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Diesel soot particulate is the primary source of urban atmospheric fine particulate matters (PMj 5), catalytic soot
elimination on diesel participate filter is invariably an important yet challenging subject, because of the
inherently poor solid-solid contact of soot-catalyst. In this study, we report a hierarchically porous ceria-zirconia
composite with micrometer scaled macroporous structure, CZ-8, for enhancing catalyst-soot contact efficiency
and soot catalytic combustion performance. Scanning electron microscope (SEM), N5 adsorption-desorption and
mercury porosimetry results demonstrate that the CZ-8 catalyst has definite micrometer scaled macroporous
(0.5-5.0 pm) and interconnected mesoporous (~20 nm) structure. Raman and X-ray diffraction (XRD) results
show that the dominant crystal structure of the CZ-8 is cubic fluorite and the relatively larger crystalline grain
contribute to the macroporous structure construction. The filamentous diesel soot particulate (hundreds nano-
meters or even several micrometers) is difficult to enter the pores of the conventional mesoporous ceria-zirconia
catalysts. Nonetheless, it can enter the micrometer scaled pores of the CZ-8 and hence improve the soot-catalyst
contact efficiency, and oxygen can efficiently contact with soot-catalyst through the mesopores. Accordingly, the
CZ-8 catalyst displays a significantly lower light-off temperature and better soot catalytic combustion perfor-
mance under loose and tight contact conditions. Thus, this work suggests that enhancing solid(soot)-solid
(catalyst)-gas(oxygen) contact efficiency by hierarchically porous structure with micrometer scaled macro-
pores of catalyst is a promising new pathway for improving soot catalytic combustion performance and con-
trolling diesel exhaust particulate emissions.

1. Introduction

Fossil fuel is the dominant energy of current world and will still
dominate in the following decades despite the merging green power,
such as solar and hydrogen energy [1,2]. Diesel engine plays a vital role
in military, construction, agricultural equipment and transportation due
to its inherent high thermal efficiency and durability [3,4]. However,
environmental issues caused by the diesel exhaust emissions have been
paid more and more attention hitherto [5,6]. In particular, soot from
diesel combustion generally account for more than 90% of total mobile
source particulate matter emissions in the atmosphere, thereby posing a
significant public health risk [3,7,8]. To eliminate diesel soot emissions,
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diesel particulate filter (DPF) was developed and widely applied in
diesel vehicle after-treatment system nowadays, the trapping and sub-
sequent burning of soot particles on DPF is of significance [9-11]. The
operating parameters and the presence of soluble organic fractions will
affect soot combustion on DPF [12,13]. However, generally, soot trap-
ped on DPF cannot be burned spontaneously under the diesel exhaust
conditions, because of high auto-ignition temperature of soot (~600 °C,
and light-off temperature of ~450 °C) and low diesel exhaust temper-
ature (200-400 °C during normal driving cycles) [14,15]. Therefore,
soot combustion catalyst should be developed and loaded on DPF, and
the main objective of the catalyst is to decrease the auto-ignition tem-
perature of soot combustion [16,17]. That can make the soot
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combustion occur under diesel exhaust temperature range and hence
accelerate DPF passive regeneration.

Ceria-zirconia catalysts have been used for catalytic abatement of
gasoline vehicle emission pollutants since the 1980s, which have reli-
able production process and mature market network [18-20]. They also
are among the promising soot combustion catalyst materials because of
the superior redox property and excellent soot catalytic oxidation per-
formance [18,21,22]. Current studies indicate that suitable nano-
structure can improve the soot-catalyst contact efficiency and the
exposure of high active crystal planes of CeOy [23-25]. The controlling
of electronic structure is also a viable way to improve the catalytic
performed of ceria-based soot combustion catalysts [26-28]. Besides,
active oxygen species amount and lattice oxygen mobility are of great
significance for enhancing soot catalytic combustion [29-31]. The re-
sults from these investigations are encouraging about enhancing soot
oxidation performance of ceria-based catalysts. However, decreasing the
light-off temperature of soot catalytic combustion is still very
challenging.

Because the soot catalytic combustion is featured by solid(soot)-solid
(catalyst)-gas(O2) reactions, the solid-solid contact efficiency of soot-
catalyst is generally poor [32,33]. It leads to the high light-off temper-
ature and poor performance of catalytic soot combustion. Therefore, it is
of great importance to enhance the soot-catalyst contact efficiency for
improving soot catalytic combustion performance. The diesel soot par-
ticles (~25 nm) [34,35] can evolve into particulate agglomerates
through the collision and sticking [36,37], which features long filaments
(generally up to >500 nm or even >1 pm) and can easily adhere to the
like catalyst particles [38,39]. In our recent report [2,40,41], engineered
structured (sheet, rod, etc.) ceria-based composite catalysts under
micrometer/sub-micrometer scale are designed, which show a remark-
ably higher soot-catalyst contact efficiency and better soot catalytic
combustion performance.

Besides, constructing macroporous catalyst materials is another
effective way to enhance soot-catalyst contact efficiency. Recently, Wei
and co-workers have developed three-dimensional ordered macro-
porous (3DOM) materials that obviously enhance soot-catalyst contact
efficiency and soot catalytic combustion performance [42-44]. Because
of the physical characteristics of the macroporous material and tem-
plate, the pore size of 3DOM catalysts are generally smaller than 300 nm
[42-44]. The preparation of macroporous materials with larger pore size
is still highly challenging, because the excessively large pore is easy to be
destroyed during the high-temperature preparation and application
process. However, since the length of the soot filaments can reach
hundreds of nanometers or even several micrometers, the filament-like
soot particles are difficult to enter the pore of conventional porous
catalyst [2,38,39].

Accordingly, the macroporous materials with larger pores, particu-
larly with micrometer scaled macropores, should be have a higher soot-
catalyst contact efficiency. Moreover, hierarchically porous material is
widely studied nowadays, due to its high porosity, surface area and
excellent permeability. The hierarchically micrometer-scaled macro-
mesoporous composite should be a promising catalyst material to
enhance soot-catalyst-oxygen contact efficiency and soot catalytic
combustion performance. Since the soot filaments can enter the
micrometer-pore of the hierarchically micrometer-scaled macro-meso-
porous catalyst, and oxygen can efficiently contact with soot-catalyst
through the interconnected mesopores. Therefore, better soot catalytic
combustion performance of hierarchically porous catalyst can be ex-
pected. In light of the above considerations, in this work, hierarchically
porous ceria-zirconia composites with micrometer scaled macropores
will be designed, and its effects on catalytic combustion of diesel soot
particulates will be studied systematically.
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2. Experimental method
2.1. Material preparation

All chemicals are commercially available and used without further
purification. Ce(NOg3)3e6H50 and Zr(NO3)4e5H20 are chemical pure;
ethanol, lauric acid, ammonia solution and hydrogen peroxide solution
are analytical reagents. The CeO2-ZrO, composites were synthesized by
hydrothermal process. The calculated amount of Ce(NO3)3e6H20 (19.3
g) and Zr(NO3)4e5H>0 (8.2 g) were dissolved in an ethanol (100 mL),
lauric acid (15.3 g) and water (100 mL) mixture solution, and then
stirred at 50 °C for 4 h. Whereafter, the solution mixture was synchro-
nously dropped in a beaker with 1.5% of NH3eH20 solution at 50 °C
with efficient stirring. The pH was measured by a pH meter and
controlled at 7. Then, 30% of hydrogen peroxide solution (4 mL) was
dropped in the solution and kept stirring for 30 min. Afterwards, the
received slurry was ripened at 180 °C for 48 h in a high-pressure auto-
clave. After being cooled down to room temperature, the slurry was
filtered and washed by deionized water. Subsequently, the product was
calcined at 600 °C for 3 h in air atmosphere, and the catalyst powder was
then obtained and signed as CZ-7. All the CeO5-ZrO, composite catalysts
were prepared by using the same procedures, except keeping the reac-
tion mixture solution pH value as 8, 9 and 10, respectively. The obtained
CeO2-ZrOy composites were marked as CZ-8, CZ-9 and CZ-10,
respectively.

2.2. Materials characterization

The catalyst morphologies were observed by Zeiss MERLIN field
emission scanning electron microscope (FE-SEM). Mercury porosimetry
was performed on Micrometrics MicroActive AutoPore IV9500. X-ray
diffraction (XRD) patterns were recorded on a PANalytical X’Pert PRO
MRD X-ray powder diffractometer with Cu Ka radiation (4 = 0.15405
nm). Raman spectra were measured by using a Renishaw RM2000 laser
RAMAN spectrometer with excitation wavelength of 514 nm.

Micrometrics ASAP 2020 plus physisorption apparatus was used to
collected the Ny adsorption-desorption isotherms of the catalysts at 77 K
and then analyze the textual properties. All the samples were degassed at
300 °C for 3 h under vacuum before the test, and the specific surface area
and pore size distribution of the catalysts were calculated by using the
Brunauer-Emmett-Teller (BET) and Barret-Joyner-Halenda (BJH) equa-
tions, respectively. The mercury porosimetry test was performed on a
Micromeritics MicroActive AutoPore V 9600 Mercury Porosimeter.

X-ray photoelectron spectroscopy (XPS) tests were undertaken on a
Thermo Scientific Escalab 250Xi spectrometer with Al Ko source, and C
1 s at 284.8 eV was used as internal calibration. In order to minimize the
photoreduction of catalyst surface elements during prolonged XPS tests
[45,46], the irradiation time is less than 20 min [40,41].

Oxygen-temperature programmed desorption (O,-TPD) performance
was tested as follows. About 100 mg of the catalyst sample (20-30 mesh)
was pretreated by He flow (40 mL/min) at 450 °C for 30 min in a quartz
tube reactor. After being cooled down to room temperature, 5.0 vol.%
O,—He mixture (40 mL/min) was introduced at about 50 °C and kept for
1 hour. Then the gas mixture flow was changed as He flow (40 mL/min)
to purge the sample until the system stabilized. At last, the quartz tube
was heated to 900 °C (10 °C/min) in 40 mL/min of He flow, and the
oxygen signal was monitored by TCD.

Hj temperature-programmed reduction (Hy-TPR) test was performed
on a fixed-bed dynamic adsorption apparatus. About 100 mg of the
catalyst sample (20-30 mesh) was placed in a quartz reaction tube and
then pretreated by Ny flow (40 mL/min) at 450 °C for 30 min. After
being cooled down to room temperature, the sample was heated up to
900 °C (10 °C/min) under 5 vol% Hs—N5 with a flow rate of 40 mL/min.
The hydrogen consumption was detected by TCD and calibrated by pure
CuO reduction.

Soot (10 mg)-catalyst (90 mg) mixture in tight contact was placed in
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the fixed-bed dynamic adsorption apparatus for soot temperature-
programmed reduction (soot-TPR) test. The sample was pretreated by
He flow (40 mL/min) at 120 °C for 45 min, then heated up to 900 °C
(10 °C/min) keeping for 1 hour under the same He flow and the soot
consumption was detected by a TCD.

2.3. Catalytic performance tests

Both loose and tight contact conditions were employed to evaluate
the soot catalytic abatement performances of the prepared catalysts on a
fixed-bed reactor by temperature programmed combustion (TPC). About
90 mg of the catalyst was mixed with 10 mg of soot (Printex U, Degussa
AG) by a spatula for 2 min so as to acquire the loose contact samples. The
tight contact samples were prepared by mixing the catalyst and soot in a
mortar for 5 min. For the test, 50 mL/min of N5 flow was firstly intro-
duced at 160 °C to pretreat the sample for 45 min in a passivated
stainless-steel tubular reactor. After that, the gas flow was changed as
300 mL/min of 1000 ppm NO-10 vol.% O2-7% steam-N» balance; and
the reactor was heated to 600 °C (2 °C/min). The outlet CO and CO,
concentrations were measured by a gas chromatograph (GC 126,
Shanghai).
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3. Results and discussion
3.1. Material characterization

3.1.1. Morphology

As shown in SEM images (Fig. 1), the morphologies of all the cata-
lysts are irregular block-shaped agglomerations. Interestingly, the block
of the CZ-8 catalyst (Fig. 1(b1)) seems porous formicary. The continuous
magnification of this catalyst (Fig. 1(b2-b5)) shows that the porous
structure of CZ-8 is clearly observed and the pore size is at the micro-
meter level. Since the Printex U soot and diesel exhaust soot particles
feature agglomeration with long filaments [39,47,48] of several mi-
crometers [38,49,50]. The soot agglomeration filaments can hardly
enter the pore of the conventional mesoporous catalysts, but can feasibly
enter the micrometer scaled macropores of the prepared CZ-8 catalyst.
As such, compared to the other prepared catalysts, the CZ-8 catalyst
should have a better contact efficiency with the soot filaments, and
hence the superior catalytic soot oxidation performance of the CZ-8 can
be expected.

Through magnifying the SEM field of view, it can be seen that the
irregular block-shaped agglomerations of the CZ-7, CZ-8 and CZ-9

g A 8 &Y
3 900 pum R

Fig. 1. SEM images of the CZ-7 (a), CZ-8 (b1-b5), CZ-9 (c) and CZ-10 (d) CeO,-ZrO, composites.



Z. Yang et al.

samples are composed of nanoparticles (Fig.2(a), 2(c) and 2(e)), and the
interconnected nanoparticles possess many nanosized slit pores. How-
ever, for the CZ-10 catalyst, with increased pH value controlled in the
preparation process, the nanoparticles are obviously aggregated and the
nanosized slit pores seem not obvious. It implies that excessively high
pH value would cause the destruction of the nanopores of CeOy-ZrOy
composites. Noteworthily, from the SEM images, the prepared CZ-8
catalyst is a hierarchically porous material. It exhibits micrometer
scaled macropores that interconnected directly with nanosized slit
mesopores. The presence of micro-sized pores is a significant advantage
for the superior contact between solid catalyst and solid reactants
(micro-sized soot agglomeration particles) as well as the particle pene-
tration on DPF. The nanosized mesopores is beneficial for carrying ox-
ygen throughout the soot-catalyst points. Therefore, superior soot
oxidation performance of the hierarchically porous CZ-8 can be ex-
pected. To further study the textual features of the prepared CeOz-ZrOy
composites, Ny adsorption-desorption technology was employed.

3.1.2. Textual features
As shown in Fig. 3(a), the CZ-7, CZ-8 and CZ-9 present a typical
combination of the type H1 and H3 N, adsorption-desorption hysteresis

100 nm
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loop, which indicates that the CZ-7, CZ-8 and CZ-9 materials have
plentiful slit mesopores aggregated by nanoparticles [51]. The meso-
porous pore size distributions are shown in Fig. 3(b). As shown in Fig. 3
(a) insert and Fig. 3(b), the CZ-10 does not show a typical hysteresis
loop, and the N adsorption-desorption isotherms of the CZ-10 are
characterized by the type II isotherm indicating nonpore or macroscopic
pore material. This is well consistent with the SEM results.

It is noteworthy to mention that the Ny physisorption volume of the
CZ-8 at relative pressure (P/Py) of 1.0 is approximately 580 cm®.g ~ 1,
which is significantly higher than that of the CZ-7, CZ-9 and CZ-10 (78
em®g ~ 1, 65 cm®g ~ ! and 35 em®.g ~ 1, respectively). In our previous
work [41], we tested a patented product of mesoporous CeZrLaPrOy
with relatively larger pores (~80 nm). Its N physisorption volume is
about 340 cm®.g ~ !, which is obviously higher than that of the con-
ventional mesoporous ceria-zirconia composites. It indicates that the
prepared CZ-8 should have significantly larger pore structure. The tex-
tual features of the prepared CeO,-ZrO, composites are listed in Table 1,
the pore volume of the CZ-7, CZ-8, CZ-9 and CZ-10 are 0.12 cm3-g - 1,
0.90 cm®g ~ !, 0.10 cm®g ~ ! and 0.05 cm®g ~ !, respectively. The
extremely low pore volume of the CZ-10 is because the excessively high
preparation pH value caused textual features destruction, which is in

Fig. 2. SEM images of the CZ-7 (a, b), CZ-8 (c, d), CZ-9 (e, f) and CZ-10 (g, h) CeO»-ZrO, composites.
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Fig. 3. N, adsorption-desorption isotherms of the prepared CeO,-ZrO, composites.
Table 1
Textual features, structural properties and chemical states of the CeO,-ZrO, composites.
Sample Surface area Pore volume Pore size FWHM" Crystallite size’ Cell volume ce®t/Ce*" 02 0% 0O,
(m%g 1Y (em3g 1 (nm) ©) (nm) (nm®) (%) (%) (%)
CZ-7 91 0.12 8.4 1.56 5.84 0.1573 0.46 70.3 17.3 12.4
CZ-8 376" 0.90 14.0° 0.54 11.8 0.1572 0.53 61.6 21.0 17.4
CZ-9 66 0.10 9.4 1.14 6.13 0.1571 0.56 62.0 19.2 18.8
CZ-10 74 0.05 6.2 1.72 3.54 0.1573 0.41 74.7 16.4 8.9

# The presence of micrometer scaled macropores will affect the calculation of BET surface area;.
b N, adsorption-desorption is not suitable for the macroporous material of the CZ-8;.

¢ Measured and calculated from the XRD (111) crystal plane.

line with the foregoing SEM results. Interestingly, the CZ-8 exhibits
remarkably larger pore volume than the others, by combining the results
from SEM, which can ascribe to the presence of micron pores in the CZ-8
catalyst. Meanwhile, BET surface area and pore size of the CZ-8 are
obviously larger than the other threes (Table 1), which implies that the
presence of micrometer scaled macroporous structure improved the
textual features of CZ-8. However, it should be mentioned that Ny
adsorption-desorption test is not suitable for the macroporous materials
(CZ-8), thus the calculation value of BET surface area of the CZ-8 should
be affected by the presence of micrometer scaled macropores, and the
value of pore size of the CZ-8 is not accurate. To further study the porous
properties of the CZ-8, mercury porosimetry test of the CZ-8 was

performed.
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As shown in Fig.4(a), the CZ-8 catalyst shows three obvious increase
of cumulative pore volume at the pressure of approximately ( 50 psia,
50-500 psia and ) 10,000 psia, respectively. Generally, the pore volume
at ( 50 psia can be ascribed to the macroscopic pore structure constituted
by the gaps of secondary particles. The pore volume at 50-500 psia is
mainly associated with the macroporous structure; and the pore volume
observed at ) 10,000 psia is generally assigned to the mesoporous
structure. It can be seen that the CZ-8 is a porous material with different
levels pore structure. Fig. 4(b) further proves that the mesoporous and
macroporous structure of CZ-8 are mainly located at < 20 nm and
0.5-5.0 pm, respectively; and the macroscopic catalyst particle gaps of
CZ-8 are about ~100 pm. In combination with the SEM and N,
adsorption-desorption results, it can be seen that the CZ-8 is a
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Fig. 4. Mercury porosimetry results of (a) pore volume and (b) pore size distribution of the CZ-8.
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hierarchically porous composite which has micrometer scaled macro-
porous (0.5-5.0 pm) and interconnected mesoporous (~20 nm) struc-
ture. The soot filament aggregations (generally up to >500 nm or even
>1 pm) can enter the micrometer scaled macropores (0.5-5.0 pm) of the
CZ-8 catalyst and hence improve the soot-catalyst contact efficiency.
Moreover, oxygen can contact with the soot-catalyst interfaces through
the interconnected mesopores and hence promote the reaction. There-
fore, the superior soot catalytic combustion performance of the hierar-
chically porous CZ-8 catalyst can be expected.

3.1.3. Structural properties

Fig. 5 shows the Raman spectra of the prepared CeO3-ZrOy com-
posites, and all the samples exhibit a strong peak at approximately 465
em ™! and a weak tail peak between 550 cm ™! and 700 cm L. The sharp
465 cm ™! peak can be attributed to the Fog mode of the cubic fluorite
lattice of CeO2-ZrOs solid solution [51-53]. The weak peak at 550-700
cm ! is due to the structural defect (oxygen vacancy) of CeOy-ZrO, solid
solution [28,54]. The tetragonal phase characterization peaks at
200-350 cm ! are not observed in all the samples. Thus, all the prepared
CeO»-ZrO, composites are principally cubic fluorite structure.

XRD was employed to further identify structural properties of the
prepared CeO,-ZrO, composites. As plotted in Fig. 6, all the catalysts
display 20 diffraction peaks at around 28.7°, 33.3°, 47.8°, 56.8°, 59.5°,
70.0°, 77.3° and 79.8° which fit with the (111), (200), (220), (311),
(222), (400), (331) and (420) characterization peaks of the cubic
Ce.8Zrp.202 solid solution (ISCD 152,477), respectively. The charac-
terization peaks of the CZ-7 seem relatively broad, which indicates the
incomplete crystallization and small crystal grain. The CZ-8 shows the
sharpest XRD characterization peaks, and with the increase of synthesis
pH of the CeOy-ZrO, materials, the XRD characterization diffraction
lines gradually broaden. The full width at half maximum (FWHM) of
(111) facet peak of the prepared CZ-7, CZ-8, CZ-9 and CZ-10 are 1.56°,
0.54°, 1.14° and 1.72°, respectively (Table 1). The calculated crystallite
sizes of the CZ-7, CZ-8, CZ-9 and CZ-10 are 5.84, 11.8, 6.13 and 3.54 nm,
respectively. It can be seen that the CZ-8, synthesis pH value at
approximately 8.0, showing an optimal result for crystallization in this
work. The excessively low or high pH value would suppress the crys-
tallization and crystal growth of CeO,-ZrO; solid solution. Combined
with the textual features from SEM and Nj adsorption-desorption re-
sults, it can be inferred that the pH value of solution in synthesis system
is a significant factor for the crystallization and crystal growth of CeO,-
ZrO, solid solution which can accordingly influence the crystal assem-
blage and pore structure features.

465
B
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=T
‘®
c
[}
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————
200 300 400 500 600 700 800

Raman shift (cm‘1)

Fig. 5. Raman spectra curves of the prepared CeO,-ZrO, composites.
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Fig. 6. XRD patterns of the prepared CeO,-ZrO, composites.

3.1.4. Chemical states

The catalyst chemical states were analyzed by XPS measurements. As
in Fig. 7(a), all the prepared catalysts show ten Ce 3d XPS character-
ization peaks. The peaks of V;-Vy, located at around 881.2, 884.2, 899.6
and 902.6 eV, respectively, can be assigned to the Ge>* species. The U;-
Us peaks at about 882.2, 888.8, 898.0, 900.8, 907.2 and 916.6 eV,
respectively, are ascribed to the Ce*. The Ce®t/Ce*" proportion is
calculated by the ratio of total V;-V4 to U;-Ug peak areas [55,56]. As
listed in Table 1, the Ce3*/Ce** proportions of the CZ-7, CZ-8, CZ-9 and
CZ-10 are 0.46, 0.53, 0.56 and 0.41, respectively. It can be seen that the
synthesis pH can affect the chemical states of CeOy-ZrO, composites,
excessively low or high synthesis pH is a disadvantage for generation of
Ce>*. The CZ-8 and CZ-9 catalysts have obviously more Ce3* than the
others. Since the Ce3* is closely relative with the oxygen vacancy, and
oxygen vacancy is a critical factor for gaseous oxygen activation to
generate active oxygen species [56]. Thus, more active oxygen species
and superior soot catalytic oxidation performance on the CZ-8 and CZ-9
catalysts can be expected.

The chemical states of oxygen species of the prepared CeO3-ZrO,
composites were further analyzed by XPS O1s spectra. As shown in Fig. 7
(b), all the prepared catalysts show three peaks at approximately 529.3
eV, 531.2 eV and 532.3 eV, respectively, which can be ascribed to the
lattice oxygen O%~, chemisorbed oxygen 02~ and Oj, respectively [55].
The surface O3~ and O; are the active oxygen species for soot catalytic
oxidation reaction, that can enhance soot catalytic oxidation perfor-
mance. The oxygen species ratios of the prepared CeO5-ZrO, composites
are calculated and listed in Table 1. The lattice oxygen contents of the
CZ-7, CZ-8, CZ-9 and CZ-10 are 70.3%, 61.6%, 62.0% and 74.7%,
respectively. Accordingly, the CZ-8 and CZ-9 catalysts have markedly
more total active oxygen species (O3~ and Oy ) than the other two. This is
an advantage for the CZ-8 and CZ-9 to exhibit better catalytic soot
combustion performance.

3.1.5. Redox properties

In this section, the ability to activate oxygen of the prepared catalysts
was investigated by Oo-TPD measurement. As presented in Fig. 8, all the
prepared catalysts show four TPD oxygen signals. The TPD peaks located
at 100-200 °C can be assigned to the desorption of weakly chemically
adsorbed oxygen, which are not likely to influence the catalytic soot
oxidation activity, because of the soot catalytic oxidation generally be-
comes higher than 250 °C. The TPD signals at 450-650 °C are associated
with the surface lattice oxygen that is a relevant factor for a better soot
catalytic oxidation activity. The peak at higher than 650 °C is associated
with the bulk lattice oxygen, it is hardly to immediately participate in
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Fig. 8. O,-TPD curves of the prepared CeO-ZrO, composites.

the soot catalytic oxidation at diesel exhaust temperature range [2,41,
57]. Interestingly, the TPD signal of the chemically adsorbed oxygen on
vacancies of the CZ-8 catalyst is located at approximately 260 °C, which
is lower than the CZ-9, CZ-7 and CZ-10 according to priority. Besides
that, the TPD peak area of the oxygen vacancies of the CZ-8 is larger than
the CZ-9, CZ-7 and CZ-10 according to priority. Since oxygen vacancies
are the critical factor for the activation of gaseous oxygen to generate
active oxygen species. The desorption peak of oxygen vacancies of the
CZ-8 shows a relatively lower temperature and larger area, which im-
plies that the CZ-8 catalyst can supply more active oxygen at relatively
lower temperature for soot oxidation. This is a favorable condition of the
CZ-8 for the low-temperature soot catalytic combustion.

The redox properties of the prepared CeOy-ZrO, composites were
studied by Hp-TPR measurement. As shown in Fig. 9, all the prepared
CeO2-ZrO; catalysts show two TPR peaks. The first peak located at
below 650 °C is ascribed to the reduction of surface lattice oxygen of
Ce0,-ZrO, composites, and the second peak higher than 650 °C can be
assigned to the reduction of bulk lattice oxygen of CeO5-ZrO, [20,58].
The CZ-8 catalyst shows a remarkably lower peak temperature and
larger peak area of the surface lattice oxygen reduction than the others,
which is because of the high surface area and superior texture property
of the CZ-8 catalyst [58], this should be a huge advantage of the CZ-8
catalyst for soot catalytic combustion. The reduction peak areas and

Fig. 9. Ho-TPR curves of the prepared CeO,-ZrO, composites.

lattice oxygen contents of the catalysts were calculated and listed in
Table 2. The total lattice oxygen that can be reduced by hydrogen of the
CZ-8 is about 1.562 mmol,/gcat, which is higher than that of the CZ-7,
CZ-9 and CZ-10 (1.457, 1.182 and 1.055 mmol,/gcat, respectively).
Specifically, the surface lattice oxygen concentration of the CZ-8 is
approximately 0.948 mmol,/gcar, Which is obviously higher than that of
the CZ-7, CZ-9 and CZ-10 (0.883, 0.641 and 0.451 mmol,/g.,t, respec-
tively). Due to the fact that surface lattice oxygen is the active oxygen
species of ceria-based catalysts for the catalytic oxidation reaction [41,
59,60], thus the CZ-8 with more surface lattice oxygen would has a
superior soot catalytic combustion performance. While, although the
CZ-7 catalyst has many surface lattice oxygen, the incomplete crystal-
lization and small crystal grain (as shown in XRD results) would lead to
the instability of CZ-7 catalyst during the high-temperature soot com-
bustion reaction; hence disadvantages to the catalytic soot combustion
performance. To better associate active oxygen species and soot cata-
lytic combustion activity, soot-TPR measurement was carried out.

Fig. 10 shows the soot-TPR curves of the prepared catalysts, as can be
seen that all the catalysts show two typical soot-TPR peaks at approxi-
mately 400-800 °C and higher than 800 °C, respectively. Generally, the
low-temperature peak should be attributed to surface lattice oxygen
reduction by soot, and the high-temperature peak can ascribe to the bulk
lattice oxygen that migrate to catalyst surface and then react with soot
[61,62]. Soot-TPR peak areas of the catalysts are listed in Table 2, the
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Table 2
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Redox properties of the CeO»-ZrO, composites during the Ho-TPR and soot-TPR tests.

Catalysts H,-TPR test Soot-TPR test
Area (<650 °C) Surface lattice [O] Area (total) Total lattice [O] Area (400-800 °C) Area (total)
(mmoly/gear) (mmoly/gear)
cz-7 59,525 0.883 98,279 1.457 2114 4944
Cz-8 63,915 0.948 105,342 1.562 2974 7248
Cz-9 43,200 0.641 79,695 1.182 2012 6094
CzZ-10 30,433 0.451 71,176 1.055 1514 4971
catalysts, the Tyqo, (light-off temperature), Tsg, and Tggo, (the temper-
temperature 950 ature of soot was combusted for 10%, 50% and 90%, respectively) are
—CZ7 presented in Table 3. The CZ-7, CZ-8, CZ-9 and CZ-10 show the Tygq at
I 850 458 °C, 411 °C, 439 °C and 479 °C, respectively. The Tsgy and Tggy,
values show the similar trends with the T, and T;9y. Meanwhile, the
750 reaction rates of the catalysts were calculated by the equation:
3 O _ FX
) = Reaction rate =
g o VW
s - 650%
B g where F is the flow rate of inlet gasses (300 mL/min), X is the molar
8 L 5505 fraction of CO3 in ppm, Vj, is the molar volume of gas (22.4 L/mol) and
= = W is the catalyst weight. The turnover frequency (TOF) is the number of
a5 CO, molecules generated per active site (surface lattice oxygen) per
second. As listed in Table 3, the reaction rate of the CZ-7, CZ-8, CZ-9 and
CZ-10 catalysts are 1.53, 4.52, 2.35 and 0.72 x 10® mol-s ~ L.g = 1,
. ; T T 350 respectively. The TOF value of the CZ-7, CZ-8, CZ-9 and CZ-10 catalysts
0 1000 ZOPI'?me ©) 3000 4000 are 1.73, 4.77, 3.67 and 1.60 x 1073 s ~ 1, respectively. The catalytic

Fig. 10. Soot-TPR curves of the prepared CeO,-ZrO, composites.

low-temperature peak area of CZ-8 is about 2974, which is obviously
larger than that of the CZ-7, CZ-9 and CZ-10 (2114, 2012 and 1514,
respectively) in sequence. This trend fits well with the Ho-TPR tests and
further confirms that the surface lattice oxygen of ceria-zirconia catalyst
is the active oxygen species which can play a role in soot catalytic
combustion reaction.

3.2. Catalytic performance

Fig. 11 shows the catalytic performance of soot abatement on the
prepared catalysts under loose contact conditions. As plotted in Fig. 11
(a), the T, (temperature of maximum CO, concentration) of the CZ-7,
CZ-8, CZ-9 and CZ-10 are at about 527 °C, 488 °C, 516 °C and 560 °C,
respectively. Fig. 11(b) shows the soot conversion curves of the prepared

performance of the prepared catalysts follows the order CZ-8 > CZ-9 >
CZ-7 > CZ-10. It thus can be seen that the pH value of solution in syn-
thesis system is a relevant factor for the catalytic soot oxidation per-
formance of CeO,-ZrO, catalysts. Soot catalytic combustion
performance of the CeO»-ZrO, catalysts are significantly enhanced by
the structure properties and particularly micrometer scaled macro-
porous structure.

The hierarchically porous CZ-8 catalyst, with micrometer scaled
macroporous structure, shows a markedly better soot catalytic oxidation
performance under tight contact conditions. It is caused by the
improvement of solid(soot)-solid(catalyst) contact efficiency as reported
in our recent work [2]. Because soot particulate from diesel exhaust
features agglomeration with long filaments of hundreds nanometers or
even several micrometers [38,41,47]. The micrometer scaled soot ag-
glomerations are more prone to entering the micrometer scaled mac-
ropores of the catalyst rather than the nanosized pores. Therefore, the
hierarchically porous CZ-8 catalyst with micrometer scaled macropores
should have a higher solid(soot)-solid(catalyst) contact efficiency and
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Fig. 11. Soot catalytic oxidation performance of the prepared CeO,-ZrO, composites under loose contact conditions: (a) CO; concentrations and (b) soot conversions.
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Table 3
Soot catalytic oxidation data of the prepared CeO,-ZrO, composites under loose and tight contact.
Catalysts Contact Conditions T, T10% Ts500 Too9s Reaction rate TOF
°C °C °C °C mol-s ~ g 1! x1073s 1
Cz-7 loose this work 527 458 533 599 1.53 x 10 1.73°
CZ-8 488 411 495 568 4,52 x 107 4.77%
CZ-9 516 439 519 587 2.35 x 107 3.67°
CZ-10 560 479 553 615 0.72 x 107 1.60°
Cz-7 tight this work 419 366 421 500 1.68 x 107" 1.90°
Cz-8 378 320 369 405 6.80 x 107" 7.17°
Cz-9 429 341 409 454 3.14 x 107" 4.90"
CZ-10 513 406 495 557 0.50 x 107°" 1.11°
CeZrO, (Y, La) [22] tight 1% Oo—Ny - 302 388 450
CeZrO, sheets [2] tight 7% steam 10% O—No 372 319 369 421
loose 558 481 550 607
CeZrO, sheets [2] loose 1000 ppm NO 7% steam-10% O,—N3 496 421 490 554
CeZrO, fibers [63] loose 21% O2—Ny - 428 500 548
CeNiOy 3DOM [64] loose 500 ppm NO 5% O2—Ny - - 530 -

2 The reaction rate is calculated at 450 °C;.
Y The reaction rate is calculated at 350 °C.

hence superior catalytic soot combustion performance.

If the improvement of solid(soot)-solid(catalyst) contact efficiency,
caused by the presence of micrometer scaled macropores of the CZ-8, is
really responsible for the improvement of soot catalytic oxidation per-
formance. Then, this advantage should be still effective under tight
contact condition. Based on this hypothesis, soot catalytic combustion
performance of the prepared catalysts under tight contact condition
were tested and shown in Fig. 12. The T, and Ty, of the CZ-8 are 378 °C
and 320 °C, respectively, which are markedly lower than the other three;
meanwhile, the reaction rate and TOF value of the CZ-8 catalyst is 6.80
x 107 mol-s ~1.g ~1and 7.17 x 1073 s ~ !, which are also significantly
higher than the other three catalysts. It can be seen that the trend of
catalytic soot abatement performance of the prepared catalysts under
tight contact condition generally agree well with the samples under
loose contact condition. The presence of micrometer scaled macropore
of the catalyst can significantly enhance the catalytic soot abatement
performance either under loose or tight contact. Besides that, the soot
catalytic combustion performance of some CeOy-based catalysts re-
ported by literatures [2,22,63,64] under similar conditions were listed
in Table 3. It can be seen that, compared with the rare earth/transition
metal elements doped CeOg-based catalysts and nanostructured
CeO,-ZrO, catalysts, the CZ-8 of hierarchically micrometer-scaled
macro-mesoporous CeO-ZrO, composite still shows a good catalytic
soot combustion performance. Because of the soot catalytic combustion
reaction on ceria-zirconia catalyst mainly follows the active oxygen
(Mars-van-Krevelen) mechanism [32,64]. The surface lattice oxygen

(active oxygen species) transfer from catalyst surface to the soot surface
and improve soot catalytic combustion, and then it is replenished by
gaseous O, activation and ceria bulk lattice oxygen to surface lattice
oxygen migration. The hierarchically micrometer-scaled macro--
mesoporous structure of the ceria-zirconia catalysts is favor of both the
gaseous O activation and lattice oxygen migration (as shown in O-TPD
and Hy/soot-TPR results). Thus, this work implies that constructing hi-
erarchically porous structure of ceria-zirconia composites with micro-
meter scaled macropores is an effective method for improving diesel
soot catalytic elimination performance.

4. Conclusions

In this work, we synthesize a hierarchically micrometer-scaled
macro-mesoporous CeOs-ZrO, composites and study its effects on cat-
alytic combustion of diesel exhaust soot particulates. Our results show
that controlling pH value of the synthesis system can affect the crystal/
electron structures of the CeO-ZrO, composites, and induce the con-
struction of micrometer-scaled macropores and mesopores. The hierar-
chically porous CeO3-ZrO, composite with micrometer pores, CZ-8
catalyst, shows a remarkably lower light-off temperature (T;94) and
higher catalytic reaction rate of diesel soot catalytic combustion than the
others either under tight or under loose contact condition. This is manly
caused by the micrometer pores of CZ-8 improving the soot-catalyst
contact efficiency. Since the soot particulate can reach hundreds of
nanometers or even several micrometers, which can hardly enter the
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Fig. 12. CO, concentrations (a) and soot conversions (b) over the prepared CeO,-ZrO, composites under tight contact conditions.
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pore of conventional mesoporous ceria-zircon catalyst. However, soot
particulate can enter the micrometer pores of the CZ-8 and hence
improve the contact efficiency of soot-catalyst. Moreover, oxygen can
efficiently contact the soot-catalyst interface through the interconnected
mesopores of the CZ-8. The enhancement of solid(soot)-solid(catalyst)-
gas(0O-) interaction is an effective way improving the catalytic perfor-
mance of soot combustion. In addition, the CZ-8 has more oxygen va-
cancy and surface-active oxygen species (O3~ and Oj), which may be
another relevant factor for the enhanced catalytic performance of soot
oxidation.
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