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Abstract: Two special CeO,-ZrO, composites with combined compositions were prepared by a simple sequential

precipitation method. The effect of the combination styles on properties of the supported Pd-only three-way cata-

lysts was investigated by means of X-ray diffraction (XRD), Raman spectroscopy, X-ray photoelectron spectros-

copy (XPS), nitrogen adsorption/desorption, H,-temperature programmed reduction (H,-TPR), and oxygen storage

capacity measurement (OSC). The results reveal that the structural and textural properties are modified for the two

catalysts with compositional heterogeneity. Combined configuration facilitates the formation of Ce’" and lattice de-

fects, resulting in improved oxygen mobility, due to strong interaction between the noble metal and the support as

well as the synergistic function inside the support. Consequently, the corresponding catalysts show amplified op-

eration windows for the conversions of CO, C;Hg and NO before and after aging, indicating promising application

in purification of automobile exhaust gases.
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Exhaust gas (mainly HC, CO and NO,) from the in-
ternal combustion of automobile engines, which is a
main cause of air pollution, has attracted much attention
since the past decades. Up to now, many methods have
been developed to deal with the above-mentioned harm-
ful emissions, among which the three-way catalyst (TWC)
is considered most effective!’l. Ce0,-ZrO,-based oxide
(CZ), owing to its redox property involving the Ce*'/Ce**
couple, is of great technological importance in TWC!',

As is well known, the structure of CZ-based oxides
plays an important role in determining the redox proper-
ties. Previous studies have disclosed that the atomically
homogenous Ce0,-ZrO, solid solution exhibits excellent
0SCP*. However, a recent work has reported that the
nanoscale compositional heterogeneity consisting of
Ce-rich cores surrounded by Zr-rich shells gives rise to
the creation of differential strain fields especially in the
interfacial regions, resulting in intriguing low tempera-
ture reducibility’®’. Conversely, other groups have claimed
that small Ce-rich particles on the surface of CZ could
benefit the low temperature reducibility®”. Moreover,
another Ce(sZrysO, consisting of Ce-rich and Zr-rich do-
mains with large interfacial area, was found to exhibit
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improved OSC'™.

Thus, it can be concluded that the combination of
Ce-rich and Zr-rich components can modify the redox
properties of CZ composites. However, to the best of our
knowledge, there are no open literatures focusing on the
effect of combination styles of Ce-rich and Zr-rich com-
ponents on the properties of Pd/CZ catalyst. In this work,
two Pd/CZ catalysts with combined components
(Cep35Zr10,650,/Ceq 4521 350,) were prepared by a simple
sequential precipitation route. The physicochemical
properties were investigated by a range of techniques to
disclose the effect of the combination styles on the cata-
lytic behaviors.

1 Experimental

1.1 Preparation of supports

Conventional Ceg3s5Zrg60, and Ceg¢sZr)350, were
prepared by co-precipitation route. An aqueous solution
containing Ce(NQO;); (Dongfeng Chemical Plant, Leshan,
Sichuan, Chemically pure) and ZrO(NOs), (Jiangsu Yix-
ing Xinxing Zirconium Industry Co., Ltd., Chemically
pure) was coprecipitated with an ammonia solution (Chengdu
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Kelong Chemical Reagent Factory, 25wt%) under vig-
orous stirring. During the process, the pH was controlled
at about 10.0. The obtained precipitate was filtered,
washed, dried at 120°C and calcined at 600°C for 3 h to
get the fresh samples, which were assigned as Ce35-F
and Ce65-F, respectively.

The other two materials with combined compositions,
consisting of Ce35Zrg502/Ceq 5210350, = 1:1 (wto),
were synthesized by a sequential precipitation route. In
the first stage, the precursor of the inner component (e.g.,
an aqueous solution of Ce(NO;); and ZrO(NOs), with
Ce/Zr molar ratio of 0.35/0.65) was reacted with an am-
monia solution (25wt%), and then the formed precipitate
was attacked by the other aqueous solution (consisted of
Ce(NO;); and ZrO(NOs), with Ce/Zr molar ratio of
0.65/0.35) and an ammonia solution (25wt%), contem-
poraneously. During the process the pH was maintained
at 10.0. Afterwards the precipitate was treated as above
to obtain Ce35i-F. In addition, Ce65i-F was prepared in
the same way except for exchanging the precipitation
sequence of the two aqueous solutions.

Finally, the above-obtained oxides were further aged
at 1000°C for 5 h and assigned as Ce35-A, Ce65-A,
Ce35i-A and Ce65i-A, respectively.

1.2 Catalyst preparation

The Pd-only three-way catalysts were prepared by wet-
impregnation method and Pd loading was 0.5wt%. The
loading amount onto cylindrical cordierite monoliths
(Corning, USA, 2.5 cm® and 400 cells-in. %) was 140 g/L.
After being thermal treated at 550°C for 3 h, the fresh
catalysts designated as Pd/Ce65i-F, Pd/Ce35i-F, Pd/Ce65-F
and Pd/Ce35-F were obtained. Finally, after being further
treated at 1000°C for 5 h, aged samples named as
Pd/Ce65i-A, Pd/Ce35i-A, Pd/Ce65-A and Pd/Ce35-A were
yielded.

1.3 Catalytic activity measurements

The three-way catalytic performance was estimated in
a fixed-bed reactor with simulated exhaust gases of C3Hg
(600 ppm), CO (0.86%), NO (800x107°), CO, (12%),
H,0 (10%) and balanced with N,. The gas hourly space
velocity was 44000 h™'. Prior to the test, the catalyst was
pretreated under the reactive gas mixture at 550°C for
1 h, and the air/fuel ratio test was carried out at 400°C.
The conversions of C3Hg, CO and NO were detected by
an FGA-4100 analyzer.

1.4 Characterizations

XRD patterns were acquired on a Rigaku D/max-rA
diffractometer using Cu Ko (4 = 0.15406 nm) as radia-
tion and operated at 40 kV and 100 mA. Raman spectra
were recorded on a LabRAM HR800 with 633 nm exci-
tation wavelength.

The textural properties were determined by N, adsorp-
tion-desorption at 77 K on a Quantachrome automated
surface area & pore size analyzer (Autosorb SI). The
surface elemental composition was obtained using a
British Kratos XSAM-800 electron spectrometer
equipped with Mg Ko radiation (13 kV/20 mA).

Temperature programmed reduction (TPR) was ana-
lyzed using a self-assembled reaction system. The sam-
ples were firstly pretreated in flowing N, (25 mL/min) at
450°C for 1 h. After cooling down to room temperature,
the test was carried out under flowing 5% H,/N, (20 mL/min)
to 400°C at a ramping rate of 8°C/min. Oxygen storage
capacity (OSC) was examined by oxygen pulse injection
technique. Prior to the measurement, the samples were
reduced in H, (20 mL/min) at 550°C for 1 h and then
cooled to 200°C. Oxygen pulse was injected every 2 min
to the samples in the stream of N, (25 mL/min) and the
oxygen uptake was monitored by a TCD detector.

2 Results and discussion

2.1 XRD and Raman characterizations

Fig. 1 shows the XRD patterns of the catalysts. Note
that the major peaks of all samples are typical of cubic
fluorite CeO,, indicating the formation of CeO,-ZrO,
solid solutions. From the inset in Fig. 1(a), it is seen that
the 26 value decreases in the sequence of Pd/Ce35-F >
Pd/Ce65i-F = Pd/Ce35i-F > Pd/Ce65-F, which is ascribed
to the increasing Ce/Zr ratios of the samples. It is
worthwhile to point out that no distinguishable separated
phases can be observed, which is unexpected for
Pd/Ce65i-F and Pd/Ce35i-F. According to the litera-
tures™, conventional diffraction analysis cannot distin-
guish the coexistence of micro-domains of Ce-rich and
Zr-rich phases because the crystallographic structure and
orientation of the atomic planes are the same. Therefore,
it can be deduced that there exists strong interaction be-
tween the two components in Pd/Ce65i-F and Pd/Ce35i-F
making the Ce-rich and Zr-rich compositions indistin-
guishable.

After aging, all catalysts exhibit sharper peaks, indi-
cating the presence of larger crystallites. As seen in Fig. 1(b),
Pd/Ce65-A maintains single cubic phase, whereas for
Pd/Ce35-A, a strong peak at 29.6° with a minor shoulder
at 29.1° is displayed, indicating that the Ce-rich sample
mainly undergoes sintering and severe phase segregation
has happened for the Zr-rich sample. However, for
Pd/Ce65i-A and Pd/Ce35i-A, no obvious phase separa-
tion is observed, the peaks are only somewhat asymmet-
ric owing to the compositional heterogeneity. That is, the
sintering of Ce-rich phase and segregation of Zr-rich
phase are well suppressed, indicating their higher struc-
tural stability.

B
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Fig. 1 XRD patterns of (a) fresh and (b) aged catalysts

Raman spectra of fresh and aged catalysts are shown
in Fig. 2. For fresh samples, two main bands at ca. 472 cm™'
and 613 cm ' are observed. The former is ascribed to the
F», mode of cubic fluorite structure, and the later is due
to the longitudinal optical (LO) mode of CeO, which is
indicative of oxygen vacancies in the lattice!'”’. It’s ob-
served that the intensities of the signals for the later peak
are ordered as: Pd/Ce65i-F > Pd/Ce35i-F = Pd/Ce65-F >
Pd/Ce35-F, implying that the combined compositions,
especially when Ceg 4521350, is formed during the first
step, can create more oxygen vacancies, which is benefi-
cial for the redox properties.

After aging, peak sharpening occurs owing to the
grain growth. However, it is not obvious for Pd/Ce35-A,
in which two new bands centered at 246 cm ' and 303 cm '
are present, indicating the coexistence of cubic and te-
tragonal CZ phases!'”, which is in line with the XRD
results. However, weak peaks assigned to tetragonal
phase are also found in Pd/Ce65i-A and Pd/Ce35i-A,
which confirms the coexistence of two components in
these two samples. In addition, it’s worthwhile to point
out that the oxygen vacancies, especially in Pd/Ce65i-A

and Pd/Ce35i-A, still maintain at rather high levels, as
evidenced by the relatively stronger features at 613 cm .
2.2 Textural properties

Table 1 summarizes the textural parameters of the
catalysts, wherein we can find that the composition of
supports greatly affects the textural properties!''). The
surface areas of the fresh catalysts decrease in the order
of Pd/Ce65-F > Pd/Ce65i-F > Pd/Ce35i-F > Pd/Ce35-F.
Nevertheless, the pore volumes and average pore sizes of
the catalysts with combined components are larger. After
aging, the textural properties deteriorate severely for all
samples, which results from the growth of primary parti-
cles and the phase separation, as evidenced by the XRD
and Raman results. For the aged samples, the surface
arcas and pore volumes are ordered as Pd/Ce65i-A >
Pd/Ce35i-A > Pd/Ce65-A > Pd/Ce35-A, suggesting that
the combined composition can enhance the thermal sta-
bility.

Moreover, the pore size distributions (PSD) of fresh
samples are presented in Fig. 3. The PSD of Pd/Ce65-F
and Pd/Ce35-F show single peaks centered at 2.5 nm and
3.3 nm, respectively. Nevertheless, the PSD of Pd/Ce35i-F
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Fig. 2 Raman spectra of (a) fresh and (b) aged catalysts
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Tablel Textural propertiesof fresh and aged catalysts

Surface area  Pore volume
/(m*g™) /(ml-g™)
fresh aged fresh aged fresh aged
Pd/Ce65i 125 26 029 0.15 4.6 11.2
Pd/Ce351 122 25 026 0.14 43 11.0
Pd/Ce65 131 23 024 0.12 3.6 10.9
Pd/Ce35 117 17 025 0.11 4.0 13.9

Average pore

Sample radius/nm
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Fig. 3 Pore size distributions of the fresh catalysts.

and Pd/Ce65i-F show special bimodal features, which
may be due to the coexistence of smaller and larger pores
created by CeggsZro350, and Ceg;5Zry 6505, respec-
tively[“]. Thus the primary particles of Ceg 521350, and
Ce35Z1 650, seem to stick together to form heterogene-
ous PSD, which is less sensitive to temperature!'?. Addi-
tionally, analogous to the “diffusion barrier” concept!'®),
the particles of Ceg 45210350, and Ceg35Zr( 450, are ex-
pected to separate each other from conglomeration, which
can help inhibit the growth of particles upon aging.
2.3 XPSstudies

The surface elemental information derived from XPS
analysis is presented in Table 2. It’s observed that the
Ce/Zr ratios of Pd/Ce65-F and Pd/Ce35-F are much
lower than the theoretical values, indicating that Zr is
concentrated on the surface. For Pd/Ce65i-F, the Ce/Zr
ratio is close to that of Ce(35Zrj¢50,, while the value of
Pd/Ce35i-F is extraordinarily lower than that of Ceg¢sZ1350,,
implying that precipitation of Ce¢sZr¢350, in the first
step is more advantageous to obtain the so-called
“core-shell” structure, which is likely due to that the
Zr-rich component is intrinsically more favorable to lo-
cate at the surface!'. After aging, the Ce/Zr ratio de-
clines significantly for Pd/Ce35i-F and Pd/Ce65-F, sug-
gesting the migration of Zr to the outer shell''*. However,
only slight variations are discovered for Pd/Ce65i-F and
Pd/Ce35-F. On the other hand, the surface Pd contents
become lower after aging, which is caused by sintering

Table2 XPSresultsof fresh and aged catalysts
Atomic concentration/% (Ce*'/Ce)
Samples Ce/Zr 0
Ce3d Zr3dd Pd3d Ols 1%

Pd/Ce65i-F 7.5 13.7 1.2 776 05 21.2
Pd/Ce35i-F 8.5 13.9 1.2 764 0.6 19.0
Pd/Ce65-F 113 9.2 1.7 778 1.2 18.9
Pd/Ce35-F 5.8 16.3 1.4 765 04 18.7
Pd/Ce65i-A 7.0 134 12 784 05 20.7
Pd/Ce35i-A 69 139 1.1 78.1 0.5 18.9
Pd/Ce65-A 8.4 9.9 1.4 803 0.8 18.2
Pd/Ce35-A 6.0 158 08 774 04 17.7

of the support, dissociation of PdO and agglomeration to
large Pd clusters. However, the surface Pd concentrations
decrease to lesser extent for Pd/Ce35i-A and Pd/Ce65i-A,
indicating that the combined composition can enhance
the thermal stability of the noble metal dispersion, which
is crucial to catalytic activity. Moreover, the fraction of
Ce*" is obtained by integration of Ce3d XPS peaks. The
concentration of Ce’" declines in the order of Pd/Ce65i >
Pd/Ce351 > Pd/Ce65 > Pd/Ce35 both for the fresh and
aged samples. Since the presence of Ce’" is indicative of
the generation of oxygen vacancies, it is deduced that the
combined composition facilitates the formation of defec-
tive structure.

2.4 TPR and OSC measurements

H,-TPR patterns of the catalysts are illustrated in Fig. 4.
For fresh catalysts, the reduction mainly presents two
features (o and P) in the low-temperature region (< 150°C),
which are assigned to the reduction of highly dispersed
PdO, species and stable PdO, species, respectively!'.
The reduction occurs at lower temperatures for Pd/Ce65i-F
and Pd/Ce35i-F, indicating their stronger reduction abil-
ity. Meanwhile, two extra weak peaks (denoted as y and 9d)
are well resolved for Pd/Ce65i-F and Pd/Ce35i-F, which
are correlated with the reduction of bulk oxygen of CZ,
implying the stronger interaction between Pd and CZ.
After aging, only a couple of positive peaks (o’ and ')
are identified, which are considered to be the contribu-
tion of PdO and surface/subsurface oxygen. The lower
intensity of o' than a implies the agglomeration of PdO,,
which is induced by sintering and phase separation of the
support. Pd/Ce65i-A and Pd/Ce35i-A exhibit better re-
ducibility than Pd/Ce65-A and Pd/Ce35-A in terms of
reduction temperature and peak area, which is associated
with their enhanced interaction between noble metal and
the support!*!.

The oxygen storage capacity (OSC) values of the catalysts
are shown in Fig. 5. It is found that the OSC values are
closely associated with the composition of supports. For
fresh catalysts, the OSC follows the order of Pd/Ce65i-F >
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Fig. 5 OSC values of fresh and aged catalysts

Pd/Ce35i-F > Pd/Ce65-F > Pd/Ce35-F, after aging, the
OSC values decrease collectively, while the values of
Pd/Ce65i-A and Pd/Ce35i-A are still higher, implying
that the combined compositions can significantly im-
prove the oxygen mobility as well as its thermal stability.
2.5 Three-way catalytic performance

The catalytic performance results are presented in Fig. 6.
For fresh catalysts, it is seen that Pd/Ce65i-F and Pd/Ce35i-F
show better three-way catalytic activity. As claimed in
the literatures!'®'"), Pd species at more oxidative state are
beneficial for the oxidation of CO/HC. Thus, the more
oxidative state of Pd species owing to the strong interac-
tion between Pd species and the supports in Pd/Ce65i-F
and Pd/Ce35i-F is partly responsible for their excellent
CO/HC performance. Furthermore, the reducibility of Pd
species is crucial to the CO/HC oxidation activity!'),
Thus, the better reducibility of Pd/Ce65i-F and Pd/Ce35i-F is
important for the participation of PdO/Pd and Ce*"/Ce’”
during CO/HC oxidation. In addition, the oxygen vacan-
cies associated with Ce" ions adjacent to the noble metal
particles are considered as active sites for NO activa-
tion'”). Thus, the higher Ce*" concentrations of Pd/Ce65i-F
and Pd/Ce35i-F from the XPS results may account for
the improved NO reduction ability.

posed and illustrated in Fig. 7. The Ce-rich and Zr-rich
particles can intimately stick to each other at the nano-
scale (a) or submicron scale (¢, d). And the formation of
Ce-rich and Zr-rich domains in an individual nanocrys-
talline (b) is also expected. Although the exact combina-
tion style is still uncertain, (c) and (d) models with lay-
ered structure are speculated to be more dominant, taking
into account the usage of sequential precipitation route.

Analogous to previous study!®!

, a large quantity of struc-
tural defects and enlarged interfacial area can be created at
the interface of Ceys5Zr6502/Ceg 65213505, which is sup-
posed to be the origin of mobile oxygen species. Addi-
tionally, Zr-rich phase is more prone to locate in the
outer layer, thus Pd/Ce65i-F exhibits higher thermal sta-
bility than Pd/Ce35i-F. An inspiring conclusion can be
drawn that the oxygen storage capacity is no longer re-
stricted by the requirement to produce CeO,-ZrO, materials
with strict single-phase or high surface area.

3 Conclusions

In this study, a simple sequential precipitation route
has been developed to synthesize Pd/Ce0,-ZrO, catalysts
with combined compositions, which are compared with
the conventional ones. In this way, the thermal stability
of the catalysts is effectively enhanced. After calcination
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Fig. 7 Schematics of the combination modes of Pd/CeO,-ZrO,

catalysts prepared from sequential precipitation route

at 1000°C, different phase transformation and composi-
tional reorganization behaviors can be observed. The
special configuration facilitates the generation of Ce’*
and the improvement of redox properties, due to the
strong interaction between noble metal and the support as
well as the synergistic function between two components.
The combination of the single components leads to ad-

vanced catalytic performance, in terms of enlarged

three-way catalytic window, showing potential applica-
tion in the purification of exhaust gases.
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