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a b s t r a c t

A series of ceria–zirconia–neodymia mixed oxides with different contents of neodymia and the supported
Pd-only three-way catalysts before and after aging have been prepared and characterized. The influence
of Nd doping on the structural/textural properties of ceria–zirconia (CZ) and the effect on the three-
way catalytic performance are also investigated. The results demonstrate that the addition of neodymia
eywords:
e0.2Zr0.8O2

eodymia
xygen storage capacity
hermal stability

results in the formation of ceria–zirconia–neodymia ternary solid solution (CZN) with better textural and
structural properties as well as improved reducibility and redox behavior, leading to the promoted three-
way catalytic activity and enlarged air/fuel operation window. The modified solid solution with 5 wt.%
neodymia shows the preferable textural/structural properties considering that the capacity of foreign
cation is limited in the crystal lattice of ceria–zirconia solid solution, and Pd/CZN5 shows the optimum
three-way catalytic performance and wider air/fuel operation window, especially for the corresponding
d-only three-way catalyst aged one.

. Introduction

Air pollution mainly caused by exhausts from gasoline engine
owered vehicles is one of the major environmental concerns and
as drawn more and more attention in recent years [1,2]. Among
he several techniques that have been developed for reducing gaso-
ine engine exhaust, catalytic converter is regarded as the most
romising solution [3–7]. As the key component in catalytic con-
erter, three-way catalyst (TWC) has been successfully used for
he control and suppression of automotive emission by convert-
ng basic air pollutants like carbon monoxide, hydrocarbons and
itrogen oxides simultaneously. Along with the more rigorous envi-
onmental regulations imposed on the automobile industry, more
fficient TWC is required.

In the actual formulations of TWC, Pd exhibit excellent capa-
ility for low-temperature oxidation of carbon monoxide and
ydrocarbons compared with Pt and Rh-supported catalysts [8,9].
n the other hand, Pd is relatively economical and abundant
han Pt and Rh, especially than Rh. Therefore, Pd-only TWC has
eceived considerable attention. Ceria–zirconia solid solution is
idely employed as a promoter in TWC, and it represents the state-

f-art of the so-called oxygen storage materials (OSM) [10–16].
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Ceria–zirconia solid solution shows large concentration of surface
and bulk oxygen-vacant sites, the fast exchange of surface oxy-
gen with gas-phase oxygen species and the high diffusion rates of
bulk oxygen towards its surface, all due to the presence of a rapid
Ce3+/Ce4+ redox couple. These important features, named oxygen
storage capacity (OSC), provide a way to minimize fluctuation of
the air-to-fuel (A/F) ratio at around 14.6 during engine operation.
Under the transitions between lean and rich operating conditions,
ceria–zirconia material stores or releases oxygen, thus ensuring
that TWC work effectively within a narrow operating window near
the stoichiometric A/F ratio [12,17–19].

In practice, the demand for decrease of cold-start emissions
requires the catalyst to be located in positions closer to the engine
manifold, where the temperature can rise even above 1000 ◦C
[10,20–22]. As it is well-known, the exposure of catalysts to that
high temperature will induce the sintering of both ceria–zirconia
solid solution and active noble metal, causing the loss of OSC and the
deactivation of TWC. Consequently, one of the recent requirements
for developed TWC is the higher OSC and thermal stability under
high temperature conditions. Until now, a great deal of research
attention has been paid to the intrinsic structure and properties

of ceria–zirconia solid solution [13–15,23–26], and it was found
that the incorporation of other rare earth elements [2,7,27–31] is
beneficial to increase the OSC and improve the thermal stability
of ceria–zirconia mixed oxides. Nevertheless, summarizing the lit-
erature, the mechanism over these promoted properties of rare

ghts reserved.
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Table 1
Light-off temperature (T50%) and full-conversion temperature (T90%) of HC, CO, NO and NO2 over all the fresh catalysts.

Sample T50% (◦C) T90% (◦C)

HC CO NO NO2 HC CO NO NO2

Pd/CZ 229 158 231 180 263 191 264 214
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Pd/CZN3 226 167 210
Pd/CZN5 218 184 206
Pd/CZN8 224 186 188
Pd/CZN10 227 188 187

arth modified ceria–zirconia solid solution remains obscure, and
esearch related to the effect of rare earth doping on the catalytic
ctivity of TWC is little.

This work deals with a combined investigation of the effect of
d doping on the structural/textural properties of ceria–zirconia

olid solution and on the three-way catalytic performance of
ts supported Pd-only catalyst. A series of Ce0.2Zr0.8O2 (CZ)

odified with different neodymia contents were prepared and
haracterized by techniques such as X-ray diffraction (XRD),
2 adsorption/desorption and X-ray photoelectron spectroscopy

XPS). The redox properties and OSC of the materials were studied
y means of hydrogen temperature-programmed reduction (H2-
PR), H2–O2 and CO–O2 pluses. The catalytic activity of TWC was
valuated under the simulative automobile exhaust and the air/fuel
atio experiments were also carried out.

. Experimental

.1. Catalyst preparation

CZ and Nd modified CZ (CZN) supports were prepared by
onventional coprecipitation method combined with supercritical
rying technique. The detailed procedure was similar to literature
32]. The molar ratio of Ce:Zr is 1:4, and the additive content of
eodymia is 3, 5, 8 and 10 wt.% for CZN, respectively. The fresh
upports calcined at 500 ◦C are named as CZNx (x = 3, 5, 8, 10),
here x means the content of neodymia. All the supports were

lso calcined at 1100 ◦C for 4 h to investigate the effect of doping
n the thermal stability of CZ, and the aged supports are referred
o as CZa and CZNxa, respectively. The corresponding Pd/CZ and
d/CZNx catalysts were prepared by wet impregnation method. The
s-received fresh catalysts were aged at 1100 ◦C for 4 h to investi-
ate the thermal stability. The theoretical loading content of Pd for
ll the catalysts is 0.5 wt.%. The catalysts obtained at 1100 ◦C are
abeled as Pd/CZa and Pd/CZNxa, respectively.

.2. Catalytic activity test

The evaluation of three-way catalytic activity was performed on
Bruker EQ55 FTIR spectrometer coupled with a multiple reflection

ransmission cell (Infrared Analysis Inc.). The detailed information
as also shown in [32].

The air/fuel ratio (�) experiments were carried out at 400 ◦C. � is
efined as (2VO2 + VNO + 2VNO2 )/(VCO + 9VC3H6 + 10VC3H8 ) [32] (V
eans concentration in volume percent unit), and � = 1 was used in

ll the activity measurements. The test of air/fuel operation window
as carried out at � = 0.9, 0.92, 0.95, 0.98, 1.0, 1.04, 1.07, 1.1 and

.15, respectively [33–35].

.3. Characterization techniques
The X-ray photoelectron spectroscopy (XPS) experiments
ere carried out on a PHI-Quantera SXM system equipped
ith a monochromatic Al K� X-rays under ultra-high vacuum

6.7 × 10−8 Pa). Sample charging during the measurement was
4 257 199 263 205
0 254 202 244 195
5 255 205 224 185
0 257 209 223 179

compensated by an electron flood gun. The XPS data from the
regions related to C 1s, O 1s, Zr 3d, Ce 3d, Pr 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 oxygen storage capacity complete (OSCC) was measured
using pulse injection technique with a CHEMBET-3000. The sam-
ple was first reduced with a flow of 10 ml/min H2 at 550 ◦C for
1 h, then cooled to the testing temperature and purged by helium
stream. The OSCC was measured by pulse injection of oxygen into
the sample bed until no consumption of oxygen could be detected
by TCD. The amount of oxygen consumed during the re-oxidation
stage is referred as OSCC. All the gases employed in the experiment
were high-purity (99.999%).

In addition, the characterization related to powder X-ray
diffraction (XRD), N2 adsorption/desorption, H2-temperature pro-
grammed reduction (H2-TPR) and dynamic oxygen storage capacity
(DOSC) were also carried out according to the methods reported in
literature [32].

3. Results and discussion

3.1. Catalytic performance

All the fresh and aged catalysts were evaluated in the simulative
gasoline engine exhaust and the tail gas after reaction was detected
by FTIR. The light-off temperature (T50%, the temperature at which
50% conversion is attained) and full-conversion temperature (T90%,
the temperature at which 90% conversion is attained) of HC, CO, NO
and NO2 over all the fresh catalysts were summarized in Table 1. As
reported in literature [9], the main chemical reactions taking place
during the automobile exhaust treatment is as following:

Oxidation:

2CO + O2 → 2CO2

HC + O2 → CO2 + H2O (unbalanced reaction)

Reduction:

2CO + 2NO → 2CO2 + N2

HC + NO → CO2 + H2O + N2 (unbalanced reaction)

2H2 + 2NO → 2H2O + N2

Water–gas shift:

CO + H2O → CO2 + H2

Steam reforming:
HC + H2O → CO2 + H2 (unbalanced reaction)

From Table 1, it can be known that the introduction of Nd pro-
motes the catalytic conversion of both NO and NO2 obviously, the
T50% and T90% of which decrease clearly with the increasing amount
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Table 2
Light-off temperature (T50%) and full-conversion temperature (T90%) of HC, CO, NO and NO2 over all the aged catalysts.

Sample T50% (◦C) T90% ( ◦C)

HC CO NO NO2 HC CO NO NO2

Pd/CZa 372 265 386 315 423 305 443 383
27
26
22
21

o
b
r
o
t
c
v
s

a
a
i
H
i
o
1
P
t
c
t

i
i
f
e
s
h
t
N
�
s
o
t
t

a
s
r
c
t
t
P
a

T
T

�
�

Pd/CZN3a 340 259 347
Pd/CZN5a 307 254 316
Pd/CZN8a 333 226 330
Pd/CZN10a 337 218 335

f neodymia. This observation indicates that the addition of Nd is
eneficial to the reduction in the process of three-way catalytic
eaction for the fresh catalysts. On the contrary, the appearance
f Nd shows an inhibiting effect on CO elimination considering
hat the T50% and T90% of CO increase with the increasing neodymia
ontent over all the fresh catalysts. In the case of HC catalytic con-
ersion, only slight promotion was observed for the Nd modified
amples.

Table 2 shows the results of catalytic conversion of HC, CO, NO
nd NO2 over all the aged catalysts. According to the values of T50%
nd T90% in Table 2, all the aged samples doped with Nd are active
n enhancing the catalytic activity for all the target pollutants. For
C and NO conversion, an improvement is observed with increas-

ng Nd doping content from 3 wt.% to 5 wt.%, whereas a decline is
btained by further increasing the loading amount to 8 wt.% and
0 wt.%, signifying that the catalytic activity of HC and NO over
d/CZN5a is the highest among all the aged catalysts. With regard to
he catalytic conversion of CO and NO2, the T50% and T90% of the aged
atalysts decrease clearly with the increasing Nd amount, proving
he increased catalytic activity due to the addition of Nd.

The difference of T50%/T90% between the fresh and correspond-
ng aged catalyst is labeled as �T50%/�T90%, which are presented
n Table 3. A remarkable drop of catalytic activity is observed
rom the increased T50% and T90% when comparing with the rel-
vant fresh catalysts, which can be ascribed to the deteriorated
tructure and the sintering of active component arising from the
igh-temperature treatment [1,14]. For example, both the light-off
emperature and full-conversion temperature of HC, CO, NO and
O2 over Pd/CZa goes up more than 100 ◦C. In general, �T50% and
T90% can be a measure of thermal stability of the catalysts. As

hown in Table 3, the value of �T50% and �T90% for all the pollutants
ver the modified catalysts are lower than Pd/CZ, which indicates
hat the addition of Nd to the support is beneficial to increase the
hermal stability of the corresponding catalyst.

Fig. 1 presents the results of air/fuel (�) test over all the fresh
nd aged catalysts. As shown in Fig. 1, the left side of the theoretical
toichiometric value (� = 1.0) is the lean oxygen condition and the
ight is rich oxygen condition. From Fig. 1 it can be seen that in the

ase of the fresh catalysts, the conversion of HC achieves 100% in
he whole air/fuel testing range. The CO conversion increases with
he increasing O2 content and it approaches 100% at � = 0.95 over
d/CZN5, Pd/CZN8 and Pd/CZN10, while at � = 1.0 over Pd/CZN3
nd Pd/CZ. One thing should be mentioned is that the conver-

able 3
he change of light-off temperature (T50%) and full-conversion temperature (T90%) of HC, C

Sample �T50% (◦C)

HC CO NO NO

Pd/CZ 143 106 155 135
Pd/CZN3 114 92 137 101
Pd/CZN5 89 70 110 93
Pd/CZN8 109 40 142 55
Pd/CZN10 110 30 148 56

T50% = T50% (aged catalyst) − T50% (fresh catalyst).
T90% = T90% (aged catalyst) − T90% (fresh catalyst).
5 367 279 398 324
3 345 270 348 310
0 361 242 363 260
6 363 234 366 250

sion of CO over the fresh catalyst is higher than 85% even though
under the so-called lean oxygen condition. In addition, all the fresh
catalysts show 100% conversion of CO under the rich oxygen con-
dition. It is evident that the width of CO operation window follows
the sequence of Pd/CZN5 > Pd/CZN8 > Pd/CZN10 > Pd/CZN3 > Pd/CZ
(shown in Fig. 1B). Under the lean oxygen condition, the conversion
of NOx is 100%. Instead, it decreases clearly with the increas-
ing O2 content under the rich oxygen condition. Similarly to CO
conversion, Pd/CZN5 shows the widest NOx operation window.
After being aged at high temperature, the operation window of
all the catalysts is destroyed greatly. The conversion of HC and
NOx over Pd/CZa is lower than 80% in the whole air/fuel testing
range, and the conversion of CO only achieves 100% at the the-
oretical stoichiometric. However, the operation window of HC,
CO and NOx is enlarged obviously due to the presence of Nd,
and the width of the operation window has a degressive trend of
Pd/CZN5a > Pd/CZN8a > Pd/CZN10a > Pd/CZN3a > Pd/CZa. Based on
the analysis mentioned above, a main point can be put forward that
all the modified catalysts are more active in three-way catalytic
conversion, and the addition of Nd with optimum content leads
to the obviously improved catalytic activity, thermal stability and
enlarged operation window of the supported Pd-only three-way
catalyst.

3.2. Structural and textural properties

XRD patterns of the fresh and aged supports are presented
in Fig. 2. The BET surface area, the lattice parameters and the
crystal size for all the supports are summarized in Table 4. The lat-
tice parameters were derived from a Rietveld refinement of XRD
results and the corresponding crystal size was calculated accord-
ing to Scherer equation. All the fresh supports exhibit only peaks
which could be referred to the tetragonal ceria–zirconia solid solu-
tion (space group P42/nmcs, Z = 2, ICSD No. 68590), and separated
neodymia phases are not observed for the four Nd modified sup-
ports. As shown in Fig. 2A, the reflections are quite broad and
symmetrical for all the fresh samples, indicating the formation of
fine nanostructure [7]. After treatment at 1100 ◦C for 4 h, the reflec-

tions of the aged supports become sharper and more intense when
comparing with the fresh one, indicating the occurrence of obvious
sintering. This observation agrees well with the increased crys-
talline size as depicted in Table 4. In the case of CZa and CZN3a, the
separation of peaks around 35◦, 58◦ and 72◦ takes place, although

O, NO and NO2 over catalysts before and after aged.

�T90% (◦C)

2 HC CO NO NO2

160 114 179 169
110 80 135 119

91 68 104 115
106 37 139 75
106 25 143 71



Q. Wang et al. / Journal of Hazardous Materials 189 (2011) 150–157 153

1.151.101.051.000.950.90
40

60

80

100

λ

 Pd/CZa
 Pd/CZN3a
 Pd/CZN5a
 Pd/CZN8a
 Pd/CZN10a

H
C

 C
on

ve
rs

io
n 

(%
)

 Pd/CZ
 Pd/CZN3
 Pd/CZN5
 Pd/CZN8
 Pd/CZN10A

1.151.101.051.000.950.90
80

100

λ

 Pd/CZ
 Pd/CZN3
 Pd/CZN5
 Pd/CZN8
 Pd/CZN10

C
O

 C
on

ve
rs

io
n 

(%
)

 Pd/CZa
 Pd/CZN3a
 Pd/CZN5a
 Pd/CZN8a
 Pd/CZN10a

B

1.151.101.051.000.950.90
0

20

40

60

80

100

N
O

x C
on

ve
rs

io
n 

(%
)

λ

 Pd/CZ
 Pd/CZN3
 Pd/CZN5
 Pd/CZN8
 Pd/CZN10

C

 Pd/CZa
 Pd/CZN3a
 Pd/CZN5a
 Pd/CZN8a
 Pd/CZN10a

Fig. 1. Conversion curves of HC, CO and NOx as a function of air/fuel ratio (�) over
the fresh and aged catalysts.
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Table 4
BET surface area, lattice constants, crystallite size and OSCC of samples.

Samples Surface area (m2/g) Lattice constants ( ´̊A)

CZ 105.9/24.3a a = 3.625/3.632a, c = 5.21
CZN3 115.6/26.6a a = 3.656/3.648a, c = 5.20
CZN5 127.1/28.8a a = 3.655/3.648a, c = 5.21
CZN8 130.2/29.3a a = 3.680/3.672a, c = 5.21
CZN10 130.5/30.8a a = 3.684/3.683a, c = 5.23

a BET surface area, lattice constants, crystallite size and OSCC for the aged samples.
2θ ( )

Fig. 2. XRD patterns of fresh (a) and aged (b) supports.

all of these peaks are also consistent with tetragonal ceria–zirconia
solid solution. Moreover, a careful investigation of the XRD pat-
terns in Fig. 2B shows that degree of splitting for CZN3a is lower
than CZa. Interestingly, no additional peaks are observed at CZN5a,
CZN8a and CZN10a, and no distinct difference could be seen among
the XRD patterns of them. The observation presented above indi-
cates that the sintering for the aged supports is clearly attenuated
with the increasing neodymia content, and the further modification
is absent once the content of neodymia is enough.
Table 4 shows that the lattice parameter for all the Nd doped
samples is larger than that of CZ, which indicates the expansion
of lattice, proving the formation of Ce–Zr–Nd ternary solid solution

[36,37]. The ionic radius of Nd3+ (1.00 ´̊A) is larger than Zr4+ (0.84 ´̊A),

Crystallite size ( ´̊A) OSCC (�mol[O2]/g)

8/5.227a 6.7/32.2a 265/282
4/5.235a 5.7/25.0a 316/347
7/5.224a 5.1/17.2a 338/385
9/5.233a 5.1/14.9a 334/363
0/5.223a 4.9/14.4a 321/354
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Table 5
Surface composition and surface atom ratio in the representative fresh and aged catalysts derived from XPS analyses.

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

Ce 3d Zr 3d Nd 3d Pd 3d O 1s
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Pd/CZ 2.88 13.68 0
Pd/CZN5 2.84 13.41 0.09
Pd/CZa 3.42 12.23 0
Pd/CZN5a 3.75 11.69 0.18

nd the radius of Ce3+ and Ce4+ is 1.14 ´̊A and 0.97 ´̊A, respectively.
irstly, the substitution of Ce3+ by Nd3+ is unbelievable, for it would
ead to the lattice shrinkage. Secondly, the ionic radius of Ce4+

s close to Nd3+. Although Ce4+ could be substituted by Nd3+, the
mount must be very little for it cannot account for the obviously
attice expansion. On the other hand, the amount of Ce in the lattice
s relatively low considering it is Zr-rich solid solution (the theo-
etical molar ratio of Ce to Zr is 1:4). Therefore, the cation site sub-
titution of Zr by Nd seems more credible. Table 4 also shows that
or the fresh supports, the grain size is obviously decreased with
he increase of neodymia loading content, and no clear decline can
e observed when the content of neodymia increases from 5 wt.%
o 10 wt.%. The same behavior also happens to the aged supports.
his observation demonstrates that the optimum loading content
f neodymia is 5 wt.%, considering that the capacity of foreign cation
s limited in the crystal lattice of ceria–zirconia solid solution.

From Table 4, it can be seen that all the Nd doped fresh sup-
orts show higher specific surface area than CZ, suggesting that
he presence of Nd results in the improved textural stability of
Z solid solution. A clearly defined decrease in BET surface area is
bserved when comparing the aged supports with the fresh ones,
hich stems from the sintering effects. However, the aged samples
oped with Nd also show higher specific surface area than CZa.

nterestingly, for both the fresh and aged supports, the specific sur-
ace area increases with the loading amount of neodymia increases
rom 3 wt.% to 5 wt.%, and no obvious increase occurs when the con-
ent increases from 5 wt.% to 10 wt.%, indicating that Nd modified
upports with 5 wt.% loading content shows the preferable thermal
tability again.

.3. XPS results
XPS was conducted to investigate the effect of neodymia addi-
ion on the oxidation state of Ce and on the surface elemental
istribution of the catalysts. The Ce 3d spectra over Pd/CZ, Pd/CZN5,
d/CZa and Pd/CZN5a are illustrated in Fig. 3. The surface elemental
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Fig. 3. Ce 3d spectra for Pd/CZ, Pd/CZN5, Pd/CZa and Pd/CZN5a.
– 83.44 4.75 17.29
– 83.66 4.72 19.64
0.04 84.31 3.58 15.21
0.02 84.36 3.12 17.04

compositions of the catalysts calculated from the normalized peak
areas of the Ce 3d, Zr 3d, Nd 3d, Pd 3d and O 1s core level spectra
are summarized in Table 5.

The curve of Ce 3d spectra shown in Fig. 3 comprises eight
peaks corresponding to four pairs of spin–orbit doublets. Early
studies [38–40] 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 rela-
tive percentages of cerium species are obtained by the area ratios
of Ce4+ 3d5/2 (v, v′′ and v′′′)/Ce3+ 3d5/2 (v′). From Table 5, it can be
known that the Nd doped samples show higher relative concen-
tration of Ce3+ than Pd/CZ. Summarizing the literature [38,41], it is
generally recognized that the presence of Ce3+ is associated with
the formation of oxygen vacancies according to the electroneutral-
ity condition. Therefore, we can conclude that the introduction of
Nd into CZ solid solution increases the oxygen vacancies on the
surface of sample.

In the XPS experiment, no Pd is observed in the case of the fresh
catalysts. On the one hand, the loading content of Pd is extremely
low, which approaches the limit detection (0.5 wt.%). On the other
hand, Pd appeared on the surface of the catalysts may be highly
dispersed. However, Pd is detectable in the case of aged catalysts,
indicating the obvious sintering of noble metal due to the high tem-
perature treatment. Moreover, the surface content of Nd for the
Pd/CZN5a is apparently higher than Pd/CN5, indicating the enrich-
ment of Nd on the surface of supports due to the calcination at
1100 ◦C for 4 h. What should be mentioned is that the content of Pd
on the surface of Pd/CZN5a is 0.02 at.%, which is half that of Pd/CZa.
This observation implies that the addition of Nd would improve
the strong metal-support interaction (SMSI), inhibiting the sinter-
ing of noble metal on the interface of support. A perusal of the
results from Table 5 shows that the surface atom ratios of Zr/Ce
over Pd/CZN5 and Pd/CZN5a are slightly smaller than those over
Pd/CZ and Pd/CZa, which means that part of Zr atoms of the surface
layer is replaced by Nd.

3.4. Redox behavior

Strong oxygen storage ability and good redox behavior would
render a TWC well behaved under oscillatory reaction conditions.
The H2–O2 and CO–O2 titration as well as TPR methods were
adopted to probe the oxygen storage capability and the redox
behavior of the samples.

3.4.1. OSC measurement
The OSCC data for the fresh and aged supports tested at 400 ◦C

are shown in Table 4. For both the fresh and aged supports, the Nd
doped samples have a higher OSCC than CZ/CZa, indicating that the

incorporation of Nd3+ into lattice of CZ strongly favors creation of
structural defects and results in the acceleration of oxygen diffu-
sion [2]. Moreover, Table 4 also shows that the OSCC value increases
with increasing Nd doping content from 3 wt.% to 5 wt.%, whereas
a decline is obtained by further increasing the loading amount to
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Fig. 4. The DOSC value for the fresh and aged catalysts.

wt.% or 10 wt.%, signifying that the OSCC of CZN5 is the highest
mong the fresh supports. As reported in the literatures [12,42–45],
he OSC of ceria–zirconia is intrinsic to its structure. The more
omogeneous structure increases the oxygen vacancies relating to
he structure modification which results in the promotion of OSC
42], indicating that CZN5 exhibits the most homogenous structure.

A careful comparison of the OSCC data reveals that the aged
ample exhibits slight higher OSCC than the corresponding fresh
ne. For the fresh samples, the OSCC is mostly related to the sur-
ace labile oxygen species [17]. With regard to the aged support,
he BET surface area experiences a sharply decline, and the amount
f surface available oxygen species is lower, which cannot afford
he higher OSCC of the aged samples. The most reasonable explana-
ion could be that the increase of calcination temperature promotes
he presence of “less reducible” oxygen species and results in the
nhanced mobility of bulk oxygen, which is the main contributor
o OSCC of the aged supports [17,31].

The data of DOSC for the fresh and aged catalysts are shown in
ig. 4. The greatest amount of DOSC is produced at sample with
wt.% neodymia content no matter before or after aged, and the
resence of Nd also results in an increased DOSC than the undoped
ample, which is consistent with the result of the H2–O2 pulse injec-
ion technique. After calcination at 1100 ◦C for 4 h, the DOSC value
f aged catalyst is decreased obviously compared with the corre-
ponding fresh one. For the fresh catalysts, the results of DOSC agree
ell with OSCC of the corresponding supports, indicating that there

s marginal difference on the status of active PdO among the fresh
atalysts. Combined with the fact that the OSCC is enhanced after
alcination, it can be concluded that the main reason for the dra-
atic decline of DOSC is the agglomeration of active PdO species

aused by sintering effect [46].

.4.2. H2 temperature-programmed reduction (H2-TPR)
The reducibility of supported TWCs is an important factor influ-

ncing its catalytic performance and H2-TPR is a common technique
o investigate the reducibility of samples [47–49]. The results of
onsecutive TPR profiles of the supports and the catalysts are pre-
ented in Figs. 5 and 6, respectively. Fig. 5A shows that all the fresh
upports exhibit one dominant broad peak with maxima at ca.
70 ◦C and several minor peaks in the range of low temperature.
he previous literatures [10,50] have reported that two peaks at

◦
bout 500 and 800 C are found in the TPR profile of ceria–zirconia
ixed oxide, which are associated with the reduction at the surface

nd in the bulk. Therefore, all the peaks appear in the case of fresh
upports is more likely to be related to the reduction of surface
xygen. Moreover, it can be seen from Fig. 5A that the reduction
700600500400300200

Temperature ( oC)

Fig. 5. TPR traces for the fresh and aged supports.

already started at ca. 250 ◦C, indicating the good reducibility of the
samples in this paper. An interesting feature of these profiles is that
all the Nd doped samples shows lower peak temperature than CZ,
proving that the addition of Nd results in the enhanced reducibility
of CZ.

Comparison of the TPR profiles between aged supports and the
fresh ones shows that the thermal aging induces significant changes
of the reduction behavior for the supports. As illustrated in Fig. 5B,
two main reduction peaks are observed. The peak located at rela-
tively lower temperature is denoted as peak � and the other one
is labeled as peak �, which are ascribed to the reduction of sur-
face and sub-surface oxygen [18,33,51], respectively. The splitting
of surface oxygen into separated surface and sub-surface oxygen
indicates that the declined homogeneity of the fresh supports due
to calcination at 1100 ◦C for 4 h. The most significant change of the
TPR behavior before and after aged occurs in CZa and CZN3a, espe-
cially for CZa. For CZa and CZ3a, the symmetry of peak � is poor
and the intensity of peak � is very weak. The most possible reason
is the obvious deteriorated structure during the high temperature
treatment, which has been testified by the XRD patterns of the aged
supports.

Fig. 6 shows the TPR responses of catalysts before and after
aging. For the fresh catalysts, all of the samples exhibit a strong
low-temperature reduction feature at ca. 65 ◦C (peak �). Previous
investigations have reported that palladium oxide is reduced to pal-
ladium on exposure to H2 at room temperature [52,53]. In addition,

no characterization is observed below 150 C in the TPR profiles of
fresh supports (Fig. 5A), which further proved that peak � could be
mainly attributed to the reduction of PdO species. The tiny peaks in
the range of 150–400 ◦C are also associated with the reduction of
surface oxygen [31,32,46]. Based on the amount of H2 consumption
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bserved over a standard CuO sample in similar TPR procedures, it
s convinced that the total amount of the H2 consumption for peak

is too large to be reasonably attributed to the reduction of noble
etal oxides absolutely, indicating the back-spillover of the oxygen

rocess from the support to the PdO surface [54,55]. For instance,
he H2 consumption for theoretical PdO is just 41 �mol/gcat, while
hat for peak � in the case of Pd/CZ is 423 �mol/gcat. Summarily,
e can conclude that there is a strong interaction between PdO and

he support. With regard to Pd/CZN5, the H2 consumption for peak
is 799 �mol/gcat, showing the increased SMSI due to the addi-

ion of Nd. It is worthwhile to note that the temperature of peak
over fresh samples slightly shifts towards lower temperature as

he neodymia content in the mixed oxides increases, and further
ncrease of neodymia content from 5wt.% to 10 wt.% does not fur-
her modify the TPR profiles. The similar behavior also occurs in
he case of fresh supports. This observation indicates that Nd mod-
fied support with 5 wt.% content exhibits the best reducibility and
he metal-support interaction between CZN5 and active PdO is the
trongest.

In the case of aged catalysts (as shown in Fig. 6B), the inten-
ity of peak � decreases obviously after calcination at 1100 ◦C.
apavasiliou et al. [7] have reported that the fresh three-way cat-
lysts prepared by wet impregnation method shows high noble
etal dispersion values, and a strong reduction of dispersion takes
lace after thermal aging. Therefore, the decrease of peak � inten-
ity could be attributed to the agglomeration of PdO particles, that is
o say, the decrease of PdO dispersion. The negative peak at ca.60 ◦C
peak �) is generally attributed to the decomposition of palladium
ydride formed following PdO reduction. Peak � is suggested to
Materials 189 (2011) 150–157

the reduction of stable PdO formed on the interaction between PdO
and the support [56,57]. In the case of Pd/CZa, the absence of peak
� indicates the obvious sintering of active metal oxide for Pd/CZa.
Interestingly, the area of peak � increases due to the appearance of
neodymia, proving that the addition of Nd could stabilize the PdO
active species due to the increased strong metal-support interac-
tion mentioned above. Peaks �, � and � are also suggested to the
reduction of surface/subsurface oxygen from the support. Similarly
to the fresh catalysts, Pd/CZN5a also shows the lowest temperature
for PdO reduction.

In the analysis of catalytic performance (Section 3.1), it has been
shown that the introduction of Nd is beneficial to the conversion
of NOx. Vidmar et al. [58] and Ranga Rao et al. [59] have proposed
that 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 OSC
caused by Nd doping is one of the main reasons for the enhanced
catalytic conversion of NOx. Among the aged catalysts, Pd/CZN5a
exhibits the best reducibility and the strongest SMSI, leading to
the relatively higher catalytic activity than other aged catalysts.
Most importantly, the increased OSC results in the enlarged opera-
tion window, indicating the high catalytic efficiency of the modified
catalysts.

4. Conclusion

In summary, the following conclusions can be put forward in
view of the analysis mentioned above: (1) the addition of Nd into
CZ leads to the formation of ceria–zirconia–neodymia (CZN) ternary
solid solution, which shows the enhanced textural/structural prop-
erties. (2) Combined with the results of XRD and XPS, it can be
inferred that Zr is substituted by the doped Nd in the framework
of CZN solid solution, and Nd would migrate from bulk to the
surface during high temperature aging. (3) The better reducibility
and higher OSC as well as increased strong metal-support interac-
tion caused by Nd addition are the main reason for the improved
three-way catalytic activity and enlarged air/fuel operation win-
dow. (4) The modified solid solution with 5 wt.% neodymia shows
the relatively better textural and structural properties considering
that the capacity of foreign cation is limited in the crystal lattice
of ceria–zirconia solid solution, and Pd/CZN5 shows the optimum
three-way catalytic performance, especially for the corresponding
aged one.
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