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The effect of support type and alloying with Sn on the electronic structure of supported Pt nanoparticles
was investigated using in situ high energy resolution fluorescence-detected X-ray absorption near-edge
spectroscopy (HERFD XANES) at the Pt L3-edge. Pt and PtSn particles supported on K-L zeolite have
similar electronic structures in the presence of individual adsorbates (H2, O2 or CO). Under CO, both
types of nanoparticles undergo dispersion to small Pt carbonyl clusters stabilized by their interaction
tSn alloy
-L zeolite
O oxidation

with basic oxygens in the zeolite pores. However, these two catalysts behave quite differently during
CO oxidation under near-stoichiometric reaction conditions. The Pt in Pt/K-L remains oxidized, even
at low temperatures, and displays much lower activity than Pt/Al2O3, whose particles are reduced and
covered with adsorbed CO under the same reaction conditions. Alloying the Pt in Pt/K-L with Sn results in
an electronic structure for Pt closer to that of Pt/Al2O3, which adsorbs CO preferentially at temperatures
below ignition, while forming an oxide above ignition. The activity enhancement by Sn in PtSn/K-L makes

Al2O
it similar in activity to Pt/

. Introduction

Supported Pt nanoparticles are used extensively as catalysts in
he production of both petrochemicals and fine chemicals [1,2].
hey are also a major component of the three-way catalysts used in
atalytic converters for automobiles [3]. Enhancement of the cat-
lytic activity or selectivity of supported Pt nanoparticles can be
chieved through the deliberate choice of support [4–8], or the
ddition of a dopant or alloy metal [5,9,10]. Differences in the activi-
ies of these Pt-based catalysts arise due to changes in the electronic
tructure of the Pt valence shell, affecting the availability of the
alence orbitals to form bonds with reactants during the catalytic
ycle [11–13].
A vast number of studies have attempted to relate the activity
f heterogeneous catalysts to their geometric and electronic struc-
ures. The majority of the work elucidating the electronic structure
f supported Pt and bimetallic Pt-containing nanoparticles relies

� This paper is for a special issue entitled “Heterogeneous Catalysis by Metals:
ew synthetic methods and characterization techniques for high reactivity” guest
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on IR spectroscopy of chemisorbed CO [5,14–23]. Changes in the
C–O stretching frequency of linearly-adsorbed CO can be used to
infer the effect of the support or dopant (alloy metal) on Pt. While
this technique provides valuable insight into the electronic struc-
ture of supported Pt, it cannot be used to probe changes in the
electronic structure of Pt in the presence of other (or no) adsor-
bates.

High energy X-ray absorption spectroscopy (XAS) is an element-
specific technique that has been used to investigate the electronic
structure of supported Pt nanoparticles [7,24–26]. XAS allows for
direct probing of the Pt electronic structure in the presence of var-
ious adsorbates (or without any adsorbate), and the use of hard
X-rays makes the technique viable under reaction conditions [24].
X-ray absorption near-edge spectroscopy (XANES) experiments
involve the excitation of a core electron to the valence shell, and
can be used to investigate the empty density-of-states (DOS) of the
absorbing atom. Excitation at the Pt L3-edge causes promotion of a
2p electron into the empty 5d-DOS, probing the electronic struc-
ture of the Pt valence shell. The X-ray absorption process leads
to a sharp feature at the absorption edge of the XAS spectrum,
commonly called the whiteline. The intensity, shape and position

of the whiteline provides information on both the geometric and
electronic structure of the absorbing atom. High energy resolu-
tion fluorescence-detected X-ray absorption spectroscopy (HERFD
XAS) is a technique in which XANES spectra are recorded with an
instrumental broadening that is less than the core-hole lifetime

dx.doi.org/10.1016/j.cattod.2010.07.017
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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perature of 477 K. Pt/K-L has substantially lower activity, with an
ignition temperature of 511 K. However, when Pt is alloyed with
a non-reactive metal, in this case Sn, the activity of the PtSn/K-L
catalyst increases and becomes similar to that of Pt/Al2O3, with an
ignition temperature of 478 K.
38 B.C. Vicente et al. / Cataly

roadening [27–30]. Selective detection of a single fluorescence
ecay channel results in a core-hole with a longer lifetime and
hus less broadening. The features in a HERFD XANES spectrum
re therefore sharper and better-resolved than in a conventional
ANES spectrum.

Recently, we reported an XAS study of the electronic structure
f monometallic and bimetallic Pt-containing nanoparticles sup-
orted on alumina in the presence of a variety of adsorbates [31].

n this contribution, the effect of the support on the electronic
tructure of monometallic Pt and bimetallic PtSn nanoparticles is
xplored under reaction conditions through the use of in situ HERFD
ANES. We show how support-dependent changes in electronic
tructure influence activity for CO oxidation.

. Materials and methods

.1. Catalyst synthesis

Pt/Al2O3 (1.90 wt.% Pt) containing either small or large Pt par-
icles was synthesized by the incipient-wetness method. 1.0 g
Pt(NH3)4](NO3)2 in 14 mL deionized water was added to 25 g
-alumina (B.E.T. surface area, 180 m2/g). After addition of an aque-
us solution saturated with NH4OH (2 mL), the mixture was dried
vernight in air at 398 K. To obtain small or large Pt particles, the
esulting powder was calcined for 3 h at 623 or 773 K, respec-
ively. Both materials were reduced at 523 K in a flow of pure
2 (100 mL/min). The Pt loading was determined by inductively-
oupled plasma analysis.

PtSn particles supported on K-L zeolite (referred to below as
-L) were prepared by sequential impregnation of tin and plat-

num [9,10,32]. The incipient-wetness impregnation of Tosoh K-L
Si/Al = 6.2, 13.6 wt.% K), previously calcined in dry air at 873 K
or 18 h, was performed using a solution of tributyltin acetate in

ethanol under a dry N2 atmosphere. The Sn/K-L was dried in air
nd calcined at 573 K, followed by impregnation with an aqueous
olution of [Pt(NH3)4](NO3)2 at room temperature. PtSn/K-L was
ried at 573 K and reduced in H2 at 873 K. The final catalyst con-
ained 1.0 wt.% Pt and had a Pt:Sn ratio of 1.4:1. Pt/K-L was prepared
imilarly, omitting the addition of Sn.

.2. Reactor setup

Catalytic combustion was conducted using a flow reactor
escribed elsewhere [26]. The reactor, which resembles a plug-flow
eactor with a diameter of 1.6 mm [33], was equipped with a trans-
ission/fluorescence cell with aluminum windows to allow the

imultaneous recording of XANES spectra. The temperature of the
eactor was monitored by a thermocouple embedded in the reactor
ousing. The reactor was loaded with approx. 40 mg catalyst that
ad been sieved to obtain particle sizes in the range 65–125 �m.
ases were pre-mixed using computer-controlled mass-flow con-

rollers. A computer-operated four-port valve was used for rapid
witching between the adsorbing gases and helium. The outlet
ases were monitored using a GSD Omnistar mass spectrometer
rom Pfeiffer Vacuum. Prior to XANES experiments, each catalyst
as pre-treated in situ with 5 vol.% H2 in He at 473 K, followed by
ure He at 473 K for 30 min, then cooled in pure He to 303 K before
witching to the desired adsorbing gas. XANES measurements were
erformed at a constant total flow rate of 30 mL/min, corresponding
o a space velocity of ca. 64,000 h−1.
CO oxidation was performed with a gas mixture containing 1%
O/1% O2/He. A constant total flow rate of 30 mL/min was main-
ained during the reaction. The reactor was heated at a constant
ate of 2 K/min until the temperature was 10 K above the ignition
emperature. The reactor was then cooled to at least 40 K below
ay 160 (2011) 137–143

the ignition temperature, and a second heating cycle to ignition
was performed. Reported ignition temperatures correspond to the
second heating cycle.

2.3. High energy resolution fluorescence-detected X-ray
absorption spectroscopy

Measurements were performed on beamline ID 26 at the Euro-
pean Synchrotron Radiation Facility (ESRF) in Grenoble, France,
using two u35 undulators. The X-ray beam incident on the sample
measured 0.6 mm horizontally and 0.2 mm vertically. The incident
energy, calibrated with a Pt foil, was selected by means of a pair
of Si(1 1 1) crystals, with an energy bandwidth of 1.6 eV at the Pt
L3-edge. The total flux was 3 × 1013 photons/s. Higher harmonics
were suppressed by two mirrors, one coated with Pd and the other
with Cr, working at 3 mrad in total reflection.

High energy resolution emission detection was performed with
a vertical-plane Rowland circle spectrometer tuned to the Pt L�1 flu-
orescence line (9442 eV) and an avalanche photodiode for photon
counting. A total energy bandwidth of 2.0 eV was achieved using
the (6 6 0) Bragg reflection of four, spherically-bent Ge crystals
(R = 1000 mm, d = 100 mm). This is below the lifetime broadening
of the Pt L�1 line, 2.2 eV, and is well below the 2p3/2 core-hole life-
time broadening of 5.3 eV [34]. A Canberra silicon photodiode was
used to measure total fluorescence simultaneously with the HERFD
XANES. Spectra were collected with a time resolution of 120 s at
303 K in pure He, 5% CO in He, 5% H2 in He, and 5% O2 in He. Spectra
were collected continuously during the heating cycles of CO oxida-
tion reactions in flowing 1% CO/1% O2/He, as well as during in situ
catalyst treatments (to ensure that unintended oxidation did not
occur during cooling under He).

3. Results

3.1. Activity for CO oxidation

Fig. 1 shows the ignition curves recorded for CO oxidation
over Pt/Al2O3, Pt/K-L, and PtSn/K-L. The differences among these
catalysts in ignition temperature (the temperature at which CO
conversion rises rapidly to completion) show that catalytic activity
is influenced both by the alloying of Pt with Sn, and by the type of
support. Pt/Al2O3 is the most active catalyst, with an ignition tem-
Fig. 1. Temperature dependence of the conversion of CO to CO2 by 40 mg Pt/Al2O3

(black), Pt/K-L (red), or PtSn/K-L (blue), in flowing CO/O2 (1% each in He, 30 mL/min).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)
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F e particles, green), Pt/K-L (red), PtSn/K-L (blue), and Pt foil (grey), for (a) bare Pt; and (b)
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Table 1
Energies (eV) of whiteline maxima for supported Pt nanoparticles in the presence
of various adsorbates at 303 K.

Adsorbate Pt/Al2O3 Pt/K-L PtSn/K-L

None (bare particle) 11,567.3 11,568.4 11,567.3
H2 11,567.8 11,569.0 11,568.1
CO 11,568.1 11,570.7 11,570.1

11,570.1
O2 11,568.4 11,569.0 11,568.7
CO/O2 11,568.4 11,569.0 11,569.5

[40,41], and indicates that the H2 used in the reduction step of
catalyst preparation was incompletely removed from the Pt surface.

Upon adsorption of H2, the whiteline intensity of Pt/Al2O3 does
not change, however, its position shifts by 0.5 eV, to 11,567.8 eV.
The whiteline of Pt/K-L, in which the particles were initially partly

Table 2
Maximum whiteline intensity in the normalized HERFD XANES of supported Pt
nanoparticles in the presence of various adsorbates at 303 K.

Adsorbate Pt/Al2O3 Pt/K-L PtSn/K-L

None (bare particle) 2.21 1.97 1.87
H2 2.28 2.03 1.95
CO 2.23 2.66 2.56

2.41
ig. 2. Pt L3-edge HERFD XANES for Pt/Al2O3 (small particles, black), Pt/Al2O3 (larg
fter H2 adsorption, (c) after CO adsorption and (d) after O2 adsorption, each at 303
o the web version of the article.)

.2. Particle sizes of Pt and PtSn catalysts

Previous work has shown that Pt and PtSn nanoparticles, pre-
ared in the same manner as the method used here and supported
n �-alumina, have average metal particle sizes below 1 nm [31].
t and PtSn nanoparticles supported on K-L are small enough to fit
nside the zeolite cages without blocking the pores [35,36]. In order
o confirm that the supported nanoparticles used in this study have
omparable sizes, the multiple-scattering features in the HERFD
ANES were examined. Fig. 2a shows the results for the supported
t and PtSn catalysts as bare particles (i.e., no adsorbates), as well as
he Pt foil. The multiple-scattering features at 11,582 and 11,596 eV
re much more intense for the large Pt particles on �-alumina and
or the Pt foil than for the small particles in our Pt/Al2O3, Pt/K-L
nd PtSn/K-L catalysts. The much lower intensity of the multiple-
cattering features at 11,582 and 11,596 eV in the spectra of the
upported catalysts confirms that they all contain small Pt particles
presumably, ca. 1 nm diameter).

.3. Effect of individual adsorbates on the electronic structures of
t and PtSn catalysts

In order to probe differences in the electronic structures of the
upported Pt and PtSn catalysts, HERFD XANES was recorded in
he absence and presence of various adsorbates. Fig. 2 shows the
esults for Pt/Al2O3, Pt/K-L, and PtSn/K-L as (nominally) bare metal
articles, as well as with adsorbed H2, CO, and O2. The whiteline
nergies and normalized intensities for all samples are reported in
ables 1 and 2, respectively.

In the absence of adsorbates, the spectrum of Pt/Al2O3 (small

articles) shows a strong whiteline at 11,567.3 eV, corresponding
o the 2p3/2-to-5d dipole transition. Pt/K-L and PtSn/K-L (bare metal
articles) have whitelines at 11,568.4 and 11,567.3 eV, respectively.
he whiteline intensity, which directly reflects the number of holes
n the d-band [37–39], is higher for both Pt/Al2O3 samples than for
11,570.1
Ignitiona 11,567.8 11,569.2 11,568.1

a Recorded in flowing CO/O2 at the ignition temperature.

either Pt or PtSn supported on K-L. The spectrum of Pt/K-L also
shows additional intensity from 11,572 to 11,578 eV. It likely arises
from the Pt–H antibonding states present upon adsorption of H2
O2 4.36 4.06 4.63
CO/O2 2.18 3.62 2.75

2.35
Ignitiona 3.26 4.87 3.46

a Recorded in flowing CO/O2 at the ignition temperature.
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overed by H2, shows the same intensity upon exposure to flowing
2 while shifting to 11,569.0 eV, corresponding to a 0.6 eV increase

n energy. PtSn/K-L exhibits the largest shift in the position of its
hiteline, moving 0.8 eV, to 11,568.1 eV, and experiences a slight

ncrease in intensity. The spectra of the H2-adsorbed materials also
how increased intensity between 11,572 and 11,580 eV (even for
t/K-L), which, as mentioned above, arises due to the newly-formed
t–H antibonding states. Pt(large particles)/Al2O3 shows similar
ehavior to Pt(small particles)/Al2O3 in the presence of H2 and with
ll other adsorbates (see below), although the adsorbate effects
re less pronounced for the large particles due to the dominant
ontributions of non-surface Pt atoms (see Appendix A).

Adsorption of CO on Pt/K-L and PtSn/K-L results in whitelines
ith comparable intensities, located at 11,570.5 and 11,570.1 eV,

espectively. Surprisingly, the doublet feature in the whiteline that
s often observed for supported Pt particles covered with adsorbed
O is absent [25,26,30]. However, this doublet is observed in the
pectrum of CO-exposed Pt/Al2O3, at 11,568.4 and 11,570.1 eV. Pre-
ious studies have shown that its low energy component arises
rom the Pt d-DOS, while the component at higher energy is the
esult of overlap between a CO antibonding orbital and a Pt d-orbital
hen CO is adsorbed in the atop configuration [25,30]. The higher

nergy component of the doublet appears at nearly the same energy
s the whiteline in the spectra of the particles supported on K-L,
uggesting that these materials contain CO adsorbed in a similar
anner. However, the absence of the lower energy whiteline com-

onent for Pt/K-L and PtSn/K-L indicates that their structure under
O differs from that of Pt/Al2O3. EXAFS suggests that under CO,
t/K-L is dispersed into smaller Pt3(CO)n clusters that are stabilized
ithin the pores of the zeolite [42]. This may explain the unique

hape and position of the whiteline for the particles supported on
-L upon exposure to CO.

Although the electronic structures of Pt/K-L and PtSn/K-L appear
o be rather similar in the presence of either H2 or CO, differences
n their whitelines are clearly evident when they are exposed to

2. For PtSn/K-L, the whiteline position is 11,568.7 eV, similar to
hat for Pt/Al2O3, while for Pt/K-L it is shifted 0.3 eV higher, to
1,569.0 eV. The whiteline intensities are quite different for all
hree samples, with PtSn/K-L having the most intense whiteline,
ollowed in order by Pt/Al2O3 and then Pt/K-L.

.4. Electronic structure of catalysts under reaction conditions
HERFD XANES experiments were also conducted in situ, in order
o probe the electronic structures of the catalysts during CO oxida-
ion. Fig. 3 compares the HERFD XANES of the three catalysts at
03 K and at their ignition temperatures, in the presence of flow-

ng 1% CO/1% O2. At 303 K, the spectrum of Pt/Al2O3 is similar

ig. 3. Pt L3-edge HERFD XANES for Pt/Al2O3 (black), Pt/K-L (red), and PtSn/K-L (blue), in a
gnition temperatures. (For interpretation of the references to color in this figure legend,
ay 160 (2011) 137–143

to that of Pt/Al2O3 with adsorbed CO, Fig. 2c. The doublet fea-
ture characteristic of CO adsorbed atop Pt is clearly evident. In
the corresponding spectrum of PtSn/K-L, the whiteline is broader
than when either CO or O2 were adsorbed separately. Further-
more, the whiteline has a maximum intensity at 11,569.5 eV, which
is intermediate between the positions of the whiteline when CO
is adsorbed alone (11,570.1 eV) and when O2 is adsorbed alone
(11,568.7 eV). The electronic structure of Pt/K-L under the CO/O2
mixture is apparently different from that of either of the other cat-
alysts. The whiteline position, at 11,569.0 eV, is identical to that of
Pt/K-L under O2 alone. The whiteline intensity is also much higher
than observed for the other two materials, resembling the spec-
trum of the O2-exposed material. As with PtSn/K-L, the whiteline is
broadened relative to the spectra recorded with individual adsor-
bates.

Upon heating each material to its ignition temperature in the
presence of the CO/O2 mixture, all three exhibit significant changes
in their electronic structures. Once again, the spectra of Pt/Al2O3
and PtSn/K-L closely resemble one another, while the spectrum of
Pt/K-L is clearly distinct. At ignition, the whiteline in the Pt/Al2O3
spectrum appears at 11,567.8 eV and no longer contains the high
energy feature associated with CO adsorbed on Pt. The whiteline of
PtSn/K-L is only 0.3 eV higher, at 11568.1 eV. Both spectra resemble
those recorded under O2 alone (Fig. 2d). The spectrum of Pt/K-L is
substantially different, both in the intensity and the position of its
whiteline. The position, 11,569.2 eV, is over 1.0 eV higher in energy
than for either Pt/Al2O3 or PtSn/K-L, but the change in its position at
ignition is only 0.2 eV relative to its position at 303 K. Furthermore,
its intensity far exceeds that for the other samples, exceeding even
that of Pt/K-L exposed only to O2.

Fig. 4 shows the HERFD XANES spectra for the three catalysts
under reaction conditions at temperatures below, at, and above
ignition. The spectra highlight changes in electronic structures that
occur upon reaching the ignition temperature. Pt/Al2O3 is con-
verted from a CO-covered Pt(0) structure to a partially oxidized
structure. The doublet characteristic of Pt with adsorbed CO is still
observed just below ignition, although the relative intensities of
the high and low energy components of the whiteline differ slightly
from those in the spectrum collected at 303 K, since the low energy
component is now more intense.

PtSn/K-L exhibits behavior similar to that of Pt/Al2O3, being
converted from CO-covered Pt(0) to an oxide structure when the
material is heated above its ignition temperature. Below igni-

tion, the whiteline appears at 11,568.1 eV (i.e., the same as its
position at ignition), but has a shoulder at higher energy due to
residual adsorbed CO. The corresponding spectra for Pt/K-L show
little difference below, at, and above its ignition temperature. A
small increase in the intensity of the whiteline is the only change

flowing stream of 1% CO/1% O2 (balance He), at (a) 303 K; and (b) at their respective
the reader is referred to the web version of the article.)
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ig. 4. Pt L3-edge HERFD XANES for (a) Pt/Al2O3; (b) Pt/K-L; and (c) PtSn/K-L, in a fl
nd at 5 K above ignition (black). (For interpretation of the references to color in th

bserved as the temperature is raised. There is no evidence of
dsorbed CO under any conditions. Instead, the partly oxidized Pt
ppears to be converted to an even more oxidized state.

. Discussion

The ignition phenomenon observed during CO oxidation over
t/Al2O3 is the result of a drastic structural change in the Pt parti-
les, which HERFD XANES has proven capable of detecting [24]. CO
xidation over Pt is known to proceed via a Langmuir–Hinshelwood
echanism [43–45], in which both O2 and CO must be adsorbed

n the metal prior to reacting. At low temperatures, CO occupies
ost of the available adsorption sites and blocks the adsorption of

2. As the temperature increases, less CO remains adsorbed on the
t surface, exposing sites capable of the dissociative adsorption of
2 [45]. When adsorbed oxygen is present, adsorbed CO is rapidly
xidized to CO2, regenerating more vacant Pt sites. Below ignition,
omplete conversion is not achieved, and some CO remains strongly
dsorbed on the Pt surface. When ignition is reached, this adsorbed
O is liberated and reacts, accounting for the transient observation
f CO2 generation at greater than 100% conversion. After this previ-
usly adsorbed CO reacts, a steady-state is achieved, with complete
onversion of CO in the reactor feed.

While the conversion profiles of both Pt/Al2O3 and PtSn/K-L
Fig. 1) are consistent with this reaction mechanism, Pt/K-L appears
o behave differently. Not only is its ignition temperature signifi-
antly higher, but excess CO2 (beyond complete conversion) is not
bserved at ignition.

Although all three catalysts containing small particles show
imilar multiple-scattering features, the whitelines for both Pt/K-
and PtSn/K-L are less intense than the whiteline for Pt/Al2O3,

ig. 2a. This may indicate that the particles supported on K-L are
lightly smaller than those supported on alumina. Smaller Pt parti-
les have a lower average coordination number, less hybridization
f the s, p and d valence orbitals, and fewer d-DOS above the Fermi
evel [46–49], resulting in decreased whiteline intensity. However,
nvestigations of CO-covered Pt/K-L have suggested that basic oxy-
en sites in the zeolite can interact with the Pt particles, resulting
n metal that is more electron-rich relative to Pt on other supports
35,50]. A similar effect could also explain the decreased intensity
f the whitelines observed here for Pt/K-L and PtSn/K-L.

Alloying of Pt with Sn changes the ability of supported Pt par-
icles on both alumina and K-L zeolite to chemisorb H2 [10,31,36].
hile the presence of Sn does not change the size of the metal
articles on either support appreciably, it does dilute the surface Pt
ites available for H2 adsorption [5,14,15,51,52]. The HERFD XANES
f Pt/K-L and PtSn/K-L with adsorbed H2 both show increased inten-
ity associated with Pt–H antibonding states between 11,572 and
stream of 1% CO/1% O2 (balance He) at 5 K below ignition (red), at ignition (blue),
re legend, the reader is referred to the web version of the article.)

11,578 eV, but the alloyed particles have less intensity in this region
than the unalloyed particles, Fig. 2b. There is also a significant dif-
ference in the positions of the whitelines for Pt/K-L and PtSn/K-L,
indicating that their electronic structures also differ, which may
affect their ability to adsorb H2.

These results demonstrate that the support exerts a strong influ-
ence on the electronic structure of the Pt particles when CO is
adsorbed. For materials made with K-L, the position of the whiteline
in the presence of CO is the same as the position of the high energy
component of the doublet feature of Pt/Al2O3, indicating that over-
lap of the CO antibonding orbitals with the Pt d-DOS occurs in both
Pt and PtSn supported on K-L. Electron donation from the K-L sup-
port to the Pt particles is expected to increase �-back-bonding from
Pt to CO and, consequently, the Pt–CO bond strength. In a previous
study of CO adsorbed on Pt/K-L, stabilization of Pt–CO clusters by
basic framework oxygens was proposed [50].

EXAFS showed that exposure of Pt/K-L to CO results in the for-
mation of Pt3 clusters bearing several carbonyl ligands [42]. The
anionic Chini complex [Pt3(CO)6

2−] was observed when Pt sup-
ported on either zeolite X or Y was exposed to CO [53], although
IR and EXAFS results suggest that the Pt carbonyl clusters formed
on K-L are neutral [42,50]. Furthermore, the formation of the Chini
complex on the zeolite supports is slow, requiring up to several
days [53], which is much longer than the timescale of our HERFD
XANES experiments. In contrast, neutral Pt carbonyl clusters form
quickly in K-L upon exposure to CO [42,50]. The increased back-
bonding ability of the particles supported on K-L likely leads to
the formation of smaller, neutral Pt clusters as the catalyst restruc-
tures in order to accommodate more Pt–CO bonds. The formation
of neutral Ptx(CO)y clusters with a much lower Pt–Pt coordination
number than the original Pt particles may explain why the low
energy component of the whiteline, which arises from the d-DOS
of the Pt neighbors of the adsorbing atom, is not observed for Pt or
PtSn supported on K-L.

The HERFD XANES of the three catalysts under flowing O2 show
some variation in whiteline intensity, although they all have similar
whiteline positions. The higher intensity of the PtSn/K-L white-
line indicates that the Pt in this sample is more oxidized than in
either Pt/K-L or Pt/Al2O3. The whiteline intensities of Pt/Al2O3 and
PtSn/K-L are the highest for these materials under O2, consistent
with much of the Pt being oxidized under O2 at 303 K. However,
the whiteline of Pt/K-L is more intense under the CO/O2 reaction
mixture at ignition than under O2 at 303 K. While electron dona-

tion by the support may stabilize a surface Pt oxide, the presence of
CO may induce dispersion into smaller Pt clusters that can be more
completely oxidized.

HERFD XANES collected in situ during CO oxidation allows for
observation of the electronic states during catalysis, and can pro-
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ide insight into the reaction mechanism. The in situ spectra show
hat Pt/Al2O3 and PtSn/K-L behave similarly during CO oxidation,
nd are consistent with the behavior of Pt nanoparticles on other
upports [54]. Both show two features in their whitelines just below
gnition, Fig. 4a and c. The high energy feature is due to adsorbed
O, while the low energy feature is likely due to oxidized Pt rather
han the Pt d-DOS of reduced Pt. In addition, both become oxide-like
pon heating to their ignition temperatures, Fig. 3b. Finally, both
re oxidized further upon heating beyond the ignition temperature,
ig. 4. These results are consistent with the Langmuir–Hinshelwood
eaction mechanism described above. Both catalysts have compa-
able reactivity for CO oxidation, as shown by their similar ignition
emperatures.

Pt/K-L, which has a much higher ignition temperature than
tSn/K-L, does not show the same trends in its in situ HERFD XANES
pectra during CO oxidation. At all temperatures under flowing
O/O2, the spectrum of Pt/K-L resembles that of PtSn/K-L under
2 alone. The whiteline intensity increases further upon heating. It
ppears that the Pt/K-L catalyst is partly oxidized (perhaps as a sur-
ace oxide) even at low temperatures, and is converted to a more
ully oxidized structure as the temperature is raised. The HERFD
ANES shows no evidence for CO adsorption on Pt/K-L during CO
xidation at any temperature. While electron donation from the K-
support is believed to make the Pt particles more susceptible to
xidation, this tendency is apparently suppressed by the presence
f Sn, which may be oxidized preferentially over Pt.

The presence of cationic Sn in PtSn/K-L has been detected by
össbauer spectroscopy, even after reduction in H2 at 773 K [9].

PR results confirmed that complete reduction of Sn in supported
tSn catalysts occurs only at temperatures above 873 K [55–58].
ince oxidized Sn is likely present under our reaction conditions,
he electron-rich oxygens of the K-L support may interact with it
ather than with Pt, and thereby decrease the susceptibility of Pt
o oxidation. However, the preferential oxidation of Sn relative to
t is not evident in the presence of a single adsorbate: Sn does not
dsorb CO, while under O2, both Sn and Pt are oxidized [59–63].
R spectroscopy of CO adsorbed onto Pt/K-L and PtSn/K-L showed
o difference in the �(CO) frequencies of the two samples, demon-
trating that Sn has a negligible effect on the electronic state of
he Pt [58]. However, during CO oxidation, Sn participates in the
issociation of molecular oxygen, which can then react with CO
dsorbed on the Pt [5,60,61]. Consequently, Pt/K-L and PtSn/K-
behave quite differently in the presence of the CO/O2 mixture,
espite their apparent similarity in the presence of H2, CO, and O2

ndividually.

. Conclusions

The electronic structures of small Pt and PtSn nanoparticles
upported on �-alumina and K-L zeolite were investigated in the
resence of individual adsorbates and under reaction conditions,
ia in situ HERFD XANES. Compared to Pt/Al2O3, the lower white-
ine intensities of the bare particles in Pt/K-L and PtSn/K-L indicate
hat the zeolite-supported Pt particles are either smaller or more
lectron-rich as a result of electron donation from the zeolite sup-
ort. Under CO, Pt and PtSn particles on K-L appear to disperse
s Ptx(CO)y clusters that are stabilized by their interaction with
asic oxygen sites of the zeolite. While the electronic structures
f Pt/K-L and PtSn/K-L appear similar in the presence of a single
dsorbate, they differ significantly under reaction conditions. Like
t/Al2O3, PtSn/K-L shows CO poisoning until its ignition temper-

ture is reached, when a high-activity oxide structure is formed.
owever, for Pt/K-L, CO-covered Pt(0) is not observed under any

eaction conditions. A partially oxidized Pt structure, possibly a sur-
ace oxide, is present at low temperatures until ignition is achieved,
hen further oxidation of Pt occurs.
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