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The strength of PtOxsupport and Ptsupport interactions was investigated for supported PtOx/S@x/

Al O3, and PtOx/Ce@catalysts with time-resolved in situ Raman/IR spectroscopy and scanning transmission
electron microscopy (STEM). Raman spectroscopy (and STENay energy-dispersive spectoscopy, XEDS)
was able to distinguish between crystalline P(@-7 nm), amorphous P#Jd~1—1.5 nm), and surface PtOx
species €1 nm). The domain size of the supported PtOx phase decreaseg XSAD,O; > Ce(Q,) as the
PtOx—support interaction increased (Ceg® Al,O; > SiO,). The strength of the PtOxsupport interaction

also controlled the reducibility of the supported PtOx phase, with the strongly interacting PtQ)syZ€m

being the most difficult to reduce. Corresponding IR spectroscopy showed that thes@giort also became
reduced by H-spillover during the reduction treatment. Furthermore, Pt redispersion is also related to the
PtOx—support interaction, and complete redispersion on @ be achieved with mild reductietxidation
treatments. The reduced metallic Pt is reoxidized by bulk lattice oxygen from the €ggport and not
gas-phase molecular,0

Introduction film. The supported Pd was observed to become oxidized by

Ceri ed . d nobl al tracti the ceria support in the absence of gas-phase oxygen, thus giving
eria-supported precious and noble metals are attracting muc:hﬁirect spectroscopic evidence for the transfer of oxygen from

intergst due to their uniq_ue catalytic prqpert_ies for demanding the CeQ to its supported noble metal. This result is in parallel
reactions related to environmental purifications, fuel-cell ap- with a previous temperature-programmed desorption study, in

plications, and automotive emissions conﬂr_éln the automo- which oxygen migration from the Ce@upport to the supported
tive three-way catalyst, the CeSupport functions as an oxygen Rh metal was evidenced by the observation of a substantial

buffer by releasing oxygen under reducing conditions and storing amount of CQ following heating up the preadsorbed CO on

oxygen under oxidizing conditiorfsThus, the reduction of NOx Rh sites that were dispersed on the GeGbstraté. It is worth
and the oxidation of CO and hydrocarbons can be accomplishednoting however. that the above examﬁlésveré based on

?l:g?:itfhngggjgoﬂédesrudyrc')?trg ('jc;tlféoné;’:;esgﬂfvfeu§|lgf?,2§:d model systems in which precious metals were dispersed on the
- =>Uupp g Y CeQ, or CeQ—Zr0Os, films.

found to preferentially oxidize trace amounts of CO in g H i e o
rich environment, and this is referred to as PROX (preferential I Practical applications, Ce{powder may undergo signifi-

oxidation)*5 It is widely accepted that the unique properties of ant textural changes under reaction conditions. For examples,
the supported metal/CeQ@ystem stems from the presence of CeQ _undergoes_ severe surface area Io_ss under reducing
abundant C&—Ce** coupling within the Ce@structure. The conditions and this also leads to agglomeration of the supported

Ce*/Cet ratio undergoes dynamic change responding to its Precious metal8.Another result of the precious meteCeQ;
environment, such as fuel-lean and -rich conditions, which interaction was found to be geometric decoration of the precious

makes Ce@an oxygen reservoir for the supported precious Metal by the Ce@support, a phenomenon known as SMSI
metals. (strong metatsupport interaction) that was initially observed

Recently, spectroscopic evidence showing that £sCan in the TiO,-supported noble metal systefh&. TEM study has

active support for precious metals has been achieved. The CeoShown that the surface of Pt was progressively covered by the
support was found to spontaneously oxidize its supported noble ©€C: Support when the catalyst is subjected ipti¢atment at

metals. Smirnov and Grah&rhave used XPS spectroscopy to certain temperatures>600 °C). This geometric decoration
monitor the oxidation state of Pd dispersed on a £€00, consequently leads to severe decrease of the Pt chemisorption

capacity?~11
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most popular ones. Recently, Raman spectroscopy has beemnd 900 grooves/mm grating (Horiba Jobin Yvon, 53011140HR),
demonstrated as an effective and easy tool to probe the state oind a LN cooled CCD detector (Horiba Jobin Yvon-CCD 3000
the supported noble metals Pd, Pt, and'Rf Special attention ~ with 2048 x 13.5 um? pixels). The Raman excitation was
was paid to the metaloxygen vibration signals for their  achieved with a 532 nm Nd-YAG laser. A 50objective
gualitative value in reporting the oxidation state of noble metals, (Olympus BX-30) was employed for both focusing the laser
which is a very important factor in revealing the catalytic beam on the sample and collection of the scattered photons.
mechanism. Raman signals of -Rd, Pd-O, and RR-O The Rayleigh scattering component was blocked by a notch filter
vibrations of ceria-supported precious metal oxides were first (Kaiser Super Nothch) having100 cnt?! cutoff. The chosen
reported by Murrell et al” Brogan and Diné$ performed a operating conditions (800 mm focal length, 206 confocal

systematic Raman study of the supported BQA+CeO hole size, and 900 grooves/mm grating) provided a Raman
catalyst prepared by the segel method. Distinct Raman signals  spectral resolution of-2 cm1. Typical Raman spectral col-
at 550 and 690 crt were assigned to P©O—Ce and P+O lection times were 100 s (20 s/scan and 5 scans/spectrum). The

vibrations, respectively. The PO—Ce and Pt O band could Raman spectra were calibrated by using the Hg 546.07 nm line
be eliminated by Kitreatments. Studies of the behaviors of these and the Si 520.07 cn shift.

vibrations under different environments revealed the strong FT-IR measurements were performed with a Sense IR system
interaction between Pt and the Ce€upport. Interestingly, Pt attached at the top of the Horina-Jobin Yvon LabRam HR
supported on AlO; exhibits a broad Raman band at 600€@m  system. The FT-IR spectrometer is equipped with a-tbbled
under an oxygen environment that is also removed by a reducingmercury-cadmium-telluride (MCT) detector that has a spectral
environment® While the Raman signals of precious metal resolution of 4 cm. FT-IR spectra were collected in the diffuse
oxides have been used to probe oxidation and reduction of thereflectance mode by use of a total-reflecting objective (Gas-
noble metals, prior investigations have not examined the segrain/Schwarzschild type). FT-IR spectral collection time was
simultaneous redox behavior of the precious metal and the oxidetypically 36 s (0.3 s/scan and 120 scans). The absorbance
support. This dynamic correlation is obviously highly desirable spectrum was calculated as

in order to establish the mutual interactions between the precious

metals and their supports. reflection g,

The objective of this investigation is to establish direct absorbancg;e= —109;, Treflection..
spectroscopic evidence for precious melpport interactions ke
in the Pt/CeQ catalytic system by simultaneously combining .
time-resolved in situ Raman and IR spectroscopic measure- N€ KCl spectrum was measured at 2Z@under flowing Ar
mentd? during redox treatments. Thus, both the oxide support N the environmental cell described below. ,
and the supported Pt will simultaneously be spectroscopically For the in situ Raman and IR spectroscopic studies, about
monitored as a function of reducing and oxidizing conditions 20 Mg of the catalyst sample in loose powder form was placed
as well as a function of time. The size domain of the supported @t the center of the heating stage of an environmental cell
Pt and PtOx nanoparticles (NPs) will be determined by scanning (Linkam THMS 600) with the total gas flow maintained at 30
transmission electron spectroscopy (STEM) studies. Compara-CM”/min. The environmental cell was equipped with a gaF
tive studies with supported PtSiCand Pt/AbOs catalytic window (International Crystal Lat_)oratones) to allow S|mu_lt§1-_
materials are also undertaken to compare the behavior of PtN€oUS Raman and IR spectroscopic measurements. The oxidizing

supported on Cefwith Pt supported on other oxide support and reducing environments correspond to 3%a@d 3% H
materials. balanced by Ar, respectively. During heating and cooling, the

sample temperature was linearly programmed &CU/fnin with
an electronic controller and independently calibrated by use of
a separate thermal couple embedded in the catalyst sample. At
Catalyst Synthesis.The supported Pt/SiQ Pt/Al,Os, and each temperature, 30 min was typically employed for the catalyst
Pt/CeQ catalysts were prepared by the incipient wetness sample to reach equilibration in the different environments.
impregnation method with an aqueous solution of Ptf)¥H Methanol chemisorption IR was used to probe the surface of
(NOs)2 (Aldrich, Pt= 50%) onto SiQ (Cabot, Cab-O-Sil EH5,  the freshly calcined and reduced (3@) Pt/CeQ sample. Thus
330 nt/g), Al,O3 (Engelhard/BASF, H5433C, 1782g), and the freshly calcined samples were first heated at4Dor 30
CeQ (Rhodia, lot 04004401 AC 5, 200 #g). The oxide min in flowing O, or H;, (to reduce the sample) and cooled down
supports were calcined in air at 50C for 3 h prior to to 120°C in O, and H, respectively. The oxidized and reduced
impregnation. The freshly impregnated samples were kept undersamples were then exposed to methanol gas, obtained by

Experimental Section

ambient conditions for 24 h followed by calcination at 5TD bubbling Ar through methanol liquid. The flow rate of Ar was

in air for 3 h at aramping rate of 1°C/min from room regulated to allow a CkOH flow of 4 mmol/min (gas). IR

temperature to 500C. spectra were taken after 20 min of methanol follow and a
In Situ Raman and IR Spectroscopy. The vibrational subsequent 10 min of pure Ar flow. During the combined time-

spectroscopic measurements were performed with a Horiba-resolved Raman/IR measurements, the total-reflecting objective
Jobin Yvon LabRam-IR system that combined Raman and FT- (Gas-segrain/Schwarzschild type) was employed for both Raman
IR with a confocal microscope. The Raman laser beam and theand IR spectroscopic measurements to save time. (It was found
IR source beam were concentrically aligned so that both spectrathe lens embedded in the IR objective can be used for Raman
could be collected from the same sample spot (the spot size ofmeasurement.) For these time-resolved measurements, the
IR is typically larger than the spot size of Raman). The LabRam- Raman and IR spectra were each recorded in 20 s (1 scan for
IR system could also be continuously switched between the Raman and 66 scans for IR), which corresponds to a time
Raman and IR collection modes so that parallel time-resolved resolution of 40 s per complete Raman/IR cycle.
Raman and IR spectra could be collected. Isotopic 180, Experiments. During isotopic'®0, experiments

The Raman spectra were collected with a single-stage with the supported Pt/Cef@atalyst at 300C, special care was
monochromator (LabRam-HR) with a focal length of 800 mm taken to remove any residu#iO, that may exist in the dead
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volume of the switching valve. Thu%O, was first replaced
by 180, (2% balanced by He and Ar mixture at 30 ¥min) at
300 °C after 20 min treatment bifO,, allowing 80, to flow
for 10 min before the initial reduction by Hat the same
temperature. (The first 10 min %0, treatment did not induce
the isotopic shift of the PtO vibration.) The catalyst was then
treated with H (3% balanced by Ar) flow. After 30 min of H
treatment at 300C, the feeding gas was switched*®, and
held for an additional 30 min.

ScanningTransmission Electron Microscopy Analysis.
Samples of the three catalysts (Pt supported on, S0,
and AbOs) were prepared for STEM characterization by by
suspending them in high-purity ethanol and allowing a drop of
the suspension to dry on a lacey carbon film supported by a
300-mesh Cu TEM grid. High-angle annular dark-field (HAADF)
imaging was carried out on a JEOL 2200FS FEG-STEM
operating at 200 keV and equipped with a CEOS spherical-
aberration correctd®® Subsequent X-ray energy-dispersive
spectroscopy (XEDS) analysis was carried out on a VG HB603
FEG-STEM operating at 300 keV and equipped with a Nion
Inc. spherical aberration correct8r?2STEM—XEDS spectrum
images were collected on an Oxford Instruments XEDS system
with a pixel resolution of 128 128 and an acquisition time of
200 ms/pixel. After the data acquisition, multivariate statistical
analysis (MSA) of the XEDS data was performed with MSAX-
ESP v0.11 (M. Watanabe, 2005). MSA is a set of processing
techniques that analyzes the spectrum image data cube as
whole and identifies the various components within it that vary
independently, and this allows the operator to significantly

Lin et al.

Pt/A1;0;

Figure 1. STEM-HAADF images of supported Pt/A&)s, Pt/SiQ, and
Rt/CeQ catalysts.

reduce the inherent background noise from the processedsample indicated by the dashed line in the ADF image. The Pt

data?324 Watanabe and co-workéPshave shown that the
application of MSA to STEM-XEDS spectrum imaging can
significantly improve the quality and interpretability of the
acquired data.

Results

STEM—HAADF Imaging and XEDS Analysis. Represen-
tative HAADF images of the three supported Pt catalysts are
shown in Figure 1 in their oxidized state. The large atomic-
number Z) contrast produced by the HAADF imaging technique
clearly reveals the Pt species against the ,S#dd AbO3;
supports. In the AOs-supported catalyst, the particles ranged
in size from 0.5 to 3 nm with the dominant size being 1.5 nm.
The size of the Si@based catalyst was found to exhibit a
bimodal Pt particle size distribution of-11.5 and 4-7 nm.

In comparison, it is difficult to discern any discrete Pt particles
in the HAADF images from the Cef&upported catalyst (Figure
1). Interpretation of the images from this catalyst was compli-
cated by the high atomic number of the Ce atoms in the
underlying CeQ@ support Z°¢ = 54). Since the contrast in
HAADF images is proportional t@?, the contribution to the
overall image contrast from the CeQupport is large and,
consequently, the supported Pt speci#&$ £ 78) do not stand
out as strikingly in these images as in those acquired from the
lighter Al,Os and SiQ supports (wher@A' = 13 andZ5 = 14,
respectively).

STEM—XEDS spectrum imaging was carried out on the
supported Pt/Cefsample in order to accurately determine the
nature of the Pt dispersion on the Gefdipport. The resulting

Ma, La, and LS peaks are clearly present in excess of the X-ray
continuum background. Thus, these data confirms that the Pt is
very highly dispersed over the entire CeSlurface.

Raman Spectra under Ambient Conditions.The Raman
spectra of the freshly calcined supported PtSEYAILO3, and
Pt/CeQ catalysts and the crystalline Pt@eference under
ambient conditions are presented in Figure 3. The crystalline
PtO, reference Raman spectrum exhibits two sharp bands at
504 and 545 cmt, which have been assigned toAt+ E
vibrational mode3® According to the literature, amorphous RtO
gives rise to a band at 610 cAy® crystalline PtO possesses
Raman features at 438 fEand 657 cm* (Bg);26 and metallic
Pt is not Raman-active. Other bulk platinum oxide phases
formed under high-temperature and high-pressure conditions
also display distinct Raman features in th800 cn1? region?®

For the supported Pt/AD; catalyst, only a broad Raman band
centered at 610 cm is present from PtOx since thealumina
support used in this study does not give rise to Raman-active
vibrations?” The 610 cm! vibration is consistent with the
vibration of amorphous PtOnanoparticles 1.5 nm) as
suggested by the TEM image in Figure 1. The Raman spectrum
of the supported Pt/Si{Ocatalyst displays bands at 450, 504,
545, 610, 790, and 1100 crth The bands at 450, 790, and 1100
cm! are vibrations from the Sigsupport® and are not affected
by H, reduction (see in situ Raman results below). The sharp
vibrations at 504 and 545 crhcorrespond to crystalline PO
particles?® which are easily reduced byHsee results below).
The broad signal at 610 crh contains contributions from the
SiO, support and amorphous Pi@®ibrations. The amorphous
PtG; band can be easily reduced with kbee in situ Raman

elemental maps, shown in Figure 2, do not reveal any discreteresults below). The presence of two types of supported PtO

Pt particles. Instead, the Poisignal originates from an area
that is spatially coincident with that of the Cexland O Ko

NPs on SiQ, crystalline, and amorphous Btphases is in good
agreement with the TEM results, which show dual particle size

signals. The veracity of these data is confirmed by the summeddistribution. The amorphous PtOIPs on SiQ (Raman band

XEDS spectrum (also Figure 2) extracted from the area of the

at 610 cnl) are probably~1.0—1.5 nm, as imaged in Figure



Metal—Support Interactions of Pt Catalysts J. Phys. Chem. C, Vol. 112, No. 15, 2008945

10004 ]
0:K, Cu-K,
o004 | ] .Ce'l-/l}.

Series
800

700- Ce-M,
600
500 Si-K4

400 Pt-M,

Counts

Cu-Kg

1001 | Pt-Le  prLg

2 4 6 8 10 12 14
kel
Energy
Figure 2. STEM-ADF image of the supported Pt/Cg€atalyst and the corresponding Ce,LO Ko, and Pt lo. XEDS maps after background
subtraction, showing no discrete Pt particles in this sample. The XEDS spectrum extracted from the area of the sample indicated by the dashed box

in the ADF image is also presented. The presence of Pt is clearly indicated by tledpidLL5 peaks. The Si ik and Cu K5 peaks are also
visible in the spectrum; these arise from internal fluorescence of the Si(Li) XEDS detector and the Cu TEM grid, respectively.

1, and the crystalline Ptparticles (Raman band 504 and 545 on CeQ induced by coordination of the PtOx to the ceria

cm™1) are probably 47 nm in size, as imaged in Figure 1. support. The above findings demonstrate that the state of
The calcined supported Pt/Cg@atalyst sample exhibits  supported PtOx phase after calcination strongly depends on the

Raman bands at 450, 550, and 665 &nThe strong 450 crrt specific oxide support.

vibration is associated with tHe2 g symmetry of the crystalline In Situ Raman and IR Spectra Acquired under H,

CeQ support?® The Raman features at 550 and 665 érare Reducing Conditions.The Raman spectra of the supported Pt

from the supported PtOx phase and disappear upon reductioncatalysts and bulk Pt{at elevated temperatures and under H

and reappear upon oxidation (see in situ Raman studies below)reducing conditions are presented in Figure 4. Prior to exposure

These Raman bands are associated with a highly dispersedo the reducing HHAr environment, the bulk Pt£and supported

surface PtOx phase on C€0®and are tentatively assigned to PtOx catalysts were initially calcined in flowing »@r at

the bridging P+O—Ce vibration (550 cmt) and PO vibration 350°C and subsequently cooled down to®D Bulk PtQ was

(665 cn11).16 The band at 400 cmt is assigned to defect sifés readily reduced to metallic Pt at 5C by exposure to the
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Figure 3. Raman spectra of supported Pt/giBt/Al,Os;, and Pt/Ce@
measured under ambient conditions. A spectrum of crystadiieO,

is shown for comparison. Insets display corresponding XPS spectra of
supported Pt/CeO

reducing environment as shown in Figure 4a. The in situ Raman
spectra of the supported PtOx catalysts atGGeveal that the

supported PtOx phases are oxidized and unchanged from those

present under ambient conditions (see Figure 3). Switching from
the oxidizing to the reducing environment at 50 results in
reduction of the supported amorphous Pfibases present in
the supported Pt/AD; catalyst and the amorphous and crystal-
line PtG phase present in the supported Pt/Si@talyst systems
(see Figure 4b,c). The remaining Raman features at 450, 486
and 610 cm? in the supported Pt/SiCspectrum are from the
SiO; support?® In contrast to these systems containing bulkPtO
phases, the supported PtOx phase on £sOmuch more
difficult to reduce with H and reduction initiates at 200 as
shown in Figure 5a. Clearly, the Ptoe( interaction is very
different than the PtOxSiO, and PtOx-Al,O3 interactions.

The corresponding in situ IR spectra are focused on the
surface OH stretching region of the supported PtOx catalysts.
For the supported Pt/Siand Pt/AbO; catalysts, the IR bands
in the surface OH region are not perturbed by the reduction
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treatment since both of these oxide supports are not reducibleFigure 4. In situ Raman spectra of (&}PtO;, (b) supported Pt/AD;,

(spectra not shown). The IR bands in the surface OH region
for the supported Pt/CeOcatalysts, however, do undergo
changes during reduction as indicated in Figure 5b. The IR band
of CeG at 3695 and 3655 cm are assigned to type | and Il
hydroxyl groups, designated as OH(I) and OH(ll), respectively.
The OH(l) vibration originates from isolated surface hydroxyl
groups on the Cefsurface, and the OH (Il) band has been
assigned to bridging surface hydroxyl grodp8oth type | and

Il surface hydroxyls are present in the-5200°C temperature
range under reducing conditions for the supported Pt/CeO
catalyst. At 300°C, however, the IR band associated with the
isolated surface OH(l), at 3695 cr is not present due to its
removal while the surface OH(ll) band shifts to lower wave-
number. Exposure of the Pt-free Ce@upport to the same
reducing conditions, however, does not cause reduction of the

and (c) supported Pt/Si&amples under $Ar flow (3% balanced by
Ar, total flow 30 cn#/min) at elevated temperatures. The catalysts were
first heated in QAr flow at 350 °C for 30 min followed by cooling

Sdown to 50°C in OJAr flow and subsequent exposure te/Ar flow

at elevated temperatures.

vibration of the surface methoxy group, &bf, is known to
be sensitive to the surface oxidation state of €&The CH-
OH IR spectra of freshly calcined and reduced Pt/g€eO
following exposure of CEOH/He at 150°C are shown in Figure
5d. The IR bands at 1091 and 1036 ¢nhave been assigned
to the surface methoxy-€0 stretching vibrations at sites | and
1, respectively?! The IR spectrum of the calcined PtOx/CeO
sample displays the €0 vibrations of both the surface
methoxy(l) and (II) groups, but only the surface methoxy(ll)
C—0O IR vibration is present in the spectrum afterrdduction.

surface hydroxyls (see Figure 5c). This suggests that depletionThe CHOH IR measurements of the supported Pt/€eO

of surface OH(l) hydroxyls is induced by»ldpillover from the
metallic Pt. Thus, the IR signals of the surface hydroxyls can
be thought of as in situ probes for the oxidation state of the
CeQ support. The present findings for the reduction of
supported Pt/CePt/SIiQ, Pt/AlL,O3, and CeQare in excellent
agreementwith earlierfHT PR studies reported inthe literatdre3®

The above conclusions were also chemically probed via in
situ CHsOH chemisorption IR studies because the-@

catalysts further confirm that the surface OH(l) sites are removed
upon H reduction at elevated temperatures.

In Situ Raman and IR Spectroscopy during Reoxidation
and Rereduction.Reoxidation of the reduced bulk Pt metallic
powder at elevated temperatures does not re-form crystalline
PtO, because the bulk PtOphase is thermally unstable at
elevated temperature and decomposes to metalfé Reoxi-
dation of the supported Pt/SiCcatalyst after reduction at
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Figure 5. Combined in situ (a) Raman and (b) IR spectra of supported Pt/Catalyst under HAr flow (3% balanced by Ar, total flow 30
cm?/min) at elevated temperatures. In situ IR spectra of (c) Laport under flowing cyclic @-H, treatments at 300C and (d) supported
Pt/CeQ adsorbing CHOH at 120°C are shown as references.

200°C does not regenerate the initial crystalline PPs (not treatment in H/Ar. The 200 °C reduced and reoxidized
shown). Reoxidation of the supported PB4 catalyst after supported Pt/Cefxatalyst was found to exactly reproduce the
reduction at 200°C gives rise to only a trace of amorphous initial reduction behavior shown in Figure 5a,b, which indicates
PtO; NPs (not shown). The corresponding in situ IR spectra do the complete reversibility of the reductiexidation processes
not indicate any detectable changes in the surface OH regionat 200°C. The 300°C reduced and reoxidized supported Pt/
of the AlLO3; and SiQ supports (not shown). CeQ catalyst, however, was found to readily reduce af60

In contrast, reoxidation of the 20 reduced supported Pt/ as indicated by in situ Raman spectroscopy (see Figure 8) and
Ce(Q, catalyst results in almost complete regeneration of the the surface OH(l) sites were almost completely reduced at
supported PtOx phase on Cg8s shown in Figure 6. Reoxi- 150 °C (not shown). Consequently, the presence of a small
dation of the 300°C reduced supported Pt/CeQ@atalyst, fraction of metallic Pt NPs, due to incomplete redispersion at
however, does not result in complete regeneration of the 300°C, is sufficient to cause hydrogen spillover and accelerate
supported PtOx phase as shown in Figure 7a. The correspondinghe reduction of the dispersed PtOx phase and the,Gefiport
IR spectra of the surface OH region, as shown in Figure 7b, at much milder temperatures.
reveal that the surface OH(l) vibration at 3695 ¢nis absent Furthermore, surface peroxo® (825 cn1?l), and superoxo,
under reducing conditions and present under oxidizing condi- O,~ (1125 cnt?), species are not present in the in situ Raman
tions. Thus, the metalsupport interaction of the supported Pt/ and IR spectra during the present reductiomoxidation treat-
Ce(Q catalyst system gives rise to reversible reduction ments3°
oxidation cycles at modest temperatures (20Pbut incomplete Time-Resolved in Situ Raman and IR Spectroscopic Study
redispersion at the higher temperature of 300 of Reduction and Reoxidation of Supported Pt/Ce@. Time-

The degree of oxidative regeneration of the supported Pt/ resolved in situ Raman and IR spectroscopic measurements, at
CeQ catalyst system was further probed by a second reduction 20 s intervals for each, were also undertaken to obtain additional
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Figure 6. In situ Raman spectroscopic monitoring of reduction and 500 1_000 Py 1500
subsequent reoxidation of supported Pt/Ge@xalyst at 200C. The Raman shift, cm
catal)_/st was fi_rst _reduced by exposure to flowing/H at 200°C fo_r Figure 8. In situ Raman spectroscopic monitoring of the secondary
30 min. Reoxidation of the catalyst was carrled' out by switching to reduction of the supported Pt/Cg®@atalyst. The catalyst was first
flowing OJ/Ar at the same temperature for 30 min. reduced and reoxidized at 30C (refer to Figure 7 for detail) and

cooled down to 50C in O,J/Ar. The secondary reduction was carried
out by switching to HAr flow at elevated temperatures with 30 min
duration at each temperature.

a 8000

6000 from the reduced Pt sites. Reoxidation of the reduced catalyst

reveals that the Ceurface OH(l) vibration is restored before
reoxidation of the supported metallic Pt phase. This trend
suggests that oxidation of the ceria support precedes oxidation
of the supported metallic Pt phase and that Pt redispersion may
require the presence of Cge@urface OH(l) sites. In summary,
the time-resolved reductiefreoxidation cycles reveal the
complex dynamic interplay between the supported Pt phase and
the CeQ support in different reactive environments.

) In Situ Raman and IR Spectroscopic Measurements
Raman shift, cm during Reoxidation with Isotopic Molecular 180,. Additional
b 3605 insights into th_e _re_oxidation process were obtained by employing
OH() | 180, as the oxidizing agent for the reduced supported Pt/CeO
0.501 \\ catalyst. Raman spectra of the freshly calcined supported Pt/
‘ o CeQ, catalyst are shown under consecuti®®@,/Ar, Ho/Ar, and
180,/Ar environments at 200C in Figure 10. The behavior of
H the supported PtOx Raman band at 665 &rfollows the
behavior already seen for reduction and reoxidation in Figure
6. However, employind®O; to reoxidize the reduced supported
Pt phase did not lead to POx formation since P#Ox is
o expected to vibrate-20—30 cnt! lower than P¥Ox.38 The
parallel in situ IR data (not shown), also indicate restoration of
the CeQ surface'®OH(l) sites rather than surfaé8OH() sites.
These isotopic oxygen experiments demonstrate that reoxidation
of the reduced supported Pt phase and the surface OH(l) sites
on CeQ proceeds witH%0 from the CeQ@ support lattice and
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Figure 7. In situ (a) Raman and (b) IR spectroscopic monitoring of R )
reduction and reoxidation of supported Pt/Ge@talyst at 300C. The notl frorln 9""? phalse mole(_:él_lé?O;. The role of ga_s phaSﬁ
catalyst was first reduced by exposure to flowingAt at 300°C for molecular Q is only to reoxidize the oxygen vacancies in the

30 min. Reoxidation of the catalyst was carried out by switching to C€Qs support (i.e., a Marsvan Krevelen mechanism).

flowing Oz/Ar at the same temperature for 30 min. The oxygen transfer characteristics of the supported P#CeO
insights into the reduction and reoxidation processes of the catalyst were further investigated in a-Hch environment, bf
supported Pt/Cefcatalyst at 300°C. The PtOx vibration at Oz ~50, with isotopically labeleéO,. Under such net reducing
665 cnT! was monitored with Raman and the Ge€urface conditions at 200C, the PtOx phase on Ce@ completely
OH(l) vibration at 3695 cm! was monitored with IR at  reduced as shown by the absence of the PtOx Raman band at
300°C. The normalized intensities of the PtOx and surface OH- 665 cnT?! in Figure 11. Upon cooling down to 58C in the

(1) vibrations are plotted as a function of time during reduction same net reducing gas mixture, thé%@i Raman band at 665
and reoxidation in Figure 9 panels a and b, respectively. During cm™* reappears without the presence ofBk. In the absence
the initial reduction in F/Ar, the PtOx vibration decreases of a trace of gas-phase molecul®0O,, however, the PtOx
slightly faster than the Ce®urface OH(l) vibration. This trend ~ Raman band does not regenerate in the flowintAHenviron-
suggests that the reduction of the supported PtOx phase precedement at 50°C. The PtOx Raman band at 665 chalso does
that of the Ce@support and is most likely related ta ipillover not regenerate at 50C in the H/O, environment if the
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° Figure 11. In situ Raman spectroscopy during cooling-down of reduced
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/ 50 with a flow of 100 criymin in total). The catalyst was alternatively
maintained for 10 min at 50 and 20Q each with ramping and cooling
O'OF’ rates of 10°C/min.
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Time, min PtOx Interaction with Oxide Supports under Reducing

Figure 9. Temporal profile of (a) reduction and (b) reoxidation of Co_n_dl_tlons. The_ nature of the s_upp(_)rted PtOX phasg under
supported P/CeDat 300°C as studied by combined time-resolved oxidizing conditions also determines its ease of reduction. The

Raman and IR spectroscopy. The relative intensities of the surface OH-2agglomerated amorphous PtOx andPtO, NPs, as well as bulk
() IR signal of CeQ at 3695 cm! and the supported PtOx Raman  o-PtO,, readily reduce to metallic Pt at 5C in a flowing Hy/
signal at 665 cm" are plotted as function of time. Ar stream. The highly dispersed surface PtOx species on,CeO
however, require much higher reduction temperature for reduc-
tion to metallic Pt. Thus, the stronger interaction of PtOx with
the CeQ support retards reduction of the supported PtOx phase.
In addition, H-spillover from the metallic Pt NPs also reduces
the CeQ surface by reducing the surface OH(l) sites. Direct
PtOx Interaction with Oxide Supports under Oxidizing spectroscopic observation of this H-spillover phenomenon is
Conditions. The STEM-ADF images and Raman spectra clearly provided by the time-resolved in situ Raman/IR spectroscopic
reflect the interactions of the supported PtOx phase with the measurements, which show that the supported PtOx begins
underlying oxide supports. The STEM images reveal that the reduction to metallic Pt prior to reduction of the Cefirface
dimension of supported PtOx NPs is as follows: S{imodal OH(l) sites. Furthermore, the reduction of Ca®the absence
distribution of~1-1.5 and 47 nm) > Al,O3 (~1.5 nm)> of Pt normally requires much higher temperatures, closer to
CeQ (<0.7 nm). The corresponding Raman spectra provide 500 °C.
additional structural insights about the supported PtOx phases Hx>-TPR studies have been previously used to elucidate the
with crystalline a-PtO, and amorphous PtOx NPs on $jO  PtOx—support interaction in the supported PtOx/Ge@talytic
amorphous PtOx NPs on ADs, and surface PtOx species on system?2-34 The retarded reduction threshold of the surface
CeQ,. For the supported PtOx/SiCratalyst, the £1.5 nm PtOx species on Cedn comparison with the agglomerated
amorphous PtOx NPs correspond to the Raman band at 610PtOx NPs on AIO; and SiQ has been ascribed to strong
cm™1, and the 47 nma-PtO; NPs give rise to the 504 cm electronic interactions between PtOx and the €s@pport, with
Raman band. Thus, the state of the supported PtOx phase ighe latter tending to keep the former in the oxidized state and
related to the PtOxsupport interaction. The Pt densities (grams preventing it from agglomerating. The present findings also
per square meter) are apparently different on the three supportdemonstrate that direct PO—Ce bonding is related to the
because of their surface area difference. The fact that SiO retarded reduction characteristics.
support has the relatively largest surface area but contains the Further increasing the reduction temperature leads to severe
largest Pt aggregation further confirms its weak interaction with textural changes of the Ce@upport that causes a significant
Pt. loss of its surface area and the agglomeration of metallic Pt as

supported Pt/Cefcatalyst was previously reduced at 30D,
where some metallic Pt NPs are also present on,CeO

Discussion
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a consequenceThis complex scenario is not the subject of bulk lattice since the Cefsurface sites are overwhelmingly
this paper. The present study is dedicated to addressing thepopulated by surfactO atoms.

fundamental aspects of the Pto&€e( interactions under

relatively mild conditions when CeQloes not undergo sinter- ~ Conclusions

ing. The combination of time-resolved in situ Raman/IR spec-
PtOx—Support Interactions during Reoxidation of Metal- troscopy and complementary STENKEDS—HAADF micro-
lic Pt. Reoxidation of reduced Pt NPs supported on thgd4l  scopic studies is a powerful approach for the study of metal

and SiQ supports does not lead to formation of supported PtOx support interactions. For supported PtOx catalysts, the Raman
NPs because the bulk Pt@hase is not thermally stable at vibrations can discriminate between crystalline RED4 cnv?)
elevated temperatur@$.Reoxidation of the reduced Pt NPs and amorphous P#J610 cnT?) NPs as well as surface PtOx
supported on the Ce@upport, however, results in redispersion species (665 cmt), and STEM-XEDS provides information

of the metallic Pt NPs as surface PtOx species on C&be about the NP size distribution. As the-Fupport interaction
absence of significant residual metallic Pt NPs suggests thatincreases, the supported PtOx phase goes from crystalline PtO
the supported platinum on Ce@robably consists of much  to amorphous Pt@to surface PtOx species. The extent of the
smaller Pt particles than on AD; and SiQ supports. It has Pt—support interaction also determines the ease of reduction
been proposed that there is a strong affinity between the reducedf the supported PtOx phase (SiO- Al03 > CeQ).
noble metals and oxygen-deficient sites on the surface of metalRedispersion of the metallic supported Pt NPs to the supported
oxides® On the CeQ surface, elimination of surface OH(l) PtOx phase also depends on the extent of thesBpport
groups may create the oxygen-deficient sites that help to interaction (Ce@> Al;Os ~ SiO,). For the strongly interacting
“immobilize” the metallic Pt during reduction. Such a highly PtOx/CeQ system, the supported metallic Pt NPs can be
dispersed metallic Pt should be easily reoxidized by subsequentcompletely redispersed as surface PtOx species if the reduction
oxidation treatments. In the case of the reduced supported Ptis conducted under mild temperature200°C). For the weakly
Al,Oz and PY/SiQ catalyst systems, however, oxygen-deficient Interacting PtAl,0s and Pt-SiO; systems, redispersion of the

sites on the AJO; and SiQ supports are not formed under Pt NPs was not achievable under the oxidation conditions

reducing conditions. investigated. Reduction of Pt also leads to reduction of reducible
S ... supports such as CeQlue to H-spillover. Reoxidation of

The in situ Raman study also showed that the reoxidation metallic Pt NPs on Cefwas found to occur via bulk lattice

behavior of metallic Pt supported on Cei® dependent on the xygen extracted from the Ce®upport rather than gas-phase
reduction temperature since higher reduction temperatures ten(%olecularlgoz even under mild temperatures

to result in incomplete reoxidation of the supported Pt phase
(see Figure 7). This may be related to the dynamic nature of  acknowledgment. C.J.K. and A.A.H. gratefully acknowl-
the CeQ surface that undergoes severe textural changes duringeqge funding from the NSF Materials Research Science and
reduction at high temperaturgsSlight local structural rear- Engineering Center (NSF-DMR-0079996).
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