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bstract

The Pt(1 1 0) model surfaces modified by the metallic molybdenum and by the MoOx (molybdenum oxide species) were fabricated via thermal
ecomposition of Mo(CO)6 and subsequent oxidation on a clean Pt(1 1 0) substrate, by means of Auger electron spectroscopy (AES) and X-ray
hotoelectron spectroscopy (XPS), as well as high-resolution electron-energy-loss spectroscopy (HREELS). CO chemisorption on these model
urfaces was investigated using thermal desorption spectroscopy (TDS) and HREELS. The presence of the metallic molybdenum and MoOx species

uppresses CO chemisorption on the Pt(1 1 0) substrate, indicating a physically site-blocking effect. The electron-deficiency of the Pt(1 1 0), due
o the modification of metallic molybdenum, causes the low-temperature peak of CO desorption to shift downward in temperature by ∼30 K. The
nteraction between the MoOx and the underlying Pt(1 1 0) substrate has no influence on CO desorption temperature.

2007 Published by Elsevier B.V.
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. Introduction

Molybdenum oxide (MoOx) is one of the most industrially
mportant catalytically active materials useful for a number of
xidative reactions [1,2]. MoOx can also improve the catalytic
erformance as a promoter or a catalyst support. Supported
imetallic systems containing molybdenum and a group VIII
etal, especially platinum, are frequently encountered in the

iterature. Bimetallic catalysts which consist of Mo and Pt have
hown high activity in hydrogenolysis of alkanes [3] and dehy-
rogenation of cyclohexane [4], while comparable activity was
ot observed for the monometallic catalysts. The results have
een explained by a dual-site mechanism, by which Mo atoms
re sites for dissociation of hydrocarbons, while Pt atoms are

ites for hydrogenation of carbon or the hydrocarbon frag-
ents. Density functional theory study also suggested that the
oO3-supported Pt catalyst facilitated single C–H bond acti-
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ation in CH4; however, in contrast to the processes on pure
etal surfaces, the further dehydrogenation of methyl (CH3) was

ery energetically unfavorable [5], suggesting that the Pt/MoO3
ay be an attractive catalyst for the formation of methanol or
ethanol derivatives. A supported Pt–MoOx–Al2O3 system in

he fresh and sulfided states, as a desulfurization catalyst, was
nalyzed for development of analogous systems of HDS process
6]. The incorporation of Mo in the form of MoO3 to a Pd or
t catalyst significantly improved not only the performance of

he catalyst for the NO conversion with minimal NH3 formation
nder reducing conditions, but also the NO conversion under
lightly oxidizing conditions [7]. On the molybdenum–platinum
imetallic catalysts supported on alumina, which exhibited high
ctivities in CO hydrogenation than supported monometallic cat-
lysts of Mo or Pt, EXAFS showed equivocally the formation
f bimetallic bonds between Mo and Pt; regarding the activities
f CO hydrogenation, it was concluded that reduced Mo sites
ere responsible for the high activity and that Pt helped Mo sites
ecome more reduced [8].
As for electrochemical catalysts, there are several reports
bout the improvement of CO-tolerance or oxidation activity for
H3OH on a Pt catalyst by the addition of MoO3 [9–12]. The
ixed-valence oxides of molybdenum, MoOx, have a rutile-type

mailto:xhbao@dicp.ac.cn
dx.doi.org/10.1016/j.molcata.2006.12.024
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225 K can be attributed to molecular desorption of Mo(CO)6
adsorbed on the surface. This 225 K peak shifts upward in des-
orption temperature with further increasing Mo(CO)6 exposure.
The increase in the desorption temperature of this peak with
14 Z. Jiang et al. / Journal of Molecular C

tructure with short metal–metal bond distance along the direc-
ion of edge sharing, which accounts for the high electronic
onductivity of these materials. Besides the metallic conduc-
ivity, these MoOx species are relatively stable in acid solution
nd they have specific catalytic reactivity. On the other hand,
ispersion of molybdenum on the MoOx substrate, achieved
nd enhanced by the metal–support interaction, greatly improves
he performance of fuel cells based on platinum electrode. The
erformance of PEFCs (polymer electrolyte fuel cells) with
t/MoOx/C was improved under 100 ppm CO-contaminated H2
onditions compared to the Pt/C catalyst, and was almost com-
arable to the PtRu(1:1)/C catalyst, the state-of-the-art anode
lectrocatalyst for PEFC under pure hydrogen fuel conditions
13]. The strong metal–support interaction (SMSI) was regarded
s a reasonable explanation for the CO-tolerance of the elec-
rochemical catalysts. The metal–support interaction was also
bserved between Pt particles and thin film cerium oxide by
significant downward shift in temperature for CO desorption

14]. However, no substantial chemical interaction was detected
etween the cerium oxide overlayer and the underlying Pt(1 1 1)
ubstrate by X-ray photoemission [15]. On the reduction of NO
y H2 or CO of various PdO–MoO3/�-Al2O3 catalysts, the
nteraction between Pd and Mo did not ensure improvements
n activity and selectivity, although it was observed even at low

oO3 content [16,17]. Therefore it is necessary to investigate at
he molecular level the promoter effect of metallic molybdenum
nd molybdenum oxide on the platinum substrate.

Metallic molybdenum deposition on the Pt(1 1 0) surface was
chieved via thermal decomposition of Mo(CO)6, and subse-
uent oxidation converted the surface metallic molybdenum
pecies into the form of molybdenum oxide. CO desorption fea-
ure shifts downward in temperature on the Mo/Pt(1 1 0) surface,
ompared to the clean Pt(1 1 0) substrate, due to the modification
f the metallic molybdenum. However, no distinguished shift is
bserved for CO desorption from the Pt(1 1 0) surface modified
y the molybdenum oxide, despite that the interaction may be
ikely to occur between the MoOx species and the underlying
latinum substrate.

. Experimental

Experiments were carried out in an ultrahigh vacuum (UHV)
ystem with a base pressure of 2.0 × 10−10 mbar, which was
escribed in detail elsewhere [18]. Briefly, the system was
quipped with facilities for Auger electron spectroscopy (AES),
-ray photoelectron spectroscopy (XPS), an ELS-22 instru-
ent for high-resolution electron-energy-loss spectroscopy

HREELS), an ion gun for cleaning the sample, and a quadrupole
ass analyzer for verification of the purity of the inlet gas and

or the thermal desorption spectroscopy (TDS) experiments. A
t(1 1 0) single crystal was fixed on the sample holder with Ta
ires, and the temperature was monitored by a chromel–alumel

hermocouple spot-welded on the back side of the sample. In

he TDS experiments, the sample was heated at a rate of 8 K/s.
n order to avoid the signal except from the front side of the
ample, it was positioned at about 3 mm away from the col-
ector of mass spectrometer. The HREEL spectra were taken

F
(

sis A: Chemical 268 (2007) 213–220

n the specular direction with an incident angle of 60◦, and a
rimary incident electron beam energy of 5.0 eV. Mo(CO)6,
urther purified by several freeze-pump-thaw cycles, was fed
hrough a capillary array doser, which was aimed directly at the
ample, thus preventing an undesirable rise in the background
ressure of Mo(CO)6. The exposure was determined by inte-
rating the pressure increase as a function of dose time, which
as measured by an ion gauge without correction. All exposures
etermined in this way were specified hereafter as Langmuirs
1 L = 1.0 × 10−6 Torr s).

. Results and discussion

Mo(CO)6 is usually used as a metal-containing precursor for
he preparation of molybdenum species [18,19]. Fig. 1 shows
series of thermal desorption spectra for 28 amu when a clean
t(1 1 0) surface was exposed to Mo(CO)6. On the clean sur-
ace, a desorption peak appears at 520 K, which is assigned to
O adsorbed on Pt(1 1 0) from the background. When the metal

ubstrate is exposed to Mo(CO)6, the peak at 520 K increases
n intensity and becomes asymmetric toward lower tempera-
ure. This peak is due to thermal decomposition of the adsorbed

o(CO)6 on Pt(1 1 0), agreeing well with that the desorption
ntensity increases with Mo(CO)6 exposure. With increasing

o(CO)6 exposure, an additional peak emerges at 225 K, and
ains in intensity continually with Mo(CO)6 exposure, eventu-
lly dominating the desorption spectrum. Desorption spectra for
o(CO)6 from alumina films [18,20], Cu(1 1 1) [21], Rh(1 0 0)

22], Ru(0 0 1) [23] and graphite [24] all demonstrated that
o(CO)6 did not decompose into metallic molybdenum and

volve CO at temperatures lower than 200 K. Thus, the peak at
ig. 1. TDS from the clean Pt(1 1 0) surface with Mo(CO)6 exposure of: (a) 0 L,
b) 0.1 L, (c) 0.2 L, (d) 0.3 L, (e) 0.5 L, (f) 1 L, (g) 3 L, (h) 5 L, and (i) 10 L.
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ig. 2. XPS of Mo 3d and Pt 4f with Mo(CO)6 exposure of 10 L annealed at: (
nd (i) 700 K on the clean Pt(1 1 0) substrate. The sample was heated slowly to

xposure is a characteristic of zeroth-order kinetics, which was
imilar to the results reported for Mo(CO)6 on graphite [24]
nd on Si(1 1 1) −7 × 7 [25]. This is due to the desorption of
o(CO)6 multilayers, which can be confirmed by the fact that

he intensity continues to increase and does not reach satura-
ion with increasing exposure. Further increasing exposure to

o(CO)6, the desorption signal exhibits new features at 180 and
05 K. The 180 K peak is also due to the desorption of molec-
lar Mo(CO)6 from Pt(1 1 0). After desorption of most of the
dsorbed Mo(CO)6 from the clean Pt(1 1 0) substrate, the resid-
al Mo(CO)6 undergoes thermal decomposition as the substrate
emperature increases, so that molybdenum is deposited on the
urface. However, the entire process of Mo(CO)6 decomposition
s divided into two steps, as indicated by the two separate peaks at
05 and 520 K, respectively. Molybdenum subcarbonyls, inter-
ediate species in thermal decomposition of Mo(CO)6, were

etected on alumina [26,27], silica [28] and Rh(1 0 0) [22].
mong the subcarbonyls, Mo(CO)3 (ads) was comparatively

table on the surface [29]. As the temperature increases to
50 K, the desorption signal increases continuously in intensity
ith heating temperature arising, and also enhances its intensity
ith increasing Mo(CO)6 exposure. The signal above 900 K is

ssigned to the recombinative desorption of CO from the surface
arbon and oxygen species, which was also found in TPD spec-
ra for an alumina film exposed to 60 × 10−6 Torr s of Mo(CO)6
30]. Since molybdenum dissociatively adsorbed CO, the sur-
ace carbon and oxygen were formed on Pt(1 1 0) during thermal
ecomposition of Mo(CO)6, as monitored by AES technique.

Mo(CO)6 chemisorption on the clean Pt(1 1 0) surface is fur-
her investigated by XPS. Fig. 2 shows Mo 3d and Pt 4f XP

pectra taken from the surface annealed at various temperatures
fter exposure to 10 L Mo(CO)6 at 100 K. The Mo 3d dou-
let appears at 228.8 and 231.8 eV, corresponding to physically
dsorbed layers of Mo(CO)6. This was also observed on a poly-

t
a
a
T

K, (b) 150 K, (c) 200 K, (d) 250 K, (e) 300 K, (f) 400 K, (g) 500 K, (h) 600 K,
ove temperatures, held for 2 min, cooled down to 100 K.

rystalline Cu surface [31], where the Mo 3d peaks appeared
ith binding energies of 228.9 and 232.1 eV at 109 K. As the

ubstrate temperature increases, the adsorbates decompose and
he molybdenum subcarbonyl species form, hence the Mo 3d
oublet shifts towards lower binding energy and decreases its
ntensity to some extent. Cho and Bernasek [32] also observed
imilar phenomena when they used wide-band UV radiation
rom a mercury lamp to irradiate the adsorbed Mo(CO)6 lay-
rs, since Mo(CO)6 underwent partial decomposition under UV
adiation. Further increasing substrate temperature results in
omplete decomposition of molybdenum subcarbonyl species
nd deposition of molybdenum on the oxide surface. At 700 K,
he Mo 3d peaks settle at 228.6 and 231.6 eV. When the Pt(1 1 0)
ubstrate was exposed to Mo(CO)6, the thick adsorption layer
inders the photoemission of the underlying platinum, drasti-
ally decreasing the Pt 4f XPS intensity. With increasing sample
emperature, Pt 4f XPS signal grows in intensity, due to desorp-
ion of the thick adsorption layer.

It can be deduced from the above results that Mo(CO)6
ecomposes completely and Mo is left on the platinum surface at
substrate temperature of 600–700 K. The HREELS results (not
hown) of Mo(CO)6 chemisorption on the Pt(1 1 0) surface at
00 K and subsequent annealing process also suggest that entire
ecomposition of Mo(CO)6 occurs at the sample temperature
f 600 K. Both desorption and decomposition reactions occur
uring heating, in which the heating rate plays a very important
ole on the ratio between desorption and decomposition of the
dsorbed Mo(CO)6 species. In most cases, the desorption reac-
ion overwhelms the decomposition reaction. It was reported
hat slow heating would leave a significant amount of Mo on

he surface, while rapid heating (5–10 K/s) could reduce this
mount to about only one-tenth, when Mo(CO)6 was used as
metal-containing precursor [31,32]. The heating rate in the
DS measurements is far higher than that in the XPS mea-
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ig. 3. AES of the model surfaces: (a) clean Pt(1 1 0) substrate, (b) molybdenum
eposition onto Pt(1 1 0) at 700 K, and (c) the Mo/Pt(1 1 0) surface annealed at
000 K. The deposited molybdenum coverage was estimated at ∼2 ML.

urements, therefore a large amount of Mo(CO)6 desorbs from
he surface when it is heated to 250 K in the TDS experiments.
owever, the Mo 3d XPS intensity does not decrease so drasti-

ally in the XPS measurements, as shown in Fig. 2. No obvious
hange of the HREELS (not shown) is likewise observed on
he Mo(CO)6/Pt(1 1 0) sample at 250 K, as compared to that
t 100 K. After molybdenum deposition via thermal decompo-
ition of Mo(CO)6, some C and O contaminants exist in the
eposited layer, as confirmed by AES and XPS. These contam-
nants are the results of the dissociation of CO, catalyzed by the

etallic molybdenum present on the surface [31,33,34]. Upon
eating the sample to 1000 K, the C and O contaminants recom-
ine and evolve CO from the surface. Fig. 3 shows AES during
his process of molybdenum deposition onto the clean Pt(1 1 0)
urface, where the C and O contaminants emerge after molybde-
um deposition at 700 K and disappear after annealed at 1000 K.
ence a Pt(1 1 0) surface modified by the metallic molybdenum
as obtained, without any C and O contaminants derived from

hermal decomposition of Mo(CO)6.
Fig. 4 shows a series of the Mo 3d and Pt 4f XP spectra

aken from the surface heated to the indicated temperatures after
olybdenum deposition at 700 K under a Mo(CO)6 pressure

f 4.5 × 10−8 mbar for 30 min. The amount of molybdenum
eposit is estimated to be ∼2 ML from the attenuation of the Pt
f core level and from photoelectron emission from the deposited
olybdenum. The Mo 3d5/2 peak appears with a binding energy

f 228.6 eV at 700 K. Increasing the sample temperature causes
he Mo 3d doublet to shift downward in binding energy, with
Mo 3d5/2 value of 228.4 eV at 1000 K. Pt 4f doublet has no

bservable binding energy shift during the annealing process,
nly a slight tendency of upward shift. No obvious change of

he Pt 4f XPS signal is probably due to the massive substrate
ffect. We observed this substrate effect on the Sm/Rh(1 0 0)
ystem, where ∼2 ML Sm was deposited onto a clean Rh(1 0 0)
urface [35]. Similar phenomena were also observed on the

t
i
b
W

ig. 4. XPS of Mo 3d and Pt 4f with molybdenum coverage of ∼2 ML deposited
t 700 K on the clean Pt(1 1 0) substrate, then annealed at: (a) 700 K; (b) 800 K;
c) 900 K; (d) 1000 K for 2 min.

u/Rh(1 0 0) and Cu/Ru(0 0 0 1) systems, where no change in
ine shape or in the separation between the Rh 3d and Ru 3d
eaks, but only corresponding decreases in Rh and Ru intensities
ith increasing Cu coverage were observed [22]. No prominent

hange for the Pt 4f doublet may also be due to little shift in
inding energy, for a lack of resolution in standard XPS. The
istinct downward shift in binding energy of the Mo 3d dou-
let indicates that electron transfer occurs from the underlying
latinum substrate to the deposited molybdenum, inducing the
djacent platinum electron-deficient. This electron-deficiency of
he platinum substrate would have an impact on the adsorption
roperty of adsorbates on the Mo-modified Pt(1 1 0) surface.

On the Pt(1 1 0) surface modified by the metallic molyb-
enum, CO thermal desorption was performed with various
xposures at room temperature, as shown in Fig. 5. When CO
xposure is low, a desorption signal appears at 420 K. With
ncreasing exposure to CO, this desorption peak gains in inten-
ity and shift downward in temperature, settling at 397 K with
O exposure of 0.5 L. An additional signal emerges at 503 K as a

houlder at higher temperature with CO exposure of 0.5 L, and
t continues to intensify with further increasing CO exposure.
t the same time, the low-temperature peak holds constant in
esorption temperature, which settles at ∼389 K with CO expo-
ure higher than 2 L; the desorption intensity keeps on growing,
ventually approaches to saturation with CO exposure of 10 L.
owever, CO desorption from the Mo/Pt(1 1 0) surface is differ-

nt from that from a clean Pt(1 1 0) surface. When low exposure
f CO was dosed on Pt(1 1 0), a desorption signal appeared at
10 K; with increasing CO exposure, another peak emerged at
80 K, accompanied with the increased intensity of CO desorp-

ion signal at 510 K [36]. The second signal, derived with the
ncrease of CO coverage on the Pt(1 1 0) surface, was explained
y the mutual repulsion among the adsorbed CO molecules.
hereas, in our case, CO desorption preferentially exhibits a
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Fig. 5. Thermal desorption spectra of CO on the Pt(1 1 0) surface precovered
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y ∼2 ML metallic molybdenum. CO was dosed on the model surface at room
emperature with exposure of: (a) 0 L, (b) 0.1 L, (c) 0.2 L, (d) 0.5 L, (e) 2 L, (f)
L, (g) 10 L, (h) 15 L.

ow-temperature signal at low exposure on the Mo/Pt(1 1 0) sur-
ace.

The Mo/Pt(1 1 0) surface was obtained by annealing at
000 K after molybdenum deposition onto Pt(1 1 0) surface
ia thermal decomposition of Mo(CO)6, as evidenced by AES

nd XPS. Then this model surface was oxidized for 30 min in
.0 × 10−6 mbar of O2, and the Pt(1 1 0) surface modified by
he molybdenum oxide was formed. Fig. 6 shows HREELS and
ES during oxidation process of the Mo/Pt(1 1 0) surface with

b
i
l

ig. 6. Spectral features of the Mo/Pt(1 1 0) surface during high-temperature oxidat
xidation at 700 K for 30 min in 5.0 × 10−6 mbar O2, annealed at (b) 700 K, (c) 800 K

2.
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ominal molybdenum coverage of ∼2 ML. After oxidation at
00 K, the oxygen signal is present on the surface, as monitored
y AES. Three vibrational peaks appear in HREEL spectrum at
40, 700 and 1000 cm−1 on the oxidized Mo/Pt(1 1 0) surface,
here the feature is similar to the case of oxygen adsorption
n Mo(1 1 0) [37–39], Mo(1 0 0) [40,41], Mo(1 1 1) [42] and
o(1 1 2) [43] surfaces. The former two peaks are assigned

o Mo–O deformation and stretching mode, respectively, while
he latest peak is attributed to the stretching mode of termi-
al atop oxygen on the topmost Mo atoms. The conclusive
ssignment of the peak at 1000 cm−1 to the Mo O moiety, is
educed not only from HREELS studies of oxidized Mo(1 1 0)
37,38], but also from HREELS study of MoO3 [44] and com-
arison to other investigations of molybdenum oxide, including
nfrared [45,46] and Raman studies [47,48] of model catalysts
ystems containing MoO3. Upon heating the oxidized surface to
igher temperatures, the former two peaks evolve into one fea-
ure at 600 cm−1, which increases in intensity with the sample
emperature, while the signal at 1000 cm−1 loses its intensity
nd eventually disappears after 1000 K annealing. The peak at
00 cm−1 is attributed to the symmetric stretching mode of the
o–O–Mo bridge bond, which is deduced from the Raman

ibration of the bulk MoO3 [48,49]. The disappearance of the
ignal due to terminal Mo O species upon heating was also
bserved on the oxidized Mo(1 1 0) substrate, where the Mo O
ites were subsequently depopulated by heating at high temper-
tures, indicating the absence of terminal oxygen species [50].
his may be explained by that annealing at high temperatures
auses the oxygen to migrate into the bulk, and bring molybde-
um into high oxidation state. It is supported by the emergence of
etween 1500 and 2000 cm−1 after annealing at 1000 K, which
s due to the combinative and multiple phonon losses of the
ow-frequency peaks. This suggests that an intermediate molyb-

ion: (a) the Mo/Pt(1 1 0) surface with molybdenum coverage of ∼2 ML; after
, (d) 900 K, (e) 1000 K; (f) oxidation at 1000 K for 30 min in 5.0 × 10−6 mbar
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due to the site-blocking effect of the surface molybdenum and
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enum oxide species has been formed on the Pt(1 1 0) surface.
n an attempt to obtain much heavier oxidation of molybdenum,
he Mo/Pt(1 1 0) surface was oxidized at 1000 K for 30 min in
.0 × 10−6 mbar of oxygen. Besides the vibrational signal at
20 cm−1, a stronger peak appears at 920 cm−1, indicating that
he molybdenum is in a heavy oxidation state. The presence of
his oxidative state of the surface molybdenum species is also
uggested by the difference of the signals (e) and (f) in the left
anel, which are due to the terminal Mo O species. The for-
ation of molybdenum oxide upon high-temperature oxidation
as also observed on the Mo(1 1 0) surface, as confirmed by the

ppearance in the HREEL spectra of a feature at ∼1000 cm−1

ssociated with the Mo O moiety [38]. However, many of the
olybdenum species are lost from the model surface during

igh-temperature oxidation, as indicated by AES in the right
anel of Fig. 6, since molybdenum oxide is volatile compared
o the metallic molybdenum. From the AES peak-to-peak inten-
ity of curve (f) in the right panel, the molar ratio of Mo to O
s estimated to be 0.393, close to the stoichiometry of the bulk

oO3. To avoid the loss of more of the surface molybdenum
pecies, we did not oxidize the model surface under more rig-
rous conditions. Then the surface by oxidation at 1000 K in
.0 × 10−6 mbar of O2 was denoted as the MoOx/Pt(1 1 0).

Fig. 7 shows a series of TDS for 28 amu when the
oOx/Pt(1 1 0) surface was exposed to CO at room temperature.
osing CO to the MoOx/Pt(1 1 0) surface causes a desorption

ignal to emerge at 505 K. Another desorption signal appears
t 420 K with CO exposure of 0.5 L. These two peaks both
ntensify along with CO exposure, and their features hold
ubstantially constant in desorption temperature. There was

egligible adsorption of CO on MoO3 under UHV conditions
ollowing dehydroxylation at 1200 K and dosing with an equi-
ibrium pressure of 5.0 Torr of CO at 140 K probed by IR

ig. 7. Thermal desorption spectra from the MoOx/Pt(1 1 0) surface with CO
xposure of: (a) 0 L, (b) 0.2 L, (c) 0.5 L, (d) 2 L, (e) 5 L, (f) 10 L, and (g) 15 L at
oom temperature.
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pectra [51]. The surface molybdenum species is stoichiomet-
ically close to MoO3, as indicated by AES in the right panel
f Fig. 6. Therefore this surface MoOx species needs not to be
aken into consideration for CO chemisorption at room temper-
ture. CO desorption from the MoOx/Pt(1 1 0) surface, entire
ontribution from the underlying platinum substrate, is much
eaker than that from the clean Pt(1 1 0) surface. The weak-
ess of CO desorption is due to a simple site-blocking of the
urface MoOx, which spreads over the Pt(1 1 0) surface upon
nnealing. In earlier experiments an almost unrestricted spread-
ng of the supported molybdates uncovered only undetectably
mall parts of the support surface [52,53]. Again laser Raman
pectroscopy investigation [54] and IR and TPD measurements
51] of MoO3/Al2O3 catalysts indicated that under dehydrating
onditions polymeric molybdate species spread to form octa-
edrally coordinated MoO3 units on the surface of �-Al2O3.
n recent studies on silica support [48] and on alumina model
upports [55,56] spreading of MoO3 was also observed: after
hermal treatment, MoO3 formed a monolayer or a submono-
ayer on the flat surface of the stable Al2O3 and SiO2 thin films.
he spreading of the surface MoOx blocks some adsorption sites
n the Pt(1 1 0) and suppresses CO chemisorption, indicating the
rominent site-blocking effect. The site-blocking effect for CO
hemisorption was also observed on zirconium oxide deposited
n the Pt(0 0 1) substrate [57].

For comparison, CO desorption spectra with 15 L exposure
rom the clean Pt(1 1 0), Mo/Pt(1 1 0) and MoOx/Pt(1 1 0) sur-
aces, on which the desorption intensities sequentially decreases,
re listed in Fig. 8. The attenuation of the desorption intensity is
oOx, which occupy adsorption sites for CO and suppress CO
hemisorption. The high-temperature component holds constant
n desorption temperature on the three model surfaces, substan-

ig. 8. Thermal desorption spectra of CO on: (a) the clean Pt(1 1 0) substrate,
b) the Mo/Pt(1 1 0) and (c) the MoOx/Pt(1 1 0) surfaces. 15.0 L CO was dosed
n the model surfaces at room temperature.
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ially at 503 K with CO exposure of 15 L. The low-temperature
ne shifts downward by ∼30 K on the Mo/Pt(1 1 0) surface com-
ared to that on the clean Pt(1 1 0) substrate, while it restores on
he MoOx/Pt(1 1 0) surface. As mentioned above, the electron-
eficiency of the platinum substrate is due to the modification of
etallic molybdenum. Thus it weakens the electron backdona-

ion from platinum substrate to the adsorbed CO, inducing CO
esorption at lower temperature. The downward shift in temper-
ture of CO desorption from a Pt/CeOx film, compared to CO
dsorbed on a Pt single crystal, was ascribed to a weakening
f the CO–Pt bond that resulted from an electronic interaction
etween the Pt and the reduced ceria [14]. High-temperature
xidation causes the molybdenum species to form oxide islands
n the MoOx/Pt(1 1 0) surface, since it is easy for molybdenum
xide to migrate and aggregate. However, no obvious difference
or CO desorption is observed on the Pt(1 1 0) substrate and on
he MoOx/Pt(1 1 0) surface, besides that the intensity of the for-

er is much larger than that of the latter. This indicates that no
nteraction exists between the MoOx and the underlying plat-
num substrate. Another more reasonable explanation is that a
ery weak interaction exists between the MoOx and the Pt(1 1 0),
ut this interaction do not have any influence on CO desorption,
s observed on PdO–MoO3/�-Al2O3 catalysts [16,17].

Fig. 9 shows a series of HREELS annealed at the indi-
ated temperatures of the Pt(1 1 0) substrate (upper) and the
o/Pt(1 1 0) surface (bottom) with 15 L CO dosed at room tem-

erature. Due to the interference of the strong phonon losses,
REELS for CO chemisorption on the MoOx/Pt(1 1 0) was not

btained. When CO was dosed at room temperature, the peak
or M–CO stretching mode appears at 471 cm−1 and the peak
or C–O stretching mode at 2120 cm−1 on the clean Pt(1 1 0),
hile the corresponding peaks emerge at 415 and 2089 cm−1

ig. 9. HREELS of the Pt(1 1 0) substrate (upper) and the Mo/Pt(1 1 0) surface
bottom) with 15.0 L CO dosed at room temperature. (a) The clean Pt(1 1 0)
ubstrate and the Mo/Pt(1 1 0) surface, respectively; after dose of 15.0 L CO at
oom temperature, annealed at (b) 300 K, (c) 400 K, (d) 500 K, (e) 600 K.
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n the Mo/Pt(1 1 0) surface, respectively. The appearance of the
ibrational features, M–CO stretching mode at low frequency
nd C–O stretching mode at high frequency, indicates molecu-
ar adsorption of CO on the Pt(1 1 0) and Mo/Pt(1 1 0) surfaces.
he C–O stretching vibration exhibits one single feature on the

wo model surfaces, indicating that only one kind of adsorbed
pecies appears upon CO dose. This is in accordance with the
esults in literature [58], where CO chemisorption exhibited one
oss signal on the Pt(1 1 0) surface, while two separate peaks
n the Pt(1 1 1) substrate. Neither bridge bonded CO nor any
ther adsorption site were detected on the Pt(1 1 0), indepen-
ent of CO coverage, in good agreement with Sharma et al.
ho reported that CO occupied top sites on Pt(1 1 0) at all

overages and temperatures from 90 to 300 K [59]. However,
wo distinguished features are observed on CO TDS from the
t(1 1 0) substrate with 15 L CO dose at room temperature. This

s explained by mutual repulsion among the adsorbed molecules
36]. The M–CO stretching frequency on the Pt(1 1 0) is higher
han that on the Mo/Pt(1 1 0) surface, suggesting that CO bonds
he former stronger than the latter. The difference of the M–CO
tretching frequency on these two model surfaces is probably due
o the discrepancy in electron backdonation from the substrate to
he adsorbed CO. A stronger strength of CO bonding results in
higher desorption temperature in the TDS. Therefore the low-

emperature component on the Mo/Pt(1 1 0) surface is observed
o shift downward by ∼30 K, as compared to that on the Pt(1 1 0).
he M–CO stretching mode disappears on the Mo/Pt(1 1 0) sur-

ace upon 400 K annealing, only a weak C–O stretching signal
s still visible in the HREEL spectrum; while the M–CO and
–O stretching modes on the Pt(1 1 0) substrate are discernible
pon 400 K annealing, and undetectable upon 500 K annealing.
he disappearance sequence of the M–CO and C–O stretching
odes on the Pt(1 1 0) and Mo/Pt(1 1 0) surfaces upon anneal-

ng is in good agreement with the TDS results of CO. Upon
nnealing the samples at 400 K, a small amount of the adsorbed
O is rudimental on the Mo/Pt(1 1 0) surface, while most of the
dsorbed CO still stays on the Pt(1 1 0) substrate, as indicated in
ig. 8.

. Conclusions

Molybdenum deposition on Pt(1 1 0) was achieved via ther-
al decomposition of Mo(CO)6 at 700 K, and subsequent

nnealing at 1000 K gave a model surface of Pt(1 1 0) modified
y the metallic molybdenum, without any carbon and oxygen
ontaminants. The MoOx/Pt(1 1 0) surface, as evidenced by the
ibrational features at 620 and 920 cm−1 and the broad loss sig-
al between 1500 and 2000 cm−1, was fabricated by oxidation of
he Mo/Pt(1 1 0) surface at 1000 K. CO thermal desorption from
hese model surfaces at room temperature was investigated, to

onitor the discrepancy of adsorption sites due to modification
y the metallic molybdenum and by the MoOx. The desorp-
ion intensities decrease in the sequence of the clean Pt(1 1 0),
o/Pt(1 1 0) and MoOx/Pt(1 1 0) surfaces, indicating a phys-
cally site-blocking effect. The high-temperature components
emain constant in temperature, while the low-temperature one
hifts downward by ∼30 K on the Mo/Pt(1 1 0) surface com-
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ared to that on the clean Pt(1 1 0) substrate, and restores on
he MoOx/Pt(1 1 0) surface. The downward shift in temper-
ture is indicative of the electron-deficiency of the Pt(1 1 0)
ubstrate, which is due to modification of the metallic molybde-
um. The weak interaction, occurring between the molybdenum
xide species and the underlying Pt(1 1 0) substrate, has no
nfluence on CO desorption temperature, besides a physically
ite-blocking effect.
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