Modern Applied Science; Vol. 9, No. 7; 2015
ISSN 1913-1844  E-ISSN 1913-1852
Published by Canadian Center of Science and Education

Preparation of Ceria-Zirconia Mixed Oxide by Hydrothermal
Synthesis

Siti Machmudah', M. Akmal Hadian', Lenno Samodro K., Sugeng Winardi', Wahyudionoz, Hideki Kanda® &
Motonobu Goto?

' Department of Chemical Engineering, Sepuluh Nopember Institute of Technology, Indonesia
* Department of Chemical Engineering, Nagoya University, Nagoya 464-8063, Japan

Correspondence: Siti Machmudah, Department of Chemical Engineering, Sepuluh Nopember Institute of
Technology, Surabaya, 60111, Indonesia. E-mail: machmudah@chem-eng.its.ac.id

Received: May 4, 2015 Accepted: June 5, 2015 Online Published: June 30, 2015
doi:10.5539/mas.vOn7p134 URL: http://dx.doi.org/10.5539/mas.vOn7p134
Abstract

Ceria-zirconia mixed oxides have been synthesized by hydrothermal synthesis process. Under hydrothermal
conditions, water potential to control the direction of crystal growth, morphology, particle size and size
distribution, because of the controllability of thermodynamics and transport properties by pressure and
temperature. The synthesis was carried out at temperatures of 150 — 200 °C and pressure of 5 MPa in a batch
reactor. The reactor made of SUS 304 tube reactor with internal volume of 8.8 ml. The synthesized products
were calcined and characterized using SEM, XRD and FTIR. The results showed that the particles formed were
sphere shaped particles with smooth morphology and the size of particle diameters were 35, 61, and 31 nm on
average for reactions temperatures of 150, 180, and 200°C, respectively. The XRD pattern indicated that
ceria-zirconia mixed powder was uniformly distributed in the structure to form a homogeneous solid solution.
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1. Introduction

In recent years, with the increasing awareness of both environmental safety and the need for optimal energy
utilization, there is a case for the development of nonhazardous materials. These materials should not only be
compatible with human life but also with other living forms or species. Moreover, processing techniques such as
fabrication, treatment, reuse, and recycling of waste materials should be environmentally friendly. In this respect,
the hydrothermal method occupies a unique place in modern science and technology. In the last decade, the
hydrothermal method has offered several new advantages, suchas homogeneous precipitation using metal
chelates under hydrothermal conditions, decomposition of hazardous or refractory chemical substances,
monomerization of high polymers, and a host of other environmental engineering and chemical engineering
issues dealing with recycling of rubbers and plastics, and so on. The solvation properties of supercritical solvents
are being extensively used for detoxifying organic and pharmaceutical wastes and also to replace toxic solvents
commonly used for chemical synthesis (Bryappa & Yoshimura, 2001).

Recently, cerium oxide (CeO,) has receivedincreased attention in various fields because of its unique redox
properties, high oxygen mobility and forming solid solutions with other metal oxides easily (Lee et al., 2011). In
wide applications, CeO, was a technologically important material to promote three-way catalysts for the
elimination of toxic auto-exhaust gases, low-temperature water-gas shift reaction, oxygen sensors, oxygen
permeation membrane systems, fuel cells, glass-polishing materials, ultraviolet absorbent, as well as
biotechnology, environmental chemistry, and medicine (Sun et al., 2012; Wang et al., 2010; Yu et al., 2010; Yuan
et al., 2010). Neto and Schmal (Neto and Schmal 2013) reported that as catalysts, the CeO,-based materials have
been used for several reactions. The higher performance of CeO, is assigned to the redox property (Ce* <> Ce*")
promoting oxygen vacancies in the lattice, which are responsible for the high oxygen atom mobility. This is one
of the important characteristics of ceria, allowing fluctuation between oxidant and reductant conditions due to
the oxygen storage capability in the lattice structure. The major drawback of an oxygen storage system based on
pure CeO, is poorly thermostable and easily lose oxygen buffer capacity under high temperatures (Zhu and He
2008).
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In this work, CeO, would be synthesized with zirconia (ZrO,) to increase its thermal stability and oxygen storage
capacity by using hydrothermal treatment. The hydrothermalmethod was considered as asimple and powerful
routes and, recently, become more popular in producing ordered nano array structures of materials. This method
relies on the chemical reactions and solubility changes of substances in a sealed heated aqueous solution above
ambient temperature and pressure to grow nanocrystals (Yang et al., 2013). Raju et al, (Raju et al,
2009)explained that the powder product from synthesized ceria—zirconia had good thermal stability and
structural integrity even after repeated redox cycles at 700°C. They also found that the oxygen storage capacity
has a strong dependence on surface area for ceria—zirconia but for high surface area oxides, the amount of
exchangeable oxygen is limited by the intrinsic reducibility of the material. Abdollahzadeh-Ghom et al.,
(Abdollahzadeh-Ghom et al., 2011) also stated that the combination of ceria-zirconia enhances drastically its
oxygen storage capacity. Furthermore, in this study the thermal stability and the oxygen storage capacity of
powder products were not conducted. Since temperature dependence on the characteristic of ceria-zirconia
mixed oxide powder has not been investigated in detail, the effect of synthesis temperature on the morphology
and crystallinity of ceria-zirconia oxide particles was investigated in this work.

2. Method
2.1 Materials

Cerium (IIT) nitrat hexahydrate (Ce(NO3);.6H,0) and zirconium nitrate oxide dehydrate (ZrO(NO;),.2H,0) were
obtained from chemicals suppliers, Wako Pure Chemical Industries Ltd. (Japan) and Kanto Chemical Co. Inc.
(Japan), respectively, with the purities of more than 98.0%. Cerium and zirconium solution with concentration of
0.1 and 0.3 M, respectively, were prepared by dissolve in deionized water. Then, the solutions were mixed in the
flask with a Ce:Zr mole ratio of 1:15. Furthermore, the mixed solution was used in all experiments.

2.2 Experiment

Experiments were conducted using a SUS 304 tube reactor (AKICO Co., Ltd., Japan; with internal volume 8.8
ml, 12.0 mm i.d.; 7.8 mm in length) at temperatures of 150—200°C and pressure of 5 MPa. The reactor was filled
with 7.5-8.0 g of solution corresponding to 0.8-0.9 g.cm > water density. The reactor was loaded into an electric
furnace (Linn High Therm GmbH, model VMK 1600) and quickly heated to the desired temperature. After a
given reaction time 18 h, the reactor was taken out from the electric furnace and quickly quenched in a water
bath at atmospheric conditions. After cooling, the reactor was opened and then liquid and solid fractions were
collected with washing inside the reactor by 10 ml of water. The products were dried in the oven at 60°C for 6 h
and then weighed. Finally, each products were calcined at 900°C for 6 h. After the process, the calcined products
were stored in desiccator at room temperature until next characterization.

The morphologies of the calcined powder products were observed using a scanning electron microscope (SEM;
JEOL JSM-6390LV). The particle diameters were determined from the SEM image using image analyzer
software (Image J 1.42). Transmission electron microscopy (TEM) was performed in ultra-high resolution
analytical electron microscope JEOL 3010. Prior to characterize, the calcined powder products were dispersed in
ethanol through sonication (Us CLeaner, US-1R, AsOne) and then drop casted on an elastic carbon-coated
copper grid. X-ray diffraction (XRD) patterns were determined to confirm that the crystal structure of
ceria—zirconia was formed via this synthesis method. A Rigaku RINT 2100/PC XRD machine (40 kV and 200
mA) equipped with a 0 — 8 wide-angle goniometer and scintillation detector was used for all XRD measurements,
using Cu Ko radiation (\ = 1.5406 A). The Spectrum One FT-IR spectrophotometer (Perkin-Elmer, Ltd.,
England) was carried out to determine the structure of the crystal structure of ceria—zirconia after hydrothermal
treatment. The spectra were measured in ATR (attenuated total reflectance) mode (golden single reflection ATR
systlem, P/N 10500 series, Specac) at 4 cm™' resolution. The scanning wavenumber ranged from 4000 to 650
cm .

3. Results

Figure 1 shows the SEM images of calcined powder particle from Ce(NO;); and (ZrO(NOs), mixed oxides after
hydrothermal synthesis for 18 h. These SEM images described regular sphere shaped particles having smooth
surface morphology, except in Figure 1(b). Due to the SEM image resolution, the morphology of particles
formed at 180°C seemed less clear. However, based on Figures 1(a) and 1(c), it could be said that the particles
formed at 180°C were also sphere shaped particles with smooth morphology.
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Figure 1. SEM image of Ce(NOs); and (ZrO(NOs), mixed oxides after hydrothermal treatment at (a) 150, (b)
180, and (c) 200°C, respectively

The XRD patterns of calcined powder from ceria-zirconia mixed oxides after treatment by hydrothermal at
various reaction temperature are shown in Figure 2.

Figure 3 shows the result of FTIR spectra for calcined powder of ceria-zirconia mixed oxides from ZrO(NOs), +
Ce(NOs); after hydrothermal treatment at temperatures of (a) 150, (b) 180, and (c) 200°C, respectively.
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Figure 2. XRD patterns of Ce(NO;3); and (ZrO(NO;), mixed oxides after hydrothermal treatment at (a) 150, (b)
180, and (c) 200 °C, respectively.

4. Discussion

Based on the result of Figure 1, the particles produced at 150, 180, and 200°C were sphere shaped particles with
smooth morphology. In this work, the particle diameters of calcined powder were determined by using particle
size analyzer (PSA). The size of particle diameters were 35, 61, and 31 nm on average for reactions temperature
150, 180, and 200°C, respectively. The smallest particles size was found when the reaction was carried out at
200°C. In general, the increasing temperature in hydrothermal process gave positive influence on the structural
characteristics and will enhance the nucleation rate and linear growth rate of particles production. As a result, the
size of particles became larger and polydispersity was also slightly improved by the hydrothermal process

(Cabuil et al., 2011).
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Figure 3. FTIR spectrum of Ce(NO;); and (ZrO(NO;), mixed oxides after hydrothermal treatment at (a) 150, (b)
180, and (c) 200 °C, respectively

XRD is a powerful method for the study of nanomaterials, especially to characterize crystallographic structure
for bulk, nano and thin film materials. In Figure 2, the diffraction lines at 20 = 28.25°, 34.20°, 49.30°, and 59.07°
correspond to the ceria-zirconia mixed oxide. These figures also indicated that the diffraction patterns of
ceria-zirconia mixed oxide powder are uniformly distributed in the structure to form a homogeneous solid
solution. Under hydrothermal conditions, an increase in temperature will increase both the nucleation rate and
the linear growth rate, hence, the crystallinity of the samples normally increases in time. With the same reaction
time, at higher temperature leads to the crystallization of more dense products. Therefore, as shown in Figure 2,
higher synthesis temperatures resulted in higher peak intensities while lower temperatures resulted in lower peak
Intensities.

Based on FTIR spectra in Figure 3, it clearly exhibited that the residual water and hydroxyl groups were detected
with a large band around 3500 cm ', corresponding to the stretching vibration of the hydroxyl groups (Zaki et al.,
2001). These stretching frequencies also indicated OH-groups are consisted type I (terminal, —OH), II (bridging,
=0H), and III (multi-centered, =OH). The bands at around 1640 cm™" corresponds to H,O bending vibration and
at around 1390 cm ' is because of Ce—OH stretching vibration. These bands are also assigned to bronsted acid
sites, therefore both sites exist on all calcined powder samples (Neto and Schmal, 2013). The major features in
the spectra of FTIR are around 740 and 540 cm ' regions. These bands were probably because of the stretching
vibration of metal oxide bonds. Generally, the transverse mode and the longitudinal component associated with
the movements of oxide ions occurred at 400-650 cm™". In the case of cerium-oxygen bonds, the bands at around
740 cm™' has been observed. At the region 540 cm' which assigned to zirconia oxide bonds was also clearly
observed. Damyanova et al., (Damyanova et al., 2008) found that the IR active mode in the 600—650 cm ™' range
is caused by asymmetrically coupled asymmetric Zr—O—Zr stretching, and the mode arising from the symmetric
Zr—O—Zr stretching is revealed in the 400-500 cm ™' region. As shown in the Figure 3, the spectral characteristics
of the calcined powder from ceria-zirconia mixed oxides from ZrO(NOs3), + Ce(NOs3); are essentially the same.
This shows the three kinds of calcined powder have the similar functional group after hydrothermal treatment. It
showed that after hydrothermal treatment, the solid solution phase is formed and a distortion of the unit cell in
ceria-zirconia mixed oxides occurs.

In the conclusion, the hydrothermal synthesis of ceria-zirconia mixed oxides at temperatures of 150 — 200°C and
pressure of 5 MPa in batch systems was successfully conducted. The results showed that the particles formed
were sphere shaped particles with smooth morphology and the size of particle diameters were 35, 61, and 31 nm
on average for reactions temperatures of 150, 180, and 200°C, respectively. The XRD pattern indicated that
ceria-zirconia mixed oxides powder are uniformly distributed in the structure to form a homogeneous solid
solution. Based on these results, it is proposed that hydrothermal synthesis is applicable to synthesize other type
of metal composites.
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