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Abstract 

Ceria based materials have been widely used as catalyst supporters and electrolytes. Different applications require 
different morphologies, and the microstructural control during the synthesis is crucial. In the study, ceria particles 
were prepared from various precursors using a spray pyrolysis (SP). Comparing to the hollow and porous particles, 
the formation mechanism with solid spherical structure is not clarified readily. The ceria particles were characterized 
by transmission electron microscopy, thermogravimetry analysis and X-ray photoelectron spectroscopy. This 
experimental result suggests that the morphology is controlled by the precursors and could be related to their 
decomposed behavior during the heating process in SP. 
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1. Introduction 

Ceria-based materials have been extensively applied in catalyst supports [1], CO reduction catalysts [2, 
3] and solid-oxide-fuel-cell (SOFC) electrolytes [4] because of their superior properties of thermal 
stability [5], oxygen storage capacity [3] and ion conductivity [4, 6]. For different applications, different 
morphologies of ceria particles are needed [1-4]. For example, initially, as a catalyst support, ceria-based 
materials need the porous structure [1] with higher surface area to increases the loading amount of 
catalysts for higher reaction efficiency. Secondly, for the catalysts in CO oxidation, the ceria hollow 
structure has advantages because their interior space and loose shell structure are expected to enhance the 
spatial dispersion for higher gas adsorption [3]. Finally, the SOFC electrolytes must to be dense to prevent 
gas mixing, and ceria spherical particles have less pores to be removed than hollow/porous particles for 
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densification processes. Thus, morphology control in ceria-based particles is crucial for industrial 
applications. 

There are a number of preparation methods for ceria-based particles, e.g. sol-gel [7], micro-emulsion 
[8], precipitation [9] and spray pyrolysis (SP) [10, 11]. SP process has been chosen because of great 
potentials with low cost, continues process and chemistry flexibility [12, 13]. For the SP process, different 
particle morphologies are influenced by surface precipitation (for hollow and porous particles) or volume 
precipitation mechanisms (for solid spherical particles) of the solute during drying [12]. For ceria particles 
prepared from the SP process, the morphologies of hollow and porous were frequently observed rather 
than solid spherical particles because of fast evaporation rate and lack of time for solute diffusion and 
particle densification [11, 14]. In order to obtain spherical particles, several methods from physical and 
chemical approaches were proposed [14-19]. 

For physical approaches, increasing evaporation time and decreasing the distance of solute diffusion 
are common strategies. First, for adjusting evaporation process, Dubois et al. [15] used a furnace with a 
thermal gradient, which provides a series temperatures for a longer evaporation period, to generate solid 
spherical yttra-stabilized zirconia particles from the precursor solution (3 mol%) of ZrOCl2•8H2O and 
Y(NO3)3•5H2O. Second, for shorten diffusion distance of solute (smaller droplet or particle sizes), Zhang 
and Messing [14] prepared the low concentration precursor solutions (0.044~0.057M) of ZrOCl2•8H2O or 
ZrO(OH)Cl to produce solid zirconia particles. Also, our previous works [16, 17] discovered the small 
portion of solid spherical ceria particles (particle diameters less than ~100 nm) and the hollow and porous 
particles (particle diameters larger than ~100 nm), using the precursor solutions (1wt%) of 
Ce(NO3)3•6H2O or Ce(C2H3O2)3•1.5H2O. On the other hand, for chemical approaches, the concept of 
precursor modification was applied. Ishizawa et al. [18] applied the metal alkoxides to produce three-
dimensional polymer networks to avoid the rupture of the solid spherical particles during solvent 
evaporation for solid spherical particles. Xu et al. [19] used two precursors of Ce(NO3)3 and Ce(C2H3O2)3

to fabricate solid spherical ceria particles. From previous results, although solid spherical particles can be 
obtained, these methods contain some disadvantages (e.g. rigorous operating conditions [15], limitation of 
particle size [14, 16, 17], high-cost metal-organic slats [18] and multi-precursors [19]), which needs to be 
overcome. 

We proposed a straightforward method by using a single-precursor with different solubility behaviors 
to change particle morphologies. Three precursors: cerium (IV) ammonium nitrate (CeAN), cerium (III) 
acetate hydrate (CeA) and cerium (III) nitrate hydrate (CeN) were chosen because they are commercially 
available. For the first type, the solubilities of CeAN and CeN increase with increasing temperature of 
1409 g/L at 25oC and 2268 g/L at 85.6oC [20]  for CeAN and 637 g/L at 25oC and 739 g/L at 50oC [21] 
for CeN, respectively. For the second type, the solubility of CeA decreases with increasing temperature 
from 115 g/L at 15oC to 100 g/L at 25oC [22]. The solubilities of CeAN and CeN increase with increasing 
temperature. This is possibly due to the relatively strong hydrophilic properties of both cerium complexes 
comparing to CeA. 

In the present study, we examined morphologies and particle diameter distributions of ceria particles of 
the three precursors (CeAN, CeA and CeN) by transmission electron microscopy (TEM), and identify the 
phase of the particles by selected area electron diffraction (SAED). The formation mechanisms for 
different morphological ceria nanoparticles by SP were proposed. Then, the decomposition behaviors of 
the three precursors were examined by thermogravimetric analysis (TGA) and were correlated with the 
related morphologies. In addition, since the Ce(III)/Ce(IV) couple are related to oxygen storage capacity 
properties [23], total concentrations of Ce (III) in the ceria particles from three different precursors were 
examined using X-ray photoelectron spectroscopy (XPS). 
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2. Experimental Procedure 

2.1. Powder preparation 

Ceria particles were prepared using a laboratory-scale SP electrostatic deposition system. Details of the 
experimental procedures were described elsewhere [24, 25]. In the SP process the precursor solution was 
first atomized into small droplets while an air flow with a controlled flow rate carried the droplets into the 
heated tubular reactor (The temperatures of the three heating zones are 250, 650 and 350oC). In the 
reactor the droplets undergo solvent evaporation, solute precipitation and precursor decomposition to 
convert into oxide particles. The resulting particles were then collected by a cylindrical electrostatic 
collector with an applied high-voltage potential of -16 kV. The three precursors used for generation of 
ceria powders were de-ionized water solutions (1 wt%) of, cerium (IV) ammonium nitrate, 
(NH4)2Ce(NO3)6 (99.5%, Alfa Aesar, Johnson Matthey Co.), cerium (III) acetate hydrate, 
Ce(C2H3O2)3•1.5H2O (99.9%, Alfa Aesar, Johnson Matthey Co.) and cerium (III) nitrate hydrate, 
Ce(NO3)3•6H2O (99.5%, Alfa Aesar, Johnson Matthey Co.).  

2.2. Characterization 

TEM specimens were prepared by dispersing the particles in high-purity ethanol using an ultrasonic 
bath for around 5 min, and then depositing a drop of suspension onto a holey carbon film grid. The 
solvent on the carbon grid was evaporated at room temperature. A JEOL 3000F (FEG) TEM operated at 
297 keV was used to examine the particle morphology. Imaging of ceria particles was carried out using a 
high resolution TEM (JEM-3000F, JEOL, Japan) with electron energy of 300 keV. The crystallographic 
structures of three particles are characterized by SAED from random selected particles with an aperture 
size of 800 nm. The particle diameters of three ceria powders (from CeAN, CeA and CeN) were 
measured from a number of TEM micrographs which included over 100 particles. 

The three precursors, CeA, CeN and CeAN, were characterized by TGA (TGA, Perkin-Elmer Model 
TGA-7) under an ambient airflow to remove decomposition products. The heating rate was 40oC/min. 

The XPS measurements for the three ceria powders were performed with a Versa-Probe ESCA 
spectrometer (PHI 5000, Physical Electronics Inc., USA) using monochromated Al-K  X-ray source 
(1486.6 eV, 15 mA, and 0.3 mm spot). The high resolution multiplex scans of Ce-3d were taken with a 
0.1 eV step and 25 eV analyzer pass energy and repeated for forty times. All samples were cleaved in 
vacuum at a base pressure of 5 10-5 Torr. Curve fitting was carried out by the Multipax software (V8.2c, 
Vlvac-Phi Inc., USA). The spectra were corrected using Shirley background. All peaks in the spectra 
were fitted with a Gaussian–Lorentzian shape function to deconvolute overlapping peaks. Peak positions 
were calibrated by the C-1s peak (284.5 eV) of carbon from carbon tape, which supported the particles. 

3. Results and Discussion 

3.1. Particle morphology 

Figures 1 (a), (b) and (c) show the TEM images of the three type ceria particles prepared by SP from 
CeAN, CeA and CeN, respectively. Surprisingly, the particles prepared from CeAN are all solid spherical 
(see Fig. 1 (a)). The reason for that may due to good solubility of CeAN in aqueous solution that the 
ammonium nitrate act as a surfactant to form micelles. This causes the ammonium nitrate and water 
surrounded outside of the cerium, known as the formation mechanism of volume precipitation of cerium 
[25], before the SP proceeded. The ceria particles prepared from CeA mainly showed the hollow 
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structures of open pores (see Fig. 1(b)) due to the formation of surface precipitation [12] before extraction 
of non-metallic moieties. The structure of close pores which was prepared by SP of CeN precursor was 
shown in Fig. 1 (c). The solubility of CeN precursor is between the aqueous solution made by CeAN and 
by CeA. The formation of particle structures was therefore involved both volume precipitation and 
surface precipitation resulting in the close-pore hollow spherical particles. Further detail about the 
formation mechanism of the morphology of ceria particles from three precursors was shown in Fig. 2.  

Fig. 1. TEM images of ceria particles prepared from (a) CeAN, (b) CeA and (c) CeN. High resolution images of an ceria particle are 
shown in the down-right, up-left corner and down-left corner of (a), (b) and (c), respectively. 
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Fig. 2. The schematic diagram illustrating the formation mechanism of the morphologies of ceria particles from the three precursors
(CeA, CeN and CeAN) by SP. 

By the statistical analysis, the average diameters of ceria particles prepared from CeAN, CeA and CeN 
are 204  131 nm, 344  183 nm and 304   182 nm. Combing morphology and particle diameter analysis, 
unlike the particles prepared from CeAN, the morphology of the particles prepared from CeA and CeN is 
a function of particle diameter. Solid spherical particles can be observed with particle diameter 61  16 
nm prepared from CeA and 35  7 nm prepared from CeN; hollow spherical particles with particle 
diameter 139  38 nm prepared from CeA and 216  123 nm prepared from CeN; and hollow concave 
particles with particle diameter of 421 126 nm prepared from CeA and 597  101 nm. More details have 
been showed three main morphologies prepared from CeA and CeN precursors [16]. Based on previous 
studies [24-26], the smaller particles having shorter solute diffusion distance comparing to larger particles 
are solid due to volume precipitation; nevertheless, the larger particles are hollow because of surface 
precipitation [12]. For the hollow particles, the surfaces of the hollow concave particles are rougher than 
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that of the hollow spherical particles because of different stress formation in the cooling process, which is 
discussed in the early study [25].  

For the hollow particles, the main difference between the CeA and CeN ceria particles is the pore 
structure. According to the result of electron tomography [17], the particles from CeA contain some open 
pores, but the particles from CeN contain all close pores, which supported by the surface area 
measurement. The BET result shows that the surface area (62.03 m2/g) of the CeA ceria particles is twice 
larger than that (30.89 m2/g) of the CeN ceria particles, but there is no much difference in particle 
diameter for the CeA and CeN ceria particles (344  183 nm for CeA; 304   182 nm for CeN). 

3.2. Thermal analysis of cerium complexes 

TGA for cerium complexes, CeA, CeN and CeAN, is shown in Fig. 3. CeA exhibited highest thermal 
stability with only 5% weight loss before 320oC. This is expected as that the acetate group has higher 
tolerance in temperature than the others. Clearly, all complexes exhibited one major step in the loss of 
mass due to the decomposition of non-metallic moieties. The decomposition temperature was found at 
320oC for CeA, 250oC for CeN and 220oC for CeAN which was slightly decreased the decomposition 
temperature. The three types of ceria were observed after decomposed above 800oC under the atmosphere. 
These can be assigned to the loss of acetate hydrate for CeA, nitrate hydrate for CeN and ammonium 
nitrate for CeAN. The remaining weight percents of three cerium dioxides (53% from CeA, 41% from 
CeN and 25% from CeAN) were very close to that expected value (49% from CeA, 36% from CeN and 
30% from CeAN). 
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Fig. 3. The schematic diagram illustrating the formation mechanism of the morphologies of ceria particles from the three precursors
(CeA, CeN and CeAN) by SP. 
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3.3. Concentration of cerium (III) 

Figure 4 illustrates the XPS Ce-3d spectrum (after background subtraction) for the ceria particles, as 
an example. The spectrum consists of eight peaks [27,28], four doublets denoted as V /U , V /U ,
V /U  and V /U . Based on the convention establish by Burroughs [27] et al. peaks V  and U
refer to 3d3/2 and 3d5/2 of Ce (III), respectively; peaks V /V /V  and U /U /U  refer to 3d3/2 and 
3d5/2 of Ce (IV), respectively. The results from fitting (position and area) for these eights peaks are listed. 
Using the method developed by El Fallah et al. [29], the fitted peak areas in the XPS spectrum of Ce-3d 
(Fig. 4) can be used to estimate the concentration of Ce (III) by the following equation [28], 

UVUVUVUV
UV

IIICe )]([
                                                                              (1)

The calculated Ce (III) concentrations of the ceria particles from CeAN, CeA and CeN show that, as 
expected, the [Ce (III)] from the particles prepared from CeA and CeN are 17.71% and 17.72%, 
respectively, higher than that of 14.55% from CeAN. The [Ce (III)] difference between the ceria particles 
from the precursors of Ce (III) and the precursors of Ce (IV) is ~3%, which is not significant comparing 
to the difference doped and un-doped ceria particles (~19% for CeO2 and Ce0.8Zr0.2O2-x particles) [23]. 

Fig. 4. Ce-3d spectra of the ceria particles from the precursors of (a) CeAN, (b) CeA and (c) CeN. Solid line represents the 
experimental spectrum (after background subtraction) and the dotted lines are the results with curve fitting.  

4. Conclusions 

 The morphology of the ceria nanoparticles from CeAN, CeA and CeN precursors has been 
characterized using TEM imaging. Due to different solubilities of these three precursors, volume 
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precipitation, partial volume and surface precipitation and surface precipitation dominates the SP process 
to form main morphologies of spherical solid, hollow (closed and open pores) and porous (closed pores) 
of the ceria particles from CeAN and CeA and CeN precursors, respectively. Based on the result, by 
choosing suitable precursors, different morphological ceria particles can be obtained for different 
applications. 
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