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a b s t r a c t

The influence of rare earth elements (La, Nd, Pr, Sm and Y) addition to Ce0.2Zr0.8O2 and its supported Pd-
only three-way catalysts has been investigated by X-ray diffraction (XRD), N2 adsorption/desorption,
X-ray photoelectron spectroscopy (XPS) and H2 temperature programmed reduction (H2-TPR) tech-
niques, and that the dynamic oxygen storage capacity (DOSC) has also been evaluated under transient
eywords:
e0.2Zr0.8O2

are earth
tructural modification

conditions. Special attention was given to the information of structural modification and the effect of dop-
ing on the three-way catalytic performance. The phase for all the ceria–zirconia-rare earth ternary solid
solution is single tetragonal, irrespective of the treatment temperature applied. The presence of La, Nd
and Pr results in enhanced thermal stability, improved reducibility and increased strong metal–support
interaction, leading to the relatively higher three-way catalytic activity for all the target pollutants over

ts. Th
d-only three-way catalyst the corresponding catalys
oxygen storage capacity.

. Introduction

Recently, air pollution mainly generated from gasoline engine
owered vehicles has attracted growing attention [1–3]. Emission
egulations introduced in every country since the second half of
990s are more severe than earlier standards. As a result of these
ightened legislations and the demands for environmental pro-
ection, development of new type three-way catalysts (TWC) is
equired, which are able to remove all three pollutants CO, NOx and
C (hydrocarbons) in gasoline engine exhausts simultaneously.

Oxygen storage materials (OSM), typically cerium oxide, are one
f the key components in TWC. Its major role is to stores oxy-
en under oxygen excess conditions and releases it under oxygen
eficient conditions on the basis of the reversible redox reaction
etween Ce3+ and Ce4+, i.e., oxygen storage capacity (OSC). It means
hat OSM provides a way to minimize the fluctuation of air/fuel
A/F) ratio at 14.6 during the engine operation, thus ensuring that
WC works efficiently within a narrow operating window near the
toichiometric [4–6]. Moreover, OSM also can promote the noble
etal dispersion, increase the thermal stability of TWC, acceler-
te the water–gas shift and steam reforming reactions, and favor
atalytic activity at the interface of metal–support [7,8]. However,
erium oxide readily sinters upon thermal treatment, leading to
he loss of oxygen storage capacity and further the deactivation

∗ Corresponding author. Tel.: +86 571 88273290; fax: +86 571 88273283.
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e air/fuel operation window is also enlarged due to the increased dynamic
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of catalytic activity. The advent of ceria–zirconia mixed oxide and
especially the formation of ceria–zirconia solid solution as the new
generation of oxygen storage component usher in a step change
in the catalytic performance [9]. On the one hand, the insertion
of ZrO2 into the CeO2 results in increased thermal stability [10]
and promoted reducibility of the mixed oxides [11]. On the other
hand, distortion of O2− sublattice in the mixed oxides permits a
higher mobility of the lattice oxygen, giving rise to the enhanced
OSC [12,13]. It is well known that OSC is currently used as one of
the key parameters for evaluating the practicability of oxygen stor-
age materials in TWC, and it is usually measured using the pulse
injection method initially developed by Yao and Yu Yao [14]. H2
molecular species was used to measure the oxygen in the sam-
ples, and the amount of O2 consumed during the re-oxidation
stage of the pulse experiment was referred as the oxygen storage
capacity complete (OSCC). The amount of CO consumed, mea-
sured during a step alternating gas concentration switch 4% CO/1%
Ar/He → He → 2% O2/1% Ar/He, was defined as dynamic oxygen
storage (DOSC) [15,16]. Instead of the static or theoretical oxygen
storage capacity, the dynamic oxygen storage capacity relates more
closely with the practical catalytic process.

In practice, TWC is located in positions closer to the engine man-
ifold in order to reduce emissions during the cold-start period.

This results in extreme catalyst temperature which may exceed
1000 ◦C [17,18]. Therefore, the thermal stability of ceria–zirconia
mixed oxides is still highly desired to enhance. A considerable
number of studies have been directed toward understanding
the intrinsic properties of ceria–zirconia solid solution [19–24],

ghts reserved.
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nd it has been proved that the properties are affected by the
omposition strongly. Therefore, we have studied the proper-
ies of ceria–zirconia solid solution with different composition
nd it was found that Ce0.2Zr0.8O2 shows the preferable ther-
al stability, indicating the practicality of Zr-rich ceria–zirconia

olid solution, to which only a small amount of researchers pay
ttention. However, the low content of ceria results in unsat-
sfied OSC, which restricts the development of Zr-rich solid
olution.

As literature reported [1,25–32], the addition of rare earth is
eneficial to enhance the properties of ceria–zirconia solid solution.

n our previous work [33], we have initiated a preliminary research
n the rare earth (La, Nd, Pr, Sm and Y) modified Ce0.2Zr0.8O2, and
he effect of rare earth doping was mainly investigated from a struc-
ural and textural point of view. However, to better understand
he effect of rare earth modification on the Zr-rich ceria–zirconia
olid solution and the corresponding Pd-only three-way catalyst,
ore intensive work is needed. The current research interest is

hus focused on the in-depth study using X-ray photoelectron spec-
roscopy (XPS) technique and dynamic oxygen storage capacity
DOSC) investigation chiefly.

. Experimental

.1. Catalyst preparation

The rare earth element doped CZ (CZRe) was prepared by copre-
ipitation method and the pure CZ was also prepared as a reference.
he ammonia solution was slowly added to the quantitative mixed
queous solution of corresponding nitrates under continuous stir-
ing until pH 9.0. The resulting precipitate was filtered, extensively
ashed with distilled water, and then washed with ethanol fur-

hermore to replace the water in the precipitate considering that
t would be dried by supercritical method in ethanol atmosphere
ubsequently (265 ◦C, 7.0 MPa). The molar ratio of Ce/Zr is 1:4, and
he content of relevant rare earth is 5 wt.% for CZRe. After calci-
ation at 500 ◦C for 4 h, the materials were crushed followed by
ieved to a size range of 40–60 mesh, and then the so-called fresh
upports were obtained. For the sake of convenience, the fresh sup-
orts modified by La, Nd, Pr, Sm and Y were denoted as CZL, CZN,
ZP, CZS and CZY, respectively. All the samples were calcined at
100 ◦C for 4 h to investigate the effect of rare earth doping on
he thermal stability of ceria–zirconia solid solution, and the aged
amples were referred to as CZa, CZLa, CZNa, CZPa, CZSa and CZYa,
orrespondingly.

The Pd/CZ and Pd/CZRe catalysts were prepared by conventional
mpregnation with an aqueous of H2PdCl4 as metal precursor. The
mpregnated samples were reduced with hydrazine hydrate to de-
ssociate Pd2+ and Cl− via the transformation of Pd2+ to Pd. Then
he reduced sample was filtered and washed with a large amount
f deionized water until no Cl− ion was detected in the filtered
olution (by AgNO3 aqueous), considering that the appearance of
l is harmful to the catalytic activity. The washed samples were
ried at 110 ◦C for 4 h and then calcined at 500 ◦C for 2 h due to
he active phase in TWC is metal oxide. In order to compare their
hermal stability, the catalysts were also calcined at 1100 ◦C for 4 h.
he theoretical loading content of Pd for all catalysts is 0.5 wt.%. The
atalysts obtained at 1100 ◦C were labeled as Pd/CZa and Pd/CZRea,
espectively.

.2. Catalytic activity test
The evaluation of three-way catalytic activity was performed
n a fixed-bed quartz reactor. The catalyst (0.2 ml, 40–60 m) was
eld in the quartz tube by packing quartz wool at both ends of
he catalysts bed, and the back-mixing in reactor is minimized by
lysis A: Chemical 339 (2011) 52–60 53

decreasing the dead volume of the reactor. The feed stream was
regulated using special mass flow controllers and contained NO
(0.1%)–NO2 (0.03%)–C3H6 (0.067%)–C3H8 (0.033%)–CO (0.75%)–O2
(0.745%) with balance Ar and the space velocity was 43,000 h−1

referred to the catalyst volume and to a gas flow rate at room
temperature (25 ◦C). The contents of CO, NO, NO2 and total HC
(C3H6 and C3H8) were recorded by a Bruker EQ55 FTIR spectrom-
eter coupled with a multiple reflection transmission cell (Infrared
Analysis Inc.) before and after the simulated gas passed the reac-
tor. The existence of small quantity of H2O has been confirmed
by mass spectrum (QIC-20 gas analytical system, England) in the
feed gas stream. It means that H2O also participated in the three-
way catalytic reaction in our study. However, the evaluation of
three-way catalytic activity was performed by a Bruker EQ55 FTIR
spectrometer, and the detection of H2O would inflict serious dam-
age to this instrument. Therefore, the concentration of H2O was not
given. Moreover, H2O produced in the process of reaction was also
removed before the tail gas passed through the multiple reflection
transmission cell.

The air/fuel ratio experiments were carried out at 400 ◦C. The �
value of the simulated exhaust, which represents the ratio between
the available oxygen and the oxygen needed for full conversion to
CO2, H2O, and N2, is defined as � = (2VO2 + VNO + 2VNO2 )/(VCO +
9VC3H6 + 10VC3H8 ) [34–36] (V means concentration in volume per-
cent unit). � = 1 was utilized in all the activity measurements, while
the test of air/fuel operation window was carried out at � = 0.9, 0.92,
0.95, 0.98, 1.0, 1.04, 1.07, 1.1 and 1.15, respectively.

2.3. Characterization techniques

Powder X-ray diffraction (XRD) patterns were recorded by an
ARL X’TRA diffractometer using nickel-filtered Cu K� radiation
operating at 40 kV and 40 mA and with 0.02◦ step size scanning
from 20◦ to 80◦ (2�).

BET surface areas of the samples were determined by nitrogen
physisorption at 77 K using a Coulter OMNISORP-100 apparatus,
after degassing the samples in vacuum (<10−5 Torr) at 200 ◦C for
2 h.

The X-ray photoelectron spectroscopy (XPS) experiments
were carried out on a PHI-Quantera SXM system equipped
with a monochromatic Al K� X-rays under ultra-high vacuum
(6.7 × 10−8 Pa). Sample charging during the measurement was
compensated by an electron flood gun. The XPS data from the
regions related to C 1s, O 1s, Zr 3d, Ce 3d, Re 3d and Pd 3d 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. The deconvolution method of XPS spectra is fitted by
Gaussian function.

The dynamic oxygen storage capacity (DOSC) measurements
with CO–O2 pulse were operated at 400 ◦C. CO (4% CO/1% Ar/He
at 300 ml/min for 10 s) and O2 (2% O2/1% Ar/He at 300 ml/min for
10 s) streams were pulsed alternatively with a pulsation frequency
(i.e., the number of times CO–O2 pulse was performed per second)
of 0.05 Hz. Prior to the DOSC measurement, all the catalysts were
first pretreated in O2 at 400 ◦C for 10 min followed by He purge for
5 min. A DOSC value was obtained by integrating the CO2 formed
during one CO-O2 cycle and was expressed as �mol of O per gram
of catalyst (�mol [O]/g).

Temperature programmed reduction (TPR) measurements were
carried out on a GC-1690 chromatography to observe the reducibil-
ity of samples. Prior to H2-TPR measurement, 50 mg sample was

pretreated at 300 ◦C in air for 0.5 h. The reducing gas was a mixture
of 5 vol.% H2 in Ar (40 ml/min), which was purified using deoxi-
dizer and silica gel. The experimental temperature was raised at a
constant rate of 10 ◦C/min. The consumption of hydrogen during
the reduction was measured by a thermal conductivity detector
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Fig. 1. XRD patterns of supports calcined at 500 ◦C (A) and 1100 ◦C (B).

TCD), and the water formed during H2-TPR was absorbed with 5A
olecular sieve.

. Results and discussion

.1. Structural and textural properties

The results of structural and textural characterization for all the
resh and aged supports were summarized in Tables 1 and 2, respec-
ively. The XRD patterns for all the samples were displayed in Fig. 1.
ccording to cerium content, the ceria–zirconia solid solutions exist

n three different structures, namely monoclinic, tetragonal and
ubic [17]. As shown in Fig. 1A, for all the fresh supports, the XRD
atterns feature broad and symmetric peaks with low intensity,

ndicating the formation of nanostructure [34], as evidenced by the
mall crystallite size shown in Table 1. The main peaks between
0◦ and 80◦ are related to tetragonal ceria–zirconia solid solu-
ion (space group P42/nmcs, Z = 2, ICSD No. 68590) due to Zr-rich
n the component. Moreover, no diffraction peaks of rare earth are
bserved. From Table 1, it can be seen that the lattice parameters for
ll the rare earth doped samples are larger than that of pure CZ, indi-
ating the insertion of rare earth ion into the lattice of ceria–zirconia
olid solution. Based on the statement presented above, the for-
ation of ceria–zirconia-rare earth ternary solid solution could be
onfirmed.
For all the rare earth elements shown in this work, the ionic

adius of Re3+ is smaller than that of Ce3+ (1.14 ´̊A). Therefore, the
ubstitution of Ce3+ by Re3+ is unbelievable for it would lead to the

attice shrinkage. For CZL, CZN and CZP, the radius of La3+ (1.06 ´̊A),
ysis A: Chemical 339 (2011) 52–60

Nd3+ (1.00 ´̊A) and Pr3+ (1.01 ´̊A) are larger than that of both Ce4+

(0.97 ´̊A) and Zr4+ (0.84 ´̊A). However, the ionic radius of Ce4+ is close
to La3+, Nd3+ and Pr3+. Although Ce4+ could be substituted by them,
the amount must be very little for it cannot account for the obvi-
ously lattice expansion. On the other hand, the content of Ce in the
ceria–zirconia is relatively little (the theoretical molar ratio of Ce to
Zr is 1:4). Therefore, the cation site substitution of Zr by La, Nd and
Pr in corresponding CZL, CZN and CZP seems more credible. With

regard to CZS and CZY, the ionic radius of Sm3+ and Y3+ is 0.96 ´̊A

and 0.89 ´̊A, which is only larger than that of Zr4+. Hereby, the sub-
stitution of Zr by Sm and Y in CZS and CZY is reasonable. Altogether,
it can be point out that the formation of ceria–zirconia-rare earth
ternary solid solution is facile and Zr is replaced by Re mainly in the
framework of ternary solid solution.

The values of specific surface area, mean pore size and
cumulative pore volume of the fresh supports detected by N2
adsorption/desorption were also given in Table 1. As displayed in
Table 1, the addition of rare earth into the ceria–zirconia solid
solution results in the increased BET surface area and pore vol-
ume, proving the enhanced textural stability. The analysis of t-plots
reveals that the fresh supports have a higher incidence of mesopore
with wide pore size distribution. In literature [35], we have proved
that this special structure results from the adoption of supercrit-
ical drying method is beneficial to the adsorption/desorption of
pollutants in TWC.

After treatment at 1100 ◦C for 4 h (Fig. 1B), the reflections of
the aged supports become sharper and more intense when com-
paring with the fresh one. The separation of peaks around 35◦, 58◦

and 72◦ as well as a weak peak around 42.5◦ are observed. All the
additional characteristic peaks are also consistent with the tetrag-
onal structure. These observations indicate the formation of larger
crystallite caused by the serious sintering, which agrees well with
the increased crystalline size as depicted in Table 2. However, the
degree of peak splitting and the grain size for the rare earth mod-
ified supports is smaller than CZa, indicating that the sintering of
the aged supports is clearly attenuated due to the introduction of
rare earth. A clearly defined decrease in BET surface area and pore
volume as well as the increase in mean pore diameter is obtained
when comparing the aged supports with the fresh ones, which is
caused by the agglomeration occurred during the high tempera-
ture treatment. However, the aged samples doped with La, Nd and
Pr also show higher specific surface area than CZa.

3.2. XPS

XPS investigation was conducted to provide information of the
surface elemental distribution. The alteration of chemical state of
cerium upon partial fresh and aged catalysts was shown in Fig. 2
representatively. The surface elemental contents calculated from
the normalized peak areas of the Ce 3d, Zr 3d, Re 3d, Pd 3d and O
1s core level spectra and the relative concentration of Ce3+ for the
fresh and aged catalysts were listed in Tables 3 and 4, respectively.

The curve of Ce 3d spectra shown in Fig. 2 comprises eight
peaks corresponding to four pairs of spin–orbit doublets. Early
studies [37–39] have shown that Ce 3d3/2 multiplets are labeled as
u, whereas those of 3d5/2 are labeled as v. Specifically, the peaks
marked as u, u′′ and u′′′ arise from Ce4+ 3d3/2 while the peaks
denoted as v, v′′ and v′′′ arise from Ce4+ 3d5/2, the couples corre-
sponding to one of the two possible electron configuration of the
final state of the Ce3+ species are labeled as u′ and v′. The relative

percentages of cerium species are obtained by the area ratios of Ce4+

3d5/2 (v, v′′ and v′′′)/Ce3+ 3d5/2 (v′). From Table 3, it can be known
that all the rare earth doped samples show higher relative concen-
tration of Ce3+ than Pd/CZ. Summarizing the literature [37,40], it is
generally recognized that the presence of Ce3+ is associated with
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Table 1
BET surface area, lattice constants, crystallite size, pore volume and mean pore diameter for fresh supports.

Samples Surface
area (m2/g)

Lattice
constants ( ´̊A)

Crystallite

size ( ´̊A)

Pore volume
(cm3/g)

Mean pore
diameter (nm)

CZ 105.9 a = b = 3.625,
c = 5.218

6.7 0.407 17.41

CZL 144.4 a = b = 3.661,
c = 5.228

5.8 0.628 18.22

CZN 127.1 a = b = 3.655,
c = 5.217

6.5 0.551 17.57

CZP 157.8 a = b = 3.658,
c = 5.224

5.1 0.668 17.21

CZS 127.5 a = b = 3.651,
c = 5.215

6.0 0.545 16.51

CZY 127.5 a = b = 3.648,
c = 5.215

6.5 0.567 17.56

Table 2
BET surface area, lattice constants, crystallite size, pore volume and mean pore diameter for aged supports.

Samples Surface
area (m2/g)

Lattice
constants ( ´̊A)

Crystallite

size ( ´̊A)

Pore volume
(cm3/g)

Mean pore
diameter (nm)

CZa 24.3 a = b = 3.632,
c = 5.227

32.2 0.034 22.56

CZLa 39.6 a = b = 3.644,
c = 5.232

20.4 0.126 22.03

CZNa 28.8 a = b = 3.648,
c = 5.224

19.5 0.087 20.15

CZPa 27.6 a = b = 3.644,
c = 5.225

17.2 0.061 22.05

CZSa 21.0 a = b = 3.647,
c = 5.220

29.1 0.042 21.27

CZYa 19.4 a = b = 3.654,
c = 5.200

16.9 0.032 18.60

Table 3
Surface composition and surface atom ratio of the fresh catalysts derived from XPS analyses.

Sample Surface composition (at.%) Zr/Ce Ce3+ 3d5/2

in Ce (%)

Ce 3d Zr 3d Re 3d Pd 3d O 1s

Pd/CZ 2.88 13.68 0 – 83.44 4.75 17.29
Pd/CZL 2.75 12.51 0.55 – 84.19 4.55 23.41

t
i
r
t

c
t
(
l
Z

T
S

Pd/CZN 2.84 13.41 0.09
Pd/CZP 2.66 12.39 0.81
Pd/CZS 2.82 13.32 0.52
Pd/CZY 2.83 13.32 0.29

he formation of oxygen vacancies according to the electroneutral-
ty condition. Therefore, we can conclude that the introduction of
are earth into CZ solid solution increases the oxygen vacancies on
he surface of sample.

As shown in Table 3, no Pd is observed in the case of all the fresh

atalysts. There are two possible reasons. One is the loading con-
ent of Pd is extremely low, which approaches the limit detection
0.5 wt.%). The other is the Pd appeared on the surface of the cata-
ysts may be highly dispersed. In addition, the surface atom ratios of
r/Ce over Pd/CZRe are smaller than that over Pd/CZ, which means

able 4
urface composition and surface atom ratio of the aged catalysts derived from XPS analys

Sample Surface composition (at.%)

Ce 3d Zr 3d Re 3d

Pd/CZa 3.42 12.23 0
Pd/CZLa 3.16 11.88 1.33
Pd/CZNa 3.75 11.69 0.18
Pd/CZPa 3.31 11.44 1.20
Pd/CZSa 3.14 12.77 0.61
Pd/CZYa 2.67 11.71 1.04
– 83.66 4.72 19.64
– 84.14 4.66 18.98
– 83.34 4.72 18.13
– 83.56 4.71 18.37

that part of Zr atoms in the surface layer is replaced by Re. After
aging at 1100 ◦C for 4 h, the surface content of Re increases signif-
icantly as a result of the migration of Re from bulk to surface [41].
Table 4 shows that Pd is detectable in the case of aged catalysts,
indicating the obvious sintering of noble metal due to the high tem-

perature treatment. However, the content of Pd on the surface of
Pd/CZLa, Pd/CZNa and Pd/CZPa is lower than that on the surface of
Pd/CZa. On the contrary, the content of Pd on the surface of Pd/CZSa
and Pd/CZYa is higher than that on the surface of Pd/CZa. This obser-
vation implies that the addition of La, Nd and Pr would improve the

es.

Zr/Ce Ce3+ 3d5/2

in Ce (%)

Pd 3d O 1s

0.04 84.31 3.58 15.21
0.02 83.61 3.76 21.65
0.02 84.36 3.12 17.04
0.03 84.02 3.46 16.87
0.07 83.41 4.07 16.54
0.07 84.51 4.37 15.52
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ig. 2. Ce 3d XP-spectra of representative catalysts: (a) Pd/CZ, (b) Pd/CZL, (c) Pd/CZS,
d) Pd/CZa, (e) Pd/CZLa and (f) Pd/CZSa.

trong metal–support interaction (SMSI), inhibiting the sintering
f noble metal on the interface of support. What should be men-
ioned is that the relative concentration of Ce3+ on the surface of
are earth doped samples is also higher than that on the surface of
d/CZa, especially for Pd/CZLa.

.3. DOSC

The representative evolution curves of CO, O2 and CO2 during
he process of alternative dynamic pulse of 4% CO/1% Ar/He and
% O2/1% Ar/He under 0.05 Hz over Pd/CZ was shown in Fig. 3,
here only three CO–O2 cycle is selected from the continuous

ransient CO–O2 pulses to represent the dynamic OSC curve. Fig. 4
isplayed the CO2 evolution curves during alternating CO and O2
ulses at 400 ◦C over Pd/CZ, Pd/CZL, Pd/CZS and the corresponding
ged catalysts, representatively. The corresponding DOSC amounts
re calculated by integrating the peak area under the CO curve
2
uring one CO–O2 cycle.

The behavior of bimodal CO2 curves under single CO–O2 cycle
hown in Fig. 4 is in good agreement with the results described in
ther research [6,42–45]. The CO2 peak appears at the start of the
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ig. 3. Representative transition curve with alternate dynamic pulses of 4% CO/1%
r/He (10 s) and 2% O2/1% Ar/He (10 s) under 0.05 Hz over Pd/CZ.
Fig. 4. The representative CO2 response peaks with alternate dynamic pulses of 4%
CO/1% Ar/He and 2% O2/1% Ar/He under 0.05 Hz over fresh (A) and aged (B) catalysts.

CO pulse is designated as CO2 (1) and the second peak is labeled as
CO2 (2). According to Descorme et al. [43] and Boaro et al. [44], the
coexistence of CO and gaseous O2 should be taken into the anal-
ysis of CO2 concentration curves. In the case of CO2 (1), since the
catalyst is partially oxidized before the introduction of CO, the CO2
formation included CO2 generating from both the catalytic oxida-
tion of CO in the presence of gaseous oxygen and the oxygen release
reaction. Christou et al. [46] have developed a two-step Eley–Rideal
(E–R) reaction mechanism that involves the reaction of gaseous CO
with the oxygen species of PdO and of the back-spillover of oxygen
form oxygen storage material to the oxygen vacant sites of surface
PdO. The formation of CO2 (2) is completely attributed to the cat-
alytic oxidation of CO since the oxides are partially reduced at this
moment. Fan et al. [39] confirmed the existence of catalytic oxi-
dation of CO by gaseous O2 via comparing the CO step in CO–O2
cycles and the first pulse in the successive CO pulse measurement.
Meanwhile, the effect of carbonate formation is proposed after
in situ DRIFTS inspection of the reactions during the CO–O2 cycles.
To sump up, CO oxidation by mixed oxides and gaseous oxygen,
carbonate formation and decomposition are all responsible for the

bimodal profiles of CO2 in DOSC test.

The DOSC values of all the fresh and aged catalysts were
presented in Fig. 5. From Fig. 5, it can be seen that the
DOSC values of the fresh catalysts follow the sequence of
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Fig. 5. The DOSC values of all the fresh and aged catalysts.

d/CZL > Pd/CZN > Pd/CZP > Pd/CZY > Pd/CZS > Pd/CZ, which is in
onsistent with the decreasing sequence of relative concentration
f Ce3+ on the surface of fresh catalysts (as shown in Table 3). After
alcination at 1100 ◦C for 4 h, the DOSC value of aged catalyst is
ecreased obviously compared with the corresponding fresh one.
he E–R mechanism [46,47], which has been developed and widely
ccepted to explain the inherent of DOSC behavior, is based on the
ollowing two mechanistic steps:

O(g) + O-s1 → CO2(g) + s1(k1, step1)

-s2 + s1 → O-s1 + s2 (kapp
2 , step 2)

where s1 denotes an oxygen vacant adsorption site on the PdO
urface, s2 denotes a site on support where an adsorbed oxygen
nd/or lattice oxygen species is associated with, k1 is the intrin-
ic rate constant of elementary step 1 (CO oxidation reaction), and
app
2 is an apparent rate constant associated with the kinetics of the
ack-spillover of oxygen process from support to the surface of PdO.
oth the PdO agglomeration and the deterioration of the structure
f support occur after the high temperature treatment. Therefore,
he oxygen vacant adsorption site on the PdO surface and on the
upport would decline obviously, that is why the DOSC of the aged
atalyst is lower than the corresponding fresh one. What should
e mentioned is that the aged catalysts modified with rare earth
xhibit higher DOSC than Pd/CZa, which can also be attributed to
he higher Ce3+ concentration on the surface of aged catalysts.

.4. H2-TPR

The reducibility of supported TWC is an important factor influ-
ncing its catalytic performance and H2-TPR is a common technique
o investigate the reducibility of samples [48–50]. The results of
onsecutive TPR profiles of the fresh and aged supports were pre-
ented in Fig. 6, and the H2-TPR profiles obtained over the fresh and
ged catalysts were displayed in Fig. 7.

From Fig. 6A it can be seen that all the fresh supports feature
ne dominant broad peak with maximum at ca. 550 ◦C. The pre-
ious literatures [17,51] have reported that two peaks at about
00 and 800 ◦C are found in the TPR profile of ceria–zirconia mixed

xide, which are associated with the reduction at the surface and
n the bulk. Therefore, all the peaks appear in the case of fresh sup-
orts is more likely to be related to the reduction of surface oxygen.
oreover, all the rare earth doped samples show lower peak tem-

erature than CZ, proving the enhanced reducibility of CZ due to the
Fig. 6. H2-TPR traces for the fresh (A) and aged (B) supports.

formation of ternary solid solution. After treatment at 1100 ◦C for
4 h, the H2-TPR behavior of the aged supports changes obviously in
comparison with the fresh ones. As illustrated in Fig. 6B, two main
reduction peaks are observed for CZa, CZLa and CZNa. The peak
located at relatively lower temperature is denoted as peak � and
the other one is labeled as peak �, which are ascribed to the reduc-
tion of surface and sub-surface oxygen [6,52,53], respectively. The
splitting of surface oxygen into separated surface and sub-surface
oxygen indicates that the declined homogeneity of the fresh sup-
ports due to the high temperature calcination. For CZPa, CZSa and
CZYa, a broad reduction peak is observed, which may be related to
the reduction of bulk oxygen considering that the peak temperature
is relatively high.

As shown in Fig. 7A, all of the fresh catalysts exhibit a strong
low-temperature reduction feature at ca. 65 ◦C (peak �) and three

tiny peaks in the range of 150–400 ◦C, namely peak �, � and �. Peak
� is attributed to the reduction of PdO species, while peak �, � and �
is associated with the reduction of surface oxygen [35,41]. Based on
the amount of H2 consumption observed over a standard CuO sam-
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Fig. 7. H2-TPR traces for the fresh (A) and aged (B) catalysts.

le in similar TPR procedures, it is noticed that the total amount
f the H2 consumption for peak � is too large to be reasonably
ttributed to the reduction of noble metal oxides absolutely, indi-
ating the back-spillover of the oxygen process from the support to
he PdO surface [46,47]. For instance, the H2 consumption for the-
retical PdO is just 41 �mol/gcat, while that for peak � in the case
f Pd/CZ is 423 �mol/gcat. Therefore, we can conclude that there is
strong interaction between PdO and the support.

With regard to the aged catalysts (as shown in Fig. 7B), the
ntensity of peak � decreases obviously after calcination at 1100 ◦C.
apavasiliou et al. [34] have reported that the fresh three-way cata-
ysts prepared by wet impregnation method show high noble metal
ispersion values, and a strong reduction of dispersion takes place
fter thermal aging. Therefore, the decrease of peak � intensity
ould be attributed to the agglomeration of PdO particles, that is

o say, the decrease of PdO dispersion. The negative peak at ca.
0 ◦C (peak �) is generally attributed to the decomposition of palla-
ium hydride formed following PdO reduction. Peak � is suggested
o the reduction of stable PdO formed on the interaction between
Pd/CZ Pd/CZL Pd/CZN Pd/CZP Pd/CZS Pd/CZY

Fig. 8. The light-off temperature (A) and full-conversion temperature (B) over the
fresh catalysts.

PdO and the support [54,55]. A careful comparison of TPR profiles in
Fig. 7A shows that the intensity of peak � for Pd/CZLa, Pd/CZNa and
Pd/CZPa is stronger than the others, indicating that the addition of
La, Nd and Pr could stabilize the PdO active species due to the SMSI
mentioned above. Contrarily, the intensity of peak � is relatively
lower in the case of Pd/CZa, Pd/CZSa and Pd/CZYa. Similarly to the
fresh catalysts, peak �, � and � are also suggested to the reduction
of surface oxygen from the support.

3.5. Catalytic performance

The results of light-off temperature (T50%) and full-conversion
temperature (T90%) for CO, HC, NO and NO2 over the fresh cat-
alysts were given in Fig. 8, while the results of corresponding
aged catalysts were summarized in Table 5. From Fig. 8, it appears
that the differences of catalytic activity among the fresh catalysts
are very slight. Combined with the results of literature [34] and
the fact that no distinct Pd is detected in the analysis of XPS,
we can conclude that the similar catalytic behavior for the fresh
catalyst may be attributed to the indistinguishable high PdO dis-
can be seen from the increase of T50% and T90% compared with
the fresh catalysts, attributing to the deteriorated structure and
the sintering of active component. In the light off test of the
aged catalysts, Pd/CZLa, Pd/CZNa and Pd/CZPa are active in pro-
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Table 5
Light-off (T50%) and full-conversion (T90%) temperature of HC, CO, NO, and NO2 over the aged catalysts.

Catalyst T50% (◦C) T90% (◦C)

HC CO NO NO2 HC CO NO NO2

Pd/CZa 372 265 386 315 423 305 443 383
Pd/CZLa 283 238 279 240 331 263 346 294
Pd/CZNa 307 259 316 262
Pd/CZPa 339 253 353 279
Pd/CZSa 385 278 403 297
Pd/CZYa 412 288 466 309
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moting the catalytic performance of all the target pollutants. On
the contrary, Pd/CZSa and Pd/CZYa show lower catalytic activ-
ity than Pd/CZa. What is more serious is that NO even cannot be
transformed completely over Pd/CZSa and Pd/CZYa in the whole
testing range. It is worthwhile to note that the catalytic activity
of HC, CO, NO and NO2 over the aged catalysts follows the same
order: Pd/CZLa > Pd/CZNa > Pd/CZPa > Pd/CZa > Pd/CZSa > Pd/CZYa.
From Fig. 7B, it can be seen that the temperature of peak
� increases in the sequence of Pd/CZLa < Pd/CZNa < Pd/CZPa <
Pd/CZa < Pd/CZSa < Pd/CZYa. This observation means that the cat-
alytic activity of TWC could be related to the reducibility of PdO, and
the higher the reducibility of the PdO species (namely, the lower
the reduction temperature of PdO), the better the catalytic activity.
Moreover, the existence of large amount of stable PdO in the case
of Pd/CZLa, Pd/CZNa and Pd/CZPa (as mentioned in Section 3.4) is
also accountable for their relatively higher catalytic performance.

Fig. 9 displays the results of air/fuel (�) test over all the fresh
and aged catalysts. As shown in Fig. 9, for all the fresh catalysts, the
conversion of HC achieves 100% and the conversion of CO is higher
than 80% in the whole air/fuel testing range, indicating the effi-
cient catalytic activity of the fresh catalysts under oscillating feed
gas composition. For the catalytic conversion of NOx, all the fresh
catalysts show 100% conversion under the lean oxygen conditions.
Moreover, the NOx operation window is enlarged obviously due
to the modification of rare earth. According to literature [25,56],
the oxygen vacancies associated with the Ce3+ ions near the noble
metal particles in CZ-supported catalysts are the active sites for NOx

activation. Therefore, we can conclude that the higher DOSC caused
by rare earth doping is one of the main reasons for the wide opera-
tion window of NOx. For the aged catalysts, the operation window
of Pd/CZa is destroyed obviously due to the pronounced decline of
the dynamic oxygen storage capacity. From Fig. 9, it can be seen
that the conversion of HC and NOx is lower than 80% in the whole
air/fuel testing range. However, the operation window is enlarged
obviously due to the appearance of La, Nd and Pr. It has been shown
in Fig. 5 that the DOSC of Pd/CZLa, Pd/CZNa and Pd/CZPa are higher
than that of Pd/CZa. This observation indicates that the higher
DOSC is related to the wider air/fuel operation window again. What
should be mentioned is that the conversion of HC also reaches
100% over Pd/CZLa in the whole air/fuel measuring range. More-
over, Pd/CZLa also shows the widest operation window for NOx

among all the aged catalysts due to the highest DOSC before or after
aged.

4. Conclusion

In this study, the influence of rare earth doping on the physic-
ochemical properties of model Ce0.2Zr0.8O2 solid solution and the
three-way catalytic performance of its supported Pd-only catalyst

has been investigated, and the following conclusions can be sum-
marized:

(1) The formation of ceria–zirconia-rare earth ternary solid solu-
tion is confirmed by the results of XRD, and Zr is substituted by
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rare earth element mainly in the crystal lattice. All the supports
feature tetragonal structure due to Zr-rich in the component, no
matter fresh and aged. The addition of rare earth would atten-
uate the sintering of solid solution, leading to the improved
thermal stability.

2) All the rare earth doped supports show higher BET surface area
than CZ. CZLa, CZNa and CZPa also exhibit relatively bigger BET
surface area even after calcination at 1100 ◦C for 4 h. The addi-
tion of La, Nd, Pr, Sm and Y is beneficial to enhance the relative
concentration of Ce3+ on the surface of catalysts, which is the
main reason for the increased DOSC.

3) The ceria–zirconia solid solution doped with La, Nd and Pr
and the corresponding catalysts exhibit improved reducibil-
ity and increased strong metal–support interaction, especially
for the aged ones, which can inhibit the sintering of active
PdO species. Therefore, Pd/CZLa, Pd/CZNa and Pd/CZPa present
relatively higher three-way catalytic activity for all the target
pollutants. The air/fuel operation window is also enlarged due
to the increased DOSC.

cknowledgements

The authors would like to acknowledge the Ministry of Sci-
nce and Technology of China for the financial support of Project
009AA064804 and the Science and Technology Department of
hejiang Province for the financial support of Project 2009R50020.
oreover, we would also grateful to Professor Meiqing Shen at

ey Laboratory for Green Chemical Technology of State Education
inistry, School of Chemical Engineering & Technology, Tianjin
niversity for the dynamic oxygen storage capacity experiment.

eferences

[1] L.N. Ikryannikova, A.A. Aksenov, G.L. Markaryan, G.P. Murav’eva, B.G. Kostyuk,
A.N. Kharlanov, E.V. Lunina, Appl. Catal. A: Gen. 210 (2001) 225–235.

[2] H. Birgersson, L. Eriksson, M. Boutonnet, S.G. Järås, Appl. Catal. B: Environ. 54
(2004) 193–200.

[3] A. Morikawa, T. Suzuki, T. Kanazawa, K. Kikuta, A. Suda, H. Shinjo, Appl. Catal.
B: Environ. 78 (2008) 210–221.
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42] N. Hickey, P. Fornasiero, J. Kašpar, J.M. Gatica, S. Bernal, J. Catal. 200 (2001)

181–193.
43] C. Descorme, R. Taha, N. Mouaddib-Moral, D. Duprez, Appl. Catal. A: Gen. 223

(2002) 287–299.
44] M. Boaro, F. Giordano, S. Recchia, V.D. Santo, M. Giona, A. Trovarelli, Appl. Catal.

B: Environ. 52 (2004) 225–237.
45] S. Hilaire, X. Wang, T. Luo, R.J. Gorte, J. Wagner, Appl. Catal. A: Gen. 215 (2001)

271–278.
46] S.Y. Christou, C.N. Costa, A.M. Efstathiou, Top. Catal. 30/31 (2004) 325–331.
47] C.N. Costa, S.Y. Christou, G. Georgiou, A.M. Efstathiou, J. Catal. 219 (2003)

259–272.
48] S. Salasc, V. Perrichon, M. Perrichon, M. Primet, N. Mouaddib-Moral, J. Catal.

206 (2002) 82–90.
49] W. Lin, Y.X. Zhu, N.Z. Wu, Y.C. Xie, I. Murwani, E. Kemnitz, Appl. Catal. B: Environ.

50 (2004) 59–66.
50] M.P. Yeste, J.C. Hernández, S. Bernal, G. Blanco, J.J. Calvino, J.A. Pérez-Omil, J.M.

Pintado, Catal. Today 141 (2009) 409–414.
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