CHAPTER IV
PREPARATION OF MESOPOROUS Ce02-Zr02FOR

CATALYTIC CONVERTER

4.1 Abstract

Currently, there is a great amount of ongoing research involved in catalytic
converters because of their interesting applications in eliminating toxic gases from
exhaust pipes. Many types of porous meterials have been widely studied and used to
Increase the catalytic activity. In this work, mesoporous ceria-zirconia (Ceo2-Zfo 2
was synthesized using MCM-48 as a hard template via the nanocasting method. The
obtained product provided a high surface area of 2485 m/g. The optimum
conditions were to stir for 4 h at 100 °C evaporation temperature of solvent. The
synthesized mesoporous Ce0:-Zr0. was characterized using X-ray diffraction
(XRD), X-ray fluorescence (XRF), Transmission electron microscopy (TEM), and
N agsorption/desorption. The Temperature-programmed reduction results proviced
only surface reduction temperatures at 280-620 c.
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4.2 Introduction

Porous materials have been widely studied because of their remarkable
properties, such as high surface areas, which is attractive in many applications,
especially catalyst supports. According to the IUPAC definition, it can be divided
Into three categories relied on their pore Sizes, viz. microporous (pore Size <2 nm),
mesoporous (2-50 nm), and macraporous (>50 nm) [1], Mesoporous materials are
more preferred for its highly orcered mesostructure, high surface area, and larger
pore size than microporous materials, thus allowing diffusion and agsorption of
higher molecular weight molecules [2], The porous stmeture with uniform mesopore
can increase the surface-to-volume ratio and the surface area of materials [3].

Cerium oxide (CeC>) s one of rare earth metal oxide extensively employed
for various applications, especially for automotive exhaust catalyst, because it has a
recox properties of Ces#/Ces+ which provices high catalytic activities, and ahility to
storage or release oxygen between Ceo. and Ce.Gs [4-5]. Thus, Ce0z Is used for
automotive exhaust gas treatment, as a three-way catalyst (TWCs) [5] to convert the
hydrocarbon (HCs), CO, and NOx presenting in the automotive exhaust to H.O, CC,
and N [6],

Zirconium oxide (Zro) i the only metal oxide that has acidity and basicity
properties as well as reducing and oxidizing abilities. Zro. hes at least three
crystalline - transformation; cubic, tetragonal, and monoclinic [7-8], Excellent
properties of zirconia are mechanical resistance, chemical stability, and redox
properties [9],

Mesoporous ceria-zirconia oxide with high surface area is synthesized by
nanocasting method using either soft or hard templates. Use of a hard template can
control the final properties of the catalyst structure after the removal of the template,
leading to well-ordered structure of nanostructured mesoporous material [1o-:: ],

In this research, the objective was to prepare the mesoporous Ceo2-Zfo- Via
nanocasting method using MCM-48 as a hard template, synthesized from silatrane,
as silica precursor and introduced by Wongkasemjit’ research group [12-13]. The
optimal condiitions to obtain high surface area and Ce0.-Zr0. single phase were
Investigated.
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4.3 Experimental

431 Materials

Fumed silica (SC», 99.8%, Nippon Aerosil, Japan), UHP grack
flitrogen (N2, 99.99% purity, Thai Inclustrial Gases Public Company Limited (TIG),
Thailand), ethylene glycol (EG, 9% J.T. Baker, USA), TEA (QRéc chemical,
Thailand), acetonitrile (CHsCN, 99.9% Labscan, Thailand), ethanol (CH:CH.OH,
99.9%, Labscan, Thailand), cetryltrimethylammonium bromide (CigFL"BrN, 99.9%,
Fuka Analytical), sodium hydroxide (NaOLl, 99% Labscan, Thailand),
ceriumnitrate hexahydrate (Ce(Nos )s.sHe0, 9% Aldrich), zirconium oxide chloride
octahydrate (ZrOCl..sH.0, 99.9% Merck) were directly employed with no further
purification.

4.3.2 Synthesis Method
4,3.2.1 Synthesis ofSilatrane

The synthetic method was followed Wongkasemjit's method
by mixing 0.1 mol fumed silica, 100 ml EG, and 0.125 mol TEA [12]. The mixture
was refluxed at 200 °c uncer nitrogen atmosphere for 10 hinan oil bath. The excess
EG was removed under vacuum at 110 °c. The white silatrane proouict was weshed
with acetronitrile to remove excess TEA and EG. The white silatrane product was
vacuum-dried overnight before characterization using TGA and FT-IR

4.3.2.2 Synthesis ofMesoporous MCM-48

The synthesis of mesoporous MCM-48 was followed
Wongkasemjit's synthetic method by using 2M NaOH to dissolve and CTAB, as
surfactant, at 50 ¢ [13]. Silatrane was then added to the mixture solution and stirred
the mixture for 1 h The molar composition ratio of the mixture was
0.3CTAB:0.5Na0OH:62H20: .0 SIC.. The mixture was treated at 140 ¢ for 16hina
Teflon-lined stainless steel autoclave to obtain solid product. The white solid product
was collected by filtration and diried a ambient conditions. The surfactant was
removed by calcinations at 550 °c for s hwith a heating rate of 0.5 °c/min to obtain
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MCM-48. The obtained white product, MCM-48, was characterized by FE-SEM and
XRD.
4.3.2.3 Synthesis ofMesoporous Ceria-Zirconia
The synthesis of mesoporous ceria-zirconia was followed
Wongkasemjifs synthetic method [14] by mixing cerium nitrate and zirconium oxice
chloride with various ratios (100:0, 75:25, and 60:40 mol%) and MCM-48 as silica
hard template in ethanol. After stirring for various times (30 min, 1 2, and 4 h),
ethanol in the mixture was removed by evaporation in an oven st at different
temperatures (ambient temperature, 50 °c, 100 C). The obtained powder is heated
In a ceramic crucible at 550 °c for s h'to decompose the nitrate and chloride species.
Removal of the hard template wes carried out using 2M NaOFl & 50 ¢ for 3 times
and the mixture was centrifuged to obtain the product. The product was washed by
deionized water and centrifuged until it was neutral and dried at 100 c. The
obtained products were characterized by FE-SEM, TEM, XRD, XRF, and N
adsorption/cesorption.
433 Materials Characterization
X-ray diffractrometer (XRD) was used to identify the crystalline
phases present in the structure. The diiffraction pattern was the fingerprint of any
crystalline phase. The phase of mesoporous products was characterized on a Rigaku
DMAX 2200HV XRD with a scanning speed of 1 °c/min and Cuka source (k=
0.154 A) in a range of 29 = 2-6°. Transmission electron microscope (TEM, JEOL
JEM-2010) was used to provide further exploration in morphology and structure,
Including dimension of samples. Temperature programmed reduction (TPR,
Thermofinnigan) with hydrogen wes performed in a flow reaction system using 9.6
% hydrogen in argon used as a carrier gas (flow rate; 183 ml/min). The orcered
Mesoporous ceria, mesoporous bimetallic ceria-zirconia (o 10 ) were heated from
room temperature to 900 ¢ with a linear ramp rate of 5 °c/min. Field emission
scanning electron microscope (FE-SEM, Hitachi FE-SEM TM-3000) was used to
determine the size, morphology, and the pore system of particles. Thermogravimetric
analyzer (TGA, Perkin-Elmer) was used to analysis thermal properties by measuring
the change in mass of solid material as a function of temperature or time. N
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adsorption/cesorption measurement was used to determing into the pore structure of
porous material, such as the inner pore surface area, the pore volume and the pore
diameter distribution. Fourier transforms infrared  spectrophotometer (FT-IR
Nicolet) was used to investigate the functional groups of chemical composition. X-
ray fluorescence spectrophotometer (XRF, AXIOS PW 4400) was used to analyze
the metal contents in samples.

4.4 Results and Discussion

The synthesis of mesoporous (MSP) ceria-zirconia via nanocasting process
is followed Wongkasemjit's synthetic method [14] by using 50 % wt of MCM-48
mixed with zirconium and cerium precursors. The molar ratio of ceria-zirconia was
fixed at 0.75 mol ceria and 0.25 mol zirconia.

4.4.1 Nanocasting Process
4.4.1.1 EffectofStirring Time

The effect of stirring time (30 min, 1 2, and 4 h) of the
precursors and the template in solvent was stuciied using 0.75 mol of ceriaand 0.25
mol of zirconia. Figure 4.1 shows the small angle XRD pattern of MCMH8 and
ceria-zirconia at various stirring times. The XRD pattern of MCM-48 (Fig. 4.1a)
shows reflection peaks at {211}, {220}, {420}, and {332} corresponding to the 1a3d
cubic structure [13]. However, the results from the mixture (Fig. 4.0y reveal
characteristic peaks only at {2::} and {20}, Similar to the work reported by
Abdollahzadeh-Ghom and co-workers [15], who synthesized ceria-zirconia MSP
material using SBA-15 and KIT. respectively, as a hard template. For the replicas,
the main reflection is slightly shifted to a smaller angle, probably referring to a
bigger pore size than the template pores [15]. These results could be conclucled that
all replica still maintained some orcer from their template.

N adsorption-clesorption isotherms and pore size distribution
of the synthesized ceria-zirconia are shown in Fig. 4.2. All isotherms show an
obvious uptake of N as a result of capillary condensation in wide relative pressure
(PIPo) range of 0.55-0.99, indicating the existence of multiform pore distributions.
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The pore size distribution In Fig. 4.20 was calculated from the desorption branch of
the isotherms using BJH method. As can be seen, they possessed bimodal pore size
distributions in the MSP range of 2-50 nm. These pores are larger than the wall
thickness of MCM-48 (153 nm) and ascribe to the coalescence of unfilled spaces of
the MCM-48 template orfand the voids between the small particles [16]. Thus, it can
he stated that the obtained product was indeed MSP with high BET surface area.

Surface areas of all synthesized MSP ceria-zirconia are
summarized in Table 4.1. The 4 hstirring time provicied the highest surface area and
more uniform pore size (Fig 4.20), leading to higher order. Thus, the suitable
condition of the stirring time is at 4 h

4.4.1.2 Effect ofEvaporated Temperature

The evaporated temperature of solvent also affects the MSP
synthesis because the metal precursors adhere with a MSP silica template and were
anticipated to move and impregnate into the pore during the evaporation of solvent
[17]. Another word, the evaporated temperature influences on how fast the
precursors migrate or penetrate. Ethanol was chosen as a solvent in this process
because of its solubility and low boiling point around 78 °c, easy to evaporate [1].
The temperatures studied were at ambient, 50°, and 100 c. Figure 4.3 shows the
small angle XRD patterns of the MSP ceria-zirconia fabricated at the studied
temperatures. All replicas provided the diffraction peak at £211} and {220} even
though the intensity from each temperature was diifferent. At the ambient temperature
the XRD pattern of the product was less order than the others, but still retained some
orcer of the original MSP structure. Thus, it can be summarized that the structure of
MCM-48 still maintained although the higher temperature resulted in the more orcer
of the product.

Surface area results of those three evaporated samples are in
agreement with the XRD results and listed in Table 4.2. At 100 °c evaporated
temperature the product provided the highest surface area (248.5 me/g) probably due
to the shortest time to evaporate solvent (around 1-1.30 h). Comparing to the
ambient and 50 °c evaporated temperatures, the process took longer time to
evaporate, > days and 1. h, respectively, making more precursors to migrate insice
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the pore, blocking the pores, and distorting the structure [18]. Thus, the appropriate
evaporated temperature in this study was & w0 C.

SEM and TEM images of MSP Ce0.sZ10250; at 4 h stirring
time and 100 ¢ evaporated temperature are shown in Fig. 4.4, The SEM image (Fig.
4.43) hs a very small spherical morphology while the TEM image in Fig. 44b
confirms the MSP structure of the sample, similar to the MSP template structure,

4413 Effect ofCeria-Zirconia Molar Ratio

The effect of ceria-zirconia molar ratio was studied because
the addition of zirconia to ceria can enhance the thermal stahility of ceria. The MSP
Col XZo2 Where x = 0.25 (Ce0.7s210250) and 0.40 (CeosoZroadC:) Were synthesized
Using the optimal conditions of 4 h stirring time and 100 °c evaporated temperature,

The small angle XRD patterns of samples with different
content of ceria and zirconia are shown in Fig. 4.5. The XRD results also show the
diffraction peak at {211} and {220}, referring to the structure of MCM-48, meaning
that the order structure of template still retained.

To confirm the crystallinity of MSP ceria and ceria-zirconia,
wice angle XRD was used to analyze, as shown in Fig. 46. The XRD pattern of
MSP ceria (Fig 4.6a) shows peaks at 20 = 29°, 33.2°, 47.2°, 56.3°, 59.1°, 69.3°,
76.8°, and 78.9°, correspondiing to the plane reflections of {111}, {200}, {220},
{311}, {222}, {400}, and"311}, respectively. The peak pattem is belonging to the
cubic fluorite structure [11]. Comparing the XRD patterns among them, it is seen that
the MSP Ce0.72025C pattem (Fig. 4.6b) is similar to the MSP CaC. pattem (Fig
4.6a) while there was some tetragonal phase of the zirconia in the prepared
Ce0s0Z10.0> XRD pattem (Fig. 4.6c) at20 30,50 , and 60 , corresponding to the
{111}, {220}, and {222} reflections, respectively. The results suggest that the MSP
Cel-XZrvo- preferably crystallizes into a cubic fluorite structure if x is equal to or
lower than 0.25 as reported by Thammeachart and co-workers [19]. The presence of
only the cubic phase means that ceria and zirconia are highly, homogeneously
distributed [19]. Furthermore, the XRD peak of silica at 20 = 22° was not detected,
Indicating that the silica template could be completely removed [zo],
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The presence of the silica template was also analyzed by XRF
technique and the results are listed in Table 4.3, showing that after removing the
silica template from the MSP Cej ¥Zr% ., there was small amount of silica still
remained. The found contents of Ce and Zr were lower than the loaded values,
probably due to the loss of*Ce and Zr precursor in the basic medium during the
nanocasting process [z: ],

Surface areas of MSP Cei-XZro- are listed in Table 44. As
seen from the table, the specific surface area decreased when increasing the zirconia
content because when the zirconia precursor was dissolved in the solvent, it forms
[2r:(OH)g(Hzo )ie]8 Depending on the concentration, further hydrolysis of the
tetramer lead to either oligomers or crystal nuclei, probably less infiltrated into the
pore [22], This is in agreement with wicle angle XRD results in Fig. 4.6 which
Indicates the tetragonal phase of zirconia. As a result, addition of higher content of
zZirconia clistorted the structure and decreased the surface area

4.4.2 Temperature Programmed Reduction (TPR)

The reduction property of the nanocasting ceria-zirconia was
investigated in order to observe the H. consumption of the sample using TPR
technique. The TPR profiles as a function of the temperature of the order MSP
CR0.60Z10400, 072102502, and CeC- are shown in Fig. 4.7. The TPR profile of
MSP Ceo- (Fig. 4.7a) proviced the first peak at a low temperature range of 280°-
600 °c, correspondling to the surface reduction while the second peak at 680°-820 °c
I referred to the recuction of the bulk phase lattice oxygen. A higher thermal
condition to recluce Cez+to Ce3s required for the reguction of the bulk phase lattice
oxygen [23], The TPR profile of MSP Ce0.sZ102s0x (Fig. 4.70) was similar to that of
the MSP Ces -, except the lower intensity, meaning that the recuction of the bulk
phase lattice oxygen is very small [24]. Like-wise, the TPR profile of MSP
CeosoZfo400: (Fig. 4.7¢) gave two peaks at 350° to 700 °c and 750° to 850 °c.

It is difficult to separate the reduction of each species, ceria or
zirconia, and their relative amounts of P consumed in the TPR profiles of MSP
ceria-zirconia due to the width of the peaks and their overlapping [25]. However,
adding more zirconia content tended to widen the reduction temperature range and



26

decrease the bulk phase lattice oxygen. The area under the peak is related to the H:
consumption of the sample, meaning that the higher H. consumption provides the
higher surface areawhich in agreement with the TPR profiles of this study.

4.5 Conclusions

The orcer MSP ceria-zirconia was successfully synthesized using MSP
MCM-48 &s a hard template via the nanocasting process. The optimal conditions
studied were to use 4 h stirring time at 100 ¢ evaporated temperature. The XRD and
TEM results confirmed the existence of the order MSP structure from the MCM-48
template whereas the XRF results confirmed the removal of the silica template from
the orcer MSP ceria-zirconia. Comyparing the molar ratio of ceria-zirconia; the MSP
Ce0.75210250- exhibited higher surface area and more homogenous distribution than
the MSP CR0.60Z040C2. The resulting product proviced similar pattem to cubic
fluorite structure of ceria. The TPR profiles had a wide range reduction temperature
and resulted in a decrease in the bulk phase lattice oxygen when adding the zirconia
content. The TPR results of the MSP Ceo.-sZ100, proviced only surface reduction
temperatures at 260-620 c.
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Table 4.1 SPECIFiC SUrface area, pore size, and pore volume of MSP Ce0.7s210.50; at

different stirring times via the nanocasting process

Stirring time

0min

i h
2 N
4h

BET Surface area

(m2g)

2064 £5.1
231646.2
2431 £6.7
24851 55

Pore size

(nm)’

142+0.08
431 £0.02
381 £0.02
3.39£0.02

Pore volume

(cm3g)

031001
040+0.01
048 £ 0.05
043+ 001
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Table 4.2 OPECIfiC SUrface area, pore size, and pore volume of MSP ceo.752r0.2502 at
different evaporated temperatures via the nanocasting process

(Evaporated BET Surface area Pore size Pore volume

temperature) (m 2g) (nm) (cm3/g)
RT. 23331 139 3.83+0.50 0.2910.13
o 214952 3.6210.02 0.32+0.04

100 °C 2485 18.8 3.3920.02 0431001



Table 4.3 XRF analysis of the order MSP ceria-zirconia

Sample’ Ce (%) Zr (%) Si (%)

020.602040C% 81.21 18.73 368
02075210250 88.08 1192 2.88
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Table 4.4 Specific surface area, pore size, and pore volume of the synthesis orcer
MSP Cei.xZn{02 via the nanocasting [process

Ce Zr BET Surface area Pore Size Pore volume
ratio (m2g) (") (cm3g)
7525 2485 8.8 3.39£0.02 043 £0.01

60:40 205.7+ 166 1394001 0.38 £0.05
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