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Abstract

CO adsorption was studied on Pt and Ptx–Mo (x = 1, 4) catalysts supported on TiO2 by means of temperature-programmed desorp
(TPD) and diffuse reflectance Fourier transform infrared spectroscopy (DRIFTS), and significant information on the structure, arra
and chemical state of Pt and Mo on the TiO2 support was obtained by a combination of XPS, H2 chemisorption, and DRIFTS. It wa
concluded that the Mo oxide species forms a solid solution with Pt, while a significant part of the Pt surface atoms are screene
dimensional Mo oxide nanoclusters. This structural arrangement results in the modification of the chemisorptive properties of Pt,
measurements show that it is partially oxidized; this oxidation state is closely related to the concentration of hydroxyl species on the
surface. TPD experiments carried out under He flow had shown that the linearly adsorbed COL species on the Ptx–Mo/TiO2 samples desorb
at temperatures below 375 K, which is almost 100 K below the COL species desorption from Pt/TiO2. This low desorption temperatur
of CO was attributed to its chemical oxidation at the boundaries of the Mo oxide nanoclusters by the OH species supplied by Mo3,
which was detected by XPS as the most abundant oxidation state. In addition, the execution of TPD experiments under H2 flow resulted in
the desorption of the COL species for all three samples at significantly higher temperatures, 460, 425, and 390 K, for Pt/TiO2, Pt–Mo/TiO2,
and Pt4–Mo/TiO2, respectively.
 2005 Elsevier Inc. All rights reserved.
Keywords:PtMo electroctatalyst; Fuel cells; TiOsupport; CO chemisorption; DRIFTS
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1. Introduction

Titanium dioxide-supported platinum is one of the m
investigated systems in the area of model and real
metal/metal–oxide systems. This interest has been st
lated by the promotional effect of Pt in photocatalysis,
use as an oxygen gas-sensor system, and the fact that
classic strong metal support interaction (SMSI) system w
many catalytic applications[1]. Of special interest is th
dehydrogenation of organic compounds in a fuel proce
or reformer as an attractive way to generate hydrogen
* Corresponding author. Fax: +30 2610 965223.
E-mail address:neoph@iceht.forth.gr(S.G. Neophytides).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.03.003
a

powers fuel cells by converting chemical into electrical
ergy [2]. The electrocatalytic properties of Pt/TiO2 are also
under study to probe its potential use as a reliable elec
catalyst for low-temperature polymer electrolyte membr
(PEM) fuel cell applications[3,4].

It is well known that the use of Pt as an electrocata
in low-temperature PEM fuel cells gives rise to a ma
problem. The Pt metal surface is easily poisoned by tr
amounts of CO[2]. Binary (alloys or segregated metal pa
ticles) Pt–M catalysts (where M= Ru, Sn, Re, Rh, or Mo
have received considerable attention as promising cata
to increase the efficiency of CO oxidation on Pt[5]. Further-

more, the most important issues in contemporary fuel-cell
electrocatalysis are related to developing a material that ei-
ther oxidizes CO or adsorbs a limited amount of CO while

http://www.elsevier.com/locate/jcat
mailto:neoph@iceht.forth.gr
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still being capable of oxidizing hydrogen at an accepta
rate.

Of the Pt–M binary systems, Pt–Ru has been studie
the greatest detail, as this is still one of the most stable
active CO-tolerant catalysts under practical conditions.
origin of the role of Ru is not yet completely understoo
however, it is now widely accepted that the mechanism
which CO is removed from the PtRu surface is the so-ca
bifunctional mechanism suggested by Watanabe and
too [6,7]. According to this mechanism, CO adsorbed on
is oxidized preferentially by an oxygen-containing surfa
species as adsorbed OHad. Although the exact nature of th
oxidic species is not yet clear, the role of Ru is to prov
nucleation sites for the aforementioned oxygen-contain
species. An alternative explanation is the so-called ligand
fect, where M influences the Pt–CO bonding by affecting
electronic structure of the binding site on Pt[8,9]. Unfortu-
nately, the interest in Ru as an additive in fuel-cell cataly
is reduced somewhat by its high price and limited availa
ity. This is why the substitution of other, cheaper and m
abundant additives for Ru has been suggested[10].

Molybdenum seems to be one of these potentially in
esting additives, since it is inexpensive and largely av
able. Furthermore, recent experimental and theoretical s
ies have suggested that Pt–Mo could be a better catalys
CO oxidation than Pt–Ru[10–13]. This enhanced perfor
mance that contrasts with Pt–Ru was ascribed to the
of adsorption of CO on Mo, which leaves more adsorpt
sides for oxygen-containing species that are acting as
oxidation reagents (in the framework of a bifunctional me
anism), or to changes in the Pt–Pt atomic distance, w
modify the Pt–CO adsorption energy[12].

In the present communication, the adsorption of CO
well-characterized Pt, Pt–Mo, and Pt4–Mo catalysts sup
ported on TiO2 is discussed. The CO adsorption was f
lowed by temperature-programmed infrared spectrosc
under He and H2 atmospheres, and the catalyst’s che
ical state was characterized ex situ in ultra-high-vacu
conditions by X-ray photoelectron spectroscopy. It will
shown that Mo additives significantly modify CO adso
tion/desorption characteristics on Pt, leading to lower
desorption temperatures as compared with monomet
Pt/TiO2 catalysts.

2. Experimental

2.1. Catalyst preparation

Pt–Mo/TiO2 catalysts were prepared via wet impregn
tion of Pt and MoO2 acetylacetonates (Aldrich Chem. C
on TiO2, anatase (Hombikat Sachtleben; surface are=
200 m2/g). After drying, the catalyst precursors were load

into the DRIFTS reactor cell and were treated in flowing
H2/Ar mixture; the temperature was varied at a ramp rate of
2◦/min up to 570 K. The sample was kept at 570 K for 2 h.
atalysis 232 (2005) 127–136
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After treatment the sample was cooled to room tempera
under the same H2/Ar flow with a cooling rate of 2◦/min.
Two Pt/TiO2 samples of 5 and 10 wt% Pt loading were p
pared. The Pt/TiO2 and Pt–Mo/TiO2 samples were prepare
with a constant total metal loading of 5 wt%. Two PtxMo
samples with Pt/Mo atomic ratios ofx = 1 and 4 were in-
vestigated, and monometallic 5 wt% Pt/TiO2 and Mo/TiO2
were also prepared and measured for comparison.

2.2. XPS and hydrogen chemisorption measurements

XP spectra were collected in an UHV chamber (b
pressure 8× 10−10 mbar) equipped with a hemispheric
electron energy analyzer and a twin-anode X-ray gun, w
has been described elsewhere[14]. The sample, which wa
mounted on a transfer rod probe, could be easily transfe
from the load lock chamber, where it could be treated w
gases at atmospheric pressure and elevated tempera
into the UHV chamber. The nonmonochromatized Al-α

line at 1486.6 eV and a constant pass energy mode for th
alyzer were used in the experiments. Pass energies of 9
resulted in a half width at half-maximum (FWHM) of 1.8 e
for the Au 4f7/2 peak of a reference foil. The energy sc
of the spectrometer was calibrated with both the Au 4f7/2
line at 84.0 eV and the Ni 2p3/2 line at 852.4 eV of care
fully cleaned polycrystalline Au and Ni foils, respective
The sample temperature was measured with a Ni–CrNi t
mocouple, which was mounted in the sample holder. Cu
fitting was performed with a least-squares curve-fitting p
gram based on a mixed Gaussian/Lorentzian function, w
accounted for the band asymmetry to higher binding e
gies in the core level spectra of metallic species. All spe
were obtained at room temperature, after the sample
heated at 570 K under a H2 atmosphere for 30 min, and th
binding energies (BE) were referenced to the C 1s line at
284.6 eV, which was always present because of unavoid
carbon contamination. The uncertainty in the determina
of the binding energy values was estimated to be 0.1 eV,
that in calculated atomic ratios was about 10%.

Adsorption experiments were performed in a conv
tional glass volumetric system (Quantachrome Autosor
in a hydrogen pressure range from 0–80 to 800 mmHg, a
being reduced in situ in flowing hydrogen and outgasse
520 K.

2.3. DRIFTS and temperature-programmed DRIFTS
studies

Diffuse reflectance infrared Fourier transform spec
scopy (DRIFTS) measurements were performed in a Bru
(Equinox 55) FTIR spectrometer. The powdered catal
were placed on the sample holder of a small internal

3
ume (∼ 2 cm ) homemade diffuse reflectance IR cell reactor
sealed with a ZnSe window. The gases at the outlet of the IR
cell reactor were analyzed with a QMS (Omnistar). The cell
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allowed continuous gas flow through the catalyst bed d
ing spectra acquisition, and the sample could be heate
673 K at a ramp rate of 60◦/min. The temperature of the ce
was monitored with a K-type thermocouple mounted ins
the catalyst powder. All IR measurements were carried
at atmospheric pressure. The spectra were acquired at
olution of 4 cm−1, typically averaging 200 scans for stea
state and 15 scans for temperature-programmed experim
within a temperature range of 4◦ degrees, and the temper
ture was ramped at 20◦/min. Background spectra were o
tained from samples at room temperature in a flow of H2. All
DRIFTS data were transformed into Kubelka–Munk un
which are linearly related to the adsorbed species sur
concentration.

The experimental procedure followed in the combin
temperature-programmed DRIFTS (TPD-IR) experime
was identical in every experimental set. Before each se
experiments the catalyst was heated under pure H2 flow at
573 K for 30 min. Then it was cooled to room tempe
ture, at which point H2 flow was switched to 7% CO/H
flow for 30 min. Subsequently the sample was purged w
pure He flow for 2 min and then annealed under the
sired gas flow (He or H2) at a constant temperature rate
10 K/min and a gas flow rate of 12 cm3/min. No CO absorp-
tion bands were detected on Mo oxide, whereas TiO2 anatase
support chemisorbed CO weakly under the present ex
mental conditions, as confirmed by separate CO absorp
experiments on these substrates. Thus it is reasonable
sume that practically only Pt provides active sites for
adsorption.

3. Results

3.1. Characterization of Pt–Mo/TiO2 and Pt/TiO2 catalysts

3.1.1. Surface composition of the catalysts
Surface atomic ratios calculated from XPS peak int

sities and atomic sensitivities[15], assuming uniform dis
tribution of all elements, are compared with the nomi
atomic composition to obtain information about the com
sition of the surface and the dispersion of the active pha
In Table 1the nominal surface atomic ratios and the cal
lated (experimental) surface atomic ratios are summar
for Ptx–Mo/TiO2 (x = 1, 4) catalysts. In addition, Pt su
face area, particle size, and dispersion, as derived in hy
gen chemisorption experiments, is also included only
the Pt/TiO2 sample. The significant decrease in Pt surf
area for the Ptx–Mo samples, as discussed later, and tak
into account the information from the FTIR and XPS exp
iments, indicates that Mo species are screening a signifi
portion of the Pt surface atoms. This is also corroborate
the fact that the XPS-measured Pt/Mo experimental ato

ratios are lower than the corresponding nominal atomic ra-
tios. Nevertheless, the particle size estimated based on H2
chemisorption measurements for the cases of Ptx–Mo/TiO2
Catalysis 232 (2005) 127–136 129
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samples does not correspond to the real particle size o
Ptx–Mo particles.

3.1.2. Oxidation states of Pt and Mo
Fig. 1 depicts Pt 4f XP spectra for Pt, Pt–Mo, and Pt4–

Mo supported on TiO2, after they have been heated at 570
under a H2 atmosphere. The Pt 4f spectrum of a metallurgi
cally prepared monophase PtMo alloy[3] is also presente
for comparison. The Pt 4f binding energies of Pt/TiO2, Pt–
Mo/TiO2, and Pt4–Mo/TiO2 are located at 71.1, 71.6, an
70.75 eV, respectively, and the binding energy of the me
lurgically prepared sample is located at 71.5 eV. The sh
of the Pt 4f spectra for the TiO2-supported samples revea
the existence of more than one Pt species. Their decon
tion, as discussed later, indicates the existence of oxid
states induced by OH− or O species. The intensity ratio,
measured on a Pt foil, of the Pt 4f doublet components wa
3:4, and their splitting energy was 3.3 eV. The locations
the major peaks of Pt 4f7/2 photoelectron spectra are 71
71.48, and 70.75 eV for the cases of Pt/TiO2, Pt–Mo/TiO2,
and Pt4–Mo/TiO2, respectively. Cluster size effects that c
cause BE increases up to 0.7 eV are excluded becau
Fig. 1. Deconvoluted Pt 4f XP spectra of PtMo alloy and TiO2 supported
Pt and Ptx–Mo catalysts.
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Table 1
Pt active surface area, dispersion and mean particle size derived by hydrogen chemisorption experiments and nominal and experimentally derivedmic XPS
ratios

Catalyst Pt surface

area (m2/g)

Mean particle
size (nm)

Dispersion
(%)

Nominal atomic ratio Experimental atomic ratio

Ti/O Pt/Mo Ti/O Pt/Mo

Pt/TiO2 1.23 8.3 14 0.5 0.42
Pt–Mo/TiO2 0.46 – – 0.5 1 0.45 0.64
Pt4–Mo/TiO2 0.19 – – 0.5 4 0.45 2.5
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Fig. 2. Deconvoluted Pt 4f and O 1s XP spectra of 10 wt% Pt/TiO2 c

the rather large particle, which is larger than 2 nm[16–19].
From hydrogen chemisorption experiments the mean p
cle size measured for the case of Pt/TiO2 sample is 8 nm
(Table 1), and though for the case of Ptx–Mo the estimation
of the particle size is not reliable because of the scree
of the Pt surface atoms from Mo species, the size of the
Mo particles, as discussed further on, is not expected t
below 8 nm. Although the location of the binding ener
of the major peak of Pt in the Pt–Mo/TiO2 sample is very
close to the corresponding peak location of the PtMo al
the identification of Pt in Pt–Mo/TiO2 with PtMo alloy is
not straightforward. Nevertheless, the variation of the bi
ing energy of the Pt 4f major peak for the samples depict
in Fig. 1strongly indicates the effect of Mo on the electron
properties of Pt. It is worth noticing that within the detecti
depth of XP measurements we did not detect any Pt spe
whose binding energy is located at the value of pure Pt (
eV). This observation strongly indicates that Pt forms b
solid solutions with the Mo species, which exist only as
ides (read below).

To understand the origin of the oxidation states of Pt

posited on TiO2, XP spectra for Pt 4f photoelectrons are
shown inFig. 2a that were taken for the cases of 10 wt%
Pt/TiO2 before and after heating of the sample at 350◦C un-
ts before (a) and after (b) the exposure/reduction in H2 flow at 573 K.

s

der vacuum. The binding energy of Pt 4f photoelectrons
is located at 72.8 eV before H2 reduction, and it is decon
voluted into two peaks with binding energies at 72.8 a
74.6 eV. After heating, a major Pt 4f state at 71.34 eV ap
pears, together with the state at 72.8 eV and a smaller
at 75.2 eV. The peak at 72.8 is attributed to Pt2+ because o
its combination with OH− or O species[20], and the peak
at 74.6 and 75.2 is attributed to PtO2 species[21]. Interest-
ingly, after heating, the corresponding O 1s XP spectra show
a pronounced decrease in the intensity of hydroxyl spe
(Fig. 2b, BE= 532.2 eV), in direct correlation with the re
duction/transformation observed with Pt species (Fig. 2a). In
conclusion, this experiment strongly indicates that oxidi
Pt species that are formed on the TiO2 surface are most prob
ably originating from the diffusion (spillover) of OH− from
the TiO2 support onto the Pt crystallites.

Fig. 3 shows Mo 3d XP spectra for the Pt–Mo/TiO2
and Mo/TiO2 catalyst (bottom curve) and the correspon
ing spectrum of the PtMo alloyed reference sample. As
be deduced from the shape of the Mo 3d curves for the
TiO2-supported samples, Mo exists in various Mo oxid

tion states overlapping at the Mo 3d region. The distribution
of Mo oxidation states was estimated by deconvolution of
Mo 3d spectra, displayed in the same figure. The intensity
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Table 2
Intensity ratios of various Mo species derived after deconvolution of the Mo 3d peak

Catalyst Mo (III) Mo (IV) Mo (V) Mo(VI)

BE Ratio (%) BE Ratio (%) BE Ratio (%) BE Ratio (%

Mo/TiO 230.0 22 231.4 31 232.8 47
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Pt–Mo/TiO2 229.7
Pt4–Mo/TiO2 228.2 15 229.7

Fig. 3. Deconvoluted Mo 3d XP spectra of TiO2 supported Ptx–Mo cat-
alysts. At the top of the graph the spectrum of a metallurgically prep
Pt3Mo bulk alloy is also presented for comparison.

ratio of the Mo 3d doublet components was 2:3, and th
splitting energy was 3.2 eV[15]. The results of this analysi
are summarized inTable 2. Each spectrum was composed
three characteristic doublets. The Mo 3d5/2 peak at 228.2–
228.4 eV may be assigned to MoOx , where 0< x < 4. In
particular, the Mo 3d peak around 228.4 eV was previous
attributed to Mo3+ of Mo2O3 [22,23]. These species ar
detected only at a high Pt/Mo ratio, and their existenc
probably due to hydrogen pretreatment[22]. The peak at
229.7 eV is characteristic of MoO2 compounds[15,22]with
the metal oxidation state Mo4+. The peak at 231.3± 0.1 eV
is the most abundant species found in all samples and
be attributed to molybdenum compounds with the m
in oxidation state Mo5+, probably Mo2O5 or MoO(OH)3
[24,25]. Finally, the component around 232.8 eV is due
Mo6+ states of MoO3 [15,22]. After hydrogen pretreatmen

4+ 6+
(not shown), Mo species increase at the expense of Mo
states, in agreement with previous studies of molybdenum
oxide hydrogen treatment[22]. Nevertheless, no XPS signal
231.4 61 232.8 16
231.4 45

was observed at 227.8 eV, where the Mo 3d peak for PtMo
alloys was found previously[3,10].

3.2. DRIFT spectroscopy study of CO absorption over
Ptx–Mo/TiO2 and Pt/TiO2 catalysts

3.2.1. H2 treatment, dehydroxylation, and water desorpti
Hydrogen treatment at 570 K, before CO exposure, d

not show any significant reduction of TiO2 support, as was
found by XPS. However, during heat treatment, DRIF
data for the sample under H2 or He show gradual desorptio
of water and depletion of hydroxyl species mainly from
TiO2 support. This is observed in the diminishment of
sharp peak at 1640 cm−1 and the broad absorption band
the range of 2500–3700 cm−1, respectively, for all sample
examined (spectra not shown for brevity)[30]. Exposure of
the sample in He or H2 flow again at low temperature resu
in the gradual development of these bands due to the res
tion of water and hydroxyl groups mainly by the residu
water in the flow system, although it should exist in alm
undetectable concentrations.

3.2.2. CO absorption over Pt and Ptx–Mo catalysts
DRIFTS measurements were performed to study the

absorption on Pt–Mo supported catalysts.Fig. 4 shows the
normalized IR bands of the adsorbed CO species on P
Ptx–Mo catalysts supported on TiO2. The C≡O stretching
frequency on Pt has traditionally been interpreted in term
the CO adsorption site. Frequencies in the 1950–2100 c−1

region have been assigned to CO linearly coordinated t
sites (denoted as COL), and frequencies within the 1950
1750 cm−1 region were assigned to multibonded, bridg
and threefold bonded CO species (denoted as COMB) [26].
The adsorption of CO on cationic Ptn+ sites has been ob
served within 2184–2120 cm−1 [27,28]. These species, i
some cases, especially when the metal particle is supp
on zeolites[28], are very weakly bonded to the Pt sites, a
they desorb from the surface upon evacuation at room
perature. Hadjiivanov[27] concluded that the co-adsorptio
of water molecules can cause the shift of the IR band of
adsorbed CO on Ptn+ sites from 2138 cm−1 to 2114 and
2088 cm−1. The authors interpreted this by considering t
H2O can act as an electron donor (Lewis base) to the Pn+
site, so that the electron density will increase, thus affec

∗
the electron back-donation to the CO 2π antibonding or-
bital. Nevertheless, in the present study we did not detect any
IR absorbance within the aforementioned range, though the
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Fig. 4. (a) DRIFT spectra under 7% CO/He flow at 300 K. (b) Normali
in intensity DRIFT spectra taken at 300 K for saturation coverage of
adsorbed on 5% Pt, Pt–Mo and Pt4–Mo supported on TiO2 and subsequen
exposure in He for 2 min (COMB species intensity is properly normalized

XPS experiments had shown partly reduced Pt, even afte
reduction of the samples with H2 at 350◦C. This can mos
probably be attributed to the coexistence of water on the
alyst surface, which may destabilize the Ptn+ sites or induce
the shift of the band and therefore its overlapping within
range of the COL band that is being detected because of
CO adsorption on reduced Pt. Instead a band with a m
mum around 2000 cm−1 (Fig. 4a) was detected under C
flow, which readily desorbs upon evacuation. These spe
were attributed to CO adsorption on the TiO2 support, as
the same absorption band was observed in reference ex
ments that were carried out on a plain TiO2 sample.

A broad COL peak centered at 2060 cm−1 dominates the
IR band of the Pt/TiO2 catalyst in the left part ofFig. 4b after
CO gas-phase evacuation. The COL band was blue shifte
to 2064 and 2074 cm−1 for PtMo and Pt4Mo, respectively.
Depending on catalyst preparation and treatment, theL
peak band maxima for CO absorption on TiO2-supported
Pt catalysts were reported at frequencies varying betw
2090 and 2050 cm−1 [26,29–31]. The COL band position
is sensitive to various factors, such as catalyst dispers

Pt particle microstructure (steps, crystal phases, etc.), and
charge transfer in the vicinity of Pt adsorption sites. Thus,
the increased IR peak width observed at the Pt/TiO2 catalyst
atalysis 232 (2005) 127–136

i-

probably originates with superimposition of the various
sites with relatively close absorption frequencies.

The multibonded CO species is located at ab
1810 cm−1, as is evident from the right part ofFig. 4b. The
intensity of these species was significantly lower than
of the linear species. This does not necessarily mirror
actual COL/COMB species proportion on the surface, sin
the extinction absorption coefficient of the linear specie
higher than that of the bridge bonded species[32]. How-
ever, it is worth noting that the addition of Mo to the surfa
affects the relative COL/COMB proportion among the sam
ples. In particular, with increasing Pt/Mo atomic ratio, the
measured COL/COMB ratio increases. In other words, M
seems to affect COMB sites to a larger extent than it do
COL. Nevertheless, the low intensities of the IR band of
COMB species do not permit a clear view during annea
experiments and will not be interpreted below.

3.2.3. Temperature-programmed desorption of CO unde
He flow

Thermal desorption infrared experiments (TPD-IR)
CO adsorbed on Ptx–Mo/TiO2 and Pt/TiO2 catalysts were
carried out to get a deeper insight into the CO–Pt desorp
characteristics and consequently the strength of its bond
the Pt surface. Since the DRIFTS signal depends on the
etration depth of the infrared beam into the powder sam
and it is a strong function of the particle size and pack
density, a direct quantitative comparison of CO cover
between the samples based on DRIFT spectra is gene
not acknowledged[33]. Nevertheless, it has been found
cently that there is proportionality between the IR band a
of the COL species and its amount on the Pt surface, wh
does not depend on the sample temperature[34]. Quantita-
tive studies were performed on each sample by FTIR s
troscopy at various temperatures. To compare quantitat
the trends in CO coverage between the samples during
ear ramping of temperature, the ratios of the COL IR band
intensity at a given temperature to the higher IR band in
sity (Irel) are illustrated graphically inFig. 5 for all samples
examined. This intensity ratio gives the relative coverag
COL species at each temperature.

In the case of monometallic Pt catalyst,Irel goes through
a maximum at 360 K and declines monotonically therea
approaching zero at 500 K. The derivative of the (1− Irel)
curve represents simulated temperature-programmed
orption curves, as has been reported previously[35]. Ac-
cording to this procedure, the maximum COL desorption rate
on Pt/TiO2 is located at 420 K (see inset ofFig. 5). The
main observations depicted inFig. 5 for Pt/TiO2 are con-
sistent with previous findings for Pt catalysts supported
Al2O3 [35,36], according to which the maximum COL des-
orption rate was found in the temperature range of 39
420 K[35]. On the other hand, Pt–Mo/TiO2 catalysts exhibit

significantly different curve profiles, which correspond to a
much faster COL depletion rate. In particular, the COL area
decreases steadily without exhibiting any initial increasing
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Fig. 5. COL peak areas normalised to the higher measured intensity as a function of annealing temperature for Pt, Pt–Mo and Pt4–Mo supported on TiO2
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catalysts. Initially the sample was exposed to 7% CO/He for 30 min
derivative of Pt/TiO2 TPD curve.

stage or any inflection point, whereas complete desorp
of CO is observed already at 370 K. In addition, the p
files obtained for the various catalysts with different Pt/Mo
atomic ratios are quite similar, indicating that this factor
not decisive for the COL desorption profiles.

3.2.4. Temperature-programmed desorption of CO unde
H2 flow

The exposure of COL adsorbed species in H2 affects both
its IR band position and its desorption temperature. I
worth noting that a systematic red shift of about 10 cm−1

for all catalysts exposed to hydrogen has been observed
the blue shift for various Pt/Mo ratios is similar to that o
served under He flow. The COL peak for monometallic P
catalyst appears at 2053 cm−1, whereas a pronounced blu
shift, which increases up to 15 cm−1, is observed for the Pt
Mo catalysts.

The evolution of the relative COL coverage upon samp
annealing with 20 K/min under hydrogen flow is depicte
in Fig. 6, whereIrel evolution of Pt/TiO2 and Ptx–Mo/TiO2
catalysts is plotted against temperature. The COL species
desorbs at higher temperatures from the Pt/TiO2 sample, fol-
lowed by Pt–Mo/TiO2 and Pt4–Mo/TiO2, respectively. The
maximum desorption rates of the COL species, being propo
tional to the derivative of 1− Irel with respect to temperatur
(similar to the inset inFig. 5), are located at 460, 412±5, and
390± 5 K for the Pt/TiO2, Pt–Mo/TiO2, and Pt4–Mo/TiO2
samples, respectively. It is interesting to point out that
lowest desorption temperature is observed for the sam
with the lowest content of Mo (Pt4–Mo/TiO2) and it is 70 K
below the corresponding desorption temperature of the
free Pt/TiO2 sample.
From a comparison ofFigs. 5 and 6(i.e., TPD experi-
ments under He and H2 flows), it is easily concluded that
CO desorbs in all cases at higher temperatures under H2 flow
hen annealing was carried out under He flow over the catalyst. Inset

d

Fig. 6. COL peak areas normalised to the higher measured intensity
function of the annealing temperature for Pt, Pt–Mo and Pt4–Mo supported
on TiO2 catalysts. Initially the sample was exposed to 7% CO/He for 30
and then annealing was carried out under H2 flow over the catalyst.

than it does under He flow. In the case of Ptx–Mo catalysts
the effect of hydrogen is significantly more prominent.

4. Discussion

4.1. Arrangement and electronic interaction between Pt
and Mo on TiO2 support

To be in the position to discuss and conclude on the
gin of the catalytic and specifically the adsorption/desorp
properties of Ptx–Mo/TiO2 catalysts, the arrangement a
interaction of the various components on the support sh

be clarified. The main experimental observations based on
XPS, DRIFTS, and chemisorption experiments can be sum-
marized as follows:
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Table 3
Nominal and experimental atomic ratios of Pt between Pt/TiO2 and Ptx–
Mo/TiO2 samples with total metal loading 5 wt%

Catalyst [Pt/Ti]Pt/TiO2
/[Pt/Ti]Ptx–Mo/TiO2

[Pt/Mo]nom/

[Pt/Mo]expNominal Experimental

Pt/TiO2 1 1
Pt–Mo/TiO2 1.49 1.47 1.56
Pt4–Mo/TiO2 1.12 1.14 1.6

nom, nominal; exp, experimental based on XPS measurements.

1. Pt 4f /Ti 2p XPS signal ratios vary proportionally wit
increasing Mo content, thus indicating that the disp
sion of Pt on the TiO2 support remains constant (Ta-
ble 3).

2. Significant difference is observed between the IR CL
band intensities of the Pt/TiO2 and Ptx–Mo/TiO2 sam-
ples, which, in combination with the corresponding
surface area shown inTable 1, indicates that Mo is
screening a significant part of the Pt surface atoms.

3. The systematically lower experimental Pt/Mo atomic
tios as compared with the nominal ones indicate that
segregates on the Pt crystallite surface.

4. Although according to the aforementioned conside
tion Mo oxide species may cover a significant port
of the Pt surface, the Pt 4f signal is not attenuated wit
increasing Mo content (constant (Pt/Mo)nom/(Pt/Mo)exp,
where nom= nominal, exp= experimental,Table 3).
Based on this observation, we are driven to the c
clusion that Mo is finely dispersed on the Pt crystal
surface, probably in two-dimensional nanoclusters.

5. As shown inTable 2, the Mo species exist in sever
oxidation states, ranging between Mo(III)–Mo(V) o
Pt4–Mo/TiO2 and Mo(IV)–Mo(VI) in Pt–Mo/TiO2, thus
indicating the effect of Pt on the distribution of the M
oxidation states.

6. The bulk variation of the binding energy of the Pt 4f

core level peaks (Fig. 1) for the two Ptx–Mo samples
shows that bulk interaction takes place between Mo
ide species and Pt, indicating the formation of solid
lution between the two species.

Summarising the aforementioned considerations, it is
sonable to assume that Pt forms a solid solution with
oxide species. These particles are dispersed on the TiO2 sur-
face, while upon them oxidized Mo aggregates are depo
in a two-dimensional cluster arrangement. Thus an exten
effect on the electronic properties of Pt is expected to af
its chemisorptive and in general catalytic properties.

4.2. Thermal desorption of CO under He and H2

atmospheres

Several researchers in the past proposed that the pro

ing role of Mo on Pt for its high CO tolerance is due to its ox-
ogenic nature, which, especially in the form of MoO(OH)3,
can easily supply OH species that can readily oxidize CO
atalysis 232 (2005) 127–136
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adsorbed species on Pt[10,25,37]. Based on this conclusio
and taking into account the evidence from the XPS m
surements (Fig. 3) that the main oxidation state of Mo
most probably related to MoO(OH)3, it is quite reasonable
to assume that the complete depletion of COL species even
below 370 K for the case of Ptx–Mo samples (Fig. 5) can
be due to its oxidation by the highly active OH species s
plied by MoO(OH)3 at the boundaries of the MoOx clusters
that are distributed on the Pt surface. The high dispersio
Mo species on the Pt particles results in a highly exten
Mo oxide-Pt-gas phase three phase boundaries and c
quently in a significant increase in the reaction zone[38].

As depicted inFigs. 5 and 6, the desorption behavior o
COL under He flow (Fig. 5) is quite different from that ob
served under H2 flow (Fig. 6). In all cases, under H2 flow,
the COL desorption temperature increases even by 100
especially in the case of Ptx–Mo samples. To understan
this behavior it is reasonable to expect the interaction of
exposed samples in H2 atmosphere to result either in the r
duction of the catalysts surface or in the hydrogenation o
COL species. The latter consideration can be excluded, s
adsorbed CO species under H2 flow desorb in all cases a
temperatures higher than the corresponding desorption
peratures under He flow. In this respect, as will be discus
further on, the effect of H2 is more likely to correlate with
the reduction of the Pt surface. Considering that H2 is com-
petitively reacting with the same oxidic species that re
with and oxidize COL, it can be easily understood why COL
species desorbs at significantly higher temperatures, a
picted inFig. 6.

It is worth noticing that in the case of Pt4–Mo, in the COL
desorption curve ofFig. 6, two regions can be observe
The low-temperature desorption region, which is exten
to 350 K, has characteristics similar to those of the c
responding curves ofFig. 5 obtained under He flow. Thi
can be attributed to the oxidation of COL species situated a
the boundaries of the Mo oxide species. In contrast, in
high-temperature region, the COL species, which are mos
probably situated at a critical distance from the Mo ox
boundaries, desorbs from the Pt surface at a higher tem
ture. This can be realized in terms of the longer character
diffusion time needed to approach the Mo oxide bounda
in comparison with the corresponding characteristic re
tion time of H2 with the hydroxyl species originating from
the MoO(OH)3. The aforementioned consideration, in acc
dance with the above discussion on the structural arra
ment of the Pt and Mo phases, is also supported by the
that among the three samples, Pt4–Mo shows the highes
coverage by the Mo oxide species and most probably
highest ratio between the boundary length and the fre
surface.

In the case of the Pt/TiO2 sample, the∼ 33 K increase
in the COL desorption temperature cannot be attributed

oxidation and desorption processes, under He and H2 respec-
tively, as in the aforementioned cases of Ptx–Mo samples.
Under He and H2 flows the main depletion process of the
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COL species is their desorption from the surface. Thus
discussed further on, the difference in the desorption t
peratures under He and H2 flows shows strengthening of th
Pt–CO adsorption bond, which is induced under H2 flow due
to metal support interactions.

The effect of Mo oxide species on the modification of
chemisorptive properties of Pt can be deduced by the
that CO desorption from the Pt4–Mo/TiO2 sample under H2
flow takes place approximately 70 K below the correspo
ing desorption temperature for the Pt/TiO2 sample (Fig. 6).
Thus in the case of the Pt4–Mo/TiO2 sample, COL species
are less strongly bonded on the Pt surface atoms.

The aforementioned observations are corroborated b
corresponding IR band shifts of the linearly adsorbed C
As depicted inFig. 4b, the blue shift by 14 cm−1 observed
for the case of Pt4–Mo/TiO2 denotes a less strongly bond
CO molecule on the Pt surface, and the corresponding
shift under H2 flow denotes a more strongly bonded C
The CO bonding strength with the Pt surface is mainly
termined by the dipole moment that develops because o
back-donation of electrons from the metal to the 2π∗ anti-
bonding orbital of the carbon/oxygen bond. Thus the hig
the degree of electron back-donation, the stronger is the b
strength of linearly adsorbed COL on the Pt surface, and th
corresponding IR band is shifted toward lower wavenu
bers because of the weakening of the carbon/oxygen b
[27,39]. These observations are in good agreement w
other electrochemical studies in the literature, which sh
that Pt4Mo composition exhibits the highest tolerance in C
poisoning among all Pt–Mo compositions[11].

4.3. Metal support interaction (SMSI)

In a recent publication Wahlström et al.[40] reported on
the nature of bonding of Au nanoclusters on rutile TiO2, thus
providing a deeper insight into the ability of TiO2 to de-
velop strong and effective metal support interactions. F
a combination of scanning tunneling microscopy (ST
and density functional theory (DFT) calculations, they c
cluded that Au nanoclusters are more effectively bonded
the TiO2 support when they are combined with existing
vacancies on the TiO2 substrate. In this respect the exp
sure of the catalyst under redox conditions, which can af
the concentration of the O vacancies, is expected to ind
chemical and structural alterations in the properties of
supported metal nanoparticles. Certainly these oxygen
cancies are accompanied by the partial surface reductio
Ti4+, which in the present study could not be detected
XPS, most probably because of the low sensitivity of
technique, which is caused by the overlap of the strong
nal of Ti 2p from the bulk of the TiO2 support.

Another very interesting approach concerning SMSI
been reported in a comprehensive study by Vayenas an

workers[41,42], who have explicitly reported that the nature
and origin of the SMSI effect on ionic supports like TiO2,
ZrO2, or CeO2 is due to the back-spillover of O2− ions onto
Catalysis 232 (2005) 127–136 135
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the metal crystallites, so that the Fermi level of the suppo
metal catalyst is aligned with that of the support. These io
oxidic species form an active double layer, with the me
surface acting as a promoter for the supported metal c
lysts, thus inducing an increase in their work function, es
cially at temperatures where the mobility of O2− ions is high
enough.

Beyond the migration and spillover of O2− ions, a simi-
lar mechanism and driving force can also be understood
be applicable, at lower temperatures, in the case of hydr
ionic (OH−) species, which are adsorbed on various ox
surfaces and are characterized by different surface mo
ties and adsorption strengths, depending on the nature o
oxide. TiO2 or even more molybdenum oxides are char
terized by the fact that they can accommodate large qu
ties of hydroxyl ionic species, which exhibit high mobili
and consequently a high spillover effect on Pt metal crys
lites [43], compared with SiO2 and Al2O3. As indicated by
IR and XPS spectroscopy, the depletion of hydroxyl spe
OH− from the catalyst surface is accompanied by the pa
reduction of the deposited Pt particles (Fig. 2) at tempera-
tures below 520 K, whereas in the case of SiO2 and Al2O3
their desorption takes place above 870 K.

In a way similar to the case of O2−, the spillover of OH−
species on the Pt surface and the formation of an active
ble layer of OH− with Pt surface atoms is expected to indu
such alterations in the work function or correspondin
in the Fermi edge of Pt so that the electron back-dona
on the COad molecule is significantly affected (through th
metal interactions). Thus it is expected that the aforem
tioned active double layer, as in the case of the O2− double
layer of catalysts deposited on ionic supports[42,43], will
cause a decrease in the Fermi level or, correspondingl
increase in the work function of the Pt surface. Conseque
it is assumed that the bonding strength of the COad mole-
cule, as an electron acceptor, will become weaker, resu
in a decrease in the degree of electron back-donation
the antibonding orbital of the COL, thus inducing an IR ban
shift toward higher wavenumbers. This is true if we consi
the 10 cm−1 red shift of the COL IR band when changin
the flow from He to H2. Furthermore, the 14 cm−1 blue shift
in the IR band that is observed for the Pt4–Mo/TiO2 sample
can also be attributed to the oxogenic nature of Mo and
ability to promote OH− spillover onto the Pt surface and
the interaction of Mo oxides with the Pt surface.

Certainly the survival of OHad on the Pt surface is quit
limited, since it is directly reacting to the production of H2O
and Oad. However, the reactivity of the OH− species is ex
pected to be significantly lower than that of the normally
sorbed OHad, so that an effective double layer can be form
that may induce changes in the electronic properties o
The promoting role of OH− was shown in electrochemic
promotion experiments, where the positive polarization

Pt black gas diffusion electrode immersed in KOH aqueous
electrolyte induced significant promotion of the catalytic ac-
tivity of the Pt electrode/catalyst[44,45].
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5. Conclusions

Although we cannot say for sure which of the aforem
tioned models is the most suitable for explaining the
results, the truth certainly lies within a synthesis and co
bination of the aforementioned models and ideas. There
according to the above-described experimental results
can deduce that Mo oxides and Pt are probably in intim
contact with each other either through the formation of s
solutions or through the distribution of Mo oxide on the
particles surface. In this respect, Mo oxide species may
mote the oxygen or hydroxyl spillover onto the Pt surfa
which can readily react at the Mo oxide–Pt boundaries w
CO toward CO2 formation or can induce modifications o
the electronic properties of Pt, thus affecting the strengt
the chemisorptive bond of COL species with the Pt surfac
atoms.
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