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bstract

aterials based on CeO2–La2O3 system are promising candidates for a wide range of applications, but the phase relationship has not been studied
ystematically previously. To address this challenge, the subsection of the phase diagram for 1100 and 1500 ◦C have been elucidated. Samples of
ifferent compositions have been prepared from nitrate acid solutions using conventional ceramic techniques; evaporation, drying, and calcinations.
he phase relations in the binary CeO2–La2O3 system at 1100–1500 ◦C were studied from the heat treated samples using X-ray diffraction analysis,

etrographic investigation and scanning electron microscopy in the overall concentration range. It was established that in the binary CeO2–La2O3

ystem there exist fields of solid solutions based on hexagonal (A) modification of La2O3, and cubic modification of CeO2 with fluorite-type
tructure (F). The systematic study that covered whole composition range excluded formation of new phases. The refined lattice parameter of the
nit cell and the boundaries of the homogeneity fields for solid solutions were determined.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Study of phase equilibria in the binary CeO2–Ln2O3 sys-
ems is important to advance our understanding of materials
ompatibility at high temperatures and thus move science for-
ard. The phase diagrams of these systems are considered to
e pathways for creation of new materials for a wide range of
pplications; solid electrolytes in fuel cells, oxygen sensors,
atalyst carriers, refractory for furnaces, and thermal barrier
oatings. Materials based on ceria, and rare-earth oxides also
ave applications in medicine, energy production and structural
omponents of heavy machinery due to their unique combination
f properties.1–18

Solid solutions based on ceria represent the most viable elec-
rolytes operating at moderate temperatures because of their
onic conductivity and high sensitivity to oxygen partial pressure
nd higher ionic conductivity than in yttria-stabilized zirconia
YSZ) solid solutions. The substitution of Ce4+ by suitable triva-
ent cations such as La3+, Sm3+, Gd3+, Eu3+, Y3+ enhances

he chemical stability, increases the ionic conductivity and sup-
resses the reducibility of ceria-based materials.11 Doping of
eria with low-valence ions, such as La3+ and Y3+, is effective
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o suppress an undesirable ion segregation in the phases based
n ceria in so called ceramic carriers of catalysts, which must
e reliable in the course of long-term exploitation.1–8

The thermal barrier coatings with double ceramic layer ceria
nd yttria-stabilized zirconia (YSZ), or 8YSZ with pyrochlore-
ype phase Ln2Zr2O7 (Ln = rare-earth elements and yttrium)
emonstrate high melting temperatures and have no phase trans-
ormations in wide temperature ranges.8 These coatings show
ow thermal conductivity, demonstrate chemical inertness and
ave low thermal expansion coefficient mismatch with the metal-
ic substrate. The good adhesion characteristic to metal substrate
nd their low sintering rates during operation makes these mate-
ials highly desirable for thermal barrier coating applications.

In spite of this relevance of CeO2–La2O3 system for wide
ange of applications, the phase relationship has not been studied
ystematically.5–7,11–20 The absence of systematic and reliable
nformation has led to contradictory statements about the stabil-
ty of the system.4,21–30 The boundaries of homogeneity fields
or the solid solutions of F–CeO2 and A–La2O3 at 1400 ◦C were
stablished from 0 to 43 mol% and from 100 to 92 mol% La2O3,
espectively. The A- and F-phases coexist for concentrations
3–92 mol% La2O3. In another study, this system was investi-

ated using samples annealed at 1600 ◦C and the fluorite-type
hase was found stable in the concentrations from 0 to 49 mol%
a2O3 in Ref. [23]. In another study, stability regimes were iden-

ified for concentrations from 0 to 52 mol% La2O3.26 At high

dx.doi.org/10.1016/j.jeurceramsoc.2010.05.024
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(fluorite F–CeO2 type) and solid solution hexagonal symmetry
(A–La2O3 type) coexisted. The phases (A + F) were separated
by two-phase field as shown in Fig. 1. The boundaries of the
278 E.R. Andrievskaya et al. / Journal of the E

anthana content, from 100 to 96 mol% La2O3, the hexagonal
-type La2O3 was found. The solid solutions of F–CeO2 and
–La2O3 coexist for the 49–96 mol% La2O3 concentration. Yet,

nother study concluded that the boundary of the homogeneity
eld A–La2O3 was determined to be at 82 mol% La2O3.24 The
xperimental and analytical study21 showed that the boundaries
f the F phase changes from 0 to 54 mol% La2O3 and A phase
hanges from 100 to 94 mol% La2O3 (1600 ◦C).

This short introduction reveals significant holes in our under-
tanding of the CeO2–Ln2O3 systems. In this paper, we present
he phase equilibria in the binary system CeO2–La2O3 and con-
entration dependences of lattice parameters in the whole range
f compositions at temperatures 1100 and 1500 ◦C. Particular
mphasis is placed on the solid solutions based on various poly-
orphs of the phases. The need to refine lattice parameters of the

nit cell and to define the boundaries of the homogeneity fields
or solid solutions are highlighted in order to improve design
nd estimate properties of materials.

. Experimental

Cerium oxide nitrate, Ce(NO3)3·6H2O, lanthanum oxide,
a2O3 (all 99.99%) and analytical-grade nitric acid were used as

he starting materials. In total 21 compositions in CeO2–La2O3
ystem were prepared in the present work for experimental anal-
sis. The specimens were prepared in step 5 mol% from nitrate
olutions with their subsequent evaporation and decomposition
t 1000 ◦C for 2 h. Powders were pressed at 10 MPa into pellets
f 5 mm in diameter and 4 mm in height. To study phase relation-
hips at 1500 ◦C thermal treatment of as-prepared samples was
arried out in two stages: at 1100 C (for 2799 h in air) and then at
500 ◦C (for 150 h in air) in the furnaces with heating elements
ased on Fecral (H23U5T) and Supercanthal (MoSi2), respec-
ively. To study phase equilibria at 1100 ◦C, the heat treatment
f the samples was carried out in air for 12,780 h. The heating
ate was 3.5 ◦C/min.

The phase composition of the samples was investigated by X-
ay (DRON-1.5, Burevestnik, Leningrad), petrographic (MIN-8,
ptical microscope, LOMO, Leningrad), microstructural phase
nd electron microprobe X-ray (SUPERPROBE-733, JEOL,
apan, Palo Alto, CA) analyses.

X-ray diffraction analysis of the samples was performed by
powder method at room temperature (CuK� radiation). The

canning speed of 1–4◦ 2θ/min was employed in the 80–15◦
θ range. The effective precision of the measurements was
0.0002 nm. Lattice parameters were refined by least squares
tting using the LATTIC program. The uncertainty in the lattice
arameter of cubic phases was within 0.0004 nm.

The refractive indexes were measured in highly refractive
mmersion media (sulfur–selenium alloys or solutions of arsenic
ri-bromide in methylene iodide) with an accuracy of ±0.02.

Microstructures were examined on polished sections of
nnealed samples by electron-probe X-ray microanalysis

EPXMA) in backscattered electron (BSE) and secondary elec-
ron (SE) modes. Stoichiometric composition was controlled
electively by chemical and X-ray fluorescence spectrum anal-
sis.

F
o
1

ig. 1. Phase equilibria in the CeO2–La2O3 system at 1500–1100 ◦C (© –
ingle-phase samples and � – two-phase samples).

. Results and discussion

The solid-state reaction was investigated between CeO2
fluorite-type, F) and La2O3 (hexagonal modification of rare-
arth oxides, type A) at temperatures 1100 and 1500 ◦C. The
-ray analysis showed that the CeO2–La2O3 system had two

ypes of solid solutions. The solid solution with cubic symmetry
ig. 2. Concentration dependences of lattice parameters “a” of the F-CeO2 based
n solid solutions in the system CeO2–La2O3 heat-treated at 1500 ◦C (�) and
100 ◦C (♦).
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Table 1
Phase composition and lattice parameters of the phases in the CeO2–La2O3 system, annealed at 1500 ◦C for 150 h in air (XRD and petrography data).

Chemical composition (mol%) Phase composition Lattice parameters of the phases a ± 0.0004 (nm)

CeO2 La2O3 〈F〉 〈A〉
a a c c/a

0 100 〈A〉* – 0.6523 0.3855 0.5909
5 95 〈A〉* – – – –

10 90 〈A〉* – 0.6516 0.3828 0.1702
15 85 〈A〉* – 0.6154 0.3828 0.1608
20 80 〈A〉* – 0.6499 0.3847 0.1689
25 75 〈A〉** + 〈F〉 traces 0.5448 0.6611 0.3828 0.1727
30 70 〈A〉** + 〈F〉 0.5597 0.6521 0.3843 0.1697
35 65 〈F〉 + 〈A〉 0.5596 0.3938 0.6068 0.0649
40 60 〈F〉↑ + 〈A〉↓ 0.5597 0.3984 0.5866 0.0679
45 55 〈F〉↑ + 〈A〉↓ 0.5594 – – –
50 50 〈F〉↑ + 〈A〉 traces↓ 0.5590 – – –
55 45 〈F〉 0.5569 – – –
60 40 〈F〉 0.5550 – – –
65 35 〈F〉 0.5538 – – –
70 30 〈F〉 0.5545 – – –
75 25 〈F〉 0.5495 – – –
80 20 〈F〉 0.5501 – – –
85 15 〈F〉 0.5482 – – –
90 10 〈F〉 0.5433 – – –
95 5 〈F〉 0.5432 – – –

100 0 〈F〉 0.5409 – – –

Designation of phases: 〈A〉 – solid solutions based on hexagonal modification of La2O3 and 〈F〉 – solid solutions based on cubic modification with fluorite-type
structure of CeO2.
The others designations: basic – phase constituent matrix, ↑ – amount of phase increasing, and ↓ – amount of phase decreasing.

* At given conditions (T = 1500 ◦C for 150 h in air) the hexagonal (A) modification of La2O3 unquenchable, and the hexagonal modification of La(OH)3 was
observed instead.
** Partial stabilization of A–La2O3 was observed.

Table 2
Phase composition and lattice parameters of the phases in the CeO2–La2O3 system, annealed at 1100 ◦C for 12,780 h in air (XRD data).

Chemical composition (mol%) Phase composition Lattice parameters of the phases a ± 0.0004 (nm)

CeO2 La2O3 〈F〉 〈A〉
a a c c/a

0 100 〈A〉* – 0.6523 0.3855 0.59
5 95 〈A〉* – – – –

10 90 〈A〉* – – – –
15 85 〈A〉* – – – –
20 80 〈A〉** + 〈F〉 traces 0.5594 0.6492 0.3089 0.48
25 75 〈A〉** + 〈F〉 traces 0.5594 0.6502 0.3836 0.59
30 70 〈A〉** + 〈F〉↑ 0.5597 0.6462 0.3843 0.59
35 65 〈F〉↑ + 〈A〉↓ 0.5603 0.6468 0.3836 0.59
40 60 〈F〉 + 〈A〉**↓ 0.5603 0.6470 0.3836 0.59
45 55 〈F〉↑ + 〈A〉**↓ – – – –
50 50 〈F〉 + 〈A〉** 0.5587 0.6518 0.3821 0.59
55 45 〈F〉 – – – –
60 40 〈F〉 0.5543 – – –
65 35 〈F〉 0.5537 – – –
70 30 〈F〉 0.5538 – – –
75 25 〈F〉 0.5514 – – –
80 20 〈F〉 0.5491 – – –
85 15 〈F〉 0.5472 – – –
90 10 〈F〉 0.5443 – – –
95 5 〈F〉 0.5425 – – –

100 0 〈F〉 0.5409 – – –
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omogeneity fields for F–CeO2 and A–La2O3 solid solutions
Tables 1 and 2) were determined from samples containing
5–50 mol% La2O3 and 75–80 mol% La2O3 at 1500 C heat
reatment (150 h). Similarly, to determine boundaries of the
omogeneity fields for F–CeO2 and A–La2O3 solid solutions we

sed samples containing 45–50 mol% La2O3 and 80–85 mol%
a2O3 for 1100 ◦C heat treatment (12,780 h). The lattice param-
ter as a function of La2O3 content is shown in Fig. 2 for the
–CeO2 solid solution.

h
o
p
m

ig. 3. SEM microstructures of the samples in the CeO2–La2O3 system heat-treated a
2000; (b) 〈A–La2O3〉 + 〈F–CeO2〉, 50 mol% CeO2–50 mol% La2O3, BSE, ×600;

5 mol% CeO2–45 mol% La2O3, BSE, ×600; (e) 〈F–CeO2〉, 75 mol% CeO2–25 m
SE, ×600; (g) 〈F–CeO2〉, 80 mol% CeO2–20 mol% La2O3, BSE, ×2000; (h) 〈F–C
eO2–10 mol% La2O3, BSE, ×2000; (j) 〈F–CeO2〉, 90 mol% CeO2–10 mol% La2O

l) 〈F–CeO2〉, 100 mol% CeO2–0 mol% La2O3, BSE, ×600; light grains – 〈F–CeO2〉
an Ceramic Society 31 (2011) 1277–1283

The results depicted in Figs. 1 and 2 suggest that the solubility
f La2O3 in F-modification of CeO2 is about 49 mol% for both
emperatures; 1100 ◦C and 1500 ◦C. The lattice parameter of
he unit cell of sample containing 50 mol% La2O3 increases
rom а = 0.5409 nm in pure CeO2 to а = 0.5590 nm for 1500 ◦C

eat treatment while a moderate increase to а = 0.5587 nm was
bserved for 1100 ◦C heat treatment. The X-ray diffraction and
etrography data have been confirmed by the scanning electron
icroscopy analysis (Figs. 3 and 4). The microstructure of the

t 1500 ◦C: (a) 〈A–La2O3〉 + 〈F–CeO2〉, 50 mol% CeO2–50 mol% La2O3, BSE,
(c) 〈F–CeO2〉, 55 mol% CeO2–45 mol% La2O3, BSE, ×2000; (d) 〈F–CeO2〉,
ol% La2O3, BSE, ×2000; (f) 〈F–CeO2〉, 75 mol% CeO2–25 mol% La2O3,
eO2〉, 80 mol% CeO2–20 mol% La2O3, BSE, ×600; (i) 〈F–CeO2〉, 90 mol%

3, BSE, ×600; (k) 〈F–CeO2〉, 100 mol% CeO2–0 mol% La2O3, BSE, ×2000;
, black – pores.
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Fig. 4. SEM microstructures of the samples in the CeO2–La2O3 system heat-treated at 1100 ◦C: (a) 〈F–CeO2〉, 65 mol% CeO2–35 mol% La2O3, BSE, ×2000; (b)
〈F–CeO2〉, 65 mol% CeO2–35 mol% La2O3, BSE, ×600; (c) 〈F–CeO2〉, 70 mol% CeO2–30 mol% La2O3, BSE, ×2000; (d) 〈F–CeO2〉, 70 mol% CeO2–30 mol%
La2O3, BSE, ×600; (e) 〈F–CeO2〉, 75 mol% CeO2–25 mol% La2O3, BSE, ×2000; (f) 〈F–CeO2〉, 75 mol% CeO2–25 mol% La2O3, BSE, ×600; (g) 〈F–CeO2〉,
8 2–20
B 〈F–Ce
C

t
C
i
p
o
F
f
l
t

m
r
a
a
a

0 mol% CeO2–20 mol% La2O3, BSE, ×2000; (h) 〈F–CeO2〉, 80 mol% CeO
SE, ×2000; (j) 〈F–CeO2〉, 90 mol% CeO2–10 mol% La2O3, BSE, ×600; (k)
eO2–0 mol% La2O3, BSE, ×600; light grains – 〈F–CeO2〉, black – pores.

wo-phase (A + F) boundary sample with composition 50 mol%
eO2–50 mol% La2O3 shows grains of polyhedral shape, sized

n the range from 7.5 to 30 �m (Fig. 3a and b). The dark grey
hase (A) exists in small amount in this composition because
f its close location to phase boundary and not clearly seen in

ig. 3a due to raised shape of grains. The typical microstructures
or the homogeneity field 〈F–CeO2〉 are presented in Figs. 3c-
and 4a-l. It was revealed that the higher the ceria concentration,
he smaller are the grains of the F phase (∼5.83–0.83 �m), which

F
l

r

mol% La2O3, BSE, ×600; (i) 〈F–CeO2〉, 90 mol% CeO2–10 mol% La2O3,
O2〉, 100 mol% CeO2–0 mol% La2O3, BSE, ×2000; (l) 〈F–CeO2〉, 100 mol%

ay be utilized in engineering of high strength material that
equire small grain size. From the data of electron microprobe
nd X-ray spectral analysis, the light phase contains cerium only
nd, therefore, is a solid solution of F–CeO2. Low sintering
ctivity at given temperatures results in high porosity visible in

igs. 3c-l and 4. The one-phase samples of pure ceria in Fig. 4k

ook three phase due to pores and surface relief.
The solubility of CeO2 in hexagonal A–lanthanum oxide

eached 25 mol% at 1500 ◦C heat treated samples and was sign-
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◦
cantly less for 1100 C heat treated sample; approximately
5 mol% CeO2. The solid solutions A–La2O3 of CeO2–La2O3
ystem remained stable for both heat treatments; 1500 (150 h)
nd 1100 ◦C (12,780 h). When samples containing free La2O3

ig. 5. XRD patterns of the samples for the CeO2–La2O3 system heat-treated
t 1500 ◦C: (a) 20 mol% CeO2–80 mol% La2O3; (b) 50 mol% CeO2–50 mol%
a2O3; (c) 100 mol% CeO2–0 mol% La2O3.
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ere exposed to a water containing environment (air), they
apidly hydrated. Thus, samples with 70–100 mol% La2O3
fter 1500 ◦C heat treatment and samples 50–100 mol% La2O3
eat treated at 1100 ◦C formed hexagonal lanthanum hydroxide
pon exposure to air. Increasing of ceria content corresponded
o appearance of A-modification of La2O3 on X-ray diffrac-
ion patterns (Fig. 5). The lattice parameters of the unit cell
ecreased from а = 0.6523 nm, c = 0.3855 nm for pure La(OH)3
o а = 0.6499 nm, c = 0.3847 nm for 1500 ◦C heat treated sample.
he heat treatment at 100 ◦C decreased the unit cell parameters

o а = 0.6492 nm, c = 0.3089 nm that contained approximately
0 mol% CeO2.

. Conclusions

The phase equilibria in the CeO2–La2O3 system at 1100 and
500 ◦C were studied in the whole concentration range. The
ubsection of the phase diagram has been developed. The solid
olutions of hexagonal (A) modification of La2O3, and cubic
odification of CeO2 with fluorite-type structure (F) were found

hat had limited solubility. The fluorite-type structure was sta-
le up to 49 mol% La2O3 substitution for the La3+ substituted
eO2 solid solution in spite of much larger La ion size. Only a
ubic CeO2 (Fm3m) phase was identified by XRD analysis in
he CeO2–La2O3 system at these temperatures and no evidence
f La2Ce2O7 pyrochlore phase (Fd3m) was found of the samples
nnealed at 1100 (12,780 h) and 1500 C (150 h).
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