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Computer Modeling of Ionic Conductivity in Low
Temperature Doped Ceria Solid Electrolytes

Shu-Feng Lee' and Che-Wun Hong'-2

Abstract: Solid oxides, such as ceria (CeO;) doped with cations of lower valance,
are potential electrolytes for future solid oxide fuel cells. This is due to the theoret-
ically high ionic conductivity at low operation temperature. This paper investigates
the feasibility of two potential electrolytes which are samarium-doped ceria (SDC)
and gadolinium-doped ceria (GDC) to replace the traditional yttria-stablized zirco-
nia (YSZ). Molecular simulation techniques were employed to study the influence
of different dopant concentrations at different operation temperatures on the ionic
conductivity from the atomistic perspective. Simulation results show that the opti-
mized ionic conductivity occurs at 11.11mol% concentration using both dopants of
Gd;03 and Sm,03. The temperature effect was also examined under a fixed con-
centration simulation to check how low temperature they still function. The pre-
dicted ionic conductivities have been verified with published experimental results
and show reasonable agreements. This simulation technique reveals a clear picture
with qualitative and quantitative connection between the choice of the dopant and
the improvement of the ionic conductivity of fuel cell electrolytes.
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1 Introduction

Solid oxide fuel cells (SOFCs) are a promising candidate for future clean and ef-
ficient power sources ranging from portable to stationary power plants. It is be-
cause of the major merit of low price material without precious metal catalysts and
great tolerance of fuel impurities. The current research topic is to develop an elec-
trolyte with higher ionic conductivity at lower operation temperature, compared to
the commercially available yttria-stablized zirconia (YSZ), to enhance the perfor-
mance. The ionic conductivity of the YSZ decreases dramatically when the opera-
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tion temperature is below 1073K [Singhal, Kendall (2003)]. Among many poten-
tial ceramic oxides for SOFCs, the samarium-doped ceria (SDC) and gadolinium-
doped ceria (GDC) were reported to be effective at intermediate temperature op-
eration range. Most of the researches about these new materials were based on
experimental methods [Tianshu, Hing, Huang, Kilner (2002); Peng, Zhang, Cheng,
Cheng, Meng (2002)]. The bulk conductivity of SDC was found to be higher than
GDC when the temperature is below 500°C [Perez-Coll, Nunez, Frade, Abrantes
(2003)]. The physical and chemical properties of pure and doped ceria were stud-
ied by Mogensen, Sammes, Tompsett (2000) and they found that the properties
were determined during the fabrication process. Most of the above researchers
employed the AC impedance spectroscopy to measure the ionic conductivity of
the ceria-based materials [Barsoukov, Macdonald (2005); Balazs, Glass (1995)].
Among these substitutive ceria ceramics, the SDC and GDC electrolytes were re-
ported to be remarkably more excellent than the others at the intermediate tem-
perature region [ Yamashita, Ramanujachary, Greenblatt (1995)]. The experimental
results indicated that the conductivity of the SDC (2.8 x 10~°S/cm) is two orders of
magnitude superior to the YSZ (6.8 x10~8S/cm) at 200°C.

Although fabrication and experimental techniques were able to carry out the con-
ductivity improvement investigation in macro scope, the ionic conduction takes
place at nano-scale environment. To further understand the mechanism of the ion
transport, molecular dynamics (MD) simulation is an appropriate approach to per-
form this task [Leach (2001)]. Shen and Atluri presented a review of the computa-
tional nanomechanics, from the methods to classical molecular dynamics simula-
tions, and multi- temporal and spatial scale simulations [Shen and Atluri (2004)].
It is proved useful and versatile especially for nanostructure properties in solid me-
chanics and in transport phenomena. Examples are given such as the size effect
and deformation of Ni thin films [Nair, Farkas, Krizl (2008)] and the nanostructure
effect on carbon nanotubes [Namilae, Chandra, Srinivasan, Chandra (2007); Ghan-
bari, Naghdabadi (2009); Chakrabarty, Cagin (2008); Xie, Han, Long (2007)], as
well as the ionic conduction mechanism in the YSZ [Yamamura, Kawasaki, Sakai
(1999); Tojo, Kawaji, Atake (1999); Perumal, Sridhar, Murthy, Easwarakumar, Ra-
masamy (2002)]. The electrical and mechanical properties of porous electrodes
in SOFC have been calculated with the multiscale model developed by Li et al
[Li, Saheli, Khaleel, Garmestani (2006)].This paper is an extension of a series of
research on the improvement of the ionic conductivity in various modern SOFC
electrolytes using the molecular dynamics technique [Cheng, Chang, Hong (2005);
Cheng, Lee, Hong (2007); Lee, Cheng, Chen, Hong (2007)]. The SDC and GDC
are the major concerns and the optimal composition of the trivalent dopants will be
predicted instead of the trial-and-error method using experimental techniques.
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2 Mathematical Models

The basic principle of the doped ceria as an electrolyte is that the substitution of
Ce** by lower valance cations, such as Sm3*and Gd3™, results in an extra charge
of +1. In order to maintain the electrical neutrality, every two substitutions will
form an oxygen vacancy, hence the amount of vacancies equals to half amount
of the trivalent ions. The microscopic simulation system can be defined as a cu-
bic box consists of 5x5x5 crystallographic unit cell in a face-centered-cubic (FCC)
structure format, as seen in Fig.1. The Ce** ions were assigned to the positions
according to the fluorite lattice arrangement; some of the ions were randomly sub-
stituted by Sm3* (or Gd**) ions. The oxygen ions were assigned to the center
surrounded by the Ce tetrahedron; and some of them were randomly substituted
by oxygen vacancies. The total number of atoms is 1500, which includes 1000
anions and 500 cations. This paper considers with four different concentrations of
Sm,O3(or Gd;O3) which are 5.26 mol%, 11.11 mol%, 17.64 mol% and 25.0 mol%
respectively. The amount of each atom is an integer and varies with the concentra-
tion of the dopants. Table 1 shows the simulation cases, in which case 1 to case 4
are different concentrations at a fixed temperature (873K), and case 5 to case 8 are
different operation temperatures at a fixed concentration (11.11 mol%)).

@ Cations (Ce*",Sm*> or Gd*"
. Anions (0O%)
. Oxygen vacancies

Figure 1: Schematic diagram of the initial doped ceria structure. The Ce** ions
were assigned to the positions according to the FCC lattice; some of the ions were
randomly substituted by Sm** (or Gd>*) ions. The oxygen ions were assigned
to the center surrounded by the Ce tetrahedron; and some of them were randomly
substituted by vacancies.

A pair potential function called Born-Meyer-Buckingham equation was adopted
to represent the short range interaction between atoms. The interaction potential
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Table 1: Amount of atoms under different simulation cases for the SDC (and GDC)

Case | SmyOs3 (Gdy03) | Temperature | Ce Sm O | Vacancies
(mol%) (K) (or Gd)
Case 1 5.26 873 450 50 975 25
Case 2 11.11 873 400 100 950 50
Case 3 17.64 873 350 150 925 75
Case 4 25.0 873 300 200 900 100
Case 5 11.11 1073 400 100 950 50
Case 6 11.11 973 400 100 950 50
Case 7 11.11 773 400 100 950 50
Case 8 11.11 673 400 100 950 50

function is expressed by:

A
u(rij) :_% +Cijexp (—rij/pij) + UcCoutombic (1)
ij

wherer;; is the distance between two atoms; A;;, C;; and p;; are empirical constants
as listed in Table 2 [Lewis, Catlow (1985)]; ucouiompic denotes the Coulombic po-
tential which is induced by the charged ions. The first term at the right hand side
represents the attractive effect between atoms; the second term is due to the repul-
sive force. Both terms only account for the short range potential. The interaction
between atoms exceeding the cutoff radius, set to be 8 A, was neglected to increase
the computation efficiency. The charges of Ce, Sm (or Gd) and O were set as +4,
+3 and -2 respectively. The periodic boundary conditions were applied to all di-
rections and the simulation was carried out under NVT (fixed number of atoms,
volume and temperature) ensemble using the 5 order Gear’s predictor-corrector
algorithm [Gear (1971)] with time step of 1 fs. The long-range electrostatic intera-
tion in the Coulombic term was solved by the Ewald summation technique [Allen,
Tildesley (1987)]. The volume of the unit cell varies with temperature by consider-
ing the thermal expansion effect. The side length of the simulation system follows
the relation as below [ Yokokawa, Horita, Sakai, Dokiya, Kawada (1996)]:

L(T) = Lo[1 4 o(T — 300)] 2
where L is the system length and L (ar T=298K)=5.4036 A. The thermal expansion

coefficients o=1.1x10"K~!. All parameters used in the simulation are summa-
rized in Table 2 as below.
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Table 2: Potential coefficients between the ion-pairs in the molecular simulation

Ton pair | A;;[kJ/mol] | p;;[A] | C;;[kJAS/mol]
Ce-Ce 0 1 0
Ce-Sm 0 1 0
Ce-Gd 0 1 0
Sm-Sm 0 1 0
Gd-Gd 0 1 0

Ce-O | 1.745%10° | 0.3547 1967
Sm-O | 1.875%10° | 0.3414 2072
Gd-O | 1.818*10° | 0.3399 1961
0-0 | 9.209%10° | 0.2192 3086

3 Results and Discussion

A self-written soft sphere MD program was performed to carry out the simulation
of the oxygen ion transport inside the solid electrolyte. The simulation procedure
can be divided into two stages which are the equilibration stage and the production
stage [Haile (1997)]. The durations of the equilibration and the production stages
were set to be 100 ps and 500 ps respectively. The mobility of the oxygen ions can
be determined by means of evaluation of the mean square displacement (MSD),
which is the summation of the square of the variation of each atom position at
each instant. The diffusion coefficient D can also be evaluated from the following
equation:

MSD(t

an

([T (to +1) — T (t0)]*) =B +6D(t) 3)

where N is the number of total atoms;r,denotes the position vector; the brackets()
represents the time average from ¢ to 7o +¢; B is a constant, and D(¢) is the diffusion
coefficient of atoms or ions. The oxygen ion conductivity can then be determined
from the diffusion coefficient using the Nernst-Einstein relation as below:

_ quDtracer

4
kT Hg “)

where o is the ionic conductivity; N is the number density of oxygen ions; g is the
electric charge; Dyyqcer 1s the traced diffusion coefficient which is evaluated from
the slope of the MSD versus elapsed time diagram; kg is the Boltzmann constant;
T is the system temperature; and Hy is the Haven coefficient, which was set to be
one.
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Simulations of different doping concentrations were then performed for the two
different solid electrolytes (SDC and GDC) respectively. The MSD of the oxygen
ion versus elapsed time diagrams under different doping concentrations are shown
in Fig. 2. The fluctuated MSD results are smoothed by curve fitting with linear
functions to indicate the diffusion coefficient. Although higher doping concentra-
tions may produce more vacancies and help oxygen ions hop more frequently, the
plot reveals that doping more Sm>*(or Gd**) to Ce** will not necessarily result
in higher diffusion coefficients and neither ionic conductivities. This is due to the
fact that more trivalent ions will also increase forces from other cations, that makes
oxygen ions stay around Ce** and vacancies appear near the Sm>* (or Gd**). This
phenomenon can be explained from Fig. 3; in which the radial distribution function
(RDF), denoted by g(r), is defined by

B 2(N(r,Ar))
" Npviran)

where N(r,r) is the number of atoms within a spherical shell of radiusr+r; N is the
total number of atoms in the system; p is the number density; V(r,r) is the volume
of the shell and () indicates time average. The RDF is used to study the local ion
distribution in the molecular structure. In Fig. 3(a), the amount of Ce-O, Sm-O and
Gd-O ion pairs are compared at different radius and indicate that most oxygen ions
stay around the Ce**. While in Fig. 3(b), the oxygen vacancies tend to stay around
the Sm3* and Gd3* sites. The competition between the increased mobility due to
increased vacancies and the decreased mobility due to increased attractive forces
will result in an optimal concentration of the dopants. Figure 4 shows that the ionic
conductivity in the simulation case 2 is the highest among four cases of different
concentrations at the same temperature 873 K. The optimum appears at the con-
centration of 11.11 mol% Sm,O3 and the same result for the case of Gd,O3. The
simulation results are also compared with experimental data reported by Tianshu
et al (2002) and Peng et al (2002) in the diagram. Although the ionic conductivity
predictions are not so exactly correct, the trends of the conductivity variation versus
the concentration are exactly predicted. The magnitudes of predictions are always
greater than the experimental results. This is due to the fact that the defects and
grain boundaries in the molecular structure during the molecular dynamics simu-
lation are not considered. Also the discrepancy between the idealized nano-scale
simulation and the macro-scale experiment exists inherently.

(&)

The thermal effect on the ionic conductivity in the new solid electrolytes is also
studied in this paper. This is to investigate how low temperature the electrolytes
can still function. The low temperature operation is mainly for the concern of
rapid startup and thermal durability in engineering applications. Figure 5 shows
the MSDs of oxygen ions versus elapsed time at different operation temperatures.
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Figure 2: Mean square displacements (MSDs) of oxygen ions for various concen-
trations (5.26 mol%, 11.11 mol%, 17.64 mol% and 25.00 mol% respectively) at the
operation temperature 873K for (a) SDC (b) GDC. The fluctuated MSD results are
smoothed by curve fitting with linear functions to indicate the diffusion coefficient.
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Figure 3: (a) Radial distribution function g(r) of Ce-O, Sm-O and Gd-O; (b) g(r)
of Ce-vancancy, Sm-vancancy and Gd-vancancy ion pairs for 11.11 mol% concen-

tration at 873K.
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Figure 4: Comparison of predictions and experimental data, case (a) from Peng et
al (2002) and case (b) from Tianshu et al (2002), of the oxygen ionic conductivities
for various concentrations (5.26 mol%, 11.11 mol%, 17.64 mol% and 25.00 mol%)

at 873K.
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Figure 5: Mean square displacements of oxygen ions at different operation temper-
atures (673K, 773K, 873K, 973K and 1073K) at the concentration 11.11 mol% of
(a) SDC and (b) GDC. The higher the operation temperature, the greater the ionic

mobility.
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Similar to the previous cases, the MSDs are approximated by a linear function
and it shows that increasing temperature enhances the diffusion of oxygen ions.
Increases in mobility of oxygen ions are caused by the higher kinetic energy pro-
vided by the higher temperature operation. The tendency indicates that the higher
the temperature, the larger the ionic conductivity in any cases. Figure 6 shows the
comparison of predictions and experimental data. The same variation trend is also
obtained and the predictions are higher than the experiments. The lowest opera-
tion temperature in both SDC and GDC goes to 673K, which is impossible for the
current commercially available YSZ electrolytes.
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Figure 6: Comparison of predictions and experimental data, case (a) from Peng et
al (2002) and case (b) from Tianshu et al (2002), of the ionic conductivities for
different temperatures (673K, 773K, 873K, 973K and 1073K). Note that the lowest
operation temperature goes to 673K.

The significant dependence of the ionic conductivity on the temperature and the
chemical activation energy can be examined by the log form of the Arrhenius law
as below:

E, 1

In(c-T)=1In(A) — E(?

) (6)
where A is the pre-exponential factor; E, is the activation energy. In this paper
we examine the operation range between 673K and 1073K. The relation between
In(oT) and the reciprocal temperature (1/7) can be plotted as an Arrhenius diagram
as shown in Fig. 7. Since the Arrhenius plots for SDC and GDC show linear ten-
dency, the activation energy and the pre-exponential factor can both be determined.



232 Copyright © 2009 Tech Science Press CMC, vol.12, no.3, pp.223-235, 2009

The value of the extrapolated "y-intercept” corresponds to In(A), and the gradient of
the straight line equals to (—E, /kg). Figure 7 shows that the influence of tempera-
ture on the ion diffusion rate is under a thermally activated process. The activation
energies are evaluated from the slopes in the diagram and they are 0.216eV and
0.261eV for SDC and GDC respectively.

In [T (S-Kfem)]
In [T (S-Kfem)]

oo L b b b ) u:l 1 1 1 1
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Figure 7: Arrhenius plots of the ionic conductivity versus the reciprocal tempera-
ture for (a) SDC and (b) GDC.

4 Conclusions

Computer modeling of ionic conductivity in solid electrolytes is essentially impor-
tant for developing future high-performance low-temperature operation solid oxide
fuel cells. An atomistic scale simulator for ionic conductivity prediction has been
set up by employing the molecular dynamics techniques. SDC and GDC were
proven to be effective at intermediate and low temperature operation regions for
the future SOFCs. Optimal dopant concentrations for the SDC and GDC or any
other kind of new electrolytes can be predicted before fabrications. The thermal ef-
fect was also studied under a fixed concentration simulation. Results show that the
operation temperature is able to lower down to 673K for both SDC and GDC. This
enhances the low temperature rapid startup ability and greater thermal durability
for the high temperature fuel cells. Although the simulation results are not exactly
same as the experimental data, the discrepancy is within reasonable tolerance and
the variation tendency is well predicted using our simulator. The simulation infor-
mation provided by this work is important in developing lower temperature SOFC
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electrolytes. The SDC and GDC are proven to be excellent candidates.
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