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Abstract

Atomistic modelling has widely been applied for studying structures and 

properties of materials. There are various methods to perform atomistic 

modelling. This master thesis presents a combined density functional theory 

(DFT) and cluster expansion (CE) study of Gd2O3 and Gd2O3-CeO2 interface 

(GCI) relevant for solid oxide fuel cells (SOFCs). 

The energy differences ( ) of Va-O exchanges in C-type Gd2O3 and at 

GCI are calculated using both DFT and CE methods. We also calculated the

migration energy (Emig) of Va jumps in Gd2O3 and at GCI by DFT. The 

comparison between the CE and DFT results demonstrates that the CE 

method provides a relatively accurate estimation of while it requires less

computational resources. Furthermore, the CE method is used to study the Va 

migration in the vicinity of the Gd2O3-CeO2 interface. The potential energy 

landscapes of different types of paths are studied.
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1 Introduction

1.1 Solid oxide fuel cell

Solid oxide fuel cells (SOFCs) are devices which convert chemical energy of 

fuels directly into electrical power [1]. The ideas and materials were proposed 

in the end of the 19th century. A significant development in both theories and 

experiments of SOFCs has been made during past 100 years [2]. Compared 

with the fuel combustion technologies, SOFCs have relatively high electricity 

conversion rate and they are more environmentally friendly [2].

Fig. 1 shows that there are three main components are needed to put a 

SOFC together: electrolyte, anode and cathode [2]. Oxygen is reduced and 

therefore forms oxygen ions (O2-) at the cathode side. Then oxygen ions are 

conducted through the electrolyte towards the anode side, where oxygen ions 

react with fuels (for example, hydrogen gas) and form water molecules and 

release electrons. The entire electrochemical reactions could be summarized 

in the following equations:

(1.1)

(1.2)

(1.3)

From the basic mechanism of SOFCs, it is obvious that the key 

characteristic of the electrolyte materials is a high oxygen ionic conductivity at 

the operation temperature range, which is typically from 500 to 1000 oC [3]. For 

cost-benefit considerations, the operation temperature is beneficial in a range 

from 500 to 800 oC [3].

Different oxides are considered as electrolyte materials for SOFCs. They 

typically have the fluorite structure with oxygen vacancies [4]. As an electrolyte 

material for high temperatures SOFCs (800 to 1000 oC), yttria stabilized 
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Fig. 1: Schematic of basic components of SOFCs

zirconia (YSZ) is typically used. It is used either as TZP (3YSZ: ZrO2 doped 

with about 3 mol% Y2O3) or CSZ (8YSZ: ZrO2 doped with approximately 8 mol%

Y2O3) [4]. For intermediate temperature SOFCs (500 to 800 oC), the electrolyte 

materials are usually ceria-based oxides (Sm-/Gd-doped ceria) and lanthanum 

gallate-based materials (LSGM, (La, Sr)(Ga, Mg)O3), which also exhibit an 

excellent ionic conductivity [4]. 

1.2 Gadolinium doped ceria

Due to its high oxygen ionic conductivity at intermediate temperature, ceria is 

an excellent material for SOFCs. It is often doped with rare-earth elements to 

increase oxygen ionic conductivity. The mechanism is to increase the mobility 

of oxygen atoms by introducing vacancies (Va) in oxygen sublattice. High 

concentration of Va means that there are more vacant positions for oxygen to 

move. Gd is often used for this purpose [5]. The chemical formula of 

gadolinium doped ceria (GDC) is GdxCe1-xO2-x/2 (0<x<1) in ideal case, the 
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fraction of Va is x/2.

Ceria (CeO2) has fluorite structure (space group Fm-3m) in which Ce4+

cations occupy the fcc sublattice and O2- anions occupy the simple cubic 

sublattice (Fig. 2(a)) [6]. The coordination number of Ce4+ is eight and O2- is 4

[6]. Gd2O3 has cubic structure (C-type, space group Ia3) and it could be 

fluorite structure with a doubled lattice parameter of 

ceria (Fig. 2(b)) [6]. When ceria is doped with Gd, some Ce4+ cations are 

replaced by Gd3+ cations. In the ideal case, two Gd3+ cations are required in 

order to introduce one Va. According to the extended X-ray absorption fine 

structure spectroscopy, the oxygen vacancies in GDC tend to associate with 

Gd3+ cations. The Gd3+ cations show no tendency to cluster together [7]. 

Fig. 2: (a) The 2 × 2 × 2 supercell of ceria. (b) The unit cell of Gd2O3. It is shown that the 

structure of Gd2O3 is a distorted version of the structure of ceria with a doubled lattice 

constant. Colour of atoms: Green-Ce, purple-Gd, red-O and grey-Va.

The ionic conductivity of GDC can be improved by increasing the dopant

(Gd) concentration as it will increase the concentration of Va. The maximum 

ionic conductivity is reached when the concentration of Gd is in the range from 

0.15 to 0.20 (at intermediate temperatures) [8]. Further increase of dopant 

concentration results in decrease of oxygen ionic conductivity. The explanation 

of this phenomenon is still not fully understood and it could possibly because 

Va are trapped by near dopants as they tend to associate with Gd
3+

a) b)
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cations[7,9].

1.3 Motivation of this work

The atomic arrangement of dopants and vacancies is one of the main 

uncertainties in the research of doped oxides. Various experimental [6-8] and 

theoretical studies [9-11] were performed to study this problem. This work is 

based on the previous study of our research group. In the previous work, 

guns et al. [12] have modelled the structure of GDC using Monte Carlo (MC) 

method. In the MC study, it was revealed that in the thermodynamic 

equilibrium, GDC undergoes a phase transition at approximately 1000 K in 

which a Gd2O3 precipitation is formed [12]. Fig. 3 shows this phase transition 

phenomenon. The formation of a Gd2O3 precipitation means that very little 

amount of vacancies are left in bulk ceria. Thus, the influence of this 

phenomenon on the mobility of oxygen atoms is of interest. To answer this, we 

studied the (111) Gd2O3-CeO2 interface particularly. The reason for why the 

(111) interface was selected is that the (111) surface of ceria is both non-polar

[13] and stable (because of low surface energy) [14]. Hence the (111) interface

between CeO2 and Gd2O3 should be preferred in the formation of Gd2O3

precipitation.

Fig. 3: Phase transition phenomenon in GDC. The structures are obtained in a 12×12×12 

supercell by using MC method from 2000 K (left, random distribution) to 200 K (right, 

phase transition). Only Gd and Ce are shown. Colours of atoms: Green-Ce and 

purple-Gd.
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The computational work of this study consists of three parts: a) the study of 

Va-O exchanges and migration energy (Emig) of Va jumps in C-type Gd2O3; b) 

the study of Va-O exchanges and Emig of Va jumps at the Gd2O3-CeO2

interface (GCI); c) the study of interface Va migration paths. In case a) and b), 

the density functional theory (DFT) calculations and cluster expansion (CE)

method were used. In case c), the CE method was used to study the migration 

paths of vacancies at the interface. As CE method provides a rapid way to 

estimate the energy difference ( E) of Va-O exchanges and cluster 

interactions (CIs) were obtained in bulk GDC, checking the applicability of bulk 

CIs to interface is also of interest.
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2 Theoretical background

Atomistic modelling is one of the most important and effective methods to 

investigate materials properties and structures theoretically. Traditional ab 

methods provide powerful way to perform 

atomistic modelling. In principle ab initio calculations are done by solving 

Schrödinger . However, since there are so many particles with 

complicated interactions and correlated states in a real system, it is impossible 

to solve this difficult many-particle quantum mechanical problem analytically. It 

is also hard to directly solve it numerically. DFT is a successful and effective 

method to solve this problem.

2.1 Density functional theory 

The density functional theory was proposed in 1964. Its founders were 

awarded Nobel prize in chemistry in 1998. It is based on two Hohenberg-Kohn 

theorems [15]. The first theorem states that, for a many-electron system, the

electron density, , uniquely determines the external potential, , 

and the ground state energy, ,

(2.1)

where is a universal functional which is unknown but valid for all 

number of electrons and any external potential [15]. The second theorem 

states that the exact ground state electron density should minimize the total 

energy. Therefore, the electron density and all the ground state properties of 

materials can be obtained without solving many-electron

equation.

It was Kohn-Sham equations which made Hohenberg-Kohn theorems 

applicable for real use. The main assumption of Kohn-Sham equations is that 

there exists an auxiliary system of non-interacting electrons which produces 
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exactly the same electron density of the real many-electron system [16]. Based 

on this statement and previous theorems, Kohn and Sham derived a set of 

self-consistent one-electron equations [16],

(2.2)

where the exchange-correlation potential, is 

(2.3)

And the density of electrons for this auxiliary system is 

(2.4)

These equations are solved by the following procedure. It starts with 

guessing an electron density and putting it into Eq. 2.2. Then we will get

and thus from Eq. 2.4 we could obtain new . We put the new 

in Eq. 2.2 again and repeat the procedure until the self-consistency is achieved 

(or the convergence criterion is achieved). Furthermore, the

exchange-correlation energy ( ) should also be known in order to solve 

Kohn-Sham equations.

2.2 Local density approximation and generalized 

gradient approximation

The Kohn-Sham equations would be able to determine the total energy and 

exact electron density if were known. However, it is unknown. Thus 

some approximations are needed. There are two most common methods: the

local density approximation (LDA) and generalized gradient approximation

(GGA).

The main idea of LDA is that contribution to is depended only on the 

electron density at each point. The form of in LDA is

(2.5)
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where is the exchange-correlation energy per particle in a uniform 

electron gas (UEG) with density n. This quantity comes from quantum Monte 

Carlo simulations [17]. Since these simulations are expected to be exact, the 

LDA is exact for UEG cases and hence it works well for the solids having 

electron distribution close to that of UEG.

The main idea of GGA is that depends not only on the electron density 

at a point but also on the density gradient at this point. The form of in GGA 

is

(2.6)

where is the gradient of the electron density. In many cases, GGA gives 

more accurate binding energy and lattice constant compared with LDA. But 

GGA is not always better than LDA. For example, LDA is better for 3d metals 

while GGA is better for 5d metals. Usually GGA overestimates lattice constants 

whereas LDA underestimates them [18].

2.3 Cluster expansion method

CE method was originally proposed by Mayer et al. in 1941 [19]. It has broadly 

been applied in computational studies as an approximation to describe the 

configurational energy of materials. The Hamiltonian is defined as: 

(2.7)

Where is effective cluster interaction (ECI) for cluster . For a binary 

system, AxB1-x (0<x<1),

(2.8)

Thus the configurational energy of such a binary system could be 

calculated if the ECIs are known. This could be obtained from first principles 

calculations. In real computations, high order terms in Eq. 2.7 are usually 

ignored as long as the acceptable accuracy is reached.
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In this work, the CE method is described as: 

(2.9)

Where and are concentration variables for site i in Ce and oxygen 

sublattices, respectively: xi = 0 (Ce) or 1 (Gd), yi = 0 (O) or 1 (Va). , 

and are the cluster interactions for coordination shell p, calculated from 

DFT calculations [12]. The summations in Eq. 2.9 run over different 

coordination shells and clusters.
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3 Computational details

3.1 Density functional theory calculations

The DFT calculations were performed by using the Vienna Ab initio Simulation 

package (VASP) with GGA according to Perdew-Burke-Ernzerhof 

parameterization revised for solids (PBEsol) [20] and projector augmented 

wave (PAW) method [21]. The criterion of convergence for electronic 

self-consistency loop was set to 10-5 eV and for ionic relaxation it was 0.01 eV 

Å-1. The energy cut-off of 500 eV was chosen. The 5p65d16s2 electrons for Gd, 

5s25p64f16s2 electrons for Ce and 2s22p4 electrons for O were treated as

valence states. Note that the 4f7 states of Gd were moved into the core [22].

The calculations were non spin-polarised.

For C-type Gd2O3, a unit cell of Gd2O3 containing 80 atoms (Gd32O48, see 

Fig. 2(b)) was used. The nudged elastic band method [23] with a 3 × 3 × 3 

Monkhorst-Pack k-point mesh was applied to calculate the Emig of Va jumps in 

C-type Gd2O3.

To model GCI, a supercell containing 384 atoms (Gd96Ce48O240) was used.

A 2 × 2 × 1 -centered k-point mesh was applied. Fig. 4(a) shows the structure

of the supercell. This supercell of GCI can be viewed as a stack of layers of 

Gd2O3 (six layers) and ceria (three layers). The lattice constant is 5.4 Å. Fig. 

4(b) is the schematic of (111) CeO2-Gd2O3 interface local structure. It is clearly 

seen that each CeO2/Gd2O3 layer consists of one cation layer with two oxygen 

layers. Between layers 2 and 3 (Fig. 4(b)) is interface. Vacancies only exist in 

oxygen layers of Gd2O3. In this work, we study Va migration for vacancies in 

layer 2 (Fig. 4(b)).
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Fig. 4: (a) The supercell of GCI. It consists of three (111) layers of CeO2 and six (111) 

layers of Gd2O3. For each layer there are one (111) Ce or Gd layer and two adjacent (111) 

O (with Va) layers. Vacancies are assumed to be at the ideal positions. Colour of atoms: 

Green-Ce, purple-Gd, red-O and grey-Va. (b) Schematic of local structure of (111) 

CeO2-Gd2O3 interface. The dashed line between layer 2 and 3 is the exact interface.

Colour of lines: Green-Ce, purple-Gd, red-O and grey-Va.

3.2 Cluster expansion calculations

The CE calculations in this work consist of three cases: (A) calculation of E of 

Va-O exchanges in bulk Gd2O3; (B) calculation of E of Va-O exchanges at 

GCI; (C) calculation of potential energy landscapes (PELs) of Va distribution. 

Large supercells are built to imitate the structure of C-type Gd2O3 and GCI (16 

× 16 × 16 supercells). Then we exchange each Va with all O atoms in the 

supercell and calculate E of each exchange using Eq. 2.9. Therefore, E for 

a) b)
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a certain Va-O exchange and energetics of Va diffusion paths can be obtained.

The lattice constant (a) in the CE calculations is 5.40 Å. The cut-off radius is 

2.45a = 13.23 Å (See Ref. 12 for details).Fig. 5 shows the supercell structures

used in CE calculations. 

For case (A), a 16 × 16 × 16 supercell of Gd2O3 is used. For case (B), the 

structure shown in Fig. 5(a) is used. There are three (111) ceria layers in bulk 

Gd2O3, which imitates the structure of Fig. 4(a). This structure is used to 

calculate the E of Va-O exchanges for vacancies at the interface (equivalent 

to layer 2 (Fig. 4(b)). Since the thickness of six Gd2O3 layers is 18.71 Å 

whereas the cut-off radius for CE calculations is 13.23 Å, the Gd2O3 layers can 

be considered infinite in CE calculations. For case (C), the structure shown in

Fig. 5(b) is used. Fig 5(b) shows the (111) interface between bulk CeO2 and 

Gd2O3. We use this model to simulate the migration of Va starting from layer 2

(Fig. 4(b)) in bulk ceria, bulk Gd2O3 and along the (111) interface.

Fig. 5: (a) This structure imitates the GCI structure in Fig. 4(a). (b) The interface between 

bulk ceria and bulk Gd2O3. Both structures are 16 × 16 × 16 supercells. Sublattice of O 

and Va are not shown. Colours of atoms: Green-Ce, purple-Gd.

a) b)
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4 Results and discussion

4.1 C-type Gd2O3

As mentioned in Section 1.2, the structure of Gd2O3 is like a version 

of 2 × 2 × 2 fluorite structure of ceria. The distances of neighbouring O atoms

to the Va sites in Gd2O3 are not equal. Fig. 6 shows that there are two kinds of 

nearest neighbours for Va in Gd2O3. Therefore, it is expected that there should 

have two E in Gd2O3 for Va-O exchanges. This is supported by DFT 

calculations. We also calculated E using CE method. Comparison between 

DFT and CE results is given in Table 1. Even though there is only one E in

CE calculations, the DFT results are in good agreement with those of CE

calculations.

We also roughly estimated E from the experimental data of diffusion 

coefficient of O [25]. Firstly, the diffusion coefficient of Va in C-type Gd2O3 can

be calculated from the equation [24]:

(4.1)

Where and are the diffusion coefficient of oxygen and Va; is the 

tracer correlation coefficients for Va, and are the concentrations of 

oxygen ions and Va [24]. is assumed to be 1. can be expressed as [24]:

(4.2)

Where is the number of neighbouring ions of Va; is the 

probability that these sites are occupied with an ion; is the jump distance; 

is a characteristic lattice frequency (1013 Hz); and and are the 

activation entropy and activation enthalpy respectively [24]. is 

assumed to be 1. E derived from experimental data is close to our results

from Table 1. Thus we suggest that our calculations fit with experimental data 

well.
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Fig. 6 local structure of Va in Gd2O3. Va is assumed to be at the ideal 

lattice site. O atoms are labelled in terms of different distances to Va. For jump 1 the 

distance is 2.429 Å and for jump 2 it is 2.546 Å (when lattice constant is 10.8). Colours of 

atoms: Red-O and grey-Va.

Table 1: obtained from DFT, CE and experimental results. For DFT calculations, a = 

10.69 Å and 10.8 Å are used. 10.69 Å is the lattice constant obtained from DFT calculation 

and 10.8 Å is the doubled value of lattice constant of CE method (a = 5.4 Å). 10.8 Å is also 

close to the lattice constant of Gd2O3 and double lattice constant of ceria obtained from 

experiment (a = 10.8175 Å and 5.407 Å for Gd2O3 and ceria respectively. [6]).

Results E (eV)

Jump 1 (a = 10.69 Å) 2.32

Jump 2 (a = 10.69 Å) 2.17

Jump 1 (a = 10.80 Å) 2.09

Jump 2 (a = 10.80 Å) 1.98

CE calculation 2.05

Experiment [25] 1.59 (derived from )
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Fig. 7: Energy profiles of model 1 and 2 in Gd2O3. The lattice constant is 10.69 Å, which is 

the lattice constant of Gd2O3 obtained from DFT calculation.

We also calculated the energy along the migration paths in Gd2O3. The 

energy profiles of corresponding jumps are presented in Fig. 7. The Emig for 

backward jumps are practically negligible being just 13.2 and 2.4 meV for jump

1 and 2 respectively. The Boltzmann probability, , for an atom to escape an 

energy barrier in one attempt is: . At usual working temperature of 

ionic conductors in SOFCs (for example, 1000 K), for backward Emig (2.4 meV 

for example) is 0.97 and for forward E (2.17 eV for example) it is 1.15-11. It 

means that the C-type structure is very stable as we also know from 

experiment [6].

4.2 Modelling of Gd2O3-CeO2 interface

In this section, the mobility of Va at the GCI is investigated. Fig. 8 shows the Va 

cluster consisting of four vacancies in the (111) oxygen layer of Gd2O3. This 

oxygen layer is equivalent to layer 2 (Fig. 4(b)). All Vaed are identical but they 

are different from Vacen. Thus, there are two types of Va at the interface. We 

calculated E for Va-O exchanges at the interface for this two types of 

vacancies.
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Fig. 8: The Va cluster in the (111) oxygen layer of Gd2O3. Note that in our GCI supercell in 

Fig. 4(a) each (111) oxygen layer of Gd2O3 has exactly one Va cluster. Three vacancies at 

the edge (Vaed) are identical but different from vacancy in the center (Vacen). This oxygen 

layer is the first oxygen layer of Gd2O3 at GCI (equivalent to layer 2 (Fig. 4(b)).

Fig. 9 depicts all six possible jumps for both Vaed and Vacen. For Vacen, due 

to symmetric positions, jump 1-3 are identical to each other and jump 4-6 are 

also identical. For Vaed, all six jumps are different. These symmetry

considerations are supported by both DFT and CE results for E of the 

corresponding Va-O exchanges in Fig. 10. DFT and CE results also agree well 

with each other. Besides, Fig. 10 illustrates the migration into ceria (jump 1-3) 

has lower E compared with migration into Gd2O3 (jump 4-6). For Vaed, jump 1 

and 2 have relatively low E. This is possibly because Va-Va cluster 

interactions have higher energy at short distances [12] and the distances 

between selected Va and other vacancies in Va cluster decrease in jump 1 and 

2 while in jump 3 they increase. For Vacen, all the three jumps into ceria have 

higher E than E for Vaed, indicating that Vaed are more probable to escape 

the interface. 
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Fig. 9: All possible Va-O jumps for both Vacen (top) and Vaed (bottom). Jump 1-3 are jumps 

into ceria side (from layer 2 to layer 3 (Fig. 4(b)) and jump 4-6 are jumps into Gd2O3 side

(from layer 2 to layer 1 (Fig. 4(b)).

Fig. 10: Comparison of of corresponding Va-O exchanges for jumps of Vacen (left) and 

Vaed (right) between CE and DFT calculation. This clearly shows that there are two and six 

types of jumps for Vacen and Vaed, respectively.

We also calculated E of Va-O exchanges for second jumps after the first 

jumps into the ceria side (jump 1-3). They happen at the layer 3 (Fig. 4(b)) and 

have similar jump models with the first jumps in Fig. 9. obtained from both 

CE and DFT are compared in Fig. 11. Jump 1-3 are jumps from layer 3 to layer

4 (Fig. 4(b), jump further into ceria) and jump 4-5 are jumps from layer 3 to 

layer 2 (Fig. 4(b), jump back to the initial layer). Compared with going back to 

the Gd2O3 side (jump 4 and 5, if any), there is at least one jump with relatively 

low which benefits the migration of Va into ceria (jump 2 in Fig. 11 (a), (b) 
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and (d) and jump 3 in Fig. 11 (c)). From both Fig. 10 and 11 it could also be 

seen that even though CE method tends to overestimate of Va-O 

exchanges, it still provides an acceptable estimation of . Therefore, as CE 

calculations require less computational resources and provide a reasonably 

accurate estimation of , it can be used to study Va migration paths.

Fig. 11: Comparison of of Va-O exchanges for corresponding jumps between DFT and 

CE. (a), (b), (c), (d) corresponds to second jumps starting from the end points of jump 1-3 

for Vacen, jump 1 for Vaed, jump 2 for Vaed and jump 3 for Vaed. Jump 5 in (a) and (d) are not 

calculated since they are Va-Va exchanges. All jump 6 are not calculated because they 

are going back to the initial positions of first jumps. Here refers to the energy 

differences between corresponding Va positions and initial state.

Energy along the migration paths of first jumps to the ceria side (jump 1-3, 

for both Vacen and Vaed) were also calculated using DFT calculations. Fig. 12

shows the energy profiles of different jumps. The obtained energy profiles are 

asymmetric, which illustrates that Va prefer to be located in their original 

positions (in Gd2O3) [26]. Furthermore, we also compared Emig with Ref. 27

(Table 2), it calculated the energy barrier of Va migration in bulk GDC. It is 

shown that Emig of our work increase significantly compared with reference, 

d)c)

a) b)
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which demonstrates that after phase transition, it is actually harder for Va to 

migrate because of high Emig, and hence ordering lowers the oxygen mobility.

Fig. 12: Energy profile of first jumps.

Table 2: Emig of this work and other researches.

Type of result Emig (eV)

Jump 1, Vaed 0.87

Jump 2, Vaed 0.75

Jump 3, Vaed 1.12

Jump 1-3, Vacen 1.07

Bulk GDC [27] 0.59

4.3 CE calculation of vacancy migration

In Section 4.2 it was explained that we use CE method to calculate of all 

exchanges between selected Va and all lattice sites in the oxygen sublattice. In 

this section, CE method is used to study the migration of the two types of 

vacancies at GCI (both Vacen and Vaed). The basic idea is to build all possible 

several-step (one step means one exchange of Va from one site to one of the 
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six nearest sites) migration paths starting from selected Va and then get the 

potential energy landscape for each path using the existing data of all 

exchanges. 6-step paths are built to balance saving computational cost and

gaining sufficient data. When building paths, the Va-Va exchanges are 

forbidden and Va are not allowed to go to same positions in one path. Paths 

which do not follow these rules are excluded. After this, PELs for paths are 

obtained.

We studied and compared the PELs of three different types of Va migration

paths to further determine the mobility of Va at GCI: migration in ceria, 

migration in Gd2O3 and migration along the GCI. Migration along the interface 

means that Va migrate back and forth between layer 2 and layer 3 (Fig. 4(b)).

Migration into ceria is preferred compared with migration into Gd2O3. Firstly, 

it is shown in Fig. 10 that of first jumps into ceria is much lower than those

into Gd2O3. Secondly, according to Fig. 13 there is a large number of ceria 

paths in which maximum are not much higher that first step (energy 

differences between Emax and Eref are close to 0 eV) whereas for Gd2O3 paths 

the maximum are always higher than first steps (ca. 0.25-0.5 eV higher). 

Furthermore, Fig. 14 also shows that for some paths in ceria, the maximum 

energy differences between steps are small (close to 0 eV) while the maximum 

between steps are always more than 0.25 eV for paths in Gd2O3. To 

summarize, it is indicated from both Fig. 13 and Fig. 14 that the PELs for paths 

in ceria is flat with minor energy changes between steps whereas paths in 

Gd2O3 tend to increase energy and energy difference between steps could be 

large. This is also supported by Fig. 15. A gap between paths of Gd2O3 and 

ceria could be seen. Migration in Gd2O3 tends to increase energy while such 

tendency is not observed for migration into ceria.

For the migration along GCI, we found that vacancies do not tend to move 

along the interface because of energy traps at the interface. Fig. 14 shows 

that maximum energy differences between two near steps are mostly larger 

than 0.5 eV, meaning that Va are trapped at the step with lower as it is 
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Fig. 13: Histograms of energy differences between maximum (Emax) and first step

(reference energy, Eref) of all paths for Vacen (left) and Vaed (right) in ceria, Gd2O3 and 

along the interface. Eref equals the of first step exchanges in Fig. 10. This why there 

are in total two Eref for Vacen and 5 in Vaed ( of Va-O exchanges of jump 1 and 2 for Vaed

overlap with each other because the values are close).

difficult for Va to migrate to the high step. In Fig. 15 energy traps are 

directly shown in the PELs of paths along GCI. All of them demonstrate that at 

Vacancies are trapped when they are at those positions and do not tend to 
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move because of the low energies of those positions.

In this section, we did not take energy barriers into consideration. The 

energy profiles for migration into ceria are flat does not mean that there is no 

energy barriers. Flat energy profile means that the energy barriers are similar.

Fig. 14: Histograms of maximum energy differences between of two near steps of all 

paths for Vacen (left) and Vaed (right) migrating in ceria, Gd2O3 and at the interface. Eref are 

the same with Fig. 13.
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Fig. 15: Average of each step for Vacen (left) and Vaed (right). It could be seen in all 

figures that there is a gap between energy profile of paths in ceria and in Gd2O3. There 

are also energy traps with low energy existing in paths along interface.

4.4 Social and ethical aspects

Because this work is theoretical and fundamental, the results are hard to be 

applied directly. However, at a general level, this work has significant positive

contributions to the development of sustainable energy technologies. In 

particular this work is helpful for researchers who develop SOFC materials. As 

we proved that our CIs are valid for both bulk GDC and interface, we could use 

CE method to study the Va mobility of different atomic configurations, which 

could guide the experimentalists to design SOFC electrolyte materials. Since 

SOFCs are environmentally friendly materials for clean energy applications,

our work will finally benefit the environment.
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5 Conclusion and future work

We have performed study of C-type Gd2O3 and GCI by using DFT calculation 

and CE method. We have also performed CE calculations of Va migration. 

Methodology

Although it tends to overestimate the of Va-O exchanges, our CE method is 

still a powerful method which provides reasonably accurate estimation of of 

Va-O exchanges according to the comparisons with DFT calculations. The 

results between CE and DFT are always in good agreement. This is the 

foundation of our Va migration paths study.

C-type Gd2O3 and GCI

Vacancies are not mobile in C-type Gd2O3 because forward Emig are large and

backward Emig are small. Hence C-type Gd2O3 is a bad oxygen ion conductor

though there are sufficient Va for oxygen migration. Our calculated for

Gd2O3 also fit experimental data well.

After the comparison between other work, although the value of Emig could 

be affected by a lot of factors such as lattice constant, local structure and 

method used to obtain the energies et al., it is still believed that the formation 

of Gd2O3 precipitate could decrease the ionic conductivity as the Emig of Va at 

the (111) GCI is higher than the Emig in GDC. 

For the migration paths of vacancies, we found that migration into ceria is

preferred because the first step are relatively low and the PELs of such 

migration are flat with minor energy changes. Migration into Gd2O3 is not 

preferred because the first step are relatively high and PELs for such 

migration keep increasing energies. Migration along the interface is not 

preferred because of energy traps . To conclude, vacancies tend to move into 

ceria side from interface. Migration barriers are not taken into account in this 

part of study.
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Future work

In this work the analysis of CE calculations for migration paths is rough and 

incomplete, more detailed analysis is required. Monte Carlo method could be 

employed to study Va migration from bulk Gd2O3 to ceria. DFT calculation on 

other interfaces between Gd2O3 and ceria are of interest as well. 
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