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Introduction 

Fuel cells utilization increases significantly in 
the world power engineering. The cells are the 
most-used ones in the autonomous power 
engineering. In the cell elements, different matters 
and their combinations are used as electrolytes. An 
increase of working temperature of a fuel element 
results in some increasing its coefficient of 
efficiency. Solid elements with an oxide solid 
electrolyte possess the highest service temperature.  

Zirconium dioxide, ZrO2, stabilized in a cubic 
structure, is a well-known solid electrolyte used for 
such fuel elements. 

Elaborations of new and effective solid 
electrolytes reveal that zirconates of rare-earth 
metals (REMs) Ln2Zr2O7 (Ln = La – Gd) are very 
prospective materials for such a use. Because of 
peculiarities of their crystal structure, in different 
sites of their crystal lattice a great amount of ions 
can be substituted for each other. This promotes a 
formation of several phases possessing different 
electric, thermal and other useful properties [1]. 
The alloying of compounds based on REM 
zirconates (from La to Gd) with alkaline-earth 
atoms allows synthesizing solid interstitial 
solutions possessing high electrical conductivity. 
Therefore, the use of the above zirconates 
(especially La2Zr2O7) favors a formation of new 
types of solid electrolytes [1]. 

The aim of the present work was to study 
peculiarities of the valence band (VB) of the 
mentioned materials by measuring the X-ray 
emission Kα spectra (bands) of oxygen. We aimed 
to determine the influence of the appearance in the 
RE atom of the 4f-like electrons (when going from 
La to Nd) and increasing their quantity (going from 
Nd to Gd) upon the electronic structure of these 
isostructural zirconates. Additionally, the O Kα 
spectra of the zirconates should be compared with 
the analogous spectrum of ZrO2, which can be 
used for a synthesis of these materials. 

The zirconates under study were synthesized 
using a ceramic technology. A single-phase 
content of the specimens was tested employing the 
X-ray diffraction method. 

The rare-earth Ln2Zr2O7 zirconates are 
crystallized in the pirochloride-type structure. 
Zigzag chains construct this structure. One chain 
loop contains two oxygen octahedra. These 

octahedra involve one zirconium atom. The REM 
atoms are positioned in the interstitials between the 
octahedra.  

In the zirconates, oxygen atoms construct the 
first polyhedrons for zirconium atoms, the slightly 
distorted ZrO6 octahedra. The coordination number 
for zirconium atoms equals 6. For the main portion 
of oxygen atoms, the first coordination 
polyhedrons are formed by zirconium atoms. For 
the remaining portion of oxygen atoms, rare-earth 
atoms form the first coordination polyhedrons.  

The zirconium dioxide (tetragonal 
modification) studied in the present work possesses 
the ZrO2-type structure. Oxygen atoms construct 
the first coordination polyhedrons for zirconium 
atoms. These polyhedrons can be viewed as 
distorted cubes; the coordination number for 
zirconium atoms equals 8. For oxygen atoms, the 
first coordination polyhedrons, distorted tetrahedra, 
are formed by zirconium atoms; the coordination 
number equals 4. When going from ZrO2 to 
Ln2Zr2O7 the number of Zr–O bonds decreases 
from 8 to 6.  

 
Results and discussion 

The  Kα  spectra  of  oxygen (O Kα - bands) 
derived for the compounds under consideration are 
presented in Fig. 1. From the figure, it is obvious 
that the shapes of the Kα spectra of oxygen in the 
zirconates resemble that of the spectrum of ZrO2. 
In the zirconates under study, the appearance in the 
RE atom of the 4f-like electrons (when going from 
La2Zr2O7 to Nd2Zr2O7) and a following increase of 
the quantity of the 4f-like electrons in the RE atom 
(Ln = Nd, Sm, Eu, Ga) changes only slightly fine-
structure peculiarities of the Kα spectra of oxygen 
(mainly, in the low-energy region of the O Kα 
spectra). 

The  X-ray  emission  O  Kα - bands reflect the 
energy distribution of the O 2p-like states in the 
VB. The Kα spectra, derived in the present work 
for the zirconates and the ZrO2 oxide, allow 
concluding that the p-like electrons of oxygen form 
in the Ln2Zr2O7 zirconates, similar to that in ZrO2, 
a sub-band of the valence band (the energy width 
of this sub-band equals 6–7 eV). The energy 
distribution of the O p-like electrons reveals the 
sharp maximum positioned near the top of the 
valence band. The shape of the energy distribution 
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of the valence electrons in the zirconates resembles 
(with some deviations) that of the zirconium 
dioxide. 
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Fig. 1. The  X-ray  emission  Kα - spectra of 

oxygen of ZrO2 and Ln2Zr2O7 zirconates (Ln = La, 
Nd, Sm, Eu, and Gd). 

 
 
As it has been already mentioned above, in the 

zirconates under consideration, the first 
coordination polyhedrons for the main portion of 
oxygen atoms, like in ZrO2, are formed by 
zirconium atoms, however the quantity of the O–Zr 
bonds higher than that of the O–Ln bonds. This 
fact explains the similarity of the shapes of the 
energy distribution of the p-like electrons of 
oxygen in Ln2Zr2O7 and ZrO2. For zirconium 
dioxide, the X-ray photoelectron valence-band 
spectrum as well as the X-ray emission Zr MIV,V 
band, reflecting the energy distribution of the Zr p-
like states in the valence band, were recorded in 
Ref. [2]. Comparison of the above spectra and O 
Kα - spectrum reveals that the electronic structure 
of ZrO2 is as follows: the width of the VB equals 
22–24 eV. The whole valence band of ZrO2 
consists of the p-like states of Zr; at the top and the 
bottom of the valence band these electrons form 
the sub-bands of about 10 and 6 eV widths, 

respectively. The maximums of the energy 
distribution of the Zr and O p-like electrons are 
positioned within the higher sub-band region. The 
p-like electrons of zirconium and oxygen are 
hybridized. The O 2s-like states positioned within 
the lower sub-band are also hybridized with the Zr 
p-like states. In our opinion, this peculiarity of the 
electronic structure of the ZrO2 oxide should 
resemble that of the electronic structure of the 
La2Zr2O7 zirconates. 

 
Conclusions 

1. The present study of the electronic structure 
of rare-earth Ln2Zr2O7 zirconates (Ln = La – Gd), a 
very prospective materials for solid electrolytes, 
reveals parameters of the upper sub-band of their 
valence band (electrophysical and optical 
properties of materials are determined mainly by 
the electron distribution in this sub-band). 

2. The widths of the upper sub-band of the 
zirconates under study are within 6–7 eV. The sub-
band consists of the valence p-like (2p) electrons 
of oxygen. The maximum of the energy 
distribution of the O 2p-like states is located in this 
sub-band. 

3. Changes of the atomic number of the RE 
element in the sequence of the mentioned above 
isostructural zirconates do not alter significantly 
the total shape of the energy distribution of the O 
2p-like electrons and influence somewhat on its 
details.  

4. It has been established a principal similarity 
of the shape of the O 2p-like sub-band of the RE 
zirconates and zirconium dioxide. This result is 
interpreted taking into account the crystal 
structures of the above compounds. 

5. The band diagram constructed for zirconium 
dioxide gives a possibility to predict a principal 
shape of the electronic structure of the zirconates 
under consideration. 
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