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Abstract: Oxygen vacancy distribution around dopant Ln*" in LnyOs-doped CeQ,; electrolytes (Ln =

Sm, Gd, Y, Dy) was investigated using statistical moment method. The explicit expressions of vacancy-

dopant association energies at the first nearest neighbor (INN) or the second nearest neighbor (2NN) sites

relative to Ln’* ions were derived including the anharmonicity effects of lattice vibrations. The findings

showed that local deformation was generated from preferential distribution of oxygen vacancies in the

vicinity of Ln’*  cations.

The findings of this study were compared

to earlier research.
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INTRODUCTION

With the increasing demand of renewable
energy sources, solid oxide fuel cells (SOFCs) are
one the most competitive candidates for future
energy application [1,2]. SOFCs have the potential
to be the high energy efficiency and ability to
reduce environmental emissions [3,4]. Nowadays,
rare earth oxide doped ceria (CeO,) with the high
ionic conductivity become the most promising
electrolytes for SOFCs [5,6]. The popular rare
earth oxide used in these electrolytes are Sm0s,
Gd,0s, Y203, and Dy-0s [7].

The oxygen vacancy distribution in Ln,Os-
doped CeO:; is determined by the theoretical [8,9]
and experimental [10] methods. Using density-
functional theory (DFT), M. Nakayama and M.
Martin [8] showed that the oxygen vacancies form
associations with dopant cations and vacancy-
dopant association energy is influenced by dopant
radii. The vacancy distribution is controlled by the

vacancy-dopant association energy. The vacancy-
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dopant association energy decrease with the
increasing ionic radius as already found by S.
Grieshammer et al. [9]. H. Natani et al. [10] using
X-ray diffraction (XRD) indicated that the oxygen
vacancies are located homogeneously over the
crystal lattice nor distributed near dopant cations.
The preferential location of oxygen vacancies
depends on the dopant concentration.

In this study, the oxygen vacancy
distribution in Ln;Os-doped CeO; crystals (Ln =
Sm, Gd, Y, Dy) is investigated by statistical
moment method (SMM). Compared with other
the  SMM

with  comprehensive

theoretical ~ methods, gives

mathematically  simple
descriptions of the characteristic properties of
crystal lattice. The calculated results for vacancy-
dopant association energies reveal the favourite
location of oxygen vacancies around dopants.
THEORY

Because doping CeO, with Ln,Os creates

many oxygen vacancies to maintain the charge



neutrality of the crystal lattice, the general formula
of Ln,Os-doped CeO; crystals is Ce1xLnxOa2, X iS
the concentration of Ln** ions.

In the SMM, CeixLnO2x, crystals are

charactered by the anharmonic vibrations of Ce*,

Ln*, and O* ions with the Hook constants k., ,
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where ¢ = X, y or z, U, u;, are Cartesian

components of the ionic displacement of jth ion,
G

between Oth and jth Ce** (or Ln**, or O%) ions, and

or ¢j2) is the interaction potential

m is the average ionic mass.
The Helmholtz free energy of Cei-
«LNxOa-x2 Crystal is given by [12]
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with ¥ and N are total Helmholtz energy and

the number of Ln®*" ions, respectively, in Ce;.

LnO2x2 crystals, S s

C

the configuration
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entropies of this crystal, and u;° is the average

interaction potential of a Ce*" ion in Ce1xOzx2

crystal that determined through the Helmholtz free

energies of Ce**and O ions [13].

In the SMM, the Helmholtz free energies

of Ce*", Ln®* and O% ions can be written as [11]
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here, k, is Boltzmann constant, E;*, E,", E;

are the total interaction potentials of Ce**, Ln**, and
O? ions at the equilibrium position, respectively.
The vacancy-dopant association energy is
assumed as the energy difference of crystal lattice
comprising the oxygen vacancy and Ln** cations at
the associated and separated states [14]. In this
study, the vacancy-dopant association energy is

calculated according to the formula [12]

E_ =¥ +Y¥
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where the Helmholtz free energies are calculated
from Egs. (7) - (9).

Due to oxygen vacancy-Ln®* cations
associations, the oxygen vacancies could be
posited at the first nearest neighbor (1NN) or the
second nearest neighbor (2NN) sites around Ln**
ions. At the INN and 2NN sites, the average

interaction potentials of an ionin Ce, Ln, O, ,

CeNC 71LnNL +1ONo , CeNC 72LnNL +20N04 and
Ce,_,Ln, O, , crystals are completely
different.

a) At the 1NN site:
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here, ¢ (or ¢*™", or ¢¥°)in Egs. (14) - (34) is

the number of the ith nearest-neighbor sites around
R ion (R = Ce*, Ln*, 0%) that Ce*" (or Ln*, or 0?)



ions could occupy, respectively, ¢, (or ¢, ",

or ¢ °) is the interaction energy between the Oth

R ion and a Ce* (or Ln*, or O%) ion at the ith

nearest-neighbor sites around this R ion,

respectively.

RESULTS AND DISCUSSION

To describe the interionic interaction in
doped ceria oxides, one often employs the pure
Coulomb potential and Buckingham potential

including the short-range interactions as [15]

_r C
¢mn(r)=qm_rqn+A'nne P _r_r(r‘;:n’ (35)

where gm, qn are the effective charges of the mth
and nth ions, r is the separation between ions, and
the potential parameters Amn, Bmn, Cmn are presented
in Table 1.

Table 1. The parameters of the Buckingham potential in
Ce14LnyOs.x2 crystal [15].

Interaction | A, (eV) B, ( AO\) C_(ev. ;‘6)
0*- 0% 9547,96 | 0,2192 32,00
Ce**- 0% 1809,68 | 0,3547 20,40
Sm3*-0% | 1944,44 | 0,3414 21,49
Gd®*-0% | 188575 | 0,3399 20,34
Y3 - 0% 1766,4 | 0,3385 19,43
Dy%*-0O%* | 1807,84 | 0,3393 18,77

The oxygen vacancies generated due to
dopant cations tend to occupy the 1NN or 2NN
sites around Ln*" ions. Due to the electrostatic
attraction and the elastic interaction arising from
the size mismatch of dopants compared to the host
lattice, the associations between oxygen vacancies
and Ln*" cations control the relative position of
oxygen vacancies to Ln®* cations. Thus, to

determine the vacancy distribution, one needs to

calculate the vacancy-dopant association energy at
these sites.

The vacancy-dopant association energies
at the INN and 2NN sites are determined based on
Eg. (10) with the average interaction potentials of
anionin Egs. (11) — (34). The calculated results are
presented in Table 2. The negative values of the
association energies reveal that the oxygen
vacancies can be confined at the INN and 2NN
sites. On the contrary, the positive values of the
association energies exhibit that the oxygen
vacancies can be released at these sites. Further, the
magnitude of the association energy indicates the
favorite distribution of oxygen vacancies.

Table 2. The vacancy-dopant association energies at
INN and 2NN sites relative to Ln3* cations in Ce;.

«LNxO2.2 Crystals.

ElNN
Material | Method o EZNN (ev)
(eV)
Sm,03 SMM -0,1981 -0,1280
doped- DFT + MC
-0,2250 -0,1350
CeO; [16]
Gd,0; SMM -0,2017 -0,1629
doped- DFT + MC
-0,2984 -0,1178
CeO; [16]
Y203 SMM -0,2971 0,4835
doped-
DFT [17] -0,0860 0,1055
Ce0O,
Dy,03 SMM -0,2197 0,3295
doped- DFT + MC
-0,0647 0,11403
Ce0; [16]

The results in Table 2 show that for Sm,03
doped-CeO, and Gd;Os; doped-CeO, crystals,

EXN and EZ have the negative values. This

ass

suggests that the oxygen vacancies can be located

at the INN and 2NN sites. Due to EX™ < E2W

ass ass
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the oxygen vacancies prefer to be positioned at the
2NN site around Sm** and Gd** cations. For Y,0;3

doped-CeO, and Dy,0; doped-CeO, crystals,
EX <0and E2"N > 0show that the Y3* and Dy**

ass ass
cations trap the oxygen vacancies at the 1NN site,
but repel them from the 2NN site. The sensitive
equilibrium between electrostatic and elastic
interactions in the crystal causes the favor
distribution of oxygen vacancies. The theoretical
results obtained by DFT and Monte Carlo (MC)
simulations [16,17] are indicated to confirm the
oxygen vacancy distribution in the vicinity of Ln®"
cations. The preferential distribution of oxygen
vacancies creates the local deformation of the

crystal lattice.

CONCLUSION
In this paper, the SMM model is extended

to investigate the oxygen vacancy distribution
around dopant cations in Ln,Os-doped CeO;
crystals. The expressions of the vacancy-dopant
association energies at the 1NN and 2NN sites are
derived in closed analytic forms. The oxygen
vacancies are trapped at the 1NN site in Y03
doped-CeO- and Dy,03 doped-CeO; crystals while
they prefer to be positioned at the 2NN site in
Sm;03; doped-CeO; and Gd;0; doped-CeO;
crystals. Consequently, the Ln;Os-doped CeO;
crystal lattice occurs the local distortion. The other
theoretical results are compared with the calculated
results.
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SUPHAN BO VACANCY OXY TRONG
CAC CHAT PIEN PHAN CeO2 PHA TAP Ln20s (Ln = Sm, Gd, Y, Dy)

Lé Thu Lam va Lo Ngoc Diing
Trudong Pai hoc Tay Bdc

Tém tit: Su phdan bo vacancy oxy xung quanh tap chdt Ln®* trong cdc chdt dién phan CeO, pha
tap Ln,O; da dugc nghién ciiu sit dung phuong phdp thong ké momen. Cdc biéu thiic gidi tich ré rang
cua cdc nang lugng lién két vacancy-tap chdt 6 cdc vi tri lan can gdn nhdt thit nhdt (INN) va vi tri
lan can gdn nhdt thit hai (2NN) doi véi cdc ion Ln* dugc suy ra c6 tinh dén cdc hiéu ting phi diéu
hoa ctia cdc dao dong mang. Nghién ctiu nay da tim thdy su bién dang dia phuong dugc sinh ra tii sy
phan bé vu tién ciia cdc vacancy oxy & ving lan cdn ciia cdc cation Ln3*. Cdc két qud ciia chiing toi
dugc so sanh vdi cdc tai liéu khdc.

Tii khéa: Su phan bé vacancy oxy, cdc tinh thé CeO, pha tap Ln,Os (Ln = Sm, Gd, Y, Dy), phuong
phdp thong ké momen.
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