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X-Ray photoelectron spectroscopy (XPS) has been used to investigate the reduction of MOO, 
and Moo9 + PtOz supported on y-AIZO, . Hydrogen reduction of Moor/y-Al203 at 500°C produced a 
mixture of MO(W), MO(V), and MO(W). Hydrogen reduction of dispersed MOO, + PtOz on y-AlzOr 
showed a similar partial reduction of the MO(W) to MO(V) and MO(W) but at significantly lower 
temperatures than was the case with the supported MOO, alone. The extent of the reduction of 
Mo(V1) increased with the amount of PtO, in the samples. 

INTRODUCTION 

X-ray photoelectron spectroscopy (XPS) 
has been used previously to investigate the 
surface chemical properties of supported 
catalysts (1-3). In some instances XPS has 
been employed to study Moo3 catalysts re- 
lated to the hydrodesulfurization process 
(4-6). After hydrogen reduction of Moo3 
supported on y-A&O3 in the temperature 
range 400-6Oo”C, MOW), MO(V), and 
Mo(V1) have been observed by XPS (7-8). 
The formation of MO(V) has also been stud- 
ied by ESR in reduced MOO&-A&O3 sam- 
ples (9). Temperature Programmed Reduc- 
tion (TPR) studies of the MOO&AllO3 
system (10) have shown evidence for in- 
creased Mo03-support interaction at low 
Moo3 concentrations when the Moo3 is in 
the dispersed phase. This interaction at low 
concentrations has been further studied by 
XPS, ion scattering, and laser Raman spec- 
troscopies and has been explained by the 
formation of geometrically coordinated mo- 
lybdenum “interaction species” on the y- 
A1203 surface (II). 

In previous studies of PtO*-MOO& 
A&O3 (12) and Pt02-Mo03/Si02 (2%Z4), it 
was found that the incorporation of Pt 
lowers the reduction temperature of Mo03. 
TPR data (22) show that the presence of 
PtOZ lowers the temperature for the first 

rate maximum of Hz uptake, suggesting an 
interaction between PtO, and Mo03. XPS 
analysis of reduced Pt02-Mo03/Si02 (13) 
suggests a decrease in the electron density 
of the Pt atoms in the presence of reduced 
MO. This has been interpreted as evidence 
for direct interaction of the Pt atoms with 
reduced MO ions. 

The present paper deals with the charac- 
terization of both Moo3 and Moo,-PtO, 
model supported catalysts by XPS, and a 
direct comparison of their reduction behav- 
ior. The use of a least squares curve fitting 
routine (15) in conjunction with high reso- 
lution XPS data has allowed identification 
of the reduced states of MO. In addition, the 
fitting routines have allowed us to make a 
semi-quantitative measurement of the rela- 
tive amounts of the various MO oxidation 
states. 

EXPERIMENTAL 

Sample preparation. The Moo3 samples 
were prepared by first making a granular 
support of agglomerated Dispal-M y-A&O3 
powder (Conoco Chemicals). This was ac- 
complished by wetting the powder with wa- 
ter, drying at 120°C and then calcining at 
600°C. The solid mass was crushed and 
sieved to collect the OS- to 1 .OO-mm-diame- 
ter fraction (BET area = 150 m2/g). The 
granular support was then impregnated 
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with an (NH&Mo207 solution of the de- 
sired concentration. The samples were 
dried at 120°C and then calcined at 400°C. 
The BET area of the resulting supported 
Moo3 sample was 144 m2/g. 

The Moor-Pt02 samples were made by 
reimpregnating the above MO-containing y- 
Al203 with an aqueous H,PtCl, solution of 
desired concentration. The samples were 
then dried in air at 120°C and finally 
calcined in air at 500°C. All catalyst compo- 
sitions are expressed in weight percentage 
of metal. This sequential impregnation of 
the MO oxide and then the noble metal ox- 
ide was necessary to prevent the Pt from 
being unevenly mixed with or covered by 
the MO oxide. 

It has been determined previously that 
Moo3 is present in the dispersed phase for 
MO concentrations below (4 pmol Mo)/m2 
(BET) and in a mixture of dispersed and 
particulate phases for MO concentrations 
greater than (4 pmol Mo)/m2 (BET) (10). To 
study the reduction behavior of a well de- 
fined dispersed phase of MOOR, a concen- 
tration of 3.8% MO was used in the XPS 
study of the Moo9 catalyst. This loading on 
a support of 144 m2/g (BET) results in a 
MOOR surface concentration of (2.8 pmol 
Mo)/m2 (BET) which is within the limit of 
the dispersed phase. For the study of the 
(Mo09t02)/y-A&O3 system, loadings of 
3.8% MO with 3.3 or 24% Pt were em- 
ployed. The samples for the XPS study 
were prepared by pressing -400 mg of 
granular catalyst into a 0.5mm-thick wafer. 
The actual sample was then cut from the 
wafer to fit the sample holder. 

X-Ray photoelectron spectroscopy. X- 
Ray photoelectron spectra were obtained 
using a Vacuum Generators ESCA 3 elec- 
tron spectrometer interfaced to a Vacuum 
Generators 3040 data system. A magnesium 
anode X-ray source (1253.6 eV) was used to 
obtain all XPS spectra. The instrumental 
resolution was 1.1 eV full width at half 
maximum (FWHM) on the Au(4f7/) line. 
The hydrocarbon contamination C( 1s) line 
at 285.0 eV disappeared in most samples 

after the first reduction, therefore the bind- 
ing energies of all spectra were referenced 
to the Al(2p) peak of the alumina support at 
74.1 eV. This value is in good agreement 
with other references (16-18). All MO bind- 
ing energies quoted in this paper pertain to 
the Mo(3&) line and are accurate to 20.1 
eV. The Pt binding energies have been com- 
pared to standards and literature references 
(19, 20). 

After the instrumental vacuum of 1 x 
10e9 Tot-r was reached, the samples were 
briefly heated to 100°C to remove any ad- 
sorbed water. XPS spectra were then re- 
corded before any reduction treatment. All 
reductions were done with research-grade 
hydrogen. The hydrogen was backfilled 
into the system to a partial pressure of 175 
Ton-. Reductions were carried out for at 
least 3 h at 300,400, and 500°C. The reduc- 
tion temperatures were reached by resis- 
tively heating a thin strip of Re foil upon 
which the catalyst was supported. The sur- 
face temperature of the sample was moni- 
tored by an infrared pyrometer with an ac- 
curacy of +5”C. All reductions were 
carried out in a preparation chamber sepa- 
rate from the analyzer chamber. After each 
reduction the sample was cooled down to 
room temperature and then the vacuum 
chamber evacuated so that the XPS spectra 
might be acquired. No significant changes 
in the XPS spectra were observed when re- 
ductions were carried out longer than three 
hours. 

The least squares curve fitting routine 
that was employed on the Mo(3d) and the 
combined A1(2p)-Pt(4f) spectra assumed 
that all the peaks were Gaussian in shape 
without an inelastic tail. The spin orbit 
splitting and peak area ratio of the Mo(3&) 
- Mo(3&) spectra were fixed at 3.2 eV 
and 1.52, respectively. Both of these pa- 
rameters were obtained experimentally by 
analysis of the Mo(3d) spectra in the un- 
treated MoOJy-A1203 samples where only 
one major component (Mo(V1)) existed. 
These values are in good agreement with 
the literature (8, 21). There has been a 
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TABLE 1 

MO Binding Energy Reference Standards 

Reference standard 

MoO&A120r 
MOO, 
MOOZ 
MO (metallic) 

Binding energy (eV) 

Md3dsd Mo(3dd 

232.8 236.0 
232.6 235.8 
229.1 232.3 
227.8 231.0 

question regarding the value that should be 
assigned to the Mo(3d) FWHM of the sup- 
ported catalyst. Values in the range of 2.0- 
2.8 eV have been quoted by a number of 
authors (5, 8, II). The values used in this 
work were determined experimentally in 
the same manner as the Mo(3d) peak area 
ratio and peak separation values. The 
FWHM value for the 3.8% MO was deter- 
mined to be 2.6 eV. This value was also 
fixed in the least squares fit. In addition, the 
Pt(4f7,2)-Pt(4fS/2) spin orbit splitting and 
peak area ratio were also determined exper- 
imentally along with the Pt(4f) and Al(2p) 
FWHM. 

RESULTS AND DISCUSSION 

MOO&Al203 Samples 

To provide a basis for the interpretation 
of the XPS spectra, a number of MO refer- 
ence standards were analyzed and the 
results are shown in Table 1. The spectrum 
from an untreated supported 3.8% MO sam- 
ple showed a single Mo(3&& component at 
232.8 eV corresponding to Mo(VI). 

When the 3.8% MO sample was reduced 
at 300°C it remained predominantly Mo(VI) 
(232.7 eV), and a considerably smaller com- 
ponent was observed at 230.8 eV which can 
be assigned to MO(V). This spectrum is 
shown in Fig. la. After 3 h at 400°C in Hz, 
more reduction to MO(V) is observed along 
with the emergence of a lower oxidation 
state at 228.8 eV which can be attributed to 
Mo(IV). This spectrum, which is similar to 
that reported by Jagannathan et al. (8) is 

MO (3d) 

226.0 230.0 234.0 238.0 

BE. (eV1 

FIG. 1. Mo(3d) XPS spectra of 3.8% MO (a) after 3 h 
in H2 at 3OO”C, (b) after 3 h in H2 at 4OOC, (c) after 3 h 
in H2 at 5Ctl”C. The bold dots represent the acquired 
data, the thick solid lines represent the least squares 
fit, the thin solid lines represent the fitted MO(W) 
state, the light dotted lines represent the fitted MO(V) 
state, and the dashed lines represent the fitted MO(W) 
state. 
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shown in Fig. lb. Further reduction at 
500°C shows an increase in the relative 
amount of Mo(IV) as seen in Fig. lc. How- 
ever, the strong shoulder at 235.9 eV which 
is due to the Mo(V1) 3d312 peak shows that 
some Mo(V1) remains on the surface. 

In contrast to the results of this paper and 
the results of a number of other authors (5, 
7, 8) which suggests incomplete reduction 
of the Mo(V1) to MO(V) and Mo(IV), Zingg 
et al. (II) reported complete reduction of 
the Mo(V1) to MO(V) and Mo(IV). In an 
attempt to explain this discrepancy, Zingg 
reworked Patterson’s data (5) and showed 
that a two component treatment (Mo(IV) 
and MO(V)) of the data resulted in a better 
statistical fit and a more reasonable FWHM 
for the Mo(3d) peaks (2.8 vs 2.1 eV). When 
this method of fitting was applied to the 
data presented here, a poorer statistical fit 
and an unrealistic FWHM of 3.3 eV was 
obtained. This unrealistic FWHM was to be 
expected since the envelope of the Mo(3d) 
region is - 10.1 eV wide in our data vs -8.2 
eV in Patterson’s data. The difference in 
width cannot be attributed to differences in 
resolution or charging since the width of the 
Al(2p) peak was found to be 3.0 eV FWHM 
which is comparable to the width observed 
by Zingg. Therefore the difference in the 
results lies in the experiments and not in the 
data analysis. 

The significant difference between the 
experiments is that our reductions were 
carried out at relatively low H2 pressure 
(175 Torr) in a static system as opposed to 
the I-atm flow reactor used by Zingg and by 
Patterson. The lower H2 pressure might in 
itself contribute to the incomplete reduc- 
tion of the sample. Also, Massoth (22) has 
proposed that a gaseous layer of water va- 
por surrounds the catalyst particles in a 
static system, and that the existence of this 
layer might result in incomplete reduction 
by the reoxidation of the sample. In any 
case these results provide a baseline for di- 
rect comparison of hydrogen reduction in 
our system of MO alone, with Mo03-PtOz 
samples. 

MOOJ + PtOJy-Alz03 Catalyst 

In this section two Moo,-PtO, samples, 
one of high Pt loading (3.8% Mo/24% Pt) 
and one of low Pt loading (3.8% MO/~ -3% 
Pt), are compared to a 3.8% Moo3 sample. 
The Mo(3d) XPS spectrum of all three un- 
treated samples consisted of a single dou- 
blet in which the Mo(3d& binding energy 
appeared at 232.8 eV. This binding energy 
corresponds to a Mo(V1) state. There was 
no difference observed in the three spectra 
acquired before any reduction treatment. 

Figure 2 represents the Mo(3d) spectra of 
the two MoOj-PtOz samples and the 3.8% 
Moo3 alone after 3 h in Hz at 300°C. As in 
the previous section the 3.8% MO spectrum 
(Fig. 2a) shows a partial reduction of the 
Mo(VI) to only MO(V). In contrast, spectra 
from both Mo03-Pt02 samples show signifi- 
cant reduction to both Mo(IV) and MO(V), 
with some Mo(VI) remaining. Comparison 
of the low and high concentrations of Pt, 
Figs. 2b and c, respectively, reveals that 
more reduction to Mo(IV) occurs on the 
24% Pt sample. These results correlate well 
with the TPR results of Gandhi et al. (12) 
where it was reported that the presence of 
PtO, in the Mo03-PtOz catalyst lowered 
the temperature of the first rate maximum 
of the H2 uptake from 450°C to 250, 160, or 
100°C depending on the concentration of 
PtOz on the sample surface. 

The Pt(4f)-Al(2p) spectra of the 3.8% 
Mo/24.0% Pt sample before and after the 
300°C reduction are shown in Fig. 3. The 
Al(2p) masks reliable detection of the Pt(4f) 
in the 3.8% Mo/3.3% Pt sample and there- 
fore only spectra from the higher Pt loading 
(24%) are presented. The binding energy of 
the Pt(4&) peak before reduction as seen in 
Fig. 3a is 72.4 eV which is too low to corre- 
spond to either PtO or PtOz but might be a 
suboxide species produced during the heat- 
ing to 100°C. The oxidized Pt species (B.E. 
71.5-72.0 eV) observed by Ermakov (13) 
after 300°C reduction were not. observed in 
our work, rather the Pt, as seen in Fig, 3b, 
immediately converted to a metallic state 
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with the aforementioned first rate maxi- 
mum of the Mo(V1). Samples containing 

MO (3d 1 only supported PtO, were also analyzed, 
and the Pt states before and after H2 reduc- 
tion were identical to that of the Mo03- 
PtO, system. This difference in the ob- 
served behavior of the Pt between this work 
and that of Ermakov, may reflect the sub- 
stantial difference in the Pt loadings or a 
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FIG. 2. Mo(3d) XPS spectra after 3 h in H2 at 300°C 

(a) 3.8% MO, (b) 3.8% Mo/3.3% Pt, (c) 3.8% Mo/24.0% 
Pt (symbols as in Fig. 1). 

FIG. 3. A1(2p)-Pt(4f) spectra of the 3.8% Mo/24.0% 
Pt sample (a) before treatment, (b) after 3 h in H2 at 
300°C. For the A1(2p)-Pt(4f) spectra the open circles 
represent the acquired data, the solid lines represent 
the least squares fit, the dotted lines represent the y- 
A1203 Al(2p) peak at 74.1 eV, and the dashed lines 

(BE 70.9 eV) after reduction. The reduc- 
tion of Pt at 300°C substantiates the conclu- 
sion by Gandhi ef al. that the rate maximum represent the Pt(4jj peaks. 

b) 

0) 

Pt (4f 1 

+ 

Al (2~) 
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IPPPI: the 3.8% Mo/3.3% Pt sample, Figs. 4a and 
b, respectively, reveal no significant differ- 
ences in these spectra. The 3.3% Pt XPS 

MO (3d) results and the previous TPR study (22) are 

226.0 230.0 234.0 238.0 

FIG. 4. Mo(3d) spectra after 3 h in H2 at 500°C (a) 
3.8% MO, (b) 3.8% Mo/3.3% Pt, (c) 3.8% Mo/24.0% Pt 
(symbols as in Fig. 1). 

difference between the SiOz and the y- 
A1203 supports. The Pt(4f) spectra at higher 
reduction temperatures are identical to Fig. 
3b. 

There is little change observed in the 
XPS spectrum of the sample with low Pt 
loading after further reduction at 400 and 
500°C. Figure 4 compares the XPS Mo(3d) 
spectra taken from all three samples after 
the 500°C reduction treatment. Close obser- 

in agreement that the presence of Pt only 
lowers the temperature for that reduction 
which occurs below 500°C. This reduction 
has been associated with the removal of the 
capping oxygen atoms of MO (12). 

The 24% Pt catalyst on the other hand 
shows continued reduction to a compara- 
tively higher concentration of Mo(IV) at 
500°C as seen in Fig. 4c. This continued 
reduction may be due to a number of rea- 
sons. The relatively high amount of Pt 
(24%) may be competing for interaction 
sites on the y-A1203 surface decreasing the 
amount of strongly interacted MO species. 
This would result in greater reduction of the 
Mo(V1) to MO(W), as was reported by 
Zingg for high MOON loadings (12). Also, 
the gaseous layer of water surrounding the 
catalyst particles in a static system as pro- 
posed by Massoth (22) might reoxidize the 
Mo(IV) and (V) and thereby establish a 
pseudo-equilibrium state. This state may be 
altered by a higher Pt/Mo ratio inhibiting 
the reoxidation of the reduced MO species. 
This could explain not only the increased 
reduction of the 24% Pt sample at 500°C but 
also the greater reduction of the Pt contain- 
ing sample at 300°C as seen in Fig. 3b. 

SUMMARY 

XPS used in conjunction with a curve- 
fitting procedure has allowed explicit defini- 
tion of the reduced chemical states of y- 
A1203 supported Moo3 and MOOS-Pt02 
model catalysts. In the MoOJ samples 
Mo(VI), (V), and (IV) coexist after reduc- 
tion at temperatures less than 500°C. Addi- 
tion of PtO, to the Moo3 catalysts lowers 
the temperature for the initial reduction of 
Mo(V1) below 300°C. Higher loadings of Pt 
in the MOO,-Pt02 system result in greater 
reduction of the MO at the same tempera- 

vation of the spectra from the 3.8% MO and tures. 
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