captures the variation of the UV—vis DRS Eg
values with the local structure of the Mo(VI) cation.

4.2. Aqueous Polymolybdates as a Function of Solution
pH. The presence of three distinct aqueous molybdena species
(IM004]>", [M070,4]°" and [MogOs6]*") were detected as a
function of pH for a 0.2 M (NH4)sM070,4 solution and the
corresponding Raman spectra and UV—vis Eg values were
shown to correspond to their respective ammonium salts. As
pH was decreased from 9.27 to 2.95 the aqueous molybdena
species began as [MoQy4]?>~ at the highest pH and transitioned
through [Mo70,4]® species before ultimately existing as
[MogO,6]*~ species at the lowest pH. The effect of pH on
molybdena-containing sample preparation has been previously
studied by Williams et al. and the current study is in agreement
with those findings.?® More recently, Bergwerff et al. have
performed nearly identical studies on 0.1 M (NH4)sMo07;04
solutions.}”"% Their results showed that the three aqueous
molybdena species are present within approximately the same
pH ranges found in the current study as confirmed by similar
Raman band assignments. Furthermore, their studies showed
well the applicability of such a pH study to the actual structure
of molybdena species on support materials.

4.3. Surface Structures of Supported Molybdenum Oxide
Catalysts under Ambient Conditions. Only the aqueous
[M0O4]>~, [M070,4]°", or [MogOx]*~ anions are present on the
hydrated supported MoO; catalysts, and their relative surface
concentrations depend on the overall surface pH at PZC (point
of zero charge) of the catalyst system.?!** The hydrated isolated
[MoO,]*" species are primarily present at low surface coverage
on the Al,O5 and ZrO, support, which correspond to higher pH
at PZC conditions (see UV—vis DRS, Table 2).2'*° The hydrated
[Mo0;0,4]°" cluster is primarily present at intermediate pH at
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PZC values (see UV—vis DRS, Table 2) and is present at
monolayer coverage on the hydrated Al,O; and ZrO, supports.
The slightly lower UV—vis Eg value for the hydrated monolayer
of surface MoOx on ZrO, suggests that some [MogO,6]*~ anions
are probably also present for this catalyst system. The hydrated
supported MoO3/SiO, catalysts only possess the [Mo;0,4]°"
anion at all coverage because of the lower pH at PZC of SiO,
(pH at PZC ~ 2—4) relative to the AlL,O3 (pH at PZC = 9) and
7rO, (pH at PZC = 6) supports.”” These UV—vis DRS
assignments are in excellent agreement with the corresponding
Raman assignments for the hydrated supported MoOjs catalysts
(see Table 4). The UV—vis and Raman assignments are also
consistent with earlier reported XANES analysis that readily
discriminates between MoO, and MoOg coordination (see Table
4). Among the three spectroscopic characterization techniques,
it appears that the UV—vis Eg value is more sensitive than
Raman and XANES for detecting small concentrations of
secondary species. Thus, hydrated [MoO4]*~ and [Mo;0,4]%~
anions are primarily present in supported MoOj; catalysts under
ambient conditions, and their relative concentrations depend on
the overall pH at surface PZC, which is dependent on the oxide
support PZC and the surface MoO, coverage (MoO; PZC =~
2).21

The current conclusions for hydrated supported MoO;
catalysts are in excellent agreement with earlier Raman and
XANES measurements for the hydrated supported MoO3/SiO,,
MoO3/Al, 03, and MoO3/Nb,Os systems.?' The earlier investiga-
tion also examined the supported MoO5/TiO, and MoO3/Nb,0s
systems that gave the same results for the hydrated MoO,
molecular structures as a function of surface molybdate coverage
on the supports. This shows that these hydrated molybdate
structures are universal and will be present for all types of
supported molybdenum oxide catalysts under ambient conditions
as a function of surface MoO, coverage.

4.4. Surface Structures of Supported Molybdenum Oxide
Catalysts under Dehydrated Conditions. The hydrated mo-
lybdate anions do not survive thermal dehydration treatments
and become directly coordinated to the oxide support surface
upon the desorption of moisture.?!32 This is reflected in the
decrease in number of bridging Mo—O—Mo bonds that is ~3
for the hydrated [Mo070,4]% cluster on the supports that
decreases upon dehydration to ~0.3—0.4 on SiO,, ~1.1 on
Al,O3, and ~1.3 on ZrO, at maximum dispersion (see Tables 4
and 5). The isolated dioxo surface (O=),Mo0O, species pre-
dominate at low surface coverage on all of the dehydrated oxide
supports as reflected in their low number of Mo—O—Mo bonds
(0.3—0.4). At monolayer coverage, both surface monomolybdate
dioxo (O=),Mo00O, and polymolybdate monoxo O=MoO,
structures coexist on the dehydrated Al,O3 and ZrO, supports
with the concentration of polymolybdates greater on zirconia
than on alumina (number of Mo—O—Mo bonds ~1.1—1.3). The
Raman spectra of the dehydrated supported MoO; catalysts
appear to be dominated by the most abundant surface molybdate
species and especially the surface polymolybdates when present.
In contrast, XANES detects the presence of both the dehydrated
surface MoOy and surface MoOg, or MoOs, species. UV—vis
DRS, however, is most sensitive to the simultaneous presence
of dehydrated surface monomolybdate and polymolybdate
species. Nevertheless, the different spectroscopic probes are in
agreement with regards to the structural nature of the dehydrated
surface molybdate species.

The current conclusions for dehydrated supported MoO;
catalysts are in excellent agreement with earlier in situ Raman
and XANES measurements for the dehydrated supported MoOs;/
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Si0,, Mo03/Al,03;, and MoOs/Nb,Os systems.?! The earlier
investigation also examined the dehydrated supported MoOs/
TiO, and MoO3/Nb,Os systems. The dehydrated surface MoO,
species on TiO, were primarily present as isolated MoQOy, species
at low coverage and polymolybdate MoOg species at high
coverage based on in situ XANES and Raman spectroscopic
analysis. Although in situ XANES data were not collected for
dehydrated supported MoO3/Nb,Os, the corresponding in situ
Raman spectra suggested the same dehydrated surface MoO,
species are present on Nb,Os as a function of surface coverage.
Thus, the dehydrated surface MoO, species on oxide supports
follow a general pattern: isolated, dioxo surface (O=),MoO,
species at low surface coverage and polymolybdate, monoxo
0O=MoO, at high surface coverage. The ratio of dehydrated
polymolybdates/monomoloybdates increases with surface cover-
age and also depends on the specific oxide support (SiO, < Al,O5
< ZrO, ~ TiO; =~ Nb,Os). These general trends hold for all
dehydrated supported MoO, catalysts as long as the surface
MoO, species do not undergo reaction with the bulk of the oxide
support (e.g., supported MoO3/MgO forms MgMoOy,).

The vibrational assignments for dehydrated surface monoxo
0O=Mo0O, and dioxo (O=),Mo00, species on SiO, have been
called into question on the basis of recent density functional
theory (DFT) calculations.”’ The recent DFT study calculated
the Raman active vibrations for model isolated molybdenum
oxide centers (oxo- and dioxo-molybdasilsesquioxanes) on SiO,
and concluded that the earlier vibrational assignments for the
symmetric stretch vibrations of monoxo and dioxo MoO, species
should be reversed (monoxo Mo=0 at 989 cm™! and dioxo
(O=),Mo at 1005 cm™!). The recent DFT calculation predicts
that the asymmetric stretch of the dioxo surface (0O=),MoO,
species should occur at ~965—975 cm™!, which is indeed
experimentally observed.”'”? A prior more detailed DFT study
of supported molybdena—silica systems by Handzlik has shown
that the current experimental assignments are indeed in agree-
ment with the theoretical results.”® Rather than using clusters,
Handzlik modeled the silica surface as a fragment containing
15 Si atoms that were cut out from a S-cristobalite structure.
Using this unit, the calculated dioxo (O=),Mo stretching
frequency was found to be at 983 cm™! for the dehydrated
surface dioxo species, and the Mo=O0 stretch of the surface
monoxo species is at 1008 cm™. Thus, the original vibrational
assignments for dehydrated supported monoxo and dioxo surface
MoO, species on SiO, are in agreement with the more detailed
Handzlik study, and the Raman band at 1020 cm™! arises from
the dehydrated monoxo surface O=MoO, species.

5. Conclusions

On the basis of well-defined molybdates in bulk oxide
reference compounds and aqueous solutions as a function of
pH, a correlation of Npyo-0-m0 = 11.83 — (2.61)Eg was
established between the edge energy, Eg, and the average
number of covalent Mo—O—Mo bonds around the central
Mo(V]) cations. A direct relationship between Eg and Ny, the
number of Mo atoms in a molybdate cluster, however, was not
found to exist.

Application of the UV—vis DRS and Raman spectroscopy
relationships to supported MoQj catalysts allowed for electronic
and molecular structural determination of the dispersed surface
MoO, phase on oxide supports under ambient and dehydrated
conditions. Under ambient conditions, only the hydrated
[MoO,]*", [M0;0,4]%", and [MogO,s]*~ anions are present on
the oxide supports, and their relative concentrations depend on
the pH at PZC of the oxide support and the surface molybdenum
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oxide density. The aqueous [MoO,]?>™ anion is the major species
at low surface coverage on the hydrated Al,O; and ZrO,
supports. The aqueous [Mo70,4]°" cluster is predominant on
the hydrated SiO, and at monolayer coverage on Al,O; and ZrO,
supports. A trace of aqueous [MogO,6]*~ may also coexist at
monolayer coverage on the hydrated ZrO, support. Under
dehydrated conditions, where surface moisture is absent, mono-
molybdate surface (O=),MoQO, species predominate at low
surface coverage and both monomolybdate (O=),MoO, and
polymolybdate O=MoO, surface species at monolayer surface
coverage.

The above electronic and molecular structural findings are
critical for studies that wish to establish reliable structure—activity/
selectivity relationships for molybdenum oxide catalysts, espe-
cially supported MoOj catalysts.
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