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Lanthanum (La) doped Ceria (CeO2) has attracted considerable interest as a candidate material 
for thermal barrier coating (TBC) because of its low thermal conductivity and potential capability 

to be operated above 1250°C. In this study, La2Ce2O7 powder was synthesized through the ball 

mill method. The crystal structure of La3+ substituted CeO2 solid solution was investigated by X-
ray diffraction in LaxCe1-xO2-x/2 (0<x< 0.5). The fluorite structure of CeO2 did not change although 

La3+ was the largest trivalent rare-earth ion. The lattice parameter changed from 5.41 to 5.59Å by 

increasing La content. Changes in the lattice parameters of LaxCe1-xO2-x/2 that were compared with 
the theoretical values measured by XRD were obtained based on the oxygen vacancy model. The 

theoretical lattice parameters were larger than the lattice parameters calculated from the X-ray 

diffraction pattern. Moreover, the Williamson–Hall equation was used to measure the crystallite 
size and strain in the LaxCe1-xO2-x/2 lattice as a function of the lanthanum content. The results 

showed that the presence of lanthanum in the structure reduced the crystallite size. 
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1. INTRODUCTION 
 

Rare-earth metals (RE)-doped ceria with fluorite 

structures have recently been at the center of attention, 

particularly due to their unique combination of 

electrical, catalytic, and mechanical properties [1,2]. 

Increased chemical stability and ion conductivity of RE-

doped ceria-based materials are mainly attributed to the 

replacement of Ce4+ ions with La3+, Sm3+, and Gd3+ ions. 

Such a unique combination of properties cause RE-

doped ceria ceramics proposed as promising candidates 

for much application including solid oxide fuel cells 

(SOFC), oxygen sensors, and catalysts [3-7]. 

Additionally, due to properties such as high melting 

point, low thermal conductivity, high coefficient of 

thermal expansion (CTE), favorable chemical and 

thermal stability, strong adhesion to metallic substrates, 

and low sinterability, RE-doped ceria-based ceramics 

are widely used as thermal barrier coatings (TBC) [8-

10]. 

Several methods have been proposed for La2Ce2O7 

synthesis, including sol-gel, solid-State reactions, 

hydrothermal treatments (for 24 hours in 180°C), 

pressure-less sintering sol-gel (PSSG) in 1600°C for 
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10h, atmospheric plasma spray, electron beam physical 

vapor deposition (EBPVD), and high-temperature solid-

state method [11,12]. 

High-purity (>99.99%) lanthanum oxide and cerium 

oxide powders were used as raw materials for the 

synthesis of La2Ce2O7 bulk ceramics by Wen Ma et. al 

[13]. The material was sintered at 1600°C for 6 hours 

and the corresponded CTE was measured through the 

thermal cycle of 180°C.h-1.  

The solid-state reaction method was used by Jong Sung 

Bae et al. to synthesis the LaxCe1-xO2-x/2 ceramics from 

La2O3 and CeO2 precursors, at 1400°C for 7 hours. They 

achieved an XRD pattern at room temperature implying 

a high symmetry that confirmes the formation of single-

phase by calcining the mixture of constituent oxide from 

x=0-0.4 [7]. 

The structural study of La3+ substituted CeO2, LaxCe1-

xO2-x/2 solid solution has been investigated. La3+ has the 

largest size among the trivalent rare-earth ions such that 

the size difference between Ce4+ and La3+ is large 

[7,11,14]. In the case of +3/+4 oxides, the pyrochlore 

structure is favored, where a cation radii ratio rA/rB is 

greater than 1.42. It is also observed that the disordered 

fluorite structure is favorable at lower rA/rB value. Since 
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the ionic radii of eight-coordinated La3+ is 1.30Å, and 

eight -coordinated Ce4+ is 0.97Å, so rA/rB=1.36. 

Therefore, it is expected that the fluorite structure 

should be observed for the mixed oxide made out of Ce4+ 

and La3+. Moreover, recent studies suggest that the rare-

earth doped ceria (La2Ce2O7) has disordered defect 

fluorite structure [1,11,15,16]. This paper initially 

concerned the process of synthesizing La2Ce2O7 powder 

by the ball mill method and examined the effect of 

milling time and heat treatment on the synthesize 

process. Then, the effect of changing the amount of 

lanthanum is investigated in the oxide mixture of 

LaxCe1-xO2-x/2 for 0<x<0.5 on the crystal structure, 

crystal size, and lattice parameter. The X-ray diffraction 

analysis (XRD) is used to examine the microstructure of 

the present phases and Energy Dispersive X-ray 

spectroscopy (EDS) is used to verify the stoichiometric 

composition. 

 
 

2. MATERIALS and METHOD 
 

CeO2 and La2O3 (99.5%) powders, products of Strategic 

Elements Co. were used as raw materials for the solid-

state synthesis of LC. The powder mix—48% 

lanthanum oxide and 52% cerium oxide—was milled 

for 20 hours at 300rpm in a zirconia cup with 10:1 

zirconia ball to powder ratio, and then heat-treated at 

1300°C for 3 hours. The LaxCe1-xO2-x/2 (x = 0.1, 0.2, 0.3, 

0.4, and 0.5) solid solution with different ratios of La2O3 

and CeO2 were synthesized to investigate the crystal 

structure and to study the effect of changing the 

Lanthanum content on the lattice parameter and 

crystallite size.  

The crystal structures and lattice parameters of the 

synthesized solid solutions were studied using a Philips 

pw3710 diffractometer, and the chemical composition 

of the LC was investigated by EDS analysis. The 

crystallite size and strain in the LaxCe1-xO2-x/2 lattice 

were calculated using the Williamson–Hall equation 

because the broadening of the peak can be partially 

attributed to the finer crystallite and partially to the 

increased lattice strain. The crystallite size was also 

obtained from the Scherrer equation:  

 

β = λ.K/D cos θ  (1) 

 

Where, λ represents the wavelength of the X-ray, θ is the 

diffraction angle, K is a constant (0.9), β shows the Full 

Width at Half Maximum (FWHM) for the highest peak.  

 

βD
2 = B2 – b2 (2) 

 

The FWHM of the specimen is denoted by B, whereas b 

represents the FWHM for a standard silicon reference 

specimen [17]. 

According to the Scherrer equation, the broadening of 

the peak is a result of the crystallite size. However, the 

strain developing in the lattice is also a culprit of the 

broadening of the peak. The lattice-strain-induced 

change in the width of the peak can be calculated from 

Eq. 3: 

 

βS = 2Aε tan θ (3) 

 

According to these equations, the total peak 

broadening is: 

 

Β = βD + βS (4) 

β = λ.K/D cos θ + 2Aε tan θ (5) 

 

By multiplying both sides in cos θ, it would be: 

 

β cos θ = λ.K/D + 2Aε sin θ (6) 

 

Equation 6 is the Williamson–Hall (W–H) equation 

where ε represents the lattice strain and A is a constant 

(often 1). In the general form of the equation, the slope 

shows the lattice strain, whereas the vertical intercept is 

used to estimate the crystallite size [18]. 

 

 

3. RESULTS and DISCUSSION 
 

3.1. X-Ray diffraction 
Figure 1 shows the X-ray diffraction (XRD) patterns of 

the synthesized LC powder. The resulting diffraction 

pattern resembles the cubic fluorite CeO2, but shifted to 

smaller angles with no peak corresponding to La2O3, 

indicating the formation of the La2Ce2O7 solid solution. 

The resulting pattern is a basic reflection with no 

additional peaks, showing only one phase after the 

synthesis. Therefore, the CeO2 can fully incorporate the 

larger La3+ ions, while preserving its fluorite structure. 
 

 

 

 

Figure 1. The X-ray diffraction patterns of CeO2 and 

synthesized La2Ce2O7 powder 
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The EDS analysis of the LC powder (Fig. 2) also 

indicates 64.35 at.% oxygen, 17.46 at.% lanthanum, and 

17.79 at.% cerium in the chemical composition, which 

is similar to the stoichiometric ratio of the La2Ce2O7. 

 

 

 

Figure 2. The EDS analysis of the synthesized LC 

powder 

 

Fig. 3 shows the XRD patterns for LaxCe1-xO2-x/2 (x = 

0.1, 0.2, 0.3, 0.4, and 0.5) and pure cerium oxide (x = 0). 

 

 

 
Figure 3. The X-ray diffraction patterns for LaxCe1-

xO2-x/2 as a function of x 

 
As evident from the Fig. 3 (A), all oxide mixes exhibit 

shifted fluorite ceria patterns (Fig. 3(B)). 

No secondary phase or additional peaks is found in the 

powder mixes, indicating the formation of a 

homogeneous oxide phase. This implies that the CeO2 

structure can completely incorporate the larger La3+ ions 

in its lattice and still maintains its fluorite structure 

despite the La3+ substitution. The diffraction patterns 

further shift to smaller angles as a result of the change 

in the lattice parameter by increasing the La content 

[11,14,19,20]. 

 

3.2. Crystallite size 
One thing to note in Fig. 3 is the broadening of the peaks 

by adding La, which is suggestive of a reduction in 

crystallite size at higher La contents. Therefore, adding 

La impedes the growth of ceria crystals [11,14]. 

Considering the growth mechanism of ceria is required 

to rationalize the observed decline of the crystallite size 

with La content. 

The synthesis process includes two major steps; the 

formation of stable nucleus and crystal growth through 

the Oswald Ripening (OR) or oriented attachment (OA) 

mechanism [21,22]. 

It is expected that the replacement of host cations with 

dopant ions in ceria influences the thermodynamic and 

kinetic of the growth process. The growth mechanism of 

the ceria particles should also be illustrated to indicate 

the effect of increased La content on decreasing the 

crystallite size. Considering OA as the dominant growth 

mechanism and removing the high energy surfaces (the 

driving force of OA mechanism) can cause a significant 

decrease in the surface free energy. Consequently, Van 

der Waals (VW) forces can cause sufficiently close 

crystals to absorb each other [23,24]. Ivanov et al. 

reported that the decreased crystallite size of ceria with 

an increasing fraction of dopant can be well described 

through the delayed ceria crystallite growth, which is 

promoted by the segregation of dopant ions at the 

surface. Such surface segregation causes decreased 

surface energy of the particles and consequently, 

restricts the OA mechanism (derived by high-energy 

surfaces) [24].  

However, the mentioned surface segregation 

mechanism cannot be used in this case due to the 

homogenous distribution of La in CeO2 particles. 

Therefore, a simplified model has been used to illustrate 

the effects of the replacement of La3+ ions with Ce4+ ions 

through the OA growth mechanism. The model includes 

two N×N arrays of nodes as the rectangular crystalline 

planes. Each node consists of x mole A (dopant) atoms 

and 1-x mole B (host) atoms. The average distance 

between the nodes is defined as the lattice parameter, 

which may be different for different planes, as the 

number of A and B atoms are different in each 

crystalline plane [24]. 

Strong chemical bonding can be formed between the 

plans if the number of similar atoms in atomic rows of 

two adjacent planes does not show a significant 
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difference. In other words, the atomic rows of each plane 

can fit together when the difference between the 

numbers of atoms in each row did not exceed the m 

factor. Such a parameter is defined as the difference 

between the lattice parameters of pure A and B can be 

calculated as follows [24]: 

 

m ≈ d/∆d                                                               (7) 

 

Whereas, d shows the lattice parameter in Eq. 7, the 

probability of row fitting (P1) can be calculated via the 

following formula [24]: 

 

P1 ≈ m[πx(1-x)N]-1/2                                             (8) 

 

Eq. 8 has been derived from the calculations of the 

probability theory, based on the presence probability 

(PP) of A and B atoms in rows accompanied with 

considerations such as d>>∆d and N>>1. Whereas the 

presence probability (PP) in a row is considered as x for 

A atoms and the PP for B should be considered as 1-x 

[24]. 

P2 is defined as the fitting probability of two 

perpendicular rows in one plane with the other planes. 

This parameter can be considered as the square of P1 and 

calculated as follows [24]: 

 

P2 ≈ m[πx(1-x)N]-1                                               (9) 

 

If the condition P2≈1 is considered as the criterion for 

the stopped particle growth, the indexed parameter of 

particle size (D=Nd) can be calculated through the 

following equation [24]: 

 

D ≈ [πx(1-x)]-1(d/∆d)2d                                       (10) 

 

Eq. 10 clearly illustrates that the particle size is 

decreased by the increased fraction of dopant (x). As the 

OA process intrinsically includes the formation of 

crystalline defects such as twinning, porosities and 

surface disorders, other processes such as 

recrystallization and OR should be occurred to decrease 

the lattice defects.  

The high cohesion energy of ceria causes a slow 

recrystallization process through surface diffusion 

mechanism. Therefore, it seems that the atomic 

movements majorly occurr through the OR process, 

which confirms the important role of the OR process in 

addition to OA [24,25]. 

It must be noted that both the particle size and the lattice 

strain broaden the XRD peaks [11,14,19].  

Lattice strain also affects the peak width considering 

that the W–H equation was used to calculate the 

crystallite size and lattice strain besides changing the 

crystallite size. The W–H equation is first-order, and its 

slope and intercept yield the lattice strain and the 

crystallite size. Table 1 shows the crystallite sizes and 

lattice strains obtained from the W–H equation for 

LaxCe1-xO2-x/2 compounds as a function of x. The results 

show that the incorporation of La into the structure 

reduces the crystallite size. 

 
TABLE 1. Crystallite sizes and lattice strains of the 

synthesized compounds 

 

x in LaxCe1-xO2-x/2 

Crystallite 

Sizes 

(nm) 

Lattice 

Strains 

(%) 

R2 

x=0 115.6 0.0016 0.9531 

x=0.1 99.1 0.0023 0.9137 

x=0.2 86.7 0.0026 0.8068 

x=0.3 77.0 0.0030 0.9119 

x=0.4 69.4 0.0034 0.8972 

x=0.5 63.0 0.0038 0.9073 

 
Figure 4 shows the variations of crystallite size and 

lattice strain as a function of La content. As evident, the 

lattice strain increases by raising the La content. The 

La3+ forms oxygen vacancies in the CeO2 lattice, 

converting the Ce4+ cations to Ce3+. The conversion 

changes the local symmetry in the lattice, which in turn, 

changes the Ce–O bond length [18,26]. Further, the La3+ 

cation with a larger ionic radius also disturbs the local 

symmetry of the lattice. All the above contribute to the 

increase in the lattice strain when La is introduced to the 

structure.  

 

 

Figure 4. Lattice strain and crystallite size 

variations in LaxCe1-xO2-x/2 compounds as a 

function of x 

 
3.3. Lattice parameter 
In this study, the XRD patterns, experimental lattice 

constant results, and the oxygen vacancy model were 

used to calculate the theoretical lattice parameter for the 

LaxCe1-xO2-x/2 powder, and the results were compared. 

Equation 11 was used to calculate the lattice parameter 

of the cubic structure based on XRD patterns. 

 

1/d2 = (h2+k2+l2)/a2 (11) 
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d: Spacing of crystal planes 

h k l: Miller indices  

a: Lattice parameter 

 

Theoretical lattice parameter results were calculated 

based on the oxygen vacancy model using Eq. 12 [7]. 

 

a = 4/√3 [rM – rCe – 0.25ro + 0.25rvo]x + 

4/√3 [rCe + ro] 
(12) 

 

M = La3+ 

Ce = Ce4+ 

O = O2- 

Vo = oxygen vacancy 

 

Fig. 5 plots the changes in the lattice parameter 

calculated from diffraction patterns and the theoretical 

lattice parameter calculated based on the oxygen 

vacancy model as a function of the La dopant content. 

 

 

Figure 5. Changes in the lattice parameter as a 

function of the La dopant concentration 

 

 

As evident, the lattice parameter increases by further 

adding of La. The substitution of Ce4+ with La3+ in the 

lattice enlarges the octahedral face in the lattice of the 

cubic fluorite CeO2, which also increases the lattice 

parameter in La2Ce2O7. The shift of CeO2 peaks to 

smaller angles in Fig. 3 also verifies this phenomenon 

[11,12].  

 As evident from Fig. 5, the theoretical lattice 

parameters were larger than the lattice parameters 

calculated based on XRD patterns. Further, the 

discrepancy between the experimental and theoretical 

results increases by adding La. The discrepancy shows 

that the volume of the fluorite unit cell can shrink as a 

result of the joining the vacancies. Further, given that 

the number of vacancies increased by the addition of La 

and the contraction is also exacerbated by increasing the 

difference between the theoretical and experimental 

lattice parameters [7]. 

In conclusion, two factors control fluorite lattice 

parameters. The first is the size difference between La3+ 

and Ce4+ ions. Note that La3+ has a larger ionic radius 

than the Ce4+, thus increasing the lattice parameter (a). 

The second less significant factor is the defects in the 

crystal lattice that contract the unit cell. 
 

 

4. CONCLUSIONS 
 

1. In La2Ce2O7 compounds, where x is between 0.1 

and 0.5, the CeO2 structure can embed the larger 

La3+ ions in its lattice, while preserving its fluorite 

structure. Changing the La content of the 

compound resulted in a shift in diffraction patterns 

due to the different lattice parameters and the 

broadening of the peaks as a result of the reduced 

particle size.  

2. The La3+ formed oxygen vacancies in the CeO2 

lattice, converting the Ce4+ cations to Ce3+. The 

conversion changed the local symmetry in the 

lattice, which in turn, changed the Ce–O bond 

length. Further, the La3+ cation with a larger ionic 

radius also disturbed the local symmetry of the 

lattice. All the above contributed to the increase in 

the lattice strain when La is introduced to the 

structure. 

3. The theoretical lattice parameters were larger than 

the lattice parameters calculated based on XRD 

patterns. Further, the discrepancy between the 

experimental and theoretical results increased by 

adding La. Given that increasing the La content 

increases the number of vacancies, the contraction 

induced by the joining of vacancies and the 

difference between the theoretical and 

experimental lattice parameter results also 

increased. 
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