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TiO,- and y-Al,Os-supported Pt catalysts were characterized by HRTEM, XPS, EXAFSinasitll FTIR
spectroscopy after activation at various conditions, and their catalytic properties were examined for the oxidation
of CO in the absence and presence of(HAROX). Wheny-Al,0O3 was used as the support, the catalytic,
electronic, and structural properties of the Pt particles formed were not affected substantially by the pretreatment
conditions. In contrast, the surface properties and catalytic activity of PtAlgde strongly influenced by

the pretreatment conditions. In this case, an increase in the reduction temperature led to higher electron density
on Pt, altering its chemisorptive properties, weakening thed@ bonds, and increasing its activity for the
oxidation of CO. Then situ FTIR data suggest that both the terminal and bridging CO species adsorbed on
fully reduced Pt are active for this reaction. The high activity of Pt;Ti@® the oxidation of CO can also be
attributed to the ability of Ti@to provide or stabilize highly reactive oxygen species at the metghport
interface. However, such species appear to be more reactive towéndriHCO. Consequently, Pt/TiGhows
substantially lower selectivities toward CO oxidation under PROX conditions thgrAPADs.

Introduction particles. However, the question of how big metal particles

should be for their catalytic properties to become independent

. Supported P.t ca_talyst; are gmployed in several Ia_rge—.scaleof the nature of the support remains open. Furthermore, limited
industrial applications including among others oxidation,

hvd . d hvd b &idh attention has been paid to the influence of megalpport
ydrogenation, and hydrocarbon rearrangement reactions. 103 ctions on reactions taking place in oxidative environments.

properties of Pt in these catalysts are determined not only by The goal of the work summarized in this paper was to
the metal surface structure and dispersion, but also by the .o mine how the nature of the metalipport interactions
metat-support interaction. For example, more than two decades . 14 affect the dispersion, electronic, chemisorptive, and
ago it. was d?mons”ated that platinum-group “?eta's Suloloorteolcatalytic properties of Pt in réactions in \'/vhich @articipatés

on T'.OZ ex_h|b|t a strong dependencg of their CO and H as a reactant. More specifically, our interest is focused on the
chemisorptive properties on the reduction protocol used to treat j .4+ of CO in the presence and absence pbver TiO:-
these catalystsThis phe_nomenon, described by the term _Strong and y-Al,Ox-supported Pt catalysts. These reactions have
Metal-_Sup_port Intergctlon (SMSI), has bee_n the $UbJeCt of attracted substantial attention in recent years due to their
extensive investigatioh.The results reported in the I|teraturg potential application in hydrogen purification schemes for fuel
indicate that the SMSI effect also influences the catalytic .. ;se. as well as indoor/cabin air clearti The TiOy- and
performance of supported metals in hydrogenation and hydro- y-AI203-’supported platinum catalysts were characterized in
genolysis reactions.Several explanations suggested for the detail by HRTEM, XPS, EXAFS, and FTIR spectroscopy.
interpreFation_of SMSI were bgsed on electronic and structural g5 "from thesé effor:[s were c’ombined with catalytic data
effects involving both the active metal and fragments of the , yetermine how various factors influence the activity of the

3,4 i - . . . . . .
support>* Results of more recent work focusing on cluster- o, 4eq pt particles in the oxidation of CO in air, as well as
derived catalysts suggest that reactants, as well as fragments of H,-rich mixtures

the support, may be viewed as ligands capable of affecting the
structure and, therefore, the catalytic properties of supported Experimental Methods
metals®~’ This effect is maximized for small supported metal
clusters incorporating only a few metal atoms, which have
properties distinctly different from those of bulk met&las

the size of these clusters grows, the fraction of the metal atoms
located at the metalsupport interface progressively decreases,
hence the effect of the support becomes negligible for very large

Reagents and Materials.The y-Al 03 support with a BET
surface area of 100 #y was prepared by forming a paste of
aluminum oxide C (Degussa) in dionized water, followed by
drying at 120°C and calcination at 508C in air for 24 h. The
TiO, powder (Kemira) with a BET surface area of 72/gwas
also calcined in air at 508C for 12 h prior to use. b N, and
* Address correspondence to this author, He.(aII UHP grade; National Welders) were purified prior to
t University of South Carolina. their use by passage through oxygen/moisture traps (Model
* Pacific Northwest National Laboratory. OT3-2, Agilent) capable of removing traces of &d water to
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15 and 25 ppb, respectively.,@nd CO (National Welders) the catalyst bed. Samples in a powder form (0.077 g) were
were purified prior to their use by passage through a moisture diluted 90 times by weight with quartz particles (680 mesh)
trap (Model GMT-2GCHP, Agilent) capable of removing water to keep the catalyst bed isothermal. The total volumetric flow
to 25 ppb. The HPtCl-6H,0 precursor (99.95% purity, Alfa  rate of the reactant mixture was held at 154 mL/min (1atm, 25
Aesar) was used as supplied. °C) yielding a corresponding Gas Hourly Space Velocity

Catalyst Preparation. Pt/TiO, and Ptf-Al,Oz were prepared ~ (GHSV) of 120 000 mL/¢h. Reacting gases were mixed in a
by incipient wetness impregnation of the corresponding supportsgas distribution system, while the flow of each gas was
with an aqueous solution of JRtCl-6H,0, followed by drying controlled by a mass flow controller (Model 201-DKASVBAA,
in air at 110°C for 24 h. The amounts of the precursor were Porter) to create an accurate and reproducible feed containing
chosen to yield samples containing 1 wt % of Pt. Prior to further 0.5% of CO, 0.5% of @ 45% of H, and 54% of N. Before
characterization, each sample was treated witligidescribed ~ mixing, the CO/N mixture was heated to 35 in a quartz
below. trap to eliminate any carbonyls that may have been formed in

FTIR Spectroscopy. FTIR spectra were collected with a the storage cylinder. The feed and the reaction products were

Nicolet Nexus 470 spectrometer equipped with a MCT-B analyzed with on-line single beam NDIR CO (Ultramat 23,

detector cooled by liquid nitrogen. Powder samples were pressed>€mMens) and ©(Model 201, AMI) analyzers capable of
into self-supported wafers and mounted in the IR cell, which d€técting CO and ©in the 0-250 and 6-1000 ppm ranges,

was connected to a gas distribution manifold. The design of "éSPectively. The outputs from both analyzers and the temper-
the IR cell has been described elsewHér&amples were ature controller were linked to a user interface with Labview
pretreated in kiflow at the 206-400°C temperature range for software. The reaction selectivity toward the formation of,CO

2 h prior to each measurement. After the reduction treatment W&S calculated as the amount of, Gonsumed in the CO
was completed, the cell was flushed with He for 15 min and oxidation reaction (calculated from the CO balance) over the

cooled to room temperature in flowing He. Spectra were total amount of @ consumed.

recorded at a spectral resolution of 2 @maccumulating 64 The catalytic oxidation of CO in the absence ofibs carried
scans per spectrum. out in equipment similar to that described above, at atmospheric

pressure, a GHSV of 120 000 mL¥g and temperatures between

30 and 300C. The reaction feed contained 1% of CO balanced
gWwith air. Both the reaction feed and products were analyzed

with an on-line single-beam NDIR (Ultramat 23, Siemens)

X-ray Photoelectron Spectroscopy (XPS)XPS spectra were
collected with an X-ray High-Resolution Photoelectron Spec-
trometer (Quantum 2000, Physical Electronics), using a focuse
monochromatic Al Kx beam with an energy of 1486.7 eV, that ; .
was rastered over 0.28 ndrof the sampleggrea. The spectrom- analyzer capabl_e of detecting CO in the$D0 ppm and 5%
eter was equipped with a Spherical Capacitor Energy Analyzer rang.es and Coin thg 0-5% range.
incorporating a 16-element multichannel detector. Prior to these ~Prior to any catalytic measurements, the samples were treated
measurements, each sample was treated witiatt200-400 with Hz or O, while the temperature was ramped &tGmin
°C or O, at 300°C in a glass reactor connected to a gas and held at the desired temperature for 2 h. In the absence of a
distribution system. After the treatment was completed, the catalyst, there was no measurable conversion of CO for either
reactor was sealed and transferred into a glovebox, where the'eaction in the temperature range of interest (i.e., up to"800
sample was loaded on the standard sample holder that was EXAFS Spectroscopy EXAFS data were collected at X-ray
transferred to the analysis chamber without air exposure. Thebeamline X-18B of the National Synchrotron Light Source
residual gas pressure in the analysis chamber was 198 (NSLS), Brookhaven National laboratory, Upton, NY. The
Torr. The Ti (2p) line (458.7 eV) was used to calibrate the storage ring energy was 2.8 GeV and the ring current-110
binding energies that were measured with an accuraeyOo? 270 mA.
eV. Low-energy electrons and argon ions were used for The Pt§-Al,O3; samples were loaded in a wafer form into an
specimen neutralization. in situ EXAFS cell® connected to a gas distribution system,

Transmission Electron Microscopy (TEM). TEM images allowing for the in situ treatment of samples in various
were obtained with a 200 keV high-resolution transmission atmospheres. After the desired treatment was completed, the
electron microscope (JEOL 2010F) having a specific point-to- EXAFS cell was evacuated to 19Torr at room temperature,
point resolution of 0.194 nm. All images were digitally recorded cooled to liquid nitrogen temperature, and aligned in the X-ray
with a multiscan charge-coupled device camera (Model 794, beam. The EXAFS data were recorded in the transmission mode
Gatan) with 1024x 1024 pixel resolution and further analyzed ~with an appropriate amount of sample to give an absorbance of
with a digital micrograph (Gatan). During a typical sample approximately 2.5 at the Pt3l(11563.7 eV) edge.
preparation for TEM imaging, approximately 15 mg of sample  Data for Pt/TiQ samples were recorded in the fluorescence
was finely dispersed and embedded in a L. R. White resin. Then, mode with a 13th element Ge detector. Samples in powder form
the sample was sectioned by using a RMC MT 6000 microtome were reduced in bat the desired temperature, purged with He
to slices with a thickness of approximately 50 nm and deposited at the same temperature, cooled to room temperature in He flow,
onto a Cu grid. Average particle sizes were determined by and mounted on the sample holder while exposed to air. Data
measuring at least 200 particles from 20 different micrographs. were collected at room temperature with a Si(111) double-crystal
The statistical analysis used to determine the surface-meanmonochromator that was detuned by 20% to minimize the

particle sizes was similar to that reported elsewhérgéhe effects of higher harmonics in the X-ray beam.
accuracy of determining the mean size was estimated to be on  The EXAFS data were analyzed with experimentally deter-
the order of£15%. mined reference files obtained from EXAFS data characterizing

Catalytic Measurements. Steady-state catalytic activity = materials of known structure, as stated elsewkEftie EXAFS
measurements for the preferential oxidation of CO under excessparameters were extracted from the raw data with the aid of
H, (PROX) were performed in a quartz single-pass fixed-bed the XDAP softwaré® The methods used to extract the EXAFS
microreactor at atmospheric pressure. The temperature insidefunction from raw data are essentially the same as those reported
the reactor was monitored by a thermocouple extending into elsewheré® The data used for each sample were the average
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TABLE 1: Average Size of Pt Particles in Ptj-Al,O3 and
Pt/TiO, Following Reduction at Different Temperatures

reduction Average Pt diameter (A)

sample temp (C) HRTEM EXAES
1.0% PM/-Al 203 200 9
300 1
400 11
1.0% PUTIQ 200 25 e
400 14 26

of five scans. The data at the P4 &dge were analyzed with a
maximum of 16 free parameters over the ranges of 3.%0<
15.50 A1 (k is the wave vector) and 0.8 r < 5.0 A (r is the
distance from the absorbing atom; in this case Pt). The
statistically justified number of free parametemswas found

to be 39, as estimated on the basis of the Nyquist theéféfn:

n = (2AkAr/m) + 1, whereAk and Ar, respectively, are thk Rs
andr ranges used in the data fitting. The parameters character-
izing both the highZ (Pt—Pt) and lowZ (Pt—Osyppon) cONtribu-
tions were determined by multiple-shell fitting Rispace with
application ofk! andk® weighting in the Fourier transforma-
tions16 The fit was optimized by use of a difference file
technique with phase- and amplitude-corrected Fourier trans-Figure 1. Particle size distributions as estimated by TEM for 1 wt %

Number of particles

forms of the dat&?220 Pt/TiO, samples reduced with &t 200 and 400C.
Results 1200 - 72.1
Platinum Dispersion. The average Pt particle sizes in the
Pty-Al,05 and PY/TiQ systems after various pretreatments were
estimated from EXAFS data based on known relationships 1000 1
between the average size of metal particles and the meital {;
first-shell coordination numbét:22The results obtained (Table @ 800 -
1) indicate that whery-Al,0; was used as the support, small §
platinum particles with an average diameter of approximately &
9 A were formed after reduction at 20C€. An increase of the 2z %01 0,/300°C
reduction temperature up to 40€ had no substantial effect %
on the Pt particle size and dispersion (i.e., the fraction of metal £ 400 -
atoms exposed at the surface) with the average Pt particle size H,/200°C
remaining at approximately 11 A. Assuming a spherical shape
for these metal particles, the Pt dispersion in these samples was 200 1 H./400°C
found to be almost 100%. :
Following the hydrogen treatment at 280 Pt particles with 01— J . . . . , .
an average diameter of approximately 25 A were formed in the 80 78 76 74 72 70 68 66

case of Pt/TiQ as indicated by both the HRTEM and EXAFS
data (Table 1). The HRTEM data (Table 1, Figure 1) further .
indicate that an increase of the reduction temperature to 400719Ure 2. XPS spectra of the Pt(4f) core level region for 1 wt % Pt/

. . Ti mples tr with Qor H vari mperatures.
°C was accompanied by a decrease of the average Pt size from Oz samples treated with £br H; at various temperatures

25 Ato approximately 14 A. However, the EXAFS data suggest TABLE 2: Summary of XPS Data Obtained for PUTIO ,
that the size of Pt particles remained unchanged (Table 1). This treatment gas/

discrepancy between the results obtained from the two different o5 ec) Pt 48, (eV) Pt 4f,,(eV) PUT
techniques can be rationalized in terms of SMSI behavior, as

Binding Energy, eV

discussed in detail later. Sﬁggg ;g'g ;i% 8'8ﬁ
XPS MeasurementsThe binding energies of the Pt (4f) core H,/400 74.6 713 0.009

level region and the Pt/Ti atomic ratios for Pt/Li®amples

treated with Q or H, at various temperatures are reported in surface Pt (i.e., Pt/Ti atomic ratio) between samples treated in
Table 2. The corresponding XPS spectra of the Pt (4f) region O, at 300°C and in H at 200°C. However, the Pt/Ti atomic
are shown in Figure 2. When the Pt/Li®ample was treated ratio decreased beyond the margin of error as the reduction
with O, at 300°C, the XPS spectrum was characterized by two temperature was increased to 40D (Table 2).

peaks corresponding to the Ptd4fand Pt (4f,) photoemission Infrared Spectra of CO Adsorbed on Pt/-Al,03. When
lines centered at 75.4 and 72.1 eV, respectively. Following Pt/-Al,03 was reduced in KHat 200°C and exposed to 75
exposure of the same sample tpdi 200°C both peaks shifted  Torr of CO at room temperature, three bands were observed in
to lower binding energies by approximately 0.4 eV. Subsequent the vco region at 2110 (vw), 2062 (s), and approximately 1820
treatment with H at 400°C resulted to an additional shift of  (w) cm™ (Figure 3A). These bands can be assigned to linear
the Pt (4f) lines to even lower binding energies of 74.6 and CO on P# and P% sites, and bridging CO on Pites,
71.3 eV for the Pt (4f,) and Pt (4§, peaks, respectively (Figure  respectivel\?® The intensity of the peak associated with CO
2). No differences were observed in the relative amounts of the coordinated on Pt sites was small and its contribution to the
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Figure 3. FTIR spectra of CO adsorbed at room temperature on (A)
1 wt % Ptl-Al,0s and (B) 1 wt % Pt/TiQ reduced in H at different
temperatures.

Figure 4. FTIR spectra collected during the desorption of CO from
(A) 1 wt % Pth-Al,O; reduced at 400C and (B) 1 wt % PUTIQ
reduced at 200C, following treatment in He at various temperatures.

TABLE 3: Thermal Stability of Adsorbed CO Species

total absorption was less than 1%, consistent with the notion sample {:r?]‘;‘:(f'gg' Ct%"biggfpotﬂﬁ%
that almost all Pt was effectively reduced at this temperature to

the metallic state. Furthermore, the band at 2110%mas not 1.0% Pty-Al20; 200 400
detectable in the infrared spectra obtained with samples reduced 288 388

at higher temperatures, indicating reduction of Pt to an even 1 go, pyTiIQ 200 60
higher extent under these conditions. The only difference 300 25
observed in this case was a decrease in the intensity of the two 400 25

bands associated with PPfor the sample reduced at 40C, adsorbed on fully reduced Pt sites were observed at 2076 (s)
indicating that some sintering of the Pt particles has taken placeand 1830 (w) cm?, respectively (Figure 3B). An increase of
during this pretreatment. the reduction temperature to 20 had no substantial effect
FTIR data further show that the CO species are relatively on either the intensity or frequency of these bands. However,
weakly adsorbed on BHAI,Os and can be removed by heating  when the reduction temperature was further increased to 300
of the sample in He flow. The desorption of CO did not depend °C, the band at 2076 cr declined dramatically in intensity
on the reduction temperature and typically proceeded as shownand appeared as a shoulder to a new band observed at 2060
in Figure 4A. The bridging CO band at 1820 chuisappeared cm! (Figure 3B, spectrum 3). The presence of bridging CO
first at approximately 285C, while the linear CO band at 2062  species remained evident in the spectrum, although the intensity
cm™! declined in intensity, broadened, shifted to 2030 &m  of the corresponding band was very low. The intensities of all
and finally disappeared at approximately 4@ (Figure 4A). these bands further declined as the reduction temperature was
These results are also summarized in Table 3. increased to 500C, although the characteristic frequencies of
Infrared Spectra of CO Adsorbed on Pt/TiO,. Similar to these bands remained unchanged (Figure 3B, speetty. 3
the results obtained with RHAI,O3, when Pt/TiQ was reduced The FTIR data further indicate that the various CO species
in H, at 100 °C and exposed to 75 Torr of CO at room adsorbed on Pt/Ti©can be removed by thermal treatment in
temperature, bands of terminal and bridging CO species He (Figure 4B). However, the pattern observed during the
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desorption of CO in this case appeared to be different from that 100

observed for the PttAl,0O3 samples. For example, the adsorp- —e— H,/300°C
tion of CO on the Pt/Ti@sample reduced at 20C was much —m— H,/400°C
weaker and complete desorption of CO was achieved at much 80 1 | —A— H,/200°C
lower temperatures. The bridging species were no longer

detectable as the temperature was increased t€ 3&hile the
terminal CO species completely disappeared at temperatures as
low as 60°C (Figure 4B). Moreover, as the intensity of the
linear CO band at 2076 cm decreased with desorption
temperature, no apparent shift of the band position was observed
(Figure 4B). Similar behavior was also observed with the
samples reduced at higher temperatures, although complete
desorption of CO was observed in these cases even at room
temperature (Table 3).

Kinetic and in Situ FTIR Monitoring of the Oxidation of
CO by Air. The CO conversions observed at various temper-
atures over 1 wt % PttAl,O3 samples pretreated under different 0
conditions are shown in Figures 5A and 5B. Almost identical
results were obtained for the samples reducedjrat8300 or
400 °C with 100% conversion being reached in each case at

60 -

40 -

CO conversion, %

20 A

250

150

200

300

50 100 350

Reaction temperature, °C

100
240 °C. Reduction at lower temperature (20C) did not N
: ; . o —e— 0,/300°C
influence the light-off curve in the 56200 °C temperature o .
o ) —m— 0,/300°C & H,/400°C
range. However, after attaining approximately 60% CO conver- 80 H1200°C
sion at 216°C, the reaction rate was decreased in the-2A%b6 A=y

°C temperature range, and then again increased with 100% CO
conversion eventually reached at 28D. When an oxidation
pretreatment at 300C was used instead of reduction, the light-
off curve characteristics were almost identical with those
observed with the sample reduced at 20D (Figure 5B).
However, a subsequent treatment inadtl 400°C resulted in a
sample indistinguishable from the one originally pretreated in
H, at 400°C (Figures 5A and 5B).

Similar light-off curves obtained with 1 wt % Pt/Ti@amples
pretreated under different conditions are shown in Figure 6. The
light-off curves in this case are shifted toward lower tempera-
tures, indicating the higher activity of the Pt/Ti®amples for
the oxidation of CO. Furthermore, the performance of these 0 50
samples was substantially affected by the pretreatment protocol.
More specifically, while complete CO conversion was reached
at 210°C for the sample pretreated i@t 300°C, over the
samples reduced in Hat 200 °C or 300 °C complete CO
conversion was observed at 200 and IT8 respectively.
Further increase of the reduction temperature to4Ddid not

60

40

CO conversion, %

20

250

300

150

100 200 350

Reaction temperature, °C

Figure 5. CO conversions versus temperature observed during the
oxidation of CO in air over 1 wt % PttAl,O3 samples pretreated (A)

in H, at (a) 200, @) 300, and @) 400°C and (B) in @&) H, at 200

°C, (@) O, at 300°C, and #) O, at 300°C followed by H at 400°C.

. . . cm™! declined in intensity and finally disappeared at ap-
result in any further shift of the light-off temperature, although proximately 200°C, with the former being removed first. In

this samlole exhibited noticeably higher CO conversions in the contrast, the low-intensity band, initially observed in the

50-150°C temperature range than samples reduced at lower g oyym at 2121 cnd, increased substantially in intensity as

temperatures (Figure 6). the temperature was raised to 140, and remained present at
Figure 7 provides a direct comparison of the CO oxidation temperatures as high as 300 (Figure 8B).

over PY/TiG and Ptj-Al,Os; samples pretreated inpHat 400 Similarly, when Pt/TiQ was exposed to the reaction mixture

°C. The results demonstrate the higher activity of the P4TIO  at room temperature, three carbonyl bands were observed at

sample. The pure Ti9and y-Al,03 supports also exhibited 2125 (wv), 2080 (s), and 1835 (w) cth(Figure 8A, spectrum

limited activity at temperatures above 300. 1). These bands remained unchanged as the reaction temperature
In situ FTIR experiments were conducted in parallel to the was increased to 10%C. A substantial change was observed

kinetic measurements under similar experimental conditions with beyond this point, with the band at 1835 cthdisappearing

the infrared cell serving as a flow reactor. Spectra of P#TiO from the spectrum and the band at 2080-érsignificantly

and Pty-Al,0; samples exposed to the reaction mixture (1% declining in intensity, and eventually disappearing as the reaction

COlair) at different temperatures are shown in Figure 8, parts temperature reached 14Q (Figure 8A, spectrum 6). The band

A and B, respectively. Exposure of PtAl,O; to the reaction at 2125 cm! also declined in intensity with increasing reaction

mixture at 25°C led to the appearance of three bands at 2121 temperature, but remained visible in the spectrum even at 160

(wv), 2067 (s), and 1832 (w) cm (Figure 8B), which are °C (Figure 8A, spectrum 7).

similar to those observed during the adsorption of CO in the  Curves characterizing the removal of CO species from the

absence of @(Figure 4A). The spectrum remained essentially surface of Pt/TiQas a function of the reaction temperature are

unchanged at temperatures up to 1%5. As the reaction compared in Figure 9. These data were extracted frositu

temperature was increased further, the bands at 1832 and 206 FTIR spectra and show that when the sample was reduced at
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Figure 6. Light-off curves characterizing the oxidation of CO in air
over 1 wt % Pt/TiQ samples pretreated i®f O, at 300°C, or H; at
(#) 200, (a) 300, and M) 400°C. (GHSV= 120 000 mL/gh; 1% CO
balanced with air).
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Figure 7. Light-off curves demonstrating the effect of the support on
the oxidation of CO in air overl{) 1% PUTIQ, (a) 1% Pty-Al,O3
pretreated with KHat 400°C, (®) pure TiQ treated in H at 300°C,
and (v) purey-Al,Os treated in H at 300°C.

300 °C or higher temperatures, almost all CO species were
removed from the Pt surface at 8C. However, when the
sample was reduced at 200 or, alternatively, oxidized at 300
°C, temperatures of about 140 and 225 respectively, were
required. Similar information extracted from FTIR spectra of
the Pty-Al,O3 (not shown) indicate no substantial differences
between samples reduced at various temperatures.
Selective Oxidation of CO in H-Rich Mixtures. The
conversions of CO and Lat different temperatures during the
selective oxidation of CO in the presence of excessver the
1 wt % Ptk-Al,03 sample reduced in at 300°C are shown
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Figure 8. In situ FTIR spectra collected at various reaction temper-
atures in 1% CO in air over (Aa 1 wt %Pt/TiO, sample prereduced
at 200°C and (B) a 1 wt % P#/-Al,O; sample prereduced at 30C.

remained at 100%. No differences were observed with samples
reduced at temperatures between 200 and°400

Similar light-off curves obtained over bare Ti@nd a 1 wt
% PU/TIO, sample are shown in Figure 11. Over the TiO
support pretreated int+at 300°C the CO conversion became
measurable only at temperatures above ZDQFigure 11). The
consumption of @was slightly higher than that of CO at every
reaction temperature examined, reflecting the relatively low
selectivity for CO oxidation, which was in the range-1%2%.

The 1 wt % Pt/TiQ sample pretreated in Hat 200 °C
exhibited much higher activity than that of the bare 78pport
with a maximum CO conversion of approximately 62%
observed at 252C. Substantial consumption ob@as observed
with this sample at reaction temperatures as low a&%,&nd
complete @ conversion was reached at 120 (Figure 11).

Some significant changes were observed in the light-off
characteristics of both CO and,@hen the 1 wt % PU/Ti@

in Figure 10. In both cases the conversions increased in parallel,sample was pretreated inldt 300°C. Approximately 10% of

to almost 100% as the temperature was increased to°@10

the @ in this case was already consumed at “8) while

During this process the selectivity remained in the neighborhood complete @ conversion was observed at 116. In contrast,

of 50%. Further increase of the reaction temperature t0°233

the CO light-off curve exhibited two maxima, one of ap-

was accompanied by a decrease in the CO conversion to 85%proximately 30% at 70°C, and one (similar to what was

and the CO selectivity to 42%, while the,Qonversion

observed with the sample pretreated at 20Dof approximately
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Figure 9. Curves characterizing the removal of CO from the Pt surface Figure 11. Dependence o, A, v) CO and @, ¢, O) O, conversion
during CO oxidation by air over 1 wt % Pt/TiQreated with @) O, on the reaction temperature during the selective oxidation of CO in a
at 300°C, (W) H; at 200°C, and @) H, at 300°C. The surface H.-rich stream over Ti@(v, O) treated with H at 300°C and over
concentration of CO species was determined frorsitu IR data 1% PU/TIG reduced with H at (@, a) 200°C and @, 4) 300 °C.
recorded at various reaction temperatures and GHSV of approximately

75 000 mL/gh. Ha, O, or CO), HRTEM, and EXAFSL24The data of Table 1

indicate that when an aqueous solution oPtCk-6H,O was
used as the precursor for the preparation ofAt,0s, the
subsequent drying and reduction with &t 200°C led to the
formation of small Pt particles with an average diameter of 9
A. Similarly sized particles were obtained when an air exclusion
technique was used to prepare/PM O3 from a [PtCH(PhCN}]
precursof. When the reduction temperature was increased to
300 °C, the average diameter of the metal particles was also
increased to approximately 11 A, indicating that limited
agglomeration of Pt took place after such a treatment. Further
increase of the reduction temperature to 4@ appeared to
have no additional effect on the Pt dispersion (Table 1),
indicating the relatively high thermal stability of Pt on the
y-Al,03 surface under these conditions. These results are in good
agreement with earlier reports illustrating the high resistance
of y-Al,Os-supported Pt to sintering even after oxidation
reduction treatments at 26@00 °C !

Larger Pt particles were obtained with the Pt/Ti€ystem.
The HRTEM data indicate that the average Pt particle size in
this case was approximately 26 A after reduction at 200
(Table 1). The EXAFS data (Table 4) indicate that this sample
is characterized by a first-shell PPt coordination number of
9.1 at a distance of 2.75 A, which in turn yields an average Pt
particle size of approximately 25 &,in good agreement with
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Figure 10. Dependence of&{) CO and ®) O, conversion on the
reaction temperature during the selective oxidation of CO in-aidt
stream over 1% PttAl,Os5 reduced with H at 300°C.

60% at 250°C. Almost identical behavior was also observed

with the sample pretreated ingtdt 400°C. the HRTEM results. Substantial PO contributions were also

Structural Characterization by EXAFS. The structural  ,pqered in this sample at 2.16 and 2.25 A signifying interac-
parameters characterizing the Pt species formed in the P/ 4. of pt with the oxygen atoms of the support, as well as

Al20; and PUTIQ samples after various treatments are SUm- \ih oyygen atoms adsorbed on Pt due to its exposure to air
marized in Tab!e§ 4and>. The error bound§ n these pafameter%uring the data acquisition process in the fluorescence mode
represent precisions determined from statistical analysis of thefOr this particular sample, although at this point we cannot

EXAFS data with the XDAP softwar®, and not accuracies. gissinguish between chemisorbed oxygen and oxygen associated

The estimated accura_lcies in.the. determination of t_he EXAFS with the support. Nevertheless, the presence of substantial Pt
parameters of the main contributions are as follows: coordina- Pt contributions in this sample is consistent with the presence

tion number R), £20%; distanceR), +1%; Debye-Waller of relatively large Pt particles the structure of which is not

factor (Aog?), +30%; inner potential correctiomEy), +10%.

Discussion

Platinum Dispersion. The dispersion of Pt in supported
catalysts can be reliably determined from a variety of different

techniques including the chemisorption of probe molecules (e.g.,

affected substantially by interactions with,.On contrast, in

the case of small metal clusters or particles, it is expected that
the interaction with @will lead to gradual oxidative fragmenta-
tion of the platinum clusters, ultimately leading to a complete
loss of PPt bonds and to the formation of platinum oxide
specieg? It has been reported, for example, that exposure to
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TABLE 4: Summary of the EXAFS Data Characterizing the Pt/TiO, Samples after Various Treatment8

treatment gas/
temp €C) shell N R(A) 103A02 (A2) AEq (eV)

H./200 PPt 9.1+ 0.4 2.75+ 0.01 5.4+ 0.4 —-0.1+0.3
Pt—osupport
Pt—01 3.1+ 0.9 2.16+ 0.02 5.9+ 0.8 —13.2+ 0.5
Pt—02 5.3+ 0.3 2.25+ 0.02 10.0+1.1 9.3+ 0.8

H2/400 PPt 9.3+ 0.5 2.76+ 0.01 47+ 04 —-0.3+0.3
Pt—osupport
Pt—01 3.4+ 0.1 2.18+ 0.02 6.8+ 0.1 —-17.2+ 0.4
Pt—02 5.9+ 0.3 2.28+ 0.02 10.0+1.2 3.8+£0.6

aNotation: N, coordination numberR, distance between absorber and backscatterer athnts;Debye-Waller factor; AEo, inner potential
correction.

TABLE 5: Summary of the EXAFS Data Characterizing the Pt/y-Al,O3 Samples after Various Treatments

treatment gas/tempQ) shell N R(A) 103A02 (A2 AEo (eV)
H2/400 PtPt first 6.1+ 0.1 2.72+0.01 5.8+ 0.1 0.7£0.2
Pt—Pt second 2201 3.91+0.01 9.0+£0.3 —8.0+£0.3
Pt—osupport
Pt—0s 0.7+0.1 2.12+0.01 10.0+£ 1.0 —-1.6+0.2
Pt—0 0.8+0.1 2.74+0.01 1.0+:0.6 —2.24+05
H2/300 PtPt first 6.0+ 0.1 2.72+0.01 55+ 0.1 —-1.3+0.1
Pt—Pt second 2#01 3.88+ 0.02 10.0+1.0 —2.6+05
Pt—osupport
Pt—0Os 0.6+0.1 2.10+0.01 10.0+1.3 0.7+ 0.3
Pt—0 1.1+ 0.1 2.70+ 0.01 3.8+ 0.5 21+ 04
H»/200 Pt-Pt first 45+0.1 2.72+0.01 4.0£0.1 —3.9+0.1
Pt—Pt second 2201 3.91+0.01 9.0+ 0.3 —8.0+£0.3
Pt—osupport
Pt—0Os 09+0.1 2.13+0.01 10.0+1.1 —2.0+£0.3
Pt—0 1.1+0.1 2.65+ 0.01 0.2+ 0.3 45+ 0.4
H2/200 then COt- air/160 P+Pt 41+01 2.79+0.01 7.7£0.2 —4.6+0.2
Pt—osupport
Pt—0s 20+£0.1 2.25+ 0.02 —0.6+0.1 —13.4+04
Pt—0 1.6+0.2 2.64+ 0.01 10.0+ 1.0 —4.7+0.4
H2/200 then COt- air/280 P+Pt 3.1+ 0.1 2.78+0.01 0.8+ 0.1 —-1.0+£0.2
I:>tfosupport
Pt—0Os 28+0.1 2.19+0.01 1.0+£0.1 —8.5+0.2
Pt—0 1.4+0.1 2.68+ 0.01 2.8+ 0.7 —6.41+ 0.4

aNotation as in Table 4; the subscripts s and | refer to short and long, respectively.

O, at room temperature was sufficient to break all the Pt consistent with the presence of metal particles having an average
bonds iny-Al,Os-supported platinum clusters with an average diameter of aproximately 26 A. One possible explanation for
diameter of about 10 A% This disintegration process was this apparent discrepancy between HRTEM and EXAFS data
followed by EXAFS spectroscopy, where the formation of in the case of Pt/Ti@ sample is the unique nature of the
isolated platinum oxide clusters was confirnfed. interactions between Pt and the Ti@t elevated reduction
When the reduction temperature of Pt/;i®@as increased to  temperatures, as suggested earlier for catalysts showing SMSI-
400°C, the average diameter of the Pt particles estimated from type behavio£! The reduction of pure Ti@usually takes place
HRTEM measurements was substantially different from that at temperatures higher than 680.2” However, this process is
calculated based on the EXAFS data (Table 1). The HRTEM accelerated in the presence of Pt. Temperature-programmed
data indicate that the size of the Pt particles becomes smallerreduction (TPR) data, for example, indicate that the reduction
following reduction at 400C (Table 1, Figure 1). A redispersion  of TiOz in this case begins at 30C, with a maximum observed
of Pt has been previously observed in oxygen-rich atmospheresat approximately 460C.27 It has been further suggested that
at elevated temperatures, and has been attributed to the oxidatiof, atoms chemisorbed on Pt can interact with oxygen atoms
of Pt particles to volatile species and the subsequent transportfrom the support located at the metalupport interface to form
of such species over relatively large distances on the supportoxygen vacancies and partially reduced®'Tisites3! The
surface?” 3 It also has been shown that the presence of chlorine subsequent strong interaction between exposgdchtions and
during the oxidation can significantly enhance the Pt redispersion Pt atoms located at the metaupport interface may then lead
ony-Al,03 or TiO, due to the formation of [PtO.Cly] species to the migration of partially reduced TiGsupport fragments
from PtQ..28-30 However, despite the presence of chloride ions onto the metal, resulting in a decrease of the exposed metal
in our case due to the use of theRCl-6H,O precursor, it is surface? If such decoration was to take place, it would result
very unlikely that these species played an important role in the in underestimations of the metal particle sizes by HRTEM,
oxygen-free environment used. Moreover, in such a case aconsistent with our observations. At the same time, the EXAFS
similar behavior would be expected from theyPAl .03 sample, results should remain unchanged, since EXAFS probes the bulk
which was not observed. of the Pt particles present. Such a decoration model is also
In contrast to the HRTEM data, the EXAFS results (Table consistent with the XPS and FTIR data discussed below.
4) indicate that after reduction at 40Q, the first-shell P+ Pt Nevertheless, additional detailed wetkeyond the scope of the
coordination number and distance remain virtually unchanged, current paperis needed to further probe the reasons for the
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observed discrepancy between HRTEM and EXAFS measure-of Pt, consistent with our XPS data. Similar behavior was also
ments and to reach definitive conclusions. observed in Rh/Ti@ Rh/T&0s, Ni/Nb,Os, and Ni/TiQ, samples.

Electronic Structure of Platinum Particles. The photo_ In these cases EXAFS results provide strong evidence for the
emission doublet observed at 75.4 and 72.1 eV in the Pt (4f) structural reorganization of the support in the vicinity of the
region of the Q.treated Pt/TiQsamp|e (Figure 2, Table 2) can metal particles, enabling a direct bOndiﬂg between metal atoms
be assigned to Pt species present on the Ti®urface in the and partially reduced cations from the support, as evidenced
form of PtO. TPR data reported previously for a Pt/Tg&ample by the detection of RRTiI"", Rh—Ta"", Ni—Nb"™", and Ni-
prepared from a similar precursor indicate the complete reduc- Ti"" contributions in the EXAFS spect?&.3®
tion of Pt at temperatures as low as 1UD27 Consequently, CO Adsorption on Pt. Additional information regarding the
the Pt 4§, and Pt 4f,, peaks observed in the spectrum of the state of Pt in Pt/TiQand Ptj-Al,O3 can be obtained from the
sample reduced with Hat 200 °C at 75.0 and 71.7 eV, FTIR spectra recorded during the adsorption and desorption of
respectively (Table 2, Figure 2), can be assigned to the fully CO as a probe molecufé. No differences were observed
reduced Pt species. between P/-Al,O; samples reduced in the 26@00 °C

Further reduction at 400C results in a shift of the Pt (4f)  temperature range and bands observed at 2062 and 1829 cm
lines to lower binding energies by approximately 0.4 eV. In can be assigned to terminal and bridging CO species adsorbed
addition to changes in the oxidation state and/or electron density,0n metallic Pt, respectively (Figure 3A). The red shift observed
changes in metal dispersion may also result in shifts in the XPS With these samples in the terminal CO band during desorption
spectra, since it has been shown that the Pt (4f) doublet is located(Figure 4A) is consistent with a decrease in the dipalpole
at higher binding energies for smaller Pt partidem contrast, ~ coupling effect between adsorbed CO molecules due to a
a shift toward lower binding energies is observed when Pt decrease in the CO surface coverage. In general, these data
particles become electron rich. It is possible that particle size indicate that the Ptsupport interactions in the RPHAI>Os
and charge transfer effects may compensate each other to #ample were relatively weak and did not alter the surface
certain degree. However, since Pt particle size remained virtually Properties of Pt to a noticeable extent.
unchanged in the Pt/TiOsample after reduction at 26@00 In contrast, substantial differences were observed between
°C, as evidenced by the EXAFS data discussed in the previousPt/TiO, samples reduced at different temperatures. More specif-
section, the shift toward lower energies observed in the XPS ically, the intensities of both the linear and bridged CO bands
spectra can be attributed to an increase in the electron densitywere decreased by 40% and 70%, respectively, as the reduction
on Pt following reduction at elevated temperatures, consistenttemperature was increased from 300 to 3@) indicating a
with an increased interaction between the Pt atoms and reducedignificant change in the chemisorptive properties of Pt (Figure
fragments of the support. Tgeduction in the presence of Pt  3B). Furthermore, no apparent shift was observed during
has been confirmed previously by ESR measurentémtsfact, desorption (Figure 4B), indicating the absence of any significant
it was shown that after reduction at 300 the concentration  dipole—dipole coupling between CO molecules in these cases.
of Ti3* cations is 30 times higher in the presence of Pt than on Thus, the infrared data provide strong evidence for a decrease
the pure support. More recent XPS data show that formation of of the total amount of CO adsorbed on Pt/Fi@ith increasing
Ti®* cations in the presence of Pt occurs at temperatures as lowreduction temperature, which is consistent with earlier literature
as 170°C at the surface layers of Ti32 Therefore, an electron  reports3#
transfer can be expected in this case from" To Pt, if the Pt The reduction temperature of 30Q appears to represent a
atoms and W™ cations were to interact with each other. Such ¢ritical point at which the change of Pt properties in the Pt/
a transfer would enhance the electron density on Pt and resultTio, samples takes place. At this point a substantial decrease
in a shift of the Pt (4f) doublet toward lower energies, consistent s observed in the intensity of the band at 2076 érand a
with our observations (Table 2). new band appears at 2060 ch{Figure 3B). The appearance

It is worthy of note that the Pt/Ti atomic ratio, reflecting the of this new band representing linear CO species at lower
relative amount of the surface Pt atoms, decreased as thewavenumbers indicates the creation of new electron-rich Pt sites
reduction temperature was increased to 2D(Table 2). Similar in the sample. Such an increase of the electron density of Pt
results have been reported already for Fi@nd CeQ-supported results in an increase of the back-donation of the metal electrons
Pt catalysts exhibiting the SMSI effects and were interpreted into 27* antibonding orbitals of the CO molecule and a
in terms of a screening effect for the emitted photoelectrons weakening of the &0 bond. The presence of electron-rich Pt
from Pt atoms$234 Such a screening could also be observed sites in Pt/TiQ following reduction at temperatures above 300
upon decreasing the amount of exposed Pt atoms due to°C suggests the existence of electronic interactions between Pt
sintering. More likely, however, the observed decrease of the and the support in agreement with the XPS data discussed
Pt/Ti ratio as a function of the reduction temperature can be earlier. Still, however, the electronic properties of a small
attributed to a decoration of Pt by Tij@agments of the support  fraction of Pt sites remained unchanged, as indicated by the
in agreement with earlier suggestiotfslt is interesting that presence of a shoulder observed at the original location of the
our HRTEM and XPS data suggest that such a decoration of Ptterminal CO band (i.e., 2076 crj (Figure 3B). These
can occur at temperatures as low as 4Q0 while typically arguments are further supported by the results obtained during
this process is believed to take place at temperatures higher tharthe desorption of CO. According to the Blyholder mddel
500 °C 35 Nevertheless, recent XPS, soft X-ray photoelectron describing the interaction of CO with transition metals, an
spectroscopy, and low-energy ion scattering data confirm the increase in the electron density of the metal does not only result
possibility of Pt decoration by CeCand TiQ, suboxides in in a weakening of the €0 bond, but also a strengthening of
model catalysts at temperatures as low as 1ZG%3* Such the Pt=CO bond***1However, this model is disputed by more
decoration of Pt by a partially reduced TiGpecies would recent theoretical calculations, which indicate that it is possible
substantially increase the metalupport interface, and therefore, that changes of the electron environment of transition metals
the number of possible contact points between Pt atoms andmay result in an increase of back-donation, but not necessarily
Ti®" cations, resulting in the modification of electronic properties a strengthening of the MCO bond*? Consistent with this
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prediction, binding energies of CO on various bimetallics were for the oxidation of CO was the one reduced ip & 400°C
found to be smaller than those determined for the corresponding(Figure 6). This sample was characterized by a reduced Pt/Ti
monometallic surfaces: 46 ratio and a negative shift (by 0.4 eV) of the Pt (4f) lines (Table
Our infrared data further show that whepAl,O3 was used 2), consistent with the assumption that Pt particles in this case
as the support, the reduction temperature had no effect on theare partially covered by fragments of partially reduced support
thermal stability of the adsorbed CO species, which can be (TiOx) (although it is not clear at this point whether such
completely removed from the Pt surface at approximately 400 decoration of Pt by TiQ takes place under CO oxidation
°C. This result is in good agreement with similar data reported conditions). Electronic interactions between Pt and these frag-
previously for Pty-Al,0s.2% In contrast, the stability of the  ments are expected to result in an increase of the electron density
adsorbed CO species was found to be substantially differenton Pt and, therefore, a weakening of the CO adsorption (as
when TiG was used as the support. For example, CO adsorbedalready shown by the FTIR results discussed previously). Since
on Pt/TiQ, samples that were previously reduced inat 200 the reaction between adsorbed CO and oxygen atoms is believed
°C can be completely removed from the surface at ap- to be the rate-determining step during oxidation of CO, it is
proximately 60°C (Table 3). The strength of CO adsorption expected that the presence of weakly bonded CO andjor O
decreases even further on Pt/Zi€amples reduced inin the species on the Pt surface would favor higher reaction rates, in
300-500 °C range. Room temperature treatment in He was agreement with our observations.
enou_gh in thgse cases to completely remove the adsorbed CO, Reactivity of Various CO SpeciesOurin situ FTIR results
consistent with a very week PCO bonding in these samples. provide valuable information regarding the reactivity of the

In summary, the infrared results demonstrate that supportedyarious CO species adsorbed on the Pt surface. When freshly
platinum particles interact much_ stronggr with Fithan with reduced PUTi@and Pt-Al,O; samples were exposed to the
y-Al20s. These metatsupport interactions depend on the 144 cO/He flow, the intensity of the bands corresponding to
reduction temperature and led to an increase in the electrony,q tarminal and bridging CO species adsorbed on Pt was the
density of Pt following reduction at 30 or above, altering  g5me even when the adsorption was performed at temperatures
its chemisorptive properties and weakening the@®® bonding. as high as 300°C, consistent with the high heat of CO

Effect of Support on the Oxidation of CO. It has been  adsorption on P¥ When the CO adsorption was conducted in
previously suggested that the oxidation of CO proceeds throughihe presence of air (Figures 8A and 8B), the CO bands for both
a Langmuir-Hinshelwood (LH) type mechanisfid,involving terminal and bridging species were observed at slightly higher
the reaction between CO molc_acules and oxygen atoms adsorbedyavenumbers (a shift of approximately 5 ¢y signifying the
on a metal surface. Alternatively, the reaction has also been presence of @on the Pt surface, consistent with earlier rep8its.

proposed to proceed through an Eldyideal (ER) type mech- g ihermore, the appearance of the weak band at approximately
anisn@involving chemisorbed oxygen atoms and gas-phase CO.5121 enrt in the spectra of both PYTiOand Ptj-Al,Os

A grOV\;:ng data%as: oéét_etporteiq e>_<p§tr|m%ntal data in m?:ﬁ rtege?rt]samples indicates that at room temperature a small fraction of
years has provided additional Insight and may suggest that DotNp gjtas was converted to Ptin the CO/Air mixture?? It has

these kinetic models represent simplifications of a much more been previously shown that Pt clusters with an average diameter

complex mechanism. For example, neither of these two mech- -
. ; o of 10 A can be completely disintegrated after exposuresatO
anisms can account for the higher activity of catalysts prepared .
room temperature However, the heat of adsorption o ©n

on easily reduced metal oxides as opposed to catalysts prepare i .

on y-AIZOs or Si0,. Moreover itpﬁas been sh)éwnpthgt L Wh'.Ch typically ranges between 214 and 33.5 kl/mol

preadsorbed CO (orfpspecies are not displaced by subsequent depending on coveragécan be as low as 30 kJ/ rﬁélln. the

exposure to @(or CO) and that the heat of adsorption of CO presence of (,:O: ,SUCh weakly adsorbed oxygen species appear

does not change significantly in the presence afsdggesting to have no significant effect on the structure of supported Pt
particles, and only a small fraction of tspecies is formed

that two different types of adsorption sites on the Pt surface T A i
are involved in the accommodation of CO and 452 Such (as indicated by the 2121 crhband) regardless of particle size

data imply that there is no competition for the adsorption sites ©F the support used.
between CO and £contradicting earlier suggestions that some  Thein situ FTIR measurements conducted under CO oxida-
adsorbed CO species must be desorbed from the metal surfacéion conditions over both Pt/Ti0and Pt)-Al 03 (Figure 8A)
to free adsorption sites for, O indicate that the reaction between CO and oxygen was negligible
In the case of Pt/Ti@it is likely that TiO, can participate in at room temperature as evidenced by the presence of substantial
the catalytic process by providing highly active oxygen species. amounts of terminal (band at 2080 cHand bridging (band
It is known that when oxygen vacancies are formed at the at 1835 cm?) CO species on the Pt surface. As the temperature
metal-support interface of Pt/Tig oxygen from the gas phase Wwas increased, the intensity of both bands was decreased,
could be dissociatively adsorbed on such deffects with one of indicating relatively low surface coverages at elevated temper-
the oxygen atoms filling the vacancy and the other being atures due to the reaction between CO and oxygen, implying
coordinated to the five-coordinate“Tisite as an adatof:>3 that both terminal and bridging CO species adsorbed on Pt are
Other surface species, such as molecularly adsorbed oxygen iractive in the oxidation of CO. However, the bridging CO species
the form of Q~, can also be stable at relatively high temper- were less thermally stable on the Pt surface (Figure 4B) and
atures’®>*Moreover, it has been shown that the presence of Pt the first to disappear from the spectra under reaction conditions,
can stabilize O and G~ species photoformed on Ti® suggesting that the weakly adsorbed species may be more
Nevertheless, regardless of the nature of the oxygen speciegeactive for the oxidation of CO. At the same time, the intensity
formed, one may assume that the presence of such speciesf the band at 2125 cnd remained almost unaffected by the
conveniently located at the metal support interface contributes reaction temperature, implying that the CO species adsorbed
to the higher activity of Pt/Ti@for the oxidation of CO. on P& sites are not involved in the reaction. The catalytic and
In contrast to earlier observatioPspur results show that  infrared data show similar trends (Figures 6 and 9) indicating
among the different Pt/Ti@samples examined, the most active that reduced samples were more active in the oxidation of CO
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as compared to the oxidized ones. Furthermore, the activity of (Table 5). In this case, the sample was characterizedNpya;
reduced samples was increased with increasing reductionof 3.1 and by aNp—os Of 2.8 consistent with the suggestion
temperature. that Pt particles were disintegrated at these conditions to a larger
Similar behavior for the terminal and bridging CO species extent. As a result, oxide-like Pt species were formed, as
was observed bin situ FTIR on the Pt-Al ,03 sample (Figure evidenced by the appearance of the characteristic band for the
8B). Furthermore, no substantial differences were observed P2*—CO species at 2121 crhin the FTIR spectrum (Figure
between P/-Al O3 samples reduced at various temperatures. 8B). However, the EXAFS data indicate that at high reaction
Finally, no substantial differences were observed in the Catalytic temperatures and h|gh CO conversions, the surface of the
data (Figure 5A) obtained with these samples, suggesting thatcatalyst resembles extremely small Pt clusters incorporating no
in the case of Pf-Al2Os pretreatment at different conditions  more than 46 Pt atoms (Table 5). Such Pt clusters can be
did not induce any metaisupport interactions capable of  ,qgitively charge®t and therefore be less active for the oxidation
affecting either the chemisorptive or catalytic properties of Pt. « ~5 4q opposed to completely reduced Pt species. This
Structural Changes of Pty-Al,03 under CO Oxidation conclusion is in agreement with our catalytic data demonstrating

Conditions._The in s_iFu FTIR rgsults (Figure 8B) show _that that the reduced Pt/Tidsamples were more active than the
under reaction conditions the disappearance of the terminal andoxidized ones

bridging CO species was accompanied by the appearance of a~ . .
strong band at 2112 crh indicating the oxidation of Pt. This Itis interesting that the low- and the high-temperature features

process was more noticeable with increasing reaction temper-©f the light-off curves characterizing the fAl,0; after the
ature for Pty-Al,03 than for PY/TiQ. This difference can be ~ reduction at 200°C can be completely reproduced upon
attributed to differences in the Pt dispersion (Table 1) since the decreasing the reaction temperature, indicating the reversible
smaller Pt particles observed onjRP#I,0z are more susceptible ~ nature of the suggested structural changes. We associate such
to oxidation. Moreover, previous literature data reported for Pt/ reversibility with the ability of CO to reduce partially or
y-Al,03 show that at high reaction temperatures and, therefore, completely oxidized Pt species formed during the course of the
high CO conversions, oxygen species dominate the coveragecatalytic reaction. Such reduction presumably takes place at low
on the Pt surface® At these conditions, the majority of the reaction temperatures, while at high reaction temperatures (and
oxygen species are strongly bonded to Pt due to high heats oftherefore high CO conversions) the lack of CO in the gas phase
oxygen adsorption in the absence of CO species. One wouldonce again leads to the partial oxidation of Pt. Similarly, when
expect that such strong@dsorption will mainly have an affect  injtially oxidized Pt}-Al 03 was exposed to the CO/air mixture
on the structure of small Pt particles as opposed to big ones, inat room temperature, initial contact with the CO led to the partial
agreement with our observations. reduction of Pt. This essentially explains why the light-off curves
The infrared and EXAFS data reported here lead to a bettercharacterizing the oxidized Bt.A| 203 were almost identical
un_der_standing of the light-off curves characterizing the CO ith those of the sample reduced at 200 (Figure 5B) and
oxidation over the Pf-Al O3 samples that were reduced at 200 g ggests that these two samples have a similar structure under
°C_or oxidized at_ 300C_(F|gures 5A and 5B). The |anect|_on reaction conditions.
points observed in the light-off curves of these samples in the Furthermore, the EXAFS data show that under reaction

216—235°C temperature range could be explained by structural - . .
changes of Pt before and after the ignition temperature similar conditions the PtPt bond distance in B/Al.Os was about

to what has been suggested elsewRgReduction of P-Al,0; 2.78 A, which is 0.06 A larger than that observed in the freshly
at 200°C leads to the formation of highly dispersed supported reduced samples (Table 5). It is not quite clear at the moment
Pt particles having an average diameter of approximately 9 A why the Pt-Pt bond distance was increased under reaction
with nearly all the Pt atoms exposed (Table 1). Such small conditions. If these changes were due to the oxidation of Pt by
particles were characterized by a first-shel-Pt coordination ~ Oz, the PPt contributions would be expected at a shorter
number of 4.5 at a bond distance of 2.72 A and by a second- distance. Changes in the PtPt bond distance were observed
shell PPt coordination number of 2.2 at a bond distance of previously by EXAFS when Pt-containing samples were ex-
3.91 A (Table 5). The PtO contributions were observed in  posed to H, but were not detected upon exposure to various
the spectrum at short (POs) and long (PtQ)) distances of types of hydrocarborfsOn the other hand, the experimental
2.13 and 2.65 A, respectively, signifying interactions of Pt with structural parameters determined from EXAFS data indicate that
the support, which are typical for supported mefédExposure  the metat-metal bond distances in fully carbonylatedsf&0);»
of the sample to a CO/air mixture at 160 had some impact  or Rhy(CO),; clusters are typically larger than those observed
on the structure of the surface Pt species. Th_e second-skell Pt corresponding decarbonylated speéfFhis allows us to
Pt contributions were no longer present in the spectrum, g, gqest that under our experimental conditions the observed
|nd|c§1F|ng some d|S|ntegrgt|on of the Pt pamclgs u.nder these ;rease of th&®e._pt could be explained by a possible formation
%)rng:gogts_' (;)r hgo(:]ttﬁslrj\t/%%smgeza%e (PI';tbhlz g?or;d;nag'gr}unrmg?erof Pt carbonyl clusters with structures that cannot be precisely
e s : s . y identified from our EXAFS data. Infrared data reported by
garded as evidence that interactions witth@ve caused some Ichikawa et aF? provide evidence for the formation of
structural changes of the metal particles. Howgver, the degree[Ptg(CO)e]Z* frorﬁ H,PtCL after treatment with CO and4@ at
of such changes was relatively small as the first-shefiFRt 50°C, although such structural data as the Ptbond distances

coordination number remained nearly unchanged (Table 5). . i
Thus, our EXAFS data allowed us to infer that at relatively Were not reported for this cluster. The process of the formation

low reaction temperatures, and therefore low CO conversions ©f Pt carbonyls could be similar to that of the formation of

with plenty of CO present in a gas phase; & a reactant  7-Al20s-supported I or Irg carbonyl clusters upon reductive

has a small impact on the structure of highly dispersed Pt carbonylation of mononuclear Ir specfés.

particles. Finally, the fact that an unusual shape of the light-off curves
Stronger changes in the value d$._p; were observed when  was observed only for Bt/Al ;O3 having dispersed Pt particles

the same sample was exposed to the CO/air flow atZ80 is consistent with the inference that only exposed metal surfaces
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are vulnerable to the structural changes induced by reactants ashat the rate of hydrogen oxidation is decreased at these
was shown by EXAFS for PtAl,O3 during the hydrogenation  temperatures, the observed conversion of CO is likely related

of alkenes$ to the onset of side reactions such as methanation and/or the
Preferential Oxidation of CO in Hydrogen-Rich Streams water-gas shift reactions.

(PROX). The catalytic data of Figure 10 indicate thatPt/

Al,0; can effectively and selectively oxidize CO in the presence CO+3H,—~CH, +H,0 1)

of hydrogen in agreement with previous literature rep&iihe

results show that the CO and Eonversions proceed in parallel CO+ H,0<H,+ CO, (2)

with increasing reaction temperature up to 200 At that point
complete conversion of both CO and @as reached simulta-  The results of independent kinetic measurements conducted with
neously, yielding a selectivity of approximately 50%. At low a 0.5% CG-45% H, mixture over the same catalysts indicate
reaction temperatures, the surface of Pt is nearly covered tono substantial activity for the methanation reaction (1) at
saturation by CO due to the high heat of CO adsorption as temperatures below 300C. This result is consistent with
compared to K Therefore, the lack of sufficient +surface previous reports indicating that the activity of jR#I,O3 for
concentration is believed to be limiting the bixidation activity CH, formation under PROX conditions is negligible at tem-
under these conditions. However, at higher reaction tempera-peratures below 228C.7° Above this temperature, the formation
tures, the removal of CO from the Pt surface due to the reaction of methane increases slowly to a maximum of 0.025% at
with O, or partial desorption creates vacant active sites capableapproximately 350C.70
of accommodating b and therefore, accelerating the; H It is thus more likely that the water-gas shift reaction (2) is
oxidation reaction. Thus, the observed decrease in CO conver-a major contributor to the observed conversions of CO in the
sion with increasing temperature (Figure 10) leaves a very 170-300 °C temperature range. The,®, which is required
narrow window for successful operation of this catalyst in the for the reaction to proceed, is produciedsitu as the product
selective oxidation of CO and requires a precise control of the of H, oxidation. The equilibrium constant reported for this
reaction temperature. A simple comparison of the results reaction suggests that at aproximately 20D the forward
obtained over the same PtAl,O; sample for the oxidation of  reaction should be dominant in the absence of large amounts
CO in the absence (Figure 8A) and presence pffgure 10) of both H, and CQ in the reaction strearft.Indeed substantial
indicates that in the presence of the light-off curve is shifted  activity for the water-gas shift reaction has been reported
to lower temperatures by approximately 30, consistent with previously for Pt/TiQ in the 200-400 °C range’? closely
previous literature reporfS. A subsequent increase of the resembling our catalytic data (Figure 11). The water-gas shift
reaction temperature led to a decrease in the CO conversionreaction appears to be structure insensitive, as the turnover
(Figure 10), consistent with the loss of Gue to the competing  frequencies determined at differential conditions were essentially
oxidation of H, leading to reduced selectivities at higher constant over a wide range of Pt dispersiéhidowever, it was
temperature&-68 shown that these turnover frequencies depend strongly on the

When Pt/TiQ was reduced at 206C, no activity for the  type of TiO; used, suggesting that the support plays an important
selective oxidation of CO was observed at low temperatures role in this reactiori? In general, the water-gas shift reaction
and the light-off curve obtained resembled that observed for has been described by a redox mecharf&imyolving the
the Ptj-Al,O; sample, with a delay of approximately 3G oxidation of CO adsorbed on Pt by oxygen from the support
and a maximum CO conversion of only 62%. In contrast, when followed by the restoration of the support surface with oxygen
the sample was reduced at 3@ or higher, a low-temperature ~ atoms from HO.”* Alternatively, an associative mechanism has
activity was evident in the light-off curve, characterized by a also been suggested involving the interaction of CO adsorbed
maximum of 30% CO conversion at ?C (Figure 11). These  on the metal surface with hydroxyls on the support leading to
results are in agreement with recent reports, illustrating the the formation of a formate-like intermediate, the subsequent
ability of Pt/TiO, to selectively oxidize CO in hydrogen-rich ~ decomposition of which results in the formation of £énd
streams over a broad range of temperatfteShe low- H2.”% In both cases, the support plays an important role and the
temperature activity observed is directly related to the reduction function of Pt is most likely restricted to the supply of CO
temperature of the sample and 30D is the lowest reduction ~ molecules to the metal support interface, emphasizing the
temperature at which Pt/TiGshows such activity. bifunctional nature of the reaction. Such a scheme is consistent

The striking result here is that in the case of Pl light- with our cgtalytic data demonstrating the lack o_f an effect by
off curves for CO and oxygen do not resemble each other, asth€ reduction temperature on the CO conversion due to the
was observed for PtAl,O; (Figure 10). Complete ©con- water-gas shlft_ reaction in the 17300 °C temperature range
sumption, for example, is observed at 18D for the sample ~ ©Ver PUTIQ (Figure 11).
reduced at 200 and 12 for the samples reduced at 300 and .
400°C (Figure 11), indicating that the oxidation of b form Conclusions
H2O proceeds with much higher rates over Pt/Zi@an over Platinum particles of various sizes were formedyeAl ;03
Pt/y-Al,Oz. Furthermore, the oxidation of Hs affected by and TiQ, from a HPtClk:6H,0 precursor following reduction
the strength of the Ptsupport interactions, since the light-off  in H, at different temperatures in the 26800°C range. These
curves characterizing the,@onsumption are shifted to lower particles were characterized by FTIR, HRTEM, XPS, and
temperatures with increasing reduction temperature of P#TiO EXAFS and their catalytic properties were examined for the
(Figure 11). oxidation of CO in the absence and presence of H

Finally, we should point out that substantial conversion of ~ Wheny-Al,O3 was used as the support, Pt particles as small
CO with a maximum of about 62% was observed over the as 9-11 A on average were formeth situ FTIR data show
various Pt/TiQ samples in the 170300 °C temperature range  that both the terminal and bridging CO species adsorbed on Pt
with the light-off curves in this region being insensitive to the can be effectively oxidized. EXAFS data further show that
reduction temperature (Figure 11). With no reason to believe during the course of the CO oxidation reaction these Pt particles



23442 J. Phys. Chem. B, Vol. 109, No. 49, 2005

Alexeev et al.

can undergo substantial structural changes induced by the strong (11) Captain, D. K.; Roberts, K. L.; Amiridis, M. DCatal. Today1998

adsorption of the reactants. Exposure ofyFAl,03 to a CO/

air mixture at 280 C, for example, led to partial fragmentation
of the metal particles. As a result, extremely small platinum
clusters incorporating no more thar-@ metal atoms strongly
interacting with the support were formed. Being exposed4o O

42, 93.

(12) zaikovskii V. I.; Ryndin, Yu. A.; Kovalchuk, V. I.; Plyasova, L.
M.; Kuznetsov, B. N.; Yermakov, Yu. Kinet. Katal 1981 22, 443.
(13) Jentoft, R. E.; Deutsch, S. E.; Gates, BR&v. Sci. Instrum1996

67, 2111.

(14) Alexeev, O.; Panjabi, G.; Gates, B. £.Catal. 1998 173 196.
(15) Vaarkamp, M.; Linders, J. C.; Koningsberger, DRBys. B1995

under these reaction conditions, such small Pt clusters can beypg—209 1509.

positively charged, and therefore, be less active for CO oxidation

than fully reduced Pt. The transformation of metal clusters to

these oxide-like species appeared to be reversible and mainlyd

responsible for the inflection points observed in the light-off
curves in the 215235 °C temperature range. In contrast,
exposure of P{#-Al,O3 to the same CO/air mixture at low

reaction temperatures did not result in any substantial change

in the morphology of the platinum particles, since the-Pt

first-shell coordination number remained almost unchanged.

However, the PtPt bond distance was increased due to the
possible formation of Pt carbonyl species.

Platinum particles with an average diameter of approximately

26 A were formed on the Tigsupport. In this case, the strength

(16) Koningsberger, D. C. Ii8ynchrotron Techniques in Interfacial
ElectrochemistryMelendres, C. A., Tadjeddine, A., Eds.; Kluwer: Dor-
recht, The Netherlands, 1994; p 181.

(17) Stern, E. APhys. Re. B 1993 48, 9825.
(18) Brigham, E. O.The Fast Fourier TransformPrentice Hall:
Englewood Cliffs, NJ, 1974.
(19) Kirlin, P. S.; van Zon, F. B. M.; Koningsberger, D. C.; Gates, B.

C. J. Phys. Chem199Q 94, 8439.
S (20) van Zon, J. B. A. D.; Koningsberger, D. C.; van't Blik, H. F. J.;

Sayers, D. EJ. Chem. Phys1985 82, 5742.
(21) Alexeev, O.; Kim, D.-W.; Graham, G. W.; Shelef, M.; Gates, B.

C.J. Catal. 1999 185 170.

(22) Kip, B. J.; Duivenvoorden, F. B. M.; Koningsberger, D. C.; Prins,
R. J. Catal. 1987, 105, 26.

(23) Little, L. H. Infrared Spectra of Adsorbed Speciescademic
Press: London, UK, 1975.

(24) Baker, R. T.; Bernal, S.; Calvino, J. J.; Perez-Omil, J. A.; Lopez-

of the Pt-support interactions depends mainly on the reduction c,res cNanotechnol. Catal2004 2, 403.
temperature and can lead to an increased electron density on (25) weber, R. S.; Boudart, M.; Gallezot, P.@rowth and Properties

Pt, altering its chemisorptive properties and leading to a
weakening of the PtCO bonding. These factors appear to
promote the oxidation of CO. In addition, the higher activity

of Metal ClustersBourdon J., Ed.; Elsevier: Amsterdam, The Netherlands,
1980; p 415.

(26) Fukushima, T.; Katzer, J. R.; Sayers, D. E.; Cook. Prbteedings
of the 7th International Congress on Catalys&eiyama, T., Tanabe, K.,

of TiOz-supported samples can also be attributed to the ability Eds.; Elsevier: Amsterdam, The Netherlands, 1981; p 79.

of TiO, to provide or stabilize highly reactive oxygen species
presumably located at the metalupport interface. However,

(27) Lee, T. J.; Kim, Y. GJ. Catal. 1984 90, 279.
(28) Lietz, G.; Lieske, H.; Spindler, H.; Hanke, W.; Mer, J.J. Catal.
1983 81, 17.

such oxygen species appear to be much more reactive toward (29) Lieske, H.; Lietz, G.; Spindler, H.; Wer, J.J. Catal. 1983 81, 8.

H, than CO. As a result, the Pt/TiGamples examined show
poor selectivities for the CO oxidation under PROX conditions.
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