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Abstract

LayHf,07 and La;Mo209 as potential electrolytes for solid oxide fuel cells (SOFCs) have been
investigated through first-principles calculations to understand the mechanism of ion motion. In
LapHf>07, three unique types of positions that can form anion-Frenkel (a-Fr) pair have been
screened out and a reasonable continuous diffusion path constructed by these migration sites has
also been suggested to be the cause of ion conduction. Excellent ion conductivity in LaxM02QOg is
more based on the short range disordered in loose and mobile structure. The thermodynamic
properties of La;Mo0209 than LaoHf>07 shows that the formation of a-Fr in LaxMo02Og starts at
lower temperature because of the higher degree of structural disorder with less constraints on
oxygen ions.

Introduction

Due to the limited fossil resources have been quickly consumed, intensive research has been
concentrated on renewable green energy, in which SOFCs!!** have become the most important
one based on their high-energy conversion efficiency and environment benignity. However, their
main drawback high working temperature (800~1000 °C) not only constrains the electrolytes and
electrodes but also cause unexpected products at interfaces. To develop more potential
electrolyte material that improve the performance of SOFCs and lower the working temperature,
we should understand the mechanism between lattice structure and ion mobility, which
determines the ion conductivity of materials. As potential electrolyte material with good ion
conductivity, the complexity between ion conductivities and intrinsic defects in the pyrochlore
host structure has been discussed a lot with >} and their ion conductivity are usually attributed
to the migration of oxygen anions caused by lattice distortion with assistance from formation of
defects. In previous study, a-Fr pairs of O ion in other different lattice system all shows low
formation energy [* 1% "1/ which might be the initiation of ion conduction. The less restrictive
structure with incorporative environment for interstitial migration ions will associate with better
ion conduction. Recently, lanthnoid hafnates (LnoHf>O7) with good ion conductivity and thermal
stability have been attracted a lot interest for various applications [!>!®! based on their unique
pyrochlore structures deviated from the fluorite phase with distortions!!” '¥]. Another new fast
ion conductor LaxMo020o!!® 2°1 showing competitive ion conductivity with present electrolyte,
also attract much interest due to their relative loose structure with highly mobile oxygen ions is
believed to be the main reason of their excellent ion conductivity. Similarly, these two types of
materials both share great tolerance of structure and the mobility of anion ions in structure,
which inspire us to investigate the correlation between defective structure and ion conduction.
Here, through density function theory (DFT) as a powerful tool?!?* we will investigate the
energetic and electronic properties of La;Hf207 and La2Mo020y9 in terms of the formation process
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of a-Fr pairs, correlation between the local structure and energetics, electronic properties. The
thermodynamics properties will also be discussed because it represents the formation
temperature of defects that are the motivation of ion mobility, which will further result in ion
conduction. By understanding the migration mechanism of oxygen anions diffusion, we can
apply this effective method to further screen novel materials for future SOFCs to satisfy higher
requirements with better electrical performance.

Calculation Setup

All the calculations choose the total energy density functional pseudopotential method. The
Broyden-Fletcher-Goldfarb-Shannon (BFGS) algorithm will be used through calculations. For
bulk properties and defect, ultrafine quality with a plane-wave cutoff energy of 750 eV and a
2x2x2 Monkhost-Pack (MP) k-point mesh are used, which converged the total energy within 5.0
x 10 and 5.0 x 1075 eV/atom, respectively. Crystal Structures of both ion conductors are shown
in Figure S1 and S2 in Supplementary material.

Results and Discussion

Anion Frenkel Pair Defect in La:Hf207

The oxygen vacancy (Vo) and the interstitial (Io) pair are called a-Fr pair. Oxygen atoms at 48f
sites with more mobility will be chosen to form a-Fr pair and the energy simulation results a-Fr
pairs can be classified into three characteristic types of migration sites with corresponding
average formation energy shown in Table 1 and Figure 1. The formation energies of oxygen
interstitial defects are also listed for comparison.

Table 1. The average formation energies (eV/pair) of a-Fr and Io in La,Hf05.

Disorder  A-Fr formation energy A-Fr formation I, defect formation
(eV/pair) energy (eV/site) energy (eV/site)

TYPE 1 3.49 1.75 5.81

TYPE 2 6.53 3.27 6.12

TYPE 3 8.45 4.23 6.27
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Figure 1. The diagram of formation energies (per pair) of a-Fr pairs with reference of separation

(in angstrom) of the a-Fr pairs in pyrochlore La;Hf207 system.

The vacant 8a sites, showing lowest energy cost of 3.49¢V, are found to be the most reasonable
migration site to incorporate interstitial oxygen atom to form a-Fr pairs (shown in Figure 2a)



without inducing distortion on adjacent atoms. The second type of site is a 3-fold site (shown in
Figure 2b) that is discovered near the face of the La-tetrahedral with higher formation energy of
6.53 eV/pair that come along with three equivalently long La-O bonds. Type 3 migration sites is
near 48f site and display the highest energy of 8.45 eV that induced by the strong O=0O bond,
where a plane quadrangle will be formed with 2 oxygen atoms and 2 La atoms (shown in Figure
2¢) and cause obvious distortion on nearby oxygen atom. Each type of defect site show similar
energy results based on different migration distances. The TDOS of all these three types of
defect all reflected gap states as deep localized hole levels induced by formation of a-Fr pairs
(shown in Figure S3).

(a)

Figure 2. The relaxed structure of three a-Fr pairs in LaHf>O7 and proposed migration path for
O ions migration. (a) Type 1 migration site (b) Type 2 migration site. (¢) Type 3 migration site.
(d) Diagram of proposed migration path for oxygen anions between vacant 8a sites. The pink
arrows show the migration direction of oxygen anions. The yellow atom represents the interstitial
oxygen atom at each type of migration sites. (La=green, Hf=blue, and O=red)

The position of each site shows correlations through constructing a continuous diffusion
channels for interstitial oxygen atoms to migrating through lattice (Figure 2d), which clearly
represented a path of oxygen atoms between Typel (8a site) sites. The complete diffusion
process can be concluded as: 48f (origin)— Type 1— Type 2 — Type 3 — Type 2 — Type 1. In
contrast with a-Fr pairs, simulation results of interstitial oxygen defect show much higher energy
cost in formation process without obvious energy difference levels at the same type of migration
sites (shown in Table 1). This means a straitened circumstance that oxygen atoms will be easier
to be trapped in one position rather than keep migrating in the lattice. Hence, the a-Fr pairs show
substantial priority in pyrochlore structure than the interstitial oxygen defect. The ion motion in
pyrochlore-type La,Hf>07 can be attributed to the structural disorder and migration path supplied
by a-Fr pairs.



Anion Frenkel in La2Mo0209

LaxMo0209 has a relative loose crystal structure with low symmetry that is similar with a
polyhedron-like cage (Figure S2a). The average coordination number for La and Mo atom are
6.5 and 4.50, respectively. Three non-equivalent oxygen positions exist in the structure, O1, O2
and O3 with partial occupancy. The preliminary geometry optimization of flawless unit cell
reflects high mobility of O atoms with larger moving distance than metal atoms. Results of a-Fr
pairs models illustrate the change of bonding along with the varied coordination number of
cation atoms in Table 2. Though past researches focused more on the effects of Mo atoms as key
factor in the whole system rather than La atoms!?> 2! does, coordination number of La has shown
larger variation range than Mo, representing higher distortion of local environment. The
coordination number of La has shown a linear relationship with the formation energy of
LaxMo0209 in certain degree (Figure S3). As the formation energy increases, the coordination
number of La has a trend of gradually decreasing, reflecting that La can stabilize the structure by
forming La-O bonds. The energy difference between these models can reach up to 1.79 eV with
same number of divalent O=0O bond, suggesting these bonds are not effective in influencing the
formation of a-Fr pairs.

Table 2. The calculated average formation energies (eV/pair) and coordinated number of atoms
of different anion defect in LaxM020y.

Model No. Of Coordination Coordination Formation
0=0 bonds No. Of La No. Of Mo Energy (eV)
Unit cell / 6.50 4.50 /

1 1 6.75 4.50 0.182

2 1 6.75 4.75 0.407

3 1 6.00 4.50 0.622

4 1 6.50 4.50 0.630

5 1 6.00 4.75 1.241

6 1 6.75 475 1.332

7 1 6.25 475 1.970

8 0 7.75 4.75 -5.703

Comparing with La,Hf207, LaxM0209 structure is more complicated with intrinsic oxygen
vacancies. The potential sites in LazMo0209 could incorporate a-Fr pairs shows lower energy cost
but without obvious regulation due to the low symmetrical lattice. We speculate that the ion
conductivity of LaxMo020y is induced by the original lattice with low constraints on oxygen
atoms with the assistance of a-Fr pairs. A-Fr pairs in La,Hf>07 affect the energy barriers for ion
diffusion through forming a continuous migration path with distinct energy levels while the
short-range hopping mechanism of oxygen ions in between present oxygen atom positions and
intrinsic oxygen vacancies might be the main cause of ion conduction LaxMo020.

Thermodynamic properties

We now consider the thermodynamic properties for these two systems based on equation:
AG = AE + AZPE —TAS , where AE is the total energy change for the defect formation, AZPE is
the change in zero-point energies of the system compared to the ideal structure. Figure 3a shows
the AG for the ideal system without a defect and the zero-point energies of these two systems are
2.25 eV and 1.35 eV respectively for LaoHf>0O7 and LaxMo0,0s. Figure 3b shows the effect from



difference of oxygen occupancy in LaxM02,09. Model 4 10 shows higher occupancy rate for the
02 and O3 with the higher level of ZPE. It tells in physicochemical trend that the degree of the
structural disordering determines the ZPE of the SOFC host system, and the higher symmetry the
higher ZPE. We further summarized the concept of AG with formation process of a-Fr pairs. In
Figure 3c and 3d, we divide the temperature into three stages, preparation, trapping and
conducting respectively. As temperature increases, the lattice vibration increases at the
preparation stages. The start of trapping stages represents the spontaneous formation of a-Fr
pairs. As the concentration of a-Fr increases with temperature, the ion motion become more
active and ion conduction will start, which can be considered as the working temperature.
LaxMo0209 shows a working temperature lower than 700 K while La;Hf207 is around 750 K,
indicating the structural disorder can possibly decrease the working temperature and increase the
density of O-ion related transporting defect concentrations in way of forming a-Fr pairs, but the
energy barrier for activating them from the trapping to conducting stage are both around 450 K.
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Figure 3. (a) The summary of AG between pyrochlore La,Hf,O7; and LaxMo020s. (b) The
summary of the AG between two different La-Mo-O systems. (c) The AG with consideration of
the a-Fr pairs in LaHf>0O7 system. (d) The AG with consideration of the a-Fr pairs in LaxM0209
system.

Conclusion

This work showed a detailed study of the relationship between structural disorder of La;Hf207
and LaxMo0,09 and their ion conduction behaviors. A continuous diffusion path for interstitial O
composed by three unique migration sites caused by a-Fr pairs is found to be the dominant
source of ion conductivity in LaxHf>0O7. The results of La2Mo020O9 show less regulation and their
ion conductivity can be attributed to the naturally dynamic structural frame with short-range
disorder and high concentration of mobile oxygen atoms. In addition, the thermodynamics
calculations prove that higher degree of structural disorder in LaMo0209 than La;Hf>07 can lower
the working temperature of ion conduction. Understanding the correlation between lattice
defective structure and their ion conduction will benefit us in the future to screen out more
possible electrolyte materials and predicting their electrical performance in SOFCs.
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