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Abstract 

Nanocrystalline ceria with high surface area and mesoporosity was prepared by template-assisted 
precipitation method. The method of preparation was facile, using low-cost reagents and could be performed 
on a large scale. Cerium oxide support was characterized by Brunauner – Emmett - Teller (BET), X-ray 
diffraction (XRD) and transmission electron microscopy (TEM) techniques. The optimal conditions for cerium 
oxide synthesis were using cerium nitrate precursor, adjusting the final pH solution to 11.4 by NH4OH and 
ethylene diamine (EDA) and calcination at 550 °C in air for 3 hours. With these conditions, nanocrystalline 
CeO2 was obtained with high surface area of 159.5 m2/g. 
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1. Introduction* 

         Ceria (CeO2) is an important catalyst 
component, as a role of a support/ carrier. High 
surface area ceria is extremely useful for increasing 
catalytic activity in several low-temperature 
applications such as emissions control, water gas shift 
(WGS), CO oxidation, and volatile organic 
compound (VOC) combustion/ destruction. Ceria has 
been the subject of thorough investigations, mainly 
because of its use as an active component of catalytic 
converters for the treatment of exhaust gases. 
However, ceria-based catalysts have also been 
developed for different applications in organic 
chemistry. The redox and acid-base properties of 
ceria, either alone or in the presence of transition 
metals, are important parameters that allow to 
activate complex organic molecules and to orient 
their transformation selectively [1].  

        The most important property of CeO2 is as an 
oxygen reservoir, which stores and releases oxygen 
via the redox shuttle between Ce4+ and Ce3+ under 
oxidizing and reducing conditions, respectively. Ceria 
also improves the dispersion of supported metals and 
metal oxides and consequently their activity [2, 3].  

         Recently, highly dispersed vanadia supported 
on ceria turned out to be active also for low-
temperature (LT) selective catalytic reduction of NOx 
by NH3 (NH3-SCR) with remarkable resistance to 
SO2 [4]. Highly dispersed vanadia supported on 
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CeO2, turned out to be active also for LT NH3-SCR 
[1-5]. The prior art reporting on synthesis of high 
surface area ceria showed that the template-assisted 
precipitation method had been used (Table 1).  

Table 1. Prior art reporting high surface area ceria 

Method, precursor, reference 
SBET  

(m
2
 g

–1
) 

Urea gelation method, (NH4)2Ce(NO3)6[7] 215  
Micro-emulsion method, Ce(NO3)3 [8] 118  
Alkoxide sol-gel, Ce(NO3)3 [9] 180  
Surfactant-template method, CeCl3 [10] 200  
Sol-gel, Ce(NO3)3 [6] 61 

          
       As can be seen from the Table 1, some works 
obtained the high surface area ceria, but only at low 
temperature (400 – 450°C). When the calcining 
temperature increased to 550°C, with longer dwelling 
time, it was difficult to obtain the high surface area 
support and porosity [6]. 

       Mesoporous nano-CeO2 with high surface area 
was prepared using surfactant CTAB, with Ce(NO3)3 
as the precursor and NaOH as the precipitating agent. 
The surface area of CeO2, in excess of 200 m2g–1 was 
obtained after calcination at 400°C [7]. However, this 
method had been used lower calcination temperature 
400°C compared to 550°C of our research. Moreover, 
NaOH is a strong inorganic base. If it was used as 
precipitating agent, sodium couldn’t be removed 
during the filtering and heat treatment. In our 
research, NH4OH, EDA or urea were used as 
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precipitating agents. These compounds will be easy to 
decompose during the calcination. 

          Therefore, in the present work, synthesis of 
CeO2 with high surface area and porosity by 
template-assisted precipitation method has been 
focused on. 

2. Experiments 

        The CeO2 nanoparticles were prepared by 
template-assited precipitation method as shown in the 
Figure 1. Cerium nitrate (Ce(NO3)3·6H2O, Acros, 
99.5%), cerium chloride (CeCl3.7H2O, Sigma, 
≥99.9%) and cetyltrimethylammonium bromide 
(CTAB, Sigma >99%) were used to prepared two sets 
of CeO2 precursors.  The first set of CeO2 precursors 
were prepared by dissolving Ce(NO3)3·6H2O and 
CTAB in water with the stoichiometric ratio Ce3+: 
CTAB of 1:0.6. The second set of CeO2 precursors 
were synthesized by using 1:1 stoichiometric molar 
ratio of CeCl3.7H2O and CTAB mixed in water. 

        The precipitation of CeO2 precursors were 
promoted by different precipitants including sodium 
hydroxide (NaOH, Sigma), ammonium hydroxide 
(NH4OH, Sigma), urea (ammonium titanyl oxalate 
monohydrate, Acros, 98%), ethylenediamine (EDA, 
Sigma, ≥99.5%) and the mixture of NH4OH and 
EDA. The precipitants were added dropwise and the 
final pH of solutions were adjusted up to a value 
between 10 and 13. Afterwards, the precipitations 
were dried at 120°C for 10 hours and then calcined in 
air at 550°C for 3 hours. 

 

Fig. 1. Schematic overview of CeO2 synthesis using 
template-assisted precipitation method 

       XRD powder patterns were recorded in the 2 
Theta range from 5–80° by a theta/theta 
diffractometer (X’Pert Pro, Panalytical, Almelo, 
Netherlands) equipped with an X’Celerator RTMS 
Detector using Cu Kα radiation. Specific surface 
areas were determined by nitrogen adsorption at -
196°C using the single-point BET procedure (Gemini 
III 2375, Micromeritics).  

        The transmission electron micrograph (TEM) 
observation was performed with a JEOL ARM200F 
instrument equipped with a JED-2300 energy-
dispersive X-ray spectrometer (EDXS) for chemical 
analysis. 

3. Results and discussion 

       CeO2 nanoparticles were prepared with different 
recipes. The results were shown in Table 2. The 
starting materials were cerium nitrate or cerium 
chloride. The molar ratio between metal ion and 
CTAB has been varied from 0.6 to 1. CTAB 
surfactants are amphiphilic molecules. It is easy for 
the amphiphilic molecule groups to form a variety of 
ordered polymers in a solution, such as liquid 
crystals, vesicles, micelles, microemulsion, and self-
assembled film [12]. From the perspective of material 
chemistry, it is generally thought that the interaction 
between liquid crystal phase of surfactants and 
organic-inorganic interface plays a decisive role in 
the morphology of mesoporous materials [13].  

       The calcining temperature was used based on the 
previous work [6].  After calcining at 550°C for 3h in 
air, the CeO2 nanoparticles were submitted to BET 
measurements. It was noticed that the cerium nitrate 
precursor (sample Ce4) allowed to obtain the CeO2 
nanoparticle with high surface areas (159.5 m2g–1). It 
may due to the role of EDA, which acts as a 
precipitator as well as a ligand to complex with Ce3+ 
[14, 15]. 

       EDA has a significant role in the formation of 
CeO2 nanoparticles by adjusting the pH of the 
hydrolysis and controlling the precipitation of CeO2 
precursors. EDA forms complexes with Ce3+ through 
two nitrogen atoms. It is a bidentate ligand. NH3 is a 
monodentate ligand. It binds to a metal ion through 
only one atom (nitrogen atom). Here, a stronger 
ligand, EDA is introduced to form 
[Ce(NH2CH2CH2NH2)2]3+ thereby control the release 
of isolated Ce3+. During the gelation there is a shift in 
pH which results in precipitation. The addition of 
EDA also can increase the viscosity of the solution 
and slows downs the diffusion coefficient of the 
building blocks [16, 17]. Therefore, EDA decreases 
the hydrolysis rate thus making the precipitation of 
hydroxide more difficult. Otherwise, EDA is a 
stronger base (pKa = 9.69) than NH3 (pKa = 9.25). 

       The role of EDA can be seen in the results of Ce4 
and Ce8 samples (Table 2). The pH values of the 
final solutions are slightly difference (11.4 and 11 
respectively), the surface area of the CeO2 has been 
obtained much higher. Here, the extra EDA has been 
added to raise the pH value from 11 to 11.4. 
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Table 2. Specific surface area (SBET) of different CeO2 precursors 

Sample name Precursor, molar ratio Precipitators, pH SBET  (m
2g–1) 

Ce1 Ce(NO3)3:CTAB = 1:0.6 NaOH, 13 2.5 

Ce2 CeCl3:CTAB = 1:1 NaOH, 13 52.0 

Ce3 CeCl3:CTAB = 1:0.6 EDA, 13 6.0 

Ce4 Ce(NO3)3:CTAB = 1:0.6 EDA, NH4OH, 11.4 159.5 

Ce5 CeCl3:CTAB = 1:1 EDA, 11 115.0 

Ce6 CeCl3:CTAB = 1:1 NH4OH, 11.1 97.2 

Ce7 CeCl3:CTAB = 1:1 NH4OH, 11.4 111.2 

Ce8 Ce(NO3)3:CTAB = 1:0.6 EDA, NH4OH, 11 66.6 

Ce9 CeCl3:CTAB = 1:1 Urea 7.9 

Ce10 CeCl3:CTAB = 1:1 EDA, NH4OH, 11.3 77.3 

Ce11 CeCl3:CTAB = 1:1 EDA, NH4OH, 10.8 77.9 
 

 
Fig 2. X-ray powder diffractograms observed for the sample Ce4. 

      Table 3. Calculation the average crystallite size followed the Scherrer’s equation based on XRD data 

d‐spacing 
[Å] Pos. [°2Th.] Height [cts] Area, 

[cts*°2Th.] 
Integral 
Breadth [°2Th.] 

Crystallite 
Size only [Å] 

Average, 
nm 

3.12113 28.577(6) 2084(8) 3779.29 1.813187 50.7549 4.7266648 
2.70066 33.14(1) 660(5) 1221.51 1.850435 50.1965  
1.91216 47.512(7) 1718(7) 3460.92 2.014423 48.16879  
1.63086 56.371(6) 1524(10) 3234.94 2.122363 47.45177  
1.56207 59.09(2) 296(6) 758.1 2.563135 39.76128  
 
       The XRD patterns of the sample Ce4 was shown 
in Figure 2. XRD patterns of CeO2 supports show the 
characteristic peaks of the cubic fluorite structure. As 
can be seen in Figure 2, the three strongest diffraction 
peaks (at 3.12113, 1.91216, 1.63086 Å) of the CeO2 
sample correspond to the cubic ceria crystal facets 
(111), (220) and (311), respectively [15].  

       The average of crystalline size of CeO2 
nanoparticles of   sample Ce4 was 4.7 nm. This data 
was obtained from XRD measurements. It is based on 
the Scherrer’s equation.  

       Particle Size = (0.9 × λ)/ (d cosθ) 

        Where λ = 1.54060 Å (due to the XRD equipped 
with an X’Celerator RTMS Detector using Cu Kα 
radiation.  
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        The XRD data to calculate the average 
crystallite size following the Scherrer’s equation was 
shown on Table 3. 

From BET measurements for the CeO2 
nanoparticle, it was possible to note that the pore 
volume Vp= 0.2724 cm3g–1 and pore size                      
Rp = 3.15nm. The data was shown in Figure 3 and 
Figure 4. 

  
Fig. 3. The quantity adsorbed Va as function of 
relative pressure (isotherm liner plot) of the Ce4 
sample. 

 

 
Fig. 4. The derivative vapor pressure (dVp/drp) as a 
function of pore size of the Ce4 sample. 

       This proved that CeO2 nanoparticles with high 
surface area and mesoporosity were successfully 
synthesized by template-assisted precipitation 
method. 

TEM images for CeO2 nano particles are shown 
in Figure 5. As can be seen in the TEM image for 
Ce4 sample, the crystalline CeO2 size varied from 3 
to 5 nm (the dark domain represents CeO2 in the 
Figure 5 (a)). The pore size was above 3 nm, covered 
by CeO2 (the bright domain represents CeO2 in the 
Figure 5(b)). These results were found to be in good 
agreement with XRD and BET data.  

  
(a) (b) 

Fig. 5. Transmission electron micrographs of the Ce4 sample at two different magnifications. 
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4. Conclusion 

        Template-assisted precipitation method has been 
used successfully to synthesize nanocrystalline CeO2 
support with markedly high surface area (159.5m2g–1) 
and mesoporosity (pore volume of 0.2724cm3g–1 and 
pore size of 3.15nm). The optimal conditions for 
cerium oxide synthesis were using cerium nitrate 
precursor using surfactant CTAB with stoichiometric 
ratio Ce3+: CTAB of 1:0.6, adjusting the final pH 
solution to 11.4 by NH4OH and ethylene diamine 
(EDA) and calcination at 550°C in air for 3 hours. 
The role of surfactant CTAB had been proved in the 
templatate-assisted precipiation method. The TEM 
results were found to be in a good agreement with the 
XRD and BET data.   
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