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Lanthana-doped zirconium oxide may strongly influence the solid state reaction. A series of 
samples denoted ZrxLa1–x (where x = atomic percentage of the element) are prepared by hy-
drolysis in the neutral medium from ZrO2 and La2O3. These samples are calcined under air at 
450, 900, and 1200 �C, then characterized by specific surface area (BET), X-ray diffraction 
(XRD), scanning electron microscopy (SEM) and thermoreductions programmed under H2 
(TPR—H2). The results show that after calcination at 450 �C, the lanthanum addition increases 
slightly the zirconia surface area and the XRD analysis does not reveal any interaction between 
two oxides. After calcination at 900 �C, sintering appears and oxides lose half of their surface 
area. Lanthanum is not inserted into the structure of ZrO2, while some interaction occurs be-
tween lanthanum and zirconium oxide. At 1200 �C, the sintering of the samples is very impor-
tant; the specific surface is about 1 m2/g; XRD results show that ZrxLa1–x are formed basically 
by three mixed oxides: La2Zr2O7, La0.5Zr0.5O1.75, La0.46Zr0.54O1.77, which is confirmed by the 
SEM method. H2-TPR experiments confirm that changes in the reducibility can reflect some 
alterations of the nature of interactions between ZrO2 and La2O3. Preliminary experiments on 
zirconia do not reveal the occurrence of significant reduction processes. On the other hand, ex-
tensive reduction of La2O3 is much more accentuated for lanthana samples. At high tempera-
tures, a significant lessening in the H2 consumption suggests that ZrO2 would likely interact 
with La2O3, which is confirmed in the results indicating the presence of the pyrochlore type of 
oxides mentioned above.  
 
DOI: 10.26902/JSC20180231 
 
K e y w o r d s: ZrO2, La2O3, surface, structure, TPRH2, pyrochlore oxide. 

INTRODUCTION

Much attention is focused on zirconia (nanoparticles, ceramic, material, oxide, nanocrystalline) 
because of their large number of uses. Compounds have been actively studied owing to their enormous 
applications in electrochemical devices such as oxygen pumps, oxygen sensors, and solid state electro-
lytes in fuel cells [ 1—4 ]. Zirconia-based compounds are used in solid oxide fuel cells (SOFC). 
However, the low mechanical force and the high price becomes a barrier for the use of pure ZrO2 [ 5 ]. 
The addition of elements such as REO, especially La2O3, can generally improve the physicochemical 
properties of ZrO2 [ 6—9 ]. ZrO2 is typically blended with lower-valence oxides such as Y2O3, TiO2, 
SnO2, and Al2O3 to form a solid solution [ 10—13 ]. 

Pyrochlore R2Zr2O7 (R = rare-earth metal) compounds have been used as hosts for fluorescence 
centers and oxidation catalysts. Thus, a number of investigations have been conducted to evaluate the 
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electrical, optical, and catalytic properties of these materials [ 14, 15 ]. Particular attention has been 
given to pyrochlore La2Zr2O7, which was found to form at cathode interfaces of SOFCs during high-
temperature processing [ 16 ]. 

This phenomenon has been investigated as a means of synthesizing La2Zr2O7 by a number of 
methods, including the solid-state reaction, nitric acid dissolution, and the sol-gel technique [ 17, 18 ]. 
However, the formation of pyrochlore La2Zr2O7 has been achieved only by the sol-gel process [ 18 ]. 
Therefore, the ZrO2—La2O3 system does not provide only the stabilization of high-temperature struc-
tures, it includes also pyrochloric-structured La2Zr2O7 [ 17—20 ]. This means has the potential applica-
tion as both catalyst [ 20 ] and thermal barrier [ 14 ], and it can also be synthesized by either solid-state 
reaction between oxides at 1500—1600 �C or the sol-gel process [ 17 ]. The physicochemical property 
of the La2O3—ZrO2 system is studied with other synthesis methods. The properties, such as the cubic 
formation, annealing effects, are studied on nanocrystalline ZrO2 with other synthesis methods 
[ 14, 15, 20, 21 ].  

Because of benefits of the nanocrystalline La2O3—ZrO2 system under study with the annealing 
temperature and dopant concentration, the objective of this work is the stabilization through the La2O3 
addition, which may improve the zirconia-lanthanum textural and structural properties. The choice of 
La2O3 as a dopant is based on the mismatch between the ionic radii of ZrO2 and La2O3, and the fact 
that their valences are nearly equal. The effect of varying the amount of the La2O3 addition on the 
phase equilibrium, microstructure, sintering, and grain growth of ZrLa is subsequently investigated.  

EXPERIMENTAL 

Sample preparation. ZrO2 and La2O3 (99.9 % in mass) used in the current work were purchased 
from Merck. Their surface areas are about 21.2 and 5.3 m2/g respectively. ZrO2 was hydrolyzed in an 
excess of distilled, deionized (D.D) water at 80 �C for 16 h [ 22 ]. La2O3 was added to these solutions 
and the mixture was homogenized at the same temperature for 5 h, The products obtained were filtered 
and dried overnight in air at 120 �C. They are denoted as ZrxLa1–x (x = at.% of the element). This pre-
treatment procedure yields original results based on the starting materials. Calcination was performed 
under the airflow of 3 l/h in a dynamic reactor with a heating rate of 10 deg./min and isothermal at 
450, 900, and 1200 �C for 3 h.  

Characterization. The BET surface area (SBET) of the solids was measured from nitrogen phy-
sisorption at –196 �C using Micrometrics ASAP-2010. The sample was previously degassed under 
vacuum at 120 �C for 2 h, The volume of adsorbed N2 was normalized to the standard temperature and 
pressure. The specific surface areas of the samples were calculated based on the BET method. The 
crystal phase and size of the samples were determined by X-ray diffraction (XRD) patterns using a 
Philips PW1800 diffractometer operated at 40 kV, 30 mA, using CuK� radiation K�1 (1.54056 Å), and 
K�2 (1.54439 Å), the intensity ratio being about 0.5. The phase identification was performed using the 
Joint Committee on Powder Diffraction Standards (JCPDS) database. The crystal size of the samples 
was calculated from the half-width of the peak with the highest intensity of the crystal phase measured 
by XRD after the correction of the peak width for the instrumental broadening contribution, using the 
Debye-Scherrer equation : Dhkl = 0.89�/Bhklcos� [ 23 ].  

H2-Temperature-Programmed Reduction (H2-TPR) experiments were carried out in a fixed-bed 
reactor. 50 mg of the sample were exposed to 5 vol.% H2/Ar with a continuous flow rate of 50 ml/min. 
A linear increase in the reactor temperature was monitored from room temperature to 900 �C with a 
heating rate of 10 �C/min. The outlet hydrogen concentration was measured using an on-line gas chro-
matograph equipped with a thermal conductivity detector. 

The scanning electron microscopy (SEM) analysis was performed on a Hitachi S-3400N appara-
tus operating at 7 kV with magnification values in the range 5000—15000. This instrument is equip-
ped with an energy dispersive EDAX 9100 X-ray microanalyzer, which permitted analytical electron 
microscopy measurements. The samples were sputter-coated with gold. 
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T a b l e  1  

Reducibility and textural properties of  ZrxLa1–x samples calcined at 450, 900, and 1200 �C 

Specific surface area, m2/g Sth/SBET 
a H2 uptake, �/mol �g b  

Sample 
450 �C 900 �C 1200 �C 450 �C 900 �C 450 �C 900 �C 

Zr1La0 25.0 17.5 < 1 3.8 4.2     34   89 
Zr0.95La0.05 26.4 11.5 — — — — — 
Zr0.85La0.15 25.0 11.1 — 0.6 2.2 1253 135 
Zr0.7La0.3 27.5 — 1.3 0.6 — 1073 — 
Zr0.5La0.5 16.1 — 1.3 — — — — 
Zr0La1 11.2   3.4 < 1 2.5 7.4   437   95 

 
 

 

a Sth specific surface area calculated from Sth = 6/	�Dp assuming the cubic 
crystallite size Dp. 

b On calcined samples from H2—TPR experiments. 
 

RESULTS AND DISCUSSION 

Textural properties. The surface characterizations of the samples are summarized in Table 1. 
Averaged values underline higher values of the samples calcined at 450 �C. At this temperature, La2O3 
was added to ZrO2 mainly for Zr0.85La0.15, except for Zr0.5La0.5 where a decrease in the specific surface 
area is more accentuated. This decrease can be explained by the algebraic sum of surfaces of Zr1La0 
(25.0 m2/g) and Zr0La1 (5.2 m2/g) samples: S = 0.5 �SZr1La0 �0.5 �SZr0La1. The departure of physisorbed 
water molecules could be the reason for a weak increase in the surface for both Zr0.7La0.3 and 
Zr0.95La0.05 samples. This increase could appear due to enhanced fine homogenized by electrical forces 
between extra granular zirconium oxide and lanthanum oxide [ 24 ].  

Regarding changes in the specific surface area after calcination at 900 �C, only a slight decrease 
is distinguishable. The decrease in the specific surface area is more accentuated for the Zr0La1 sample. 
Both Zr0.95La0.5 and Zr0.85La0.15 show practically the same specific surface area. This seems to be con-
sistent with a loss of the specific surface area because of thermal sintering after exposure to 900 �C 
[ 25 ]. However, it seems obvious that it is more accentuated at 1200 �C. The specific surface area does 
not exceed 1 m2/g for both Zr1La0 and Zr0La1. The specific surfaces areas of Zr0.7La0.3 and Zr0.5La0.5 
are in the same margin error. 

A rough estimation of the theoretical specific surface area Sth, based on the crystallite sizes in  
Table 1 calculated from the X-ray line broadening, can be compared with the BET surface (SBET) cal-
culated from nitrogen physisorption. As seen, higher values of the ratio Sth /SBET are mainly observed 
for Zr0La1 and Zr1La0, preliminary calcined in air at 900 �C, which suggests that a greater surface frac-
tion is lost by densification of the crystallites compared to mixtures of the samples. This corresponds 
to a decrease in the free surface between elementary particles [ 26 ]. 

Structural properties. XRD patterns of ZrxLa1–x samples calcined at 450 �C are presented in 
Fig. 1. The reflections can be mainly attributed to the presence of bulk lanthanum oxide and hydro-
xide. The XRD patterns recorded from the Zr0.85La0.15 and Zr0.7La0.3 samples are dominated by the 
characteristic X-ray lines of zirconia. The XRD patterns of Zr1La0 calcined at 450 �C are reported in 
Fig. 1a. The analysis of these XRD patterns shows that calcination at 450 �C ensue the monoclinic 
phase to 2� = 24.1 and 28.2�.  

At 900 �C, the cubic phase appears at 2� = 30.2 and 34.8� (Fig. 2a). In the literature we observe 
the characteristic peak of the tetragonal phase of pure ZrO2 at 2� = 30.2 and 34.8� and at 2� = 35.2� 
[ 27 ], while the peaks of the ZrO2 cubic phase are at 2� = 30 and 34.8� [ 28 ]. Therefore, the diffrac-
tion peak at 2� = 30 and 35� could be assigned to the tetragonal and/or cubic ZrO2 phase. However, it  
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Fig. 1. XRD patterns recorded on the samples calcined in air at 450 �C: Zr1La0 (a),  
Zr0.85La0.15 (b), Zr0.7La0.3 (c), Zr0La1 (d); ZrO2 (�), La2O3 (
), La(OH)3 (�) 

 
is difficult to distinguish the tetragonal phase from the cubic one. The XRD patterns of Zr0La1 calcined 
under air at 900 �C show that the samples contain La(OH)3, LaO(OH), and La2O3, with the presence of 
reflections ascribed to bulk LaO(OH) species on Zr0La1 (Fig. 2c).  

The XRD patterns of ZrxLa1–x calcined under air at 900 �C (Fig. 2) show that there is no inter-
action between zirconia and lanthanum oxide. The analysis of these spectra shows that these samples 
contain La(OH)3 and LaO(OH). The XRD patterns of Zr0.85La0.15 calcined under air at 900 �C ensure 
that the introduction of 15 % La2O3 mask the transformation monoclinic phase has the tetragonal and / 
or cubic phase. Lanthanum does not stabilize the tetragonal phase. Calcination at these two tempera-
tures led to dehydrogenation of lanthanum trihydroxide, probably, by the following reaction: 

La(OH)3 � LaO(OH) + H2O, 
2LaO(OH) � La2O3 + H2O. 

At 1200 �C sintering induces an important transformation of the cubic phase to the monoclinic 
phase due to the internal rupture, which has been extensively reported in the literature [ 29 ]. 
 

 
 

Fig. 2. XRD patterns recorded on the samples calcined in air at 900 �C: Zr1La0 (a),  
Zr0.85La0.15 (b), Zr0La1 (c); ZrO2 (�), La2O3 (
), La(OH)3 (�), LaO(OH) (�) 
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Fig. 3. XRD patterns recorded on the samples calcined in air at 1200 �C: Zr1La0 (a), 
Zr0.7La0.3 (b), Zr0La1 (c); ZrO2 (�), La2O3 (
), LaO(OH) (�), La2Zr2O7 (�),  
                                     La0.5Zr0.5O1.75 (�), La0.46Zr0.54O1.77 (�) 

 

 
 

Fig. 4. SEM micrographs of the Zr0.5La0.5 samples calcined in air at 1200 �C 
 

Additional X-ray lines ascribed to bulk lanthanum oxides and oxyhydroxides are observed for the 
samples calcined in air at 1200 �C. The increase in the calcination temperature to 1200 �C leads to the 
disappearance of the La(OH)3 phase (Fig. 3). 

The XRD patterns of Zr0.7La0.3 calcined at 1200 �C are represented in Fig. 3. The study of these 
spectra reveals an interaction between lanthanum and zirconium. Indeed, it forms a mixed phase 
Zr2La2O7 and Zr0.5La0.5O1.7 in the pyrochlore cubic form with spatial groups Fd-3m, (a = 10.808 Å) and 
Fm-3m (a = 5.407 Å) respectively. The particles formed are crystalline with an average size of about 
30 nm. The results were confirmed by SEM (Fig. 4). 

The crystallite size of hydroxides estimated from the XRD measurements using the usual Scherrer 
equation remained unchanged for the Zr0La1 samples after calcination at 900 �C, which indicates a 
good stability of this phase (Table 2). Some differences can be observed between the particle size de-
termined by the surface area analysis and the particle measured by XRD, which characterizes the indi-
vidual grains of a particle separated by grain boundaries. 

The crystal size of ZrO2—La2O3 oxides based on the XRD results (using the X-ray line broaden-
ing analysis) and the crystal phase of the oxides based on XRD were also presented in Table 1. The 
incorporation of the ZrO2 into La2O3 could be a reason for a decrease in the crystal size of the oxides. 
The crystal size of ZrO2—La2O3 slightly decreased with an increase in the La2O3 content. The incor-
poration of ZrO2 into La2O3 could change the crystal phase from the monoclinic to pyrochlore cubic 
phase Zr2La2O7. 

Reducibility properties under H2. The reducibility of calcined samples has been investigated by 
H2—TPR experiments. As exemplified in Figs. 5 and 6, changes in the reducibility can reflect some  
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T a b l e  2  

Structural properties of the ZrxLa1–x samples calcined at 450, 900, and 1200 �C  
Average crystallite size (nm) calculated from the characteristic reflections  

observed from XRD patterns 

Sample Temperature ZrO2 La2O3 LaO(OH) La(OH)3 ZrxLayOz 

  450 10.81 — — — — 
  900 14.03 — — — — 

Zr1La0 

1200 27.68 — — — — 
  450 69.64 84.29 — 70.19 — Zr0.85La0.15 
  900 52.93 25.60 — 39.36 — 
  450 65.31 58.68 — 61.54 — Zr0.7La0.3 
1200 36.62 24.46 — — a+b+c 
  450 — 32.08 — 50.05 — 
  900 — 28.35 23.84 51.61 — 

Zr0La1 

1200 — 57.54 61.75 —  
 

 

 

a: (La2Zr2O7 = 35,17 nm; b: La0.5Zr0.5O1.75 = 30,23 nm; c: La0.46Zr0.54O1.77 = 31.67 nm.  
 

 
 

 
 

alterations of the nature of interactions between ZrO2 and La2O3. Preliminary experiments on zirconia 
Zr1La0 did not reveal the occurrence of significant reduction processes, as reported also in other publi- 
 

 

Fig. 5. H2 consumption profiles from
H2—TPR experiments recorded for 
calcined Zr1La0 (1), Zr0.85La0.15 (2), 
Zr0.7La0.3 (3), Zr0La1 (4) samples un-
                 der air at 450 �C 

 

 

Fig. 6. H2 consumption profiles from 
H2—TPR experiments recorded for 
calcined Zr1La0 (1), Zr0.85La0.15 (2), 

Zr0La1 (3) samples under air at 900 �C 
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cations [ 30 ]. A broad signal appears at a higher temperature, where great H2 consumption was ob-
served in Zr0.85La0.15, Zr0.7La0.3, and Zr0La1 above 500 �C, corresponding to H2 uptakes of respectively 
1253, 1073, and 437 �mol/g (Table 1). Fig. 5 shows that H2 consumption profiles recorded for Zr1La0, 
Zr0.85La0.15, Zr0.7La0.3, and Zr0La1 calcined at 450 �C.  

As seen, one apparent maximum appears in the temperature range 657—691 �C on the TPR pro-
file corresponding to the reduction of La2O3 species. This observation underlines extensive reduction 
of La2O3, which is much more accentuated than that for bare Zr0.85La0.15 and Zr0.7La0.3. 

By contrast, Fig. 6 does not reveal significant H2 consumption within the error on Zr1La0 and 
Zr0La1 calcined at 900 �C ascribed to the reduction of La2O3 to LaOx. The results show a maximum 
shifting in the temperature range 579—602 �C, which corresponds to H2 uptakes lower than 100 �mol 
per gram [ 22 ].  

It is also worthwhile to note that the H2 consumption in Zr0.85La0.15 slightly exceeds that recorded 
for Zr1La0 and Zr0La1 (Table 1). Indeed, a significant lessening in H2 consumption suggests that ZrO2 
is likely to interact with La2O3 [ 25 ]. 

CONCLUSIONS 

In this study, the structural and textural modifications of ZrO2 induced by the La2O3 addition, 
thermal treatment, and reducing process have been investigated. At low temperatures, the lanthanum 
addition slightly increases the zirconia surface area and do not show any interaction between both oxi-
des. The measured crystallite size of hydroxides remained unchanged for the lanthana samples after 
calcination at 900 �C, which indicates a good stability of this phase. The specific surface area de-
creases with an increase in calcination temperatures of the samples, where sintering is very important. 
On the other hand, surface reconstructions taking place during calcination and the reaction would lead 
to the formation of surface microstructures ensuring stronger interactions between ZrO2 and La2O3. 
Therefore, three mixed pyrochlore type oxides are formed and highlighted by XRD and SEM measu-
rements. TPRH2 experiments on zirconia do not reveal the occurrence of significant reduction pro-
cesses. The changes in the reducibility can reflect some alterations of the nature of interactions be-
tween ZrO2 and La2O3. Indeed, a significant lessening in H2 consumption suggests that ZrO2 is likely 
to interact with La2O3.  

 
We would like to thank Olivier Gardoll who conducted H2-TPR experiments as well as Laurence 

Burylo and Nora Djelal for XRD and SEM measurements, from Catalysis and Chemistry of Solids 
Unit (UCCS), Lille University of Sciences and Technologies, France.  
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