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ABSTRACT 

Undoped CeO2, co-doped and tri-doped CeO2 with Si, Si-Al and Si-Fe, were prepared by sol-gel method. Nanoparticles with 

an average crystal size of 2-10 nm, were obtained and structurally characterized by X-Ray Diffraction (XRD), Scanning 

Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM).  Powders were compacted by uniaxial pressure 

and sintered in air at 1250 °C to obtained sintered pellets. The different compositions maintained the cerianite crystal structure, 

implying that dopant elements enter in the structure forming a solid solution, although some segregation was observed by 

SEM and TEM analysis in pellets. The undoped CeO2 material reached a relative density of 0.95% at 1250°C while doped 

samples presented variations in this value and grain size and relative density, clearly attributed to doping. According to these 

results, these materials could have potential applications in solid oxide fuel cells, electrodes and sensors. 

                                                                                       

Keywords: multi-doped ceria, solid oxide fuel cells, aluminium, iron, silicon. 

                          

 Síntesis sol-gel y sinterización de ceria dopada con óxidos mixtos de Al, Fe y Si  
                 

RESUMEN 
Se prepararon polvos de ceria (CeO2), ceria codopada con Si, ceria tridopada con Si-Al y Si-Fe Fe mediante el método sol-

gel. Se obtuvieron nanopartículas con un tamaño medio de cristal de 2-10 nm y se caracterizaron estructuralmente por 

Difracción de Rayos X (DRX), Microscopía Electrónica de Barrido (MEB) y Microscopía Electrónica de Transmisión (MET).  

Los polvos se compactaron mediante presión uniaxial y se sinterizaron en aire a 1250 °C para obtener gránulos sinterizados. 

Las diferentes composiciones mantuvieron la estructura cristalina de cerianita, lo que implica que los elementos dopantes 

entran en la estructura formando una solución sólida, aunque se observó cierta segregación mediante análisis SEM y TEM en 

los pellets. El material CeO2 sin dopar alcanzó una densidad relativa del 0,95% a 1250°C, mientras que las muestras dopadas 

presentaron variaciones en este valor y en el tamaño de grano y la densidad relativa, claramente atribuidas al dopaje. Según 

estos resultados, estos materiales podrían tener aplicaciones potenciales en pilas de combustible de óxido sólido, así como de 

electrodos y sensores. 

                       
Palabras claves: ceria multidopada, celdas de óxido sólido, aluminio, hierro, silicio. 

                                   
INTRODUCTION 

For a long time, yttria-stabilized zirconia (YSZ) has been 

a wildly used electrolyte material for solid oxide fuel cells 

(SOFCs), because of its high stability and ionic 

conductivity at high temperature (>800 °C) 1–7 . However, 

the high temperature environment involves several critical 

disadvantages including: the accelerated degradation of 

cell components; slow start-up time which increase the 

energy consumption making the process less efficient; and 

limited selection of materials in terms of mechanical and 

chemical compatibility 7–9. Those factors impede its 

commercialization in SOFC technology and motivate to 

explore other alternatives more efficient and reliables 10,11. 

Ceria (cerium oxide, CeO2) is a cubic fluorite-type oxide, 

considered one of the most important ceramic oxides 12–16. 

When ceria is doped with heterovalent cations such as rare 

earth, typically gadolinium (Gd) and samarium (Sm) 17,18, 

it shown a robust chemical stability 19–21 and superior 
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oxygen ion conductivity at moderate temperatures 22–24 

compared to YSZ, which makes of this compound a 

promising candidate for electrolytes material in SOFCs 

applications. Also, it can be easily obtained by different 

synthesis methods 25–29: hydrothermal synthesis 30,31, jet 

pyrolysis 32, inverse microemulsions method 33, 

combustion 14 and sonochemical synthesis 34, and sol-gel 

35,36. The latter is commonly used for the synthesis of 

cathodes and solid electrolytes in SOFCs 28,37,38.  

Recent researches in the field of SOFCs 39–42 has focused 

on developing efficient materials but with easier and more 

economical manufacturing processes. Unlike tradicional 

dopants such as Gd and Sm, doping with alkaline earth 

metal ions as aluminum (Al) and iron (Fe) 43–45 enhance 

the ionic conductivity of ceria while simultaneously 

improving its chemical stability and reducing costs. The 

sol-gel process is highly adaptable and versatile, and it´s 

considered an effective chemical route, because it doesn’t 

require high temperatures, and allow obtaining ultrafine 

pure powders 35–37,46 with nanometric characteristics with 

several composition ranges 16. Therefore, the present work 

studies the effect of doping, co-doping and tri-doping ceria 

(with Si, Si-Al, Si-Fe and Si-Al-Fe) were prepared by 

using the sol-gel method. The effect of the doping element 

on the structural properties has been discussed. 

 

EXPERIMENTAL, MATERIALS AND METHODS 

The following Sigma Aldrich chemical reagents were used 

for the synthesis of doped cerianites: cerium oxide (CeO2), 

with 99.9%, hexahydrate aluminum chloride (AlCl36H2O) 

0.07 – 0.30 % mol, ferric oxide (Fe2O3) 0.04 – 0.14 % mol 

and tetraethylorthosilicate (TEOS) Si(OC2H5)4 as 0.010 – 

0.012 % mol as precursor. Sol-gel in basic medium (pH > 

10) was the chemical methodology employed to 

synthesize the ceramic powders. For this, each compound 

was dissolved in aqueous media with H2SO4, HCl and/or 

HNO3 1M, 2M and 1M, respectively. Then, they were 

mixed with NH4Cl and NH4OH to obtain different 

hydroxides: Ce(OH)4, Al(OH)3, Fe(OH)3 and Si(OH)4. 

These hydroxides were combined with each other and with 

TEOS according to Table 1 and to acquire different oxide 

ceria compositions.  Afterward, they ware centrifuged at 

25 rpm during 8 minutes in distilled water in a Damon IEC 

Model K centrifuge until pH = 7, filtered and dried at 

100°C during 5 hours. Consolidation of the ceramic 

powders was done by preparing disks of 1,24 cm2 pressed 

under uniaxial pressure (load of 700 - 800 KN) and finally 

sintered at 1250 °C for 12h in a tubular furnace to obtain 

solid ceramics disks. 

Table 1. Sample Compositional Nomenclature of doped 

cerianites. 

 

Powders and ceramic disks were characterized by X-ray 

diffraction (XRD), scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM). XRD was 

carried out with a Siemens D5005 diffractometer with Cu 

Kα radiation (λ=1.540498Å) operated at 40kV and 20mA 

in the 2θ range of 20°–80° with a step size 0.02 ° and a 

step time for 2s. Identification of XRD peaks was carried 

out by JCPDS database. Scherer equation was used to 

calculate the crystallite size of the nano particles and is 

given by D = Kλ / βcosθ; where D is crystallite size, K is 

the Scherrer constant (K = 0.9), λ is the wavelength of X–

rays, β is the full width at half maximum intensity 

corrected with the instrumental width, and θ is the angle 

of the main reflection (111). The lattice parameter (a) was 

determined using the CelRef software47. 

MIXTURE 
DOPED 

COMPOSITION 

DESIGNA- 

TION 

Ce(OH)4 

 
CeO2-x CeO2 

Ce(OH)4 + TEOS 

 
CeαSi1-αO2-x CeSi 

Ce(OH)4 + TEOS 

+Al(OH)3 
CeαSiβAlγO2-x CeSiAl 

Ce(OH)4 + TEOS 

+Fe(OH)3 
CeαSiβFeδO2-x CeSiFe 

Ce(OH)4 + TEOS 

+ Al(OH)3 + 

Fe(OH)3 

CeαSiβAl3γFeδO2-x CeSi3AlFe 

Ce(OH)4 + TEOS 

+ Al(OH)3 + 

Fe(OH)3 

CeαSiβAlγFe3δO2-x CeSiAl3Fe 
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SEM images were obtained using a FEI INSPECT F50 

FEG microscope operated at 2-5 kV. Characterization by 

this technique included secondary electron images (SEI) 

for powders and backscattered electron images (BEI) for 

the cerianites pellets. Elementary analysis was conducted 

by X-ray Energy Dispersion (EDX) in order to examine 

the experimental chemical composition of doped 

cerianites, and phase composition and grain area analyses 

were done using ImageJ software 48. Relative porosity 

(RP), relative density (RD) of the sintered disks were 

measured via the Archimedes method in water bath. TEM 

was performed in a TECNAI FEI Spirit microscope 

operating at 120 kV and equipped with a LaB6 source 

 

POWDER´S CHARATERIZATION RESULTS AND 

DISCUSSION 

X-ray diffraction  

Figure 1 shows the diffractogram of CeO2, used as control 

sample. Seven sharp reflections are observed; the most 

intense correspond to the main peaks of the cubic fluorite 

structure Fm3m symmetry: (111), (200), (220) and (311), 

following JCPDS card No. 00-045-1002. This result 

confirms that the undoped is constituted of a single 

crystalline phase of cerianite, as expected  33,34.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Powder X-ray diffraction patterns of undoped 

CeO2 powders synthesized by the sol - gel method 

 

Figure 2 shows diffractograms of pure CeO2 sample (Fig 

2a) and Al, Fe and Si doped cerianite (Fig 2b). The main 

peaks of the doped samples match with control sample, 

suggesting that CeO2 is the only single phase obtained. 

Nevertheless, the peaks in the doped samples are broader 

and less intense due to the presence of nanometric particles 

49–52. Also, lattice constant (a) and crystallite size (D) 

values are presented in table 2. 

Fig. 2. Powder X-ray diffraction patterns of doped CeO2 

samples: CeSi, CeSiAl, CeSiFe, CeSi3AlFe y CeSiAl3Fe 

samples synthetized by sol – gel method. 

 

Table 2. Crystallite size and lattice parameter of undoped 

and doped cerianite samples. 

 

Then, it was found that the crystallite size (D) of undoped 

ceria has a value of 25.6 nm, while for the doped samples 

this value decreases one order of magnitude between 2.8 - 

4.4 nm. This indicates that the doping elements decrease 

the crystallite size, as has been reported 53,54. Ouzouit et al 

15 also confirmed that sol-gel route produced a small size 

crystallites compared to others routes. This fact is relevant 

because nanocrystalline powders are well known to 

provide faster densification kinetics and lower sintering 

temperatures 55.  

Lattice parameter of the doped samples is modified for 

doped samples around 5.4 Å. This variation observed of a 

SAMPLE D (NM) 
a (Å) SYNTHESIZED 

POWDERS 

CeO2 25.6 5.423 ± 0.012 

CeSi 2.9 5.387 ± 0.028 

CeSiAl 3.4 5.408 ± 0.028 

CeSiFe 4.4 5.418 ± 0.088 

CeSi3AlFe 2.8 5.415 ± 0.033 

CeSiAl3Fe 3.6 5.411 ± 0.097 



 M. Escalante, et al.                                                           Acta Microscopia, Vol. 33, No 1, 2024, pp 1-15 
 

4 

 

 

of 0.5 to 0.6 percent in doped samples respect to undoped 

one is directly correlated with doping sizes elements and 

its concentration 14,15,50. In this study, the difference size of 

Al3+ (0.57 Å), Fe3 + (0.67 Å), and Si+4 (0.39 Å) cations 

compared to Ce4+ cation (0.92 ˚A), causes a decreasing of 

lattice constant that obeys Vegard's Law 56,57. These 

dopants also generate structural defects in the anionic 

subnetwork of ceria that alters its electronic density, 

producing changes in oxide properties 58,59.  

For example, the introduction of Al+3, Fe+3 and Si4+ cations 

in the structure of CeO2 is achieved by the O-vacancy 

formation mechanism 57, in accordance to the theoretical 

equilibrium expressed in Kröger-Vink notation (Eq. 1, 2, 

3, 4 and 5).  

𝐴𝑙2𝑂3
2𝐶𝑒𝑂2
→   2𝐴𝑙𝐶𝑒

′ + 3𝑂𝑂 + 𝑉𝑂
°°       𝑬𝒒. 𝟏 

 

𝐹𝑒2𝑂3
2𝐶𝑒𝑂2
→   2𝐹𝑒𝐶𝑒

′ + 3𝑂𝑂 + 2𝑉𝑂 
°°       𝑬𝒒. 𝟐 

 

𝐹𝑒𝑂
𝐶𝑒𝑂2
→  𝐹𝑒𝐶𝑒

′′ + 2𝑂𝑂 + 𝑉𝑂 
°°       𝑬𝒒. 𝟑 

 

𝑆𝑖𝑂2
𝐶𝑒𝑂2
→  𝑆𝑖𝐶𝑒

𝑥 + 2𝑂𝑂        𝑬𝒒. 𝟒 

 

𝑆𝑖𝑂2
𝐶𝑒𝑂2
→  2𝑆𝑖𝐶𝑒

𝑥 + 2𝑂𝑂 + 𝑉𝑂 
°°       𝑬𝒒. 𝟓 

 

Oxygen vacancies formed could act as preferential 

nucleation sites, promoting seeding events with disturbing 

crystallite growth process 60, as is pointed out by Min et al 

61. This also could explain variation of D between doped 

and undoped samples obtained from XDR results (table 2). 

Finally, note that it is assumed that Si4+ substitutes Ce4+ 

without generating VOs because both ions have the same 

state valence. However, in some cases silicon doping can 

generate VOs to balance the additional electronic density 

in CeO2 structure due to interaction with other defects in 

the lattice 62,63 

 

Scanning Electronic Microscopy  

SEM images of undoped and doped samples are shown in 

Figure 3 to Figure 8 with their respective particle sizes 

histograms. Table 4 presents their chemical formulas 

calculated from EDS results, compared with theoretical 

ones. Additionally, the average agglomerate size (SA) 

determined from histograms are reported.  

 

 

 

 

 

 

 

 

Fig. 3. SEM Images of undoped ceria taken in SEI mode 

with its respective agglomerate size distribution 

histogram. 
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Fig. 4. SEM Images of CeSi sample taken in SEI mode 

with its respective agglomerate size distribution 

histogram. 

 
 

 

 

 

 

 

 

 

 

 

Fig. 5. SEM Images of CeSiAl sample taken in SEI mode 

with its respective agglomerate size distribution 

histogram. 

 

 

 

 

 

 

 

 

 

Fig. 6. SEM Images of CeSiFe sample taken in SEI mode 

with its respective agglomerate size distribution 

histogram. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. SEM Images of CeSi3AlFe sample taken in SEI 

mode with its respective agglomerate size distribution 

histogram. 

 

 

 

 

 

 

 

 

 

Fig. 8. SEM Images of CeSiAl3Fe sample taken in SEI 

mode with its respective agglomerate size distribution 

histogram. 
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Regardless compound stoichiometry, it is observed that 

powders are constituted by different geometry 

agglomerates whose sizes varied from 100 to 800 nm 

(table 4). These agglomerates contain smaller particles, 

which enclose crystallites as was discussed in XRD 

section. In the case of undoped CeO2, smaller spherical 

particles are detailed (~700 nm) but they are even smaller 

for doped cerianites CeSi, CeSiAl, CeSiFe, CeSi3AlFe 

and CeSiAl3Fe (100 – 500 nm). From histogram results 

reported in table 4, it is notorious that Sp decreases with 

addition of dopant elements. All samples obey to 

logarithmic normal size distribution, typical of the sol - gel 

chemical route synthesis 64. EDX chemical reveals the 

presence of the dopant elements in atomic percentage on 

ceria particles and empirical formulas were calculated 

from these values, in accordance with general 

compositions in table 1. 

These results are similar to those found by Zarkov et al. 28 

and Rana et al. 38 who synthesized CeO2 nanoparticles 

doped with gadolinium and neodymium, respectively. 

 

Table 3. Chemical formulas of the powders synthesized 

via sol - gel calculated by EDS analyses 

 

Transmission Electron Microscopy  

Figures 914 present TEM bright-fields images of doped 

and undoped ceria powders. The morphology of ceria 

nanoparticles mainly consists of uniform and hexagonal 

fine particles samples with size of ~20-25 nm.  

Doped ones are spherical with a particle size in the range 

of 2-4 nm, in good agreement with crystallite size 

observed by XRD. These results are in consistent with 

Zhang et al 49. 

 

Fig. 9. TEM Images of CeO2 sample 

 

 

Fig. 10. TEM Images of CeSi sample. 

 

 

Fig. 11. TEM Images of CeSiAl sample. 

 

THEORICAL 

FORMULA 

CHEMICAL 

FORMULA 

AGGLOMER

ATE SIZE 

(SA), (NM)  

CeO2 CeO1,98  791 ± 22 

CeSi Ce0,59Si0,41O1,88 225 ± 17 

CeSiAl Ce0,33Si0,45Al0,22O1,60 160± 2 

CeSiFe Ce0,47Si0,46Fe0,07O1,62 113± 2 

CeSi3AlFe 
Ce0,73Si0,17Al0,12Fe0,01

O1,55 
477± 32 

CeSiAl3Fe 
Ce0,51Si0,35Al0,10Fe0,05

O1,77 
143± 4 
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Fig. 12. TEM Images of CeSiAl sample. 

 

 

Fig. 13. TEM Images of CeSi3AlFe sample. 

 

 

Fig. 14. TEM Images of CeSiAl3Fe sample. 

 

SINTERED SAMPLES CHARACTERIZATION 

RESULTS AND DISCUSSION 

X-ray diffraction 

Figure 15 shows XRD patterns of doped and undoped 

ceria pellets obtained after conforming and sintering 

process at 1250 ° C.  The lattice parameter value (a) was 

calculated and the results are presented in Table 4. It was 

observed that regardless of the doping element, all peaks 

match well with those of undoped sintered CeO2 sample 

and there are no additional reflections that could indicate 

the formation of an additional phase after the sintering 

process. The lattice parameter decreases with the addition 

of the doping elements, as expected according to Vegard’s 

law, corroborating again the introduction of the doping 

elements.  

Fig. 15. Powder X-ray diffraction patterns CeO2 and 

doped electrolytes: CeSi, CeSiAl, CeSiFe, CeSi3AlFe 

and CeSiAl3Fe. 

 

Table 4. Chemical formulas of the powders synthesized 

via sol - gel calculated by EDS analyses 

 

Scanning Electron Microscopy 

Figures 16 to Figure 21 shows SEM images of undoped 

and doped sintered samples at 1250 °C during 12h. Their 

grain size (G), relative porosity (RP) and relative density 

(RD) values is also presented in table 5 

SAMPLE 
CHEMICAL FORMULA 

AGGLOMERATE SIZE (SA), (NM)  

CeO2 5.4202 ± 0.0092 

CeSi 5.4196 ± 0.0039 

CeSiAl 5.3996 ± 0.0055 

CeSiFe 5.4080 ± 0.0017 

CeSi3AlFe 5.4157 ± 0.0022 

CeSiAl3Fe 5.4097 ± 0.0190 
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Fig. 16. SEM images of CeO2 samples, sintered at 1250 ° 

C for 12 h, obtained in BSE mode inset shows gran size 

histogram. 

 

 
 

 

 

 

 

 

 

 

 

Fig. 17. SEM images of CeSi samples, sintered at 1250 ° 

C for 12 h, obtained in BSE mode inset shows gran size 

histogram. 

 

 

Fig. 18. SEM images of CeSiFe samples, sintered at 1250 

° C for 12 h, obtained in BSE mode inset shows gran size 

histogram. 
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Fig. 19. SEM images of CeSiFe samples, sintered at 1250 

° C for 12 h, obtained in BSE mode inset shows gran size 

histogram. 

 

 

 

Fig. 20. SEM images of CeSi3AlFe samples, sintered at 

1250 ° C for 12 h, obtained in BSE mode inset shows 

gran size histogram. 

 

 

 

 

 

 

 

 

Fig. 21. SEM images of CeSiAl3Fe samples, sintered at 

1250 ° C for 12 h, obtained in BSE mode inset shows 

gran size histogram 

Figures 16 to Figure 21 shows SEM images of undoped 

and doped sintered samples at 1250 °C during 12h. Their 

grain size (G), relative porosity (RP) and relative density 

(RD) values is also presented in table 5 and table 6. 

CeO2 sample only shows a single phase while doped 

samples have three different coexisting regions: a gray 

diffused zone rich in Si and Fe elements, a white zone rich 

in Ce and Al elements and a dark zone attributed to sample 

porosity. Proportions and chemical composition of the 

different regions were calculated by EDX (table 7 and 

table 8). Additionally, it was observed a reduction of G, 

RP and RD values for doped ceria samples compared with 

undoped ceria.  

The appearance of different coexisting regions in SEM 

images for doped samples could be attributed to the 

segregation phenomena called solute drag effect 21,65–67. In 

this model, impurity solid solution atoms have a tendency 

of segregation to grain boundaries, an effect that may 

strongly retard the grain boundary mobility and thus the 

kinetics of recrystallization 68. This effect causes a phase 

interface during phase transformations were each of these 

phases often have different compositions 68–70. In XRD 

section it was mentioned the presence of one single 

crystalline structure (fluorite), but the appearance of 

regions forming an interface is due to a different 

segregation of trivalent cations in CeO2 structure which 

promote inhomogeneities zones with the same 

crystallographic structure 21,71. Fei et al 71 observed 

compositional and valence state elemental differences in 

Tb doped cerias and consider it a positive fact because with 

segregation of trivalent cations, oxygen vacancies are 

enriched in the domains and form an ordered structure 71. 

Grain size decrease G could be attributed to doped 

elements, as Si and Al, that suppress the grain boundary 

mobility and retard the kinetics of mass transport during 



 M. Escalante, et al.                                                           Acta Microscopia, Vol. 33, No 1, 2024, pp 1-15 
 

10 

 

 

sintering 72. Zhang et col 73 investigation supports these 

results.  

Grain size decrease G could be attributed to doped 

elements, as Si and Al, that suppress the grain boundary 

mobility and retard the kinetics of mass transport during 

sintering 72. Zhang et col 73 investigation supports these 

results. 

It is also noted that CeSi, CeSiAl and CeSiFe samples have 

low coalescence between the grains, which probably is 

reflected on decrease RP and RD values. It is possible that 

sintering temperature (TS) may not have been effective at 

all, but the use of metal oxides (Al, Fe, Si) justifies it 

because they are adequate sintering aids 74,75. 

Nevertheless, Ahmad et al 76 explain that TS most used for 

these systems are 1300 and 1400 °C to obtain better values 

of densification, Jung and col 77 recommend improved the 

pressing and conforming processes to solve the lack of 

coalescence mentioned above 78. 

 

Table 5. Grain size value (G), relative porosity (RP) and 

relative density (RD) of samples sintered at 1250 ° C 

 

 

Table 6. Grain size value (G), relative porosity (RP) and 

relative density (RD) of samples sintered at 1250 ° C 

 

Table 7. Black phase percentages of solid sintered 

samples at 1250 ° C 

 

 

Table 8. White phase percentages of solid sintered 

samples at 1250 ° C 

 

Transmission Electron Microscopy 

High annular dark field analysis (HADF) was carried out 

in CeSiAl and CeSiFe samples and the compositional 

mappings are presented in Figure 22 and Figure 23. It can 

be clearly observed that what appeared to be an absence of 

coalescence (pores) in the SEM images are actually grains, 

where cerium, oxygen, silicium, aluminum and iron 

distribution depending on the nature of the sample; for 

CeSiAl sample, silicon (denoted as dark blue) is 

distributed preferentially in what in the HAADF images is 

black. 

SAMPLES 
GRAIN SIZE G 

(NM) 

RELATIVE 

POROSITY 

RP (%)  

CeO2  2330 ± 80 1,9   0,3 

CeSi 441 ± 45 2,9   0,7 

CeSiAl 895 ± 50 2,8   0,5 

CeSiFe 2039± 100 3,9   0,2 

CeSi3AlFe 2168 ± 100 2,6   0,6 

CeSiAl3Fe 1554 ± 90 2,3   0,1 

SAMPLE RELATIVE DENSITY RD (%)  

CeO2 98,2 ± 0,3 

CeSi 94 ± 1 

CeSiAl 95 ± 1 

CeSiFe 93 ± 1 

CeSi3AlFe 96,6 ± 0,2 

CeSiAl3Fe 98 ± 1 

SAMPLES 
BLACK DOMAIN 

FORMULA 
%PHASE  

CeO2 - - 

CeSi Ce0.39Si0.70O1.64 26±9 

CeSiAl Ce0.49 Si0.48Al0.03O1.47 14±5 

CeSiFe Ce0.65 Si0.13Fe0.22O1.51 19±11 

CeSi3AlFe Ce0.02 Si0.17Al0.01Fe0.80O1.18 11±4 

CeSiAl3Fe Ce0.28 Si0.37Al0.04Fe0.44O1.59 20±7 

SAMPLES 
WHITE DOMAIN 

FORMULA 
%PHASE  

CeO2 CeO1.95 100 

CeSi Ce0.63Si0.25O1.88 74±9 

CeSiAl Ce0.60 Si0.33Al0.07O1.90 86±5 

CeSiFe Ce0.65 Si0.11Fe0.23O1.44 81±11 

CeSi3AlFe Ce0.06 Si0.12Al0.03Fe0.79O1.32 89±4 

CeSiAl3Fe Ce0.32 Si0.38Al0.04Fe0.31O1.67 80±7 
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Fig. 22. HAADF and Mapping image of the CeSiAl 

sample in HAADF mode. 

 

Fig. 23. HAADF and Mapping image of the CeSiFe 

sample in HAADF mode. 

 

Oxygen (denoted as purple) is distributed along the entire 

matrix, while cerium is mostly located in the white colored 

areas of the HAADF mode and aluminum (denoted as light 

blue) is found in greater proportion. When all the colors 

are superimposed, three phases are observed. The same 

trend is observed for the CeSiFe sample. Consequently, 

the doping elements were introduced in CeO2 structure in 

a substitutional position, but without modifying the host 

network. However, the proportion of each is different at 

each stage, indicating again trivalent cations segregation 

phenomena in CeO2 structure 67,79–81. 

These results agree with those observed in the 

investigations of Yei et al.71 with holmium-doped ceria 

and in the studies of Rong Ou et al.21 with terbium-doped 

ceria, originating these inhomogeneous zones. Moreover, 

a study of zirconium-doped ceria82, showed a phase 

separation with Ce and Zr enriched regions, specifically at 

sintering temperatures between 1000 and 1200°C, similar 

to our study. 

The formation of the samples could be summarized as a 

multi-step process, beginning with the synthesis of ceria 

nanoparticles via the sol-gel method. During sol-gel 

processing, precursors are hydrolyzed and polymerized to 

form a sol, which is then subjected to gelation to form a 

solid gel network 36,83,84. Subsequent thermal treatment 

leads to the formation of ceria nanoparticles 27,49. 

Following synthesis, the samples undergo sintering, where 

they are heated to high temperatures to promote particle 

rearrangement and densification 85–87. During sintering, 

the dopants, such as Al and Fe, play a crucial role. These 

dopants diffuse into the ceria lattice, modifying its 

structure and reducing the activation energy for sintering 

88,89. Consequently, the sintering process occurs more 

efficiently, resulting in denser and more compact 

materials. Additionally, doping with Al and Fe leads to a 

decrease in particle size due to the inhibition of grain 
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growth during sintering, resulting in finer microstructures 

and improved properties 90,91. Thus, the combination of 

sol-gel synthesis, doping, and sintering enables the 

production of high-quality ceria-based materials with 

enhanced performance for various applications 92. 

 

CONCLUSIONS 

To obtain Ceria nanoparticles doped with aliovalents 

element were obtained with a particle size in the range of 

5-10 nm. The XRD analysis showed a fluorite structure as 

the only phase present, changes in crystal size, lattice 

parameter and stoichiometry of doped samples were 

attributed to the presence of the doping elements into ceria 

lattice. Sintering at 1250°C/12h showed a decrease in 

grain size (G) with doping and density values in the order 

of 0-90%. Low coalescence (RD) can be improved by 

increasing the sintering temperature.  A segregation effect 

called Model Drag Solute was observed SEM and TEM. 

According to these results, these materials could be 

analyzed by electrical techniques and check their 

application as a precursor of solid oxide fuel cells 

electrodes or sensors. 
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