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The adsorption of O2 and NO on polycrystalline MO& has been studied by XPS at temperatures 
from 80 to 300 and to 700 K, respectively. The data suggest that oxygen is adsorbed in a molecular 
form at low temperature on coordinatively unsaturated (cus) MO sites in a lowered valence state 
and that much of it can be desorbed without oxidation of the MO& as the temperature is raised to 
300 K. By contrast, NO was partially dissociated at T > 130 K and surface oxidation became 
detectable at T > 200 K. In this respect the present results differ significantly from literature reports 
for reduced and/or sulfided molybdena-alumina catalysts where molecular NO adsorbs in the form 
of dimer or dinitrosyl species. A physisorbed state was also detected at T 5 180 K. o t~.6 Academic 
Press, Inc. 

1. INTRODUCTION 

Sulfided molybdena-alumina belongs to 
an industrially important class of heteroge- 
neous catalysts. Thus, unsupported poly- 
crystalline MoS2 has frequently been stud- 
ied as a model catalyst in fundamental 
research. Attempts have been made to elu- 
cidate the structural and electronic nature 
of polycrystalline MO& as related to the 
catalytic properties of these highly disor- 
dered materials. X-Ray scattering (Z-3), X- 
ray absorption (4), X ray (3,4), UV photo- 
emission (.5), EXAFS (6), and perturbed 
angular correlation (TDPAC) (7) studies 
have been reported. Studies on MO& single 
crystals have also been performed. Ion 
scattering experiments were directed to- 
ward elucidating surface composition and 
structure of the (0001) basal plane of MO& 
(8-10). This basal plane is known to be 
chemically relatively inert unless defects 
are induced in the surface (II, 12). In fact, 
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recent LEED, Auger, and TDS investiga- 
tions by Salmeron et al. (13) and by Farias 
et al. (15) have shown that only weak phy- 
sisorption occurs on the (0001) basal plane 
of MoS2 for a variety of gases including 
thiophene and OZ. It is, however, well 
known that MO& edge areas provide signifi- 
cant chemical reactivity (14-19). In an 
X-ray photoemission study, Suzuki et al. 
(20) convincingly demonstrated that NO 
exposure of a MoS2 single crystal at tem- 
peratures above 570 K led to substantial ox- 
idation in the edge areas while the basal 
planes remained unreactive. 

Catalytically active sites are also be- 
lieved to develop along the edges of MoS2 
crystals (22, 14, 17, 18, 21) and it has be- 
come an interesting and important task for 
catalytic chemists to characterize and esti- 
mate the number of these edge sites, which 
probably must be identified with low-va- 
lent, coordinatively unsaturated (cus) MC+ 
centers. Probe molecules, namely 02 and 
NO, have been used for this purpose. Both 
low temperature 02 adsorption and NO ad- 
sorption have been shown to successfully 
correlate with catalytic activity of unsup- 
ported polycrystalline MO& (14, 22, 23) 
and of supported sulfided MO-based cata- 
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lysts (23-27). Although the UPS results of 
Liang et al. (5) suggest molecular adsorp- 
tion of 02 on polycrystalline MO&, Abdo 
et al. (26) have detected that 0; species on 
reduced Mo/A120j catalysts decompose to 
O- at room temperature. Moreover, later 
work (30) has shown an approximate 4 to 1 
ratio of the chemisorptions of NO (as di- 
merit species) to O2 for the same sites. 
These data strongly suggest that oxygen is 
largely dissociated below room tempera- 
ture. However, the result obtained may de- 
pend on many factors including pretreat- 
ment, extent of reduction or sulfiding, 
catalyst composition, and so on. Thus, 
variations may be expected since the nature 
of the adsorbed oxygen species and their 
stability on these materials have not yet 
been fully explored. 

NO is increasingly being used by several 
research groups as a probe molecule, par- 
ticularly because the NO chemisorption 
system can easily be studied by infrared 
transmission spectroscopy when supported 
catalysts are to be characterized (27-31). 
Sometimes there have been indications of 
chemical transformations of NO on these 
surfaces even at room temperature. Oxida- 
tion by NO can always be accomplished be- 
low 573 K. Interestingly, the characteristic 
infrared frequencies observed for the dini- 
trosyl or dimeric species are very nearly the 
same for sulfided and for reduced, sulfur- 
free catalysts (30,31), although CO adsorp- 
tion on these same materials shows that the 
dominant valence states in the cus Me+ 
sites may be different in these two differ- 
ently pretreated catalysts (31). 

In the present work we have obtained X- 
ray photoemission spectra of O2 and NO 
adsorbed on polycrystalline MO& over a 
wide range of temperature. A few experi- 
ments have also been carried out on a MO& 
single crystal, and with HZ0 and pyridine 
adsorbates for comparison. 

2. EXPERIMENTAL 

Photoelectron spectrometer. The experi- 
ments were made with a modified commer- 

cial XPS apparatus (Vacuum Generators, 
ESCA III); the experimental setup was de- 
scribed in detail earlier (32). The spectrom- 
eter chamber was equipped with a hemi- 
spherical energy analyzer and an Al& 
X-ray source (hv = 1486.6 eV). The X-ray 
source was operated with a stabilized elec- 
tron current of 20 mA at an acceleration 
voltage of 11 kV. Pretreatments of and che- 
misorption on the samples could be per- 
formed within a preparation chamber while 
the spectrometer chamber was held under 
UHV conditions. The base pressure was in 
the range 10m9 to lo-i0 Tort- (133.3 Torr = 1 
N mm2). Sample temperatures were mea- 
sured with a Chromel-Alumel thermocou- 
ple. Binding energies Et, were referenced to 
the C Is signal at 284.6 eV, the accuracy of 
the Et, values being +O.l eV. Significant 
charging effects were not observed with the 
MoS2 samples, which were pressed into a 
0.7-cm-wide and 0.05cm-deep cavity in a 
stainless-steel sample holder. The single 
crystal was mounted onto the sample 
holder by means of tungsten wires. 

When required, relative surface concen- 
trations C, were determined by 

(1) 

from the XPS peak areas Ai, where the qi 
are experimental photoionization cross sec- 
tions as given by Wagner (33) for the vari- 
ous elements present in the surface. 

Adsorbates. O2 and NO were high-purity 
Linde products. NO was distilled between 
traps which were cooled to dry ice and liq- 
uid N2 temperatures, respectively. 02 was 
passed through a trap at liquid N2 tempera- 
ture. Freshly distilled H20 and pyridine 
were degassed by a series of freeze pump- 
thaw cycles prior to adsorption experi- 
ments. 

Molybdenum disulJide. The MO& single 
crystal was kindly made available by Pro- 
fessor A. Wold. 

The polycrystalline MoS2 was prepared 
from (NHJ2MoS4 by thermal decomposi- 
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TABLE I 
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X-Ray Photoemission Data for Polycrystalline MO& 

Sample treatment Binding energy Eb (eV) c, (%) [W[Mol 

MO 3&z MO 3dllz S 2p 0 Is Cls MO S 0 C 

Without Hz treatment 229. I 232.2 162.0 532.0 284.6 17.1 38.4 9.5 35.0 2.2 
After Hz treatment0 229.0 232.1 162.0 -532 284.6 24.2 53.7 5.4 16.8 2.2 

a Repeated treatments, 50-100 Torr Hz at 720 K for 1-2 h. 

tion and reductive treatment in HJH# (9/l) 
at 620 K for 2h. The N2 BET surface area of 
the resulting MO& was approximately 60 
m2 g-r. After this material was mounted 
onto the manipulator head in air and trans- 
ferred into the spectrometer, it was con- 
taminated by carbon and oxygen as indi- 
cated by the initial spectrum. Repeated 
reductions in 50-100 Torr HZ at 720 K for 
l-2 h in the preparation chamber reduced 
these contaminations significantly (see Ta- 
ble 1); besides the C 1s peak at 284.6 eV and 
on 0 Is peak at 532.0 eV no other impuri- 
ties were detected. The MO 3d and S 2p 
peaks are found at the positions and inten- 
sity ratios characteristic of MO& (34) with 
no detectable indication of MO oxidation 
states other than Mo4+ or of any sulfur spe- 
cies other than sulfide (see Fig. 1). The [S]/ 

; 

5 2P 

:: 
‘0 

I 

A& 

1 15 170 - 

[MO] ratio as estimated according to Eq. (1) 
turned out to be 2.2 after in situ HZ treat- 
ment and is close to the stoichiometric 
value for MO&. The accuracy of this esti- 
mate is certainly far too low to deduce any 
reliable indication of nonstoichiometry. 

Gas adsorption. The Hz-treated samples 
were evacuated to about 5 x lop9 Torr in 
the preparation chamber. In order to re- 
duce the contamination of the sample by 
residual gases, the sample was transferred 
into the spectrometer chamber (base pres- 
sure 5 x IO-r0 Torr) prior to cooling. When 
a temperature of 80 K was reached, the 
sample was transported back into the prep- 
aration chamber, and gas exposure was car- 
ried out there at various pressures, fol- 
lowed by evacuation to below 10m7 Torr. 
The pumping time was typically from sev- 

< , . , , , , , , , I , , ( 

225 230 235 
Eb/eV - 

FIG. 1. X-Ray photoelectron spectra of polycrystalline MO& (S 2p and MO 3d region) after H2 
treatment (200 Torr, 2 h, 873 K). 
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era1 minutes up to 30 min, depending on the 
gas treatment. The sample was then trans- 
ferred into the spectrometer chamber for 
XPS studies, the base pressure being typi- 
cally in the range 10m8 Tort-. Desorption oc- 
curred on raising the sample temperature 
and associated spectral changes could be 
followed accordingly. 

3. RESULTS 

Oxygen adsorption. Figure 2 shows 0 Is 
spectra obtained after exposure of poly- 
crystalline MO& to 02 at 80 K. A broad 
peak developed the intensity of which in- 
creased with exposure. The position of this 
peak was independent of exposure with a 
binding energy of 533.2 eV. The peak inten- 
sity was drastically reduced during desorp- 
tion by increasing the sample temperature 
(Fig. 2) and at 150 K only about 20% of the 
initial oxygen coverage was retained. The 
binding energy began to shift to lower val- 
ues at T > 130 K and after desorption at 300 
K only a weak broad feature at 532.0 eV 
was observed. The characteristic photo- 
emission data for O2 adsorption on MO& 
are summarized in Table 2. Identical spec- 
tra with correspondingly lower intensities 
were observed for 02 adsorbed on the MO& 
single crystal. Other changes in the XPS 
spectra were not detected (in either the S 2p 

I I , , I ~ 

530 535 530 535 
E,/oV - E,/eV - 

FIG. 2. 0 1s spectra (background subtracted) of oxy- 
gen adsorbed on polycrystalline MO& recorded after 
exposure at 80 K: (a) 100 L, (b) 150 L, (c) 1 X 10m5 Torr 
for 5 min, (d) 1 Torr for 10 min, and after desorption at 
increasing temperatures. (1 L = 10e6 Torr . s.) 

TABLE 2 

Characteristic Photoelectron Data for O2 Adsorption 
on Polycrystalline MO&” 

Eb(o 1s) 

(ev) 

80 533.2 - 0.20 
300 532.0 - 0.02 
80 533.3 0.05 0.13 

Q For exposures see legends to Figs. 2 and 4. 
* Pyridine preadsorbed at 230 K. 

or the MO 3d region). This shows that de- 
tectable surface oxidation of the MO& had 
not occurred, confirming the observations 
of Davis and Carver (35). 

As the observed 0 1s binding energies 
were close to the regime in which con- 
densed or physisorbed water would give 
rise to photoemission, the effect of Hz0 ad- 
sorption was tested. HZ0 was exposed to 
polycrystalline MO& at 80 K and desorbed 
at temperatures in the range 80 5 T I 300 
K. The 0 Is emission from condensed HZ0 
in fact appeared at 533.7 eV, close to the &, 
value of 533.2 eV observed for adsorbed 
oxygen. The desorption behavior of ad- 
sorbed Hz0 and 02, however, differed 
greatly. As shown in Fig. 3, the intensity of 
the peak at 533.7 eV due to adsorbed water 
remained almost constant at temperatures 
T < 170 K and then dropped steeply to a 
very low intensity peak as water was re- 
moved. The final weak feature had a bind- 
ing energy of 532.7 eV, presumably due to 
hydroxyl groups (36). By contrast, the in- 
tensity of the peak at 533.2 eV due to ad- 

FIG. 3. Desorption behavior of O2 and Hz0 from 
polycrystalline MO&. (For typical 02 adsorption con- 
ditions see Fig. 2; Hz0 adsorption at 4 L and 80 K 
prior to desorption under continuous evacuation.) 
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sorbed oxygen immediately decreased 
while the sample was warmed above 80 K; 
the 0 Is peak intensity decreased to only 
20% of its initial value after desorption at 
150 K, a temperature at which the 0 1s sig- 
nal due to water adsorption had not 
changed at all. It is therefore evident that 
the photoemission observed at 533.2 eV af- 
ter 02 exposure must be due to adsorbed 
oxygen and cannot be produced by any un- 
controlled adsorption of water from back- 
ground gas in the chamber. 

As oxygen adsorption is expected to oc- 
cur on cus MO”+ sites which should exhibit 
Lewis acidity, some experiments were per- 
formed to test the effect of preadsorption of 
a Lewis base, namely pyridine, on the ad- 
sorption of Oz. When pyridine was ad- 
sorbed on MO& at 80 K, C Is and N 1s 
photoemission peaks developed at 286.0 
and 400.1 eV, respectively; these could be 
assigned to condensed pyridine (37). After 
desorption at 300 K, these peaks were 
strongly reduced in intensity and shifted to 
285.6 and 399.7 eV. The corresponding 
pyridine species is presumed to be coordi- 
nated to cus MoX+ sites. O2 adsorption was 
carried out on a MO& sample at 80 K after 
900 L exposure of pyridine at 80 K and de- 
sorption at 230 K. The resulting C Is and N 
Is peaks are shown in Fig. 4. The [pyri- 

t 
G 
z 

I 
I , I 

530 535 400 

E, /eV- 

FIG. 4. 0 1s spectra of oxygen adsorbed on poly- 
crystalline MO& precovered with pyridine; C 1s and N 
1s spectra of pyridine are also shown. (Exposure to 
pyridine vapor at 300 L and 80 K followed by evacua- 
tion at 230 K and exposure to 1.4 Torr O2 for 5 min at 
80 K.) 

I I I 
530 535 LOO LO5 
E,/eV - E,/eV - 

FIG. 5. 0 1s and N Is spectra of NO adsorbed on 
polycrystalline MO& at 80 K after various exposures: 
(a) background, (b) 0.1 Torr for 5 min, (c) 0.1 Torr for 
10 min, (d) 0.1 Torr for 20 mitt, (e) 0.1 Torr for 50 min. 

dine]/[Mo] ratio as estimated from the peak 
intensities of the C 1s and MO 3d emissions 
was 0.05. The 0 1s peaks after 02 adsorp- 
tion (1.4 Torr for 5 min) at 80 K are also 
shown in Fig. 4. The photoemission peak 
was centered at 533.3 eV, the same binding 
energy found without pyridine preadsorp- 
tion. The 02 coverage obtained under com- 
parable conditions, however, was reduced 
by a factor of about 1.4 (see Table 2) and 
desorption was significantly facilitated; the 
amount retained after desorption at 170 K 
was nearly undetectable. These results sug- 
gest that indeed cus MO”+ sites which de- 
velop Lewis acidity are involved in adsorp- 
tion of oxygen. 

Nitric oxide adsorption. The 0 1s and N 
Is spectra of NO adsorbed at 80 K on poly- 
crystalline MO& are shown in Fig. 5. The 
adsorption pressure was 0.1 Torr NO and 
the spectra are shown as they develop with 
exposure time. The 0 1s spectra are domi- 
nated by a peak centered at 532.3 eV. In the 
N 1s region, a broad emission peak devel- 
oped between 400 and 405 eV. At the high- 
est exposures the N 1s profile clearly re- 
vealed two distinct contributions at 401.6 
and 403.3 eV. The atomic ratio between ni- 
trogen and oxygen was estimated from the 
N Is and 0 Is peak intensities to be 0.82. 

During desorption (continuous evacua- 
tion) at increasing temperatures (see Fig. 
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6), the 0 Is peak at 532.3 eV decreased and 
a shoulder developed at 530.3 eV at temper- 
atures T zz 180 K; this shoulder became re- 
solved into a distinct peak on further in- 
creasing the temperature. At T > 240 K, 
two emissions were resolved at 530.3 and 
532.3 eV and the former became the domi- 
nant feature after desorption at 440 K. Si- 
multaneously, the intensity in the N 1s re- 
gion was continuously eroded, the peak 
intensity at 401.6 eV decreasing signifi- 
cantly faster than the one at 403.3 eV as the 
temperature was increased. By 180 K this 
emission had disappeared (physisorption) 
while the other two remained distinguish- 
able up to 293 K. These two photoemission 
peaks are evidently due to two inequivalent 
adsorbed NO species. A third N 1s photo- 
emission peak at 400.3 eV became detect- 
able at 180 K, and its intensity first in- 
creased with temperature up to 195 K and 
then decreased again. At 293 K only a weak 
emission remained. After desorption at 440 
K the N 1s photoemission had completely 
disappeared. 

When the MO& sample was exposed to 
NO at elevated temperature, evidence for 
surface oxidation was obtained. As shown 
in Fig. 7, on exposure to 0.01 Torr NO for 
15 min at 700 K, a strong 0 1s peak at 530.3 
eV appeared while no photoemission could 
be detected in the N Is region. The [O]/ 

530 535 
Eb/eV - 

” 

Nls ID i$ 

LOO LO5 
Eb/ ev - 

FIG. 6. 0 1s and N Is spectra after NO desorption 
(continuous evacuation) from polycrystalline MO& at 
the temperatures indicated (dotted line indicates back- 
ground prior to adsorption). 

530 535 
Eb/eV - 

FIG. 7. 0 1s spectra after surface oxidation of poly- 
crystalline MO.!& by NO exposure at elevated tempera- 
tures: (a) background, (b) 300 L NO at 300 K, (c) 0.01 
Torr NO for 15 min at 700 K. 

[MO] atomic ratio was estimated to be 0.9 
after this treatment. (0 1s binding energies 
of 531.1 and 530.8 eV have been reported 
(34) for Moo3 and Mo02, respectively.) 

4. DISCUSSION 

As summarized in Table 2, 02 adsorption 
at 80 K on MO& yielded a photoemission 
peak at 533.2 eV which corresponded ap- 
proximately to an [OJ[Mo] ratio of 0.2. It 
may be assumed that this is a molecular 
form of oxygen; the peak at 532.0 eV which 
appears at higher temperatures may be as- 
sumed to stem from a dissociated form 
bonded to the surface; it is also observed as 
the contamination which could not be com- 
pletely removed with HZ. The pyridine pre- 
adsorption experiments suggested that cus 
M&+ sites are involved in oxygen adsorp- 
tion. It is interesting to note in this context 
that sulfur chemisorption near monolayer 
coverage on a Mo(100) surface essentially 
blocked oxygen adsorption (25). 

02 adsorption on metal surfaces at low 
temperatures where dissociative chemi- 
sorption appears to be unlikely gave rise to 
photoemission peaks in the range of binding 
energies between 532 and 534 eV (38). The 
fact that the peak at 533.2 eV was not due 
to Hz0 contamination supports the assign- 
ment of this photoemission to adsorbed 
dioxygen, and we suggest that oxygen ad- 
sorption is molecular at 80 K when used for 
surface titration via O2 uptake on unsup- 
ported MO& (and presumably on supported 
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sulfided catalysts). The UPS results re- 
ported by Liang et al. (5) for oxygen ad- 
sorption on poorly crystallized MO& is in 
agreement with this assignment. Abdo et 
al. (26), when studying oxygen adsorption 
on sulfided Mo/A1203 catalysts at 93 K by 
electron spin resonance, observed the char- 
acteristic signal of 0; species in amounts 
considerably less than the total adsorption. 
In this same study, O- species were de- 
tected when the temperature was raised to 
room temperature. The photoemission 
peak observed at 532.0 eV after desorption 
at 300 K (see Table 2) may thus be assigned 
to an atomic species. This is substantiated 
by the work of Valyon and Hall (30), who 
found a ratio of 4 : 1 for dinitrosyl NO and 
02 chemisorption shown to occupy the 
same sites. 

Table 3 summarizes N 1s and 0 1s bind- 
ing energies which were reported for NO 
adsorption on metallic Ni (39) and on the 
Ag( 111) face (40). As can be seen, Eb values 
for both N 1s and 0 1s levels vary over a 
wide range and a variety of different chemi- 
sorption species have been identified on the 
basis of these Eb values. 

NO adsorption at 80 K on MO& produced 

on 0 Is peak at Eb = 532.3 eV and two 
signals in the N 1s region, namely at 401.6 
and 403.3 eV (see Fig. 5). These two photo- 
emission peaks indicate the presence of two 
distinct NO species, although these are not 
characterized by different 0 Is peaks. The 
species connected with the peak at 401.6 
eV desorbs at temperatures below 180 K 
and thus may be supposed to be physi- 
sorbed NO. The second species (Eb = 403.3 
eV) is still detected at 293 K. Infrared stud- 
ies of NO adsorption at room temperature 
on sulfided Mo/A120~ catalysts (27-31) 
have provided convincing evidence for the 
formation of NO dimers or dinitrosyl spe- 
cies. We therefore may assign the N 1s pho- 
toemission at 403.3 eV to this species. 

The third N 1s emission peak at 400.3 eV, 
which first became noticeable at 180 K in 
Fig. 6 and the intensity of which appears to 
pass through a maximum near 200 K, is in a 
binding energy region attributable to atomic 
nitrogen. The appearance of this photo- 
emission peak may thus indicate that NO 
dissociation has occurred at temperatures 
higher than approximately 130 K. This as- 
signment is supported by the temperature 
dependence of the peak intensity. The in- 

TABLE 3 

N Is and 0 1s Binding Energies of Adsorbed NO 

Adsorbent T 
(K) 

Binding 
energy (eV) 

N Is 0 Is 

Assignment Ref. 

Ni 80 397.5 529.5 
399.5 530.1 
402 
405.5 

Ag(lll) 25 399.6 530.9 
401.9 534.6 
405.2 537.9 

MO& 80 401.6 532.3 
403.3 

248 400.3 530.3 
403.3 532.3 

440 - 530.3 
700 - 530.3 

Atomic N and 0 (39) 
Bent NO (39) 
Linear NO (39) 
Physisorbed (39) 
Bridging NO (40) 

Physisorbed (40) 

Physisorbed 
Dimer 
Dissociative 

I 

This work 
Dimer 
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crease with temperature below 200 K 
would result from increased NO dissocia- 
tion; the decrease at higher temperatures 
would then be expected due to atom recom- 
bination and desorption of dinitrogen. 
Thus, atomic oxygen would be retained on 
the surface and lead to surface oxidation as 
evidenced by the buildup of a photoemis- 
sion peak at 530.3 eV at temperatures 
above 200 K. 

The oxidation of MO& by NO at elevated 
temperature is clearly demonstrated by the 
spectra of Fig. 7. These results are in excel- 
lent agreement with data reported by Su- 
zuki ef al. (20), who observed an 0 Is emis- 
sion at 530.5 eV when the edge area of a 
MO& single crystal was oxidized by NO at 
570 K. These authors also identified the ap- 
pearance of a small Mo6+ contribution in 
the MO 3d region and they detected the evo- 
lution of SO2 and N2 during NO exposure. 

5. CONCLUSIONS 

(a) The X-ray photoemission data pre- 
sented above suggest that oxygen is ad- 
sorbed in a molecular form at low tem- 
peratures on MO&. Although oxygen 
dissociation may occur as the temperature 
is raised to 300 K, this surprisingly does not 
seem to lead to any detectable molybde- 
num oxidation since the MO 3d spectra re- 
mained unchanged. 

(b) By contrast, the data suggested that 
NO reacts at comparably low temperatures 
and leads to (surface) oxidation at tempera- 
tures significantly below 300 K. That NO is 
apparently a better oxidizing agent than O2 
is remarkable and indeed seems to contra- 
dict experience with some infrared trans- 
mission studies carried out on supported 
catalysts at room temperature. Thus, con- 
ceivably, reported infrared spectra of NO 
adsorbed on supported MO catalysts in the 
sulfided state may not reflect the nature of 
coordination sites on fully sulfided cata- 
lysts, but rather may be characteristic of a 
partially reoxidized material. Further work 
is needed to clarify the questions raised by 
the present work. 
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