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MoOjlA1203 catalysts with 6, 12, 18, or 30 wt% MOO, have been studied by X-ray photoelectron 
spectroscopy (XPS) in their original oxide form and in a reduced state. Comparisons between bulk 
Moor or MoO+thunina mechanical mixture and alumina-supported Moos catalysts have shown in 
the latter a binding energy increase of about 0.5 eV for the molybdenum 3d level. This increase has 
been interpreted by a charge transfer from molybdenum to alumina. The supported oxide also 
shows a decrease in resolution of the MO 3d doublet due either to the alumina surface heterogeneity 
from the point of view of its electron-accepting properties or to the coexistence of molybdenum 
ions in tetrahedral and octahedral sites. The high-temperature reduction of 6% MoO,/A&O, has 
been studied at 550,750, and 950°C under 760 Torr hydrogen. After 550°C treatment, the catalyst is 
close to its original oxide form. The 750°C treatment leads to an intermediate form where molybde- 
num atoms close to oxide and close to metal coexist. Even after reduction at 95O”C, molybdenum is 
not perfectly reduced; it is very close to the metallic state but there remain some weakly oxidized 
sites at its surface. This study has shown that there is aggregation of molybdenum in large particles 
at the surface: after reduction under hydrogen at 950°C the amount of molybdenum contributing to 
the observed MO XPS signal is divided by a factor close to 2. An oxygen treatment at 550°C not 
only reoxidizes, but also redisperses, all molybdenum. These XPS results are useful in the interpre- 
tation of the catalytic properties of these systems. o 1987 Academic press, II-C. 

INTRODUCTION 

The use of X-ray photoelectron spectros- 
copy (XPS) has made a large contribution 
to the study of supported and unsupported 
molybdenum catalysts. The fundamental 
questions that it may address concern the 
interactions of supported metals or oxides 
with the support (carrier) and the chemical 
state (oxidation state, chemical environ- 
ment) of surface species after various pro- 
cesses (thermal, reducing, oxidizing) or var- 
ious utilization conditions of the catalysts. 

The interaction between supported phase 
and the support is able to modify greatly the 
properties of the supported metals or metal 

’ Present address: Institut Charles Sadron (CRM- 
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oxides. Various examples may be cited. 
The strong metal-support interaction 
(SMSI) between Group VIII metals and 
certain transition metal oxides (e.g., TiOz) 
decreases the ability of these metals to 
chemisorb Hz and CO (I). Chromium (VI) 
oxide supported on silica is thermally stable 
at temperatures at which bulk Cr03 decom- 
poses (2). Iron oxide on silica is not com- 
pletely reduced under conditions at which 
bulk FeZOx is rapidly converted to metallic 
iron (3). Cobalt oxide-support interactions 
have been studied by Okamoto et al. (4). 
The interaction strength, measured by the 
reducibility of the supported oxide, de- 
creases in the order .La203 > y-Al203 > 
SiOZ. Recent evidence points to a strong 
surface complex between WOs and y-A1203 
which influences the chemical and physical 
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properties of both WO3 and ~-A&03. The 
interaction inhibits both the reduction of 
tungsten oxide to tungsten metal (5) and the 
converison of y-A&O3 to a-A&OS (6). 

Molybdenum oxide Moo3 also gives rise 
to strong interactions with carriers such as 
alumina or silica. XPS (7) and thermogravi- 
metry (8) give evidence of the fact that sup- 
ported Moo3 is much more difficult to re- 
duce than bulk Mo03: at 500°C under 
hydrogen, bulk Moo3 is reduced to the me- 
tallic state in a few hours whereas under the 
same conditions 12.4% M00JA120~ is re- 
duced no further than oxidation state IV 
(7). Resistance to reduction is all the more 
pronounced when the percentage of Moo3 
on the support is lower (7, 8). On silica, 
Moo3 reducibility is markedly higher, al- 
though an XPS study by Gajardo et al. (9) 
has shown a MoO3-SiOz interaction, admit- 
tedly weaker than the MoOj-A1203 interac- 
tion, but unquestionable. 

Study of the Mo03-Al203 interaction by 
XPS has already been addressed widely in 
the literature but the principal results are 
still much debated (see later). This is why 
we have raised the problem for further 
study, and in particular in this work we 
have investigated 

l supported catalysts in their original oxi- 
dized state (after air calcination) especially 
the MoO3-carrier (A1203) interaction; 

l high-temperature (550, 750, and 950°C) 
hydrogen reduction of the supported cata- 
lysts. 

The reduction of alumina-supported mo- 
lybdenum oxide has been widely studied 
with XPS but always under relatively mod- 
erate conditions, at temperatures never ex- 
ceeding 500°C. Authors generally consider 
that under such conditions molybdenum in 
catalysts containing between 10 and 15% 
Moo3 is not reduced beyond oxidation state 
IV. Kinetic studies (10) show that under 
hydrogen at 500°C a sample containing 15% 
Moo3 is stabilized in 2 h and comprises 
only MoV and Man’ in equal amounts. 

This work deals with more drastic reduc- 
tion conditions, namely, temperatures be- 

tween 550 and 950°C and a hydrogen pres- 
sure of 760 Torr (1 Torr = 133.3 N m-*). 
The catalysts reduced under high tempera- 
ture are shown to be particularly interest- 
ing from the standpoint of hydrocarbon 
isomerization (II) and this XPS study was a 
major factor in the interpretation of the cat- 
alytic results. 

EXPERIMENTAL 

Apparatus. The XPS apparatus was a 
Vacuum Generators ESCA-Mark III spec- 
trometer composed of an analyzing cham- 
ber and a preparatory chamber which was 
used to degas and to apply different reduc- 
ing treatments to the sample. The transfer 
from the preparatory chamber to the ana- 
lyzing chamber took place without the sam- 
ple passing through air. Pressure in the ana- 
lyzing chamber could be reduced to under 5 
x lo-r1 Torr with a cryogenic pump, but 
during analysis the pressure rose to 1O-8 
Torr. Energy analysis of the electrons emit- 
ted by the sample was performed with a 
high-resolution hemispherical analyzer. 

Catalysts. Mo03/A120~ catalysts, in pow- 
der form, were pressed to obtain a pastille 
which could be fixed on the sample holder 
and analyzed either directly or after hydro- 
gen reduction in the preparatory chamber. 
The reduction conditions were as close as 
possible to the ones which were used before 
all catalytic experiments. Under a static 
pressure of 760 Tot-r hydrogen, the catalyst 
was heated at a rate of 15O”C/15 min to the 
chosen reduction temperature-550, 750, 
or 95O”C-and kept 2 h at this temperature. 
The sample was then cooled for 30 min and 
the hydrogen was pumped off. The reduced 
catalyst was transferred to the analyzing 
chamber to be studied. 

The catalyst nomenclature specifies the 
molybdenum oxide percentage on alumina 
and the reduction temperature. Thus, Mo6 
designates a 6 wt% Mo03/A1203 catalyst in 
its original form and Mo6-950 represents 
this catalysts after a 950°C reduction. Some 
details concerning the preparation tech- 
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niques of the supported catalysts used can 
be found in Part III (II). The alumina used 
was a y-alumina (Ketjen CK 300). The sur- 
face area was 215 m*/g. After 2 h reduction 
under 760 Torr hydrogen at 550, 750, or 
950°C the surface area loss was 13, 20, and 
33%, respectively. The reduction at 950°C 
started a phase transformation from y- to (Y- 
alumina but we did not study the extent of 
this transformation. 

Choice ofXPS reference. Due to the fact 
that all the catalysts studied are insulating, 
there is the problem of a choice of binding 
energy reference. The most usually cited 
reference is the contaminating carbon 
brought back to 284 eV (1s level). How- 
ever, the carbon peak can be weak and 
broad, and its top poorly defined. Further- 
more, it can exist in different chemical and 
electrical forms. Thus the C 1s peak shift 
due to charging effects may be different 
from the displacement of the other peaks, 
which can give rise to incoherent results. 
Patterson et al. (22), taking gold as a refer- 
ence, measured binding energies between 
283.5 and 285.0 eV for C 1s depending on 
the samples. 

Another possibility is to evaporate a thin 
gold film on the sample to render it con- 
ducting. This method not only weakens and 
broadens the peaks (13) but also makes the 
experimental processes more difficult. We 
chose the Al 2s level of the carrier as a 
satisfactory reference. The corresponding 
XPS peak is always strong enough in sup- 
ported samples. Furthermore there is no 
reason to believe that alumina could carry a 
different charge than molybdenum oxide 
even in the MOOD-A1203 mechanical mix- 
ture. This seems reasonable as the mechani- 
cal mixture was homogeneous: charging is 
a collective effect because when a flood gun 
was applied to the sample to eliminate the 
charges the same energy shift was observed 
for any element. 

Several authors choose aluminum (2s or 
2~) as a reference [for example see Ref. 
(23)]. Aluminum was retained as a refer- 
ence in high-temperature reduction experi- 

ments (95OC) because it seems unlikely 
that alumina is reduced even under such 
conditions (14). Soled et al. (15) also used 
aluminum as reference for reduction exper- 
iments of W03/A1203 under hydrogen at 3 
atm pressure and 900°C for several hours. 

The reference value was fixed at 120.4 
eV, corresponding to 118.0 eV for metallic 
aluminum (26) plus a chemical shift of 2.4 
eV due to oxidation to alumina according to 
Barrie (17). 

RESULTSANDDISCUSSION 

I. MoOJ/A1203 CATALYSTS IN OXIDE 
FORM: ~00~-~1~0~ INTERACTION 

The binding energies of the MO 3d 5/2, Al 
2s, and 0 1s levels were measured by XPS 
for 

l pure Moo3 
l Mo03-A1203 mechanical mixture, 
l A120s-supported Moo3 with 6, 12, 18, 

and 30 wt% Mo03. 
The values of the experimental binding 

energies are corrected for any charging ef- 
fects by reference to the Al 2s level. For 
Mo6, Mo12, and Mol8 the experimental 
values result from an average over three 
experiments (Table 1). 

Taking into account all possible errors, 
particularly charging effects, the uncer- 
tainty of the binding energies is kO.2 eV. 
However, the values in Table 1 show a 
clear difference in binding energies of about 
0.5 eV for supported Moo3 over unsup- 
ported MoOJ. This difference can best be 
seen in Fig. 1. 

On the other hand, variations in the bind- 
ing energies between different supported 
catalysts are not significant, except perhaps 
in Mo30 where there is a tendency to ap- 
proach that of pure MOO+ The 0 1s binding 
energies are constant at 532.3 eV. 

If one considers the full width at half- 
height of the MO 3d doublet one can ob- 
serve a greater width for Mo6, Mo12, and 
Mol8 in comparison with unsupported mo- 
lybdenum oxide. This broadening tends to 
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TABLE 1 

XPS Study of Supported MoOl (Reference: Al 2s at 120.4 eV) 

Binding energy (eV) 

Pure MoOl MoOj-A1203 
mechanical mixture 

MO6 Mo12 Mo18 Mo30 

MO 3d 5/2a 

Al 2s before correction 
for charging effects 

(419) 
233.2 234.0 233.8 234.0 233.6 
(4.5) (5.6) (5.5) (5.3) (4.9) 

125.2 125.6 125.0 125.0 125.0 

0 lsb c 532.2 532.3 532.3 532.2 532.3 
(2.7) (3.1) (2.9) (2.6) (2.7) 

a Full width at half-height (3d doublet) in parentheses. 
b Full width at half-height in parentheses. 
c The values are not given because Al Ref. cannot be used. 

disappear with the increasing MOOS per- level between bulk and supported Moo3 is 
centages; for Mo30, there is no broadening. controversial. Some authors do not mea- 

In summary, the XPS results give evi- sure any shift (7, 20, 18, 29). Some observe 
dence of manifest differences between pure a binding energy decrease of 0.5 eV but give 
molybdenum oxide and alumina-supported no interpretation (20) and, as in the present 
molybdenum oxide, and we may note, in study, others note a binding energy in- 
particular, crease of about 0.5 eV (22-24). 

l a shift toward higher binding energies 
of about 0.5 eV for supported oxide in com- 
parison with bulk oxide; 

. for supported oxide, a diminished reso- 
lution of the MO 3d doublet at low concen- 
tration (the broadening, equal to 0.5 eV for 
Mo6, decreases progressively with increas- 
ing molybdenum oxide content and van- 
ishes for Mo30). 

Let us now discuss the above results. 
The binding energy shift of the MO 3d 

MoO3); 
I 

MoOa 

Ma 30 

MO 18 

Mo12 

_Moe 

The binding energy increase is inter- 
preted as a charge transfer from molybde- 
num to alumina, the charge-accepting prop- 
erties of which are emphasized (25). Under 
such conditions molybdenum becomes a 
site highly sensitive to electron donors. 
Moreover, Declerck-Grimee et al. (23) indi- 
cate a more important binding energy shift, 
thus a charge transfer, for CoMo/AlzOj cat- 
alysts. These inconsistencies can be ex- 
plained by the differences in catalyst prepa- 
ration techniques and by the different 
alumina used. 

On the other hand, the decreased resolu- 
tion of MO 3d doublet from bulk MOOR to 
supported Moo3 is unanimously accepted. 
Various views have been advanced: 

233 0 2335 2340 Mo3d5/2 BE 

t-9 

FIG. 1. MO 3d 512 peak binding energy (BE) in Mo6, 
Mo12, Mo18, Mo30, and pure MOO+ Reference: Al 2s 
at 120.4 eV. 

(i) Those authors who speak of charge 
transfer to alumina (22-24) explain that the 
alumina surface is heterogeneous from the 
point of view of its electron-accepting prop- 
erties, and that different molybdenum ions 
which are more or less electron deficient 
can coexist. 
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(ii) Ratnasamy (29) interprets the broad- 
ening of the 3d doublet as being due to the 
existence of three types of molybdenum: 

l one type which is strongly bound to 
the carrier, not reducible even under 
hydrogen at high temperatures; 

l one type which is weakly bound and 
easily reducible; 

l one type which is partially reducible 
in the presence of a promoter like co- 
balt or nickel, which seems to contra- 
dict the results of Declerck-Grimee 
et al. (2.3). 

(iii) Grimblot et al. (20) attribute the 
broadening to the existence of molybdenum 
in both tetrahedral [MO(T)] and octahedral 
[MO(O)] sites. This kind of interpretation is 
contested by Cimino and De Angelis (7) 
and by Armour et al. (26), who consider 
that differences between tetrahedral and 
octahedral molybdenum are not revealed 
by XPS. 

(iv) More recently, Zingg et al. (20) at- 
tributed the decreased resolution to charg- 
ing effects only. They showed that the MO 
3d broadening correlates with the Al 2s 
broadening and with the shift due to charg- 
ing effects. The slightly different molybde- 
num ions responsible for broadening are lo- 
calized in surface sites with slightly 
different charges. However, although the 
correlation is unquestionable in their case, 

it does not rule out other possible causes of 
the broadening. Table 1 shows the values of 
the charging effects and illustrates that 
there is no correlation between charging ef- 
fects and peak width. Therefore the inter- 
pretation of Zingg et al. is not valid in our 
case. 

We have no experimental evidence that 
MO(O) and MO(T) have slightly different 
binding energies. Broadening, in our case, 
can be due either to MO(O) and MO(T) co- 
existence or to surface heterogeneity from 
the charge transfer point of view. 

II. Reduction of Alumina-Supported 
Moo3 

Preliminary Study of the Binding Energy 
Shift of the MO 3d Level between Moo 
and MO”’ 

The binding energy shift between metal- 
lic molybdenum and molybdenum in oxida- 
tion state VI needed to be measured with 
great precision in order to determine if the 
high-temperature reduction of supported 
oxides can lead to metallic molybdenum. 
The chosen process consisted of oxidizing a 
high-purity metallic molybdenum sample 
(Goodfellow Metals) progressively to oxi- 
dation state VI while measuring at each 
stage the 3d level binding energy (Table 2). 

It is imperative that the following three 

TABLE 2 

Oxygen Treatments on Bulk Molybdenum 

Treatment 

Starting form after ion 
bombardment (Ar) 

IO-’ Torr O2 15 min 
10-l Torr O2 15 min 
10-l Torr O2 15 min 
10-l Torr O2 15 min 
10-l Torr O2 15 min 
10-l Torr O2 45 min 
760 Torr O2 60min 

MO 3d 512 

BE (eV) FWHH” 

0 1s I 
lOl&fO 

BE (eV) FWHH” 

0 228.3 1.1 
20°C 1 228.7 1.75 

140°C 2 228.7 1.9 
250°C 3 228.7 
350°C 4 228.7 
450°C 5 229.8 
450°C 6 229.8 
450°C 7 233.2 1.3 

- - - 
530.8 1.8 31 
530.7 1.95 37 
530.9 1.9 39 
530.9 1.9 63 
530.5 1.85 74 
530.5 1.85 78 
531.1 1.55 100 

* Full width at half-height. 
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conditions be met in order to obtain an ac- 
curate value. 

(1) The sample surface must be perfectly 
decontaminated in order to ensure starting 
at oxidation state zero. 

(2) The molybdenum at the surface must 
be totally oxidized to state VI at the end of 
the process. 

(3) The Moo3 layer must be thin enough 
to avoid the appearance of a charging effect 
which would lead to an energy shift over- 
value. 

Disregard of conditions 1 and 2 will result in 
an underestimate of the measured shift. 

The principal contaminant of the molyb- 
denum sample was oxygen. Hydrogen 
treatments and ionic bombardments with 
argon and hydrogen at room or high tem- 
perature led to an acceptably oxygen-free 
surface. 

The binding energy and the full width at 
half-height of the MO 3d 5/2 level are listed 
in Table 2 and the MO 3d doublet shape is 
shown in Fig. 2 (Treatment 0). 

The sample is then treated with oxygen 
under more and more severe conditions 
(Table 2). Treatments are performed suc- 
cessively on the same sample. Oxygen is 
introduced at the chosen pressure, the tem- 
perature is adjusted, and the treatment it- 
self is performed under the conditions de- 
scribed in Table 2. The sample is then 
cooled under oxygen for 5 min before 
pumping. The MO 3d doublet shifts progres- 
sively to higher binding energies (Table 2). 
Its shape evolves into the Moo3 oxide 
shape; some examples of intermediate 
shapes are shown in Fig. 2. The intensity 
ratio lo rsl& 3d also increases progres- 
sively. The value of interest to us (Table 2) 
is the difference between the binding en- 
ergy of fully oxidized molybdenum (233.2 
eV) and the binding energy of metallic mo- 
lybdenum (228.3 eV), and that is 4.9 eV. 
The margin of error on the two limits is 0.1 
eV, and therefore the difference is defined 
with an error of 20.2 eV. 

Several authors have published binding 

I L I, 

220 230 240 
w 

BE 
w 

FIG. 2. Bulk molybdenum. MO 3d doublet after vari- 
ous oxygen treatments. (0) Starting form. (3) 10-l TOIT 
02, 15 min, 250°C. (4) 10-l Torr 02, 15 min, 350°C. (5) 
10-l Torr 02, 15 min, 450°C. (7) 760 Torr Oz, 60 min, 
450°C. 

energy shift values between Moo and MoV1. 
Values range from 4.2 (27) to 6.4 (28) eV; 
examples include 4.5 (29), 4.7 (30), 4.8 (7, 
20), 4.95 (.?Z), 5.0 (10) and 5.05 (18) eV. If 
extremes are eliminated, our value is in rel- 
atively good agreement with the literature 
values. 

Detailed Study of Reduction of 6% 

The Mo6 samples were studied by XPS 
after hydrogen treatment at 550, 750, or 
950°C. Each experiment was performed 
with a new sample in oxidized form. The 
XPS results-binding energy, peak width, 
and intensity ratios-are listed in Table 3. 
The 3d doublet assumes four different 
shapes, which fall into the following 
groups: the oxidized form and the forms 
which result from treatment at 550, 750, 
and 950°C (Fig. 3). 

It can be seen that after 550°C treatment, 
the catalyst is close to its original form. 
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TABLE 3 

Study of Reduction of 6 wt% Mo09/ALz03 (Conditions: 760 Torr H,; 550, 750, or 
950°C; Reference: Al 2s at 120.4 eV) 

Sample MO 3d 512 Al 2s FWHH” 0 1s MolAP 
(ev) 

BE (eV) F.W.H.H. BE (eV) FWHH 
3d doublet 

Oxide form 234.1 5.6 3 532.7 3.1 100 
Mo6-550 233.6 5.7 3 ? ? ? 
Mo6-750 230.7 8.2 2.9 532.4 2.9 78 
Mo6-950 230.0 6.5 3 531.5 3.1 59 

n Full width at half-height. 
b MO/AI = MO 3dlAI 2s peak surface area ratios. 

The 750°C treatment leads to an interme- 
diate form where molybdenum atoms co- 
exist close to the oxide and close to the 
metal. 

The 950°C treatment result is highly im- 
portant in the interpretation of catalytic 
results (II). We saw in the preceding sec- 
tion that for MO 3d 512, the binding energy 
difference between MO metal and Mo(VI) 
oxide was 4.9 eV. In the case of supported 
oxide reduced at 950°C the difference be- 
tween its binding energy and that of the 

I I , I , * 

225 235 245 BE 
,W, 

FIG. 3. Mo6. MO 3d doublet after various hydrogen 
treatments. (1) Starting form. (2) 760 Torr Hz, 2 h, 
550°C. (3) 760 Torr HZ, 2 h, 750°C. (4) 760 Torr Hz, 2 h, 
950°C. 

original form is 4.1 eV (Table 3). Here the 
supported oxide shows a binding energy 
shift toward higher values in comparison 
with unsupported oxide. Moreover, the 
doublet of the reduced form is broader than 
that of the oxidized form (6.5 eV as com- 
pared to 5.6 eV). Thus it is obvious that 
molybdenum on Mo6-950 is different from 
metallic molybdenum. These results will be 
discussed in the next section. 

Placing the sample reduced at 950°C un- 
der 760 Tot-r oxygen at 550°C for 1 h returns 
it to oxidized molybdenum with oxidation 
state VI. 

An examination of Z&ZAi ratios (Table 3) 
shows that hydrogen treatments at increas- 
ing temperatures remove molybdenum 
from the surface are contributing to the 
XPS spectrum, probably by agglomeration 
in large particles. However, treatment with 
oxygen redisperses molybdenum again. 

We now turn to a discussion of these 
results. 

It appears that resistance to reduction is 
considerable for Mo6. Actually this result 
was announced several years ago by 
Cimino and DeAngelis (7) and Massoth (8). 

A similar study concerning WOJA1203 
(15) gave analogous results. For a 6% WOj/ 
A120j sample, a reduction for 2 h at 900°C 
produced 2.5% metallic tungsten, as com- 
pared to 85% for 25% WOj/A1203. Accord- 
ing to that study (25), supported tungsten is 
reduced directly from oxidation state VI to 
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0, whereas reduction of bulk WOj pro- 
ceeds through oxidation states V, IV, and 
II. 

We consider now the interpretation of 
the XPS results concerning the reduction of 
Mo6 at 950°C. 

A first hypothesis could be that metallic 
molybdenum particles are present which 
are very small (less than 20 A). It is an ac- 
knowledged fact that very small metallic 
particles present XPS shifts and peak 
broadenings [see Ref. (32) for palladium 
and Ref. (33) for osmium and iridium]. 
However, it is virtually unacceptable that a 
950°C treatment could produce such small 
particles and the signal decrease allows us 
to dismiss this hypothesis. 

The most likely interpretation is that 
some rare, weakly oxidized sites exist at 
the surfaces of the alumina-supported me- 
tallic molybdenum particles, which are re- 
sponsible for the MO 3d doublet shift and 
the broadening of the peaks. These sites 
could be localized at the edges of the parti- 
cles, close to the support. It would be sur- 
prising if molybdenum atoms were insensi- 
tive to such close proximity of oxygen 
atoms. 

interesting catalytic properties from the 
perspective of hydrocarbon skeletal isom- 
erization. The binding energy shift of the 
MO 3d level between Moo and MO”’ was 
measured to be 4.9 eV. Reduction of the 
Mo6 catalyst has been studied under condi- 
tions as close as possible to the catalytic 
conditions (II). This study has shown the 
agglomeration of molybdenum in large par- 
ticles at the surface: after reduction under 
hydrogen at 950°C the amount of molybde- 
num contributing to the XPS signal is di- 
vided by a factor close to 2. An oxygen 
treatment at 550°C for 1 h not only reox- 
idizes, but also redisperses, all molybde- 
num. Between the oxidized form Mo6 and 
the reduced form at 950°C under hydrogen 
at 760 Torr for 2 h, the MO 3d binding en- 
ergy shift is only 4.1 eV and the doublet 
shape is not a simple one. These results can 
be interpreted by the existence at the sur- 
face of the metallic particles of rare, weakly 
oxidized sites. 
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