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Well-defined Pt-nanoparticles with an average diameter of 1 nm supported on a series of zeolite Y samples
containing different monovalent (H Na, K*, Rb", and Cg) and divalent (M§", Ca&", S*, and B&")

cations have been used as model systems to investigate the effect of promotor elements in the oxidation of
CO in excess oxygen. Time-resolved infrared spectroscopy measurements allowed us to study the temperature-

programmed desorption of CO from supported Pt nanopatrticles to monitor the electronic changes in the local
environment of adsorbed CO. It was found that the red shift of the linear Pt-coordin=s€dvibration

compared to that of gas-phase CO increases with an increasing cation radius-to-charge ratio. In addition, a

systematic shift from linear (L) to bridge (B) bonde@=0O was observed for decreasing Lewis acidity, as
expressed by the KamteTaft parameten. A decreasingx results in an increasing electron charge on the

framework oxygen atoms and therefore an increasing electron charge on the supported Pt nanoparticles. This

observation was confirmed with X-ray absorption spectroscopy, and the intensity of the experimental Pt atomic
XAFS correlates with the Lewis acidity of the cation introduced. Furthermore, it was found that the CO

coverage increases with increasing electron density on the Pt nanoparticles. This increasing electron density

was found to result in an increased CO oxidation activity; i.e., g, for CO oxidation decreases with
decreasingx. In other words, basic promotors facilitate the chemisorption of CO on the Pt particles. The
most promoted CO oxidation catalyst is a PtIK sample, which has @5, 0f 390 K and a L:B intensity

ratio of 2.7. The obtained results provide guidelines to design improved CO oxidation catalysts.

Introduction linear and bridged bonded bands (L:B ratio) can be used as a

Understanding the effect of a support oxide on the properties meas?re fgrtrt]hf F?:ectronllc s;tate of tl;'e _Pt nanop?rt?clebals tivel
of noble metal particles is a challenging subject because it openéz’een ound hat Pt nanoclusters on basic supports are retatively
a way toward modeling and tuning of the catalytic properties more glectron-rlch than_ on acidic supports, which is reflected
by a deliberate choice of the support. The catalytic activity of gy an |ncrdea|1_s.gd ri%ihzt of rt]he co strgtck}lng frequ;enr(:y ?gd a
supported Pt nanoparticles is well-known to be sensitive to the ecreased L.5 ratv. nother attractive eatqre of the
support composition, acicbase properties, and pore curvattre technique is that it can be used to perform real-time temperature
but despite many studies that have been undertaken to elucidat@rogrammed desorption (TPD) studies to obtain direct informa-

the exact nature of the relationship, many questions still remain tON ON changes in the PC(O).bond st.rength. Surprisingly,
open. only a few IR thermal desorption studies off2O systems

A very useful, but often underestimated, technique is infrared have been reported in the literature, mainly dealing with stepped

spectroscopy (IR) because the IR spectrum of chemisorbeds'ngl,e Pt crystal$:~# To our best knowledge, IRCO-TPD
carbon monoxide (CO) can be regarded as a sensitive and locaptudies on fsupported Pt catalysts have only been reported by
probe of the electronic properties of supported Pt nanopar- Barth etar*?and Gandao et af. The former group compared
ticles#® Its application is based on the fact that differences in the CO desorpﬂpn process from Ptgi@nd PYAOs upon )
electronic state are reflected in changes in the vibrational N€@ting and cooling, whereas the latter team used the technique
characteristics of the PCO adduct. The resultis a red shift of {0 determine the presence of three types of Pt bonded CO on
the CO stretching frequency compared to that of the gas phase”/MI(A)O catalysts.

and the appearance of two principal IR bands: one in the region It is clear that systematic studies on well-defined Pt nano-
2100-1900 cn1?, which is assigned to CO that is coordinated particles supported on a wide range of porous oxides are lacking
linear to Pt, and a bridged bonded one between 1900 and 1700n the literature, preventing the generalization of some of the
cm~1, which is attributed to 2-, 3-, or even 4-fold-coordinated @above-mentioned conclusions. As a consequence, the aim of
CO. Next to the stretching frequency, the intensity ratio of the the present research is to investigate the effect of monovalent
(HT, Na", K*, Rb*, and C8) and divalent cations (Mg, C&",

*To whom correspondence should be addressed. E-mail: S+, and B&") on the electronic properties of Pt particles

b-”T‘-L"J"tfg'éﬂ%snﬁcgsci?em-”“-”'- encaged in the supercages of zeolite Y by means of the IR
$ DUBBLE CRG. v CO—TPD technique. The results will be discussed in relation

8 Toyota Motor Engineering & Manufacturing Europe Technical Centre. to the corresponding CO oxidation activity and spectroscopic
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TABLE 1: Overview of the Supported Pt Catalysts under Study, Together with Some Physicochemical Properties As
Determined with N,/H, Chemisorption, X-ray Fluorescence, High-Resolution Transmission Electron Microscopy, and N

Temperature Programmed Desorption

Pt particle size (nm) and their relative surface area pore vol

dispersion (%) H* (mmol/g)
as determined with as determined with

sample name  wt % Pt abundance as determined with HRTEM  (m?g) (mL/g) H, chemisorption NH; TPD
Pt/H-Y 1.2 <1 (exclusive) 700 0.28 93 1.97
Pt/Na-Y 1.0 <1 (exclusive) 686 0.27 95 0.16
Pt/K-Y 1.1 <1 (main fraction); 3 nm (traces) 690 0.27 82 0.15
Pt/Rb-Y 1.0 <1 (main fraction); 3 nm (traces) 678 0.27 88 0.16
Pt/Cs-Y 0.8 <1 (fraction); 5 nm (significant fraction) 542 0.23 69 0.18
Pt/Mg—Y 1.3 <1 (main fraction); 10 nm (traces) 679 0.27 82 0.22
Pt/Ca-Y 1.2 <1 (main fraction); 5 nm (traces) 687 0.27 83 0.17
Pt/SrY 0.9 =<1 (main fraction); 5 nm (traces) 690 0.27 82 0.15
Pt/Ba—Y 1.0 <1 (exclusive) 696 0.27 92 0.18

Pt atomic XAFS (AXAFS) data of these materials. It will be

drying at 353 K in N (quality 4.0; Hoekloos) for 12 h,

shown that an increasing electron charge on the supported Ptalcination was carried out by drying in a high airflow (30 mL/
nanoparticles indirectly induced by alkaline and earth alkaline min) for 12 h followed by increasing the temperature to 573 K
metal ions via the framework oxygen atoms promotes the CO at a heating rate of 0.2 K/min to achieve complete removal of
oxidation activity due to an increased CO surface coverage. NHz prior to reduction. Reduction was performed in purg H
Furthermore, the systems under investigation can be envisagedquality 5.0; Hoekloos) with a flow of 10 mL/min at 573 K for
as model systems for the NGtorage-reduction catalysts (e.g., 2 h. After reduction and flushing with \at room temperature,
Pt—BaO/ALOs3) currently used in cars. The results of the present passivation was carried out by admitting a small amount of air
study show that BaO plays most likely a dual role because it (10 mL/min) into the system to prevent aggregation of Pt
acts as a N@trap but also promotes the CO oxidation activity particles. Table 1 summarizes the different supported Pt catalysts
of the supported Pt nanoparticles. The work therefore provides under study in this work.
guidelines for the development of improved three-way exhaust 2. Catalyst Characterization. X-ray fluorescence (XRF) was
catalytic converters. carried out on all samples to determine the Pt loadings using a
. ) Spectro X-lab 2000 instrument,lghysisorption was performed
Experimental Section at 77 K with a Micromeretics ASAP 2400 apparatus (quality
Prior to preparation and characterization, it should be 4.0; Hoekloos). Prior to these measurements, the samples were
emphasized that the CO stretching vibration of Pt-chemisorbed degassed for 24 h at 573 K in vacuum. Surface area, pore
CO is not only sensitive to the support characteristics but also volume and pore size distribution were calculated with standard
to a large number of experimental parameters. According to BET theory. Hydrogen chemisorption measurements were
literature, the loading, dispersion, particle size, and coordination performed in a conventional static volume apparatus (Micromer-

number of P£1519 the reduction temperatuf&?! and CO
exposure pressuie?3can affect the observed IR data, whereas
sample pretreatmeft,CO exposure temperatuteCO adsorp-
tion,?> and CO interaction with support catid¥€ may play a

etics ASAP 2010C). The samples were first dried under
evacuation at 373 K overnight, then reduced in puseatb73

K for 1 h (ramp: 5 K/min). The samples were cooled in H
down to 523 K and evacuated at this temperature for 1 h.

role as well. To prevent erroneous assignments and conclusionsSubsequently, the samples were cooled in a vacuum to room
special attention has been paid to keep all experimental temperature and fadsorption isotherms were taken at 309 K.

parameters and instrumental settings the same.

1. Catalyst Preparation.H—Y (Si:Al ratio of 2.71) has been
obtained from Linde, whereas the starting material for ion
exchange was a NaY (Si:Al ratio of 2.49) material from
Ventron. The zeolite materials were put in theirfN&™*, Rb",
Cs", Mg?*, C&", S, and B&" form by four successive ion
exchanges for 12 h with an aqueous 1 M solution of NaCl
(Aldrich, p.a.), KCI (Aldrich, p.a.), RbCI (Merck, p.a.), CsClI
(Merck, p.a.), Mgd} (UCB, p.a.), CaGl (UCB, p.a.), SrGl
(Aldrich, p.a.), and BaGl (Aldrich, p.a.), respectively. The

At room temperature, the samples were evacuated and a second
isotherm was recorded. The hydrogen chemisorption capacity
was calculated at the difference between the two isotherms
extrapolated to zero pressure. The Pt dispersions were calculated
on the basis of the assumption that one hydrogen atom is
adsorbed per platinum surface atom. The number of support
protons was determined by temperature programmed desorption
(NHsz TPD) for catalysts containing only chemisorbed NH
Approximatey 1 g of catalyst was saturated in a flow of 5%
NHs/N, at room temperature. To remove physisorbed;Nke

samples were washed chlorine-free and dried in air at room- catalyst was washed three times in 50 mL gfCHat 353 K,

temperature overnight. The crystallinity before and after ion

filtered, and dried at 373 K. The quantity of desorbed;Niés

exchange was confirmed by XRD and SEM techniques. Chemi- determined by titration with a standard solution of 0.1 M HCI.
cal analysis of the zeolite materials indicated that after four The number of protons was calculated on the basis of the
successive ion exchange steps the degree of exchange was aboessumption that one NHnmolecule was chemisorbed per acid
98% for all materials under study. Details of the zeolite materials site. High-resolution transmission electron microscopy (HR-

can also be found elsewhefeAs will be shown, the zeolite
materials, with the exception of HY, are almost free of

TEM) was done with a Philips CM 30 UT electron microscope
equipped with a field emission gun as the source of Elecron

Bronsted acid sites, ensuring that the ion exchange of the operated at 300 kV. Samples were mounted on a microgrid

promoter cations does not introduce Hdites in the catalyst
materials.

carbon polymer supported on a copper grid by placing a few
droplets of a suspension of ground sample in ethanol on the

Supported Pt particles (1 wt %) were prepared via a dry grid, followed by drying at ambient conditions. Extended X-ray
impregnation step of the support materials with the appropriate absorption fine structure (EXAFS) measurements were carried

aqueous solutions of Pt(Nj(NOg),. After impregnation and

out at Hasylab (Germany) at stationl.1 and at the ESRF
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(France) at CRG DUBBLE (BM26A). Both beamlines were TABLE 2: EXAFS Fit Parameters of the Supported Pt
equipped with a double crystal monochromator with Si111 Catalysts under Study, Together with the Corresponding
crystals. Measurements were performed in transmission, and®XAFS Intensities

ion chambers were used for detection with a gas fill to absorb Ac®> R Eo  AXAFS intensity
20% in the first and 80% in the second ion chamber. Reduction _Sample _ scatterer N (A% (A)  (eV) (x107?)
of the higher harmonic radiation at Hasylab was established by Pt/H-Y Pt 54 34 274 1.9 2.20
detuning the second crystal to 50% of the maximum intensity, 0 02 30 210 —-123
and at the DUBBLE station by using a vertically focusing mirror PUNa-Y gt (53'2 g'g 383 _152(')5 1.06
installed .behind the monochromator. The samples were preparedpyk—y Pt 62 44 274 29 0.94
by pressing 0.120 to 0.140 g powder to a self-supporting wafer. 0 02 34 207 —13.0
Next, the wafer was placed in a treatment cell. Prior to Pt/Rb-Y Pt 7.1 61 272 1.9 1.37
measurement, the sample was dried at 423 K for 30 min in a o 04 56 200 —-12.0
flow of dry He and then slowly heated to 573 K under a flow PUCs-Y Pt 66 38 274 2.2 2.26
of 10% H, in He to reduce the passivated Pt. Next, the samples _ o 05 L4 205 -120
s /'S PY/Mg-Y Pt 58 6.1 273 2.0 1.95
were measured at liquid Nemperature. EXAFS data analysis e 04 1.0 219 —10.3
was carried out with the XDAP prograff. Pt/Ca-Y Pt 6.7 51 274 2.5 1.25
IR measurements were performed on self-supported catalyst 0 03 53 203 -130
. PUSFY Pt 51 3.1 274 1.9 1.30
wafers that were pressed from 0.01 to 0.020 g of calcined and o 05 13 210 -12.0
reduced sample material. A pressure of 3 bar was applied during py/Ba—vy Pt 51 4.7 273 27 1.16
10 s to prevent destruction of the pore structure of the sugfort. o 04 21 209 —13.0

The wafer was placed in an IR transmission cell equipped with
CaR, windows as previously describé¥The cell was evacuated  Results and Discussion
to 1078 bar followed by drying of the wafer at 393 K overnight
prior to reduction by a 10 mL/min flow of H(quality 4.6;
Hoekloos). During reduction the temperature was raised from
393 K with 3 K/min to 573 K where it was maintained for 1 h.
Next the system was switched to vacuum andraftl at 573

K, cooled to 323 K at a rate of 3 K/min where it was maintained
for 1h. We believe on the basis of the absence of aHPt
stretching vibration at around 2050 chin the Pt-loaded
samples that this vacuum treatment removed all the hydrogen

from the supported Pt nanoparticles. Next the system was b . .
. . i ) . ““by Pt particles at the outer surface of the zeolite crystals or
switched to 10% CO (quality 4.7; Hoekloos) in He (quality 4.6; zeolite destruction due to extensive Pt particle grottiihe

Hogkloos) at a starting pressure of 0.2 bar. After 30 min of by content of the different catalysts as determined by XRF varied
static pressure, the system was reevacuated and after anOthedetween 0.7 (PYCsY) and 1.3 (PMg-Y) wt % Pt, but most

30 min, temperature programmed desorption (TPD) was stgrtedof the Pt loadings are close to the target value of 1 wt %. The
by increasing the temperature from 323 to 573 K (3 K/min) 'y chemisorption results indicate that the Pt nanoparticles are
where it was maintained for 30 min. IR spectra were recorded o1 gispersed, although PYEY shows the lowest Pt disper-
on a P_erkln-EImer12000 FTIR instrument with a data point gjon an observation in line with the,Nhemisorption data.
resolution of 4 cm®. For each spectrum 25 scans were CO- finglly NH; TPD was used to estimate the number of acid sites
added. As a background, the spectrum of the catalyst wafer wasiy he pt-loaded zeolite materials. It was found that with the
taken after drying, reduction and cooling to 323 K, 2 min prior eyception of PUHY the catalyst materials do not contain
to CO exposure. During adsorption and TPD, time-resolved gpstantial amounts of protons. More importantly, we do not

scanning was carried out by automatically acquiring spectral gee any systematic trend as a function of the introduced promoter
data every 2 min, using Perkin-Elmer Time-Base software. To ations.

obtain spectra of the adsorbed CO during CO exposure, the gas- The size and size distribution of the supported Pt nanoparticles
phase spectrum of CO was subtracted from the spectrum that,5ye been determined with EXAFS and HRTEM. Whereas
was taken prior to reevacuation of the cell. Intensity data were ey AFS determines an average number for the Pt size (via the
acquired by calculating the integrated area of baseline corrected, mper of Pt scatterers), HRTEM gives insight in the size
spectra using the Perkin-Elmer Spectrum software. The repro-gistribution of the supported Pt nanoparticles.
ducibility of aII_IR-TPD_ measurements was verified by carryi_ng Table 2 summarizes the results of the EXAFS analysis on
out the experiments in duplo in two ways: (1) by analyzing g the samples under study. The data show that for most samples
two different wafers from the same sample and (2) by repeating 3 p¢pt coordination number of around 5-6.0 was found,
the exposure and desorption process to the same wafer withouyhich corresponds to a spherical Pt particle size of around 1
opening the IR cell. nm, most probably located in the supercage of zeolite Y. The
3. Catalytic Testing. The Pt-catalysts were tested for the three exceptions to this observation are thetcoordination
oxidation of CO in a 6-flow reactor setup, descibed in detail number of 6.7 for the Pt/GsY and Pt/Ca-Y samples and the
elsewheré? For this purpose, 20 mg of each catalyst diluted Pt—Pt coordination number of 7.1 for the Pt/Rl sample. We
with 200 mg of SiC was loaded in the reactors. The reacting did not observe scattering against the introduced co-cations,
gas consists of 1000 ppm of CO in an excess of 10% of O indicating that there is no direct chemical contact between the
The flow rate was 250 mL/min and the heating and cooling Pt nanoparticles and the promoter ions. However, because some
rates were 0.3 K/min. The catalysts were tested reversibly andof the cations introduced (e.g., Ba and Sr) can be regarded as
CO and CQ gas analysis was done with a nondispersive IR high Z elements, such a Pt absorb&rbackscatter pair still
analyzer. may exist, although we did not try to fit the higher shell

1. Catalyst Characterization. Table 1 summarizes some
physicochemical properties of the materials under study as
obtained with N and H physisorption, NH TPD, and XRF.

The surface area and pore volume of the Pt catalysts are typical
for zeolite Y. Neither the surface area, nor the pore volume of
the zeolite support is significantly affected by the introduction
of Pt nanoparticles in the micropores of zeolite Y. An exception
is the Pt/CsY sample, which shows a decreased surface area
and pore volume. A possible explanation could be pore blocking
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Figure 1. HRTEM micrographs of Pt/NaY (a) and Pt/CsY (b) catalyst samples.
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Figure 2. Time-resolved IR spectra during temperature programmed CO desorption fromYPt/th) raw spectra and (b) baseline corrected
spectra.

contributions of the EXAFS data. In this respect, it is worthwhile exclusively or as a main fraction Pt nanoparticles of 1 nm or
to mention the work of Vaarkamp et al. in which 1.4 Ba atoms smaller. As expected, the Pt/€s and Pt/Rb-Y samples
were found at a distance of 3.76 A from a Pt particle with a contain Pt particles of 35 nm as well. Thus, although some

coordination number of 3.7 in a Pt/BaKL zeolite mateffalhe differences are noticed between the different samples, EXAFS,
small amount of oxygen in the EXAFS fits (Table 2) is a support H, chemisorption and HRTEM indicate that well-defined Pt-
oxygen originating from the zeolite material. A formal-Rd loaded zeolite Y samples have been prepared. These samples

bond does not exist because the small Pt clusters are reducedontain predominantly 1 nm Pt nanoparticles, which are most
in hydrogen. Therefore, an oxygen atom from the support probably occluded in the supercages of zeolite Y.

material is the observed scatterer. This results in an increased 2. Infrared Spectroscopy.Figures 2-4 show the time- and
Pt=0 bond distance in comparison with platinum oxide. The temperature-resolved IR spectra of the different supported Pt
spread in the PtO distances is due to the changes induced by catalysts obtained during the CO TPD procedure. It is important
the presence of cations as well reflects the affinity of the Pt to recall that the results of two subsequent measurements of
particles for the support. Finally, the relative high or inner the same self-supported wafer were practically identical, which
potential values have to be addressed for this scatterer. Ther@mplies that the samples were not affected by the treatment and
is an ongoing discussion on the accepted variané&g wralues. that reproducible results were obtained. We also verified the
The standard, used in the current calculations, is théORtond stability of the Pt-zeolite samples during the CO TPD measure-
in NaoPt(OH). For the type of bond this is the best possible ments and have noticed with HR-TEM no disintegration or
standard, but not fully covering the identity of the zeolite oxygen aggregation of the supported Pt nanoparticles. In other words,
scatterer, which results in a more then normally accepted the applied methodology did not affect the Pt size and size

variance inkg value. distribution of the Pt nanoparticles in the different zeolite
Figure 1 shows as examples the HRTEM pictures of PtKa samples.
and Pt/CsY. Whereas in the case of Pt/N¥ no large Pt Figure 2 shows the CO IR TPD spectra of Pt/M. The 3D-

nanoparticles can be observed, HRTEM of P#Qsshows a set of spectra in Figure 2a are the raw IR data. It is clear that
significant portion of Pt nanoparticles ofb6 nm on top of the the spectra show a strong IR absorption band at around 2000
zeolite Y crystals. This observation explains, most probably, cm™ and a weaker one at around 1800 ¢nThe former band

the decreased surface area and pore volume of this material ass assigned to the stretching vibration of a linearly Pt-coordinated
well as the higher PtPt coordination number. Another explana- CO, whereas the latter band is due to bridged®® stretching

tion could be that the Pt particles further grow in the P#®s vibrations29-33-35 Both IR absorption bands decrease in intensity
sample exceeding the supercage size, leading to mesoporevith increasing TPD temperature due to CO desorption. In
formation. Evidence for such effects has been reported for the addition, a background absorption is arising, which complicates
formation of CDS and ZnS in NaX, Ir clusters in Na-X and the analysis at higher TPD temperatures. One can apply a
Pt clusters in ZSM-5 zeolited. Table 1 summarizes the baseline correction leading to the spectra shown in Figure 2b.
observations made by HRTEM. It can be concluded that all On the basis of Figures-24 one can make the following
samples, with the exception of the Pt#$ matial, contain qualitative observations:



3826 J. Phys. Chem. B, Vol. 109, No. 9, 2005 Visser et al.

— . b
5 0.12 A S 5 0.16
(zé \\\'.\‘i\\ii‘i?\\\i\\?\iyx\“s“\ 3 016 @\ﬁﬁ{\\:\x\\\\\\\
3 . : b,
3 RN A
[ v R
S \ 2 U
3 0.061 \\\ 5 0,08 -
g \ 160 & © [ \\\\\\\\\\\\\\\\\\\ 160
< < | U
PN
P \§§§§\\\\§\\§Q§\\\\ :
3 = o
0.00=—= . ~40 TPDAime (min) | LS -~ <40 TPD-time (min)
230 2100 1900 1700 2300 2100 1900 1700
Wavenumber (cm'") Wavenumber (cm-')

S 0.14] S 0.10] d
8 8
3 8 ,/
§ § / A
3 0.07; 3 0.05] TN
2 3 L 160
< < LN
0.00 _ . ~40 TPD-time (min) 0.00- 40 TPD-time (min)
2300 2100 1900 1700 2300 2100 1900 1700

Wavenumber (cm™) Wavenumber (cm™)

Figure 3. Time-resolved IR spectra during temperature programmed CO desorption from (a}-®t/Kgy P/K-Y, (c) Pt/Rb-Y, and (d) Pt/
Cs—Y. No baseline correction has been applied.
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Figure 4. Time-resolved IR spectra during temperature programmed CO desorption from (a)-Pt/Nlg) Pt/Ca-Y, (c) Pt/Sr-Y, and (d) Pt/
Ba—Y. No baseline correction has been applied.

(1) The linear CO absorption bands of Pt#M (Figure 2) (Table 1 and Figure 1). The most plausible explanation is to
are sharp and symmetrical, whereas alkaline metal (Figure 3)assume the presence of nonbonding electrostatic interactions.
and earth alkaline metal (Figure 4) cation-containing samples Two types of nonbonding interaction of the CO-oxygen can
possess broad asymmetrical bands with shoulders. Indeed, thaffect the CO vibration and result in different CO orientations:
bandwidth is small (half bandwidth (HBW) of 49 cr) for (a) a repulsive electrostatic interaction with oxygen atoms of
Pt/H-Y compared to those of the alkaline metal cation- the frameworké37and (2) an attractive iondipole interaction
exchanged (HBW of 98110 cnt?) and the earth alkaline metal ~ with framework cationg.Compared to the Pt/HY sample, the
cation-exchanged (HBW of 5570 cnt?l) zeolite Y samples. presence of cations seems crucial in the band broadening effect
In the case of Pt/HY, the HBW points to the presence of a and so itis most likely that the attractive iedipole interactions
single type of linear-coordinated CO and hence, to a uniform play the largest role. Next, the presence of cation-affected and
coordination number for the supported Pt partiéfe@n the “free” CO positions explains to some extent the complex linear
other hand, the large HBWs for the cation-containing zeolite Y CO band in the IR. In addition, reorientation of CO as a result
samples implies that either different Pt adsorption sites are of changing interactions might explain the increasing band
present or that different CO orientations are possible as a resultcomplexity at higher temperature. This phenomenon is particu-
of local interactions within the zeolite supercage. The former larly visible in the IR-CO-TPD pattern of Pt/NaY by
is rather unlikely, because the Pt particle sizes are practically the increasing intensity of the shoulder at 2000~érmpon
the same for all the samples, with the exception of PtCs heating.
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TABLE 3: Positions (cm™1) of the Absorption Bands of 175
Linearly and Bridged Pt-Coordinated CO for the Supported .
Pt Catalysts Measured at Different Temperatures »
linear Pt-coordinated bridged Pt-coordinated < 125 —
C=0 stretching band =C=0 stretching band E_ _ /.
sample 323K 373K 473K 573K 323K 373K 473K 573K 8 -7
75 -
PYH-Y 2083 2078 2072 2066 1856 1854 1751 1750 = R
Pt/Na-Y 2073 2036 1995 1957 1823 1806 1775 1720 e
Pt/K—Y 2045 2022 1996 1964 1821 1797 1736 1723
Pt/Rb-Y 1992 1984 1971 1963 1803 1792 1725 1718 25 T T T
PYCs-Y 2001 1959 1937 1918 1813 1753 1720 1719 0 50 100 150 200
PtMg—Y 2087 2075 2066 2054 1892 lonic Radius:Charge (pm)
1837 1855 1855 ) ) )
1808 1786 1784 Figure 5. Red shift of linearly bonded €0 on supported Pt
Pt/Ca—Y 2093 2083 2069 2047 1887 nanoparticles compared to gas-phasedCas a function of the promotor
1855 1855 cation radius-to-charge ratio. No baseline correction has been applied.
1798 1786 ) )
Pt/SY 2076 2070 2059 2041 1872 1868 1868 1897 TABLE 4: Overview of the Infrared L:B Ratios and
1844 1845 1845 Catalytic Activity Data of the Supported Pt Catalysts under
1802 1773 Study?
Pt/Ba—Y 2076 2049 2026 2021 17188845 17188543 1834 1813 infrared L:B ratio  Teows(K) for Eae (k3/mol) for
1760 1754 1728 1723 sample at 323 K CO conversion CO conversion
Pt/H-Y 10.0 460 92
(2) The differences and shifts of the band maxima for both PtNa-Y 2.9 410 92
linear and bridged Pt-coordinated CO for the different samples P://K: 2.7 390 93
upon TPD are summarized in Table 3. Comparison of the linear PUES_;( g'g ggg gg
Pt-coordinated CO stretching band position under experimental pyyg—y 8.0 450 04
conditions demonstrates that the maximum decreases uponpt/Ca-Y 45 420 94
substitution of the framework protons by alkali or earth alkali Pt/Sr-Y 4.0 395 85
35 420 79

metal ions more or less in the same order as their position in Pt/Ba-Y

the periodic system, i.e., # Na > K > Rb~ Cs and Mg~

aThe L:B ratios have been obtained from the IR spectra after baseline

Ca> Sr> Ba. Similar trends can be observed for the bridged correction.
Pt-coordinated CO stretching band. Besides, the spread of about
100 cnt? for alkali metal cation-containing samples and of relative extent of the band intensity decrease is influenced by
about 20 cm? for alkaline earth metal cation-containing samples the presence of alkaline and earth alkaline metal cations.
indicates a large difference in the CO bond strength. These Furthermore, the ratio of the IR band intensities of linear to
results point to a correlation of the-an with the electronic bridged Pt-coordinated CO decreases in the order: PY/H
properties of M/M2". Assuming an inversely proportional Pt/MZT—Y > Pt/M*—Y.
relationship of ¥=c and the Pt-C(O) bond strength, one would In what follows, we will elaborate on these differences and
expect an order in the CO-desorption rate of P#¥s> present a more quantitative comparison between the materials
Pt/Rb—Y > Pt/K—Y > Pt/Na—Y > Pt/H=Y. A closer under investigation. For this purpose, the summed integrated
examination of the IR-desorption patterns in 3D-projection intensities of linear and bridged Pt-coordinateg@ stretching
(Figures 3 and 4) does not show such trend, indicating that therebands have been used after normalizing for the Pt contents of
is no simple correlation between the=¢ with the P+-C(O) the self-supported wafers. Figure 5 relates the red shift of linearly
bond strength. Apparently, a high CO stretching frequency is Pt-coordinated &0 compared to gas-phase=0 (positioned
not by definition related to a weak P€(O) bonding an vice at 2143 cm?) with the cation radius-to-charge ratio of the
versa. This is in line with a recent conclusion of Wasileski et different cations under study. It is evident that there exists a
al. that there is no simple correlation between the field dependentcorrelation and a high red shift corresponds to a high cation
Pt bonded CO vibrational frequency and the-B(O) bonding radius-to-charge ratio. Similar trends are observed for the
energy3® bridged Pt-coordinated=0 stretching band, although due to
(3) Both alkaline and earth alkaline metal ion-containing the complexity and broadness of these bands less straightforward
samples possess a complex bridged Pt-coordinated CO stretchingonclusions can be drawn.
band pattern and at least three broad and ill-resolved absorption Next, the effect of the different co-cations on the intensity
bands are observed (Table 3). This is the most evident for ratio of the linear (L) to bridge (B) coordinated bands was
materials loaded with the divalent cations. As can be seen fromexamined, and the results are summarized in Table 4. These
Figure 4, the intensity decrease of the bridged bonded CO bandvalues were obtained from the IR TPD spectra obtained at 323
at around 1800 cni is partially offset by an increase of the K after baseline correction. Comparison of the IR L:B intensity
baseline and in principle the latter might also be due to the ratios of the spectra recorded at 323 K reveal much lower L:B
formation of 3- or 4-fold-coordinated CO. However, upon values of 2.72.9 for the alkali ion-exchanged Pt-zeolites
cooling, the baseline decreases to its initial values whereas thecompared to 10 for the PtHHY sample. Earth alkaline ion-
linear and 2-fold-coordinated bands do not increase in intensity. exchanged Pt-zeolites have intermediate L:B values of 3.5
For that reason, we reject the formation of the latter type of Pt 8.0, but importantly, the values follow the trend expected from
bonded CO. It implies that the intensity of the bridged band the ordering in the periodic table. It should be noted that the
decreases faster than that of the linear®=0 band at around  inaccuracy of the L:B values of the Pt/MY and Pt/MF/Y
2000 cntt. Comparison among Figures-2 also indicate that ~ catalysts is larger than for Pt/Hy due to the asymmetry of
the IR band intensities of linear and bridged Pt-coordinated CO the bands, but the trends remain clear. In addition, we could
decrease with increasing measurement temperature and thaot find a simple relationship between the red shift for linear
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Figure 6. Relationship between IR L:B intensity ratios and Lewis acid
properties of the cations introduced in zeolite Y as expressed by the
Kamlet-Taft parameteo.. The Pt/H-Y sample could not be introduced  Figure 7. CO coverage on supported Pt nanopatrticles as a function of
in this plot because na-values for H are available. the desorption temperature: (a) P#K, (b) Pt/Ca-Y, (c) PtYMg-Y,

and (d) Pt/H-Y.
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bonded &GO to Pt and the IR L:B intensity ratio. Instead, we
found a relationship between the L:B intensity ratios and the
Lewis acid properties of the cations introduced in zeolite Y.
The results are summarized in Figure 6. A parameter, describing
the Lewis acid behavior of the cations under investigation, is
the Kamlet-Taft parameten.3® This parameter expresses the
ability of a cation to accept an electron pair and a higialue
corresponds with a strong Lewis acid character. It is clear that
a weak Lewis acid, such as*K(o. = 0.85), results in an
increasing electron charge on the framework oxygen atoms and . . .
therefore an increasing electron charge on the supported Pt 2 4 6 8 10
nanoparticles. This increase results in an increasing occupancy IR L:B intensity ratio
of the d-levels, resulting in an increase in back-donation in the Figure 8. CO coverage on supported Pt nanoparticles measured at
molecular orbital with 2* character and therefore an increasing 450 K as a function of the IR L:B intensity ratio. The Pt/Bé sample
red shift of the linear &0 band and a decreasing infrared L:B  behaves atypically and has a very high CO coverage.
ratio. The reverse situation can be rationalized for a strong Lewis
acid site, such as Mg (o. = 4.66). The latter assumption has been obtained from the work of
Finally, one can use the integrated band intensities of the Vannice and Twi! Figure 7 shows that in each zeolite sample
linearly and bridged Pt-coordinated CO molecules to determine the CO coverage on the supported Pt particles decreases with
the surface coverage of these species as a function of theincreasing desorption temperature. In addition, the relative
desorption temperature in the different supported Pt nano- amount of adsorbed CO is the highest on Pifand the lowest
particles. The obvious assumptions are that (1) the extinction on Pt/H-Y, whereas the two other Pt-loaded zeolites have
coefficients of linearly and bridged Pt-coordinated=0 intermediate CO coverages. To elaborate further on this point,
molecules do not change with increasing desorption temperature we have plotted the CO coverage values at 450 K as a function
(2) the CO surface coverage does not effect too much the COof the corresponding IR L:B ratios of the different samples.
band intensities, and (3) the extinction coefficients are not The result is illustrated in Figure 8. It seems that the CO
affected to a great extent by the electron properties of the coverages on supported Pt nanoparticles increase with decreasing
supported Pt nanoparticle. The second assumption is only validIR L:B ratio. In addition, a decreasing CO coverage leads to an
if Pt nanoparticles of similar size and shape are under study, increasing effect of the electronic charge of the Pt particles on
which is the case on the basis of our EXAFS and HRTEM data, the red shift of the &0 stretching band for each adsorbed CO
with the exception of Pt/CsY. With respect to the third molecule. In other words, theo will shift due to an increased
assumption, it should be mentioned that extinction coefficients 27* back-bonding to lower energy for decreasing CO coverage,
of a carbonyl function (a €0 unit comparable to €0) in which is experimentally observed, as shown in Table 3.
aldehydes and ketones are not dramatically altered when the 3. Pt AXAFS Measurements.Recently, Koningsberger et
surrounding R groups are changed. Examples are the moleculesl. developed a new tool for obtaining structural information
CH3C(=0)CHs (¢ = 8.5 I/mokcn?) and CICHC(=0)CgHs (e from XAFS data of metatsupported catalysts, such as Pt-loaded
= 7.9 I/mokcm?).*® In other words, changes in the electron zeolites*?43A previously nonutilized feature called AXAFS has
properties of the supported Pt particle due to the presence of abeen shown to be highly sensitive to the composition of the
different promoter element are only expected to slightly support oxide. The change in intensity of the Fourier transformed
influence the extinction coefficient of an adsorbed CO molecule. AXAFS peak can be directly related to a change in the
In a future study we will attempt to determine the extinction interatomic potential of the Pt atoms averaged over the whole
coefficients of adsorbed CO on supported Pt nanoparticles. Pt metal particle. The change in interatomic potential is caused
Figure 7 illustrates the CO surface coverage for PiXK Pt/ by an increase or decrease in electron charge (more or less
Ca—Y, Pt/Mg—Y, and Pt/H-Y zeolites as a function of the electron-rich) of the support oxygen atoms. The electron charge
desorption temperature. The values have been obtained by takingf the support oxygen atoms in turn is determined by the
into account the weight and Pt content of the IR wafers for Madelung potential of the support oxide, which depends on the
each sample as well as by assuming that the extinction composition of the support material. Thus, a high intensity of
coefficient of linearly Pt-coordinated=€0 molecules is twice the AXAFS contribution corresponds to an electron-poor Pt
as large as that of the bridged Pt-coordinateeGCmolecules. particle and vice vers#:4°

12

Ba
10

'Y%d

CO-coverage (arbitrary units)

o N & O -}
*




CO Oxidation over Zeolite-Supported Pt Nanoparticles

J. Phys. Chem. B, Vol. 109, No. 9, 2003829

0.025 0.025
0.015 4 a 0.015 b
~~ —~~
e‘_, 0.005 4 ﬁ‘, 0.005
> . 4 >
X 0,005+ X o005
I I
£.015 4 0015
0.025 0025
0 0.5 1.5 0 05 15
R(A) R(A)
0.025 0.025
0.015 4 ¢ 0.015 4 d
~ —~~~
X oms X 0,005
> >
X 005 0,005
I [
-0.015 4 -0.015 1
0025 0.025
0 05 1 15 0 0.5 1 15
R(A) R(A)
igure 9. Fourier transformi, =2 ~1) of atomic of (a , av, (c g-Y, an .
F 9. F t f Ak = 2.5-8 A1) of at XAFS of PU/K-Y, (b) Pt/Ca-Y Pt/Mg-Y, and (d) Pt/H-Y
475
B
& 20 = = g ¢
e " 450 >
//— ’/
5’ * Pl g /”/
) Ptadiy < 425 =
= 10 Paa '_3 0/ _
x
T 400 Ser
L : *
’ 2 :1- tls zla 10 373 ' ' '
4 6 8 10

IR L:B intensity ratio

IR L:B intensity ratio

Figure 10. AXAFS peak intensity of supported Pt nanoparticles as a

function of the IR L'B intensity ratio. Figure 11. CO oxidation activity over supported Pt nanoparticles

expressed byl'sos as a function of the IR L:B intensity ratio.

The AXAFS contribution can be isolated by subtracting the
calculated P+Pt and PO contributions from the raw EXAFS  whereas the Pt/KY sample has the lowest AXAFS peak
data?? Details on the procedure for obtaining AXAFS spectra intensity and IR L:B value. It is fair to mention that because
have been published elsewhéfdzigure 9 shows the AXAFS  Pt/Cs-Y contains larger Pt particles, we have not included this
contributions in theR-range from 0 to 1.5 A for P/KY, Pt/ data point in Figure 10.
Ca-Y, Pt/Mg—Y, and Pt/H-Y zeolites. One can notice from 4. CO Oxidation Activity. The supported Pt catalysts under
Figure 9 that the AXAFS data of the different Pt-zeolites differ investigation show clearly different catalytic behavior in the
in their peak intensity, as well as in the peak centroid. A decreaseoxidation of CO in the presence of excess oxygen. The
in the AXAFS intensity results in a shift of the peak centroid temperatures at which 50% of the CO is convertésgh) for
to higher R values and vice versa. The AXAFS intensities the different materials are summarized in Table 4. It is evident
obtained from the XAFS data of the different Pt-zeolites are that depending on the cation present in the parent zeolite Y the
included in Table 2. Tso0 can differ with more than 100 K. The catalytic results can

Figure 10 plots the AXAFS peak intensities of the Pt-loaded also be plotted as a function of the corresponding IR L:B
zeolites versus their corresponding IR L:B ratios and it is evident intensity ratios of the materials, which expresses the electron
that the AXAFS intensity decreases with decreasing IR L:B charge on the supported Pt nanoparticles. The obtained cor-
ratio. In other words, both the AXAFS peak intensity and IR relation is shown in Figure 11. It is evident that electron-rich
L:B ratio are measures for the electron charge of the Pt supported Pt nanoparticles promote CO oxidation activity,
nanoparticles and as a consequence of the electron charge oivhereas electron-poor supported Pt nanoparticles oxidize CO
the support oxygen atoms. Thus, the AXAFS peak intensity and at much higher activity. It is important to stress that because
the IR L:B ratio decreases with increasing electron richness of the Pt/Cs-Y sample contains larger Pt particles, we have not
the Pt nanoparticles. The PtHY sample has the highest included this data point in Figure 11; however, the trend remains
AXAFS peak intensity as well as the highest IR L:B value, clear. A more detailed analysis of the catalytic data also revealed
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that the activation energy for CO conversions between 1 and TABLE 5: Relation between IR, XAFS, and CO Oxidation

10% was between 79 and 102 kJ/mol (Table 4). This is in line Results on Supported Pt Catalysts

with literature datd8 indicating that there was no mass transfer properties related to a

limitations in the catalytic systems under study. specific measuring technique observation
Au: ref 49 was not cited; citation added below to “47,48”;

relocate as needed IR CO L:B ratio low high
- . . CO coverage high low
Itis well-known that the CO oxidation on Pt proceeds viaa  yars AXAFS peak intensity low high
three-step LangmuirHinshelwood reaction schemé&:*? AXAFS peak centroid long short
Catalysis CO oxidation activity high low
Cogase COads (1)
(O2)gas™ 2 Ouqs 2 the effect of the addition of alkaline and alkaline earth metal
cations to the electronic properties of Pt. An interesting question
CO,yct O s (coz)gaS (3) remains if the same trends can be obtained for other support

types and compositions as well and further work should be
where the indices “gas” and “ads” refer to the gas-phase anddirected to reveal such trends and hopefully design more active
adsorbed species, respectively. Under ultrahigh vacuum condi-catalyst systems for car exhaust applications.
tions CO adsorbs associatively and starts to desorb above about
350 K, whereas @adsorbs dissociatively above about 100 K Conclusions

and desorbs associatively above 726°PR2CO diffuses rapidly . . .
over the surface and reacts with O to yield £G@vhich Table 5 relates the different observations obtained by the CO

immediately desorbs into the gas phase. On the basis of theadsorption infrared, XAFS, and CO oxidation experiments. On

reaction scheme (1)3), one can assume that in an excess of the baS|.s of this |W0;k .thfe foll(;)wmg conclusions can be m;lde:
oxygen (as is the case for our catalytic experiments) and at (1) Time-resolved infrared spectroscopy proves to be a

temperatures around the desorption temperature of CO (350 K),féasible tool to mo?itor desorp;tion of COffrom supported highly
the rate of the reactionis determined by the relative surface diSPersed Pt catalysts as a function of temperature and time.

concentration of adsorbed CO. ie.. the CO surface coverageNEXt to the surface coverage, the position and shape of the linear

(6c=0). One could then write the reaction equation as follows: and _b_ridge Pt bonded_ co stretch_ing band appear to be very
sensitive to the chemical composition of the support and the

r = —{d[(CO,)g.J/dt} = Kb (4) desorption temperature. The work also dgr.n.onstrates that a high
CO stretching frequency is not by definition related to the

As shown before, we were able on the basis of the IR desorption rate of CO, which is not correlated to a strong Pt
measurements to estimate values for the different catalysts undef=0 bonding and vice versa.
study. The combined information from Figures 8 and 11 allows  (2) The red shift of the linear Pt-coordinatee=O vibration
us to state that there exists a relationship betw&sg, and compared to that of gas-phase CO increases with an increasing
Hc=o; i.e., CO oxidation over supported Pt particles is facilitated cation radius-to-charge ratio. In addition, a systematic shift from
by a higher CO coverage and vice versa. This is in line with linear to bridge bonded CO was observed for decreasing Lewis
reaction eq 4. This effect can be achieved by adding the adequatecCidity, as expressed by the Kamidtaft parametera. A
promotor element to the catalyst systent. 8eems to be the  decreasingx results in an increasing electron charge on the
best promoting element for tuning the electronic properties of framework oxygen atoms and therefore an increasing electron
the supported Pt nanoparticles. charge on the supported Pt nanoparticles.

One should, however, be aware that the spectroscopic and (3) The CO coverage on the supported Pt nanoparticles
catalytic measurements are not done under the same environincreases with increasing electron density on Pt. This increasing
mental conditions, i.e., reducing vs oxidizing environments. electron density was found to result in an increased CO oxidation
Indeed, the characterization by AXAFS and IR does not activity, and basic promotors facilitate the chemisorption of CO
necessarily represent the state of the active catalyst material andn the Pt nanopatrticles. This adsorbed CO reacts with adsorbed
the reduced Pt particles can be (partially) oxidized under the O according to a LangmuirHinshelwood mechanism to give
catalytic conditions employed. An alternative explanation could rise to the formation of C® The most promoted CO oxidation
be that the differences in electron density of the Pt nanoparticlescatalyst is a Pt/k-Y sample, which has @sqs, 0f 390 K and a
on the different support materials lead to a higher fraction of L:B ratio of 2.7.
surface oxidation. An alternative explanation could therefore
be that differences in oxygen coverage on the Pt nanoparticles Acknowledgment. This work has been funded by Toyota
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