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In the present work, CeO2 nanopowder was synthesized via a reverse precipitation method using 
CeCl3*7H2O, NH4OH and Sodium dodecyl sulfate as raw materials. The effect of thermal treatment 
on the crystal growth, surface area and chemical bonds of the powder was discussed. The structural 
evolutions and morphological characteristics of the nanopowder were investigated using X-ray 
diffractometery, transmission electron microscopy, scanning electron microscopy; differential 
thermal analysis and Fourier transform infrared spectroscopy. The results showed that CeO2 with an 
average particle size of 45 nm is formed. The BET surface area increased to 41m2/g, with increasing 
calcinations to 300 °C; then, it decreased following calcinations at higher temperatures. The particles 
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sintered and agglomerated together after 500 °C. The activation energy for CeO2 nanocrystallite 
growth during calcinations was calculated to be about 14.6kJ/mol. 
Keywords: Ceria nanoparticles; reverse precipitation; Characterization methods. 

1. Introduction 

Ceria (CeO2) is a fluorite-structured ceramic material that does not show any known 
crystallographic change from room temperature up to its melting point (2700 °C).1 In 
recent years, nanocrystalline cerium oxide (CeO2) particles have been extensively 
studied owing to their potential uses in many applications, such as UV absorbents and 
filters 2, buffer layers with silicon wafer 3, gas sensors 4, catalysts in the fuel cell 
technology 5, catalytic wet oxidation 6, engine exhaust catalysts 7, NO removal 8, 
photocatalytic oxidation of water 9, etc. CeO2 nanopowders have been reported to be 
synthesized by different techniques such as: hydrothermal 10, mechanochemical 11, 
sonochemical 12, combustion synthesis 13, sol–gel 14, semi-batch reactor 15, microemulsion 
16 and spray-pyrolysis 17. Compared with these methods, homogeneous precipitation 
method is one of the most promising techniques because of the inexpensive starting 
materials, a simple synthesis process and commonly available apparatus. Although CeO2 
nanoparticles prepared by the precipitation technique have been extensively studied but 
most of the previous reports were focused on direct precipitation of ceria without using a 
dispersant. 

In the present work, a CeO2 nanopowder was synthesized via a reverse precipitation 
method using CeCl3·7H2O and NH4OH as precipitation agent. Sodium dodecyl sulfate 
(SDS), as a common anionic surfactant, was selected as dispersant to reduce 
agglomeration. 

2. Experimental procedure 

 CeO2 nanopowder was prepared by a reverse precipitation method using CeCl3·7H2O 
(Merck, purity>99.5%), NH4OH (Merck, purity> 99%) and SDS (Sigma–Aldrich). 
CeCl3·7H2O and SDS were dissolved in deionized water. The molar ratio of Ce4+ to 
SDS was 2. The solution was added drop-wise to NH4OH while keeping a constant pH 
value of 8.5 by adding extra-ammonia solution. The resultant synthesis precipitate was 
washed with deionized water and dried at 80 °C for 24 h. The dried precipitate was 
calcined for 2 h in a tube furnace at different temperature. 
The crystalline structure of the powders was determined by X-ray diffraction (Philips pw 
3710) with Cu Kα radiation. The average crystallite size (d) of the powder was estimated 
from the Scherrer equation (Eq. 1): 

𝑑𝑑 =
0.9𝜆𝜆

𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 cos⁡(𝛳𝛳)
 

where λ is the wavelength, θ is the diffraction angle, and βsample is the full-width for the 
half-maximum (FWHM) intensity peak of the powder. For instrumental correction, the 
Gaussian–Gaussian relationship (Eq. 2) was used: 

𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2 = β𝑒𝑒𝑒𝑒𝑒𝑒2 − β𝑖𝑖𝑖𝑖𝑖𝑖2  

(1) 

(2) 
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where the measured FWHM of the powder is shown by βexp and that of the standard 
sample is indicated by βins. Differential thermal analyses (DTA) and thermo gravimetric 
(TG) were used in the range of 25-1000 °C with a rate of 10°C/min1 (the STA 1460 
equipment). N2 adsorption-desorption isotherms were determined in a surface analyzer 
equipment at 77 K. The powder morphology was observed using a Phillips XL30 
scanning electron microscope (SEM) and transmission electron microscope (TEM, 
CM200-FEG- Phillips). Fourier transformation infrared spectroscopy analysis (FTIR) of 
dried precipitate and calcined powders was carried out in Bruker equipment (Vector-33 
model). 

3. Result and discussion 

The synthesis mechanisms may be described by the following reactions. A precipitate is 
obtained by adding solution to NH4OH. The formation of cerium hydroxide occurred 
after oxidation of Ce3+ to Ce4+ in solution at a high pH, leading to 
Ce3++H2O→Ce(OH)3++H++e−, with subsequent hydrolysis to Ce(OH)4 and precipitation. 
However, oxidation of Ce(OH)3 also occurs in air at room temperature 18. Then Ce(OH)4 
converts to CeO2 with removing the hydroxyl groups (reaction1). 
Ce(OH)4→ CeO2+ H2O4                                                                                                   (1) 

Fig. 1 presents thermogravimetry and differential thermal analysis (TG–DTA) curves 
of the dried precipitate. The DTA curve shows an endothermic peak at 250 ºC which is 
attributed to evaporation of absorbed water and dehydration of the dried precipitate. 
TG curve shows an overall weight loss of approximately 10% up to 650 ºC and reveals 
less change at higher temperatures. 

 

Fig. 1. DTA and TG curves of the dried precipitate. 

The X-ray diffraction patterns of the dried precipitate and calcined powders for 2 h at 
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temperature ranges from 100 to 900 °C are shown in Fig. 2. It is clear that, before heat 
treatment the precipitate shows broad peaks of CeO2 nanocrystallites with pure cubic 
structure. By increasing the heat-treatment temperature to 900 °C, the broadening of 
CeO2 peaks decreases which shows growing the CeO2 nanocrystallites. 

 

Fig. 2. XRD patterns of as-prepared and heat treated samples at various temperatures for 2 h. 

 The evolution of crystallite size of the CeO2 powder during calcinations has been 
investigated, and the results obtained from X-ray line-broadening of the (111) peak are 
summarized in Fig. 3. As can be seen, crystallite size decreases from 13.4 to 11 nm with 
increasing the calcinations temperature to 300 °C. This decrease results most probably 
from broadening of diffraction peaks due to destabilization of the low-temperature cubic 
phases, rather than from actual shrinking of crystallites.19 By increasing the temperature 
more than 300 °C, crystallite size increases. Increasing of crystallite size is attributed to 
typical effect of temperature on crystal growth. For instance, Li et al.20 reported that the 
crystallite size of CeO2 shows exponential dependence on the calcinations temperature, 
indicating that crystallite growth is diffusion related. 

 

Fig. 3. Effect of calcination temperature on Crystallite size of CeO2. 

In addition, it is obvious that the nanocrystallites grow slowly up to 500 °C and then 
they grow rapidly. In the case of low calcinations temperature (300<T<500 °C), the 
porosity is quite high and the pores are interconnected to maintain smaller crystal sizes. 21 
For the specimens calcined at higher temperatures (>500 °C), continuous grain boundary 
networks have been formed due to the bridging of fine particles to increase the crystal 
sizes. 
Straight line of ln(D) against 1/T is plotted in Fig. 4 according to the Scott equation, 
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given below on the assumption that the nanocrystallite growth is homogeneous 22, which 
approximately describes the nanocrystallite growth during annealing: 

𝐷𝐷 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(− 𝐸𝐸
𝑅𝑅𝑅𝑅

) 
Where D is the XRD crystal size, C is the constant, E is the activation energy for 
nanocrystallite growth, R is the ideal gas constant and T is the absolute temperature of 
heat treatment. The activation energy for CeO2 nanocrystallite growth during 
calcinations was calculated to be about 14.6kJ/mol. It can be considered that the 
crystallite grows by means of an interfacial reaction 23. 

 

Fig. 4. Plot of Ln (D) against 1/T for the equation D= Cexp(-E/RT) 

The effect of the calcination temperature on the surface area is shown in Fig. 5. The 
surface area increases at 300 °C (41 m2/g); then, it decreases when the temperature 
becomes higher. Increasing surface area is due to rapid decomposition of the precipitate 
accompanied by the appearance of considerable stresses, which leads to decomposition of 
the particles. With increasing temperature from 300 to 500 °C, the surface area decreases 
due to the grain growth. By increasing the temperature above 500 °C, surface diffusion 
can be activated and it can cause sintering and formation of necks between particles. 
Therefore surface area reduces with higher rate above 500 °C. 

(3) 
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Fig. 5. Effect of calcination temperature on surface area. 

Fig. 6 shows the TEM Micrograph of powder calcined at 300 °C. As can be seen the size 
of particles is about 45 nm. The particle size in this figure is larger than the crystallite 
sizes obtained via X-ray line-broadening analysis (Fig. 6). These obvious discrepancies 
indicate that the particles are polycrystalline. In addition TEM micrograph shows most of 
the particles are spherical in shape. Considering that the CeO2 has been synthesized by 
wet soft chemistry, the uniform size and shape are achieved. Cabus-Llaurado et al. 24 
synthesized a CeO2 nanopowder by a precipitation method using CeCl3·7H2O and 
(NH4)2CO3 as precipitation agent and showed, synthesized nanopowders have a layered 
structure with high surface area. Therefore it can be concluded that the precipitation agent 
have strong effect on morphology of resultant powder. In addition Chen et al. 25 found 
that, calcinations atmosphere plays an important role on the size and shape of resulting 
particles in precipitation method. 

 

Fig. 6. TEM image of the nanopowders heat treated at 300°C (bar = 20 nm). 

Fig. 7 presents the SEM images of the powder heat treated at 500 and 700 °C. As can be 
seen there are some individual particles in the powders heat-treated at 500 °C. In addition 
some small agglomerates exist in the powders which are attributed to uncontrolled 
coagulation during precipitation. Fig. 7 (b) shows that the particles cling together and 
form larger agglomerated structures. By increasing the temperature above 500 °C, the 
mechanism that can be activated is surface diffusion, which leads to neck formation and 
further agglomeration. It shows that the synthesized powder starts to sinter at low 
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temperatures. This powder can be used as raw material for fabrication of bulk ceria. 
 

 

Fig. 7. SEM images of the powders heat treated at different temperatures: (a) 500 °C (b) 700 °C. 

Fig. 8 shows the FTIR spectra of the CeO2 nanopowder heat-treated at various 
temperatures for 2h. The absorption broad peak at 3000-3600 cm-1 and absorption peak 
at around 1620 cm-1 maybe attributed to the O-H vibration of water. The two absorption 
peaks become weaker by increasing the heat-treatment temperature. The broad band 
below 700 cm-1 is due to the envelope of the phonon band of the metal oxide network. 
By increasing the temperature hydroxyl groups are decomposed in the precipitate and 
only Ce-O bands are remained. 

 

Fig. 8. IR spectra of CeO2 precipitate at various temperature: (a) 100 °C (b) 300°C (c) 500 °C (d) 700°C. 

4. Conclusions 

In the present study a CeO2 nanopowder was synthesized by a reverse precipitation 
method using CeCl3·7H2O, NH4OH and SDS as raw materials. The findings can be 
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summarized as follow: 

1- CeO2 with an average particle size of 45 nm was formed. The morphology of the 
prepared powder is sphere-like with a narrow size distribution. The total weight loss of 
10% appears in the specimens after heat treatment due to removing of volatile 
components. 

2- The activation energy for CeO2 nanocrystallite growth during calcination was 
calculated to be about 14.6kJ/mol. By increasing the temperature above 500 
°C, the particles clung together and formed larger agglomerates. 
3- The BET surface area increased to 41 m2/g with increasing calcinations temperature to 
300 °C; then, it decreased following calcination at higher temperatures. The surface area 
reduced with higher rate above 500 °C. 
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