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The structure of molybdenum oxocompounds formed in TiO,-
supported MoOs systems doped with alkaline metals have been
studied by X-ray diffraction (XRD) and Fourier transform in-
frared (FT-IR) and X-ray absorption (XAS) spectroscopies. XRD,
FT-IR, and XAS data give a detailed picture of the structure of
molybdenum oxocompounds formed in these systems. Mo atoms
are mostly octahedrally coordinated in an undoped TiO, support,
as a dispersed MoQO; phase. However, a high fraction of molybde-
num cations are in tetrahedral coordination after the addition of
Li, Na, or K as dopants. Thus, only MoOif species exist in the
1 wt% Li-doped sample in the form of crystalline Li;Mo0Qj,, while
tetrahedrally and octahedrally coordinated molybdenum form dis-
persed M020§* chains in the 1 wt% Na- and K-doped systems. Oc-
tahedral polymolybdates, Rb,Mo0301¢ - H,0 and Rb,Mo,4013, whose
structures are based in [Mo0Og] units forming chains, are the species
detected in the 1 wt% Rb-doped sample. Increasing the molybde-
num content in K-doped samples favors formation of octahedral
species, although in this case the structure of the supported phase
is affected by the impregnation steps during the preparation of the
sample. (© 1996 Academic Press, Inc.

INTRODUCTION

Systems where molybdenum oxide is dispersed on a sup-
port are widely applied as catalysts in several heteroge-
neous catalytic reactions (1). The structure of the supported
phase and the surface acidity can be considered as the main
factors controlling the catalytic properties of such systems
(2). Both properties, acidity and structure of the supported
phase, can be changed by adding doping agents that thus
are able to modify the activity and selectivity of molybdena
in catalytic reactions. Doping supported molybdena sam-
ples with alkaline metal cations induces changes in their
reactivity (3), the nucleophilic character of the surface (4),
or the reducibility of supported molybdena (5). In a pre-
vious paper (6) some of us have studied the surface acid-
ity of MoO3/TiO; systems doped with alkaline cations (Li,
Na, K, Rb), concluding that the incorporation of alkaline
cations leads to a decrease in the surface acidity and of
the ratio between the concentration of Brgnsted and Lewis

surface acid sites. Structural changes after alkali doping
have been also reported (5, 7-9). Thus, changes in the oxy-
gen coordination of molybdenum atoms from octahedral
to tetrahedral after doping with K or Cs (5) are suggested
by a decrease in the reducibility of molybdena and are
definitely shown by X-ray absorption (XAS) spectroscopy
in Na doped MoOs/TiO, samples (5, 9). X-ray diffraction
(XRD) and Fourier transform-infrared (FT-IR) data sug-
gest the formation of polymolybdates on the surface of
K-doped MoO3/TiO, samples (8), with only two IR bands
at 948 and 902 cm~! at high molybdena contents. Bands at
these wave numbers were previously ascribed to octahedral
molybdates (10-13). However, the chemistry and structures
of alkaline molybdates are complex (14), and it is difficult
to ascertain the molybdate structure from IR data only. For
bulk molybdates different structures are known, and ba-
sic MoO, units with four or six oxygen atoms around the
molybdenum cation form chains, layers, or clusters. Thus,
IR spectra of K-doped, low molybdena loaded samples
show several weak absorption bands (8) between 980 and
850 cm™~L. Similar IR bands have been assigned to octa-
hedral molybdates (10-13), but in Na-doped MoOs/TiO,
samples (5) they arise from a mixture of isolated MoOj;~
tetrahedra and MOZO%_ chains, formed by tetrahedral and
octahedral MoO, units.

This paper reports the structural characterization of
MoOs3/TiO; samples doped with alkaline metal cations (Li,
Na, K, Rb) by means of X-ray diffraction, Fourier trans-
form infrared spectroscopy, temperature programmed re-
duction, and X-ray absorption spectroscopy. Results are
discussed on the basis of the known structures of bulk al-
kaline molybdates.

EXPERIMENTAL

1. Samples. Supports were obtained from TiO, (P-25,
Degussa). After calcination at 770 K overnight to remove
adsorbed organic impurities, a 1 wt% of the alkaline metal
cation M (M =Li, Na, K, Rb) was incorporated to TiO,
by impregnation with aqueous solutions of LiNO3, NaOH,
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KNOj3, or RbNOs, respectively. After drying and calcina-
tion at 770 K for 3 h, the doped supports were impregnated
with an ammonium heptamolybdate (AHM) solution in
the amount necessary to achieve one theoretical geometric
monolayer of MoO3 (5.9 wt% Mo), as calculated from the
BET surface area of the support (53 + 2 m? g~!) and the
surface occupied by a “molecule” of MoOs3 (15 x 10* pm?
(15)). In some cases, the effect of higher molybdena or alka-
line loadings were investigated. A second batch of K-doped
samples was prepared by coimpregnation of the TiO; sup-
port with an aqueous solution containing both KNO3 and
AHM in order to ascertain the effect of the preparation pro-
cedure. All the impregnated products were dried at 383 K
for 24 h and calcined at 770 K in air, a temperature high
enough to achieve total decomposition of AHM to MoO:s.

2. Experimental procedures. ~XRD profiles were rec-
orded in a Philips PW 1070 instrument, using Ni-filtered
CuKw radiation (2 = 154.05 pm). Nitrogen adsorption mea-
surements at 77 K for surface area determination were car-
ried out in a conventional high vacuum pyrex system (resid-
ual pressure 10~* N m~2) where pressure changes were
monitored with a MKS pressure transducer. FI-IR spectra
were recorded in a Perkin-Elmer FT-IR 1730 spectrometer
using KBr disks, with a nominal resolution of 4 cm™! and
averaging 100 spectra. A KBr disk with the same weight of
the unloaded support was used to record the background
spectrum in order to cancel all the absorption bands due to
the support. Temperature programmed reduction (TPR)
profiles were recorded, at a heating rate of 10 K/min, in a
conventional apparatus with a catharometric detector us-
ing 50 ml/min of 5% Hy/Ar as carrier gas. The amount of
sample reduced (ca. 160 mg) corresponds to 100 umol of
Mo, thus ensuring good resolution under the experimental
conditions used (16). XAS data were collected at 77 K on
wiggler station 9.2 at the Daresbury Synchrotron Radia-
tion Source (U.K.) with an electron ring running at 2 GeV
and 210-230 mA. Monochromatization was obtained with a
double silicon crystal monochromator working at the (220)
reflection, which was detuned 50% to minimize higher har-
monics. The measurements were carried out in transmis-
sion mode using optimized ion chambers as detectors. Sup-
ported samples were ground and homogenized, and the
precalculated amounts of the sample powders were pressed
into a self-supporting wafer with absorbance 2.5 above the
Mo-K edge (20,005 eV). Reference compounds were di-
luted with boron nitride and prepared in the same way. Mo—
K spectra were measured at liquid nitrogen temperature
under a helium atmosphere to avoid water condensation.
At least three scans were recorded and averaged in order
to obtain the experimental spectra. The EXAFS function
(x (k)) was obtained from the experimental X-ray absorp-
tion spectrum by conventional procedures (17). EXAFS
data analysis and handling were performed by using the

program package NEWEXAFS. Experimental backscatter-
ing amplitude and phase functions for Mo—Mo and Mo-O
absorber-backscatterer pairs were obtained from the XAFS
of MoS, and Na,MoO4-2H,0 (5), both measured under
helium at 77 K.

RESULTS

Specific surface area values (Sget) as well as the anatase
contents in the support (as determined by the equation
given by Criado and Real (18)) are given in Table 1. All
the samples were prepared by successive impregnation and
the MoOj; content equals one theoretical monolayer. They
are named as Mo/Ti/Alk, where Alk stands for the alkaline
element added to the support. With the exception of the
molybdena loaded Li-doped sample, where a strong ruti-
lization is detected, calculated anatase contents are simi-
lar to that of the parent support. Impregnation procedures
followed by calcination slightly decrease the specific sur-
face area of the support, this decrease being higher for the
molybdena loaded samples and for the Li-doped system.

The XRD pattern for MoOs-TiO, doped with 1 wt%
Li (Fig. 1a) shows that crystalline Li;MoO4 (JPCDS card
12/763) is formed in this sample, since diffraction lines that
can be ascribed to this compound appear in addition to
those of anatase and rutile. The Li/Mo atomic ratio in this
sample is 2.3, high enough to allow a complete reaction of
molybdena with litium to form the molybdate. As shown in
Fig. 1a, the intensity of diffraction lines ascribed to Li;MoOy4
is only slightly modified when increasing the Li content to
3 wt%, thus suggesting that all the molybdenum has al-
ready reacted to form Li;MoQy in the 1% Li sample. The
main effect of a higher Li content while the molybdenum
loading is constant is a strong increase in the intensity of
the line appearing at 20 = 18°. This line also appears in the

TABLE 1
Samples Studied in This work*®

Sample Sper (m? g71) % Anatase
TiO, 53 55
Ti/Li 39 53
Ti/Na 47 55
Ti/K 50 55
Ti/Rb 53 54
Mo/Ti 42 52
Mo/Ti/Li 19 12
Mo/Ti/Na 39 50
Mo/Ti/K 44 53
Mo/Ti/Rb 47 53

“Unless otherwise stated, data in this table and
following are for samples containing one theoret-
ical monolayer of MoO3 and 1 wt% of alkaline
metal.
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FIG. 1.

XRD patterns for one monolayer MoO3/TiO, samples doped with alkaline metals: (a) Li-doped samples, bars indicate diffraction lines of

LixMoOy; (b) Na- and K-doped samples, bars indicate diffraction lines for Na;M0,07, KxM0,07 (solid bars), and KxMoOy (dashed bars); (c) Rb-doped
sample, bars indicate diffraction lines for Rb,Mo03O1 - H,O (solid bars) and Rb,Mo4O;3 (dashed bars). TiO; lines are marked by (*) in all the diagrams,

while (**) stands for a line already present in the TiO,-Li support.

molybdenum-free 1% Li-doped TiO, support and should
be therefore ascribed to the formation of a Li-Ti—O com-
pound.

Figure 1b shows the XRD pattern for samples with one
monolayer of supported molybdena doped with Na or K.
For the 1% Na-doped sample diffraction lines that could be
ascribed to Mo—O-Alk phases are very weak and hardly dis-
tinguished over the noise level. The intensity of these lines
increases when increasing the Na content and the diffrac-
tion pattern of Na;Mo,O7 (JPCDS card 22/906) clearly ap-
pears for the 3 wt% Na sample. The additional presence of
Na;MoOy - 2H,0 cannot be discarded since intense diffrac-
tion lines for this compound at 361, 331, 317, 306, and
298 pm overlap either with lines for sodium dimolybdate
(314, 306, 300 pm) or with strong lines of the TiO; support
(351 pm for anatase and 325 pm for rutile). The behavior of
K-doped samples is very similar, and when the K content
is 1 wt% lines that could be ascribed to molybdenum oxo-
compounds are very weak in the XRD pattern (not shown),
also increasing their intensity for the 3% K sample where
a mixture of crystalline K;Mo0,07 and K;MoOy is detected
(JPCDS cards 36/347 and 24/880; see Fig. 1b). These data
indicate that a high fraction of molybdenum is undetected
by XRD in the samples doped with a 1 wt% of Na or K,
and therefore is present as an amorphous phase in these
samples.

The diffraction pattern of the 1% Rb-doped Mo-Ti-Rb
sample (Fig. 1c) shows weak diffractions that coincide either
with the most intense lines of crystalline Rb,Mo030O1¢ - H,O
(JPCDS card 35/325) or with lines reported for Rb,M04O13
(JPCDS card 24/957), thus indicating the simultaneous for-
mation of both crystalline compounds.

TPR profiles of supported molybdena have been shown
(19,20) to be very sensitive to the structure of the supported
phase. As shown in Fig. 2, the TPR profile of Mo/Ti/Rb
is very similar to that recorded for undoped MoO3/TiO,,
thus suggesting that MoO, species must be similar in both
samples. FT-IR spectra of these samples (Table 2) are also
similar, and only a broad absorption band at ca. 960 cm™,
ascribed (21) to noncrystalline MoOs, is detected for the
undoped sample. This band, also recorded as a shoulder in
the FT-IR spectrum of Mo/Ti/Rb, appears as a well defined
peak at higher molybdena loadings (22). TPR profiles for
K- and Na-doped systems (Figs. 2c and 2d) are almost iden-
tical and are characterized by the relative high intensity of
the reduction process at ca. 1100 K. This fact could be ex-
plained either by the agglomeration of MoOj crystals or by
the formation of compounds containing [MoQy] tetrahedral
units since both species show reduction processes at temper-
atures higher than 973 K (5). The lack of the characteristic
absorption band for MoOs in the IR spectra of K- and Na-
doped samples discards the presence of crystalline MoOs,
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FIG. 2. TPR profiles of one monolayer supported samples: (a) un-
doped MoO3/TiO,, (b) Mo/Ti/Rb, (c) Mo/Ti/K, (d) Mo/Ti/Li.

in agreement with XRD results, while the presence of se-
veral absorption bands in the 960-850 cm ! range (Table 2)
suggests the coexistence of MoO3~ species (band at ca.
900 cm~! (5)) and Mo, O3 anions (bands at 938-948, 920~
923, 871-881 cm™! (5)). The TPR profile for the Li-doped
sample (Fig. 2e) shows a clear change. The reducibility
of molybdenum compounds is much lower than in the
undoped support or in the Na-, K-, and Rb-doped sam-
ples, as shown by the increase in the onset of the re-
duction process and the high temperature of the reduc-
tion maxima. This change is ascribed to the formation of
Li;Mo0Q., detected in this sample by XRD. The presence of
MoO?~ anions forming this molybdate in sample Mo-Ti-Li
explains its FT-IR spectrum (Table 2) with only two absorp-
tion bands at 894 and 862 cm™!, similar to those found for
bulk N32M004 . 2H20 (5)

TABLE 2

IR Bands in Supported Samples and Reference Materials

Sample v (cm™)

960
989

Mo/Ti
MOO3
Mo/Ti/Li
NazMOO4 . 2H20
Mo/Ti/Na® 938 923 910 897
Mo/Ti/K 948 920 904 893 871
Na,Mo,0y 943 923 905 881

879
894
900

862
858

864

“1ll defined bands.
b Shoulder.
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FIG.3. XANES Spectra at the Mo-K edge: (a) Na;MoOy - 2H,0, (b)
Mo/Ti/Li, (c) Mo/Ti/Na, (d) Mo/Ti/K, (¢) MoOs.

Information about the local surrounding of molybdenum
atoms in the MoO3/TiO,-doped samples can be obtained
by XAS spectroscopy. As shown in Fig. 3, the different lo-
cal coordination of molybdenum atoms in bulk MoO3 and
Na;MoOy - 2H,0 (distorted octahedral and regular tetrahe-
dra, respectively) accounts for differences in their XANES
spectra at the Mo-K edge. Thus, while in Na,MoQ4 - 2H,0
a defined pre-edge peak appears before the main absorp-
tion edge, this peak is merely a shoulder in MoOs. There-
fore, the intensity of this pre-edge peak can be taken as an
indicative of the amount of molybdenum atoms in tetra-
hedral coordination. As shown in Fig. 3 for our samples,
the local coordination of these atoms in samples Mo/Ti/Na
and Mo/Ti/K is very similar, and mainly octahedral, while
a large percentage of tetrahedral [MoOy] units should ex-
ist in sample Mo/Ti/Li, which XANES spectrum is almost
identical to that recorded for Na,MoQy - 2H,0.

EXAFS spectra for alkaline doped MoO3/TiO; samples
are shown in Fig. 4, and their associated k>-weighted Fourier
transforms are shown in Fig. 5. Data for crystalline MoOj3
and Na;MoQy - 2H;0 have been included for comparison.
The radial distribution function derived from the EXAFS
of sodium molybdate contains only a main peak (1.25 A,
phase shift uncorrected) that, according to its structure as
determined by X-ray diffraction (23), has been assigned
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FIG. 4. Unfiltered EXAFS oscillations at the Mo-K edge: (a)
Na,MoO, - 2H,0, (b) Mo/Ti/Li, (c) Mo/Ti/Na, (d) Mo/Ti/K, (e) MoOs.

(5,9) to four oxygen neighbors at 1.772 A. EXAFS oscilla-
tions for MoOj3 are much more complicated, giving rise in
the uncorrected k*-weighted FT to two overlapped peaks
at 1-2 A and another one at 3.1 A. The first two max-
ima has been assigned (5, 9) to Mo-O contributions in the
distorted [MoOg] octahedra that built the MoOj structure
while the peak at 3.1 A is mainly due to Mo-Mo absorber—
backscatterer pairs. The [MoOg] distorted octahedron can
be simulated (5, 9) by equal number of oxygen atoms
at three different distances yielding a total coordination
number of 6.0 up to 2.5 A, in good agreement with crys-
tallographic data (23b). Higher shells contributions can be
modeled (5) by Mo-Mo pairs at three different distances
yielding a total coordination number of 6.8 also in agree-
ment, within the experimental error, with Mo—Mo distances
and coordination numbers as determined from crystallo-
graphic data (23b). EXAFS parameters for bulk MoOs3 are
summarized in Table 3.

In agreement with the above conclusions from applica-
tion of other experimental techniques, the EXAFS spec-
trum for the 1% Li sample is very similar to that for
Na;MoOQOy - 2H,0 and can be fitted with only one Mo-O
shell at 1.77 A (fit parameters in Table 3). O/Mo coordi-
nation number and the lack of Mo—Mo coordination shells
show that in this sample most of the molybdenum atoms are
tetrahedrally coordinated after the addition of the dopant

R (A)

FIG. 5. k’weighted Fourier transforms of EXAFS spectra: (a)
Na;MoOy, - 2H,0, (b) Mo/Ti/Li, (¢) Mo/Ti/Na, (d) Mo/Ti/K, (e) MoO:s.
Solid lines, experimental data. Dashed lines, best fit functions; Ak =
4-13.5 A~'in all the Fourier transforms.

to the titania support, appearing as monomeric MoO3~ an-
ions.

Meanwhile, Fourier transforms for the Na- and K-doped
samples are almost identical. Comparison of these FT with
those for reference compounds shows that the regular struc-
ture at long range present in MoOj5 (peak at 3 A) has al-
most vanished in the Mo-Ti—Alk samples. The local order
of oxygen atoms around Mo leads to maxima centered at
1.25 A that seem to be intermediate between those for the
known structures of the crystalline compounds, thus sug-
gesting that both types of coordination for molybdenum
atoms—distorted [MoOg] octahedron and regular [MoO4]
tetrahedron—coexist in these samples. The spectra have
been analyzed following a procedure previously described
(5) that simulates first shell Mo-O contributions by us-
ing three different Mo-O distances (1.7, 1.96, 2.26 A). The
first distance averages the 1.77 A bond of the tetrahedral
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TABLE 3
Results of EXAFS Analysis

R AE°
Sample Shell (A) N Ao?x10° (eV) % Td
Na,MoOy-2H,0° O 1772 4.0 100
MoO; o 1.69 19 1.7 8.5
o) 1.96 21 0.3 6.7
o 226 20 5.9 42
Mo 345 19 1.2 12
Mo 371 24 2.6 19.6
Mo 403 25 34 9.3
Mo/Ti/Li o 176 41 0.3 2.8 100
Mo/Ti/Na 0 172 27 3.1 7.1
o 1.95 17 3.7 8.8
0 221 12 9.1 4.4 30
Mo 328 12 2.9 14.2
Mo/Ti/K o 172 27 3.1 7.0
o 1.95 17 3.7 8.8
o 221 12 9.1 4.3 30
Mo 325 1.0 2.9 21.0

“ EXAFS reference compound for Mo-O bonds (parameters from
Ref. (23)). Estimated errors for coordination numbers (N) and shell
distances (R) are £15% and £0.02 A, respectively.

structure with the shortest bond length (1.69 A) of the oc-
tahedral units, while longer bond lengths (1.96, 2.26 A) ap-
pear only in the distorted [MoOgs] octahedra. Increasing the
relative fraction of molybdenum atoms in tetrahedral co-
ordination will lead to increased values of the coordination
number at ca. 1.7 A (N;), and to a decrease of the total Mo—
O coordination number (N¢). The Ni/N; ratio can be used
to determine the fraction (x) of [MoQOy] units through the
relationship N1/Ny= (2 4+ 2x)/(6 — 2x). The results obtained
upon this first shell analysis were taken as the starting point
for a more complete analysis up to 4 A in r-space. Mo-Mo
contributions were added by starting with shell parameters
as obtained for MoOs. After refining the amplitudes, the
shell radii as well as the AE shifts were taken into the re-
finement. Best fit parameters are included in Table 3 and fit
results are plotted in Fig. 5.

Results for Mo-O first shell contributions indicate that
the fraction of molybdenum atoms in tetrahedral coordi-
nation is equal within the experimental error in Na or
K-doped samples (ca. 30%). Regarding Mo-Mo shells, sig-
nals due to Mo-Mo distances are still present, although co-
ordination numbers are much lower than those found for
crystalline MoO3;. Mo-Mo bond lengths (3.26 & 0.02 A)
are shorter than those found in bulk MoQO3. Short Mo-Mo
bond lengths, reported for Mo;0S; (24), are also found in
other polymolybdate anions (see below), and can be taken
as an evidence of the formation of polymolybdate species
over the surface of these samples.

Some of us have previously reported (8) effects of
the preparation procedure on the surface properties of

K-doped MoQO3/TiO3 when the MoOj3 content exceeds the
monolayer. Results reported in this paper indicate that for
samples containing two monolayer of MoOs the simulta-
neous impregnation (coimpregnation) with potassium and
molybdenum salts favors the formation of potassium poly-
molybdates, which were the only species detected even at
low K contents (1%, w/w). Thus, while crystalline MoO;
was detected by XRD and FT-IR in a two monolayer sam-
ple prepared by successive impregnation, a similar sam-
ple prepared by coimpregnation shows XRD lines for the
supported phase at 895, 689, 521, 381, and 293 pm, which
indicate the formation of K;Mo3;0y¢ (diffraction lines at
684, 520, 383, and 295 pm) and potassium heptamolybdate
(intense diffraction lines at 891 and 696 pm). The FT-IR
spectrum of the latter sample shows only two bands at
948 and 902 cm~!. Samples prepared by both procedures
but with lower MoOj3 contents were identical. Figure 6A
shows XANES spectra of 1% K- MoO3/TiO; samples with
a MoOs; content of two theoretical monolayer (Mo/2/Ti/K)
and prepared by both impregnation procedures. While the
sample prepared by successive impregnation has a XANES
spectrum whose fine structure is similar to that obtained
for bulk MoOs, these features for the coimpregnated sam-
ple are closer to those recorded for Na- and K-doped one
monolayer samples, thus indicating that polymolybdates
are formed even at high Mo/K ratios following this prepa-
ration procedure. Mo-K edge EXAFS spectra (Fig. 6B)
also confirm structural differences between the two samples
prepared by either successive impregnation or coimpreg-
nation. The shortening of Mo-Mo bond lengths ascribed
to the formation of polymolybdates is evident in the coim-
pregnated sample, while for the sample prepared by succes-
sive impregnation the maximum at ca. 3.5 A in the uncor-

Xmu

Fourier Transform

E (eVv)

R (A)

FIG. 6. Mo/2/Ti/K samples: (A) Mo-K edge Xanes spectra and (B)
k*-weighted Fourier transforms of the EXAFS oscillations (Ak = 4—13.5
A~1): (a) sample prepared by coimpregnation, (b) sample prepared by
successive impregnation.
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FIG. 7. Coimpregnated Mo/2/Ti/K sample: experimental EXAFS
oscillations (solid line) and best fit function (dashed line).

rected k>-Fourier transform is very similar to that reported
for bulk MoOs3. EXAFS oscillations for the coimpregnated
sample were fitted (Fig. 7) following the procedure above
described, leading to the fit parameters collected in Table 4.
A low O/Mo coordination number (1.8) at ca. 1.7 A, a to-
tal O/Mo coordination number of 5.7, and a short Mo-Mo
bond length indicate that polymolybdate species, where
molybdenum cations are mainly in octahedral coordina-
tion, are formed in the two monolayer sample prepared by
coimpregnation.

DISCUSSION

Recent results (5, 25) reported on the structure of dis-
persed MoO, moieties formed on the surface of undoped
MoOs/TiO, show that molybdenum atoms are mainly in
octahedral coordination, and only a small fraction of them
(ca. 15%) have a tetrahedral coordination on the TiO;

TABLE 4
Coimpregnated Mo/2/Ti/K Sample: EXAFS Parameters

Shell R(A) N Ao? x 10° AE° (eV)
o 1.69 1.8 0.8 14.7
o 1.96 22 9.3 6.7
o 2.28 1.7 11.0 12
Mo 325 1.2 12 14.2
Mo 371 0.3 0.7 20.0
Mo 4.03 0.2 0.5 42

Note. Estimated errors for coordination numbers (N) and shell
distances (R) are £15% and £0.02 A, respectively.

support. Present data for alkaline-doped MoOs3/TiO, sam-
ples indicate that when Li, Na, or K dopants are present
molybdenum forms either crystalline or dispersed molyb-
dates, leading to the presence of molybdenum cations in
tetrahedral coordination. Thus, EXAFS data show that all
molybdenum atoms are in tetrahedral coordination in the
Mo/Ti/Li sample with a Li/Mo atomic ratio 2.3, and only
short Mo—O bond lengths (1.77 A) appear. The lack of
Mo-Mo bond lengths for this sample indicates the forma-
tion of monomeric [MoQy] tetrahedra that yield a simple
pattern in the infrared spectrum with two bands at 894 and
862 cm~!. XRD data show that the presence of these tetra-
hedra is due to the formation of crystalline Li;MoOQy in this
sample.

Meanwhile, FT-IR, TPR, and X AS data for Mo/Ti/Na and
Mo/Ti/K samples are almost identical, suggesting that Mo—
O-Alk phases yielding very weak XRD diffractions have a
similar structure in both systems, in spite of their different
Alk/Mo atomic ratios (0.7 and 0.4 for 1 wt% Na and K, re-
spectively). Thus, EXAFS data indicate that molybdenum
atoms in tetrahedral and octahedral coordination form the
dispersed phase in these samples. The infrared spectra show
several absorption bands in the range 850-960 cm !, which
coincide with that reported for bulk Na,Mo0,07 (5), and can
be ascribed to the formation of Mo,O3™ anions. Figure 8
shows the structure of dimolybdate anions in crystalline
K;Mo0,07 and Na;Mo0,047. Both anions have equal number
of [MoOy4] and [MoOg] units sharing vertex to form chains.
Table 5 collects Mo—O and Mo-Mo bond lengths and coor-
dination numbers in Mo,O2~ anions obtained from crys-
tallographic data (26, 27). While tetrahedral units have
four short Mo—O bond lengths, similar to those found in
MoO7™ anions (1.77 A), [MoOg] units are distorted, show-
ing three different bond lengths similar to those found in

K2M0207

K2MO3O]O

FIG. 8. Structure of chain molybdates. Labeled circles stand for Mo
atoms. Unlabeled circles stand for oxygen atoms.
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TABLE 5

Coordination of Molybdenum Atoms in Polymolybdate Chains®

Compound Target Mo-O bonds Mo-Mo bonds
Na;Mo,07 Mo(1) 1.69 A x 2 359A % 4
1.90 A x 2
227A % 2
Mo(2) 176 A x 4 359A % 2
KoMo,07 Mo(1) 1.75A x 2,1.82A 310A,342 A
206A,217A,227A 378 A
Mo(2) 1.77A x 4 342A,378 A
KoMo30qg Mo(1) 1.70 A x 2 323Ax 2
1.95A % 2 400A x 2
218A x 2
Mo(2) 1.70 A x 2 323Ax 2
1.97Ax 3 4.00 A
Rb,M0;04¢ - H,O Mo(1) 1.72A x 2 327Ax 4
1.94 A x 2
222A % 2
Mo(2) 327A % 2
358A
380 A x 2

“ Derived from crystallographic data for bulk compounds (Refs.
27-29).

MoO3s. Average values of Mo-O bond lengths and total co-
ordination numbers for these compounds are included in
Table 6. Experimental Mo—O coordination numbers and
bond lengths obtained from the analysis of the EXAFS
spectra for Mo/Ti/Na and Mo/Ti/K samples are consistent
with the presence of both dimolybdates, while the frac-
tion of [MoOQy] units (ca. 30%) suggests that dimolybdate
chains coexist with octahedral molybdates, similar to those
found in the undoped support. The simultaneous presence

TABLE 6

Average Distances of Oxygen Shells (R) and Coordination
Numbers (N) in Crystalline Molybates

Compound Subshell R (A) N N; Ni/N¢

Na;Mo,04 0O, 1.72 3

O, 1.90 1

O3 2.27 1 5 0.60
K2M0207 O] 1.77 3.5

O, 2.06 0.5

O3 2.22 1 5 0.70
K>oMo3;019 0O, 1.70 2

O, 1.96 2.67

O3 2.18 0.67 5.33 0.37
szMOg,Om . Hzo O] 1.72 2

O, 1.94 2

O3 2.22 2 6 0.33

Note. Nyis the total O/Mo coordination number and N, is the number
of O atoms at short Mo-O bond lengths (ca. 1.7 A).

of a small amount of monomeric [MoQy] units, the only
species detected in the Li-doped sample, may not be dis-
carded from the experimental data. Mo—Mo coordination
numbers are lower than those expected for the bulk com-
pounds, thus suggesting noncrystalline dimolybdates, prob-
ably in the form of short chains. This result agrees with the
low intensity of their characteristic X-ray diffraction lines
in the samples doped with 1 wt% of Na or K. The formation
of short dimolybdate chains, with a high degree of disorder,
could account for Mo—-Mo bond lengths in the supported
samples (3.25-3.28 A), shorter than those found in the crys-
talline dimolybdates (see Table 5).

Mo,03~ chains are detected in Mo-Ti-Na and Mo-Ti-
K samples (Alk/Mo ratios 0.7 and 0.4, respectively), while
Li;MoOQy is the only species found in the Mo-Ti-Li sam-
ple (Alk/Mo =2.3). However, it should be noted here that
our data previously reported (5) for a 3 wt% Na-doped
MoOs3/TiO, sample with a Na/Mo atomic ratio 2.1 show
that in this case only ca. 70% of molybdenum cations are
in tetrahedral coordination, and molybdenum is forming a
mixture of Na,Mo0,0O7 and Na,MoQy. This result indicates
that Li is more effective than Na, on an atomic basis, in
inducing the formation of [MoQy4] units.

On the other hand, increasing the molybdenum content
in the two monolayer Mo/2/Ti/K samples, favors the for-
mation of compounds with [MoOg] octahedral units. Ex-
perimental data (8) for the sample prepared by successive
impregnation show that MoOs crystallizes on the surface.
However, formation of M03O%a and M07OZZ is favored
when the sample is prepared by coimpregnation. Thus, the
presence of new XRD lines over the TiO, diffraction pat-
tern suggests the formation of K;Mo03019 and K¢Mo070,4 in
this case, while EXAFS data yield a total O/Mo coordina-
tion number of 5.7, and ca. 1.8 short Mo-O bonds at 1.77 A,
indicating a negligible fraction of molybdenum cations in
tetrahedral coordination. Mo;O$; anions are clusters (24)
formed by seven distorted [MoOg] units with Mo—Mo bond
lengths in the range 3.24-3.44 A (average Mo/Mo coordi-
nation number 3.4 at an average distance 3.30 A). Mo;O%;
anions (Fig. 8) are chains formed by [MoQOg] units that share
edges with pentaoxocoordinated molybdenum atoms (28).
Crystallographic Mo—O bond lengths (Table 5) show that in
this case hexa- and pentacoordinated molybdenum atoms
have short and long bond distances and, as shown in Table 6,
average Mo-O bond lengths and total O/Mo coordination
numbers coincide, within experimental error, with those
expected for octahedral [MoQg] units. Mo-Mo distances
(3.23 A) are similar to those found in the Mo/2/Ti/K sam-
ple, as well as for the heptamolybdate anion.

Finally, TPR and FT-IR data suggest that the structure of
molybdenum oxocompounds in sample Mo/Ti/Rb is sim-
ilar to that previously reported for undoped MoQO3/TiO»,
where molybdenum atoms are mainly in octahedral coordi-
nation. Unfortunately, XAFS data were not measured for
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this sample; however, the only species detected by XRD
are RboMo30qo-H,O and Rb;Mo4013, both with an oc-
tahedral coordination of molybdenum by oxygen. A crys-
talline MoOs3 phase, where molybdenum cations are also
as [MoOg] units, that coexists with the octahedral molyb-
dates is readily formed either by increasing the molybdena
content of the sample or decreasing the Rb/Mo atomic
ratios (22). FT-IR data for Rb-doped samples show that
bands ascribed to isolated [MoQy] units or to octahedral—
tetrahedral chains do not appear for molybdena loadings of
one to two theoretical monolayers or Rb/Mo atomic ratios
in the range 0.1-0.6. It should be here noted that chains in
Rby;Mo03010 - H>O (29) have a structure where [MoQg] octa-
hedrashare edges (Fig. 8). The highest Mo/Mo coordination
number in this structure is expected at a short bond length
(3.27 A, see Table 5). A similar description was given (5)
for the supported phase in the undoped sample, where the
formation of zig-zag rows containing three to eight [MoOg]
units explained the low Mo-Mo coordination numbers and
the preferential decrease of coordination numbers at long
Mo-Mo bond lengths.
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