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Abstract

CO adsorption was studied on Pt and-F¥o (x = 1, 4) catalysts supported on Ti®y means of temperature-programmed desorption
(TPD) and diffuse reflectance Fourier transform infrared spectroscopy (DRIFTS), and significant information on the structure, arrangement,
and chemical state of Pt and Mo on the %i@upport was obtained by a combination of XPS, ¢hemisorption, and DRIFTS. It was
concluded that the Mo oxide species forms a solid solution with Pt, while a significant part of the Pt surface atoms are screened by two-
dimensional Mo oxide nanoclusters. This structural arrangement results in the modification of the chemisorptive properties of Pt, and XPS
measurements show that it is partially oxidized; this oxidation state is closely related to the concentration of hydroxyl species on the catalyst’s
surface. TPD experiments carried out under He flow had shown that the linearly adsorpeg&i@s on the P+Mo/TiO, samples desorbs
at temperatures below 375 K, which is almost 100 K below the G@ecies desorption from Pt/T)OThis low desorption temperature
of CO was attributed to its chemical oxidation at the boundaries of the Mo oxide nanoclusters by the OH species supplied by #100(OH)
which was detected by XPS as the most abundant oxidation state. In addition, the execution of TPD experimentsfiovdeestilted in
the desorption of the COspecies for all three samples at significantly higher temperatures, 460, 425, and 390 K, fop, R{F@o/TiOp,
and P;—Mo/TiOo, respectively.
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1. Introduction powers fuel cells by converting chemical into electrical en-
ergy[2]. The electrocatalytic properties of Pt/Ti@re also

Titanium dioxide-supported platinum is one of the most under study to probe its potential use as a reliable electro-
investigated systems in the area of model and realistic atalyst for low-temperature polymer electrolyte membrane
metal/metal—oxide systems. This interest has been stimu-(PEM) fuel cell applicationg3,4].
lated by the promotional effect of Pt in photocatalysis, its |t IS Well known that the use of Pt as an electrocatalyst
Use as an oxygen gas-sensor system, and the fact that it is {1 10W-temperature PEM fuel cells gives rise to a major
classic strong metal support interaction (SMSI) system with Problem. The Pt metal surface is easily poisoned by trace
many catalytic applicationgl]. Of special interest is the amounts of CJ2]. Binary (alloys or segregated metal par-

dehydrogenation of organic compounds in a fuel processorﬂdes) Pt_.M gatalys_tj (ngre tI:& Fi_u, Sh, Re, Rh or MtO)I ¢
or reformer as an attractive way to generate hydrogen that ave received considerable attention as promising catalysts
to increase the efficiency of CO oxidation on[®}. Further-

more, the most important issues in contemporary fuel-cell
* Corresponding author. Fax: +30 2610 965223. electrocatalysis are related to developing a material that ei-
E-mail addressneoph@iceht.forth.giS.G. Neophytides). ther oxidizes CO or adsorbs a limited amount of CO while
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still being capable of oxidizing hydrogen at an acceptable After treatment the sample was cooled to room temperature
rate. under the same #Ar flow with a cooling rate of 2/min.

Of the Pt—M binary systems, Pt—Ru has been studied in Two Pt/Ti0G, samples of 5 and 10 wt% Pt loading were pre-
the greatest detail, as this is still one of the most stable andpared. The Pt/Ti@and Pt—Mo/TiQ samples were prepared
active CO-tolerant catalysts under practical conditions. The with a constant total metal loading of 5 wt%. Two,Fio
origin of the role of Ru is not yet completely understood; samples with PtMo atomic ratios ofc = 1 and 4 were in-
however, it is now widely accepted that the mechanism by vestigated, and monometallic 5 wt% Pt/i@nd Mo/TiQ,
which CO is removed from the PtRu surface is the so-called were also prepared and measured for comparison.
bifunctional mechanism suggested by Watanabe and Mo-
too [6,7]. According to this mechanism, CO adsorbed on Pt 2 2 XPS and hydrogen chemisorption measurements
is oxidized preferentially by an oxygen-containing surface
species as adsorbed gHAlthough the exact nature of this

oxidic species is not yet clear, the role of Ru is to provide pressure 8< 1010 mbar) equipped with a hemispherical
nucleation sites for the aforementioned oxygen-containing electron energy analyzer and a twin-anode X-ray gun, which
species. An alternative explanation is the so-called ligand ef- has been described elsewhgtd]. The sample, which ,vvas
fect, whgre Minfluences the' Pt.—CO .bondmg by affecting the mounted on a transfer rod probe, could be easily transferred
electronic s_tructure_ of the binding s_|t_e on [B19]. Unfortu- from the load lock chamber, where it could be treated with
nately, the interest in Ru as an additive in fuel-cell catalysts gases at atmospheric pressure and elevated temperatures
is reduced somewhat by its high price and limited availabil- into the UHV chamber. The nonmonochromatized Al-K ’
ity. This is WhY.the substitution of other, cheaper and more line at 1486.6 eV and a constant pass energy mode for the an-
abundant additives for Ru has been suggefaei . . alyzer were used in the experiments. Pass energies of 97 eV
Molybdenum seems to be one of these potentially inter- o, 1o in 5 half width at half-maximum (FWHM) of 1.8 eV

esting additives, since it is inexpensive and Iargel_y avail- for the Au 4f7,2 peak of a reference foil. The energy scale
able. Furthermore, recent experimental and theoretical stud- . .

. of the spectrometer was calibrated with both the Afi/4
ies have suggested that Pt—Mo could be a better catalyst forIine at 84.0 eV and the Ni ), line at 852.4 eV of care-
CO oxidation than Pt-R{10-13] This enhanced perfor- : /2 '

mance that contrasts with Pt—-Ru was ascribed to the Iackfu”y cleaned polycrystaline Au and Ni f0|_ls, resp ect|v_e ly.
. . .~ ~"The sample temperature was measured with a Ni—CrNi ther-
of adsorption of CO on Mo, which leaves more adsorption

sides for oxygen-containing species that are acting as COmocouple, which was mounted in the sample holder. Curve

T . . . fitting was performed with a least-squares curve-fitting pro-
oxidation reagents (in the framework of a bifunctional mech- . ) . . .

. . S . gram based on a mixed Gaussian/Lorentzian function, which
anism), or to changes in the Pt—Pt atomic distance, which

modify the Pt—CO adsorption enerf2]. accounted for the band asymmetry to higher binding ener-

In the present communication, the adsorption of CO on gies in the core level spectra of metallic species. All spectra
well-characterized Pt. Pt—Mo ar,1d4PMo catalysts sup- were obtained at room temperature, after the. sample was
ported on TiQ is discussed. The CO adsorption was fol- heated at 570 K under agtitmosphere for 30 min, and the

lowed by temperature-programmed infrared spectroscopyggf'gg\i3 nekr]glﬁs (BE)I were referer;(i)ed to the }C lihe a_t dabl
under He and K atmospheres, and the catalyst's chem- <°7-° €V, WhiCh was always present because ot unavoioable

ical state was characterized ex situ in ultra-high-vacuum carbon contamination. The uncertainty in the determination
conditions by X-ray photoelectron spectroscopy. It will be of the binding energy values was estimated to be 0.1 eV, and

shown that Mo additives significantly modify CO adsorp- thatin calc.ulated atqm|c ratios was about 10%'
tion/desorption characteristics on Pt, leading to lower CO . Adsorption expenments were performed in a conven-
desorption temperatures as compared with monometallicFIonal glass volumetric system (Quantachrome Autosorb-1)
PYTIO, catalysts. ina hydrogen pressure range from 0—-80 to 800 mmHg, after
being reduced in situ in flowing hydrogen and outgassed at

520 K.

XP spectra were collected in an UHV chamber (base

2. Experimental
2.3. DRIFTS and temperature-programmed DRIFTS

2.1. Catalyst preparation studies

Pt—Mo/TiO, catalysts were prepared via wet impregna-  Diffuse reflectance infrared Fourier transform spectro-
tion of Pt and MoQ acetylacetonates (Aldrich Chem. Co) scopy (DRIFTS) measurements were performed in a Bruker
on TiO,, anatase (Hombikat Sachtleben; surface atea (Equinox 55) FTIR spectrometer. The powdered catalysts
200 n?/qg). After drying, the catalyst precursors were loaded were placed on the sample holder of a small internal vol-
into the DRIFTS reactor cell and were treated in flowing ume ¢ 2 cn?) homemade diffuse reflectance IR cell reactor
Hao/Ar mixture; the temperature was varied at a ramp rate of sealed with a ZnSe window. The gases at the outlet of the IR
2°/min up to 570 K. The sample was kept at 570 K for 2 h. cell reactor were analyzed with a QMS (Omnistar). The cell
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allowed continuous gas flow through the catalyst bed dur- samples does not correspond to the real particle size of the

ing spectra acquisition, and the sample could be heated toPt,—Mo particles.

673 K at a ramp rate of 8gmin. The temperature of the cell

was monitored with a K-type thermocouple mounted inside 3.1.2. Oxidation states of Pt and Mo

the catalyst powder. All IR measurements were carried out  Fig. 1 depicts Pt 4 XP spectra for Pt, Pt—-Mo, and /2t

at atmospheric pressure. The spectra were acquired at a resvlo supported on Ti@, after they have been heated at 570 K

olution of 4 cnT?, typically averaging 200 scans for steady under a H atmosphere. The Ptf4spectrum of a metallurgi-

state and 15 scans for temperature-programmed experimentsally prepared monophase PtMo alli8} is also presented

within a temperature range of 4legrees, and the tempera- for comparison. The PtA4binding energies of Pt/Ti§) Pt—

ture was ramped at 20min. Background spectra were ob- Mo/TiO,, and Pi—Mo/TiO, are located at 71.1, 71.6, and

tained from samples at room temperature in a flow afAll 70.75 eV, respectively, and the binding energy of the metal-

DRIFTS data were transformed into Kubelka—Munk units, lurgically prepared sample is located at 71.5 eV. The shape

which are linearly related to the adsorbed species surfaceof the Pt 4f spectra for the Ti@-supported samples reveals

concentration. the existence of more than one Pt species. Their deconvolu-
The experimental procedure followed in the combined tion, as discussed later, indicates the existence of oxidized

temperature-programmed DRIFTS (TPD-IR) experiments states induced by OHor O species. The intensity ratio, as

was identical in every experimental set. Before each set of measured on a Pt foil, of the Pf4doublet components was

experiments the catalyst was heated under pyrédw at 3:4, and their splitting energy was 3.3 eV. The locations of

573 K for 30 min. Then it was cooled to room tempera- the major peaks of Pt &> photoelectron spectra are 71.1,

ture, at which point H flow was switched to 7% CO/He 71.48, and 70.75 eV for the cases of Pt/Zj@t—Mo/TiOp,

flow for 30 min. Subsequently the sample was purged with and P§—Mo/TiO,, respectively. Cluster size effects that can

pure He flow for 2 min and then annealed under the de- cause BE increases up to 0.7 eV are excluded because of

sired gas flow (He or b) at a constant temperature rate of

10 K/min and a gas flow rate of 12 &ymin. No CO absorp- Pt® PtOH), pto

tion bands were detected on Mo oxide, whereas E@atase e L

support chemisorbed CO weakly under the present experi- !

mental conditions, as confirmed by separate CO absorption

experiments on these substrates. Thus it is reasonable to as

sume that practically only Pt provides active sites for CO

adsorption.

3. Results
3.1. Characterization of Pt—Mo/Tioand Pt/TiQ catalysts

3.1.1. Surface composition of the catalysts

Surface atomic ratios calculated from XPS peak inten-
sities and atomic sensitivitigd 5], assuming uniform dis-
tribution of all elements, are compared with the nominal
atomic composition to obtain information about the compo-
sition of the surface and the dispersion of the active phases.
In Table 1the nominal surface atomic ratios and the calcu-
lated (experimental) surface atomic ratios are summarized
for Pt,—Mo/TiO, (x = 1, 4) catalysts. In addition, Pt sur-
face area, particle size, and dispersion, as derived in hydro-
gen chemisorption experiments, is also included only for
the PUTIQ sample. The significant decrease in Pt surface
area for the RMo samples, as discussed later, and taking
into account the information from the FTIR and XPS exper-
iments, indicates that Mo species are screening a significant — 71—
portion of the Pt surface atoms. This is also corroborated by 68 70 72 74 76 78 80 82
the fact that the XPS-measured Pt/Mo experimental atomic
ratios are lower than the corresponding nominal atomic ra-
tios. Nevertheless, the particle size estimated based,on H Fig. 1. Deconvoluted Pt A XP spectra of PtMo alloy and Tisupported
chemisorption measurements for the cases gffRo/TiO» Ptand Pt-Mo catalysts.

XPS signal

Binding energy eV
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Table 1
Pt active surface area, dispersion and mean particle size derived by hydrogen chemisorption experiments and nominal and experimentaligidetRed ato
ratios

Catalyst Pt surface Mean particle Dispersion Nominal atomic ratio Experimental atomic ratio
area (n/g) size (nm) (%) Ti/O PYMo Ti/Oo PYMo

Pt/TiO, 1.23 83 14 a5 0.42

Pt—Mo/TiO, 0.46 - - 05 1 045 064

P2—Mo/TiOy 0.19 - - 05 4 045 25

XPS signal

(b)

68 70 72 74 76 78 80 82 528 530 532 534 536
Binding energy, eV

Fig. 2. Deconvoluted PtAand O ¥ XP spectra of 10 wt% Pt/Ti@catalysts before (a) and after (b) the exposure/reductionifidw at 573 K.

the rather large particle, which is larger than 2 fir6—19] der vacuum. The binding energy of P¥ 4hotoelectrons
From hydrogen chemisorption experiments the mean parti- is located at 72.8 eV beforeHeduction, and it is decon-
cle size measured for the case of Pt/Ti€ample is 8 nm  voluted into two peaks with binding energies at 72.8 and
(Table 1), and though for the case of RMo the estimation 74.6 eV. After heating, a major Ptf4state at 71.34 eV ap-
of the patrticle size is not reliable because of the screeningpears, together with the state at 72.8 eV and a smaller peak
of the Pt surface atoms from Mo species, the size of the Pt—at 75.2 eV. The peak at 72.8 is attributed té'Pbecause of
Mo particles, as discussed further on, is not expected to beits combination with OH or O specieg20], and the peak
below 8 nm. Although the location of the binding energy at 74.6 and 75.2 is attributed to PtGpecied21]. Interest-
of the major peak of Pt in the Pt—Mo/TiGample is very ingly, after heating, the corresponding ®XP spectra show
close to the corresponding peak location of the PtMo alloy, a pronounced decrease in the intensity of hydroxyl species
the identification of Pt in Pt—Mo/Ti@with PtMo alloy is (Fig. 2b, BE=532.2 eV), in direct correlation with the re-
not straightforward. Nevertheless, the variation of the bind- duction/transformation observed with Pt speckag(2a). In
ing energy of the Pt # major peak for the samples depicted conclusion, this experiment strongly indicates that oxidized
in Fig. 1strongly indicates the effect of Mo on the electronic Pt species that are formed on the Fi€dirface are most prob-
properties of Pt. It is worth noticing that within the detection ably originating from the diffusion (spillover) of OHfrom
depth of XP measurements we did not detect any Pt specieghe TiO, support onto the Pt crystallites.
whose binding energy is located at the value of pure Pt (70.9  Fig. 3 shows Mo ¥ XP spectra for the Pt—Mo/Ti®
eV). This observation strongly indicates that Pt forms bulk and Mo/TiG, catalyst (bottom curve) and the correspond-
solid solutions with the Mo species, which exist only as ox- ing spectrum of the PtMo alloyed reference sample. As can
ides (read below). be deduced from the shape of the Ma 8urves for the

To understand the origin of the oxidation states of Pt de- TiO»-supported samples, Mo exists in various Mo oxida-
posited on TiQ, XP spectra for Pt # photoelectrons are tion states overlapping at the Md 3egion. The distribution
shown inFig. 2a that were taken for the cases of 10 wt% of Mo oxidation states was estimated by deconvolution of
Pt/TiO, before and after heating of the sample at 36Qn- 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 d/jpedik

Catalyst Mo (Il Mo (IV) Mo (V) Mo(VI)
BE Ratio (%) BE Ratio (%) BE Ratio (%) BE Ratio (%)

Mo/TiO2 2300 22 2314 31 2328 47
Pt-Mo/TiO, 2297 23 2314 61 2328 16
P4—Mo/TiO, 2282 15 2297 40 2314 45

o ﬁol(lvl) IMOI(VII)I o was observed at 227.8 eV, where the MbBak for PtMo

Mo (I Mo (V) : alloys was found previouslj3,10].

3.2. DRIFT spectroscopy study of CO absorption over
PtMo alloy Pt,—Mo/TiQ, and PH/TiQ catalysts
Mo/TiO 3.2.1. H treatment, dehydroxylation, and water desorption

\ 2 Hydrogen treatment at 570 K, before CO exposure, does
not show any significant reduction of TiGupport, as was
found by XPS. However, during heat treatment, DRIFTS
data for the sample undenrtér He show gradual desorption
of water and depletion of hydroxyl species mainly from the
TiO, support. This is observed in the diminishment of the
sharp peak at 1640 cm and the broad absorption band in
the range of 2500-3700 cth, respectively, for all samples
examined (spectra not shown for brevif@p]. Exposure of
the sample in He or Hiflow again at low temperature results
in the gradual development of these bands due to the restora-
tion of water and hydroxyl groups mainly by the residual
water in the flow system, although it should exist in almost
undetectable concentrations.

Pt,

XPS signal

T T T T T T T T T
224 228 232 236 240
Binding Energy, eV 3.2.2. CO absorption over Pt and RPtMo catalysts

DRIFTS measurements were performed to study the CO

Fig. 3. Deconvoluted Mo 8 XP spectra of TiQ supported F}C_t—Mo cat- absorption on Pt-Mo supported catalystay. 4 shows the

alysts. At the top of the graph the spectrum of a metallurgically prepared . .

PtMo bulk alloy is also presented for comparison. normalized IR bands of the adsor_bed CO species on Pt and
Pt,—Mo catalysts supported on TiOThe G=0O stretching
frequency on Pt has traditionally been interpreted in terms of

ratio of the Mo 3 doublet components was 2:3, and their the CO adsorption site. Frequencies in the 1950-2100'cm

splitting energy was 3.2 eld5]. The results of this analysis  region have been assigned to CO linearly coordinated to Pt

are summarized ifiable 2 Each spectrum was composed of sites (denoted as G®, and frequencies within the 1950-

three characteristic doublets. The Mds® peak at 228.2— 1750 cnt? region were assigned to multibonded, bridged,

228.4 eV may be assigned to MgQOwhere O< x < 4. In and threefold bonded CO species (denoted ag$)J26].

particular, the Mo 3 peak around 228.4 eV was previously The adsorption of CO on cationic’Pt sites has been ob-

attributed to M3+ of Mo,Oz [22,23] These species are served within 2184—-2120 cm [27,28] These species, in
detected only at a high Pt/Mo ratio, and their existence is some cases, especially when the metal particle is supported
probably due to hydrogen pretreatmdB®]. The peak at  on zeolited28], are very weakly bonded to the Pt sites, and

229.7 eV is characteristic of Moompound$15,22]with they desorb from the surface upon evacuation at room tem-

the metal oxidation state Md. The peak at 238+ 0.1 eV perature. Hadjiivanoj27] concluded that the co-adsorption

is the most abundant species found in all samples and mayof water molecules can cause the shift of the IR band of the

be attributed to molybdenum compounds with the metal adsorbed CO on Pt sites from 2138 cm! to 2114 and

in oxidation state M®", probably M@Os or MoO(OH) 2088 cn1l. The authors interpreted this by considering that

[24,25] Finally, the component around 232.8 eV is due to H,O can act as an electron donor (Lewis base) to the Pt

Mo®t states of MoQ [15,22] After hydrogen pretreatment  site, so that the electron density will increase, thus affecting

(not shown), M&* species increase at the expense ofMo  the electron back-donation to the C@*2antibonding or-

states, in agreement with previous studies of molybdenum bital. Nevertheless, in the present study we did not detect any

oxide hydrogen treatmef22]. Nevertheless, no XPS signal IR absorbance within the aforementioned range, though the
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probably originates with superimposition of the various Pt
sites with relatively close absorption frequencies.

The multibonded CO species is located at about
1810 cnr, as is evident from the right part &ig. 4b. The
intensity of these species was significantly lower than that
of the linear species. This does not necessarily mirror the
actual CQ/COyp species proportion on the surface, since
the extinction absorption coefficient of the linear species is
higher than that of the bridge bonded spedi&2]. How-
ever, it is worth noting that the addition of Mo to the surface
affects the relative COCOyp proportion among the sam-
ples. In particular, with increasing Alo atomic ratio, the
measured CQO/COyg ratio increases. In other words, Mo
2074’ 2000 o v/ ' ' ' seems to affect Czs sites tp a Iarger extent than it does

L COL. Nevertheless, the low intensities of the IR band of the
: ®) 1819cm" COwp species do not permit a clear view during annealing

: experiments and will not be interpreted below.

Pt,Mo/TiO,

K-M units

TiO,

T T T T
2300 2200 2100 2000 1900
wavenumber / cm”

1000 3.2.3. Temperature-programmed desorption of CO under
i He flow
J\/\ Thermal desorption infrared experiments (TPD-IR) of
Po T, 500 CO adsorbed on RP+Mo/TiO, and PY/TiQ catalysts were
PLITIO, : carried out to get a deeper insight into the CO—Pt desorption
, : : y , , . characteristics and consequently the strength of its bond with
Z00 20 200 10 A0 0 170 the Pt surface. Since the DRIFTS signal depends on the pen-
wavenumber / cm etration depth of the infrared beam into the powder sample
Fig. 4. (@) DRIFT spectra under 7% CO/He flow at 300 K. (b) Normalized and it is a strong function of the particle size and packing
in intensity DRIFT spectra taken at 300 K for saturation coverage of CO density, a direct quantitative comparison of CO coverage
adsorbed on 5% Pt, Pt-Mo and;PMo supported on Ti@and subsequent  patyeen the samples based on DRIFT spectra is generally
exposure in He for 2 min (C@s species intensity is properly normalized). not acknowledged33]. Nevertheless, it has been found re-
cently that there is proportionality between the IR band area
. of the CQ_ species and its amount on the Pt surface, which
XPS experiments had shown partly reduced Pt, even afterthedOes not depend on the sample tempera@4 Quantita-
reduction of the samples withaait 350°C. This can most e stydies were performed on each sample by FTIR spec-
probably be attributed to the coexistence of water on the cat-yrqscopy at various temperatures. To compare quantitatively
alyst surface, which may destabilize thé Psites or induce the trends in CO coverage between the samples during lin-
the shift of the band and therefore its overlapping within the 5, ramping of temperature, the ratios of the 08 band
range of the CQ band that is being detected because of the jntensity at a given temperature to the higher IR band inten-
CO adsorption on reduced Pt. Instead a band with a maxi-sity (1,¢) are illustrated graphically iffig. 5for all samples

mum around 2000 cmt (Fig. 4a) was detected under CO  examined. This intensity ratio gives the relative coverage of
flow, which readily desorbs upon evacuation. These speciescq species at each temperature.

Pt,Mo /TiO,

K-M units

were attributed to CO adsorption on the 3i®upport, @8 |n the case of monometallic Pt catalyt goes through
the same absorption band was observed in reference experia maximum at 360 K and declines monotonically thereafter,
ments that were carried out on a plain 3i€ample. approaching zero at 500 K. The derivative of the(Ire|)

Abroad CQ peak centered at 2060 cthdominates the  curve represents simulated temperature-programmed des-

IR band of the Pt/TiQ catalyst in the left part dfig. 4b after orption curves, as has been reported previol35]. Ac-

CO gas-phase evacuation. The Cland was blue shifted  cording to this procedure, the maximum C@esorption rate

to 2064 and 2074 cm for PtMo and PtMo, respectively. on PY/TIQ is located at 420 K (see inset &ig. 5. The
Depending on catalyst preparation and treatment, the CO main observations depicted Fig. 5 for Pt/TiO, are con-
peak band maxima for CO absorption on Fi€upported  sistent with previous findings for Pt catalysts supported on
Pt catalysts were reported at frequencies varying betweenAl,03 [35,36] according to which the maximum GQiles-
2090 and 2050 cmt [26,29-31] The CQ band position orption rate was found in the temperature range of 390 to
is sensitive to various factors, such as catalyst dispersion,420 K[35]. On the other hand, Pt—-Mo/Tizatalysts exhibit

Pt particle microstructure (steps, crystal phases, etc.), andsignificantly different curve profiles, which correspond to a
charge transfer in the vicinity of Pt adsorption sites. Thus, much faster CQ depletion rate. In particular, the CGirea

the increased IR peak width observed at the PtfTi&talyst decreases steadily without exhibiting any initial increasing
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(CO, Coverage)

rel

I

o

N
1

o
o
1

1* derivative

300 350 400 450 500

Temperature / K

—=—PYTiO,
—e— PtMo/TiO,
—O— Pt,Mo/TiO,

300 350 400

450 500 550

Temperature / K

Fig. 5. CQ_peak areas normalised to the higher measured intensity as a function of annealing temperature for Pt, Pt—Md/@nsupported on TiQ

catalysts. Initially the sample was exposed to 7% CO/He for 30 min and then annealing was carried out under He flow over the catalyst. Inset: Peak area

derivative of Pt/TiQ TPD curve.

stage or any inflection point, whereas complete desorption
of CO is observed already at 370 K. In addition, the pro-
files obtained for the various catalysts with differentN2o
atomic ratios are quite similar, indicating that this factor is
not decisive for the COdesorption profiles.

3.2.4. Temperature-programmed desorption of CO under
H> flow

The exposure of CQadsorbed species intaffects both
its IR band position and its desorption temperature. It is
worth noting that a systematic red shift of about 10ém

for all catalysts exposed to hydrogen has been observed, and

the blue shift for various Pt/Mo ratios is similar to that ob-
served under He flow. The Gpeak for monometallic Pt
catalyst appears at 2053 ch whereas a pronounced blue
shift, which increases up to 15 cth is observed for the Pt—
Mo catalysts.

The evolution of the relative COcoverage upon sample
annealing with 20 Kmin under hydrogen flow is depicted
in Fig. 6, wherel,e evolution of Pt/TiG and Pt—Mo/TiO2
catalysts is plotted against temperature. The. Gpecies
desorbs at higher temperatures from the PtfB&mple, fol-
lowed by Pt—Mo/TiQ and P§—Mo/TiO,, respectively. The
maximum desorption rates of the €Opecies, being propor-
tional to the derivative of ¥ I with respect to temperature
(similar to the inset ifrig. 5), are located at 460, 4125, and
3904 5 K for the Pt/TiQ, Pt—-Mo/Ti®,, and Pi—Mo/TiO»
samples, respectively. It is interesting to point out that the

1,04 —0—PUTIO,
' —e—PtMo/TiO,
—O—Pt,MofTiO,
@ 0,8+
(=2}
o
E
3 _
3 0,6
o
S 0,4-
[
0,2+
0,0+
T

400 450
Temperature / K

300 350

Fig. 6. CQ peak areas normalised to the higher measured intensity as a
function of the annealing temperature for Pt, Pt—-Mo ang-Fio supported

on TiO, catalysts. Initially the sample was exposed to 7% CO/He for 30 min
and then annealing was carried out underfldw over the catalyst.

than it does under He flow. In the case of-flo catalysts
the effect of hydrogen is significantly more prominent.
4. Discussion

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

lowest desorption temperature is observed for the sample To be in the position to discuss and conclude on the ori-

with the lowest content of Mo (R+Mo/TiO,) and it is 70 K

below the corresponding desorption temperature of the Mo-

free Pt/TIQ sample.

From a comparison ofigs. 5 and §i.e., TPD experi-
ments under He and Hflows), it is easily concluded that
CO desorbs in all cases at higher temperatures ungléow

gin of the catalytic and specifically the adsorption/desorption
properties of R+Mo/TiO, catalysts, the arrangement and
interaction of the various components on the support should
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 adsorbed species on RD,25,37] Based on this conclusion
Nominal and experimental atomic ratios of Pt between PgTadd P§— and taking into account the evidence from the XPS mea-
Mo/TiO2 samples with total metal loading 5 wt% surements Fig. 3 that the main oxidation state of Mo is
Catalyst [PYTilpytio,/[PY Tilpt,—mo/Tio, [Pt/Molnom/ most probably related to MoO(OBHl)it is quite reasonable
Nominal Experimental [PYMolexp to assume that the complete depletion of Cspecies even
PUTIO, 1 1 below 370 K for the case of RtMo samplesKig. 5 can
Pt-Mo/TiO, 1.49 147 156 be due to its oxidation by the highly active OH species sup-
Py—-Mo/TiOp 112 114 16 plied by MoO(OH} at the boundaries of the MgQlusters
nom, nominal; exp, experimental based on XPS measurements. that are distributed on the Pt surface. The high dispersion of

Mo species on the Pt particles results in a highly extended

1. Pt 4fITi 2p XPS signal ratios vary proportionally with Mo oxide-Pt-gas phase three phase boundaries and conse-
increasing Mo content, thus indicating that the disper- quently in a significant increase in the reaction z{8&].
sion of Pt on the Ti@ support remains constantg- As depicted inFigs. 5 and 6the desorption behavior of
ble 3. COL under He flow Fig. 5 is quite different from that ob-

2. Significant difference is observed between the IR CO served under biflow (Fig. 6). In all cases, under Hflow,
band intensities of the Pt/TiCand Pt—Mo/TiO, sam- the CQ desorption temperature increases even by 100 K,
ples, which, in combination with the corresponding Pt especially in the case of PtMo samples. To understand
surface area shown ifable 1 indicates that Mo is this behavior it is reasonable to expect the interaction of the
screening a significant part of the Pt surface atoms. exposed samples inghtmosphere to result either in the re-

3. The systematically lower experimental Pt/Mo atomic ra- duction of the catalysts surface or in the hydrogenation of the
tios as compared with the nominal ones indicate that Mo CO species. The latter consideration can be excluded, since
segregates on the Pt crystallite surface. adsorbed CO species undep How desorb in all cases at

4. Although according to the aforementioned considera- temperatures higher than the corresponding desorption tem-
tion Mo oxide species may cover a significant portion peratures under He flow. In this respect, as will be discussed
of the Pt surface, the Ptf4signal is not attenuated with ~ further on, the effect of blis more likely to correlate with
increasing Mo content (constant (Pt/NMeny (Pt/M0)exp, the reduction of the Pt surface. Considering thatisicom-
where nom= nominal, exp= experimental Table 3. petitively reacting with the same oxidic species that react
Based on this observation, we are driven to the con- with and oxidize CQ, it can be easily understood why €O
clusion that Mo is finely dispersed on the Pt crystallite species desorbs at significantly higher temperatures, as de-
surface, probably in two-dimensional nanoclusters. picted inFig. 6.

5. As shown inTable 2 the Mo species exist in several It is worth noticing that in the case of Mo, in the CQ
oxidation states, ranging between Mo(lll)-Mo(V) on desorption curve ofig. 6, two regions can be observed.
P4—Mo/TiO, and Mo(IV)-Mo(VI) in Pt—Mo/TiQ, thus The low-temperature desorption region, which is extended
indicating the effect of Pt on the distribution of the Mo to 350 K, has characteristics similar to those of the cor-
oxidation states. responding curves dfig. 5 obtained under He flow. This

6. The bulk variation of the binding energy of the Pf 4  can be attributed to the oxidation of C¢@pecies situated at
core level peaksHig. 1) for the two Pt—Mo samples the boundaries of the Mo oxide species. In contrast, in the
shows that bulk interaction takes place between Mo ox- high-temperature region, the C@pecies, which are most
ide species and Pt, indicating the formation of solid so- probably situated at a critical distance from the Mo oxide
lution between the two species. boundaries, desorbs from the Pt surface at a higher tempera-

ture. This can be realized in terms of the longer characteristic
Summarising the aforementioned considerations, it is rea- diffusion time needed to approach the Mo oxide boundaries
sonable to assume that Pt forms a solid solution with Mo in comparison with the corresponding characteristic reac-
oxide species. These particles are dispersed on thesti tion time of Hy with the hydroxyl species originating from
face, while upon them oxidized Mo aggregates are depositedthe MoO(OH}. The aforementioned consideration, in accor-
in a two-dimensional cluster arrangement. Thus an extendeddance with the above discussion on the structural arrange-
effect on the electronic properties of Pt is expected to affect ment of the Pt and Mo phases, is also supported by the fact

its chemisorptive and in general catalytic properties. that among the three samples,o shows the highest

coverage by the Mo oxide species and most probably the
4.2. Thermal desorption of CO under He ang H highest ratio between the boundary length and the free Pt
atmospheres surface.

In the case of the Pt/Ti©sample, the~ 33 K increase
Several researchers in the past proposed that the promotin the CQ desorption temperature cannot be attributed to
ing role of Mo on Pt for its high CO tolerance is due to its ox- oxidation and desorption processes, under He gnespec-
ogenic nature, which, especially in the form of MoO(@H) tively, as in the aforementioned cases of-fMo samples.
can easily supply OH species that can readily oxidize CO Under He and K flows the main depletion process of the
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COL species is their desorption from the surface. Thus, asthe metal crystallites, so that the Fermi level of the supported
discussed further on, the difference in the desorption tem- metal catalyst is aligned with that of the support. These ionic
peratures under He andiflows shows strengthening of the  oxidic species form an active double layer, with the metal
Pt—CO adsorption bond, which is induced undeffliew due surface acting as a promoter for the supported metal cata-
to metal support interactions. lysts, thus inducing an increase in their work function, espe-

The effect of Mo oxide species on the modification of the cially at temperatures where the mobility of Oions is high
chemisorptive properties of Pt can be deduced by the factenough.

that CO desorption from the PtMo/TiO2 sample under bl Beyond the migration and spillover of?O ions, a simi-
flow takes place approximately 70 K below the correspond- lar mechanism and driving force can also be understood and
ing desorption temperature for the Pt/Bi€ample Fig. 6). be applicable, at lower temperatures, in the case of hydroxyl
Thus in the case of the RtMo/TiO, sample, CQ species ionic (OH™) species, which are adsorbed on various oxide
are less strongly bonded on the Pt surface atoms. surfaces and are characterized by different surface mobili-

The aforementioned observations are corroborated by theties and adsorption strengths, depending on the nature of the
corresponding IR band shifts of the linearly adsorbed CO. oxide. TiG; or even more molybdenum oxides are charac-
As depicted inFig. 4b, the blue shift by 14 cmt observed terized by the fact that they can accommodate large quanti-
for the case of B+=Mo/TiO, denotes a less strongly bonded ties of hydroxyl ionic species, which exhibit high mobility
CO molecule on the Pt surface, and the corresponding redand consequently a high spillover effect on Pt metal crystal-
shift under B flow denotes a more strongly bonded CO. lites [43], compared with Si@and ALOs. As indicated by
The CO bonding strength with the Pt surface is mainly de- IR and XPS spectroscopy, the depletion of hydroxyl species
termined by the dipole moment that develops because of theOH™ from the catalyst surface is accompanied by the partial
back-donation of electrons from the metal to the* 2anti- reduction of the deposited Pt particldsd. 2) at tempera-
bonding orbital of the carbon/oxygen bond. Thus the higher tures below 520 K, whereas in the case of S&dd AbO3
the degree of electron back-donation, the stronger is the bondheir desorption takes place above 870 K.
strength of linearly adsorbed G@n the Pt surface, and the In a way similar to the case of%, the spillover of OH
corresponding IR band is shifted toward lower wavenum- species on the Pt surface and the formation of an active dou-
bers because of the weakening of the carbon/oxygen bondble layer of OH with Pt surface atoms is expected to induce
[27,39] These observations are in good agreement with such alterations in the work function or correspondingly
other electrochemical studies in the literature, which show in the Fermi edge of Pt so that the electron back-donation
that PyMo composition exhibits the highest tolerance in CO on the CQq molecule is significantly affected (through the

poisoning among all Pt—Mo compositiofisl]. metal interactions). Thus it is expected that the aforemen-
tioned active double layer, as in the case of tHe @ouble
4.3. Metal support interaction (SMSI) layer of catalysts deposited on ionic suppdag,43], will

cause a decrease in the Fermi level or, correspondingly, an

In a recent publication Wahlstrém et §0] reported on increase in the work function of the Pt surface. Consequently
the nature of bonding of Au nanoclusters on rutile Zji@us it is assumed that the bonding strength of thesg@ole-
providing a deeper insight into the ability of TiQo de- cule, as an electron acceptor, will become weaker, resulting
velop strong and effective metal support interactions. From in a decrease in the degree of electron back-donation onto
a combination of scanning tunneling microscopy (STM) the antibonding orbital of the GQthus inducing an IR band
and density functional theory (DFT) calculations, they con- shift toward higher wavenumbers. This is true if we consider
cluded that Au nanoclusters are more effectively bonded onthe 10 cnt?! red shift of the CQ IR band when changing
the TiO» support when they are combined with existing O the flow from He to H. Furthermore, the 14 cnt blue shift
vacancies on the TiQsubstrate. In this respect the expo- in the IR band that is observed for thegF¥1o/TiO, sample
sure of the catalyst under redox conditions, which can affect can also be attributed to the oxogenic nature of Mo and its
the concentration of the O vacancies, is expected to induceability to promote OH spillover onto the Pt surface and to
chemical and structural alterations in the properties of the the interaction of Mo oxides with the Pt surface.
supported metal nanopatrticles. Certainly these oxygen va- Certainly the survival of Ok} on the Pt surface is quite
cancies are accompanied by the partial surface reduction oflimited, since it is directly reacting to the production of®!
Ti*t, which in the present study could not be detected by and Qg. However, the reactivity of the OHspecies is ex-
XPS, most probably because of the low sensitivity of the pected to be significantly lower than that of the normally ad-
technique, which is caused by the overlap of the strong sig- sorbed OHg, so that an effective double layer can be formed
nal of Ti 2p from the bulk of the TiQ support. that may induce changes in the electronic properties of Pt.

Another very interesting approach concerning SMSI has The promoting role of OH was shown in electrochemical
been reported in a comprehensive study by Vayenas and copromotion experiments, where the positive polarization of a
workers[41,42], who have explicitly reported that the nature Pt black gas diffusion electrode immersed in KOH aqueous
and origin of the SMSI effect on ionic supports like BiIO  electrolyte induced significant promotion of the catalytic ac-
ZrO,, or CeQ is due to the back-spillover of? ions onto tivity of the Pt electrode/cataly$t44,45]
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5. Conclusions

Although we cannot say for sure which of the aforemen-
tioned models is the most suitable for explaining the IR
results, the truth certainly lies within a synthesis and com-

bination of the aforementioned models and ideas. Therefore,
according to the above-described experimental results, we
can deduce that Mo oxides and Pt are probably in intimate

contact with each other either through the formation of solid
solutions or through the distribution of Mo oxide on the Pt

particles surface. In this respect, Mo oxide species may pro-

mote the oxygen or hydroxyl spillover onto the Pt surface,
which can readily react at the Mo oxide—Pt boundaries with
CO toward CQ formation or can induce modifications on
the electronic properties of Pt, thus affecting the strength of
the chemisorptive bond of GOspecies with the Pt surface
atoms.
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