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Solvothermal synthesis of CeO,-ZrO,—M,04
(M = La, Y, Bi) mixed oxide and their soot
oxidation activity
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Ce0,-2r0,-M;03 (M = La, Y, Bi) mixed oxide has been prepared by a solvothermal synthesis method. The
physico—chemical properties of the mixed oxide have been studied by X-ray powder diffraction (XRD),
Raman spectroscopy, BET, X-ray photoelectron spectroscopy (XPS), TEM and temperature-programmed
reduction (TPR), and the catalytic activity for soot oxidation has been studied by thermogravimetry (TG). La>*,

Y** and Bi** exhibit positive effects on lowering the oxidation temperature of the soot. The XRD and Raman
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Accepted 6th May 2022 results showed formation of mixed oxides and TEM images suggested the nanosized nature of the particles.

The benefit of yttrium or lanthana doping on the catalytic activity of ceria can be related to active oxygen
formation provoked by the defective structure of ceria due to the presence of La®* and Y3*. The benefit of
Bi** doping on catalytic activity can be related to the reduction at low temperature both with Bi,Os and ceria.
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1. Introduction

Particulate matter (PM) is one of the most serious pollutants
emitted from diesel engines. It causes environmental problems
as well as acute health problems in human beings."” In recent
years, strict regulations on particulate matter emissions have
been established in many countries.>® It is an urgent task to
clean PM from the diesel exhaust before it enters the air. In diesel
particulate filters (DPFs), the trapped soot is oxidized by a catalyst
that is coated on the DPF. As for the oxidation catalyst for soot
combustion, the intrinsic redox properties of catalysts play an
important role in getting high catalytic capabilities.® Among the
various kinds of oxidation catalysts, multi-component oxides,
such as perovskite oxides,”® supported noble metals,” and ceria-
based mixed oxides,''® exhibit relatively high capabilities for
soot combustion because of the good redox properties, oxygen
storage releasing capacity and thermal stability.

It has been reported that the CeO,-based catalysts work for
soot oxidation by attempting to utilize active oxygen on the
surface of CeO,.”” However, CeO, has a poor thermal stability.
Zirconium oxides are sometimes added to the catalysts to
increase the surface area, thermal stability, and oxygen storage
capacity (OSC) of ceria, resulting in superior catalytic proper-
ties.” So far, considerable progress has been achieved in the
synthesis of CeO,-ZrO, mixed oxide. Although these properties
have been improved by the ZrO, addition, the lowest reduction
temperature and the highest degree of reducibility are not
enough to meet the regulations of the automotive exhaust
gases. Up to now, many reports display the effect of trivalent
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dopants such as yttria, lanthana and Bi,O; on the redox
behavior of the CeO,-ZrO, materials."** Bueno-Lopez et al.
prepared La*" doped CeO, catalysts with much better catalytic
activity which is due to the increase of BET surface area and
enhanced redox properties.' Chen Yaoqiang et al. showed that
Y*" added into CeOQ,-ZrO, with high oxygen storage capacity
and large surface area.>® K. Minami et al. prepared CeO,-ZrO,—
Bi,O; solid solution which can release and store oxygen effi-
ciently at lower temperatures (337 °C) because of the formation
of oxygen vacancies to enhance the oxide anion mobility by
substituting Ce*" site with Bi**.?* Krishna et al. showed that Tm
of Cey oPry 10y is 419 °C.»

In this paper, Ceria was synthesized by a solvothermal
synthesis method and subjected to thermal treatments at high
temperature. The goal of the current study was to evaluate the
catalytic efficiency of CeO,-ZrO,-La,03, CeO,-Zr0,-Y,03; and
Ce0,-Zr0,-Bi,O; mixed oxide regarding soot oxidation and
correlate this with the surface and structural properties of the
catalysts. The synthesis nano-oxides were evaluated by using X-
ray diffraction (XRD), transmission electron microscopy (TEM),
BET surface area, X-ray photoelectron spectroscopy (XPS),
Raman spectroscopy and temperature programmed reduction
(TPR) techniques. The catalytic efficiency was evaluated for soot
combustion by a thermogravimetric (TG) method. The molar
ratio of CeO, : ZrO, was 60 : 40 and the molar ratio of CeO,-
: ZrO, : M,0; (M = La, Y, Bi) was adjusted to be 60 : 35 : 5.’

2. Experimental

2.1 Catalyst preparation

The CeO,-Zr0,-M,03 (M = La, Y, Bi) samples were prepared
by a solvothermal synthesis method. In these samples, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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molar ratio of Ce0,-Zr0,-M,0; (M = La, Y, Bi) was adjusted
tobe 60 : 35 : 5. In a typical synthesis, a solution of 1 mol L™*
Ce(NO3);, 1 mol L™ ZrOCl,-8H,0, and 0.1 mol L' La(NO;);
aqueous solution was mixed together. Aqueous NH; solution
was added drop-wise to the mixture solution under vigorous
stirring until the pH reached 10.0, which produced a yellow
precipitate in the solution. After aging for 4 h, the obtained
precipitate was filtered off and washed with deionized water
until it was free from anion impurities. A purified yellow
precipitate was then obtained. The obtained cake was
redispersed in ethanol solvent and ultrasonically dispersed
for 0.5 h. The resulting solvothermal precursor was trans-
ferred to a Teflon autoclave lined with Teflon, 70% filled and
tightly closed, and then held at 150 °C for 5 h. After the
solvothermal crystallization, the prepared CeO,-ZrO,-La,0;
was filtered and washed by ethanol again, then dried at
100 °C over night, and subsequently calcined at 500 °C for
4 h in air atmosphere.

2.2 Catalyst characterization

The specific surface area of the powders was measured by the
BET method using an Autosorb-1-MP 1530VP. The samples were
dehydrated in flowing dry nitrogen at 200 °C for 5 h before the
adsorption measurement.

X-ray powder diffraction (XRD) patterns were obtained with
a D8 Advance operation at 40 kV and 40 mA with Cu Ka radia-
tion and a goniometer speed of 8° min~". The lattice constants
were calculated based on Bragg's law and the crystal sizes were
calculated based on Scherrer's equation with the (111) plane.

d = 0.089/[B(26)cos 0] (1)

where B(26) is the width of the XRD pattern line at half peak
height in radians, A is the wavelength of the X-rays, 6 is the angle
between the incident and diffracted beams in degrees, and d is
the crystal size of the powder sample in nanometers.

Raman spectra were recorded in a Renishaw Raman imaging
microscope with a 20 mW Ar laser (514 nm). Transmission
electron microscope (TEM) measurements of some samples
were performed in a JEM-2010FEF electron microscope to check
the crystal sizes of CeO, mixed oxides.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out with PE PHI-1600 system and Mg-Ka (hv = 1253.6
eV) as X-ray source. The hemispherical analyzer functioned with
constant pass energy 50 eV for high-resolution spectra. The
binding energies were referenced to the C1s peak at 284.6 eV.

Temperature-programmed reduction (TPR) measurement
was conducted on a TPDRO 1100 apparatus supplied by
Thermo-Finnigan company. Each time, 30 mg of the sample
was heated from room temperature to 900 °C at a rate of
10 °C min . A mixture gas of H, and N, was used as reductant
with a flow rate of 20 ml min~'. Oxygen storage capacity was
measured after the TPR measurement by a pulse method at
427 °C. A given amount of O, was pulsed at specified
temperature every 2 min until O, consumption could be
detected.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.3 Activity measurements

The catalyzed soot oxidation was studied in a thermogravi-
metric analyzer (Mettler Toledo, TGA/SDTA851e). Oxidation
experiments consisted of heating the soot-catalyst mixtures
from room temperature to 800 °C in 20 ml min " flow of air. The
activity measurements were performed with the catalyst con-
taining 2 wt% of soot. Before the activity measurement, the
catalyst and soot was conducted in the agate mortar with
a spatula for 5 min to completely mix the components. The
model soot used is Printex-U provided by Degussa. In this work,
the soot ignition temperature of soot (Ti, the extrapolated
starting point of a TG curve), the temperature at which soot
oxidation proceeded at the highest rate (Tm, the maximum of
a DTA curve), the complete conversion temperature of soot (Tf,
the extrapolated end point of a TG curve) and temperature
window (AT = Tf — Ti) were used to evaluate the performance of
the catalysts.

3. Results and discussion
3.1 Structural properties of the catalysts

Fig. 1 collects the XRD data of the oxides which were formed
after the calcination at 500 °C. The molar ratio of CeO, : ZrO,-
: M,0; (M = La, Y, Bi) was adjusted to be 60 : 35 : 5, while the
molar ratio of CeO, : ZrO, was 60 : 40. The CeO,-ZrO, sample
showed at 28.8°, 33.1°, 47.6°, 56.5° and 59.2° corresponding to
the (111), (200), (220), (311) and (222) planes. These peaks are in
agreement with the pattern in JCPDS No. 0038143.”® It pre-
sented the broad diffraction lines of cubic fluorite Ce, ¢Zry 4O,
Similar profiles were also obtained for the other samples. It
demonstrated that all the samples form a single-phase solid
solution. The diffraction lines of La,0;, Y,03, Bi,O3; were not
detected. There may be two possible reasons: (1) no phase
formation for La,0;, Y,03, BiO; occurs for these catalysts,
indicating that the complete formation of a homogenous
tetragonal structure; (2) some La,Os, Y,03, Bi,O; crystallites
have been formed, however they are too small or good dispersed
to be detected by XRD. Papavasiliou reported that the shifting of
260 degree is an indication of the solid solution formation.*
From Fig. 1, we can see that the XRD peaks shift to a slightly
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Fig.1 X-ray powder diffraction patterns of the catalysts.
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higher value with the introduction of Y** and Bi**, while the
diffraction peak shifts to lower value with the introduction of
La®". The substitution of Ce, ¢Zr, 40, by a smaller ion such as
Y**, Bi** resulted in a contraction of the cubic cell parameter,
decreasing from 0.544 nm to 0.528 and 0.527 nm, and by
alarger ion such as La®* resulted in a expansion of the cubic cell
parameter, increasing from 0.532 nm to 0.535. It is due to the
ionic radius of La** (0.116 nm) is greater than that of Ce** (0.097
nm), while the ionic radius of Y** (0.089 nm), Bi** (0.074 nm) is
smaller than that of Ce"" (0.097 nm). The XRD pattern features
broad symmetric peaks attributed to the presence of ultrafine
nanoparticles. The mean crystalline size slightly decreased from
11.6 nm of the Ce0,-ZrO, to 7.73, 7.74 nm for the CeO,-ZrO,—
La,03 and CeO,-Zr0,-Y,03, while remaining at the same size
(11.3 nm) for the CeO,-Zr0O,-Bi,0s.

Fig. 2 shows the Raman spectra of the oxides to investigate
the catalyst structure. The spectra did not present the typical
Zr0,, La,03, Y,03, Bi,0; band, which suggested that Zr**, La*",
Y3*, Bi** was located in the CeO, lattice. The main band of CeO,
at460 cm ™" was the main allowed Raman mode (F,g) of fluorite-
type structure. Fluorite-structure was a cubic structure (fcc) in
which the cations were placed in the corners and in the centers
of faces and oxygen atoms were located on the tetrahedral site.
The Raman spectra for these fluorite-type oxide structures were
dominated by oxygen lattice vibrations and were sensitive to
crystalline symmetry.>® On the other hand, some minor peaks
were additionally observed at 312 and 600 cm ™" in these four
samples in addition to the main strong band around 460 cm ™.
Such a spectral feature was attributed to the formation of t’
phase, which is a kind of tetragonal structure containing oxygen
displacement. It is suggested that there is more defect structure
in these oxides and it helps to improve the redox property. No
additional peaks were observed, suggesting that no detectable
structural modification occurred and that the t” symmetry was
conserved.

The nitrogen adsorption/desorption isotherm of the sample
Ce0,-Zr0, is shown in Fig. 3, which exhibits a typical IV shape
with an H, type hysteresis loop. It can be seen that the P/P,
position of the inflection point is related to a diameter in the
mesopore range and that the BJH pore size distribution is
narrow, which is centered at 7.8 nm as displayed in Fig. 3. The
center of the pore size distribution and the surface area are
shown in Table 1. The nitrogen adsorption/desorption

e A ™ e,
—_—— | —_————r
300400 /‘ \ 550 600 650
VAR /" Ce02-2102-B203
,,,,, i N e

Ce02-Zr02-Y203

Intensity/arbit.unit

Ce02-2r02-La203

Ce02-2102

200 400 600 800
Wavenumber/cm™

Fig. 2 Raman spectra of the catalysts.
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Fig. 3 Nitrogen adsorption/desorption isotherms and pore diameter
distribution (inset) of CeO,-ZrO,—-M,0s.

isotherms and the BJH pore size distributions of the other
three samples CeO,-Zr0O,-La,03, CeO,-Zr0O,-Y,0; and CeO,-
ZrO,-Bi,0; are very similar to the CeO,-ZrO,. It proved that the
meso-porous structure could be stabilized prepared using the
same solvothermal synthesis method. In general, the specific
surface areas of the mixed oxides were significantly larger. The
surface area of Ce0,-ZrO, was 83.75 m” g~ '. The surface areas
of the CeO,-Zr0O,-La,0; and CeO,-Zr0O,-Y,0; were 105.94 and
102.58 m”® g™, respectively, showing an increase when the La**
and Y*>* were doped into it. These results reveal that the doping
by the La*" and Y** show good resistance to thermal sintering. It
is accordant with the literature report. Monte et al. had used the
hydrothermal method to prepare CeO,-ZrO,-containing mixed
oxides.*" After hydrothermal treatment, the textural properties
of the CeO,-ZrO, was shown as a type II isotherm and
a hysteresis loop. The surface area of the Ce, ,Zr( 75L80.0501.975
was 87 m? g~ ' after calcinated by 700 °C. The surface area of the
Ce0,-Zr0,-Bi,0; was decrease to 79 m* g ', It is probably
because of the relatively low melting point of Bi,O; (824 °C) in
comparison to those of CeO, (2670 °C).>**

Fig. 4 shows the TEM images of the oxides. The TEM images
showed discrete nanocrystals and weekly agglomerated of
Ce0,-ZrO, for the four samples. A comparable size from X-ray
line broadening analysis and TEM measurements of the
Ce0,-ZrO, samples clearly suggest that the preparations with
this method lead to a successful control of the crystal size to less
than 15 nm. From the perspective of the grain size distribution
of the four catalysts (counted from more than 150 crystals), the
grain sizes of CeO,-ZrO,-La;0;, CeO,-ZrO,-Y,0; are smaller
than that of CeO,-ZrO, indicating that the addition of La,03
and Y,O; benefit to retain small crystal size of CeO,-ZrO, The
grain size of Ce0,-ZrO,-Bi,O; is similar with CeO,-ZrO,,
meaning that the incorporation of Bi into CeO,-ZrO, has little
effect on the grain size. The lattice fringes are been seen in the
HRTEM images. The exposed crystal faces can be determined by
the crystal plane spacing. The interplanar spacing of (111)
planes are 0.31 nm. It can be seen from the Fig. 4, for the four
samples, there are (111) planes exposed, which can be

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Textural properties and particle size of CeO,-ZrO,-M,03 (M = La, Y, Bi)

Surface area Centre of pore

Average particle

Sample (m>¢g™ size distribution (nm) size (nm) 0SC (umol 0, g Y)
Ce0,-Zr0O, 83.75 7.8 11.61 493
Ce0,-Z1r0,-La,0, 105.94 12.5 7.73 602
Ce0,-7r0,-Y,05 102.58 2.6 7.74 575
Ce0,-7r0,-Bi,0, 78.98 125 11.32 1094

attributed to the (111) plane of CeO,-ZrO,. R. O. Fuentes et al.*
used a citrate complexation route to prepare nanocrystalline
Ce0,-ZrO, mixed oxide. The HRTEM images showed the cubic
fluorite structure. Clear lattice images were obtained which

Fig. 4 TEM image of the catalysts.

© 2022 The Author(s). Published by the Royal Society of Chemistry

could be indexed to the fluorite structure. Chen Yaoqiang et al.
prepare CeO,-ZrO,-Y,05-La,0O; nano materials. The HRTEM
images showed the cubic fluorite structure of CeO,~ZrO,-Y,03~
La,05.28

The OSC results of various samples are shown in Table 1. The
OSC of Ce0,-ZrO,-La,0; and CeO,-Zr0O,-Y,0; is higher than
Ce0,-Zr0,. On the one hand, after the La or Y incorporation
into the ceria lattice both geometric and electronic properties
(M-O distance and positive charge on the metal ion are
changed.® On the other hand, in the case of La®>" doped ceria,
doping of every two La’" creates one oxygen vacancy due to the
charge neutralization.*® The defects created during the incor-
poration of La*" leads to ease of formation of labile oxygen
vacancies, which facilitate relatively high mobility of bulk
oxygen species within the lattice cell thereby enhancement in
the OSC.?” The OSC value of CeO,-ZrO,-Bi,O; is about twice as
high as that of CeO,-ZrO,. The reason for such characteristics
was that Bi,O; was reduced to metallic Bi easily and that both
Ce*" and Bi** were reduced simultaneously.*

The reduction properties of Ce mixed oxides were studied by
TPR technique. Fig. 5 illustrates the H,-TPR profiles of the
oxides. The CeO,-ZrO, featured a peak at 551 °C with a shoulder
at 395 °C. By increasing the La*" into the Ce0,-ZrO,, the
maximum of the peak shifts down to 533 °C while the contri-
bution of the shoulder at about 395 °C became smaller. The
reduction profiles of the CeO,-ZrO,-La,0; and CeO,-ZrO,-
Y,O; were very similar. This indicated that there were at least
two types of adsorbed surface oxygen species located at lower
temperatures and the reduction peak centered at 530-550 °C
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Fig. 5 Temperature programmed reduction profiles of the catalyst.
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could be assigned to the Ce*" reduction of surface or subsur-
face. The easy reduction of CeO,-Zr0O,-La,03, CeO,-Zr0,-Y,0;
compared to CeO,-ZrO, indicated that the introduction of
trivalent dopants (La and Y) to the CeO,-ZrO, mixed oxide can
change the surface chemical property of mixed oxide, which
increased the adsorption capacity of oxygen species on the
surface of mixed oxide. Yao and Yao have found that the
reduction peaks of the surface capping oxygen and the bulk
oxygen of CeO, were centered at 500 and 800 °C, respectively.*®
The peak at around 400 °C was ascribed to the reduction of
surface capping oxygen (O®~, O) species due to the defects of
structure and electronic properties of nonstoichiometric ceria.
He et al. have found that Y** doping into the CeO,-ZrO, lattice
can increase the concentrations of oxygen vacancies and Ce*"*
ions, and the reduction peaks at 528 and 825 °C in the first TPR
run were observed.*’

For the CeO,-ZrO,-Bi,O; mixed oxide, a broad reduction
peak at 400 °C with one small peak at 790 °C were observed,
suggesting that the reduction at the higher temperature belongs
to the bulk reduction of CeO,, whereas the reduction at the
lower temperature is attributable to the reduction of Bi** in
addition to the different extent of the oxygen displacement on
or near the surface of the catalyst. In CeO,-ZrO,-Bi,O3; mixed
oxide, both Ce*" and Bi** were reduced simultaneously, while
only Ce** were reduced in CeO,~Zr0O,-La,O; and CeO,-Zr0O,-
Y,0;. As a result, the reduction temperature of CeO,-ZrO,—
Bi,0; became much lower than those of the latter.*

Ce0,-Zr0,-Bi,0; was measured by XPS before and after TPR
to obtain a deeper insight into the role of Bi,O;. Surface atomic
ratios of Ce, Zr, Bi, O elements before and after the TPR
measurement are included in Table 2. The surface cerium
fraction of the sample CeO,-ZrO,-Bi,O;3 is higher than its
nominal ratio, which implies the formation of a cerium-rich
phase at the periphery of the particles and a good incorpora-
tion of zirconium into the bulk. The surface Bi fraction was
accumulated on the catalyst surface. After the TPR measure-
ment, the surface Bi fraction was almost zero.

Fig. 6 shows the general survey spectrum of the CeO,~ZrO,-
Bi,O; before and after the TPR measurement. Fig. 6a gives the
Ce 3d spectra for two samples. The series of V and U peaks are
from the 3ds/, and 3d;/, states, respectively. The peak of vand v’
could be assigned to a mixing configuration of 3d**f*(02p*) and
3d°*f'(02p°) Ce*" states, and v’ to the 3d°*f°(02p°®) Ce*" state.
The peak of V' is attributed to 3d°*f'(02p®) Ce*" final state.*> The
series of U structures can be explained in the same way.* It is
shown that the intensities of the peaks of Ce®" is the main
oxidations state. The proportion of Ce** contents in Ce are listed

Table 2 The XPS results of the CeO,-ZrO,-Bi,Oz before and after
TPR measurement

Element content (at%)

Sample (CeO,-ZrO,-Bi,03) Ce Zr Bi o
Before the TPR 24.69 6.98 4.92 63.41
After the TPR 25.37 7.57 0.33 66.73
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Fig. 6 The XPS spectra of CeO,-ZrO,-Bi,O3 sample before and after
TPR measurement.

in Table 2, which are calculated by the ratio of the sum of peak
areas of Ce®* to the total peak areas of all Ce species. The Ce**
concentration of CeO,-ZrO,-Bi,0; after TPR is approximately
15.06%, which is larger than that of CeO,-ZrO,-Bi,O; before
TPR. It is known that the existence of Ce*" species could cause
a charge imbalance and facilitate the formation of oxygen
vacancies and unsaturated chemical bonds, which will result in
an augment of chemisorbed oxygen on the surface of the cata-
lyst.** The oxygen vacancies can improve the redox property
because of the increase of oxygen migration.*

The Bi 4f spectrum displayed the main peaks of Bi 4f7/2 and
Bi 4f5/2 at the binding energies of 158.7 and 163.9 eV, respec-
tively. These parameters correspond to the Bi*" surface species,
indicating that Bi was at the 3+ state in the sample.***” While
after the TPR measurement, the peaks of Bi 4f were weakened.

The O 1s peak of the oxide before the TPR present at
529.7 eV. It has been revealed that the peak in the 529.5-
530.5 eV range is the O 1s peak that characterizes the O~ ions
of the lattice oxygen. After the TPR, the O 1s peak can be
deconvoluted into two peaks at about 529.7 and 531.1 eV, which
indicated the existence of two different oxygen species. The
main peak at 529.7 eV is characterized the O~ ions of the lattice
oxygen. The second peak at 531.1 eV corresponds to the ioni-
zations of weakly adsorbed species and also the ionizations of
oxygen ions with particular coordinations, more specifically
integrated in the subsurface, suggesting the existence, in the
subsurface, of oxygen ions with lower electron density,
described as O™ species or excess oxygen.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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XPS investigations are used to get some information of the
surface chemical compositions of catalysts. As shown in Fig. 7,
some peaks are involved in Ce 3d spectra corresponding to four
pairs of spin-orbit doublets. The surface elemental concentra-
tions of catalyst which are calculated are summarized in Table
3. It can be seen that the surface elemental concentration of the
four catalysts do not show much difference. This means that the
elemental compositions of the four catalysts are almost the
same. The surface content of Ce is higher than that nominal
ration, which means that the cerium-rich phase is formed on
the surface of catalyst.

3.2 Soot oxidation

The soot conversion profiles corresponding to the catalytic tests
performed with the different catalysts are included in Fig. 8. The
characteristic temperature for soot oxidation are listed in Table
4. Without catalyst, the soot oxidation begins at 487 °C and the
Tm is around 677 °C. The temperature values Ti, Tm, Tf and AT
were significantly low when CeO, was used as catalyst compared
with that of the un-catalyzed soot oxidation. Tm of the CeO,-
ZrO, was 399 °C, decreasing about 266 °C as compared with the
un-catalyzed reaction (Tm = 625 °C). The effect of the catalyst is
also indicated by a narrowing of the temperature window. The
value of AT of the CeO,-ZrO, was decreased by 115 °C as
compared with the un-catalyzed reaction (AT = 190). The
influence of trivalent cation doped into the CeO,-ZrO, on soot
oxidation is compared. It can be seen that the addition of
trivalent cation improved the catalytic activity for soot oxidation
and the characteristic temperatures including Ti, Tf, Tm and AT

Intensity(a.u.)

Fig. 7 Ce 3d spectra of the catalysts.

Table 3 The XPS results of the CeO,-ZrO,-M,03

Element content (at%)

Sample (CeO,-Zr0,-M,0;) Ce Zr M o

Ce0,-Zr0,— 27.47 10.26 — 62.27
Ce0,-Zr0,-La, 0, 24.31 7.03 4.38 64.29
Ce0,-Z1r0,-Y,04 24.14 6.95 4.57 64.34
Ce0,-Zr0,-Bi,0, 24.69 6.98 4.92 63.41

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.8 Thermogravimetric analysis curves of carbon black combustion
for the catalysts.

Table 4 Soot oxidation activity of CeO,-ZrO,-M,03 (M = La, Y, Bi)

Sample Ti (°C) Tf (°C) AT (°C) Tm (°C)
Ce0,-Zr0, 357 432 75 399
Ce0,-Zr0,-La,0; 346 418 72 387
Ce0,-Zr0,-Y,0; 351 416 65 386
Ce0,-Zr0,-Bi,0; 348 413 65 384
C 487 677 190 625

were significantly lower than that of CeO,-ZrO,. The CeO,-
ZrO,-La,0; has the lowest soot ignition temperature. The
lowest Tm and AT for soot combustion were obtained using
Ce0,-Zr0,-Bi,03. Analogously, CeO,-ZrO, high soot combus-
tion activity, over which the Tm was at about 414 °C.** N. Ima-
naka et al. showed that Ceg4,Pr¢51Bio3201805 catalyst had
a good catalytic performance for soot oxidation, which exhibi-
ted a soot complete oxidation temperature of about 389 °C.*

Accounting from the characterization results, the La*" and
Y*" incorporation into ceria lattice induces more lattice defor-
mation and more oxygen vacancies. Moreover, larger ionic
radius La®" and Y*" in the lattice can exert a lattice strain in the
mixed oxide and thereby, making the more oxygen vacancies,
hence these vacancies allow more amount of gaseous oxygen to
be adsorbed, due to which the rate of oxygen transfer to the soot
adsorbed surface is increased with subsequent improvement in
the soot conversion. It is known that low temperature reduction
of a catalyst favor soot oxidation at low temperatures. When Bi
oxide was dissolved into the CeO,-ZrO, lattice, it can storage
and release oxygen at low temperature. The CeO,-ZrO,-Bi,O;
can release oxygen at the temperature lower than 400 °C. This
behavior was not observed in the other catalyst. This can be
attributed to the synergistic effect of the easy reduction Bi,O;
and Ce*" to Ce*", which accelerates oxide ion migration at low
temperature. However, according to the results of XPS, after the
TPR measurement, the content of Bi was almost zero. There-
fore, we should be careful to apply Bi** as alternative catalyst
components, especially for the catalyst work at higher
temperature.

Solvothermal reactions are easy to control over crystal
growth: precipitation at room temperature give smaller parti-
cles. The replacement of water as solvent by alcohols offers
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Fig. 9 Proposed sintering mechanism of CeO, oxides.

further control over crystal growth, particularly to allow mono-
disperse samples of small crystals to be formed:** in our results,
we can see that crystallites of CeO, are less than 15 nm in
dimension. The use of solvothermal conditions can allow Ost-
wald ripening to occur, whereby smaller crystallites first
produced are consumed at the expense of growing larger crys-
tals, then by selecting solvent or solution additive, some degree
of control of crystal form can be achieved in the final product.
Researchers from Rhodia showed that the bimodal-fractal type
of pore distribution was useful for the thermal stability of the
mixed oxides.® We can see that the ceria oxides by the sol-
vothermal synthesis method. The primary particles (diameter
5-15 nm) stick together to form large aggregates. Within these
aggregates, the pores are very heterogeneous in size and shape.
The aggregates set in a fractal type texture, with less contact
points between aggregates. This texture is less temperature
sensitive than a compact texture (Fig. 9).

4. Conclusions

Ceria—zirconia-lanthana, ceria-zirconia-yttria and ceria-
zirconia-Bi mixed oxides were prepared successfully by a sol-
vothermal method and characterized by XRD, Raman, TEM, XPS,
BET surface area and TPR methods. The formation of mixed
oxides was confirmed from both XRD and Raman results. The
TEM studies confirmed that the formation of nanosized CeO,—
Zr0,-M,0; (M = La, Y, Bi) crystallites. The third element dopants
can improve the reducing capacity at low temperature in the
CeO,-ZrO, mixed oxide and promote the catalytic activity, which
can be gauged by the lowering of the soot oxidation temperature
by more than 200 °C compared with the uncatalyzed reaction.
The benefit of yttrium or lanthana doping in catalytic activity of
ceria can be in terms of active oxygen formation provoked by
defective structure of ceria due to the presence of La** and Y**.
The benefit of Bi doping in catalytic activity can be related to the

reduction at low temperature both Bi,O; and ceria.
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