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a b s t r a c t

In order to investigate the metal–support interaction in PM-CeO2 system, a Pd-doped CeO2 catalyst was
prepared by the sol–gel method and was treated in the H2–O2 redox atmosphere at 300, 500 and 800 ◦C,
respectively. The Brunauer–Emmett–Teller (BET), X-ray diffraction (XRD) and temperature-programmed
reduction (TPR) results indicate that the redox treatment at 300 ◦C mainly affect the surface properties
of the catalyst, while those at higher temperatures have an influence on the bulk properties. The step-
scanning XRD and Raman results prove that Pd species on the surface of the sample mainly exist in
the form of bulk Pd and PdO crystallites after the redox treatment at 500 ◦C, which are encapsulated by

◦

tructure reorgnaization CeO2 particles after the treatment at 800 C. The CO oxidation activity, dynamic oxygen storage capacity

(DOSC) and oxygen storage complete capacity (OSCC) of the catalyst vary with the treating temperature.
The 300 ◦C-treated sample presents the highest activity for CO oxidation and oxygen storage capacity.
The reduction-ratio dependent activation energy (Ea) is extremely low for the surface reduction of this
sample, suggesting the participation of highly active oxygen. The active oxygen are suggested to originate

nterfa
from the enlarged Pd-Ce i
metal and support.

. Introduction

In recent years, CeO2-supported noble metal catalysts have
ttracted much attention due to their application in automo-
ive exhausts purification and other industrial applications [1–2].
enerally, precious metals (PM) are impregnated on ceria or
eria–zirconia with alumina as carrier in three-way catalysts
TWCs) [3–5]. Some researches indicated that in conventional cat-
lysts, only the surface atoms of the noble metal particles serve as
dsorption sites, and even in 4–6 nm metal particles, only 1/4 to
/5 of the total noble metal atoms are utilized for catalytic conver-
ion [6]. Hedge’ group developed a solution combustion method
or synthesizing dispersed noble metal ionic catalysts [7–10], as
ell as did by the Medina and co-workers [11]. When precious
etals are doped into the ceria or titania lattice, the higher activ-

ty for CO, NOx and hydrocarbons conversions can be achieved
n comparison with the supported catalysts with the same PM
ddition. The possible reasons for this improvement include full

tilization of precious metals, activation of lattice oxygen in the
upport oxide and high oxygen storage capacity caused by the
ffect of PM insertion. In our former work, a Ce0.66Zr0.32Pt0.02O2
atalyst was synthesized by sol–gel method and Pt was confirmed

∗ Corresponding author. Tel.: +86 10 62772726; fax: +86 10 62772726.
E-mail address: duanweng@tsinghua.edu.cn (D. Weng).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.02.013
ce, which depends on the avaibility of surface Pd sites and contact between

© 2010 Elsevier B.V. All rights reserved.

to be inserted into the ceria lattice by XRD, XPS and TPR analyses
[12]. The insertion of platinum brought about a different syner-
gistic effect between Pt and Ce in Ce0.66Zr0.32Pt0.02O2 compared
with the Pt/Ce0.67Zr0.33O2 prepared by traditional impregnation,
such as the increased oxygen mobility in ceria–zirconia solid solu-
tions and the improved stability of metallic state of platinum at
high-temperature.

The air–fuel ratio (�) always fluctuates when car accelerates or
decelerates in actual working conditions. Thus, a lot of researches
have been focused on the influence of the reductive/oxidative
pre-treatments at certain temperatures on the properties of the
catalysts by affecting the redox couple Ce4+/Ce3+, which plays a key
role in the conversion of HC, CO and NOx [13–14]. Kozlov et al. [15]
found that the redox treatment at 900 ◦C enhanced the reducibil-
ity of Ce4+ in the Al2O3-supported Ce0.45Zr0.55O2 sample with the
appearance of a new low-temperature reduction feature at 320 ◦C.
The features of the strong metal–support interaction (SMSI) have
been summarized in the literatures [16–19]. Holmgren et al. [20]
observed that a reduction in hydrogen at 200 or 300 ◦C resulted in
a higher activity than reduction at 500 ◦C for a moderate-dispersed
Pt/CeO2 catalyst, but the choice of reduction temperature had no

great influence on the activity for low-dispersed Pt/CeO2. Fan et
al. [14] reported that the oxidative/reductive alternate treatments
affected the structure and performance of the Pt/Ce0.67Zr0.33O2
catalyst by the SMSI. It was suggested that during the reductive
treatment migration of Ce4+ from the bulk to the surface of the

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:duanweng@tsinghua.edu.cn
dx.doi.org/10.1016/j.cattod.2010.02.013
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upport took place, while the diffusion process was reversed when
he atmosphere was switched to an oxidative one.

In this work, Pd-doped CeO2 catalyst was synthesized by sol–gel
ethod in an attempt to maximize the metal–support interac-

ion. The H2–O2 redox treatments at different temperatures were
sed to explore the structure reorganization on the catalytic activ-

ty under different treatment conditions. To this end, the catalysts
ere characterized by XRD, BET, Raman, CO-TPR, OSC and CO oxi-
ation measurements.

. Experimental

.1. Catalyst preparation

Fresh Pd-doped CeO2 catalyst was prepared by the citric-aided
ol–gel method. The nitrates Ce(NO3)3·6H2O and Pd(NO3)2·5H2O
ere used as precursors. The nitrate solutions were carefully mixed

ccording to the molar percentage of Pd of 1%. The citric acid was
dded as the complexing agent with a 1.2:1 ratio of the acid to metal
ons including Ce3+ and Pd2+. Appropriate glycol was followed with
he weight of 10% citric acid added. The blended solution was suf-
ciently mixed in a magnetic stirrer and heated at 100 ◦C until a
pongy yellow gel was obtained. After being dried at 110 ◦C for 12 h,
he gel was submitted to decomposition at 300 ◦C for 1 h and calci-
ation at 500 ◦C for 3 h under a static air in a muffle. The powders
ere cooled to room temperature (RT) in the furnace.

For the redox treatments, the as-received powders were treated
n a quartz tube by passing alternating gases at 300, 500 and 800 ◦C
or 5 h, respectively, and the obtained powders were denoted as 300
edox, 500 redox, 800 redox. The alternating order of the gas mix-
ures was H2 (2.8% in N2, 200 ml/min, 10 s)–He (60 ml/min, 20 s)–O2
1.6% in N2, 250 ml/min, 10 s)–He (60 ml/min, 20 s).

.2. Catalyst characterizations

The X-ray diffraction analysis (XRD) was conducted on a
apan Science D/max-RB diffractometer employing Cu K� radiation
� = 1.5418 Å). The X-ray tube was operated at 45 kV and 150 mA.
he X-ray powder diffractograms were recorded at 0.02◦ intervals
n the range 20◦ ≤ 2� ≤ 80◦ with 2 s count accumulation per step.
he crystal phase was identified with the help of the JCPDS cards.
he calculations and analyses based on the XRD data were assisted
y the THX application software and the peak fitting was acquired
ccording to a pseudo-Voigt profile function. The lattice parameters
ere calculated with the application of least-squares refinement

f cell dimensions from powder data by Cohen’s method. The aver-
ge crystallite size of the mixed oxides was estimated according
o Debye–Scherrer equation. The data for step-scanning XRD were
ecorded at 0.01◦ intervals in the range 39.0◦ ≤ 2� ≤ 43◦ with 3 s
ount accumulation per step.

The specific surface area was determined by Brunauer–
mmett–Teller (BET) method with an F-sorb 3400 instrument using
e as carrier and N2 as adsorbent.

The Raman spectra were acquired with a Renishaw RM 2000
icroscopic confocal Raman spectrometer. The emission line at

32.8 nm from a He–Ne laser was focused on the samples (with
n analyzing spot diameter of 5 mm) under microscope. The power
f the incident beam on samples was 4.7 mW and the scattered
adiation was collected at 1808 with the resolution of 1 cm−1.

The temperature-programmed reduction (TPR) was performed

n a microreactor. Before each measurement, 50 mg sample was
reated in 2%O2/He (100 ml/min) at 500 ◦C for 1 h followed by cool-
ng down to RT in He. A flow of 4% CO/He (50 ml/min) was then
ntroduced as reducing agent and the sample was heated up to
00 ◦C at a rate of 10 ◦C/min. The signals of CO uptake and CO2 pro-
y 153 (2010) 111–117

duction as well as the H2 production were collected by an on-line
quadrupole mass spectrometer (Omnistar 200).

2.3. Oxygen storage capacity measurement

The oxygen storage capacity (OSC) measurement was conducted
based on the method proposed by Yao and Yu Yao [21]. The
measurement was carried out in a flow reactor system, designed
for powder samples and equipped with solenoid valves for rapid
introduction of 4% CO/(1% Ar + He) and 2% O2/(1% Ar + He) pulses.
Typically, 25 mg powders were loaded into a 1.0 cm i.d. quartz tube
reactor and a total gas flow rate of 300 ml/min was employed. The
signals of the outlet gas were detected by an on-line quadrupole
mass spectrometer (Omnistar 200).

Two forms of OSC measurements, including successive CO pulse
and dynamic CO–O2 cycle, were applied to measure OSCC and
DOSC, respectively. Before the successive CO pulse measurement
test, all samples were pre-oxidized in 2% O2/He at 300 ◦C for 20 min
and flushed by He for 30 min at 500 ◦C. The test procedure consisted
of the cycles of 5-s-long CO/(Ar + He) injection and 40-s-long out-
gassing of pure He on the samples at that temperature. The OSCC
was quantified by integrating the concentration of CO2 produced in
the first ten CO/(Ar + He) pulses. In the dynamic CO–O2 mode, OSC
measurement was operated at certain temperatures by alternately
injecting CO/(Ar + He) and O2/(Ar + He) on the samples with dura-
tion of 5 s for each gas, which meant a test frequency of 0.1 Hz. DOSC
was quantified in terms of micromole of CO2 per gram of catalyst
(�mol CO2/gcat) by integrating the concentration of CO2 produced
during every single CO–O2 cycle.

To further investigate the oxygen release behavior of the sam-
ples, a static CO step measurement was conducted at temperatures
ranging from 350 to 550 ◦C. At the beginning of this measurement,
a 20-min-long oxidation by O2 was introduced to the samples. We
assumed that the ceria species in the materials entirely existed in
the form of Ce4+ after this pretreatment. After the oxidation, the
samples were purged in pure He for 30 min to remove oxygen from
the reactor system and then were exposed to the CO/(Ar + He) flow
of 300 ml/min for 2 min. The signals of the outlet gas were also
collected by the on-line quadrupole mass spectrometer.

2.4. Activity measurement

50 mg catalyst was mixed with coarse quartz particles to make
the total volume of the mixture reach 0.5 ml. The mixture was
loaded in a quartz reaction tube with the diameter of 10 mm. The
carbon monoxide oxidation activity was evaluated by passing a gas
mixture of 2%CO, 1%O2 and He in balance. The reactor was heated
from RT to 400 ◦C in the flow stream at a gas space velocity (GSV)
of 60 000 h−1. The concentrations of O2, CO and CO2 were detected
by the on-line quadrupole mass spectrometer.

3. Results and discussion

3.1. CO oxidation activity

In order to investigate the influence of redox treatments at dif-
ferent temperatures on the catalytic activity of the Pd-doped CeO2
catalyst, the CO oxidation tests were performed and the obtained
light-off curves are shown in Fig. 1. The fresh sample exhibits an
excellent activity with the onset temperature is below 100 ◦C and
complete conversion temperature is at 200 ◦C. It is interesting that

the 300 redox sample behaves a even better activity compared with
the fresh one, which shows a similar light-off curve with a shift to
lower temperature by 20 ◦C. With the further increase of the redox
temperature, the activity of the treated samples decreases again.
The 800 redox sample is severely deactivated for CO oxidation with
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monitored as a function of time. The instantaneous rates for CO
ig. 1. Light-off curves of CO oxidation over the catalysts. Reaction conditions:
%CO/1%O2/N2, 500 ml/min.

he onset temperature at 187 ◦C and complete conversion at 350 ◦C.
hese variations of the activity are suggested to be related to the
tructure reorganization of the catalyst during the redox treatment.

.2. OSC properties

.2.1. OSCC
The OSC values at each CO pulse and OSCC values accumulated at

00 and 400 ◦C are shown in Fig. 2a and b, respectively. The amount
f the most readily available oxygen (“fast” OSC) from the cata-
yst was quantified according to the oxygen consumed in the first
O pulse, and the oxygen participating in the reactions from the
econd to the tenth pulse was considered to be released from the
ulk of particles [22]. The OSCC values follow the sequence of 300
edox > fresh > 500 redox > 800 redox at both 200 and 400 ◦C. The
eleasable oxygen from PdO can be estimated according to the nom-
nal content of Pd in the catalyst by assuming all the Pd species in
he form of PdO. The estimated value is 58 �mol/gcat, which is much
arger than those obtained in the first CO pulse. Thus, it can be con-
idered that the most readily available oxygen at 200 ◦C comes from
he surface PdO species and Pd-Ce interface may be also involved.
he reaction rate depends on adsorption of CO and its reaction with
ctive oxygen, thus the amount of available Pd active sites per gram
f catalyst is the determining factor in this case. The 300 redox
ample exhibits the highest fast OSC, which may be related to the
urface reconstruction probably including the leaching of Pd from
he ceria lattice and formation of small Pd crystallites and Pd-Ce
nterface exposed on the surface of the catalyst.

In the case of OSC tests at 400 ◦C (Fig. 2b), the amount of read-
ly available oxygen is much larger than that in PdO, so the CeO2
upport also plays an important role. At this temperature, the pro-
oting effect of Pd on the total OSC does not seem to be so obvious

s at 200 ◦C since the OSC of the CeO2 based support itself is quite
igh [23,24]. It is noticed that the total OSC of the fresh sample

s close to that of the 500 redox one at 200 ◦C, while it is close to
hat of the 300 redox sample at 400 ◦C. This phenomenon can be
xplained via the SMSI effect at different reaction temperatures. Pd
ainly provides active sites for CO adsorption, and CO reaction is

ot the control process. The diffusion of O2− driven by the oxygen

oncentration gradient from the bulk to the surface determines the
SC behavior of the catalyst at high-temperature [25].

It should be also noticed in Fig. 2 that the OSC values at 3rd–10th
O pulses for 500 redox sample are higher than those for 800 redox
Fig. 2. OSC at each CO pulse and accumulated OSCC values at (a) 200 and (b) 400 ◦C.

sample at 200 ◦C, while the order is reversed at 400 ◦C. This phe-
nomenon should be related to the lattice reconstruction of the
catalyst caused by the redox treatment. The encapsulation of Pd
species by the support at high-temperature (800 ◦C) facilitates the
mobility of bulk oxygen in ceria to some extent [26].

3.2.2. DOSC
Dynamic OSC can reflect the oxygen storage/release capacity

during the quick alternating atmosphere under actual conditions.
The DOSC values of the catalysts at different temperatures are
shown in Fig. 3. Agreeing well with the OSCC results, DOSC val-
ues follow the same sequence of 300 redox > fresh > 500 redox > 800
redox over the whole testing temperature range. Again, it is noticed
that the dynamic OSC of the fresh sample is close to that of the 500
redox one at 200 ◦C, while it is close to that of the 300 redox sample
at 400 and 500 ◦C. Since the DOSC measurement process involves
the activation and reaction of gaseous oxygen, the DOSC data are
much higher than the OSC values obtained at 1st CO pulse in the
OSCC experiment. In this case, the mobility of bulk oxygen is no
longer the controlling factor, and the availability of active Pd sites
becomes predominant. Thus, the DOSC values of the 500 redox sam-
ple are always higher than those of the 800 redox sample due to
the exposure of more Pd active sites.

3.2.3. CO step measurement
The CO2 concentration during the CO step measurement was
2
production at certain Ce3+/Ce ratios, denoted as RCO2 , were cal-
culated based on the analyzing method well established by Hori
et al. [27]. As shown in Fig. 4, the reduction ratio of the material
at the time of interest, ti, was determined by integrating the CO2
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other treated samples. The amount of readily available surface oxy-
ig. 3. Dynamic OSC values obtained from the production of CO2 at different tem-
eratures.

ormed from the start of the pulse, t0, to ti (e.g., t1 and t2). Then, the
ntegrated CO2 formed was mass balanced with the O atoms that
eleased from the sample to determine the reduction ratio.

The evolution of RCO2 as a function of temperature is given in
ig. 5 as Arrhenius coordinates and the activation energy (Ea) for
O oxidation was estimated according to the slope of the linear

unction. Different Arrhenius plots are obtained at Ce3+/Ce = 1.5%
Fig. 5a) and 6% (Fig. 5b), indicating that Ea are to some extent
eduction-ratio dependent. Along with the increase of reduction
atio, the slopes of the linear functions for all the samples present

sharp increase. It suggests that the rate-limiting step for CO
atalytic oxidation varies with the participating oxygen species
riginated from different parts of the particles. It can be seen that
he rate-limiting processes of the catalysts are different at low
eduction ratio of the support, and become similar when the reduc-
ion process penetrates into the bulk of the particles.

To examine the temperature point where the rate-limiting step
lters, the E values were estimated at the reduction ratios of 1.5%,
a

%, 6% and 12%, respectively, and the results are shown in Fig. 6.
t the initial stage of reaction (Ce3+/Ce = 1.5%), the extremely low
a for the 300 redox sample indicates that there are much more
abile oxygen on the surface of this catalyst than the fresh and

Fig. 4. Schematic representation of the calculation of reaction rates.
Fig. 5. Arrhenius plots for the samples when (a) Ce3+/Ce = 1.5% and (b) Ce3+/Ce = 6%.
gen follows the order of 300 redox > fresh > 500 redox > 800 redox.
The Ea increases with the increase of the reduction ratio for all the
samples which means that the activation of oxygen becomes dif-
ficult. The fresh sample shows the lowest Ea when the reduction

Fig. 6. Activation energies for CO oxidation at different reduction ratios of the sup-
port.
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Fig. 7. XRD patterns of the fresh and treated Pd-doped CeO2 samples.

atio reaches 6%, which may be related to the doping of palladium
n the CeO2 lattice and the activation of lattice oxygen. When the
xygen diffusion process penetrates into the bulk of the oxide par-
icles (Ce3+/Ce = 12%), the Ea becomes similar to each other for all
he samples. Again, it confirms that the oxygen storage and acti-
ation is related to the structure of the catalyst. The consumption
f readily available oxygen takes place at ca. 3% reduction ratio for
he 500 redox and 800 redox samples, while that occurs at ca. the
% reduction ratio for the fresh and especially 300 redox samples.

.3. Structural and textural properties

The importance of the surface structure of the catalyst is high-
ighted according to the above activity results. In order to study the
tructure changes during the redox treatments at different temper-
tures, the XRD, Raman and TPR experiments were carried out. The
-ray diffraction patterns of the fresh and treated Pd-doped CeO2
amples are shown in Fig. 7. The main peaks are consistent with the
haracteristic peaks of cubic CeO2 for all the samples. The sharpen-
ng of the characteristic peaks for the redox treated samples implies
sintering of the support during the treatments especially for the
00 redox and 800 redox samples. It can be seen from Table 1 that
he mean crystallite size of ceria increases and correspondingly the
ET surface area of the catalysts decreases with ramping the redox
reatment temperature.

The mean lattice constant of ceria was calculated according to
he method of Kimura [28]. The (Pauling) ionic radii taken for cal-
ulation are 0.086 and 0.097 nm for Pd2+ and Ce4+, respectively.
oth PdO and CeO2 belong to the cubic structure. The lattice con-
tant of CeO2 prepared by the same sol–gel method is 0.5426 nm,
hich is larger than that of the fresh Pd-CeO2 sample (0.5417 nm).

hus, it is speculated that the Pd cations with smaller ionic radius
re at least partially doped into ceria, resulting in shrinkage of the
eria crystal lattice. The lattice constant of ceria in the 300 redox

ample is the same as that of the fresh one. Combined with the
imilar surface area, it can be concluded that the redox treatment
t 300 ◦C has little influence on the bulk structure of the catalyst. On
he other hand, the lattice constant of the sample decreases with

able 1
tructural and textural properties of the fresh and treated samples.

Sample Lattice constant of
ceria (nm)

Crystallite size
of ceria (nm)

SBET (m2/g)

Fresh 0.5417 8.6 ± 0.1 29.9
300 redox 0.5417 10.4 ± 0.2 30.5
500 redox 0.5414 22.3 ± 0.4 8.4
800 redox 0.5411 68.9 ± 1.2 3.8
Fig. 8. Step-scanning XRD patterns of the fresh and treated Pd-doped CeO2 samples.

the redox treatment at higher temperatures (500 and 800 ◦C). Some
diffraction peaks of the Pd phase are observed for the treated sam-
ples, which increase in intensity with the ramping the treatment
temperatures.

In order to observe the status of Pd species more clearly, the
step-scanning XRD measurements were carried out and the results
are shown in Fig. 8. Only a broad and weak PdO (1 1 0) peak cen-
tered at 41.9◦ is observed for the fresh sample, implying that Pd
species are finely dispersed on the surface of CeO2 or even dis-
solved into the CeO2 lattice. Another distinct peak centered at
40.1◦ arises from the diffraction on (1 1 1) plane of metallic Pd
occurs for the treated samples, which strongly supports the forma-
tion and aggregation of Pd crystallites during the redox treatment.
The intensities of these peaks are similar to each other for the
treated samples. The metallic Pd may be related to the sintering
of the surface Pd on the 300 redox sample species since its bulk
structure changes little, while the occurrence of the Pd phase may
arise from both the sinter of surface Pd species and exudation
of Pd from the support lattice. There are no PdO peaks observed
for the 300 redox and 800 redox samples, while a broad PdO
(1 1 0) peak centered at 41.9◦ is observed on the 500 redox sam-
ple. This may be related to the oxidation of the surface Pd species
to PdO.

Since the X-ray pattern reflects the cation order–disorder and
lattice distortion, and is poorly sensitive to oxygen sublattice, the
nuances in the short-range oxygen displacement of the solid solu-
tions were examined by Raman spectroscopy, which is sensitive
to both M–O bond arrangement and lattice defects [29]. As shown
in Fig. 9a, a prominent peak at 461 cm−1, owning to F2g Raman
active mode of the fluorite-like structure, is observed for all the
samples. The leaching of palladium during the redox treatments
at 300 and 500 ◦C may cause a decrease of lattice homogeneity,
while the encapsulation of palladium by the support after the high-
temperature redox treatment causes a reverse result [15]. The shift
of the F2g peak from 460 cm−1 for the 300 redox sample to 464 cm−1

for the 800 redox sample may be another evidence for the recon-
struction of the ceria lattice. The F2g peak for pure ceria is 465 cm−1.
The blue shifts for the treated samples may be related to the inser-
tion of Pd into the lattice. As shown in Fig. 9b, the presence of a

band at ca. 650 cm−1 for the 500 redox sample is ascribable to the
B2g Raman mode of PdO [30], which again confirms the formation
of bulk PdO particles on the surface of the catalyst and is consistent
with the step-scanning XRD results.
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.4. Redox property
The CO-TPR profiles of the samples are shown in Fig. 10. The
rst peak of the fresh, 300 redox, 500 redox and 800 redox sam-
les is located at 124, 130, 155 and 190 ◦C, respectively, which is
ttributed to reduction of dispersed PdO. [31]. Pd ions are consid-
red to be incorporated into the ceria lattice or finely dispersed PdO

Fig. 10. CO-TPR profiles of the fresh, redox and aged Pd/CeO2 samples.
Fig. 11. Schematic of the microstructural features of Pd-CeO2 after the redox treat-
ments at different temperatures.

on the surface of ceria crystallites for the fresh samples. The peaks
around 400 and 700 ◦C for the fresh, 300 redox and 500 redox sam-
ples are attributed to the reduction of the CeO2 on surface and in
bulk facilitated by Pd, respectively. This strong interaction between
metal and support experience a great loss due to the sintering of
Pd crystallites for the 800 redox sample. As a result, the reduction
peak of CeO2 in bulk shifts to the temperature as high as 830 ◦C,
the reduction temperature is almost the same as the ceria. These
phenomena are consistent with the XRD results. The doping of Pd
in the fresh sample lowers the reduction temperature of cubic CeO2
to about 700 ◦C. Since the 300 redox treatment mainly affects the
surface properties of the catalysts, its reduction profile is similar
to that of the fresh sample. It should be demonstrated that the
low-temperature reduction peak related to the surface Pd species
is prolonged to even lower temperature, implying a stronger redox
property in respect to .the fresh sample.

There is CO2 formed even below 100 ◦C for the fresh sample,
which is related to the Pd-Ce interface according to the results of
Fernandez-García [32]. Thus, the increase of this low-temperature
peak for the 300 redox sample can be ascribed to the enlarged of
the Pd-Ce interface due to the leaching of subsurface Pd species. The
PdO peak of the 500 redox sample is the largest among the samples
due to the migration of Pd from the CeO2 support. The smallest
PdO peak of the 800 redox sample is ascribed to the encapsulation
of palladium oxide by the CeO2 support after the redox treatment
at high-temperature.

4. Discussion

The redox treatments at different temperatures result in vari-
ous effects on the surface and bulk structure of Pd-CeO2 catalyst.
A schematic of microstructure of different samples is depicted in
Fig. 11. Based on this structure model, the CO oxidation activity and
the oxygen storage capacity of the Pd-CeO2 catalyst can be generally
interpreted.

It is generally accepted that CO oxidation on the supported
noble metal catalysts proceeds via the LH surface reaction between
the adsorbed CO and activated oxygen [33]. CO oxidation is a
structure insensitive reaction, and on PM/CeO2 this reaction is sup-
ported to proceed according to a bi-functional pathway involving
CO adsorbed on the metal and oxygen from ceria at the metal-ceria
interface [34,35]. So both the Pd-Ce interface and active Pd sites
play important roles in CO oxidation. At a low-temperature such

◦
as 300 C, the redox treatment basically affects the surface features
of the catalyst. It causes the short-range migration of palladium
species from the subsurface region onto the surface of the cata-
lysts and thus creates more available Pd-Ce interface sites. As a
result, this sample shows the highest activity. The treatments at
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igher temperatures result in the exudation of Pd out of the ceria
attice. The leached Pd/PdO crystallites aggregate on the surface
f the catalyst and form bulk Pd/PdO particles at 500 ◦C. Thus, the
mount of available Pd-Ce interface sites decreases and the catalyst
xperiences a severe loss of activity. The formed PdO particles are
ncapsulated again due to the collapse of pore structure of the sup-
ort after the redox treatment at a temperature as high as 800 ◦C. In
his way, the amount of available Pd active sites sharply decreases
ccompanied with the severe deactivation of the catalyst.

. Conclusion

In this study, a Pd-doped CeO2 catalyst was synthesized by
ol–gel method and treated in a H2/O2 redox atmosphere at 300,
00 and 800 ◦C, respectively. The redox treatments at different
emperatures have different impacts on the structure and redox
roperties of Pd-CeO2 system: the low-temperature treatment
ainly affects the surface Pd species, while the high-temperature

reatment affects both the bulk Pd and CeO2 with a strong syn-
rgetic effect between metal and support. The sample treated
t 300 ◦C performs the highest CO oxidation activity and lowest
xygen activation energy, which is related to the enlarged Pd-Ce
nterface.
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