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Abstract

Ce0,—ZrO,-La,03 (CZL) mixed oxides were prepared by citric acid sol-gel method. The as-received gel was calcined at 500, 700, 900 and
1050 °C to obtain the so-called C5, C7, C9 and CK, respectively. The C5, C7 and C9 powders were impregnated with H,PtClg and then calcined at
500 °C to prepare P5C5, PSC7 and P5C9, respectively. The impregnated CK powders were calcined at 500, 700 and 900 °C to prepare P5SCK,
P7CK and P9CK, respectively. The XRD and XPS analyses show that the surface distribution of Pt is evidently influenced by the structural and
textural properties of the support. The CO adsorption followed by FTIR reveals that the dispersion and the chemisorption sites of Pt are reduced as
the calcination temperature of CZL support increases. The chemisorption ability of the CK samples is even completely deactivated. The
encapsulation mechanism, which has been applied to explain the so-called strong metal-support interaction (SMSI) after reductive treatment, is
introduced here to demonstrate the abnormal observations though the samples were prepared in oxidative atmosphere. The HRTEM results also
confirm this explanation. The effects of oxygen vacancies, the chemisorption sites on the Pt surface and Pt/Ce interfacial sites on the three-way

catalytic activities are discussed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

On the basis of outstanding oxygen storage capacity (OSC)
after sintering, CeO,—ZrO, mixed oxides have been applied to
replace ceria in three-way catalysts (TWC) [1-4]. Due to
stringent legislations concerning automotive exhaust emis-
sions, many efforts have been paid to improvements of OSC
and thermal stability of CeO,~ZrO,. As the most common
method, the doping of tri- or bi-valent cations has been widely
investigated. For example, by incorporation of Ga>*, Y>* and
La* into the Ceg.¢Zr1( 40, lattice, an increased OSC by about
30% after a low temperature reduction was observed [5].
Moreover, the addition of low-valent dopants, such as La*
and Y**, to CeO,~ZrO, was reported to be efficient in
restraining the undesirable segregation of Ce-rich and Zr-rich
phase, which may occur upon high temperature calcinations

[6].
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Meanwhile, the precious metals serving as the active
component in conventional TWCs have drawn much attention
for their prominent promotion on the performances of the NM/
Ce0,—ZrO, (NM =Pt, Rh and Pd) catalysts at low tempera-
tures. In particular, a so-called strong metal—support interaction
(SMSI), which is considered to remarkably affect the
microstructure and properties of catalysts, has been focused
on by many studies [7-10]. Liotta et al. [7] summarized the
explanations which had been given for the influence of
oxidative/reductive treatments on the activity of the Pt catalyst
supported on CeO, or CeO,—ZrO, by impregnation method: (i)
alloy formation between Pt and Ce (when the reduction
temperature Ty.q is higher than 900 °C); (ii) decoration or
encapsulation of Pt by partially reduced ceria
(500 < Tieq <900 °C) and (iii) pure electronic interactions
(Treq < 500 °C). As summarized in the literatures [8,11], the
characteristics of SMSI indicate that reductive treatments are
emphatically required to induce this effect. However, it is well-
known that catalysts can be aged in artificial way by high
temperature treatment and/or exposure to strong reductive or
oxidative atmosphere [12]. Considering the practical working
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conditions of catalysts, to investigate the mechanism of SMSI
in oxidative atmosphere is of great necessity.

In this work, two series of Pt-supported CeO,—ZrO,-La,03
(CZL) samples were prepared: one was received by impreg-
nating Pt on CZL calcined upon different temperatures and
then calcined at the same temperature, the other was obtained
by calcining the same impregnated CZL at different
temperatures. XRD, BET, XPS, FTIR, HRTEM and catalytic
activity evaluation are performed to investigate the influence of
SMSI on the thermodynamic performance of metal and CZL
support. Also, the effect of SMSI on the structural and
chemical properties of catalysts after oxidative calcinations is
studied.

2. Experimental
2.1. Catalysts preparation

Ce0,—ZrO,-La,O5; (CZL) mixed oxides were synthesized
by citric-aided sol-gel method. The nitrates Ce(NO3)3-6H,0,
ZrO(NOj3),-5H,0 and La(NOj3);-6H,O were mixed according
to the molar ratio of Ce:Zr=67:33 and weight content of
La®* =2%. Citric acid was used as the complexing agent.
Appropriate glycol was added as the dispersant followed by
evaporation and peptization. The sol was heated at 100 °C until
a spongy yellow gel remained. Then the gel was divided into
three shares and submitted to decomposition at 300 °C for 1 h
and calcinations at 500, 700 and 900 °C in static air for 3 h,
respectively. A portion of the CZL powders calcined at
500 °C was further aged at 1050 °C in static air for 6 h to
obtain stabilized surface and phase properties. These as-
prepared powders were named after the calcination tempera-
tures and hereafter referred to as C5, C7, C9 and CK,
respectively.

Pt was loaded on C5, C7, C9 and CK by impregnating these
powders in the aqueous solution of H,PtCls. The nominal
weight content of Pt is 2%. The impregnated C5, C5 and C7
were calcined at 500 °C in static air for 3 h to obtain so-called
P5CS, P5C7 and P5C9, respectively. Meanwhile, the impreg-
nated CK was divided into three shares and thermally treated at
500, 700 and 900 °C in static air for 3 h to gain PSCK, P7CK
and P9CK, respectively. The series of P5SC5, P5C7, P5SC9 and
P5CK was hereafter called P5 samples while the series of
P5CK, P7CK and P9CK was called CK samples for short.

2.2. XRD diffraction

The powder X-ray diffraction (XRD) experiments were
performed on a Japan Science D/max-RB diffractometer
employing Cu Ka radiation (A = 1.5418 A). The X-ray tube
was operated at 40kV and 120 mA. The X-ray powder
diffractogram was recorded at 0.01° intervals in the range of
20° <26 < 80° with scanning velocity of 2° min~!. The
identification of the phase was made with the help of the
JCPDS cards (Joint Committee on Powder Diffraction
Standards). The crystallite sizes and lattice constants of CZL
were determined using the software XRDTHX.

2.3. BET surface area

The specific surface area was determined by Brunauer—
Emmett-Teller (BET) method with a Quantachrome NOVA
instrument using Ar as carrier and N, as adsorbent.

2.4. XPS

The X-ray photoelectron spectroscopy (XPS) experiments
were carried out on a PHI-Quantera SXM system equipped with
amonochromatic Al Ka X-rays under UHV (6.7 x 1078 Pa). A
100 pm spot size was used for analysis. Sample charging
during the measurement was compensated by an electron flood
gun. The electron takeoff angle was 45° with respect to the
sample surface. The XPS data from the regions related to the C
1s, O 1s, Zr 3d, La 3d, Ce 3d and Pt 4f core levels were recorded
for each sample. The binding energies were -calibrated
internally by the carbon deposit C 1s binding energy (BE) at
284.8 eV. A linear background was used for the fitting of peaks
with the program XPSPEAK 4.0.

2.5. CO chemisorption followed by FTIR spectroscopy

For the IR studies, the samples were pressed into disks,
respectively. In order to avoid the impacts induced by
impurities on the surface, all samples were pretreated according
to the procedure described as follows: the disks were heated
from room temperature to 200 °C at 20 °C min~ ' in air and
reduced in H, at that temperature for 2 h, then the reduction was
followed by an evacuation at 200 °C for 3 h. After being cooled
down to room temperature in vacuum, each disk was submitted
to the in situ CO adsorption. Small doses of CO were introduced
to the wafer and the spectra were recorded by Nicolet Magna
760 FTIR spectrometer and processed using the Nicolet OMNA
software.

2.6. HRTEM

High resolution transmission micrographs were shot by a
JEOL 2011 electron microscopy, operating at 200 kV with a
point-to-point resolution of 0.18 nm. Before the observations,
the powder samples were diluted in the ethanol and dispersed
by ultrasonic. Afterward, a drop of each solution was deposited
on a Cu grid coated by a holed carbon film and dried in air. The
crystal plane distances were measured directly on these
micrographs and compared with JCPDS cards of the species
possibly present in the chemical system considered.

2.7. Activity measurement

The powder catalyst sample was weighed for 0.5 g and
mixed homogeneously with appropriate volume of coarse
quartz particles to 3 ml. The mixture was loaded in a quartz
reaction tube with the diameter of 25 mm. The three-way
catalytic activity was evaluated in a tube micro-reactor by
passing a gas mixture simulated to exhaust from gasoline
engine. The simulated exhaust contained a mixture of O,
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(1.5%), CO (1.5%), H, (0.5%), CO, (12%), C3Hg (0.1%), NO
(0.05%) and N, (balance), corresponded to an oxidants/
reductants stoichiometric factor S = (20, + NO)/(CO + 10C;
Hg) of 1.2. The concentrations of CO, C3Hg and NO were
determined on-line by a five-component analyzer FGA4015
with infrared sensor. For the light-off experiments, the reactor
was heated from 150 to 550 °C in the flow stream at a gas space
velocity of 50,000 h .

3. Results and discussion
3.1. Structural and textural properties

Table 1 summarized the structural and textural properties of
CZL and Pt-supported samples. According to the data of Sggt
and dcz, thermal treatments at different temperatures
obviously induce distinct sintering of CZL. It is seen that
the ageing treatment at 1050 °C for 6 h is severe enough to raze
the porous surfaces of CZL to smooth ones and to drive the
growth of crystallites.

Fig. 1a shows the XRD patterns of CZL treated at different
temperatures. The main peaks of XRD patterns of all the
samples are consistent with the characteristic peaks of cubic
CeO, while presenting superiority in symmetry, which
confirms the formation of CeO,—ZrO,-La,05 solid solutions.
The main peaks experience a sharpening as the calcination
temperature increases from 500 to 1050 °C, which indicates
the growth and integrity of crystal grain. XRD patterns of the
Pt-supported CZL are shown in Fig. 1b. Besides the main
peaks of CZL, the characteristic peaks of metallic Pt are
observed for all the samples except PSC5. The sequences
of P5C7 < P5C9 < P5SCK and P9CK < P7CK < P5SCK are
observed when looking at the peak intensity of Pt (1 1 1). The
former sequence implies the integrity of Pt crystalline
associated with the sintering of metal particles. This can be
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Structural and textural properties of CeO,—ZrO,—La,0; mixed oxides and the
Pt-supported samples

Samples SBET dez® a’ Surface density
g A @A) of Pt* (gm™?)

C5 81.8 59 5.347 £+ 0.001 -

C7 31.5 61 5.352 +0.001

Cc9 5.9 126 5.345 + 0.001 -

CK 4.3 187 5.343 + 0.001 -

P5C5 55.6 64 5.337 £+ 0.001 3.60 x 107

P5C7 12.5 63 5.341 + 0.001 1.60 x 1073

P5C9 6.6 131 5.342 + 0.001 3.03 x 1073

PSCK 4.2 197 5.340 + 0.001 476 x 1073

P7CK 5.5 197 5.347 + 0.001 3.64 x 1073

POCK 53 201 5.345 + 0.001 377 x 1073

# Average diameter of crystallite of CZL mixed oxides determined from XRD
peak of (2 2 0) crystal plane using the program XRDTHX.

" Mean lattice constant calculated based on XRD peak of (2 2 0) crystal plane
using the program XRDTHX.

¢ A theoretic value calculated by the ratio of 2 wt.%(Pt)/Sggr(catalyst),
supposing Pt atoms are all distributed homogeneously on the surface of
supports.

easily explained by the surface density of Pt, an indicator
introduced to help describe the theoretical weight content of Pt
per unit area of the support, supposing all Pt atoms are
homogeneously dispersed on the surface. It is seen from the
values of surface density of Pt in Table 1 that impregnation of Pt
on supports with different surface areas may lead to
distinguishable distributions of Pt particles on the supports.
During calcinations, metal atoms have more statistical
probability to encounter with each other when dispersed on
a surface of lower surface area, which brings about the facility
to form larger Pt crystallites. In addition, no Pt species are
detected for P5C5, which might be attributed to the well-
dispersion of fine Pt particles on the high-surface area support.
However, the latter sequence seems to be conflictive with the
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Fig. 1. XRD patterns of the CeO,—ZrO,~La,O; mixed oxides (a) and the Pt-supported samples (b).
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normal understanding that Pt would suffer more severe
sintering at higher temperatures and accordingly present sharp
diffraction peaks. One possible reason for this can be elucidated
as an inward diffusion of Pt or an outward diffusion of support
leading to the encapsulation of the metal by the support, which
weakens the received signals of the diffractive X-ray.

Zr** and La®* ions are considered to have been inserted into
the lattice of ceria since the formation of CZL has been
confirmed. In respect that the radii of Zr** and La®* ions are
0.84 Aand 1.18 A, respectively, the content of Zr** and La>* in
the bulk of ceria reflects on the change of the lattice constants d,
which were calculated based on Bragg’s Law 2d sin 6 = kA and
the crystal plane of (2 2 0) as the reference plane. Meanwhile,
Ce®* jons (1.14 A for eight-coordination) is larger than Ce**
(0.97 A) suggesting that the conversion between Ce** and Ce**
affects the mean lattice constants. In addition, it is observed
from Table 1 that compared with corresponding supports, the
samples of PSCS5, PSC7, P5C9 and PSCK show a contraction of
the crystal cell whereas P7CK and P9CK show expanded
lattices, which indicates the influence of metal on the lattice
structures. The effect of inserted metal ions on the lattice size of
the support could not be neglected as long as the SMSI is being
considered and discussed. For the Pt-supported samples, the
variation of lattice constants depends on the synergistic effect
of substitution between Ce** and doped ions, conversion of
Ce**/Ce*" and structural re-organization induced by metals.

3.2. XPS analysis

An XPS investigation was conducted to explore the
distribution of the elements on the surface and the variations
of the oxidation states of cerium and platinum.

The surface elemental compositions of the metal supported
samples calculated from the normalized peak areas of the Ce
3d, Zr 3d, La 3d, Pt 4f and O 1s core level spectra are shown in
Table 2. The Ce/Zr atomic ratios of all the samples, especially
P5C7 and P9CK, are lower than the theoretic value of 2.0,
indicating an enrichment of Zr species at the periphery of the
particles, i.e. a shell/core structure. It can be deduced from the
comparison between the surface La content of P5C5, P5C7,
P5C9 and P5CK that an outward diffusion of La from the bulk
to the surface of the particles occurs as the supports are calcined
at increasing temperatures. The similar observation was

reported by Kaspar et al. [4], who believed that the ceria
crystallite growth under oxidizing conditions could be impeded
by the tri-valent enrichment.

Moreover, for the PS5 samples, the surface content of Pt
increases with the dwindling in surface areas of the supports. It
can be mainly ascribed to the high surface density of Pt on the
low-surface area support in the case that the impregnated metal
is of the same weight content for different samples. Take PSCK
as an example, though the metal particles supported by CK
maintain lower dispersion because of more severe sintering of
metal, the extremely high Pt concentration (about 10 times as
high as that of P5C5) reflects on the high surface content of Pt
derived by XPS. Considering the loss of surface areas of C5 and
C7 during the process of impregnation and the sequent
calcinations, another possible reason for the much lower Pt
surface contents of PSC5 and P5C7 is that the calcinations for
the decomposition of H,PtClg destruct the porous supports to
some extent and encapsulate the Pt particles in the supports.
Thus, the low-surface area powders possessing fewer micro-
pores could support more exposed metals while presenting
unsatisfying efficiency in retarding the sintering of metals.

Moreover, it is observed from the XPS results that, for the
CK samples, the thermal treatments at higher temperatures for
the decomposition of H,PtClg lead to an evident loss of surface
Pt while the XRD patterns present weakened peak intensities of
Pt. For P9CK even hardly could any signals of Pt species be
detected by XPS whereas XRD technique is able to detect the
weak peaks of Pt as show in Fig. 1b, suggesting the existence of
Pt in POCK. This phenomenon may be attributed to the
complete encapsulation of Pt particles by ceria species at high
temperature. Since the detection depth of XRD extends to more
interior sphere of the particles than that of XPS, the signals
collected by these two characterization techniques actually
carry the information of different atom layers. Therefore, the
XRD pattern indicates the existence of Pt enveloped in the bulk
of support while XPS implies the absence of Pt species on the
surface.

In order to obtain more information of oxidation states of the
surface elements, the O 1s, Ce 3d, and Pt 4f XPS spectra were
analyzed, respectively.

The spectra for the O 1s ionization feature are numerically
fitted with two Gaussian—Lorenz features, which are shown in
Fig. 2. The primary band (529.4-529.7 eV) denoted as Oy

Table 2

Surface elemental composition and atomic ratio of the Pt-supported samples measured by XPS

Sample Surface composition (at.%) CelZr Oy /Ce + Zr

1.33La + 2Pt*
Ce 3d Zr 3d La 3d Pt 4f 0 1s H1-33La bt
Oads Olml

P5C5 12.57 10.49 0.49 0.75 18.43 57.28 1.20 227

P5C7 8.65 8.47 0.39 0.64 48.26 33.58 1.02 1.78

P5C9 10.97 8.89 0.91 2.00 32.78 44.45 1.23 1.77

P5CK 8.39 6.66 1.88 3.09 45.52 34.46 1.26 1.45

P7CK 11.64 9.12 1.17 0.50 21.17 56.39 1.28 242

PI9CK 9.64 9.94 1.67 0 27.46 51.29 0.97 2.35

? Assuming that La and Pt species present in the form of La,O5 and PtO, respectively.
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Fig. 2. O 1s spectra for the Pt-supported CeO,—ZrO,-La,0; mixed oxides.

represents the O 1s ionization for oxygen associated with the
ceria—zirconia—lanthana mixed oxides, while the additional
band (531.6-532.2 eV) denoted as O,4; is the result of adsorbed
molecular oxygen, water or —OH species [13]. The relative
percentages of these two oxygen species are quantified based on
the area ratios of Oy, and O,4s peaks. According to the
calculations of multiplying the relative percentages by the
corresponding surface elemental content of O 1s, the surface
atomic contents of Oy, and O,qs species for the Pt-supported
samples are determined and the results are listed in Table 2.
Since Oy, is considered as the intrinsic constituent originating
from the electrovalent bonding with Ce, Zr and Pt ions, the
atomic ratios concerning Oy, are introduced to characterize the
stoichiometry of the surface, and the mentioned atomic ratios
are listed in Table 2 as well.

As listed in Table 2, the ratio of Oy /Ce + Zr + 1.33La +
2Pt exposes the nonstoichiometry of the Pt-supported samples
indirectly assuming that O~ ions coordinate with Ce**, Zr**,
La>* and Pt** forming stoichiometric compounds. The
experimental ratios are not precise enough to be compared
exactly with the theoretical value 2.0, however, the catalysts
may be classified in descending order of P9CK > P7CK
> P5C5 > P5C7 =~ P5C9 > P5CK. These values are mainly
determined by three factors: (i) the existence of Ce’, (i1)
oxygen vacancies and (iii) extra oxygen species. The last factor
arises from carbon bonding with the binding energy of 534.9—
542.6 eV [14] and increases the ratios. On the other hand, a lot
of oxygen vacancies are created by the doping of tri-valent La
according to Cho [15], reduction of Ce** to Ce* and lattice
distortion by doping of Zr**, which favors the decrease of
the ratios. The existence of oxygen vacancies can promote

Intensity (a.u.)

930 920 910 900 890 880
Binding Energy (eV)

Fig. 3. Ce 3d spectra for the Pt-supported CeO,—ZrO,-La,0; mixed oxides.

the chemisorption of oxygen from gas and make them acti-
vated by a series of oxygen transfer between the surface and
bulk.

As shown in Fig. 3, the curves of Ce 3d spectra are fitted with
eight peaks corresponding to four pairs of spin—orbit doublets.
The labeling of the peaks follows the convention. Letters # and
v refer to the 3d;, and 3ds, spin—obit components,
respectively. The spin—orbit splitting is 18.4 eV in accordance
with the literature [13,14,16,17]. The peaks marked as u
(900.6-901.0 V), u” (907.5-907.7eV) and u” (916.6-
916.9 eV) arise from Ce*" 3ds/, while the peaks labeled as v
(882.2-882.6eV), v" (889.1-889.3eV) and v” (898.2-
898.5 eV) arise from Ce** 3dss,. The couple corresponding
to one of the two possible electron configuration of the final
state of the Ce** species are labeled as u’ (903.5-904.2 eV) and
v (885.1-885.8 eV). Meanwhile, the Pt 4f spectra of all the
samples are shown in Fig. 4. The peaks located at 72.6-72.9 eV
are attributed to Pt>* 4f,,, while the peaks at 70.7-70.9 eV are
assigned to pt° 4f7,,. The binding energies of 72.8 eV and
70.9 eV held by P5C5 and P5C7, respectively, are marked in
Fig. 3 as reference values of Pt>* 4f;,, and Pt° 4f,,. A spin—orbit
splitting of 3.35 eV according with the literature [18] was fixed
as constraint in the fitting procedure of peak positions. The
relative percentages of the cerium species and platinum species
are obtained by the area ratios of the Ce** 3ds;, (v, v” and v"")/
Ce 3dsy, (v') and Pt** 4f,,,/Pt° 4f; ), respectively. The surface
contents of these species are obtained according to the
calculations of multiplying the relative percentages by
corresponding surface elemental content, and the results are
listed in Table 3.

As shown in Table 3, the differences between the surface
contents of Ce** are neglectable for all samples although the
Ce** percentage in ceria varies from each other. Thus,
combining with the discussion above, we are convinced that
in this work it is not the abundance of Ce®* but the oxygen
vacancies that plays one of the essential roles in the catalytic
performances.
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Fig. 4. Pt 4f spectra for the Pt-supported CeO,—ZrO,~La,0; mixed oxides.

As can be seen from Fig. 4 and Table 3, platinum almost
presents as platinum oxide of the PtO type for the P5 samples,
which seems to be inconsistent with the XRD patterns claiming
the presence of Pt metal instead of PtO. According to the above
paragraphs, the distinguishable detection depths of XRD and
XPS give a conceivable explanation. Based on our former
research [19], it is believed that the Pt particles are actually
enveloped by compact platinum oxide layers, which are more
easily influenced by surroundings including the support and
atmosphere.

As shown in Fig. 4, the peak intensities of Pt 4f spectra are in
accordance with the surface elemental content of Pt species.
Moreover, it is observed that the peak positions of Pt 4f;),
shift towards lower binding energies by about 0.3 eV for P5C9,
P5CK and P7CK. According to literatures, this decrease can be
explained by metal particle growth [17,20]. For the samples
with high dispersion of platinum, the electrons emitted from
platinum atoms would not be affected by the shadowing effect

Table 3
Oxidation state and surface composition of the Ce and Pt species derived from
XPS analyses

Sample  Ce** 3ds, (at.%) Ce* 3ds), (at.%) Pt 4f5), (at.%)
InCe Onsurface InCe Onsurface P’inPt P in Pt

P5C5 703 8.8 297 37 0.0 100.0
P5C7  60.0 5.2 400 3.5 45 95.5
P5C9 702 77 208 33 0.0 100.0
P5CK 732 6.1 268 22 0.0 100.0
PICK 698 8.1 302 35 17.0 83.0
POCK  76.1 73 239 23 - -

of the neighboring atoms. However, the shadowing becomes
more important with the growth of particles resulting in the
decrease of binding energy, which even reaches the bulk metal
value. The binding energy of well-dispersed platinum is
reported to be approximately 0.5 eV larger than the bulk metal
value [20]. As reported by many research groups [7,9], PtO in
P7CK experiences a decomposition during the high tempera-
ture calcination. Similarly, the as-received Pt metals suffer a
severe sintering since a lower binding energy of Pt® 4f;, is
evident compared with the reference value processed by P5C7.
This result agrees well with the XRD patterns which assures the
sintering of Pt particles during the calcinations following the
impregnation for P5SC9, PSCK and P7CK.

3.3. CO adsorption

To obtain more detailed information about the influence of
CZL supports on the properties of Pt, such as dispersion and
chemisorption ability of Pt, CO adsorption was performed
followed by FTIR spectroscopy. The IR spectra corresponding
to chemisorbed CO on P5C5, PSC7, P5SC9 and POCK are shown
in Fig. 5. The spectra for PSCK and P7CK are not reported here
since no chemisorbed CO species are detected.

Obviously, PSC5, P5C7 and P5C9 show typical spectra of
CO adsorbed on Pt. Different adsorption sites can be assessed
on the catalysts by the analyzing of the v(CO) bands. The bands
at 2075 cm ™! are ascribed to the linearly adsorbed CO species
(L) on Pt crystallites [21], while the bands located at
wavenumbers below 1900 cm ™' are due to multi-bound CO
species, i.e. a doubly bridged (B) species at 1843 cm™' and a
3FC species at 1800 cm ™. The carbonate formation gives rise
to the bands at ca. 1602 cm™'. Perrichon et al. [22] have proved
that the measurement of platinum dispersion by CO adsorption
at room temperature followed by IR spectroscopy is a reliable
method, as that using H, chemisorption at —78 °C after
reduction at 200 °C. Since the percentages of B CO species and
3FC CO species are relatively much lower, the adsorption

Absorbance (a.u.)

I ¥ T x T % T = T S T L T * T = 1
2200 2100 2000 1900 1800 1700 1600 1500 1400

Wavenumber (cm’w)

Fig. 5. FTIR spectra of CO adsorption over the Pt-supported samples at room
temperature, after reduction at 200 °C.
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Table 4

Platinum dispersion measured by CO chemisorption using FTIR

Samples Integrated intensity (cm™) Adsorbed CO* (umol) D (%) dp, (nm) Sp (m? gfl)
P5C5 11.568 0.418 40.8 2.7 103.6

P5C7 8.601 0.259 25.3 43 65.1

P5C9 8.148 0.254 24.8 44 63.6

? Obtained by applying the functional relationship between the integrated intensity of the v(CO) bands for platinum and the CO doses introduced in Ref. [22].

stoichiometry CO/Pt can be figured as 1. The amount of surface
platinum sites (Ptg,r) hereby can be easily calculated (equal to
the number of adsorbed CO at metal saturation) and then the Pt
dispersion (D) can be obtained by the ratio Ptg,,¢/Ptio1, Where
Pt is calculated by the loading content of 2 wt.%. The
average diameter of Pt crystallites (dp;) is obtained by dp;
(nm) = 1.1/D as reported in literature [23], and the surface area
of Pt particles is estimated by using the formula Sp,
(m2 gfl) = 6000/(pdp,) [24], where p stands for the density
of Pt metal. Thus, the CO adsorption provides us with some
structural and textural properties that cannot be derived from
XRD or XPS. The results are reported in Table 4. Actually, both
the values of D and Sp, rely on those of dp;, which change with
metal sintering. Again, more severe sintering of Pt for PSC7 and
P5C9, which has been observed by XRD and XPS, is
confirmed.

In Fig. 5, the shoulders at ca. 2121 cm ™!, especially visible
for P5CS5, are attributed to the CO species adsorbed on Pt2+,
while the ones at ca. 1950 cm ™" and 1733 cm ™! are due to CO
coordinated to both Pt and Ce [22]. There is no denying that the
varieties of these shoulders indicate the different states of Pt
adsorption sites and Pt/Ce interface, e.g. the abundance of
chemisorption sites on the Pt/Ce interface of P5C7.

It is surprising that the CK samples show no detectable
bands except for the ones at ca. 1630 cm ™' for POCK although
XPS assures the existence of Pt on the surface for PSCK and
P7CK. Since the adsorption of CO were carried out at room
temperature, which allow us to rule out the oxidation of CO

0.32 nm
C5 (111)

5 nm

during the recording of the IR spectra, the zero-adsorptions for
the CK samples are attributed to their intrinsic characteristics.
The disappearance of chemisorption sites may be due to the
following reasons: (i) the sintering of metal particles, which
leads to the decrease of surface platinum atoms; (ii) the SMSI
occurred in oxidative calcinations of the samples. For P7CK
and PO9CK, the XRD and XPS analyses have brought forward
the possible mechanism that partial Pt particles are enveloped
by CZL support during the high-temperature calcination for the
decomposition of H,PtCle. Here, the loss of chemisorption sites
promotes the reliability of the mentioned mechanism since the
Pt crystallites covered by support hardly adsorb any CO; (iii)
the occupation of adsorption sites by H atoms introduced in the
pretreatment. Usually, adsorption is described in terms of the
probability that molecules impinging on a surface adsorb
instead of scatter back into the gas phase. The sticking
probability changes significantly with coverage, primarily
because of the filling up of adsorption sites on the surface [25].
Gland et al. [26] reported that coadsorbed H, could weaken the
adsorption of CO on Pt (1 1 1). In this work, the larger metal
particles of CK samples have already lead to the decrease of
surface sites. As revealed in the following section concerning
the TWC activities, the oxygen species on CK samples are less
active than those on P5C5, P5C7 and P5C9 at 200 °C.
Therefore, the residual H atoms adsorbed on CK samples may
be more than those on P5 samples (without PSCK) after
pretreatment and hereby brings about an obviously weakened
adsorption of CO. However, the reasons mentioned above are

CK support

027nm
PE(110)
»

carbon

Fig. 6. HRTEM micrographs of PSC5 (a) and P9CK (b).
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still not satisfying enough to explain the absence of Pt sites for
CK samples. Other possible mechanisms, which lead to the
complete deactivation of chemisorption sites of Pt, including
the sites on the Pt/Ce interface, still remain to be investigated.

3.4. HRTEM

The surface Pt contents of PSC5 and P9CK are lower than
that of PSCK. The former is mainly attributed to the low surface
density of Pt and possible encapsulation by support during the
decomposition of H,PtClg while the latter is supposed to be
explained by encapsulation mechanism on the basis of XRD,
XPS and FTIR analysis. High resolution transmission electron
microscopy is applied to investigate more detailed information
about the microstructures of PSC5 and P9CK in order to submit
evidence for the hypothesis.

As shown in Fig. 6a, it is obvious that the metal particle is
partially enveloped by C5 support although the sample has not
experienced any reductive pretreatment. This observation
strongly supports the explanation of encapsulation mechanism
in oxidative atmosphere. In Fig. 6b, the sintering of the CZL
particles is observed for POCK. The observed metal particle is
not only located on the surface of the support but also
surrounded by the support particles. Hence, the number of
surface metal atoms exposed to the detection of XPS is much
smaller than that of Pt well-dispersed samples, which directly
leads to weakened signals. Also, this type of surrounding or
encapsulation by the support is considered to be one of the
possible reasons for the loss of chemisorption sites of Pt.

3.5. Catalytic performances

The catalytic activities of Pt-supported samples were
evaluated and the light-off curves of C3Hg, CO and NO are
shown in Fig. 7. It is very obvious that the performances for
these Pt-supported samples in converting different pollutants
follow the same sequence of P5C9 > P5C7 > P5C5 >
P5CK > P7CK > P9CK. P5C9 performs only slightly better
than P5C7 while both of them are evidently superior to the
others.

In view of the effect of ceria—zirconia—lanthana mixed
oxides, the catalytic activities of Pt-supported samples are
significantly influenced by the concentration of oxygen
vacancies. Tschope et al. [27] concluded the importance of
nonstoichiometry by investigating the oxidative activities of La
and Cu-doped CeO,_,. Also, Rao et al. [28] figured that the
bulk oxygen vacancies played an important role in promoting
NO conversion over Pt- and Rh-loaded CeO,—ZrO, catalysts.
Moreover, Bozo et al. [11] pointed that the presence of a small
amount of oxygen vacancies could strongly improve the
catalytic activity of Pt/Ceg 771 330,. They summarized the
key roles of oxygen vacancies on catalytic activities as (i)
promoting the oxygen activation and mobility in the support
and (ii) allowing the presence of quasi-free electrons, which
contributed to the electronic enrichment of the noble metal. In
the case that the surface Pt species of PSC5 and P5C7 are almost
in the similar content and sintering state, the unsatisfying
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Fig. 7. Light-off curves of the C3Hg (a), CO (b) and NO (c) for the Pt-supported
Ce0,—Zr0,-La,05 mixed oxides.

activity for PSCS5 can be mainly attributed to the lack of oxygen
defects as discussed in the XPS part. Similarly, the low
activities of P7CK and P9CK can be partially ascribed to this
reason.



J. Fan et al./Catalysis Today 126 (2007) 303-312 311

On the other hand, the participation of Pt is responsible for
the catalytic activities. As suggested by Passos et al. [29],
metal—support interfacial area contributed to the performance
on partial oxidation of methane, and the increase of metal
particle size decreased the metal-support interfacial area,
which could explain the deactivation of catalyst during the
reaction. Moreover, according to Golunski et al. [30] and our
former work [19], the activities for HC and NO rely heavily on
the chemisorption of Pt, which focuses on the Pt° sites, while
the interaction of CO depends on the Pt° sites, the interfacial Pt
sites and the ceria in the vicinity of Pt particles. In this work, the
XPS results discussed above indicate that the Pt® sites are
almost covered by platinum oxide layers for the as-prepared Pt-
supported samples. However, the strongly adsorbed linear CO
species on PtO surface [21] and the headmost conversion of CO
among the pollutants, which result in the reduction of PtO with
the formation of CO,, allowing us to emphasize the role of Pt°
sites on the three-way catalytic activities. As a matter of fact,
the sintering process, which congregates many tiny particles
and fuses into a larger one, rises serious loss of both the metal—
support interfacial area and the active sites, since metal
dispersion values decrease steeply when the particles grow up
in the size range of 0—-8 nm [6]. Therefore, it is not the surface Pt
content but the appropriate metal particle size that makes
contribution to the enhancement of catalytic activities. In this
work, for PSCK, P7CK and P9CK, the lack of chemisorption
sites of Pt, which is due to the severe sintering and the
encapsulation of Pt aggravates the deterioration of the catalytic
activities. In the case of P5SC5, PSC7 and P5C9, the light-off
curves imply that it is not the smallest particle with the highest
dispersion results in the best catalytic activities. This may
indicate that it is the integrated crystal phase of Pt rather than
the atomic cluster that is more contributive to the promotion of
catalytic activities.

Moreover, the possible effect of enriched surface La species
on catalytic performances cannot be neglected. As mentioned
by Frost [31], the metal promotes the oxide by enhancing the
equilibrium concentration of oxygen vacancies: electron
transfer from the oxide to the noble metal results in a lowering
of the effective activation energy for the formation of oxygen
vacancies. This actually emphasizes the important effect of the
electron transfer between support and Pt on the catalytic
performances. Kharlanov and co-workers [32] observed that the
introduction of tri-valent Y>* or La** cations to CeO,—ZrO,
mixed oxides reduced the amount of electron-acceptor sites
belonging to cerium cations, stabilizing ones as Ce*. Hereby,
the possible linkage of La between Pt and support should be
paid more attention to. According to the preparation procedure
for the CK samples, Pt was impregnated on calcined CK
powders with enriched La species. Thus, it is probable that the
La species are sandwiched between Pt and support particles.
The question that whether an electron-block or an electron-
transmit effect is available during interactions needs further
investigations.

In addition, PSC5 shows higher conversion rate than the
other catalysts when the temperature increases above 320 °C.
To explain this phenomenon, the fact that the CO conversion

over PSC5 decreases simultaneously should be taken into
account. It seems that there is a competitive adsorption of
CO and C;Hg on Pt active sites. Considering the dispersion
of Pt particle, we conjecture that smaller metal particles
seem to be more selective for the adsorption of C3Hg while
CO is more competent for the adsorption on larger metal
particles.

4. Conclusions

The CeO,—ZrO,-La,O3 supports with different surface
areas present significant influence on the distribution of Pt on
the surface of the supports. XRD patterns, XPS analysis and
FTIR spectra show that for PS5 samples, the high-surface area
supports present the ability to retard the agglomeration and
sintering of Pt by possessing much lower surface Pt densities.
The low surface content of Pt for PSCS5 is partially ascribed to
the encapsulation of Pt by Ce species, which is considered to be
induced by the collapse of porous structure of the high-surface
area support.

The encapsulation phenomenon is also investigated from the
angle of CK samples by calcinating the Pt-loaded low-surface
area supports at different temperatures. It is found that the
higher the calcination temperature is, the less the surface
content of Pt is. Especially, P9CK even exhibits the
disappearance of detected signals of surface Pt species, which
also suggests the occurrence of encapsulation. However,
different from the case of P5C5, the encapsulation mechanism
for POCK is considered to originate from the inward diffusion
of Pt or outward diffusion of support. Although the
encapsulation phenomenon acting as an important mechanism
of the SMSI is observed mainly after reductive treatment at high
temperature, the XPS, XRD, CO adsorption and HRTEM
analyses in this work raise its possible occurrence in oxidative
atmosphere.

The light-off curves figure the catalytic performances of
the Pt-supported sample in the sequence of P5C9 >
P5C7 > P5CS5 > P5SCK > P7CK > P9CK. Compared with
that of P5CS5, the outstanding activities of PSC9 and P5C7
are mainly attributed to the chemisorption sites of Pt and
abundant oxygen vacancies. Beside the negative effect of
lacking of oxygen defects, another reason for the progres-
sively deteriorated activities of Pt-supported CK samples is
the sintering and the encapsulation of Pt particles, which
leads to the decrease of chemisorption sites on the metal
surface and interfacial area. The effect on catalytic activities
induced by the enrichment of La is calling for further
investigations.
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