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a b s t r a c t

In this work, supercritical drying technology is investigated as a new method contrast with the con-
ventional drying techniques to obtain La modified ceria–zirconia solid solution (CZL) with advanced
textural/structural properties, and its supported Pd-only three-way catalysts (TWCs) were also prepared
and studied. The results demonstrate that the CZL sample prepared by supercritical drying method
eywords:
eria–zirconia
anthana

shows relatively larger specific surface area, better thermal stability and higher redox properties, as
well as the prominent oxygen storage capacity compared with samples prepared by conventional dry-
ing method. Moreover, it also exhibits remarkable porosity and wide pore size distribution due to the
elimination of vapor–liquid interface in the process of supercritical drying, which is beneficial to the
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. Introduction

Ceria–zirconia solid solution has drawn great attention as
n outstanding oxygen storage material in three-way catalysts
TWCs), which can reduce emissions of CO, HC (hydrocarbons) and
Ox simultaneously [1–6]. The major contributing factor is that
eria–zirconia solid solution shows a large concentration of surface
nd bulk oxygen-vacant sites, the fast exchange of surface oxygen
ith gas-phase oxygen species and the high diffusion rates of bulk

xygen toward its surface, which are caused by the presence of a
apid Ce4+/Ce3+ redox couple [7–9].

Up to now, great deals of efforts have been paid to investigate the
tructure and properties of ceria–zirconia solid solution [10–14],
nd it was found that the catalytic performance of TWCs correlates
o the specific surface area, thermal stability and oxygen exchange
apacity (OSC) of samples. Strict restrictions on automotive emis-
ions require higher catalytic activity at lower temperature, and the
WCs are located in positions closer to the engine manifold resul-
antly. However, the temperature in catalytic converter can rise to
ven above 1000 ◦C [15,16], at which the catalyst readily sinters,
eading to the loss of specific surface area, oxygen storage capacity

nd further the decline of catalytic activity [17–19]. Several strate-
ies such as the introduction of rare earth [9,20–23], base metals
13,24–26] and transition metals [27–31] have been recommended
n order to improve the properties mentioned above.

∗ Corresponding author. Tel.: +86 571 88273290; fax: +86 571 88273283.
E-mail address: zhourenxian@zju.edu.cn (R. Zhou).
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utant in TWCs. The excellent structural/textural properties of the fore-
outstanding catalytic activity, wide air-to-fuel operation window of the

lyst, indicating its tremendous potential possibilities.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

On the other hand, the preparation procedure strongly affects
the properties of the ceria–zirconia solid solution and the cat-
alytic performance of its supported TWCs. Numerous synthesis
routes including ball milling, co-precipitation, sol–gel, combustion,
hydrothermal process and so on have been developed to prepare
ceria–zirconia or ceria–zirconia-based materials [32–42]. However,
both the lower specific surface area and inferior thermal stability
are the main encumbrances faced by researchers, accounting for the
adoption of common drying method. It is well known that when the
removal of the solvent from sample is carried out conventionally
in air or in vacuum, the highly porous texture may collapse due to
the capillary force at a vapor–liquid interface.

In this paper, supercritical drying was applied as a new method
contrast with the conventional drying techniques for the develop-
ment of La modified ceria–zirconia solid solution (CZL) with higher
specific surface area, larger OSC and better thermal stability. An
important point, specifically addressed herein, is the investigation
of the effects of drying method on the structural/textural properties
of CZL and the effects on its supported Pd-only TWCs.

2. Experimental procedures

2.1. Sample preparation
The La modified ceria–zirconia solid solution samples were
prepared as follows. The ammonia solution was slowly added
to the quantitative mixed aqueous solution of Ce(NO3)3·6H2O,
ZrO(NO3)2·6H2O and La(NO3)3·6H2O under continuous stirring
until pH value reached 9.0. The obtained slurry was aged at room

ghts reserved.
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Fig. 1. XRD patterns of fresh (a) and aged (b) supports: (�) deteriorated Ce–Zr–La
mixed oxide.

Fig. 2. Small-angle XRD patterns of all the fresh CZLx samples.
Fig. 3. Nitrogen adsorption/desorption isotherms of the fresh samples.

temperature (20 ◦C) for 12 h, and then was filtered with a large
quantity of distilled water until pH value reached ca. 7. One-third of
the resulting precipitate was separated, which was denoted as P1.
The remainder precipitate was washed with ethanol furthermore
to replace the water in the precipitate, and was divided into two
parts, labeled as P2 and P3, respectively. P1 and P2 were dried at
100 ◦C for 12 h while P3 was dried under supercritical condition in
ethanol (265 ◦C, 7.0 MPa). All of the dried samples were calcined
at 500 ◦C for 4 h in static air (hereafter referred to as CZL1, CZL2
and CZL3, respectively), and then the materials were crushed and
sieved to a size range of 40–60 mesh. A portion of the powders were
further aged at 1100 ◦C in static air for 4 h to investigate the ther-
mal stability of the samples, and the aged samples were denoted
as CZL1a, CZL2a and CZL3a, correspondingly. The theoretical molar
ratio of Ce:Zr is 1:4 and the theoretical additive content of La2O3 is
5 wt.% for CZL. All the La modified ceria–zirconia solid solution in
this study was denoted as CZLx (x means the serial number of the
sample) in brief, x = 1, 2, and 3.

The corresponding Pd/CZLx was prepared by conventional
impregnation method with an aqueous of H2PdCl4 as metal pre-
cursor. The impregnated samples were reduced with hydrazine
hydrate to de-associate Pd2+ and Cl− via the transform of Pd2+ to
Pd. Then the reduced sample was filtered and washed with a large
amount of deionized water until no Cl− ion was detected in the
filtered solution (by AgNO3 aqueous), considering that the appear-
ance of Cl is harmful to the catalytic activity. The washed samples
were dried at 110 ◦C for 4 h and then calcined at 500 ◦C for 2 h in
static air due to the active phase in TWC is metal oxide. In order to
compare their thermal stability, the catalysts were also calcined at
1100 ◦C for 4 h (in static air). The academic loading content of Pd
for all the catalysts is 0.5 wt.%. The catalysts obtained at 1100 ◦C are
labeled as Pd/CZL1a, Pd/CZL2a and Pd/CZL3a, respectively.

2.2. Catalytic activity test

The evaluation of three-way catalytic activity was performed in
a fixed-bed continuous flow quartz reactor. The catalyst (0.2 ml)

was held in the quartz tube by packing quartz wool at both ends
of the catalysts bed, and the back mixing in reactor is minimized
by decreasing the dead volume of the reactor. The feed stream was
regulated using special mass flow controllers and contained NO



518 Q. Wang et al. / Applied Catalysis B: Environmental 100 (2010) 516–528

Fig. 4. Pore size distribution of fresh (a) and aged (b) supports.

Fig. 5. Transmission electron microscopy (TEM) images of (a) CZL1, (b) CZL2 and (c) CZL3.
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Fig. 6. Scanning electron micrographs of (a) CZL1, (b) CZL2, and (c) CZL3 calcined at 500 ◦C.
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Fig. 7. TPR traces for the fresh (a) and aged (b) supports.

0.1%)–NO2 (0.03%)–C3H6 (0.067%)–C3H8 (0.033%)–CO (0.75%)–O2
0.745%) with balance Ar at a GHSV of 43,000 h−1 referred to the

atalyst volume and to a gas flow rate at room temperature (25 ◦C).
he contents of CO, NO, NO2 and total HC (C3H6 and C3H8) were
ecorded by a Bruker EQ55 FTIR spectrometer coupled with a mul-
iple reflection transmission cell (Infrared Analysis Inc.) before and
Fig. 8. TPR traces for the fresh (a) and aged (b) catalysts.

after the simulated gas passed the reactor. The air/fuel ratio (�) is
defined as � = (2VO2 + VNO + 2VNO2 )/(VCO + 9VC3H6 + 10VC3H8 ) (V
means concentration in volume percent unit), � = 1 was utilized in

all the activity measurements and the air/fuel ratio experiment was
carried out at 400 ◦C with adjusting the concentration of O2.
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ig. 9. Representative transition curve with alternate dynamic pulses of 4% CO/1% Ar/He (
d/CZL3a.

ig. 10. DOSC of CZLx, CZLxa, Pd/CZLx, and Pd/CZLxa series samples (x = 1, 2, and 3)
ith dynamic pulses of 4% CO/1% Ar/He and 2% O2/1% Ar/He under 0.05 Hz.
10 s) and 2% O2/1% Ar/He (10 s) under 0.05 Hz: (a) CZL3; (b) CZL3a; (c) Pd/CZL3; (d)

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�). Small-angle XRD data were collected on a
RigakuD/max-3BX X-ray diffractometer, and the range of scan was
2� = 1–10◦.

The nitrogen adsorption/desorption isotherms, BET surface
areas and pore size distribution 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.

Scanning electron microscopy (SEM) observation was carried
out using a JEOL JSM-6390A analytical scanning electron micro-
scope operating at an acceleration voltage of 20 kV. The samples
were prepared by sprinkling the powder oxides onto double-sided
sticky tape and mounted on a microscope stub without any further
treatment.
Transmission electron microscopy (TEM) examinations were
conducted using a JEOL JEM-2010 electron microscope operating
at 200 kV. Portions of samples were crushed in an agate mortar and
suspended in ethanol. After ultrasonic dispersion, a droplet was
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depicted in Fig. 1. The lattice parameters derived from a Rietveld
refinement of XRD results and the crystal size calculated according
to Scherrer equation are summarized in Table 1. As shown in Fig. 1a,
the reflections are quite broad and symmetrical for all the fresh CZLx

Table 1
Lattice parameters and crystallite size determined by XRD for all the supports.

Samples Lattice constants ( ´̊A) Crystallite size ( ´̊A)

CZL1 a = 3.655, c = 5.256 6.4
Fig. 11. Light-off curves of HC, CO, NO, and N

eposited on a copper grid supporting a perforated carbon film.
right-field micrographs were recorded over selected areas.

X-ray photoelectron spectroscopy (XPS) analysis was performed
n a PHI5000c spectrometer with the Mg K� radiation (1253.6 eV)
perating at 14 kV and 20 mA. The binding energies are calibrated
ith the C1s level of adventitious carbon (284.6 eV) as the internal

tandard reference.
Temperature programmed reduction (TPR) measurements were

arried out on a GC-1690 chromatography to observe the
educibility of the catalysts. Prior to H2-TPR measurement, 50 mg
atalyst was pretreated at 300 ◦C in air for 0.5 h. The reduc-
ng gas was a mixture of 5 vol.% H2 in Ar (40 ml/min), which

as purified using deoxidizer and silica gel. The experimen-
al temperature was raised at a constant rate of 10 ◦C/min.
he consumption of hydrogen during the reduction was mea-
ured by a thermal conductivity detector (TCD), and the
ater formed during H2-TPR was absorbed with 5A molecular

ieve.
The dynamic oxygen storage capacity (DOSC) measurements
ith CO–O2 pulse were applied at 400 ◦C. CO (4% CO/1% Ar/He
t 300 ml/min for 10 s) and O2 (2% O2/1% Ar/He at 300 ml/min for
0 s) streams were pulsed alternatively with a pulsation frequency
i.e., the number of times CO–O2 pulse was performed per sec-
nd) of 0.05 Hz. The DOSC value was obtained by integrating the
stoichiometry (� = 1) over the fresh catalysts.

CO2 formed during one CO–O2 cycle and was expressed as �mol
[O]/g.

3. Results and discussion

3.1. Textual and structural characterization

3.1.1. XRD
The X-ray diffraction patterns of the fresh and aged supports are
CZL2 a = 3.675, c = 5.216 6.0
CZL3 a = 3.661, c = 5.228 5.8
CZL1a a = 3.627, c = 5.224 25.3
CZL2a a = 3.628, c = 5.230 25.0
CZL3a a = 3.644, c = 5.232 20.4
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ig. 12. Conversion curves of HC, CO and NOx as a function of air/fuel ratio (�) over
he fresh catalysts.

amples, indicating the formation of fine nanostructure [9]. The

RD diffraction peaks of all the fresh samples appear to be con-
istent with tetragonal ceria–zirconia solid solution (space group
42/nmcs, Z = 2, ICSD No. 68590), and no peak splitting that would
ndicate the presence of two phases could be detected. Further-

ore, extra reflections due to non-incorporated La2O3 are absent
ironmental 100 (2010) 516–528

in any XRD patterns of fresh CZLx mixed oxides. Most importantly,
Table 1 shows that the lattice parameter for all the La doped sam-
ples is larger than that of CZ (a = 3.625; c = 5.218) reported in our
previous work [23], indicating the expansion of lattice parame-
ter due to the insertion of La into ceria–zirconia tetragonal lattice.
Based on the discussion presented above, the formation of tetrag-
onal Ce–Zr–La solid solution could be proved.

After calcination at 1100 ◦C for 4 h, the diffraction peaks expe-
rience a sharpening, indicating a significant sintering of the CZL
solid solution. More characteristic diffraction peaks assigned to
tetragonal CZL solid solution appear, resulting from the growth
and integrity of crystal grain. From Table 1, it can be seen that CZL3
shows the smallest particle size among all the fresh samples. More-
over, CZL3a also possesses relatively smaller grain size compared
with CZL1a and CZL2a, which indicates that sample prepared by
supercritical drying method exhibits better thermal stability.

What should be mentioned is that, two small shoulder peaks at
48.7◦ and 57.9◦ (marked as pentagram) appear in the case of CZL1a
and CZL2a compared with CZL1 and CZL2. These two additional
peaks are consistent with neither tetragonal CZL solid solution
nor hexagonal La2O3. According to literature [2,43], the appear-
ance of these small peaks is due to the arrangement of the cations
induced by high temperature treatment. The most possible expla-
nation could be put forward as that these peaks are associated with
the portion of deteriorated Ce–Zr–La mixed oxide separated from
the solid solution owing to the high temperature treatment. The
absence of the two shoulder peaks for CZL3a indicates that the
CZL solid solution prepared by supercritical drying method exhibits
higher thermal stability and structural homogeneity than samples
prepared by the usual drying method.

In order to give more light to the structure, small-angle XRD
characterization of the fresh CZL1, CZL2, and CZL3 was carried out,
and the obtained patterns were displayed in Fig. 2. CZL1 shows
a weak and broad peak in the range of 2� = 2–6◦, revealing the
formation of long-range ordered nanostructure [44]. According to
literature [45], the small peaks at lower angle could be ascribed to
the partly ordered mesopores and/or the uniform shape and size
of the “building block” nano-particles. For CZL1, a faint peak at
2� = ∼1.5◦ can be observed, which indicates a spot of mesopores
in CZL1. With regard to CZL2 and CZL3, there are several strong
and well-resolved peaks in the small range (2� = 0.8–2◦), and the
intensity for the peak at 2� = ∼1.5◦ is relatively high, indicating the
existence of distinct mesostructure.

3.1.2. N2 adsorption measurement
Table 2 gives values of the specific area calculated according to

the BET method and the mean pore size estimated from desorption
branch of the isotherm by the BJH method, as well as the cumu-
lative pore volume. The nitrogen adsorption/desorption isotherms
for fresh supports are shown in Fig. 3.

As it can be seen in Table 2, CZL3 shows the highest BET sur-
face area and cumulative pore volume among all the fresh samples.
The pore volume of CZL3 is even ten times as large as that of
CZL1. This observation indicates that the supercritical drying could
eliminate the vapor–liquid interface, leading to the conservation of
porous structure [46]. Moreover, the specific surface area of CZL2
is higher than that of CZL1. In order to understand these differ-
ences, we should know what happens in the drying process. When
the precipitation of the gel is carried out, particles are formed
and linked together through molecular water hydrogen boned to
the surface OH− groups [47]. The presence of water is the main

resource for the capillary force at the vapor–liquid interface, and
the substitution of water by ethanol leads to the decrease of sur-
face tension, which prevents the occurrence of agglomeration to
some extent. The substitution would be radical due to the adoption
of ethanol supercritical drying, in which the vapor–liquid interface
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Fig. 13. Light-off curves of HC, CO, NO, and N

isappears. After aging at 1100 ◦C for 4 h, all of the investigated
amples show a considerable structural shrinkage, manifested by
he dramatic decrease of specific surface area and the absence of

icro-pore volume. The high temperature treatment is believed
o be the main reason for the loss of elementary pores on the pore
alls [48]. However, CZL3a maintains higher surface area and larger
ore volume after aging compared with CZL1a and CZL2a, the pore
tructure of which have been collapsed entirely, indicating the good
hermal stability of CZL3 prepared by supercritical drying method.
The comparison of isotherms reported in Fig. 3 shows a sig-
ificant and progressive modification going from CZL1 to CZL3.
he adsorption-desorption isotherm of CZL1 exhibits a typical
eversible type IV curve (IUPAC classification) without hysteresis
oops, and no clear capillary condensation step can be observed

able 2
urface area, pore volume and mean pore diameter of all the supports.

Sample SBET (m2/g) Cumulative pore volume (cm3/g)

CZL1 88.6 0.068
CZL2 120.7 0.147
CZL3 144.4 0.628
CZL1a 24.9 0.015
CZL2a 25.9 0.017
CZL3a 39.6 0.126
stoichiometry (� = 1) over the aged catalysts.

in the range of relative pressure (P/P0 = 0.0–1.0). This observation
implies that CZL1 has a low incidence of pores [44], as evidenced
by the low cumulative pore volume in Table 2, resulting from
the quick contraction in the process of drying in the oven. Type
IV isotherm with type H2 hysteresis loop is recorded for CZL2
which indicates the presence of mesoporous texture [49–51], ink-
bottle shaped pore in detail [52]. The formation of ink-bottle
structure is due to the substitution of water by ethanol. The
ethanol at the external surface evaporates more easily, result-

ing in the shrinkage of surface structure, and forming the pores
which the pore body is larger than pore mouth. The isotherm of
CZL3 conforms to type IV with a type H1 hysteresis loop, arising
from the formation of large interparticle mesopores both at the
external surface and in the inner region of the agglomerate [53],

Vmic (cm3/g) Vmes (cm3/g) Dmic (nm) Dmes (nm)

0.019 0.049 1.3 9.3
0.035 0.112 1.3 7.2
0.048 0.580 1.2 18.2
0.001 0.014 1.7 14.0
0.001 0.016 1.7 15.9
0.008 0.118 1.3 22.0
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ig. 14. Conversion curves of HC, CO and NOx as a function of air/fuel ratio (�) over
he aged catalysts.

hich are generally reported for the existence of cylindrical pores

52].

The change in the isotherm/hysteresis due to the different dry-
ng method is associated with a shift in the pore size distribution
o higher pore diameter as shown in Fig. 4. From Fig. 4a, it can
e seen that CZL3 shows a wide pore size distribution apparently
Fig. 15. Influence of the reaction temperature on the formation of N2O over fresh
(a) and aged (b) catalysts.

(4–70 nm). In the actual process of catalytic conversion, the wide
pore size distribution and porosity of the catalyst is beneficial to the
adsorption/desorption of target pollutant, resulting in higher cat-
alytic activity [23]. For the aged samples, Fig. 4b shows that the pore
structure of CZL1a and CZL2a is destroyed entirely, and no pore size
distribution could be detected. However, CZL3a still exhibits the
wide pore size distribution although the pore structure is wrecked
to some extent.

3.1.3. Morphology analysis
To explore the structural evolution at atomic scale, studies by

transmission electron microscope (TEM) were performed on all of
the fresh CZLx samples, and the obtained micrographs are shown in
Fig. 5. The images show that all the samples are composed of many
sphere-like nanoclusters. At the same time, these primary particles
of CZLx around 4–5 nm have agglomerated and the dense secondary
particles are observed. The differences in the drying process result
in some influence on the morphology of the obtained CZLx. Focus-
ing on Fig. 5a, massive particles and compact agglomeration are
observed apparently, indicating the inferior textural homogeneity
of CZL1. The images shown in Fig. 5b and c reveal that the clusters
for CZL2 and CZL3 are of narrow size distribution and more regu-
lar shape. Moreover, the clusters in the case of CZL3 are of loosely

accumulated.

Scanning electron micrographs of three fresh CZLx samples are
reported in Fig. 6. The larger particle sizes displayed in the SEM
images compared with the crystallite sizes measured by XRD illus-
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rates that powder particles are reunited to some extent, which
grees well with the TEM results. Therefore, it can be concluded
hat the pores are created from CZLx nano-particles when they are
gglomerated, and the interstitial space between nano-particles in
he agglomeration might act as pores [54]. That is why the sam-
les have a wide pore size distribution as shown in Fig. 4. A distinct
ifference in the microstructure among the three fresh samples
ould be observed from Fig. 6. For CZL1, the slab-shaped particles
ccumulated tightly with small and irregular pore size owing to
he intensive constriction in the process of usual drying technol-
gy. As a result of the replacement of water by ethanol in the CZL2
olloid, the compaction of the micelle is minor, and the edge of
he agglomerated particles is coarsely. Fluffy particles with sub-
phaeroidal shape are exhibited in the case of CZL3, and the pores
etween particles are apparent. The loose accumulation and dis-
inct porosity are main reasons to cause the high BET surface area.
he literature have reported that the higher is the surface area, the
arger the number of surface sites the sample can provide, and thus
he better the catalytic activities the sample will have [55,56].

.1.4. XPS
An XPS investigation was conducted to explore the distribution

f the elements on the surface. The surface elemental compositions
f the catalysts calculated from the normalized peak areas of the
e 3d, Zr 3d, La 3d, Pd 3d and O 1s core level spectra are shown in
able 3.

Recent XPS study reported that the binding energies of PdO and
etallic Pd0 are ca. 336.8 and 335.2 eV, respectively [57–59]. How-

ver, no distinct Pd 3d spectra are observed in the case of both
resh and aged catalysts due to two influencing factors. One is
he extremely low Pd loading content which approaches the limit
etection, and the other is the overlapping by the strong Zr 3P
pectra for Zr-rich in the composition.

Table 3 shows that the surface content of Ce element
nd concentration of Ce3+ in Ce increases in the sequence of
d/CZL3 > Pd/CZL2 > Pd/CZL1. As reported in literature [60], the
resence of Ce3+ is associated with the formation of oxygen
acancy, which is the main factor that influences the oxygen mobil-
ty and the result that Pd/CZL3 shows the highest dynamic oxygen
torage capacity is understandable.

The aging induced effects are clearly seen comparing the XPS
ata of aged catalysts with that of the fresh ones. From Table 3, it
an be seen that the surface content of La increases significantly
fter aging, arising from the migration of La from bulk to surface
aused by high temperature treatment. On the contrary, the sur-
ace content of Ce and Zr decrease, and the ratio of Zr/Ce is higher
han the theoretical value for all the aged samples, indicating the
intering of samples. The results presented above demonstrate that
he structure homogeneity is deteriorated severely in the process
f thermal treatment. What should be mentioned is that the surface
ontent of Ce and concentration of Ce3+ in Ce for Pd/CZL3a remains
he highest. That is why the DOSC of Pd/CZL3a is higher than that of
he other aged samples (as shown in Fig. 10). At the same time, the
urface content of La is the lowest, and the ratio of Zr/Ce is the near-
st to the theoretical value, indicating the relatively higher thermal
tability of Pd/CZL3.

.2. Redox behavior

Fig. 7 shows the hydrogen uptakes as a function of tempera-
ure obtained for the fresh and aged supports. The TPR profiles

f all the fresh samples (shown in Fig. 7a) feature one dominant
road peak with maximum at 510–550 ◦C, which is attributed to
he surface/bulk reduction of the support [15,61–63]. The observa-
ion that the surface and bulk reduction is not distinguished clearly
n the fresh supports implies that the CZL solid solution exhibits
ironmental 100 (2010) 516–528 525

good redox property [41]. The peak maximum shifts toward lower
temperature from CZL1 to CZL3 apparently, indicating that the
supercritical synthesis can provide the CZL solid solution with bet-
ter reducibility [64].

After aging, some interesting differences in redox properties
between fresh and aged supports can be observed. For all the aged
samples, an additional reduction peak appears compared with the
H2-TPR profile of the fresh support. The peak centered at the rela-
tively lower temperature is designated as peak �, and the other one
is labeled as peak �, which are generally ascribed to the reduction
of surface and sub-surface oxygen [65–67]. However, only slight
H2 consumption decrease is measured after aged for the supports.
For CZL1, CZL2 and CZL3, the total H2 consumption is 542.7, 544.9
and 595.2 �mol/gcat, respectively. In addition, the total H2 con-
sumption for the corresponding aged samples is 472.3, 522.9 and
544.0 �mol/gcat, respectively. This observation indicates that the
contribution of bulk reduction should not be ignored for the aged
supports. In the case of CZL1a, there is an increase of the peak tem-
perature by about 80 ◦C when comparing with CZL1, suggesting
that the redox behavior of CZL1 is destroyed resulting from the
high temperature treatment. With regard to CZL3a, the peak tem-
perature for both peak � and � is the lowest among all the aged
support, indicating the superior redox properties of CZL3a.

From the analysis mentioned above, it could be assured that
CZL3 prepared by the supercritical synthesis has a higher redox
property than that prepared by the common drying method, espe-
cially for the samples aged at high temperature.

H2-TPR profiles of the fresh and aged catalysts are presented
in Fig. 8. All of the fresh catalysts feature a sharp reduction peak
with the maximum in the temperature of 55–70 ◦C (peak �), which
is attributed to the reduction of finely dispersed PdO particles
[68,69]. The temperature of peak � increases in the following
sequence: Pd/CZL3 < Pd/CZL2 < Pd/CZL1, which indicates the higher
reducibility of Pd/CZL3 compared with the others. Combined with
the analysis of the support, we can conclude that three tiny peaks
(peak �, � and �) in the range of 150–350 ◦C are also associated
with the reduction of surface oxygen, which can be assigned to the
reduction of surface/subsurface crystallites with different particle
sizes in detail [38,68]. Based on the amount of H2 consumption
observed over a standard CuO sample in similar TPR procedures,
it is noticed that the total amount of the H2 consumption for peak
� is too large to be reasonably attributed to the reduction of noble
metal oxides absolutely, indicating the back-spillover of the oxygen
process from the support to the PdO surface [70,71]. For instance,
the H2 consumption for theoretical PdO is just 41 �mol/gcat, while
that for peak � in the case of Pd/CZL3 is 887 �mol/gcat. In the other
words, there is a strong metal–support interaction between the
support and active noble metal. The reduction peak temperature
for both PdO and surface oxygen with regard to Pd/CZL3 is the low-
est among all the fresh catalysts, proving that Pd/CZL3 exhibits the
optimum redox behavior due to the strong interaction between
PdO and CZL3.

After aging, the intensity of peak � decreases obviously due to
the presence of Pd induced by pyrolysis and the agglomeration of
PdO particles. Therefore, the additional negative peak at ca. 60 ◦C
(peak � in Fig. 8b) is attributed to the decomposition of palladium
hydride formed when reduced Pd is exposed to H2 furthermore
[72]. In the case of Pd/CZL1a and Pd/CZL2a, a weak peak centered
at ca. 100 ◦C is observed (peak �1), which is related to the reduction
of stable PdO formed on the interaction between PdO and the sup-
port [59]. The absence of peak �1 in Pd/CZL3a is due to the overlap

by peak �. Peak �, �, � and � are also associated with the reduc-
tion of surface/subsurface crystallites with different particle sizes.
The appearance of more reduction peak of surface/subsurface oxy-
gen (compare with the fresh catalyst) is attributed to the decline
of homogeneity in grain size resulting from the sintering of sam-
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Table 3
Surface composition and surface atom ratio in the fresh and aged catalysts derived from XPS analyses.

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

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

Pd/CZL1 3.60 14.46 0.76 – 81.18 4.02 16.2
Pd/CZL2 3.99 15.86 0.92 – 79.24 3.97 17.6
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Pd/CZL3 5.42 16.50 1.30
Pd/CZL1a 2.73 13.47 2.24
Pd/CZL2a 2.84 13.56 2.15
Pd/CZL3a 3.52 14.67 2.11

les. Similarly, for the fresh catalysts, all of the reduction peaks
or Pd/CZL3a show the lowest temperature among the aged cata-
ysts, no matter the reduction peak of PdO or the reduction peak
f the support, which implies that Pd/CZL3a exhibits good redox
roperties due to the good thermal stability of the corresponding
upport.

.3. Dynamic oxygen storage capacity measurement

The representative evolution curves of CO, O2 and CO2 during
he process of alternative dynamic pulse of 4% CO/1% Ar/He and 2%
2/1% Ar/He under 0.05 Hz over CZL3, CZL3a, Pd/CZL3 and Pd/CZL3a
re shown in Fig. 9, where only three CO–O2 cycle is selected from
he continuous transient CO–O2 pulses to represent the dynamic
SC curve. The experimental temperature is 400 ◦C. The behavior of
imodal CO2 curves under single CO–O2 cycle is in good agreement
ith the results described in other research [67,69,73–75]. The CO2
eak appears at the start of the CO pulse is designated as CO2 (1)
nd the second peak is labeled as CO2 (2).

According to Descorme et al. [73] and Boaro et al. [74], the coex-
stence of CO and gaseous O2 should be taken into the analysis of
O2 concentration curves. In the case of CO2 (1), since the catalyst is
artially oxidized before the introduction of CO, the CO2 formation

ncluded CO2 generating from both the catalytic oxidation of CO
n the presence of gaseous oxygen and the oxygen release reac-
ion. Christou et al. [70] have developed a two-step Eley-Rideal
E-R) reaction mechanism that involves the reaction of gaseous CO
ith the oxygen species of PdO and of the back-spillover of oxygen

orm oxygen storage material to the oxygen vacant sites of sur-
ace PdO. The formation of CO2 (2) is completely attributed to the
atalytic oxidation of CO since the oxides are partially reduced at
his moment. Fan et al. [4] confirmed the existence of catalytic oxi-
ation of CO by gaseous O2 via comparing the CO step in CO–O2
ycles and the first pulse in the successive CO pulse measurement.

eanwhile, the effect of carbonate formation is proposed after in

itu DRIFTS inspection of the reactions during the CO–O2 cycles.
o sump up, CO oxidation by mixed oxides and gaseous oxygen,
arbonate formation and decomposition are all responsible for the
imodal profiles of CO2 in DOSC test.

able 4
ight-off (T50%) and full-conversion (T90%) temperature of HC, CO, NO, and NO2 over the fr

Catalyst T50% (◦C)

HC CO NO N

Pd/CZL1 249 178 224 18
Pd/CZL1a 380 278 381 28
�T50%, �T90% 131 100 157 1
Pd/CZL2 267 179 238 18
Pd/CZL2a 343 245 337 24
�T50%, �T90% 75 66 99 6
Pd/CZL3 214 181 212 18
Pd/CZL3a 283 238 279 2
�T50%, �T90% 69 57 67 5

T50% = T50% (aged catalyst) − T50% (fresh catalyst); �T90% = T90% (aged catalyst) − T90% (fres
76.78 3.04 19.8
81.56 4.93 16.1
81.45 4.77 17.4
79.70 4.17 18.9

The DOSC values of CZLx, CZLax, Pd/CZLx and Pd/CZLxa (x = 1,
2, and 3) are presented in Fig. 10, and the DOSC amount is cal-
culated by integrating the CO2 formed with one CO–O2 cycle.
Agreeing well with the DOSC results for the supports, the DOSC
values for the corresponding catalysts follow the sequence of
Pd/CZL3 > Pd/CZL2 > Pd/CZL1, which also occurs for the aged sam-
ples. This observation indicates that the samples prepared by
supercritical drying method exhibit higher DOSC than those pre-
pared by usual drying method. The E-R mechanism is based on the
following two mechanistic steps:

CO(g) + O-s1 → CO2(g) + s1(k1, step 1)

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

where s1 denotes an oxygen vacant adsorption site on the PdO
surface, s2 denotes a site on support where an adsorbed oxygen
and/or lattice oxygen species is associated with, k1 is the intrin-
sic rate constant of elementary step 1 (CO oxidation reaction), and
kapp

2 is an apparent rate constant associated with the kinetics of
the back-spillover of oxygen process from support to the surface
of PdO [71]. Combined with the fact (shown in Fig. 10) that the
DOSC is enhanced obviously after Pd loading, we can conclude that
there is a strong and fast back-spillover effect from support to active
PdO species. A severe loss of DOSC is obtained with increasing cal-
cination temperature from 500 to 1100 ◦C for both supports and
catalysts due to the sintering effect which result in the deteriorated
structure of the support and the agglomeration of highly dispersed
PdO.

3.4. Catalytic activity results

Fig. 11 presents the activity profiles of HC, CO, NO and NO2 under
stoichiometric reaction conditions over Pd/CZLx catalysts calcined
at 500 ◦C. In the light off test for HC and NO conversion, a biggish

increase of catalytic activity can be observed over Pd/CZL3. With
regard to the conversion of CO and NO2, it appears that the dif-
ferences between Pd/CZL1, Pd/CZL2, and Pd/CZL3 are very slight.
Fig. 12 depicts the results of air/fuel (�) test for the fresh catalysts.
In our experiments, the conversions of HC, CO and NOx were tested

esh and aged catalysts.

T90% (◦C)

O2 HC CO NO NO2

1 273 202 268 200
3 417 302 427 361

02 144 100 159 161
1 296 204 295 205
8 365 265 366 311
4 69 61 71 105
7 261 206 262 202

40 331 263 346 294
3 70 57 84 88

h catalyst).
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nder different air/fuel ratios (� = 0.2, 0.4, 0.6, 0.8, 1.0, 1.04, 1.07,
.1, and 1.15). As shown in Fig. 12, the left side of the theoreti-
al stoichiometric value (� = 1) is the lean oxygen, and the right
s rich oxygen. W (the width of � value) acts as another scale to
valuate the property of catalysts when HC, CO, and NOx conver-
ions all reach to 80% under rich and lean conditions. For example,
he upper limit of the stoichiometric windows is limited by NOx

onversion under rich condition; the lower limit is limited by CO
onversion under lean conditions for all samples. The upper limit
ubtracts the lower limit of � is the value of W. A careful analy-
is of Fig. 12 reveals that the values of W for Pd/CZL1, Pd/CZL2,
nd Pd/CZL3 are 0.199, 0.244, and 0.290, respectively. Remarkably,
d/CZL3 shows the widest operation window for the HC conversion,
hich is higher than 80% in the whole testing range, and reach 100%

t � = 0.4.
Fig. 13 presents the catalytic activities of Pd/CZL1a, Pd/CZL2a,

nd Pd/CZL3a as related to reaction temperature at � = 1. An
mportant point should be noted is that the catalytic activ-
ty for all of the four pollutants increased in the same order
d/CZL1a < Pd/CZL2a < Pd/CZL3a, and the difference is obvious, indi-
ating that Pd/CZL3a is more effective in the catalytic conversion
f all the target pollutants. From Fig. 14, it can be known that
fter being aged at 1100 ◦C for 4 h, the operation windows of all
he catalysts are destroyed significantly except for Pd/CZL3a. For
d/CZL1a, the HC conversion cannot reach 80% even at � > 1.0,
nd the conversion approaches 80% only near the theoretical
ir/fuel ratio (� = 1.0) in the case of Pd/CZL2a. However, with
egard to Pd/CZL3a, the HC conversion is higher than 80% at
> 0.56. Moreover, the width of the operation widow follows

he same sequence as the catalytic activity for the aged cata-
ysts.

What should be mentioned is that the formation of N2O is
lso observed in the process of reaction, as shown in Fig. 15.
rom Fig. 15, it can be seen that the concentration of N2O
long with the reaction temperature displays parabola distribu-
ion. The preparation method affects the N2O emission obviously.
ig. 15a shows that, there is no clear difference on the N2O
ormation at the relatively lower temperature over the fresh
atalysts. However, the concentration of N2O decreases rapidly
ver Pd/CZL3 when the temperature is higher than 230 ◦C,
ndicating that N2O could be transformed in short order over
d/CZL3. With regard to the aged catalysts, both the forma-
ion and the transformation of N2O are rapid over Pd/CZL3a.
n Section 3.1.2, we have proved that the support prepared by
upercritical drying method exhibits remarkable porosity and
ide pore size distribution, which is beneficial to the adsorp-

ion/desorption of pollutant in TWCs. That may be the main
eason for the good catalytic activity of N2O over Pd/CZL3 and
d/CZL3a.

Table 4 summarizes the light-off temperature (T50%, the temper-
ture at which 50% conversion is attained) and the full-conversion
emperature (T90%, the temperature at which 90% conversion is
ttained) of HC, CO, NO and NO2 over all the fresh and aged cata-
ysts. The difference between T50% and T90% of the aged catalyst and
he corresponding fresh catalyst are labeled as �T50% and �T90%,
espectively, which can be a measure of thermal stability of the cat-
lysts. As shown in Table 4, in the case of Pd/CZL3 and Pd/CZL3a,
he value of �T50% and �T90% for all the pollutants is the lowest
mong all the catalysts, indicating that Pd/CZL3 exhibits the best
hermal stability.

Combined with the analysis presented above, it can be con-

luded that the Pd/CZL3 catalyst exhibits higher catalytic activity,
ider operation window, as well as the better thermal stability

ven after aged at 1100 ◦C for 4 h. The superior catalytic activity
f Pd/CZL3 is related to its good redox behavior and the special
tructural/textural property of CZL3 result from the adoption of

[

[
[
[

ironmental 100 (2010) 516–528 527

supercritical drying method, which leads to the strong interaction
between active metal and the support.

4. Conclusion

Base on the results and discussion presented above, the fol-
lowing conclusions can be drawn: the structure/texture properties
of CZL solid solution is affected by the drying method notice-
ably. Supercritical drying technology results in the absence of
vapor–liquid interface in the drying process, which is account-
able for the special mesopore structure of CZL3 with a wide pore
size distribution. The superior behaviour of CZL3 is correlated to
the enrichment of Ce3+ in the surface structure, the structural
homogeneity and the special textural characteristics. Moreover, the
corresponding supported Pd-only three-way catalyst also exhibits
the relatively higher catalytic activity and wider operation air-to-
fuel operation window.
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