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ABSTRACT    

Solid oxide fuel cells are highly efficient energy conversion devices and can produce electrical 

energy from a variety of fuels. One of the main challenges is to decrease its operating temperatures, since 

the high temperatures currently required for satisfactory oxide-ion conduction at the electrolyte decrease 

the lifetime of the device. LaGaO3-based materials possess high conductivities in lower temperatures when 

compared to traditional fluorite-structured materials. In this study, density functional theory calculations 

were performed to investigate the potential effects of divalent dopants in the ionic conductivity of the 

perovskite. The most suitable dopants were determined, with steric and electronic effects being found to 

play a role in how easily these dopants are accepted into the lattice. The distortion of the doped perovskite 

local structure was observed to be an indicator of the tendency of vacancies to be trapped around dopants, 

possibly hindering ionic conductivity.  
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1. INTRODUCTION  

The development and use of clean and renewable modes of power generation is essential to the 

efficient replacement of the current carbon-based economy with sustainable alternatives1. Solid oxide fuel 

cells (SOFCs) are energy conversion devices, which can directly convert chemical energy into electrical 

power with efficiencies higher than 60%, as the process is not limited by the Carnot cycle2. Energy can be 

generated from a variety of fuels (H2, CO, CH4, hydrocarbons etc.)2,3, allowing SOFC technologies to easily 

adapt to current and future fuel demands. In addition, reversible SOFCs (RSOFCs) can also be designed to 

act both as fuel cell and electrolyser, i.e., it can be operated as either SOFC or solid oxide electrolysis cell 

(SOEC)4. A SOEC operates inversely to a SOFC, converting electrical energy into chemical energy. Hence, 
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when in reversible mode, the RSOFC can electrolyse H2O (steam) producing H2, a clean fuel. Therefore, 

RSOFCs can be integrated with other renewable technologies so that the energy produced can be stored as 

H2 and converted back to electricity when required4.  

A SOFC consists of two porous electrodes separated by a solid-oxide electrolyte through which 

ionic transport occurs5 (Figure 1). Air (O2) is reduced at the cathode generating O2- ions, which are 

transported through the electrolyte to the anode to react with the fuel provided. The electrons return from 

the anode to the cathode through an external circuit, generating electricity6. An ideal solid electrolyte must 

be stable in both oxidizing and reducing environments, since it is in direct contact with the anode and the 

cathode. Furthermore, at fuel cell operation temperatures and oxygen partial pressures (10-18 to 1 atm)2, it 

must have high ionic conductivity combined with low electronic conduction to avoid the short circuit of the 

cell6. The high temperatures (1073-1273 K) required for the ionic transport to occur efficiently7,8 increase 

the cost and decrease the life-time of the device. Therefore, the development of electrolyte materials with 

high ionic conductivities in the intermediate temperature (IT) range (873 to 1073 K) is desirable9,10.  

 

Figure 1 (single column fitting image, coloured) – Scheme illustrating SOFC operation. O2 is reduced at 

the cathode; O2- is transported through the solid electrolyte, reaching the anode, where fuel can then be 

oxidized. The cathode and anode are electrically connected and an electron flux is established outside the 

cell.  

 

Fluorite-structured zirconia-based ceramics, especially yttria- (YSZ) and scandia-stabilized 

zirconia (ScSZ), present excellent ionic conductivities at high temperatures and negligible electronic 

conduction. Optimized compositions with 8 mol%11–14 Sc2O3 or Y2O3 present the highest conductivity at 

1273 K, with ScSZ presenting ionic conductivity more than two times higher than that of YSZ. ScSZ can 

also present satisfactory ionic conduction at lower temperatures (1073 K)15, but problems regarding its low 

availability, high cost and poor stability impair its use. Alternatively, ceria doped with trivalent cations, 
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mainly Sm(III) (SDC) and Gd(III) (GDC), present ionic conductivities comparable to that of YSZ (0.1 S 

cm-1) but at lower temperatures3,9,16,17 (1073 K). However, CeO2-based systems are not purely ionic 

conductors, since reducing conditions can lead to the reduction of Ce(IV) to Ce(III), impairing cell 

performance as a result of electronic leakage3,9,10,18.  

Perovskite-structured materials are attractive alternatives as solid electrolytes. If the host cations 

are substituted with lower valence species, oxygen vacancies can be generated as a charge compensating 

mechanism to preserve electroneutrality19, leading to oxide-ion diffusion through the lattice. LaGaO3-based 

perovskites have been shown to present high oxide-ion conductivity at intermediate temperatures (973-

1073 K)20–23, with negligible electronic conduction and good chemical stability over a wide range of oxygen 

partial pressures (10-20 to 1 atm)22. The electronic insulating properties are a result of both La and Ga having 

only one stable oxidation state and of the large band gap of the material – the orthorhombic phase of the 

perovskite has an optical band gap of 4.4 eV24. LaGaO3 undergoes phase transition from orthorhombic 

(Pbnm, space group 62) to rhombohedral (R3c, space group 161) around 420 K (Figure 2). 

 

 

Figure 2 (single column fitting image, coloured) – The (a) orthorhombic (Pbnm) and (b) rhombohedral (R-3c) 

LaGaO3 phases. O atoms are shown in red, La atoms shown in purple and the [GaO6] octahedra in green.  

  

LSGM, a LaGaO3-based electrolyte doped with Sr(II) (La-site) and Mg(II) (Ga-site), is an ionic 

conductor in the IT range and over a wide oxygen partial pressure range (from 105 to 10-25 atm)10,25–29. 

Traina et al.25 measured an ionic conductivity of 0.11 S cm-1 at 1073 K for the La1-xSrxGa1-yMgyO3-δ (x = 

0.10 and y = 0.20) perovskite. More recently, Huang et al.26 studied the ionic conductivity of LSGM by 

testing 38 different dopant concentrations and determined that oxygen vacancies are mobile above 873 K, 

but condense into clusters at lower temperatures. The highest ionic conductivity of 0.166 S cm-1 was 
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measured for x = 0.2 and y = 0.17 at 1073 K. Wu and Lee27 came to a similar conclusion with their highest 

ionic conductivity (0.173 S cm-1) observed when x = 0.15 and y = 0.20 at 1073 K. Therefore, previous 

studies are in agreement that optimized compositions of LSGM can present ionic conductivity in the 0.11-

0.17 S cm-1 range at 1073 K, higher than those observed for ceramics with a fluorite-type structure in the 

IT range3,25–29.  

Due to their distinct ionic radii when compared to host cations, dopants can introduce small 

distortions to the local perovskite structure and can interact with the generated charge compensating 

vacancies. This leads to the formation of defect clusters, i.e., vacancies can be trapped around the dopants, 

which hinders their mobility and hence oxide ion conductivity27. Each perovskite system has an optimum 

vacancy concentration for which ionic conductivity is a maximum30,31 and concentrations above the critical 

value lead to defect ordering, decreasing the vacancies available for ionic transport and thus the mobility 

of oxide ions32.  Islam et al33 used interatomic potentials to calculate the binding energies between dopants 

and vacancy in LaGaO3 and determined that Ga-site dopants (Mg(II), Co(II), Ni(II) and Cu(II)) present 

considerably higher binding energies than La-site dopants (Sr(II) and Ca(II)), indicating that charge-

compensating vacancies would tend to be trapped around Ga-site dopants. Defect interaction can therefore 

directly influence ionic conductivity and hence the suitability of a material as solid-oxide electrolyte.  

Another constraint when selecting suitable materials as SOFC components is that the electrolyte 

and electrodes should be compatible both physically, with similar thermal expansion coefficients to avoid 

thermal stresses and mechanical fracture, and chemically, being chemically inert to each other34. While Ni-

YSZ and Ni-CeO2 cermets are commonly used as anodes with YSZ- and CeO2-based electrolytes, Ni reacts 

with LSGM, forming secondary phases at the electrode-electrolyte interface or during synthesis of the Ni-

LSGM cermet, hindering ionic conduction and increasing anode polarization35,36. Both La1-xSrxCoO3 (LSC) 

and La1-xSrxMnO3 (LSM) have been suggested as cathodes for LSGM-based SOFCs. The first, however, 

reacts with LSGM and does not have a compatible thermal expansion coefficient to that of the electrolyte. 

LSM, on the other hand, is chemically and thermally compatible with LSGM, but possess negligible ionic 

conduction37. Pure electronic conduction limits the oxygen reduction reaction (ORR) on the cathode to the 

triple phase boundary (TPB), i.e., the regions where cathode, electrolyte and gaseous O2 are in contact. 

Therefore, mixed ionic and electronic conduction (MIEC) is desirable, since it allows the ORR to occur at 

the entire cathode/O2 gas interface due to O2- ions being efficiently transported from the cathode’s surface 

to the electrolyte37. 

Transition metal (TM) doped LaGaO3 has been suggested as both cathode and anode for LaGaO3-

based IT-SOFCs, as this would bypass the chemical and physical compatibility problems between electrode 

and electrolyte, TM doping also increases electronic conduction in the perovskite, resulting in MIEC35. 

La0.9Sr0.1Ga0.8M0.2O3-δ (M = Co, Mn)35,37 is suitable as cathode (LSGCo) and anode (LSGMn) in LaGaO3-
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based IT-SOFCs. Single cells using these materials as electrodes possess maximum power density of 88 

mW/cm2 at 1073 K, higher than those presented by cells containing Pt electrodes (20 mW/cm2), or LSC 

and Ni-CeO2 as cathode and anode, respectively (61 mW/cm2). TM doped LaGaO3 can have their electronic 

conduction properties further improved by increasing dopant concentration within the solubility limit of the 

transition metal in the perovskite35,37. In LSGMn, ionic conduction dominates in lower Mn concentrations 

(20 mol%), but electronic conduction increases five times with an increase in Mn concentration from 20 to 

43 mol%37. LaGaO3 systems doped with other transition metals such as Cr, Fe and V were also investigated 

as anode materials, but they either presented poor chemical stability under reducing conditions or low 

electronic conduction.  

In this study, we have performed DFT calculations to investigate the effects of divalent metals 

(Ni(II), Sn(II), Mg(II), Zn(II), Co(II), Fe(II), Pt(II), Mn(II), Pd(II), Ca(II), Sr(II), Pb(II) and Ba(II)) as 

dopants in LaGaO3 to understand their influence on the defect chemistry and ionic conductivity of the 

perovskite. The lowest energy structure for each doped system was determined in order to investigate key 

features that affect the ionic conductivity of the perovskite – the doping energy, the preferable dopant 

position (La or Ga site) and the association energy between vacancies and dopants – as a function of dopant 

identity and chemical environment. The study aims to determine which dopants are the most beneficial 

when improving the ionic conductivity of LaGaO3-based perovskites and to understand which aspect has 

the ultimate influence in the ionic transport properties of the perovskite considering IT-SOFC applications. 

 

 

2. METHODOLOGY  

DFT and DFT+U calculations using the SCAN38 functional were carried out with VASP39–41. 

SCAN is a meta-GGA functional which has been suggested to yield better results regarding the geometry 

and energy of diversely bonded materials when compared to PBE38. A plane wave basis set was used to 

describe valence electrons, while projector augmented wave (PAW) pseudopotentials were used to describe 

the interactions between core (La:[Kr], Ga:[Ar,3d10], O:[He], Mg:[Ne], Zn:[Ar], Co:[Ar], Fe:[Ar], Sn:[Kr], 

Ni:[Ar], Mn:[Ne,3s2], Pt:[Xe,4f14], Pd:[Kr], Ca:[Ne], Sr:[Ar,3d10], Pb:[Xe,4f14], Ba:[Kr,4d10]) and valence 

electrons42,43. The ionic and electronic convergence criteria were 0.01 eV Å-1 and 10-6 eV, respectively, with 

a plane-wave cutoff energy of 500 eV, converging the energy to 0.003 eV/atom. A +U correction of 4 eV 

was applied to the 3d (Co(II), Fe(II), Ni(II) and Mn(II)), 4d (Pt(II)) and 5d (Pd(II)) states of the transition 

metals (TM) using the Dudarev approach44 to reduce the self-interaction error which favours the partial 

occupation of these states. Using a U = 4eV, the high spin state (partially filled t2g orbitals) of Mn2+, Fe2+, 

Co2+ and Ni2+ in their native oxides45–50 was accurately predicted, as well as the semiconductor character of 
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PdO and PtO (standard GGA-DFT erroneously predicts metallic character and no band gap)51,52. The 

suitability of U = 4 eV was determined after comparison between the obtained SCAN valence band features 

in the electronic density of states and experimental XPS data53–61. Furthermore, similar U values were 

previously reported for DFT+U calculations on transition metal oxides utilising a range of 

functionals62,63,72,73,64–71. Table S1 summarizes previous theoretically calculated U corrections for TM 

monoxides with a range of different values (2.5–6.1 eV) depending on the derivation method. A comparison 

between the calculated SCAN+U (U = 4 eV) band gaps and experimental results for these oxides can be 

found in Table S2, while Figure S1 shows the obtained SCAN+U band structures and electronic density of 

states for the TM monoxides. See Supplementary Data for Tables S1, S2 and Figure S1. VESTA74 was used 

to perform visual and structural analysis of the systems. 

The unit cells of orthorhombic (Pbnm, space group 62) and rhombohedral (R3c, space group 161) 

LaGaO3 (o-LaGaO3 and r-LaGaO3, respectively) were structurally optimized using SCAN, considering 

lattice constants ranging from 98% to 102% of experimental values75–79 and under the constraint of constant 

volume with atomic positions and cell shape being allowed to change. The equilibrium cell volume was 

determined after fitting the resulting energy-volume curve to the Murnaghan80 equation of state, minimising 

errors associated with Pulay stress and plane-wave DFT calculations on volume change due to the 

incompleteness of the finite basis set81.  

Defect calculations were performed in 3x3x2 and 3x2x1 expansions (360 atoms) of the optimized 

o-LaGaO3 and r-LaGaO3 unit cells, respectively, ensuring a minimum distance of 15 Å between vacancies 

to minimize vacancy-vacancy interactions. Doped supercells were created by replacing two La(III) or 

Ga(III) ions with two divalent dopant cations (Ni(II), Sn(II), Mg(II), Zn(II), Co(II), Fe(II), Pt(II), Mn(II), 

Pd(II), Ca(II), Sr(II), Pb(II) and Ba(II)), resulting in the creation of one charge compensating vacancy 

(CCV) to preserve the electroneutrality of the system. In Kröger-Vink notation, the formation of a CCV 

due to M-doping of the La-site is given by Equation 1. 

2𝑀𝑂 + 2𝐿𝑎𝐿𝑎
𝑋 + 𝑂𝑂

𝑋 →  2𝑀𝐿𝑎
′ +  𝑉𝑂

.. + 𝐿𝑎2𝑂3                                       (1) 

A range of different locations for the CCV were analysed to determine where it would 

preferentially lie – nearest-neighbour to both dopants (NN), next-nearest-neighbour to both dopants (NNN), 

NN to one of the dopants and NNN to the other (NN/NNN), and far away from both dopants (far). When 

more than one configuration within the same definition exists, a subscript (A and B) was used to distinguish 

them (NNA and NNB, for example).  

In o-LaGaO3, the La sites are not equivalent and the La-La nearest neighbour distance changes 

depending on the crystallographic direction. Two nearest-neighbours La atoms can be positioned along the 
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[001] and [110] crystallographic directions, distant 3.906 Å from each other along the [001] direction, and 

3.844 or 3.948 Å along the [110] direction. Therefore, two dopant-dopant configurations, corresponding to 

the two smallest NN distances (3.844 and 3.906 Å), were considered and are referred to as LaA (dopants 

positioned along [110]) and LaB (dopants positioned along [001]). The tested configurations for La-site 

doping in o-LaGaO3 (LaA and LaB dopant arrangements, with the CCV located at NN, NNN, NN/NNN and 

far away sites) are shown in Figure 3. 

Similarly, for Ga-site doping in o-LaGaO3, the dopants can also be located in two different 

arrangements; the Ga-Ga distances are 3.896 Å and 3.898 Å when Ga atoms are in the centre of two 

octahedra along the [010] (GaA) and [001] crystallographic directions, respectively. In addition, Ga-O 

distances are also different along the axial and equatorial plane of the [GaO6] octahedra, being 1.983/1.987 

and 1.994 Å respectively). Tested configurations for Ga-site doping in o-LaGaO3 (GaA and GaB dopant 

arrangements, with the CCV located at NN, NNN, NN/NNN and far away sites) are shown in Figure 4.  

  

 

Figure 3 (1.5-column fitting image, coloured) – Starting configurations for La-site doping of o-LaGaO3. 

La, Ga, dopants and CCVs are shown in purple, green, orange and pink, respectively. Vacancies are located 

in NN, NNN, NN/NNN and far positions. Figures show a subsection of the lattice and O atoms are not 

shown for clarity.  
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Figure 4 (1.5-column fitting image, coloured) – Starting configurations for Ga-site doping of o-LaGaO3. 

La, Ga, dopants and CCVs are shown in purple, green, orange and pink, respectively. Vacancies are located 

in NN, NNN, NN/NNN and far positions. Figures show a subsection of the lattice and O atoms are not 

shown for clarity.  

When compared to the orthorhombic structure, the rhombohedral lattice has more symmetry; all 

La sites are equivalent (the La-La distance is 3.897 Å). The same is observed for Ga and O atoms (the Ga-

Ga and the Ga-O distances are 3.897 and 1.985 Å, respectively). Consequently, only one dopant-dopant 

configuration was investigated for each La and Ga-site doping, as presented in Figure 5. 

 

Figure 5 (1.5-column fitting image, coloured) – Starting configurations for (a) La- and (b) Ga-site doping 

of r-LaGaO3. La, Ga, dopants and CCVs are shown in purple, green, orange and pink, respectively. 

Vacancies are located in NN, NNN, NN/NNN and far positions. Figures show a subsection of the lattice 

and O atoms are not shown for clarity. 
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The doping energy, Edop, which indicates how easily a dopant cation would be accepted in the 

lattice18, was calculated from the defect calculations and the chemical potentials of the species, as described 

in Equation 2,  

𝐸𝑑𝑜𝑝 = (𝐸𝐷 − 𝐸𝑃) + ∑ 𝑛𝑖(𝐸𝑖 + 𝛥𝜇𝑖)𝑖                                                  (2) 

where ED and EP are the calculated energies of the defective and pure LaGaO3 systems, n is the number of 

atoms of type i taken from or added to an external reservoir, while (Ei + Δµi) is the chemical potential 

representing equilibrium growth conditions.  

The elemental chemical potentials were calculated relative to the limiting conditions determined 

by the formation of competing phases (La2O3, Ga2O3 and La4Ga2O9), using the Chemical Potential Limits 

Analysis Program (CPLAP)82. CPLAP sets the sum of the chemical potentials to be equal to the formation 

energies of the compounds, generating a set of linear equations (Equations 3-6), which can be solved to 

determine the intersection points of the thermodynamic stability field of o-LaGaO3 and r-LaGaO3. 

Therefore, the software calculates the range of elemental chemical potentials (ΔµLa, ΔµGa, ΔµO) within which 

the perovskite phases are stable.  

ΔHf (LaGaO3) = ΔµLa + ΔµGa + 3ΔµO                                                 (3) 

ΔHf (La2O3) ≤ 2ΔµLa + 3ΔµO                                                           (4) 

ΔHf (Ga2O3) ≤ 2ΔµGa + 3ΔµO                                                           (5) 

ΔHf (La4Ga2O9) ≤ 4ΔµLa + 2ΔµGa + 9ΔµO                                                 (6) 

The oxygen chemical potential obtained from CPLAP can then be used to calculate the chemical 

potential for the dopant M (Equation 7). 

ΔHf (MO) = ΔµM + ΔµO                                                              (7) 

The formation enthalpies (ΔHf) were determined by the difference between the calculated energy 

of a compound and the sum of the calculated elemental energies (as exemplified in Equation 8).  

∆𝐻𝑓(𝐿𝑎𝐺𝑎𝑂3) = 𝐸[𝐿𝑎𝐺𝑎𝑂3] − 𝐸[𝐿𝑎] − 𝐸[𝐺𝑎] −
3

2
𝐸[𝑂2]                                (8) 

To quantify how easily the CCV can move from a NN to a NNN site, we define the short-range 

association energy, 𝐸𝑎𝑠𝑠
𝑆𝑅 , to be the energy difference between the structures in which the CCV is in the NN 

and in the NNN positions with respect to the dopants18. In real systems with high dopant concentrations 

(above 35% for LSGM for optimum ionic conductivity values, for example), the majority of charge 

compensating vacancies would be in a NN or NNN position with respect to a dopant. Therefore, 
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𝐸𝑎𝑠𝑠
𝑆𝑅  indicates the tendency of vacancies to be trapped around the dopants in regions of realistic and uniform 

dopant concentration.  

Similarly, the long-range association energy (𝐸𝑎𝑠𝑠
𝐿𝑅 ) between the oxygen vacancy and the dopant 

ions was obtained from the energy difference between the structure in which the vacancy is positioned far 

away from the dopants and the lowest energy structure. 𝐸𝑎𝑠𝑠
𝐿𝑅  evaluate the tendency of vacancies being 

trapped around the dopants in regions of non-uniform or low dopant concentration18. Therefore, both 𝐸𝑎𝑠𝑠
𝑆𝑅

 

and 𝐸𝑎𝑠𝑠
𝐿𝑅  values should be as low as possible, since large values would indicate that vacancies tend to be 

ordered due to defect interactions.  

 

3. RESULTS AND DISCUSSION 

3.1 THE ELECTRONIC STRUCTURE OF LaGaO3       

The electronic band structure and the electronic density of states (EDOS) for o-LaGaO3 obtained 

with PBE, SCAN and HSE06 are presented in Figure 6. The valence band is dominated by oxygen 2p 

orbitals, with some small contribution from La 5d, Ga 4s and 4p states. La f orbitals are the main 

contributors to unoccupied states with some La 5d, Ga 4s4p and O 2p contributions. The interaction 

between Ga s and Ga p states with O p orbitals at the bottom (from -5 to -7.5 eV) and middle (-2.5 to -5 

eV) parts of the valence band, respectively, indicates some covalent character in the Ga-O bonding. The 

contribution of La states to the conduction band and of O states to the valence band indicates the occurrence 

of electron-charge transfer between La and O ions, and thus the ionic character of the La-O interaction. 

Furthermore, there is some level of mixing between La and O states along the entire range, indicating some 

covalency in the La-O interaction. The perovskite’s mixed bonding character is in agreement with other 

theoretical work83. Further analysis carried out through orbital projected band structures is presented in 

Supplementary Data (Figure S2). The valence band maximum is located at the high-symmetry S point (-

0.5, 0.5, 0.0), while the conduction band minimum is located at Γ, resulting in an indirect band gap of 3.70 

eV. The VBM and CBM are mainly composed of O 2p occupied levels and Ga 5s unoccupied states, 

respectively (Figure S2 in Supplementary data). The smallest direct energy gap is located at Γ (3.80 eV) 

and is optically active allowing direct comparison with the experimental optical adsorption (4.4 eV24). 

SCAN therefore underestimates the optical band gap by 13.6%, as expected from meta-GGAs, but it is still 

considerable better than PBE and HSE06; PBE calculates indirect and direct band gaps of 3.14 and 3.24 eV 

(26.4% underestimation), respectively, while HSE06 significantly overestimates the indirect and direct 

band gaps with values of 5.30 and 5.44 eV (23.6% overestimation), respectively. Even though the three 

methods yield similar features in the electronic band structure and density of states (Figure 6), the meta-

GGA SCAN functional gives rise to superior results when describing the geometry and electronic structure 
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of the investigated perovskite when compared to the GGA PBE functional and hybrid-DFT (HSE06), and 

therefore will be used for defect calculations. See Supplementary Data for a comparison of structural 

parameters and formation energies of LaGaO3 and related phases calculated with SCAN, PBE and HSE06 

(Tables S3 and S4). 

 

Figure 6 (1.5-column fitting image, coloured) – Electronic band structure and electronic density of states 

of o-LaGaO3, obtained with (a) SCAN, (b) PBE and (c) HSE06, plotted using the sumo84 package. The 

valence band maximum is set to zero.  
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3.2 CHEMICAL POTENTIAL    

The chemical potential limits, which determine the region of thermodynamic stability for the two 

crystallographic phases of LaGaO3 (Figure 7, plotted using code developed by Jackson85), were calculated 

using CPLAP82. The coloured lines in Figure 7 represent the limits of the LaGaO3 stability field, set by the 

formation energies of the perovskite and its competing phases (La2O3, Ga2O3 and La4Ga2O9). A-D are the 

intersection points of the region of stability determined by these limits. The oxygen, lanthanum and gallium 

chemical potentials and the competing phases in each of the intersection points of the stability field for o-

LaGaO3 and r-LaGaO3 are presented in Table 1 and will be used to calculate the doping energies (Equation 

2) for the considered divalent dopants in different chemical environments.  

 

Figure 7 (single column fitting image, coloured) – Region of stability (coloured area) for o-LaGaO3 spanned 

by ΔµLa and ΔµGa obtained from the formation energies calculated using the SCAN functional. A-D are the 

intersection points of the stability field determined by the limits set by the competing phases. Due to the 

similarity of o-LaGaO3 and r-LaGaO3 results, only the o-LaGaO3 stability field is shown. The coloured bar 

on the left indicates how the oxygen chemical potential varies in different regions of the stability field.  
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Table 1 – Elemental chemical potentials for O, La and Ga, and competing phases at the A-D intersection 

points of the thermodynamic stability field of LaGaO3, determined by the formation of its competing phases 

(Figure 7).  

 

Competing Phases o-LaGaO3 r-LaGaO3 

  ΔµO (eV) ΔµLa  (eV) ΔµGa (eV) ΔµO (eV) ΔµLa  (eV) ΔµGa (eV) 

A La2O3 -3.989 -3.530 0.00 -3.991 -3.528 0.00 

B Ga2O3 -3.647 -4.557 0.00 -3.647 -4.559 0.00 

C Ga2O3, LaGaO3 0.00 -10.027 -5.470 0.00 -10.029 -5.470 

D La2O3, LaGaO3 0.00 -9.514 -5.983 0.00 -9.514 -5.986 

 

 

3.3 DOPING ENERGY   

Edop (Equation 2) can be calculated at any point within the stability field of LaGaO3 (Figure 7). 

Along the red line diagonal (C-D), ΔµO and, consequently, ΔµM are constant (Equation 7). Edop, however, 

changes, depending on the variation of ΔµLa and ΔµGa. Along the blue and purple lines (A-D and B-C 

directions), ΔµO varies proportionally to changes in the ΔµLa and ΔµGa and hence Edop is constant as the 

difference between ΔµLa and ΔµGa is constant along A-D (-5.98 eV) and B-C (-5.47 eV), indicating that the 

defect energy does not depend on ΔµO (vacancy formation is not a redox process). 

Edop was calculated for the two sets of conditions determined by the formation of La2O3 (A-D 

direction) and Ga2O3 (B-C direction) as secondary phases, representing the limits of the perovskite’s 

stability field. These chemical conditions will be referred to as La- and Ga-rich, respectively. By calculating 

the lowest energy configurations, it is possible to determine the preferable doping site, i.e., if a dopant will 

preferably go to the La or Ga site, and the most stable vacancy configuration with respect to the dopants. 

Accordingly, the lowest obtained Edop values for both o-LaGaO3 and r-LaGaO3 in the distinct chemical 

environments are presented in Tables 2 and 3, respectively. 
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Table 2 – Doping energies (eV) for o-LaGaO3 under La- and Ga-rich chemical environments as a function 

of ionic radius (Å) for La-site and Ga-site doping, along with the preferable doping site and most stable 

vacancy configuration. The ionic radii for Ga(III) (6-coordinated) and La(III) (12-coordinated) are 0.62 and 

1.36 Å86, respectively. 

 

o-LaGaO3 La-site doping, Edop (ev) Ga-site doping, Edop (ev)   

Dopant 
Ionic Radius (Å)86 

6-/12-coordinated 
La-rich  Ga-rich  La-rich  Ga-rich  Doping Site 

Vacancy 

Configuration 

Ni(II) 0.69 - 7.09 6.06 2.98 4.01 Ga NN 

Sn(II) 0.69 - 4.48 3.45 3.43 4.46 
Ga (La-rich) 

La (Ga-rich) 

NN 

NNA 

Mg(II) 0.72 - 4.92 3.89 1.38 2.40 Ga NN 

Zn(II) 0.74 - 4.61 3.59 1.26 2.28 Ga NN 

Co(II) 0.74 - 4.68 3.65 1.12 2.15 Ga NN 

Fe(II) 0.78 - 4.30 3.28 1.08 2.11 Ga NN 

Pt(II) 0.80 - 6.74 5.71 1.56 2.59 Ga NN 

Mn(II) 0.83 - 3.83 2.80 1.45 2.48 Ga NN 

Pd(II) 0.86 - 6.30 5.27 1.67 2.70 Ga NN 

Ca(II) 1.00 1.34 2.25 1.22 3.92 4.95 La NNA 

Sr(II) 1.18 1.44 1.33 0.30 6.32 7.34 La NNA 

Pb(II) 1.19 1.49 3.13 2.11 4.76 5.78 La NNA 

Ba(II) 1.35 1.61 1.34 0.31 8.63 9.66 La NN/NNN 
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Table 3 – Doping energies (eV) for r-LaGaO3 under La- and Ga-rich chemical environments as a function 

of ionic radius (Å) for La-site and Ga-site doping, along with the preferable doping site and most stable 

vacancy configuration. The ionic radii for Ga(III) (6-coordinated) and La(III) (12-coordinated) are 0.62 and 

1.36 Å86, respectively. 

 

r-LaGaO3 La-site doping, Edop (ev) Ga-site doping, Edop (ev)   

Dopant 
Ionic Radius (Å)86 

6-/12-coordinated 
La-rich  Ga-rich  La-rich  Ga-rich  Doping Site 

Vacancy 

Configuration 

Ni(II) 0.69 - 7.17 6.13 2.96 3.99 Ga NN 

Sn(II) 0.69 - 3.72 2.69 3.30 4.33 
Ga (La-rich) 

La (Ga-rich) 

NN 

NNB 

Mg(II) 0.72 - 4.83 3.79 1.33 2.36 Ga NN 

Zn(II) 0.74 - 4.67 3.63 1.24 2.27 Ga NN 

Co(II) 0.74 - 4.70 3.67 1.09 2.13 Ga NN 

Fe(II) 0.78 - 4.12 3.09 1.08 2.11 Ga NN 

Pt(II) 0.80 - 6.89 5.85 1.62 2.65 Ga NN 

Mn(II) 0.83 - 3.73 2.70 1.47 2.50 Ga NN 

Pd(II) 0.86 - 6.10 5.07 1.70 2.73 Ga NN 

Ca(II) 1.00 1.34 2.23 1.20 3.95 4.98 La NNB 

Sr(II) 1.18 1.44 1.23 0.19 6.43 7.46 La NNB 

Pb(II) 1.19 1.49 2.96 1.93 4.66 5.70 La NNB 

Ba(II) 1.35 1.61 1.19 0.16 8.40 9.43 La NNB 

 

 

The CCV preferably occupies a NN position for most of the analysed dopants. The oxygen vacancy 

is effectively positively charged, since an anion is missing from the lattice, while the divalent dopants are 

‘less positive’ than the trivalent host cations. Therefore, the vacancy would experience less electrostatic 

repulsion from the divalent dopant in a NN position, than it would from trivalent host cations. Consequently, 

the NN configuration is the most stable due to Coulombic effects. The exception is Ba-doping in o-LaGaO3; 

the vacancy is NN to one of the dopants and NNN to the other. Ba(II) possess the biggest ionic radius (1.61 

Å) among the analysed dopants, hence the CCV is pushed from a NN to a NN/NNN position due to steric 

effects overcoming electrostatic effects. A similar behaviour was observed by Lucid et al.18 when 

investigating the doping of CeO2 with trivalent cations; the CCV would preferably be in a NN position, 

except for dopants with ionic radii bigger than 1.09 Å. For those, the CCV would preferably be NNN to the 

dopants, as steric effects overcome coulombic effects.  

Steric effects also influence the preferential doping site – for both o-LaGaO3 and r-LaGaO3, 

dopants with smaller ionic radii (up to 0.86 Å) go to the Ga(III) (0.62 Å) site and dopants with bigger ionic 

radii go to the La(III) (1.36 Å) site (Tables 2 and 3). According to these criteria, Sn(II), with ionic radius 
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of 0.81 Å, should preferably occupy the Ga site. However, the cation presents a distinct behaviour with its 

preferable doping site depending on the chemical environment, i.e., Sn(II) goes to the Ga site in La-rich 

environments, and to the La site under Ga-rich conditions. Even though tuning the thermodynamic 

conditions could influence its site selectivity, the observed Edop values for Sn(II) are comparatively high, 

indicating the cation is not easily accepted into the perovskite lattice, which will lead to dopant segregation 

and hence would not be a good dopant choice.  

The existence of an ideal ionic radius for dopants in perovskites and fluorite-structured materials 

has been previously suggested in literature87–89. Ideally sized dopants do not necessarily have the same ionic 

radius as the host cation, but rather a critical value, which is system-dependent. For example, Kim87 

determined 1.04 Å as the critical ionic radius (rc) for dopants in CeO2, which would result neither in the 

contraction nor in the expansion of the host lattice. This value is bigger than the ionic radii of 8-coordinated 

Ce(IV) (0.97 Å), showing that the critical value indeed differs from the size of the host cation. For ZrO2, 

the rc = 0.95 Å, which is also bigger than the ionic radius of 8-coordinated Zr(IV) (0.84 Å)88,89. Accordingly, 

the magnitude of the doping energies presented in Tables 2 and 3 can be related to dopant size and the 

resulting distortions to the local structure. 

For A-site dopants, the doping energy increases in the order Ba(II) < Sr(II) < Ca(II), with their ionic 

radii decreasing in the same order, confirming the relationship between doping energy and dopant size. 

Sr(II) and Ba(II) possess the lowest Edop values, suggesting that the critical radius for A-site dopants in 

LaGaO3 lies between 1.44 and 1.61 Å. Pb(II) does not follow the observed steric trends due to electronic 

effects; while alkaline earth metals are spherical, Pb(II) has an asymmetric electron density. In fact, Pb(II) 

and Sn(II) present the highest doping energies among A- and B-site dopants, respectively. Their asymmetric 

electron density arises from the formation of a sterically active “lone pair” of electrons (ns2 electron 

configuration). This effect is not actually a lone pair, but a result of the mixing between Sn 5s, 5p (or Pb 

6s, 6p) and O 2p states, which can be observed in the total and partial electronic density of states for Sn-

doped o-LaGaO3 (Figure 8). Sn(II) 5s orbital at the top of the valence band interacts with O 2p states of 

same energy, resulting in bonding and antibonding combinations. The antibonding Sn(5s)-O(2p) orbital, 

can undergo further hybridization with Sn pz states, resulting in the projection of the density one side of the 

Sn(II) forming the so called lone-pair90–93. The resulting asymmetric electron density contributes to the 

distortion of the lattice structure, and hence higher doping energies. This effect can be also observed in the 

valence charge density of a Sn(II) ion (Figure 9), where the asymmetric electron density around the Sn(II) 

cation points towards the vacancy.  

For B-site dopants, a steric trend in the doping energy magnitude is observed for some of the dopant 

ions; Edop increases in the order Fe(II) < Co(II) < Zn(II) < Mg(II) < Ni(II), with their ionic radii decreasing 

in the same order. Since Fe(II) and Co(II) possess the lowest Edop values, the ideal ionic radii for B-site 
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dopants should be close to 0.74-0.78 Å. Mn(II), however, is larger than Fe(II) and hence possess ionic 

radius larger than rc, presenting a higher doping energy as a result.  

Transition metals are not spherical due to their partially filled d orbitals, and hence small deviations 

from Edop size dependence would be expected, as different metals have different d orbital filling. Even 

though Zn(II) and Co(II) have the same ionic radius (0.74 Å), different orbital occupations (they are d10 and 

d7 ions, respectively) result in distinct doping energies. Furthermore, high Edop values are observed for 

Pd(II) and Pt(II), which are d8 ions which favourably adopt square planar structures due to crystal field 

effects (as previously seen in doped CeO2
94,95) and hence would not favour octahedral coordination. 

Therefore, our results suggest that while steric effects are important they do not fully describe Edop values 

for B-site dopants, as these 3d metals are not perfectly spherical and doping energies are also influenced by 

electronic structure effects.  

From the values presented in Tables 2 and 3, Sr(II) and Ba(II) possess the lowest Edop values among 

La-site dopants, while Fe(II) and Co(II) present the lowest energies among Ga-site dopants, indicating that 

these cations would be easily accepted into the lattice and dopant segregation would be low. However, a 

low doping energy alone does not characterize a good dopant, since doping also affects the mobility of 

CCVs, i.e., the metal cations could still trap vacancies around them due to defect-defect interactions and 

hence negatively affect vacancy mobility. Therefore, the short- and long-range association energies (𝐸𝑎𝑠𝑠
𝑆𝑅

 

and 𝐸𝑎𝑠𝑠
𝐿𝑅 , respectively) were calculated to evaluate the tendency of the CCVs to be trapped around the 

dopants. 

 

 

Figure 8 (1.5-column fitting image, coloured) – (a) Total and partial electronic density of states for Sn-

doped o-LaGaO3 and (b) PEDOS for Sn and O. Sn(II) 5s states are positioned at the top of the valence band, 

hybridizing with O 2p states of same energy, forming bonding and antibonding states. The mixing of these 

antibonding states with Sn(II) 5p orbitals results in lone pair formation and asymmetric electron density.  
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Figure 9 (single column fitting image, coloured) – Charge density at the top 1.5 eV of the valence band 

around a Sn(II) cation occupying a La-site in doped o-LaGaO3. The vacancy is positioned right above the 

ion and the dopant asymmetric electron density due to lone-pair formation points towards the CCV. The 

charge density plot ranges from 0 (blue) to 0.15 e/Å3 (red). 
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3.4 ASSOCIATION ENERGY      

The short- (𝐸𝑎𝑠𝑠
𝑆𝑅 ) and long-range (𝐸𝑎𝑠𝑠

𝐿𝑅 ) association energies indicate the tendency of CCVs to be 

trapped around the dopants in regions of uniform or non-uniform/low dopant concentrations, respectively18. 

While 𝐸𝑎𝑠𝑠
𝑆𝑅  quantifies how easily the CCV can move from a NN to a NNN site, 𝐸𝑎𝑠𝑠

𝐿𝑅  is calculated from the 

energy difference between the structure in which the vacancy is positioned far away from the dopants, i.e. 

in a pure LaGaO3 region, and the lowest energy NN configuration (NNN for Ba). The obtained 𝐸𝑎𝑠𝑠
𝑆𝑅

 and 

𝐸𝑎𝑠𝑠
𝐿𝑅  values for o-LaGaO3 and r-LaGaO3 are presented in Table 4. Since 𝐸𝑎𝑠𝑠

𝑆𝑅  and 𝐸𝑎𝑠𝑠
𝐿𝑅  are calculated by 

the difference between Edop values for distinct vacancy configurations, they do not depend on chemical 

environment, i.e., they are the same for both La- and Ga-rich environments. 

 

Table 4 – Short- and Long-range association energies (𝐸𝑎𝑠𝑠
𝑆𝑅

 and 𝐸𝑎𝑠𝑠
𝐿𝑅 , respectively) in eV for the considered 

dopants in o-LaGaO3 and r-LaGaO3 

  o-LaGaO3 r-LaGaO3 

 Dopant 𝐸𝑎𝑠𝑠
𝑆𝑅  𝐸𝑎𝑠𝑠

𝐿𝑅  𝐸𝑎𝑠𝑠
𝑆𝑅  𝐸𝑎𝑠𝑠

𝐿𝑅  

Ga-site dopants Ni(II) 0.39 0.58 0.38 0.65 

 Sn(II) 2.92 3.28 3.11 3.43 

 Mg(II) 0.25 0.44 0.25 0.52 

 Zn(II) 0.95 1.22 0.99 1.33 

 Co(II) 0.63 0.86 0.69 0.98 

 Fe(II) 0.90 0.90 0.90 0.89 

 Pt(II) 4.67 4.66 4.70 4.67 

 Mn(II) 0.91 1.28 1.31 1.76 

 Pd(II) 4.68 4.65 4.67 4.66 

La-site dopants Sn(II) 1.06 1.08 1.70 1.77 

 Ca(II) 0.46 0.53 0.51 0.60 

 Sr(II) 0.36 0.42 0.35 0.41 

 Pb(II) 0.74 0.80 0.75 0.82 

 Ba(II) 0.40 0.43 0.36 0.38 

 

𝐸𝑎𝑠𝑠
𝑆𝑅

 and 𝐸𝑎𝑠𝑠
𝐿𝑅  values (Table 4) do not necessarily increase/decrease with ionic radii, i.e., no trend 

related to steric effects were observed. For La-site doping (Table 4) Sr(II), Ba(II) and Ca(II) possess the 

lowest 𝐸𝑎𝑠𝑠
𝑆𝑅

 and 𝐸𝑎𝑠𝑠
𝐿𝑅  values, indicating that vacancies do not tend to be trapped around these metals. Short-

range association energies are lower than the long-range values, revealing that vacancies are more likely to 

be trapped around dopants in regions of non-uniform or low dopant concentration. Pb(II) and Sn(II) possess 

the highest 𝐸𝑎𝑠𝑠
𝑆𝑅

 and 𝐸𝑎𝑠𝑠
𝐿𝑅  values, meaning that vacancies would be trapped, which could negatively affect 

the ionic conductivity of the perovskite. For Ga-site doping (Table 4), Mg(II) possess the lowest 𝐸𝑎𝑠𝑠
𝑆𝑅

 and 



20 

 

𝐸𝑎𝑠𝑠
𝐿𝑅 values, followed by Ni(II), Co(II), Fe(II), Zn(II) and Mn(II). Those could all be good Ga-site dopant 

choices, since they are not expected to negatively affect the mobility of vacancies. Sn(II), Pd(II) and Pt(II) 

have the highest 𝐸𝑎𝑠𝑠
𝑆𝑅

 and 𝐸𝑎𝑠𝑠
𝐿𝑅 values, indicating a higher tendency to vacancy trapping.    

Doping introduces distortions to the local structure of the perovskite as a result of both steric and 

electronic effects, which can affect the magnitude of the calculated doping and association energies. Lucid 

et al.18 observed that distortions in the local structure of doped CeO2 are mainly a result of dopants trying 

to reach similar M(III)-O bond lengths and coordination environments to those observed in their native 

oxides. Here, comparable structural distortion occurs, which can result in higher 𝐸𝑎𝑠𝑠
𝑆𝑅

 and 𝐸𝑎𝑠𝑠
𝐿𝑅 values, 

increasing the likelihood of vacancies being trapped. Figure 8 shows the distortion in the local structure 

around the dopants due to changes in the M-O bond length when compared to the pure o-LaGaO3 structure. 

The calculated M(II)-O distances for Ga-site dopants in a NN configuration in o-LaGaO3 are presented in 

Table 5, along with the bond distances observed in the metals’ native oxides. Figure 8a clarifies the 

nomenclature used in Table 5.  

 

 

Figure 8 (two-column fitting image, coloured) – a) Local [GaO6] structure in pure o-LaGaO3, with Ga(III) 

ions in green and oxygen ions in red, and schematic representation of the structural distortion when b) 

Mg(II), Ni(II), Zn(II) (in orange), c) Co(II), Fe(II), Mn(II) (in purple), d) Pd(II), Pt(II) (in grey) and e) Sn(II) 

(in blue) are used as dopants. The schemes display the NN vacancy configuration, in which the charge 

compensating vacancy is located between two dopant cations. 

 

Mg(II) and Ni(II) are the dopants that introduce the least amount of distortion in the local structure 

of the perovskite, and hence present the lowest association energies. The equatorial M-O bond lengths in 

these systems are similar to those observed for Ga-O (Table 5), while the axial M-O bond length decreases 
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(1.92 Å and 1.94 Å for Mg(II) and Ni(II), respectively) when compared to the original Ga-O distance, as a 

way of compensating for the oxygen vacancy in the opposite axial position of the octahedron. The 

shortening of the axial bond in these systems can be observed in Figure 8b. Zn(II), on the other hand, despite 

possessing similar ionic radius to Mg(II) and Ni(II), presents higher association energy values – while both 

Mg(II) and Ni(II) have the octahedral coordination environment of their native oxides reproduced in the 

perovskite, zinc is tetrahedrally coordinated in ZnO. The distortion around Co(II) and Fe(II) is more 

substantial; their longest M-O distances are 2.04 Å and 2.06 Å (Figure 8c) resulting in slightly bigger 𝐸𝑎𝑠𝑠
𝑆𝑅

 

and 𝐸𝑎𝑠𝑠
𝐿𝑅 . Nonetheless, their association energy values are still lower than 1.00 eV, since the octahedral 

geometry expected for d6 (Fe(II)) and d7 (Co(II)) metals is being reproduced in this system. Mn(II) is a d5 

ion and hence does not favour a particular coordination arrangement – the observed distortions are similar 

to those in Fe- and Co-doped systems (Figure 8c). However, Mn(II) presents higher association energies, 

likely due to the difference in size in comparison to the host cation.  

Pd(II), Pt(II) and Sn(II), which possess the highest association energy values, are the dopants that 

introduce the biggest local distortions to the perovskite lattice. While the longest Ga-O distance within the 

[GaO6] octahedron in pure o-LaGaO3 is 1.99 Å, the Pd-O, Pt-O and Sn-O distances can be as high as 2.39, 

2.45 and 2.21 Å, respectively (Table 5). The observed structural distortions in Pd- and Pt-doped o-LaGaO3 

are due to the elongation of the axial M-O bonds, a result of Pt/Pd ions moving out of the plane towards the 

CCV as an attempt to assume a square planar geometry (Figure 8d). For these systems, the NNN and far 

configurations are energetically unfavourable, since the presence of all NN oxygen ions in the octahedra 

impedes the formation of the stable square planar structure commonly observed for d8 metal cations. The 

equatorial Pt/Pd-O bond distances remain at around 2.00-2.03 Å (Table 5), similar to those observed in 

their native oxides, PtO and PdO (2.02 Å96–98). 

The local structure around Sn(II) ions (Figure 8e) have similar bond lengths to that observed in its 

native oxide, SnO (2.21 Å98,99); the cation moves considerably within the octahedron towards the CCV, 

resulting in the elongation of the Sn-O bond. The observed lattice distortion and the decreased mobility of 

vacancies is also due to electronic effects; Sn(II) possesses an asymmetric electron density pointing towards 

the vacancy (Figure 9), which stabilizes the Sn-O bonds and decreases the mobility of the oxygen vacancy, 

resulting in comparatively high association energies. Our results suggest that the distortion of the local 

structure, displayed in Figure 8, which in turn is related to the metal’s electronic structure and preferential 

coordination environment, can be a good indicator of the magnitude of 𝐸𝑎𝑠𝑠
𝑆𝑅

 and 𝐸𝑎𝑠𝑠
𝐿𝑅  values and hence the 

tendency for vacancies to be trapped. 

At the 12-coordinated La-site, the spherical alkaline earth metals, Sr(II), Ca(II) and Ba(II) introduce 

similar and small distortions to the local structure of the perovskite with the M-O bond lengths slightly 

elongated when compared to the original La-O bonds, due to their difference in size to the host cation. 
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Pb(II) (6s2 electron configuration), on the other hand, possesses an asymmetric electron density due to lone 

pair formation pointing towards the CCV, resulting in bigger distortions and hence high association energy 

values in comparison to other La-site dopants.  

 

Table 5 – M(II)-O bond lengths within the [MO6] octahedra for Ga-site dopants in a NN configuration in 

o-LaGaO3, along with the experimental bond length in the metals’ native oxides (MO).  

Dopant 
O1 

(Å) 

O2 

(Å) 

O3 

(Å) 

O4 

(Å) 

O5 

(Å) 

M-O bond length 

(Å) in native oxide 

M(II) coordination number/ 

environment in native oxide 

Ga 1.98 1.98 1.99 1.98 1.99 - - 

Ni1 1.94 1.99 2.00 2.00 2.00 2.09100 6-coordinated/ 

Ni2 1.94 2.00 2.01 1.99 1.99  octahedral 

Sn1 2.18 2.18 2.21 2.19 2.17  2.2198 4-coordinated/ 

Sn2 2.17 2.17 2.19 2.16 2.16   pyramidal 

Mg1 1.92 2.00 2.00 2.00 2.01 2.11101 6-coordinated/ 

Mg2 1.92 2.00 2.01 2.00 2.00  octahedral 

Zn1 1.96 2.01 2.02 2.02 2.03 1.98102 4-coordinated/ 

Zn2 1.96 2.03 2.04 2.02 2.02  tetrahedral 

Co1 2.00 1.99 2.02 2.03 2.00 2.12103 6-coordinated/ 

Co2 2.02 2.00 2.04 2.00 1.98  octahedral 

Fe1 2.05 2.06 2.02 2.04 2.00 2.15104 6-coordinated/ 

Fe2 2.10 1.99 2.00 1.99 1.99  octahedral 

Pt1 2.45 2.01 2.03 2.03 2.01 2.0298 4-coordinated/ 

Pt2 2.45 2.01 2.03 2.02 2.01  square planar 

Mn1 2.04 2.05 2.06 2.06 2.06 2.2596,97 6-coordinated/ 

Mn2 2.04 2.05 2.06 2.06 2.06  octahedral 

Pd1 2.39 2.00 2.02 2.01 2.01 2.02105,106 4-coordinated/ 

Pd2 2.39 2.00 2.02 2.01 2.01  square planar 
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4. DISCUSSION 

Tables 6 and 7 summarize the obtained results for o-LaGaO3 and r-LaGaO3, respectively. The 

doping energy indicates how easily a dopant cation would be accepted in the perovskite lattice and was 

calculated under distinct chemical environments. The short- and long-range association energies quantify 

how easily the CCV can move from NN to NNN or to a far away site, respectively, indicating the tendency 

of vacancies to be trapped around the dopants. Accordingly, the best-suited dopants are those with low Edop, 

𝐸𝑎𝑠𝑠
𝑆𝑅

 and 𝐸𝑎𝑠𝑠
𝐿𝑅  values. Cations with Edop smaller than 1.4 eV, associated with 𝐸𝑎𝑠𝑠

𝑆𝑅
 and 𝐸𝑎𝑠𝑠

𝐿𝑅  smaller than 0.6 

eV were considered the best dopant choices when considering SOFC applications. These criteria were 

selected to provide a suitable framework for comparing the analysed dopants.  

 

Table 6 – Summary of the ionic radii, doping energies (Edop), short- and long-range association energies for 

o-LaGaO3. Values in bold correspond to results within selected criteria. The ionic radii for Ga(III) (6-

coordinated) and La(III) (12-coordinated) are 0.62 and 1.36 Å86, respectively. 

 
Dopant 

Ionic Radius (Å)86 

6-/12-coordinated 

Edop (ev) 

La-Rich 

Edop (ev) 

Ga-Rich  

𝐸𝑎𝑠𝑠
𝑆𝑅

 (ev) 𝐸𝑎𝑠𝑠
𝐿𝑅  (ev) 

Ga-site dopants Ni(II) 0.69 - 2.98 4.01 0.39 0.58 

 Sn(II) 0.69 - 3.43 4.46 2.92 3.28 

 Mg(II) 0.72 - 1.38 2.40 0.25 0.44 

 Zn(II) 0.74 - 1.26 2.28 0.95 1.22 

 Co(II) 0.74 - 1.12 2.15 0.63 0.86 

 Fe(II) 0.78 - 1.08 2.11 0.9 0.9 

 Pt(II) 0.80 - 1.56 2.59 4.67 4.66 

 Mn(II) 0.83 - 1.45 2.48 0.98 1.28 

 Pd(II) 0.86 - 1.67 2.70 1.94 4.65 

La-site dopants Sn(II) 0.69 - 4.48 3.45 1.06 1.08 

 Ca(II) 1.00 1.34 2.25 1.22 0.46 0.53 

 Sr(II) 1.18 1.44 1.33 0.30 0.36 0.42 

 Pb(II) 1.19 1.49 3.13 2.11 0.74 0.8 

 Ba(II) 1.35 1.61 1.34 0.31 0.40 0.43 
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Table 7 – Summary of the ionic radii, doping energies (Edop), short- and long-range association energies for 

r-LaGaO3. Values in bold correspond to results within selected criteria. The ionic radii for Ga(III) (6-

coordinated) and La(III) (12-coordinated) are 0.62 and 1.36 Å86, respectively. 

 
Dopant 

Ionic Radius (Å)86 

6-/12-coordinated 

Edop (ev) 

La-Rich 

Edop (ev) 

Ga-Rich  

𝐸𝑎𝑠𝑠
𝑆𝑅  (ev) 𝐸𝑎𝑠𝑠

𝐿𝑅  (ev) 

Ga-site dopants Ni(II) 0.69 - 2.96 3.99 0.38 0.65 

 Sn(II) 0.69 - 3.30 4.33 3.11 3.43 

 Mg(II) 0.72 - 1.33 2.36 0.25 0.52 

 Zn(II) 0.74 - 1.24 2.27 0.99 1.33 

 Co(II) 0.74 - 1.09 2.13 0.69 0.98 

 Fe(II) 0.78 - 1.08 2.11 0.9 0.89 

 Pt(II) 0.80 - 1.62 2.65 4.70 4.67 

 Mn(II) 0.83 - 1.47 2.50 1.31 1.76 

 Pd(II) 0.86 - 1.70 2.73 4.67 4.66 

La-site dopants Sn(II) 0.69 - 3.72 2.69 1.70 1.77 

 Ca(II) 1.00 1.34 2.23 1.20 0.51 0.6 

 Sr(II) 1.18 1.44 1.23 0.19 0.35 0.41 

 Pb(II) 1.19 1.49 2.96 1.93 0.75 0.82 

 Ba(II) 1.35 1.61 1.19 0.16 0.36 0.38 

 

The best Ga-site dopant for both perovskite lattices according to the selected criteria would be 

Mg(II). This is the only dopant to present low Edop associated at Ga poor conditions with small 𝐸𝑎𝑠𝑠
𝑆𝑅

 and 

𝐸𝑎𝑠𝑠
𝐿𝑅  values, indicating that it would be easily incorporated into the Ga site of the lattice and that vacancies 

would not be trapped around the cation. Ni(II), Co(II), Fe(II) and Zn(II) also possess low association 

energies. This indicates low tendency to vacancy trapping and hence could yield some improvement to the 

ionic conduction properties of the perovskite considering electrode applications, since transition metal 

doping in LaGaO3 has been reported to generate mixed ionic and electronic conduction35,37. These metals 

possess lower doping and association energy values when compared to Mn(II), which has been previously 

suggested as a suitable co-dopant (LSGMn) for anode applications35. Zn(II) and Fe(II) also possess doping 

energies lower than those of Mg(II). Ni(II), however, presents high Edop values when compared to the other 

transition metals. Sn(II), Pt(II) and Pd(II) are the dopants to introduce the biggest distortions to the 

perovskite lattice, hence possessing high Edop, 𝐸𝑎𝑠𝑠
𝑆𝑅

 and 𝐸𝑎𝑠𝑠
𝐿𝑅 , and being poor dopant choices. 

The best La-site dopants would be Ca(II), Sr(II) and Ba(II), with Sr(II) and Ba(II) presenting the 

lowest Edop, 𝐸𝑎𝑠𝑠
𝑆𝑅

 and 𝐸𝑎𝑠𝑠
𝐿𝑅  values for o-LaGaO3 and r-LaGaO3, respectively. Sr(II) and Ba(II) are also the 

only dopants observed to have low Edop under both La-rich and Ga-rich chemical environments. Since the 

chosen environments correspond to the extremes in the LaGaO3 stability field, these cations would be good 

dopant choices in all chemical conditions under which the perovskite is stable.  
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Co-doping of the same cation site has been suggested to improve the ionic conductivity in CeO2-

based systems107–112 when compared to singly doped phases. This co-doping effect has been related to the 

correspondence between the average ionic radius of the chosen dopants to an ideal dopant ionic 

radius108,110,112,113, i.e., dopants are chosen purposefully to reproduce this ideal ionic radius, which minimizes 

local strains, distortions and hence defect interactions, driving the improvement of ionic conduction 

properties114,115. To gain more insight into the critical ionic radius for La-doping in the LaGaO3 system, 

SCAN calculations were performed for both the Ca/Sr co-doped system, considering the ionic radii of the 

dopants are smaller/bigger than that of La(III), and the Sr/Ba co-doped perovskite, as these resulted in the 

lowest Edop, 𝐸𝑎𝑠𝑠
𝑆𝑅  and 𝐸𝑎𝑠𝑠

𝐿𝑅  values for singly doped systems. The calculated doping and association energies 

for both o- and r-LaGaO3 are presented in Table 8. 

Table 8 – Ionic radii, doping energies (Edop), short- and long-range association energies for singly and co-

doped o-LaGaO3 and r-LaGaO3. The ionic radii for La(III) (12-coordinated) is 1.36 Å86. 

System Dopant Ionic Radius (Å)86 

 – 12-coordinated 

Edop (ev) 

Ga-Rich 

Vacancy 

Position 

𝐸𝑎𝑠𝑠
𝑆𝑅  

(ev) 

𝐸𝑎𝑠𝑠
𝐿𝑅  

(ev) 

o-LaGaO3 Ca(II) 1.34 1.22 NNA 0.46 0.53 

 Sr(II) 1.44 0.30 NNA 0.36 0.42 

 Ba(II) 1.61 0.31 NN/NNN 0.40 0.43 

 Ca(II)/Sr(II) 1.39 (average) 0.74 NNA 0.44 0.51 

 Sr(II)/Ba(II) 1.52 (average) 0.32 NN/NNN 0.27 0.36 

r-LaGaO3 Ca(II) 1.34 1.20 NNB 0.51 0.60 

 Sr(II) 1.44 0.19 NNB 0.35 0.41 

 Ba(II) 1.61 0.16 NNB 0.36 0.38 

 Ca(II)/Sr(II) 1.39 (average) 0.74 NNB 0.38 0.46 

 Sr(II)/Ba(II) 1.52 (average) 0.09 NNB 0.45 0.50 

 

The doping and association energies of Ca/Sr phases are in between Sr-doped and Ca-doped values. 

Therefore, Ca/Sr co-doping does not yield significant improvements, confirming that selecting dopants 

according to the closeness of their average ionic radii to the host cations is not the most appropriate strategy 

for the improvement of ionic conduction properties of LaGaO3-based systems. Sr/Ba co-doped o-LaGaO3 

adopts the same vacancy configuration as the Ba-doped perovskite (NN/NNN) rather than that of the Sr-

doped system, due to steric effects, i.e., the bigger size of Ba(II) pushes the vacancy away. No significant 

difference was observed among doping energies for the Sr/Ba-, Sr- and Ba-doped o-LaGaO3 systems; Edop 

values remained in the already low 0.30-0.32 eV range for co-doped systems. For r-LaGaO3, the same 

vacancy configuration (the NNB position) is the most energetically stable for Sr/Ba-, Sr- and Ba-doped 

systems, and a significant decrease in the doping energy was observed for the co-doped perovskite. The 
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calculated association energies for the Sr/Ba co-doped o-LaGaO3 system are smaller than the values 

observed for the singly doped phases, indicating less tendency to trap vacancies in the co-doped perovskite 

in comparison to Sr- and Ba-doped systems. This suggests that the critical ionic radius for La-site doping 

in the o-LaGaO3 system is close to the average size between Sr(II) and Ba(II) (1.52 Å). The same trend was 

not observed for 𝐸𝑎𝑠𝑠
𝑆𝑅  and 𝐸𝑎𝑠𝑠

𝐿𝑅  values in Sr/Ba co-doped r-LaGaO3, indicating that the rhombohedral 

system might possess a different critical ionic radius for doping.  

These results indicate that simply reproducing the ionic radius of the host cation through co-doping 

does not improve ionic conduction; a bigger ionic radius might be ideal, due to the presence of an oxygen 

vacancy nearest neighbour to the dopants. Our results suggest that if the average size of the chosen dopants 

does not match the ideal ionic radius, a simple average of the properties of singly doped systems will be 

observed, as in the Ca/Sr co-doped perovskite. However, if the average dopant size is indeed close to the 

ideal value, as in Sr/Ba co-doped o-LaGaO3, association energies should be improved in comparison to 

singly doped systems, improving ionic conduction properties.  

 

5. CONCLUSIONS    

DFT calculations were performed to investigate the effects of a range of divalent dopants (Ni(II), 

Sn(II), Mg(II), Zn(II), Co(II), Fe(II), Pt(II), M(II), Pd(II), Ca(II), Sr(II), Pb(II) and Ba(II)) in the defect 

chemistry of the LaGaO3. The lowest energy structure for each doped system was used to determine the 

preferable dopant position (La or Ga site), the preferable vacancy position, and calculate the association 

energy between vacancies and dopants. Steric effects determine the preferential doping site for most 

dopants, with Ca(II), Sr(II) and Pb(II) and Ba(II) preferably occupying the La site of the perovskite, and 

Mg(II), Zn(II), Co(II), Fe(II), Ni(II), Mn(II), Pt(II) and Pt(II) preferably going to the smaller Ga site. Sn(II) 

presents dual behaviour, i.e. it can go to both La and Ga sites depending on the chemical environment due 

to electronic effects. The preferred vacancy configuration for the investigated divalent dopants is a NN 

position, as a result of coulombic effects. For A-site dopants, the majority of the doping energies were 

observed to vary according to the dopants’ ionic radii, with the lowest values being observed for Sr(II) and 

Ba(II). In the case of Pb(II), electronic factors associated with its lone pair result in a higher doping energy. 

For B-site dopants, the magnitude of the doping energies are strongly influenced by steric effects; however, 

electronic effects also play a role, as transition metals are not perfectly spherical due to their partially filled 

d orbitals. In particular, Sn(II) lone pair formation results in much higher doping energies than its size 

would suggest. For Pd(II) and Pt(II), their electronic structure strongly favours a square planar 

configuration, which results in a high doping energy as the lattice is strongly distorted. Among the B-site 

dopants, Fe(II) and Co(II) presented the lowest values. Pd(II), Sn(II) and Pt(II) are the dopants to introduce 
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the most significant local distortions to the perovskite lattice and hence present the highest association 

energies, indicating that vacancies would be trapped around these metals, maintaining the stabilizing 

distortion around the dopant. Transition metal doping (Ni(II), Co(II), Fe(II) and Zn(II)) can potentially 

generate mixed ionic and electronic conduction in the perovskite, making it suitable as electrode instead of 

electrolyte. However, despite its good association energies, Ni(II) presents high doping energy values. 

Among the investigated cations, Sr(II), Ba(II) and Mg(II) doping should result in the greatest improvements 

to the ionic conductivity of LaGaO3 according to the selected criteria, considering electrolyte applications. 

Sr/Ba co-doping was observed to further decrease the tendency of o-LaGaO3 systems to vacancy trapping, 

which might be beneficial to ionic conduction properties.  
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