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MoO;/Al,O; catalysts (2—-13 wt% MoOs) were investigated by XPS in the oxidized form, after
thermal treatment in flowing Ar (973 K), and after reduction in H, (673-973 K), which are condi-
tions typically employed in the activation of these catalysts for the metathesis reaction. A new
assignment of Mo 3d binding energies to Mo oxidation states was applied in the analysis of the
reduced samples. During the thermal treatment in flowing Ar, part of the hexavalent Mo present in
the initial samples underwent reduction to Mo(V), which could also be detected by EPR. The
reduction of alumina-supported Mo(VI) in H, was found to produce surfaces, on which Mo(VI),
Mo(V), Mo(1V), Mo(Il), and, at reduction temperatures above 900 K, Mo(0), coexist. For reduc-
tion temperatures of about 800 K, distributions of these Mo states, which differ from those reported
in the literature by a Mo(V) contribution not exceeding 10% of the total Mo and by the presence of
Mo(II), were derived. When reduced MoQO,/ Al O, catalysts were subsequently treated in flowing

inert gas at 973 K a partial reoxidation of the surface was observed.

INTRODUCTION

Among the numerous reactions catalyzed
by molybdenum, the metathesis reaction at-
tracts particular interest as it provides a
close relation between heterogeneous and
homogeneous catalysis. The mechanism of
the homogeneously catalyzed metathesis
was shown to involve metal carbene ¢com-
plexes (/-3). It is widely accepted that
analoguous surface carbene species are
formed from oxidic precursors on the sur-
face of heterogeneous metathesis catalysts
(4-8). In accordance with numerous re-
ports on the beneficial effect of reductive
catalyst pretreatments on the metathesis
activity (7, 9-11), it has been shown with
model catalytic systems that the carbene
sites originate from species containing Mo
in the +4 oxidation state (3, 12, 13).

Nevertheless, open questions remain. On
one hand, these concern preparations in-
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volving Mo carbonyl compounds, where
the assignment of the metathesis activity to
Mo species of low oxidation state (+2, +3
(14), on AlO;) has been reaffirmed quite
recently (0 (15), on Y zeolite support). On
the other hand, some metathesis activity is
frequently found with unreduced oxide cat-
alysts (7, 10, 11), which were found to be
activated by a reaction with the olefin at a
temperature as low as room temperature (6,
16). This may suggest the presence of a sec-
ond active site precursor with higher va-
lency. Indeed, highly active homogeneous
metathesis catalysts often involve Mo or W
in high oxidation states, e.g., Mo(VI) and
W(VI) (U7, 18). The hexavalent state, how-
ever, is rarely considered as a candidate for
an active site precursor in heterogeneous
catalysts as the pronounced break-in phe-
nomena observed with silica-supported W
and Mo catalysts (19) imply its irrelevance
to the metathesis reaction. A suggestion of
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active site precursors involving Mo(VI)
made in (/6) was later qualified by the same
authors by the statement that a slight reduc-
tion of the surface as indicated by the emer-
gence of a Mo(V) EPR signal is also essen-
tial for the activation (6). Convincing
evidence for the role of hexavalent Mo spe-
cies as active site precursors has been re-
ported for photocatalytic metathesis pro-
cesses (7, 20).

In our former XPS and catalytic investi-
gations of WQO;/Al,O; metathesis catalysts
we found that active sites may be derived
from tungsten species of both +6 and +4
oxidation states, the former being responsi-
ble for the reactivity of thermally activated
samples (21, 22). In the same project,
W(V)/Al,O; was excluded as an active site
precursor by EPR measurements (23). In
the present study, which started from the
observation of analogies in the thermal acti-
vation properties between alumina-sup-
ported MoQ; and WO; (24), the question is
raised as to whether the coexistence of hex-
avalent and tetravalent active site precur-
sors may be proved also for MoQOs/AlO;
catalysts. In the first part, the behavior of
Mo0O;/Al,05 during thermal treatment in in-
ert and reductive atmosphere is discussed
on the basis of an XPS investigation com-
plemented by some EPR measurements.
The subsequent part (25) contains the data
on metathesis activities obtained after simi-
lar catalyst treatments, from which conclu-
sions will be drawn concerning the elec-
tronic state of Mo in the active site
precursors.

After more than 15 years of effort in char-
acterizing reduced MoOs/Al,O; surfaces by
XPS (e.g., (26-31)), one might not expect
that more relevant information could be at-
tained from further studies in this subject.
However, in the course of our work, we
came to the conclusion that the widely ac-
cepted basis for the assignment of the bind-
ing energies (B.E.) of Mo 3d XPS lines to
the Mo oxidation states in supported
molybdena catalysts must be revised. We
suggested an approach based on a linear re-
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lationship between the Mo B.E. and the ox-
idation state, as proposed first by Haber et
al. (32). This approach, a substantiation of
which is given in (33), leads to a reinterpre-
tation of a part of the evidence obtained by
XPS. The consequences are discussed in
the following.

EXPERIMENTAL

1. Materials. The catalysts were pre-
pared by impregnation of y-Al,O; (Leuna-
Werke, Leuna, Germany; BET surface
area =260 m? g~!) with solutions of M0oOs in
NH,OH (pH = 8) by the incipient wetness
technique. After drying at 400 K, they were
calcined in air at 823 K for 2 h and stored in
air prior to use. In Table 1, BET surface
areas, MoO; contents, and the resulting Mo
loadings of the catalysts are summarized
and the code used to denote the samples is
illustrated. In all cases the MoO; content is
well below the monolayer capacity of the
alumina support, which is =20 wt%.

H; and Ar from cylinders were deoxy-
genated over MnO/AlLO;, dried over a 4A
molecular sieve, and repurified at the en-
trance of the XPS sample pretreatment sys-
tem by a trap containing both MnO/Al,O;
and a molecular sieve. When the Ar was
analyzed with the residual gas analyzer of
the spectrometer employed (vide infra) no
oxygen could be detected.

In a preliminary set of experiments per-
formed on an AEI ES 200B spectrometer
and with an older version of our sample
transfer equipment (34), the carrier gases
were less pure and an influence of the resid-
ual oxygen on the reduction degree was
found. These experiments, which supplied
only qualitative results due to lack of analy-
ses of the residual oxygen content, will be
referred to as ‘‘preliminary runs.”’

2. XPS measurements. For the XPS in-
vestigation, a Kratos XSAM 800 spectro-
meter (MgKa excitation, 12kV,20mA, FRR
analyzer mode, pressure during data acqui-
sition =10~8 Torr) was used with a sample
transfer system, which will be described in
more detail elsewhere. This sample transfer
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TABLE 1

MoO; Contents and BET Areas of the Catalysts

Code MoO; content BET area (calcination at Mo loading? BET area after

823 K) (atoms/nm?) calcination* at

Nominal Real®
(Wt%) (Wt%) m’ g! m? g~ ALO; T. (K) (m? g™

Mo0.5 0.5 0.45 242 243 0.08 1143 159
Mol | 1.1 258 261 0.18 1093 171
Mo2 2 1.8 246 251 0.31 1093 150
Mo4 4 4.5 249 261 0.76 973 234
Mo7 7 7.4 257 277 1.24 973 247
Mol3 13 12.9 234 269 2.31 973 228

4 Determined by electron microprobe analysis.
b Referred to BET area after calcination at 823 K.

¢ After calcination in air for 2 h at T, (by analogy with activation procedures used in part II (25), which were

conducted in Ar).

system allows samples mounted on a sam-
ple holder to be treated at high tempera-
tures and with various gaseous media with-
out subjecting the surface of the sampling
probe to the conditions of treatment. After
cooling, the sample transfer system is con-
nected to the spectrometer and the sample
is transferred to the insertion lock of the
latter. After the measurement, the sample
can be returned to the reaction tube and a
subsequent step of pretreatment can be per-
formed. The samples were made by press-
ing powdered catalyst into steel gauzes.
Sample heating and cooling steps as well as
sample transfer were performed in flowing
Ar. The conditions of sample treatment are
given with the results.

The binding energies reported in this pa-
per are referenced to Al 2s = 119.8 eV.

With this calibration, Al 2p was 74.9-75.1
¢V while C 1s was found to be in the range
of 284.8-285.1 eV. The binding energies are
given with an accuracy of 0.1 eV.

The Mo 3d signal shapes were analyzed
using a PDP 11/03L computer incorporated
into the XSAM 800 spectrometer. A nine-
point least-squares quadratic procedure
was employed to smooth the spectra. The
shapes were fitted assuming a linear back-
ground and Gaussian singlet lines. The con-
straints introduced to ensure that the
results make physical sense are summa-
rized in Table 2. They are derived from the
analysis of the oxidized samples (line
width, except for Mo(0), B.E. difference
between doublet components), from the
Scofield ionization cross sections (35) (in-
tensity ratio between doublet components),

TABLE 2

Constraints Employed in the Analysis of Mo 3d Signal Shapes of Reduced MoO;/AlLO; Catalysts

FWHM (eV) I(Mo 3dsp)/ B.E. differences (eV)
IMo 3ds)
Mo 3ds, Mo(V]) Mo(VD) Mo(VI)
— Mo 3dsp —Mo(V) —Mo(1V); —“Mo(I1l)”’
2.80° 0.68 3.10 0.8 1.6 3.2
+0.05 +0.02 +0.05 +0.1 +0.1 +0.1

2 Except for Mo(0).
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and from the assumption of a linear relation
between Mo binding energies and oxidation
states (33). All states except Mo(0) have
been treated as a set of doublets separated
by defined B.E. differences. In the course
of the analysis, the position of this set on
the B.E. scale, the intensity contribution of
the individual components, and the posi-
tion, width, and intensity contribution of
the Mo(0) doublet have been fitted.

As outlined in (33), the spectra usually do
not allow an unambiguous analysis of
Mo(V) and Mo(1V), but a range of possible
concentrations for these states may be de-
rived from the consideration of limiting
cases (Mo(V) = 0 and Mo(V) = maximum,
see Fig. 4, insert). Lines with a binding en-
ergy typical of Mo(lI) can originate from

Mo(II) or from paired double-bonded.

Mo(lV) ions as discussed for MoO, (32).
The line with this B.E. is, therefore, de-
noted as ‘“Mo(Il),”’ the line with a B.E. typ-
ical of Mo(V) is ascribed to isolated
Mo(1V), Mo(I1V);.

In some of the spectra shown in Fig. 4, a
small ‘‘ghost peak’’ is visible at =225 eV
(Figs. 4i, 41, 4n). This peak is an artifact
arising from incomplete shielding of the
sample holder by the sample. It is a Mo(0)
3ds;, component originating from a Mo con-
tamination in the sample holder and shifted
from the expected B.E. due to the differ-
ence in charging between sample and sam-
ple holder. In the analysis of the spectra
(signal shape analysis as well as intensity
calculation) the corresponding Mo(0) dou-
blet has been removed.

3. EPR measurements. Samples for EPR
measurements were prepared in a quartz
flow reactor with a side arm connected with
a sealable EPR sample tube. The method
was described in some detail in (23). The
EPR spectra were recorded at room tem-
perature with an ERS 220 spectrometer
(Scientific Equipment Center, former
G.D.R. Academy of Sciences) operating in
the X band and equipped with a 100-kHz
field modulation.

4. Determination of the reduction degree
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(e/Mo). The reduction degree after treat-
ments corresponding to those applied in the
XPS experiments was determined by pulse
reoxidation at 823 K (carrier gas neon). The
reoxidation was completed by cycling a
known amount of an O,/Ne mixture over
the catalyst and measuring the oxygen con-
sumed after an appropriate time interval
(usually less than 0.1 ¢/Mo in 30 min). A
different method for the assessment of re-
duction degrees involves the determination
of hydrogen consumption from a known
amount of a H,/Ne mixture cycled over the
catalyst. When these methods were com-
pared employing sample Mo7, which was
reduced to 1.0-1.5 ¢/Mo, the reoxidation
method showed a constant deviation of
—0.2to —0.3 e/Mo. A possible origin of this
deviation is the reversible hydrogen, which
is included in the hydrogen consumption
measurement, but also a partial reoxidation
of the reduced surface in flowing inert gas.
A reoxidation of reduced Mo surface spe-
cies in inert atmosphere will be shown to
proceed to a considerable extent at 973 K
(vide infra). Some reoxidation may have
occurred in a =30-min period of Ne flow
between reduction and reoxidation, which
was necessary for the determination of wa-
ter evolved.

The reduction degrees accessible with
Mo0O;/AlL,O5 catalysts at 823 K were also
determined by TPR. Samples of equal size
were reduced in two parallel runs in 7 vol%
H, in Ar. The first run, with an end temper-
ature of 1170 K, maintained until the base
line returned to zero, was assumed to cor-
respond to ¢/Mo = 6. The other one, with
an end temperature of 8§23 K, maintained
for 2 h in the Hy/Ar flow and for 1 h in Ar,
was compared with the previous one to ob-
tain the reduction degree.

RESULTS

1. Oxidized state and thermal treatment
in inert gas. In Figs. la-1d, typical Mo 3d
signal shapes obtained from oxidized sam-
ples of catalysts with different MoOs con-
tent are shown. In Fig. 2, the Mo 3d/Al 2s
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F1G. 1. Mo 3d spectra of calcined MoOs/Al,O; catalysts after different pretreatments. (a) Mol,
initial, (b) Mo4, initial, (c) Mo7, initial, (d) Mo13, initial, (¢) Mol13, after Ar, 823 K, 1 h, (f) Mo4, after
Ar, 973 K, 1 h, (g) Mo7, after Ar, 973 K, 1 h, (h) Mo 13, after Ar, 973 K, 1 h, (i) signal shape analysis of
spectrum (g) with Gaussian lines, FWHM 2.80 eV. The FWHM specified in (a)-(d) were obtained by

signal shape analysis.

intensity ratios are plotted versus the bulk
atomic ratios and compared with the inten-
sity ratios predicted for monolayer cover-
age by the stacking sheet model of Kerkhof
and Moulijn ((36), for parameters see leg-
end). An analogous comparison has been
made for the WO;/ALO; system with data
from (21), where the Al 2p line had been
used for this purpose.

It can be seen that the shape of the Mo 3d
signal is nearly independent of the Mo con-
tent of the samples. Obviously, the consid-
erable changes in the coordination of the
Mo(V]) species in the range of MoO; con-
tents covered, which should be expected on
the basis of the literature (e.g., 29, 37, 38),
are not reflected in the Mo 34 signal shape.
The FWHM of the support lines (Al 2s, O
1s) do not depend on the MoO; content ei-
ther. The B.E. of Mo 3ds, is 233.1-233.2

eV, which is lower by =0.5 eV than the
B.E. of MoO; measured with the same in-
strument (33).

At low Mo loading (=0.7 Mo atoms/nm?)
the Mo 3d/Al 2s intensity ratios are propor-
tional to the Mo/Al bulk ratio and coincide
with the predictions made for monolayer
dispersion on the basis of the Kerkhof-
Moulijn model (Fig. 2). Deviations from the
monolayer prediction occur already below
the theoretical monolayer coverage, as re-
ported earlier in (39). The conclusion that
the molybdenum is not dispersed in an ideal
monolayer at higher MoO; content is sup-
ported by the observation that the relative
Mo intensity is increased by a thermal
treatment in Ar at 973 K (Fig. 2, open sym-
bols). The data on WQj3/Al,O; catalysts (21)
obey the monolayer prediction up to 3 W
atoms/nm?; for this prediction, the parame-
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Fi1G6. 2. Me/Al intensity ratios of MoQ./Al;O;, in
comparison with WO3/Al,0;. MoOs/ALO;: (—@—)
oxidized samples, (O) oxidized samples after Ar, 973
K, 1 h. WO;/ALO;: (W) oxidized samples, data from
(21). Predictions for monolayer coverage according to
(36): (———) Mo0O;/AlL0O; parameters used: photo-
electron cross sections, Mo 3d-9.74, Al 25-0.68; mean
free path lengths, Ay 3-1.40 nm, Ay 5,-1.52 nm, calcu-
lated according to (36) from A (1400 eV) = 1.80 nm as
suggested there; detector efficiency D ~ EL, support
surface area-260 m2 g~!; support density-3500 kg m~3,
(— - —— ) WO;3/ALO; parameters used: photoelec-
tron cross sections, (W 4f + W 5py,) — 10.6, Al 2p —
0.54; mean free path lengths Aw 4 — 2.63, Ap; 2, — 1.8
(36); remaining parameters as above.

ters recommended in (36) were employed
with the detector transmission function of
the instrument used in (21) (ES 200 B (40)).

The spectra shown in Figs. le—1h demon-
strate the effect that a treatment of the ini-
tial samples in Ar at elevated temperature
(823 K, 973 K) exerts on the Mo 3d signals.
The shapes of these signals are clearly mod-
ified and significantly broadened at the base
line. This suggests that a reduction has
taken place, the product of which is most
likely Mo(V).

Unfortunately, the evaluation of the
Mo(V) content from these spectra is some-
what arbitrary at present, in particular for
the samples treated at 973 K. Mo 3d spectra
of samples obtained after calcination in air
at this temperature did not indicate unam-
biguously which line width must be em-
ployed in the analysis of the signal shapes
recorded with Ar-treated samples. At low
MoQ; content the signals were slightly
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broadened after calcination in air while
their B.E. remained unchanged and their
shapes corresponded to those of the initial
state as shown in Figs. la-1d (Mo7: B.E.
(Bdsp) = 233.0 eV, FWHM = 2.88 eV after
1 h Ar, 973 K). At high MoO; content the
FWHM decreased considerably (Mol3:
B.E. (3dsp) = 233.2 eV, FWHM = 2.46 eV
after 1 h Ar, 973 K). These phenomena,
which suggest that different processes oc-
cur during thermal treatment in air and in
inert gas, will be subject to future research.
With a FWHM of 2.80 eV, i.e., slightly
higher than in the initial samples, Mo(V)
contributions of 17.5, 19, and 23% of total
Mo were obtained for Mod4, Mo7, and
Mo13, respectively, after treatment in Ar at
973 K. A Mo(V) contribution of 11% was
derived for Mo13 treated at 823 K (i.¢., the
calcination temperature of the initial sam-
ples; cf. Experimental section). Despite the
limited accuracy of these results, the ten-
dency of a slight increase (or, at least, the
absence of a decrease) of the reduction de-
gree with increasing MoO; content at 973 K
is, certainly, significant. It parallels the
well-known properties of MoQ3/Al,Os cata-
lysts in the reduction by H; (27, 29, 41).
On a qualitative level, the formation of
Mo(V) during thermal treatment of MoOs/
Al O; catalysts in flowing inert gas is sup-
ported by preliminary EPR investigations.
Figure 3 shows the EPR spectra of samples
treated in Ar at 973 K. Apart from the Oy

FiG. 3. EPR spectra of MoO,/Al,O; catalysts after 1-
h Ar treatment at 973 K. (a) Mo4; (b) Mo7; (¢) Mol3.
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signal present, which is probably due to an
experimental shortcoming (incomplete re-
placement of air in the sample tube prior to
the run, O; may be formed by reaction of
0, with Mo(V) at room temperature (42)),
the g values and the Mo hyperfine structure
found with Mol3 prove the formation of
Mo(V) (cf. 42, 43) during the thermal treat-
ment in Ar. In the oxidized state, these
samples did not exhibit EPR signals.

Again, serious problems were encoun-
tered in the quantitative evaluation of the
Mo(V) content. An attempt to assess the
spin intensities of the Mo signals (reference
ultramarine) supplied Mo(V) contents of
<1% of the total Mo. Inaccuracies inherent
in the procedure employed to separate the
O, and the Mo signals and, possibly, in the
choice of the ultramarine standard, are of
negligible order of magnitude compared
with the difference in the XPS results. The
presence of the O, signal does not prove a
contamination of the gas flows in the sam-
ple preparation, as the Mo(V) intensity was
not higher in the absence of O; (Mo13). In
view of these problems (cf. also Discussion
section) it was not attempted to establish
the temperature of beginning Mo(V) forma-
tion in this preliminary stage of the EPR
investigation.

2. Reduction of MoQ;/AL,O; catalysts in
H,. Figure 4 shows typical Mo 3d spectra
of MoQOs/Al,O, catalysts after reduction at
different temperatures (Figs. 4d, 4e, 4f, 4g,
4m, 4n, 40, 4p). The influence of a subse-
quent Ar treatment at 973 K and a readmis-
sion of H, at 823 K, which induce dramatic
changes of the metathesis activity (cf. part
II of this work (25)), has also been studied
(Figs. 4h, 4i, 4k, 41). The spectra of the oxi-
dized samples have been included for com-
parison (Figs. 4a-4c). An example of how
to fit the Mo 3d signal shapes according to
the principles described in the Experimen-
tal section is presented in the insert of the
figure. The binding energies obtained in the
analysis of the spectra are summarized in
Table 3. It should be kept in mind, how-
ever, that in the course of the fitting proce-
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TABLE 3

Mo 3ds, Binding Energies Determined by Mathe-
matical Analysis of Mo 3d Signal Shapes of Reduced
Mo0,/AlLO; Catalysts

Mo state B.E. (eV) s¢ n®
VI 233.15¢ 0.15 45
vd 232.30 0.15 36
A 231.50 0.15 40
114 229.90 0.15 36
0 228.80¢ 0.25 6

@ Standard deviation: s = 2 {(B.E. — B.E.)¥(n —
Dy,

b Number of spectra included.

¢ For comparison: Mo(VI) in MoQO;, 233.6 eV
(FWHM = 1.80 eV). Mo(0) obtained by reduction of
Mo0Q;, 229.3 eV (FWHM = 1.45 eV).

4 B.E. value predetermined by constraints; see Ta-
ble 2.

dure only the B.E. of Mo(VI) and of Mo(0)
are determined independently (see Experi-
mental section).

Figure 5 presents the distribution of Mo
states obtained above for different reduc-
tion temperatures. It can be seen that the
catalysts are already reduced to a consider-
able extent at 673 K. On the surface of
Mol3, even the ‘“Mo(II)’’ state is present at
this reduction temperature. Metallic molyb-
denum can be observed already at a reduc-
tion temperature of 900 K. While its contri-
bution must be extracted from the spectra
by signal shape analysis in the case of Mo4
and Mo?7, it is quite obvious for Mol3 at
this temperature and for Mo4 and Mo7 at
973 K (cf. Fig. 4). In Fig. 6, the progress of
the reduction with time-on-stream is dem-
onstrated for a reduction temperature of
823 K. Figures 5 and 6 reflect the well-
known tendency of increasing reducibility
of alumina-supported MoO; with increasing
MoO; content (27, 29, 47).

The single points in the diagrams of Fig. 6
indicate that a thermal treatment in inert
gas to remove adsorbed hydrogen from the
surface leads to a partial reoxidation of the
catalyst. This behavior, which is clearly re-
flected in the Mo 3d signal shapes (compare
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F1G. 4. Mo 3d XPS spectra of reduced MoOs/Al,O; catalysts. Initial samples: (a) Mo2, (b) Mo7, (¢)
Mo13. 2h H,, 673 K: (d) Mo7, (e) Mol13. 30 min H,, 823 K: (f) Mo7, (g) Mo13. 30 min H,, 823K + 2 h
Ar, 973 K: (h) Mo7, (i) Mo13. 30 min H,, 823 K + 2 h Ar, 973 K + 2 min H,, 823 X: (k) Mo7, (I) Mo13.
2h H;, 900 K: (m) Mo7, (n) Mo13. 2 h H,, 973 K: (0) Mo2, (p) Mo7. An example for the fitting of the
spectra according to (33) is given in the insert. The spectrum used is spectrum f.

Figs. 4f and 4h with 4g and 4i), is docu-
mented in more detail in Table 4. A drastic
decrease in the ‘““Mo(II)’’ state and an in-
crease in Mo(VI) is obvious for all samples,
while Mo(1V);; (and possibly Mo(V)) is af-
fected only at high MoO; content. A subse-
quent hydrogen treatment at 823 K for 2
min slightly moves the distribution of the
Mo states back toward the pattern observed

after the reduction. The differences are,
however, near the detection limits inherent
in the complex signal shape analysis proce-
dure employed. A slight increase of
“Mo(II)”’ at the expense of Mo(IV); ap-
pears likely while the Mo(VI) state clearly
remains on the high level obtained after the
desorption procedure.

Table 4 also contains data showing the
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F1G. 5. Reduction of MoQs/Al, O, catalysts in H,. Distribution of Mo states at different reduction
temperatures. Reduction time, 2 h. pe——@=— Mo(V]), 7777777177 possible range of Mo(V),
SENSSSYL. possible range of Mo(1V);,, == —=0==""Mo(II),"’ t=e==+==-§~ - Mo(0).

influence of oxygen traces in the carrier gas
on the reduction extent. It can be seen that
the preliminary runs performed with less
carefully purified hydrogen resulted in sig-
nificantly lower reduction degrees.

Figure 7 summarizes the results of inten-
sity measurements with reduced MoO;/
ALO; catalysts, the Mo components of
which exhibit the distribution of oxidation
states reported in Figs. 5 and 6. While any
trend is obscured by considerable scatter in
the case of Mol3, a tendency to decrease
relative Mo intensity with increase of re-
duction temperature is quite obvious with
Mo4 and Mo7. This decrease is already de-
tected at a reduction temperature of 823 K,
i.e., before metallic Mo is present. An Ar

treatment at 973 K for 2 h after the reduc-
tion leads to an increase in the Mo/Al inten-
sity ratio, which corresponds to the obser-
vations made with the oxidized samples.
Repeated short contact of the surfaces with
H, at 823 K does not induce further signifi-
cant changes in intensity.

The reduction degrees ¢/Mo of Mo7 and
Mo13 reduced at 823 K have been derived
from the analysis of the XPS spectra dis-
played in Fig. 6. In Fig. 8 they are com-
pared with the results of the analysis by
reoxidation and by TPR. The reduction de-
gree estimated from the XPS spectra is cal-
culated twice—with Mo(II) being assumed
to be paired Mo(IV) or Mo(1l). The scatter
due to the uncertainty of Mo(V), Mo(V) =
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TABLE 4

Distribution of Mo States on the Surface of MoOs/Al,O, Catalysts after Reduction in H, and after Subsequent
Thermal Treatment in Ar

Catalyst Pretreatment agent Mo(VI) Mo(V) Mo(IV); “Mo(II)”” Mo(0)
T, (K); time (min) min-max max—min
Mo2 H, 973; 120 12 0° 1% 27 50
Mo4 H, 823; 30 64 0-9 18-13 15 0
H, 823; 30 +
Ar 973; 120 72 0-9 18-10 9 0
H, 823; 30 +
Ar 973; 120 +
H,, 823;2 71 0-7 14-12 12 0
H, 823; 120 62 0b 18° 20 0
H, 823;120¢ 71 0¢ 20° 9 0
H, 973; 120 12 0t 56 25 58
H, 973; 120¢ 25 0° 436 23 19
Mo7 H, 823; 15 56.5 0-9 21-15.5 21 0
H, 823; 15 +
Ar 973; 120 74 0-7 16-12 8 0
H, 823; 30 54.5 0-6 16.5-10.5 29 0
H, 823; 30 +
Ar 973; 120 70 0-8 18-10 11.5 0
H, 823; 30 +
Ar 973; 120 +
H, 823;2 68.5 0-7 15-9.5 16 0
Mol3 H, 823; 15 37.5 0-9 25-16 37 0
H, 823; 15 +
Ar 973; 120 64 0-5 12-9 23 0
H, 823; 30 33 0-6 19-15 47 0
H, 823; 30 +
Ar 973; 120 58 08 8t 34 0
H, 823; 30 +
Ar 973; 120 +
H, 823;2 S5 14 5b 40 0
H, 823; 120 28.5 0t 16.5% 55 0
H, 823; 120° 29 0b 380 33 0

Note. Amounts of Mo states given in area % of the total Mo 3d signal. Minor deviations from the sum of 100%
may occur as values averaged from the analyses of the limiting cases (with and without Mo(V)—see Experimen-

tal) are given for all states.
2 Spectrum shown in Fig. 4o.

b Only one limiting case (minimum of Mo(V) and maximum of Mo(IV),) analyzed.
¢ Preliminary run (oxygen traces in carrier gas, cf. Experimental).

0, or Mo(V) = Mo(V)max) is not larger than
the symbols used in the figure.

The values obtained from the reoxidation
method are almost always higher than those
derived from the XPS spectra with
“Mo(II)”” = MOo(IV)pireda- In the case of
Mo13 they are close to the XPS data treated

with “Mo(I)”” = Mo(Il). Notably, with
both catalysts a significant increase of the
reduction degree with reduction time is
found in the reoxidation data and the XPS
results when evaluated with ‘“Mo(II)”’ =
Mo(I), but not when treated with
“Mo(I)”” = Mo(IV)puirea - The TPR experi-
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FiG. 8. Reduction degree of MoO;/Al,O; catalysts reduced in H,, analyzed by different methods.
(O) XPS, ‘“‘Mo(II)”’ = Mo(1D); () XPS, ““Mo(Il)”’ = paired Mo(IV); (A) reoxidation method; (I) TPR
(in 7 vol% H,/Ar). For experimental details see text.

ments also supplied e/Mo values clearly
above those expected with ‘“Mo(Il)” =
Mo(IV)pairea. This observation is relevant
despite some differences in the reduction
regime between TPR and the XPS sample
pretreatment (use of H,/Ar mixture instead
of pure H,, longer effective reduction time,
different sample forms and flow regimes,
cf. Discussion): The approach ‘“Mo(1l)”’ =
Mo(IV)paireq yields rather rigid limits for the
reduction degrees to be obtained with Mo7
and Mo13 at the reduction temperature em-
ployed. These are clearly exceeded in the
TPR experiments.

DISCUSSION

1. Oxidized state and thermal treatment
in inert gas. There is no doubt that the state
of Mo in the initial samples is +6, as has
often been reported (27-31), and the Mo
3ds, B.E. agrees well with most of the val-
ues given by other authors (28-31) pro-
vided that the same internal reference (e.g.,
Al 2p = 75.0) is employed. We would not
draw any conclusion from a difference
between the B.E. of unsupported MoO;
(=233.6 eV) and the supported catalysts
(=233.1-233.2 eV), which we have con-
firmed on a second instrument (ES 200B).
Other authors report identical Mo(VI)
B.E.s for MoO; and MoO,/AlLO; ((31) with
C reference, (29) with Au reference) or
even a higher B.E. for the supported cata-
lyst ((27) with Au reference). Probably

these discrepancies reflect referencing
problems when samples of different con-
ductivity (charging was =0.5 ¢V with MoO,
and =4 eV with the alumina-supported
samples) must be compared. A similar B.E.
difference between supported and bulk ma-
terial 1s found for Mo(0) (Table 4).

The Mo/Al intensity data displayed in
Fig. 2 suggest the presence of bilayered or
clustered molybdate structures already at
MoO; contents below the theoretical mono-
layer coverage. This is what should be ex-
pected from the models of the MoO;/Al,O4
surface widely accepted in the literature
(37, 41, 45). Other authors found the rela-
tive Mo intensities to be proportional to the
Mo/Al bulk ratio until the first (theoretical)
monolayer is completed (38, 46). Actually,
the impregnation method applied in our
work may be suspected to favor clustering
tendencies at high MoO- content (high pH
of the impregnation solution possibly lead-
ing to precipitation of nonadsorbed molyb-
date onto the support). The high reduction
degrees measured in our work (vide infra)
might support this suspicion. The UV-VIS
spectra of our catalysts did not exhibit sig-
nals attributable to MoO; entities ((4¢7), cf.
part II of this paper (25)) but structural data
from more powerful methods are, unfortu-
nately, not available at present, While this
uncertainty in the structural properties of
our catalysts does not affect the conclu-
sions to be drawn in this paper, an investi-
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gation of Mo catalysts of different origin by
a combination of structural methods and
the XPS technique applied in this work ap-
pears promising.

Both XPS (Figs. le-1h) and EPR (Fig. 3)
prove that MoO;/AlLO; catalysts are partly
reduced to Mo(V) by treatment in flowing
inert gas at 973 K. In view of the probable
presence of clustered molybdate structures
weakly interacting with the support, this
result is not surprising. Unsupported MoO;
undergoes thermal reduction in inert gas to
a large extent (33).

The results of the quantitative analysis of
Mo(V) in the thermally treated samples by
XPS and EPR diverged by orders of magni-
tudes. The Mo(V) quantities detected by
EPR are so small that they would not be
expected to cause any change in the XPS
signal shapes. It is well known, however,
that Mo(V) may escape detection by EPR if
present in magnetically interacting pairs
(44) and that this effect is most pronounced
in systems with a highly clustered molyb-
date phase (e.g., M00:/Si0; compared to
MoOs/ALO; (44, 48)). Mo(V) quantities suf-
ficient to significantly modify the XPS sig-
nal of the prevailing Mo(VI) state (=10%
rel.) are likely to involve a considerable
amount of Mo(V) pairs, the more so as they
should be concentrated in the most reduc-
ible, clustered part of the supported Mo
component. A procedure aimed at the de-
coupling of Mo(V) pairs, which involves a
treatment with dry HCI, has been success-
fully applied to reduced MoOs/Al,O; and
Mo0Os/Si0, catalysts (44, 48). Probably,
this approach has the potential to resolve
the discrepancies described above. How-
ever, its application to our still highly oxi-
dized samples does not appear to be
straightforward because of the reducing
properties of HCI (23, 44). While a precise
analysis of the Mo(V) content in thermally
treated MoO;/AlL, 05 requires further effort
we believe that the assessment of the re-
duction degree by XPS (see Results sec-
tion) properly reflects the order of magni-
tude of the Mo(V) contribution and its
tendency with varying MoOs; content.
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2. Reduction of MoO;/ALO; catalysts in
H,. The spectra obtained in this study and
presented by typical examples in Fig. 4
qualitatively correspond to other spectra of
reduced MoOs/Al,O; published in the liter-
ature (26-31). However, owing to our par-
ticular approach to the assignment of Mo
states to Mo B.E. (33), the conclusions
drawn by us differ considerably from those
of other authors as discussed below.

Although our results confirm the exis-
tence of an initial period of rapid reduction
in the temperature range 773-823 K, we
have not found that all Mo(VI) is consumed
in this initial phase yielding Mo(V) contri-
butions as high as 70%, as suggested in (29).
Instead, our analysis has shown that resid-
ual amounts of Mo(VI), depending on the
total Mo content and on the reduction tem-
perature, still remain after 2 h of reduction
even at temperatures above 823 K. The
presence of Mo(VI) can be detected most
convincingly in the spectra obtained at a
reduction temperature of 823 K, where the
signal shapes define the position of
“Mo(II)”’ quite well. Then, the high B.E.
region of the signals can be fitted only with
significant Mo(VI) contributions as the con-
straints summarized in Table 2 must be
obeyed.

In the past, large discrepancies were
noted in the analysis of Mo(V) in reduced
supported Mo catalysts by EPR (63, 49, 50)
and XPS (27-29, 49, 50). Even after an im-
provement of the EPR technique by a
chemical decoupling of Mo(V) pairs ((44,
48), cf. previous section) typical results
from XPS exceed those from EPR by half
an order of magnitude. We believe that both
methods can be reconciled on the basis of
our reinterpretation of the Mo XPS spectra.
In the framework of former approaches to
the relation between Mo B.E. and oxida-
tion state, Mo(V) would have to be as-
signed to those curves that now represent
the upper limit of Mo(IV);s (Figs. 5, 6). Ata
reduction temperature of 823 K (Fig. 6),
this corresponds to 2-2.5 times the values
that, in our approach, represent the upper
limit of Mo(V). Nevertheless, the analysis
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of Mo(V) in Mo catalysts remains trouble-
some: XPS supplies only a range of possi-
ble Mo(V) contributions (or, in situations
where the presence of Mo(1V) can be ex-
cluded, suffers from large uncertainties—
see previous section), while EPR requires
additional chemical treatment of the sam-
ples involving the risk of side reactions (re-
duction). An attempt to measure Mo(V) by
XPS and EPR on identical samples has
been left for future research.

The nature of the ‘““Mo(II)”’ signal is an-
other point that deserves closer inspection.
According to the assignments made in (33)
(cf. Experimental section) it could be due to
either paired Mo(IV) ions, as in MoO,, or
to Mo(II). In the literature, both states have
already been assumed to be present on re-
duced MoO;/ALO;. Thus, it has been
pointed out that the reduction of surface
molybdate structures by H, removes their
bonding with the alumina surface and leads
to a clustering of the reduced Mo phase (45,
51), which is also supported by our inten-
sity data (Fig. 7). Moreover, the presence
of microcrystalline MoO, (as an analog to
the MoS, slabs formed in the sulfided state
(37)) has been discussed (45). On the other
hand, investigations of the reduction stoi-
chiometry (52) and of the IR spectra of
probe molecules (53, 54) indicated that
Mo(II) could be formed during the reduc-
tion, probably at edge positions of the
MoO,-like phase (45). In previous XPS in-
vestigations, the presence of Mo(I) on
these surfaces has never been considered.

A discrimination between the two possi-
bilities (paired Mo(IV) or Mo(Il)) may be
expected from a comparison of the reduc-
tion degrees ¢/Mo derived from the XPS
spectra with the results of independent vol-
umetric ¢e/Mo analyses. Unfortunately, we
were not able to perform these independent
analyses in our XPS sample pretreatment
facility. This may give rise to some objec-
tions concerning the compatibility of our
parallel experiments (possible differences
in carrier gas purity; different sample forms
and flow regimes: pressed powder samples
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passed by the flowing gas in XPS, 0.2 to
0.4-mm particles in a plug flow reactor in
the parallel experiments). Moreover, slight
deviations of the real distributions of Mo
states from those reported on the basis of
signal areas (Figs. 5, 6) may arise from the
small decrease of the relative Mo intensity
during reduction. We therefore do not
stress the rather good agreement between
the XPS reduction degrees obtained with
“Mo(II)” = Mo(Il) and the resuits of TPR
and most of the reoxidation experiments,
even if some of the remaining differences in
the latter case can be ascribed to experi-
mental problems (see Experimental sec-
tion). The more convincing point is the ob-
served increase of the reduction degree
with increasing reduction time. Indeed, be-
yond a reduction time of 15 min, the effect
of the hydrogen treatment mostly consists
of the transformation of Mo(IV); to
“Mo(I)”’ (Fig. 6), which does not contrib-
ute to ¢/Mo when ‘‘Mo(Il)”’ is paired
Mo(IV). We conclude, therefore, that on
the reduced MoQOs/Al,O; surfaces investi-
gated a considerable contribution to the
“Mo(1l)”’ signal is due to Mo(Il) species
present.

Recently, much attention has been paid
to the preparation (14, 55, 56) and the prop-
erties (57-59) of alumina-supported metal-
lic molybdenum. The first catalysts of this
type were prepared starting from Mo(CO)s
(55, 56). It has been shown that similar cat-
alyst systems can also be obtained by se-
vere reduction of impregnated MoQ;/AlLO;
(55, 58-60) and an XPS study of the sur-
faces obtained has been published (30).

In our investigation, the formation of me-
tallic Mo has been observed at reduction
temperatures well below those employed
by most of the other authors. Thus, we find
high Mo(0) contents already at 973 K, while
Holl et al. (30) did not see Mo(0) when they
reduced a catalyst of comparable Mo load-
ing at 1023 K in a static regime. Redey et al.
(59) identified Mo(0) after reduction at 1173
K (first indications at 1073 K) by its cata-
lytic effect in the hydrogenation of ben-
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zene, but this method may not be suited to
detect Mo(0) interacting with residual Mo
ions. Reduction degrees higher than those
reported in the literature can also be stated
at temperatures below the range of Mo(0)
formation (e.g., 773 and 823 K, by compari-
son with spectra published in (27, 29, 30)
without relying on signal shape analysis).
As mentioned earlier these differences
might be ascribed to a somewhat lower Mo
dispersion in our samples compared to
those used by other authors. However, in
view of our experience with oxygen-con-
taminated gases (‘‘preliminary runs,”’ see
Table 4) and of similar differences between
our results and the literature in the thermal
degradation of unsupported MoO; in inert
gas (33), we believe that an influence of the
partial pressure of oxygen (or water) on the
reduction process, probably on its thermo-
dynamics as discussed in (61), may contrib-
ute to these discrepancies. Indeed, in a
study where a rigorous purification of the
applied gases was well documented (60), an
average reduction degree ¢/Mo of 4.10 was
obtained in the reduction of a catalyst with
2.3 Mo atoms/nm? (£Mo13), at 923 K. As
one cannot expect the presence of only a
single Mo state under these conditions (cf.
Fig. 4m-4p), this result is a strong indica-
tion of the formation of some Mo(0) already
at this temperature. From our XPS spectra,
e/Mo = 3.6 is found for Mol3 after reduc-
tion at 900 K (‘“‘Mo(II)”’ = Mo(Il); reoxida-
tion method e/Mo = 4.0). The data of
Redey et al. (59) for a catalyst with 2.7 Mo
atoms/nm? may be interpolated to yield e/
Mo of 3.0 and 3.35 for 900 and 923 K, re-
spectively, which are considerably lower
than those given in (60) or found by us.
Our material does not supply evidence
for the presence of Mo(III) or Mo(I) in re-
duced MoQOs/Al,O; catalysts. No prominent
peak or shoulder has been observed in the
B.E. region, where these states should be
expected from the linear correlation be-
tween Mo oxidation states and binding en-
ergies employed in this study. It is impos-
sible, of course, to exclude any state by the
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analysis of XPS spectra composed of sev-
eral superimposed lines. To the best of our
knowledge, there is no evidence from other
methods proving the presence of these
states on the surface of reduced unsulfided
Mo0s/Al, O, catalysts. We have, therefore,
not considered them in our discussion.

It should be noted that our approach to
the interpretation of Mo 3d XPS spectra of
Mo catalysts is at variance with the meth-
ods used in two recent publications (62, 63).
In these papers, Mo oxidation states below
+4 were reported for Mo(CO)s/ AL O; (62)
and reduced MoO;/TiO, (63), among them
+3 (63). In the first case, differences to the
oxide systems considered in the present pa-
per may arise from the CO ligands origi-
nally present. On the other hand, the diver-
gence between us and (63) is not easily
explained at the moment. In both cases, the
conclusions are based on a combination of
signal shape analyses with determinations
of the average reduction degree, however,
with a gravimetric technique employed in
(63). Future research will have to resolve
the contradiction. In this respect we believe
that the successful application of our XPS
results in the analysis of the metathesis site
precursors of MoO;/Al,O; catalysts (part 11
of this paper (25)) yielding assignments
compatible with the earlier literature and
with our own work on WOs/Al,O; catalysts
(22) lends further support to our approach.

3. Influence of high-temperature Ar
treatments on the reduced surface. Figures
4 and 6 as well as Table 4 show that the
reduction degree of a reduced MoQOs/ALO;
catalyst decreases when the surface is sub-
jected to thermal treatment in inert gas at
973 K. The effect is most clearly reflected
in the loss of ““Mo(II)’ (probably Mo(II))
and the increase of Mo(VI), which, of
course, does not mean that these are the
only states affected by reoxidation. The
thermal treatment is accompanied by a re-
dispersion process (Fig. 7), which parallels
trends that have been observed with ther-
mally treated oxidized samples (Fig. 2).

In view of the rigorous purification of the
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gases used (see Experimental section) we
do not expect that the surface was reox-
idized by oxygen traces in the carrier gas
Ar. In the literature it has been suggested
that Mo(Il) is reoxidized to Mo(IV) when
the hydrogen adsorbed is pumped off at the
temperature of reduction (64). It is possible
that this process may also occur under the
conditions applied by us, but it is not the
only reaction proceeding. Recently, the
reoxidation of reduced MoO;/ALO; sur-
faces by thermal treatments has been
proved by measuring average reduction de-
grees, and surface OH groups have been
suggested to be the oxidizing agent (60):

-OH™ + Mo»~V* 2 Mo"* + -0* + § H,.
(M

We think that our results confirm this view.
The tendency of redispersion during reox-
idation becomes plausible as a reversal of
the clustering tendency during reduction
(45, 51), see also Fig. 7). The —-O%" in Eq.
(1) would then have to be regarded as an
oxygen bridge between the support and the
Mo"*.

According to (62), readsorption of hydro-
gen (by short-time contact at 773-823 K)
onto the surface, from which it had been
stripped off previously, leads to reforma-
tion of the Mo(II) destroyed in the desorp-
tion process. In our study of the hydrogen
readsorption (Fig. 4, Table 4) a slight in-
crease of ‘“Mo(Il),”” probably at the ex-
pense of Mo(IV);, has been observed.
Mo(VI), however, which reacts rapidly
when the oxidized surface is exposed to hy-
drogen under these conditions, remains
nearly unchanged. Hence, although a slight
tendency of reversal to the original distribu-
tion of Mo states can be stated, it is evident
that the 2-min H, treatment at 823 K is far
from being sufficient to restore the distribu-
tion of Mo states as it was after the reduc-
tion.

CONCLUSIONS

Mo0O;/Al, 05 catalysts (2-13 wt% MoOs)
were investigated by XPS in the oxidized
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form, after thermal treatment in flowing Ar
(973 K) and after reduction in H; (673-
973K), which are conditions typically em-
ployed in the activation of these catalysts
for the metathesis reaction. A new assign-
ment of the Mo 3d XPS lines observed to
the Mo oxidation states was applied. Dur-
ing the thermal treatment in flowing Ar part
of the hexavalent Mo present in the initial
samples underwent reduction to Mo(V),
which was also identified by EPR. The re-
duction of alumina-supported Mo(VI) in H,
was found to produce surfaces, on which
Mo(VI), Mo(V), Mo(1V), Mo(1l), and at re-
duction temperatures above 900 K, Mo(0)
coexist. At reduction temperatures of about
800 K, the Mo(V) contribution did not ex-
ceed 10% of the total Mo content. The
presence of the Mo(II) state was verified by
parallel measurements of the average re-
duction degree by reoxidation and TPR
techniques.

When reduced MoOs/AlL,O; surfaces
were subjected to thermal treatment in inert
gas at 973 K, the Mo surface species were
partly reoxidized. Readsorption of hydro-
gen by short-time contact at 8§23 K did not
restore the previous distribution of Mo
states.
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