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Tetracoordinated Moj; species have been detected by ESR on reduced Mo/SiO; catalyst pre-
pared by a conventional ammonium heptamolybdate impregnation. Their detection was possible
only after reduction in pure hydrogen flow at high temperature (773 K), followed by quenching.
These species are very reactive, as water or oxygen impurities cause the Moj; signal to disappear
very rapidly. The ESR lineshape of the Moj; species is reversibly modified when hydrogen is
switched to helium at 643 K (g changes from 1.822 to 1.769) without any change in the signal
intensity. Quantitative estimation of the Moj; species, based on the Curie law, has been made. The

effect of sample calcination has also been investigated.

INTRODUCTION

Interest in Mo/SiO, catalysts has been re-
stimulated by the discovery that they are
active and selective catalysts for methane
oxidation into methanol (/). In recent
years, supported Mo/SiO, catalysts have
been extensively studied by various charac-
terization techniques (2). In particular,
ESR is a powerful technique for studying
Mo’* ions in this system, having often been
used to study the development of Mo’* spe-
cies during the different steps of treatments
or to compare different preparative proce-
dures of these catalysts (3—8). With silica as
a support for the Mo species, it is possible
to discriminate among the different ESR
lines of the Mo°* species, since they are
relatively narrow, whereas with alumina as
support (9-11), broader lines have been ob-
served. This can be explained by magnetic
interaction and/or a shorter relaxation time
related to the structural properties of the
adsorbed species (9-12). Nevertheless, in
many cases, the ESR signals and spectral
features observed with Mo/SiO, are often
left unassigned due to a lack of adequate
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information, and definitive determination of
the symmetries of Mo’* ions responsible
for the signals is difficult. However, on
grafted Mo/SiO, catalysts, three different
Mo’* species have recently been detected
by ESR and discussed in terms of hexa-,
penta-, or tetracoordinated ions (Mog,
Mo3?, and Mo37) (13). The Mog: and Mo3

. species are respectively in octahedral and

square pyramidal environments. Interest-
ingly, the new Moj¢ species have been pro-
posed to generate O~ reactive oxygen spe-
cies from N,O decomposition (14, 15).
The present work will show that all these
species exist on impregnated catalysts after
thermal reduction, but that they are ex-
tremely dependent on the observation con-
ditions due to their extreme reactivity. In
addition the effects of various calcination
and reduction treatments will be described.
Finally, attempts to obtain quantitative in-
formation about the relative proportion of
the new Moj; species will be discussed.

EXPERIMENTAL
Catalyst Preparation and Pretreatment
The silica support (Aerosil 200 Degussa)

was mixed with pure water at 298 K, dried
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at 383 K in air, and stirred to obtain an
agglomerated support suitable for impreg-
nation. This support was then impregnated
with a NH)sMo;0y4 - 4HO solution; the
excess solution was evaporated and the
solid was dried at 383 K in air for 16 h.
Afterwards, the sample was calcined at 773
K for 16 h under air flow (C designates a
calcined sample). The analysis gave 1.5%
Mo by weight (which corresponds to 9.4 X
10" atoms g™!).

In order to evaluate the effect of the cal-
cination on the ESR signals, a part of the
impregnated sample was directly reduced
under H, flow, without any previous calci-
nation (NC designates a noncalcined sam-
ple).

For this catalyst, the molybdenum sur-
face coverage on silica is undoubtedly be-
low the ‘‘monolayer limit.”” This point has
been confirmed by XPS measurements on a
similar series of samples with various Mo
loadings (16); furthermore, this series of
samples has recently been characterized by
several other techniques and by acidimetric
titration, in correlation with methane oxida-
tion (I7). In the present paper, we report in
more detail the influence of sample treat-
ments on the ESR signals (lineshape and
intensities), without any variation of mo-
lybdenum coverage.

Both samples (C and NC) were reduced
in a flow of pure hydrogen (5 liters/h) at 773
K. Hydrogen was purified by trapping wa-
ter at 195 K (solid CO,) and passing the gas
through a Pt/zeolite column to eliminate
oxygen impurities.

Reductions were performed in a 20-mm-
o.d. quartz fixed-bed reactor usually con-
taining 0.1 g of catalyst. A 4-mm-o.d.
quartz tube was joined to the reactor for the
sample to be transferred into the ESR cav-
ity. The system allows the reactor isolation
under controlled atmosphere during an
ESR experiment and the restoration of the
pretreatment gas flow using a by-pass to
purge the reactor inlet. Hydrogen, helium,
and oxygen gases were supplied by I'Air
Liquide, France.
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ESR Measurements

The ESR spectra were recorded on a
Varian E109 spectrometer at 9.36 GHz (X
band) with a rectangular dual cavity
(TE ). Modulations at 100 and 10 kHz
were used respectively in both channels
with modulation amplitudes of 16 G for the
Mo sample and [ G for the standard sam-
ple. The hf power was chosen in order to
prevent any signal saturation.

The spectra were systematically re-
corded at room temperature and 77 K in all
cases. The spin concentrations and g fac-
tors were calculated by comparison with
Varian ‘‘strong pitch”’ (3 x 105 spins cm™;
g = 2.0028). To calculate the spin concen-
trations, the intensities have been corrected
by the Curie law (intensities proportional to
1/T) and calibrated with the strong pitch at
298 K. The spectra have been digitized and
integrated twice by using a microcomputer
SORD 100 in order to calculate the spin
concentrations (the error margin on the rel-
ative spin concentration can be estimated
to less than 10%). Additional details about
these estimations have been published pre-
viously (16).

RESULTS AND DISCUSSION
ESR Mo’ Species

Both the NC and the C samples were re-
duced at 773 K under H, flow from 15 min
to 7 h, and then cooled to 298 K and iso-
lated under H, before ESR measurements.
This treatment will be referred to as STS,
signifying ‘‘stable state.”’ For the NC sam-
ple, the corresponding ESR spectrum re-
corded at 298 K is reported in Fig. 1a. We
observe characteristic ESR Mo** signals
whose lineshapes are identical to those of C
samples. (The effect of calcination is char-
acterized only by an important drop in the
signal intensities: see Table 3 later in the
text and the ensuing discussion.) No major
modification of the spectra occurs at 77 K
(Fig. 1b), and between 298 and 77 K the
total ESR intensities have been found to be
proportional to 1/T. These signals (see Ta-
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Fic. 1. Mo** ESR signals (NC sample) after 773
K/H, flow reduction (7 h), and slow cooling to 298 K
(3 h): stable state STS. (a) 298 K ESR spectrum. (b)
77 K ESR spectrum.

ble 1 for g, and g factors) are similar to
ESR Mo’* signals described elsewhere on
impregnated (3-8, 20, 21) or on grafted (/13—
15) samples (the Mo3{ signal is the domi-
nant one in our case). Moreover, as ob-
served, the spectra exhibit a hyperfine
structure (hfs) which results from the two
molybdenum isotopes Mo and “’Mo (spin
%; natural abundance 15.78 and 9.60%, re-
spectively) with about the same magnetic
moment (4—6, 13, 20). In particular, a pre-
vious study with Mo-enriched Mo/SiO,
samples (4) showed unambiguously that the
low-field peaks belong to hfs (hf; and hf, in

TABLE 1

The g Factors of the ESR Signals of Mo’* Obtained
after H, Reduction at 773 K¢

Catalyst STS®  UNS (Hy)¢  UNS (He)?

state

Moi g 1.945 1.945 1.945
8l 1.891 1.891 1.891

Mol g, 1959  1.959 1.959
g 1.863 1.863 1.863

Moy g 1.927 1.927
g 1.822 (4c”) 1.769 (4¢)

@ Underlined values correspond to the dominant
species.

b STS indicates stable state obtained after reduction.

¢ UNS (H,) indicates state obtained after quenching
of the reduced samples to 298 K in H;,.

4 UNS (He) indicates state obtained after quenching
in helium.
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Fig. 1). The hfs high-field peaks observed in
Ref. (4) are much less intense than the low-
field peaks, so with natural isotopic molyb-
denum ratio samples, these high-field weak
peaks disappear, and only g components of
the zero nuclear spin molybdenum are de-
tected in the high-field region, as has al-
ready been proposed in numerous works
(3-8, 13, 14, 20, 21). Furthermore, in Fig. 1
the left-hand side of the spectra can be dis-
cussed in the same terms as in Ref. (/3);
i.e., hf; and hf, belong to Mo3! and Mogs
signals, respectively, the Mo3; signal being
more intense than the Moz, signal and hf;
more intense than hf,.

After reduction at 773 K and immediate
quenching to 298 K in H,, different ESR
spectra have been recorded and are shown
for the NC sample in Fig. 2. These spectra
exhibit four important features different
from the STS spectra:

(i) the total intensities for Modd and Mo3;
signals, measured at 298 K (Fig. 2a), are
much lower than in the corresponding STS;

(i) the Moi! population is now higher
than that of the Mo3, (Fig. 2a);

(iii) at 77 K other Mo>" species appear,
characterized by a new g factor at about

F1G. 2. Mo** ESR signals (NC sample) after 773 K/
H;, flow reduction (7 h) and quenching to 298 K: unsta-
ble state UNS. (a) 298 K ESR spectrum (H, or He). (b)
77 K ESR spectrum (Hy); gy 4c’ component is ob-
served (1.822). (c) 77 K ESR spectrum (15-min He flow
at 643 K just after reduction and quenching to 298 K in
He); g 4c component is observed (1.769).
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1.82 and a visible modification of the g,
zone (Fig. 2b, Table 1).

(iv) the Curie law is not obeyed between
77 and 298 K.

These features are still similar for C and NC
samples, with just a drop in intensities for
the C sampie (Table 3). Such states wiil be
symbolized as UNS (unstable states).

The new Mo’* species observed at 77 K
are easily identified as Mo3: species previ-
ously observed only at low temperature (77
and 4.2 K) on grafted samples (13, 14) (Ta-
ble 2) (similar general shape and tempera-
ture dependence are observed in both
cases). The g, values are identical, but g is
higher in our case; this point is correlated
with the presence of H, atmosphere and
will be discussed below. Analogies with
ESR signals of tetrahedral Mo’* species de-
tected after UV photoreduction of impreg-
nated Mo/SiO;, samples, reported by
Pershin et al. (7) can also be found (Table
2), but some important differences from our
UNS appear, i.e., narrower linewidths in
their case (which allowed observation of
isotropic coupling with a proton, a point to
be discussed below, and an important dis-
tortion of the species that could be distin-

3N

guished on this ESR signal. Thus, the best
agreement with our observations can be
found with the ESR signal of tetracoordi-
nated Moj: ions produced by thermal treat-
ment of grafted samples, reported by Louis
et al. (13). In that work, the Mo3. coordina-
tion sphere had been further elucidated by
ESR, using adsorbed 1*CO as a probe mole-
cule. This experiment allowed identifica-
tion of two vacancies within the coordina-
tion sphere of the Moj: species.

In the UNS, the fact that the Curie law is
not obeyed between 77 and 298 K is due to
the presence of these Mos; species (which
cannot be detected at 298 K). Thus the dif-
ferences between 77 and 298 K Mo** spin
concentrations correspond to the Moj;
content (such an estimate is more accurate
than the deconvolution of the different
lines). For both NC and C samples in the
UNS, the absolute numbers of spins (sta-
tionary after 7 h reduction at 773 K) have
been reported in Table 3¢ for the 298 K sig-
nals (Mogs + Mo3;) and in Table 3% for the
77 K signals (Mo3 + Mo3: + MoZl). The
absolute numbers of Moj; species are de-
duced from the differences ((b) — (a)). The
absolute numbers of spins for STS are also
indicated in Table 3.

TABLE 2

Comparison of g Factors Observed for Tetracoordinated Mo’* Species on Mo/SiO, Catalysts, According to
the Experimental Conditions

Mo/Si0, Treatment ESR sample g, & AH,, G Ref.
preparation atmosphere for gy
component

Impregnated Thermal reduction Quenching 1.927  1.822 (4¢") >100 This work

(ammonium in H, flow at 773 K in H,

paramolybdate)
Impregnated Heating for 15 min Quenching

(ammonium in He flow at 643 K in He 1.927  1.769 (4c) >100 This work

paramolybdate) after thermal reduction
Grafted Thermal reduction Vacuum 1.926 1.755 >100 (13)
Impregnated Photoreduction H, gl =181

(ammonium g7 =1.929 ~25 @)

paramolybdate) gl =1.952

With a hyperfine
splitting ~15 G
(proton coupling)
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TABLE 3

Mo’ Spin Concentrations (X101 spins/g) after 7-h
H; Reduction at 773 K (STS and UNS)

State ESR 298 K¢ 77 K¢ Moj*
measurement
STS 34 34 0
NC UNS 6 18 12
(H; or H,)
c STS 12 12 0
UNS 3.75 7.5 3.75
(Hz or He)

4 Total number of spins at 298 K.
b Total number of spins at 77 K.
< Number of spins for Moi: species ((b) — (a)).

For both samples (C and NC) the obser-
vation of the UNS depends in a similar way
on the reduction temperature. A lower re-
duction temperature (573 K) produces only
Moi! and Mol species, even after a 7-h
reduction treatment. After such a mild re-
duction and quenching to room tempera-
ture, intensities always follow the Curie
law. Thus, the UNS observation is not only
correlated with the quenching procedure,
but also with a further evolutionary step of
the catalyst, i.e., a reduction at a tempera-
ture higher than 573 K.

Thus, the existence of Moj. , which is ev-
idenced on impregnated Mo/SiO, catalysts,
is strongly dependent on the treatment of
the solids. However, observation of similar
Moj{ species with grafted (13) or impreg-
nated samples suggests that Moz, ESR sig-
nal existence is practically independent of
the nature of the deposited Mo species, as
already observed for Mog! species (4).
Generally, ESR characterization mainly
concerns the first coordination sphere of
Mo’ ions, which is in direct interaction
with Si atoms in the grafted samples. Under
our preparation conditions, silicomolybdic
acid (SMA) formation mainly occurs (/7),
as also evidenced by others (/8), and the
analogy between both ESR results is not
surprising. Nevertheless, molybdenum in
the grafted samples is well dispersed and
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the relative proportion of Mo** species ob-
served by ESR is in fact much higher in
grafted samples than in our impregnated
samples for similar thermal reduction treat-
ments and molybdenum contents (/9).

Effect of Atmosphere

The effect of an inert gas (He) or reactive
oxygen and water were studied next to fur-
ther investigate the properties of the Mo3;
species on both the NC and the C samples.
First, the effect of He was studied. Starting
with an STS pretreatment, the samples
were heated for 15 min in a helium flow at
643 K. We observed an important drop in
Mo’* signal intensities and we obtained a
new state which is about the same as the
UNS (see Fig. 2 and Table 3): the formation
of Moj{ is still obvious and the signal inten-
sities are identical in the UNS and in this
new state. Just a small variation in g values
can be observed (particularly for g). A re-
verse shift in g, values is then observed
when hydrogen is let in at 643 K just after a
helium treatment (g, values for Moi are
respectively 1.769 (4c) in He and 1.822 (4¢’)
in H, (Fig. 2, Table 1). This change in the g
value can still be reversed by readmission
of He at 643 K, making the 1.822 compo-
nent disappear quickly while the 1.769 com-
ponent is restored.

Although the 1.769 component is in the
range of the previously observed Mo;; on
grafted samples (13, 14), to our knowledge
the 1.822 component had never been re-
ported after thermal reduction. This effect
of hydrogen does not affect the Mo3; ESR
signal intensity; thus, it is possible that mo-
lecular H, interacts weakly and reversibly
with MojJ species without drastic modifica-
tion of their relaxation time. Such weak
complexes have been proposed with nickel
complexes (22) and recently with iridium
complexes (23). The g; value we observed
in H, is curiously similar to the g{ value
obtained by Pershin et al. after photoreduc-
tion (Table 2, (7)). Furthermore, an interac-
tion with protons was also indicated by
these authors under these conditions, but
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the protons belong to OH groups and this
effect cannot be compared with the present
results. It is probable that photoreduction
in H, causes the breaking of Si—-O-Mo

bonding, giving tetrahedral —>—Mo5+—OH

species which cannot be obtained by ther-
mal reduction, and a further comparison
with our results of Ref. (13) is not possible.

A rapid disappearance of Moj occurs
when exposed to small quantities of oxygen
in helium at 298 K. In that case the O; ESR
spectra are also detected at 77 K (g, =
2.0176; g, = 2.0096; g; = 2.0043) (Fig. 3).
Persistence of the Mol ESR signals is in
good agreement with the work of Zhan et
al. (20), who established that oxygen pref-
erentially attacks sites other than five-coor-
dinated species.

Let us now discuss the significant loss of
the Mo’" signal intensities after heating
STS at 643 K under He flow. The disap-
pearance of Mo’* is correlated with the
elimination of water. This can be demon-
strated by the quick inverse evolution ob-
served with wet H, or He at 298 K. In so
doing the STS is restored and we essen-
tially observe Mog: species. Thus, the loss
of intensity which occurs when STS is
heated can be correlated with a dehydroxy-
lation process. The variation in the ESR re-
sponse factor for Mo®* can be explained by
the disappearance of some Mot species

—
N g3

)

F1G. 3. ESR spectra (77 K) of Mo** and Q5 species
after oxygen adsorption at 298 K in the UNS. (a) With
16-G modulation amplitude. (b) with 4-G modulation
amplitude.
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produced by OH elimination, as previously
reported for Mo catalysts supported on y-
ALO; (24). The effect of water on Mo;. and
Mo3; signals is well described in the litera-
ture (13, 14) and water interaction explains
the differences reported above between the
STS and the UNS observation conditions.
For example, with the NC samples, the
STS is obtained after 3 h in ‘‘pure’’ H, flow
(5 liters/h) containing a residual relative
water pressure of 2.3 X 1076 (195 K equilib-
rium vapor pressure is assumed) which cor-
responds to 3 X 107 H,O molecules. This
value is just slightly higher than the Moz}
content in our sample (10" spins for a 0.1-g
sample).

Thus, the UNS is very sensitive to the
nature and purity of the gas in contact with
the catalysts, mainly because of the impor-
tant reactivity of the Moad species.

Effect of Calcination

No differences in the g factors have been
observed in any state (STS or UNS) be-
tween the C and NC samples. However,
the calcination decreases the intensities of
all signals. In particular, in the STS, the
total amount of Mo’* species detected by
ESR is divided by 3 for the calcined sample
(Table 3). Generally, the Mo** species ob-
served by ESR are often considered a small
part of the total Mo’* ions when compared
with those observed by other characteriza-
tion techniques (5, 25). The existence of
strongly coupled Mo’*, which cannot be
detected by ESR, is currently invoked to
explain the discrepancy.

In the present case, XPS measurements
on the NC sample, reduced under the same
conditions (26), have shown that a major
part (45%) of the Mo remained as Mo%*,
whereas an important proportion of Mo®
(30%) was detected. Thus, it can be de-
duced that the other intermediary oxidation
states, and in particular Mo’* ions, are ef-
fectively in low content in our NC sample.
Furthermore, a similar result was obtained
with the C sample by XPS (19), giving a
distribution of 40% Mo®* and 50% Mo°. In
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that sample, the amount of intermediary
oxidation states is lower than that in the NC
sample, in accordance with our ESR obser-
vations.

These results suggest that the calcination
partly destroys the SMA-supported entit-
ies, leading to molybdenum oxide whose
reduction is more facile, rapidly giving
Mo?.

Thus, the support does not stabilize these
destroyed Mo anions, as might be supposed
for low surface coverages (27); however,
the anionic entities which have not been de-
stroyed are stabilized and lead to the Mo**
ESR signals. As the existence of these spe-
cies is likely to be dependent on prepara-
tion conditions, such different procedures
may account for some of the discrepancies
with the literature results.

CONCLUSION

This work gives ESR evidence of the ex-
istence of tetracoordinated Moj; on im-
pregnated Mo/SiO, catalysts. These spe-
cies have been observed on samples treated
under a dry hydrogen flow, at temperatures
commonly used in catalyst reduction
(above 573 K, the dehydration process is
responsible for Mo;; formation). These
species are very reactive (with water and
O, traces) and are in reversible interaction
with H,; as a consequence they might be
reactive catalytic sites. The absolute con-
centrations for Mo’* species have been cal-
culated. All the observable Mo’* species
are magnetically isolated (according to the
Curie law) and they belong to silicomolyb-
dic entities which are present in higher con-
tents when the catalyst is not calcined be-
fore the reduction.
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