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luation of the role of lanthanide
elements in functional complex oxides;
implications for energy conversion devices†

Ji Wu, a Kotaro Fujii, b Masatomo Yashima, b Aleksandar Staykov,a

Taner Akbay,c Tatsumi Ishihara acd and John A. Kilner *ae

Lanthanide containing complex oxides, especially the ABO3 perovskite and A(n+1)BnO(3n+1) Ruddlesden–

Popper series, attract much interest as promising catalytic materials in many renewable energy

applications such as electro-chemical energy conversion and hydrogen production. Recent experimental

and theoretical studies on some members of these materials, e.g. La2NiO4, revealed that the La–O

terminated surfaces are catalytically active under operational conditions. These findings suggested that

the conventional understanding of such oxides being fully ionized, and composed of catalytically inert

La3+ ions needs to be revised. In this study, generalized gradient approximation and hybrid density

functional theory methods were used to study and compare the electronic structures of La and Sr in

related oxides. Density functional theory approaches based on both Gaussian and plane wave basis sets

were employed to ensure robustness of this study. Consistent results were obtained across different ab

initio methods and approaches used. Density of states plots and charge analysis results showed that La

exhibits a partially occupied d-orbital and an atomic charge of +2 instead of its nominal valence number

(+3) in the oxides, while Sr does not show similar characteristics. Electron density maps obtained from

synchrotron X-ray diffraction experiments confirmed the simulation findings as well. The presence of the

available d-orbital electron on La and associated partial covalency were postulated as being responsible

for the catalytic behaviour observed in experiments. In addition, Pr and Ba electronic structures in related

oxides were also calculated. A similar trend to the La and Sr charges was observed. Based on these

findings, the traditional concept of atomic “ionicity” was briefly reviewed and adapted as a catalysis

descriptor for possible performance evaluation.
Introduction

Perovskite and Ruddlesden–Popper (RP) oxides are families of
complex oxides that have a variety of attractive electrical and
chemical properties such as highly tunable electrical resis-
tance,1 colossal magnetoresistance,2 superconductivity,3,4
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catalytical properties5 and oxygen ionic conductivity.6–9 These
properties are of interest in many clean energy applications.
Perovskite oxides have the general chemical formula ABO3,
where A is usually a large cation from group 1, 2 or 3 of the
periodic table and B is a smaller metal cation. The structure of
an ideal perovskite oxide consists of a BO6 octahedron unit
contained in a simple cubic cell, where the A cations occupy the
cell corners. Ruddlesden–Popper oxides are extended perovskite
oxides with the general formula A(n+1)BnO(3n+1) or (ABO3)nAO.
These oxides are comprised of alternating layers of ABO3

perovskites and an AO rocksalt structure along the <001> crys-
tallographic direction. Between a pair of AO layers, RP oxides
can contain n layers of ABO3 structure where n can be 1, 2, 3 or
more. When n is equal to innity, this RP phase reduces to
a standard perovskite ABO3 structure.

Among the families of perovskite and Ruddlesden–Popper
oxides, lanthanide containing complex oxides draw a lot of
interest because of their applications in many renewable energy
devices. These applications include efficient catalysts, and
electrodes for solid oxide fuel cells (SOFCs) and solid oxide
electrolyser cells (SOECs).6–12 The materials are found to be
J. Mater. Chem. A, 2018, 6, 11819–11829 | 11819
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mixed ionic-electronic conductors (MIEC) and can catalyse the
oxygen reduction reaction (ORR) at elevated temperatures
(�600 �C or higher). Combining the mixed conductivity and
catalytic properties, they can improve the performance of
a SOFC by expanding the active sites at the cathode from the
triple phase boundaries between the cathode, electrolyte and
gas to a much larger portion of the cathode–gas interface.13 As
such, the electrocatalytic activity of these materials is important
for their performance in electrochemical cells and is also of
more general interest.

It is widely accepted that the exposed B-site transition metal
ions in perovskite based oxides play the key role as the func-
tional catalytical sites, owing to the ability of the transition
metal atoms to change their valence and hence transfer elec-
trons, e.g. in the ORR. However, a number of recent experi-
mental discoveries introduce a different scenario. These
experiments, which used highly surface-sensitive characteriza-
tion techniques such as low energy ion scattering (LEIS) and
scanning transmission electron microscopy (STEM), reveal that
very few transition metal (B-site) atoms can be detected on the
surfaces of these materials.14–17 In the case of a Sr doped
La2NiO4 single crystal, Burriel et al. used the LEIS technique and
found a (001) surface dominated by La and Sr.14 Further X-ray
photoelectron spectroscopy (XPS) results conrmed this La/Sr-
rich surface and also discovered a Ni rich subsurface region
extending to about 7 nm. Druce et al. conducted LEIS charac-
terization on a number of polycrystalline materials,15,16

including single perovskite La0.6Sr0.4Co0.2Fe0.8O3�d, double
perovskite GdBaCo2O5+d, and Ruddlesden–Popper phases
La2NiO4+d, PrLaNiO4+d and Pr2NiO4+d. In all cases, the sample
surfaces are consistently found to be mainly terminated with
A-site elements (lanthanides, Ba or Sr). More recently, Chen
et al. looked at the epitaxial thin-lm of Ruddlesden–Popper
(La1�xSrx)2CoO4 using high resolution STEM and atomic force
microscopy (AFM) methods.17 At both (001) and (100) orienta-
tions, La/Sr-rich surfaces were found, together with the evidence
of Sr segregation. These ndings agreed with the LEIS surface
characterisation results and depth proling reported in the
same work. All the materials examined in these experimental
studies are known oxygen reduction catalysts in SOFC applica-
tions. These discoveries altogether sparked interest to explore
the oxygen reduction mechanism of these lanthanide and
alkaline earth rich surfaces.

A few modelling attempts have been made to explore and
understand this problem. Notably, Akbay et al. used ab initio
simulation and nudged elastic band (NEB) transition state
search methods to study the oxygen reduction and dissociation
on the LaO-terminated (001) planes of stoichiometric La2NiO4.18

Density functional theory with the on-site Hubbard U parameter
(DFT + U) was employed in this study to properly address the
strong correlation effect in La2NiO4 due to the transition metal
Ni. The calculated energy barrier for the oxygen dissociation
reaction on the La–La bridge site was reported to be 1.095 eV.
Under such a small reaction barrier, it is certainly viable for the
activated oxygen to dissociate on the exposed La ions. This
result suggested that lanthanum atoms may not be as inert as
previously expected. Comparing the oxygen dissociation barrier
11820 | J. Mater. Chem. A, 2018, 6, 11819–11829
on La (1.095 eV) to an earlier report of the calculated oxygen
dissociation barrier on the equivalent Sr site (3.4 eV) of a pris-
tine SrTiO3 surface by Staykov et al.,19 a clear difference can be
seen between the oxygen reduction behaviour of exposed Sr ions
and La ions. A careful review of their results reveals that, unlike
the +2 atomic charge of the Sr ion, the surface La ions have
a charge much different from the formal charge of +3. Akbay
et al.'s study is not the only theoretical report where the La ion
does not show a +3 charge in its oxides. Other studies by Ritz-
man et al. and Lee et al. also suggest that La ions take atomic
charges of about +2 in related oxides.20–22 Ritzman et al. studied
the defect chemistry of La0.5Sr0.5Co0.25Fe0.75O3�d and La1�xSrx-
FeO3�d using plane-wave based DFT + U methods.20,22 In addi-
tion to the focus on the structural and chemical effects of
different levels of cation doping and oxygen vacancies, they also
reported calculated Bader atomic charges of the atoms. In each
of the defect levels, La atoms consistently give a Bader atomic
charge ranging from +2.06 to +2.10. Similarly, in Lee et al.’s
DFT/DFT + U study on the LaAlO3 and LaMnO3 systems, Bader
charge analyses gave La charges of +2.04 to +2.07.21 These
unusual atomic charges of La atoms are very interesting as these
may be related to the oxygen reduction activity of the
La-terminated surfaces. The origin of these La atomic charges
calculated is also well worth investigation.

In this work, multiple but different levels of DFT and Har-
tree–Fock based simulations have been used to examine the
electronic conguration of the La ion in its oxides to under-
stand the origin of its unusual atomic charge. The atomic
charges of the Sr, Pr and Ba ions in their related oxides have also
been studied for comparison. The electron density maps of two
prototypical perovskite oxides, LaAlO3 and SrTiO3, were char-
acterised with synchrotron X-ray diffraction to directly validate
simulation results. The relationships between the electronic
congurations, atomic charges and catalytic behaviour are
explored. In addition, the traditional concept of “ionicity” in
solid is briey reviewed and adapted. The proposed adaption of
the theoretical atomic ionicity in solids can be a useful
descriptor for the general evaluation and understanding of the
catalytic performances of complex oxides containing lanthanide
elements.

Computational details

A number of La, Pr, Sr and Ba containing oxides are selected for
investigation. The materials studied include LaAlO3, La2O3,
SrTiO3, SrO, PrAlO3, Pr2O3, BaTiO3 and BaO. This selection
covers both simple binary and complex ternary oxides. The
structural lattices of each of these materials are relaxed based
on their experimentally determined crystallographic unit
cells23–29 using both, for comparison, the generalized gradient
approximation (GGA) parameterized by Perdew–Burke–Ernzer-
hof (PBE)30,31 and the related hybrid functional (PBE0).32 A
summary of the comparison between the calculated and
experimental lattice parameters of the oxides is included in the
ESI.† The electronic structures of the materials are then calcu-
lated using the relaxed geometry with the PBE and PBE0 func-
tionals respectively. In addition, Hartree–Fock calculations of
This journal is © The Royal Society of Chemistry 2018
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the relaxed La and Sr containing materials are included as an
example to demonstrate the maximum possible error ranges in
charge analyses, as this theoretical approximation is highly
inappropriate for the studied system. The Hartree–Fockmethod
uses a mean eld approximation for the description of the
electron densities and does not account for electron correlation
effects. Therefore, the Hartree–Fock calculations are expected to
give signicantly less accurate results compared to the GGA–
DFT or hybrid DFT methods and may be used as a case for
maximum error range estimation. To further compare and
study the effects on the computed atomic charge due to
different theoretical approaches, all the calculations were
carried out using both the atomic centred Gaussian basis sets
and plane wave basis sets separately. Finally, the projected
density of states of the s orbitals and d orbitals for La, Sr, Pr and
Ba ions obtained from their respective DFT calculations are
plotted for comparison.

The calculations based on the Gaussian basis sets are con-
ducted using the CRYSTAL14 soware package33,34 with linear
combinations of atomic orbital (LCAO) basis sets. In the LCAO
basis sets used, the core electrons of the La, Sr, Pr and Ba atoms
are described with quasi-relativistic pseudopotentials,35,36 while
the valence electrons are described using 411p(411)d(311)f(1)
contract sets (for La),37,38 211d(11)f(1) contract sets (for Sr),39

3111p(3111)d(211)f(11) contract sets (for Pr)36,37,40 and 31d(1)
contract sets (for Ba)41 respectively. The Al, Ti and O LCAO basis
sets used are triple-zeta-valence all-electron basis sets as
employed in previous work.38,42 These basis sets have been
proven to give accurate description of solid oxide materials.37–42

The cut-off threshold parameters for the summation of the
Coulomb and exchange series are set to be 7, 7, 7, 7 and 14 as
detailed in the CRYSTAL14 manual.33 A Monkhorst–Pack mesh
with a shrinking factor of 8 is used for reciprocal space
sampling across all calculations using LCAO basis sets to ensure
sufficiently dense k-point sampling. The atomic charges of the
La, Sr, Pr, Ba and O ions are calculated using Mulliken charge
analysis43 from the DFT calculations using LCAO basis sets,
based on the relaxed structures of the studied compounds.

The plane wave DFT simulations are calculated with the
Vienna Ab initio Simulation Package (VASP).44–47 The projector
augmented-wave (PAW) pseudopotential based basis sets
supplied in the VASP package were used with an energy cut-off
value of 500 eV.48,49 A 4� 4� 4 gamma-centred k-points mesh is
used to sample the reciprocal space during the plane wave DFT
calculations to properly simulate the anisotropic triclinic and
hexagonal cells. Spin polarized calculations have been done in
all cases. The atomic charges of the La, Sr, Pr, Ba and O ions are
calculated using the Bader charge analysis43 algorithm devel-
oped and implemented by Arnaldsson et al. from the plane wave
DFT calculated charge densities.50–52

Experimental methods
Sample preparation

Both oxides were prepared with the conventional solid state
reaction method by using oxide and carbonate as the starting
materials. In the case of LaAlO3, La2O3 (99.9% purity, Wako)
This journal is © The Royal Society of Chemistry 2018
and Al2O3 (99.5%, Wako) were mixed using an alumina mortar
and pestle. The obtained powder was heated in air at 1200 �C for
10 h. In the case of SrTiO3, SrCO3 (reagent class, Wako) was
mixed with TiO2 (99.5%, Wako) using an alumina mortar and
pestle and then heated at 1173 �C for 10 h in air.
Synchrotron XRD measurements and data analysis

Synchrotron X-ray powder diffraction (XRD) measurements
were conducted for LaAlO3 and SrTiO3 using a Debye–Scherrer
camera with an imaging plate on beam line BL19B2 at SPring-8
(27 �C; wavelength ¼ 0.4994152(11) Å). Structural analyses were
carried out by the Rietveld method using RIETAN-FP.53 The
rened unit-cell parameters agree with those determined by the
Le Bail method from the laboratory-based X-ray powder
diffraction data using silicon powder as the internal standard
within 2s, where s is the estimated standard deviation. The
electron-density distributions of LaAlO3 and SrTiO3 were
studied by the maximum-entropy method (MEM) using
computer program Dysnomia.54 The crystal structure and the
electron-density distribution were visualized by the VESTA
visualization package.55
Results and discussion

It is well known that there is some ambiguity in the under-
standing and interpretation of atomic charges in solids. This
ambiguity is mainly due to the wave-particle duality of the
electron and the dynamic nature of chemical bonding in
compounds. From the perspectives of quantum mechanics,
there are only charge density distributions but not individually
assigned charges. Some degrees of charge density overlap exist
in most ionic solids. This charge density map is able to be
experimentally determined by X-ray diffraction techniques, as
reviewed thoroughly by Koritsanszky and Coppens.56 The charge
density map is also able to be calculated using ab initio theo-
retical methods. On the other hand, the concept of individual
atomic charge is useful in applications, as it helps to qualita-
tively understand and predict the charge related properties of
the material, such as catalysis, defect formation and ionic
conductivity. To generate the individually assigned atomic
charges from the continuous charge density map, two different
approaches have been developed to dene, partition and
calculate atomic charges in a compound. One approach
summarizes the electron population on the local atomic wave-
functions, and the most common method using this approach
is the Mulliken population analysis.43 The other approach tries
to partition the electron density around the atoms by nding
the minima of the local electron density surface and assign the
partition to the atom; a widely used example for this approach is
the Bader charge analysis,57 which arises from Bader's quantum
theory of atoms in molecules (QTAIM).

Each of the above mentioned approaches has their own
limitations. For the Mulliken method, linear combinations of
atomic orbital basis sets are usually used to describe the local
wavefunctions in practice. Therefore, the atomic charges ob-
tained with this method depend on the quality of the basis sets.
J. Mater. Chem. A, 2018, 6, 11819–11829 | 11821
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In extreme cases, extremely unphysical results can be calculated
if the basis sets used are highly inappropriate. For the Bader
method, on the other hand, the difficulty lies in the determi-
nation of the minima of the electron density distribution. This
difficulty is especially relevant in complex compounds, where
the electron density minima between the atoms are not clearly
dened. Knowing these limitations, we calculated the La atomic
charge using different levels of ab initio theories and different
charge analysis methods. The results calculated with both
Mulliken population analysis and Bader charge analysis are
summarized and compared with literature data. The calculated
atomic charges of La, Sr, Pr and Ba ions in their related oxides
are summarised in Fig. 1 and 2 respectively. Some available data
reported in the literature are also included for comparison. The
detailed values of the calculated atomic charges of La, Sr, Pr, Ba
and O ions in the oxides studied are listed in Tables S2–S5 in the
Fig. 1 Summary of calculated atomic charges of La and Sr in their
related oxides using different combinations of DFT and charge analysis
methods. The ternary LaAlO3 and SrTiO3 oxides are calculated using
both the GGA–PBE functional and the hybrid PBE0 functional. The
results calculated for the La2O3 and SrO binary oxides are noted as
PBE-Binary and PBE0-Binary in the figure. Literature results on LaAlO3

(using PW-91 functional),21 LaMnO3 (using PW-91 + U method),21

La0.5Sr0.5Co0.25Fe0.75O3�d (LSCF, using PBE + U method)20 and SrTiO3

(using PW-91 functional)21 are also included for comparison.

Fig. 2 Summary of calculated atomic charges of Pr and Ba in their
related oxides using different combinations of DFT and charge analysis
methods. The ternary PrAlO3 and BaTiO3 oxides are calculated using
both the GGA–PBE functional and the hybrid PBE0 functional. The
results calculated for the Pr2O3 and BaO binary oxides are noted as
PBE-Binary and PBE0-Binary in the figure. Literature results on BaTiO3

(using the B3PW functional)58 and Sm0.5Ba0.5CoO2.75 (using the PBE +
U method)59 are also included.

11822 | J. Mater. Chem. A, 2018, 6, 11819–11829
ESI.† The results of the bench-mark calculations at the Hartree–
Fock level are presented only for the La and Sr compounds in
Tables S2 and S3† to illustrate the trend.

The results in Fig. 1 and 2 show that the agreements between
different ab initio approximations and charge analysis methods
are reasonably good in most cases, owing to the developments
of the basis sets and analysis methods in the past few decades.
In the case of La atomic charge, the values calculated using the
DFT methods range from 1.774 to 2.244 in different
compounds. All the DFT calculated La atomic charges are much
different from the La nominal formal charge of +3, which is
usually assumed based on the La valence number. The results
obtained with Hartree–Fock calculations in Table S2,† as ex-
pected, give higher values of La atomic charges ranging from
2.316 to 2.498. This is because the Hartree–Fock level of theory
does not consider the electron correlations and hence overly
localize the electrons. The signicant difference between the
average of the DFT results and the Hartree–Fock results
suggests that the risk of incorrect interpretation still exists if
a highly inappropriate approximation is used to study the
material of interest. For the Sr charges in SrTiO3 and SrO, the
DFT calculated values range from 1.424 to 1.804. Unlike the
calculated La atomic charges, these values are much closer to
the Sr nominal formal charge of +2. Also, the Hartree–Fock
results overestimate the Sr atomic charges to a less extent
compared to the La calculations due to a weaker correlation
effect in Sr compared to that in La.

Comparing the La and Pr calculated atomic charges pre-
sented in Fig. 1 and 2, the results show very similar atomic
charges for the two lanthanides. The Pr ions, like the La ions,
exhibit about +2 atomic charges instead of the usually assumed
+3 valence number in their oxides. Looking at the Sr and Ba
charges presented, it is understood that alkaline earth metals
exhibit consistent charges of about +1.7 which is much closer to
their valence number of +2.

The oxygen ionic charges are of much interest for the
materials studied in this work, since many of them have
applications as oxygen ionic conductors. The calculated charges
associated with the oxygen ions differ a lot in different materials
as shown in Tables S2–S5 of the ESI.† For the binary oxides, the
computed oxygen charges vary around�1.2 to�1.8. The oxygen
charges in SrO and BaO are generally more ionic than their
counterparts in La2O3 and Pr2O3, as expected. In the perovskite
oxides, oxygen charges are signicantly affected by the B-site
atoms and the simulation approaches. This is very clear when
comparing the results of the La-containing perovskites listed in
Table S2.† Looking at the oxygen charges computed with plane-
wave basis sets and Bader charge analysis in LaMnO3 and
La0.5Sr0.5Co0.25Fe0.75O3�d (LSCF), it is apparent that the oxygen
atoms have signicant electron density overlaps with the tran-
sition metal atoms at the B-sites. Particularly, the oxygen charge
is reduced to about �1.1 in the LSCF perovskite. As the LSCF
perovskite is one of the best performing SOFC cathode mate-
rials available, the implication of the calculated O� ions in LSCF
certainly needs more attention in the future.

To obtain an intuitive understanding of the electronic
interactions between the atoms in the materials studied, the
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Simulated electron density distributions of selected oxides; (a)
simulated electron density distribution on the (012) plane of PrAlO3, (b)
simulated electron density distribution on the (001) plane of BaTiO3.
The simulated electron densities were calculated using the PBE0
functional. MED refers to the minimum electron density at the point.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ay
 2

01
8.

 D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 1
0:

14
:4

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
electron density maps of the perovskites studied (LaAlO3,
SrTiO3, PrAlO3 and BaTiO3) have been visualized. For two of the
prototypical perovskites, LaAlO3 and SrTiO3, the calculated elec-
tron density maps were further validated by the experimental
electron density maps obtained with synchrotron X-ray diffrac-
tion. The experimental electron densitymaps were obtained from
the diffraction data analyzed using the maximum entropy
method.60,61 The cross-sections of the electron density volumes
are presented in Fig. 3 and 4. The (012) planes cutting through
the La/Pr and O atoms are visualized due to the R�3c symmetry of
the LaAlO3 and PrAlO3 perovskites. For the cubic perovskites,
SrTiO3 and BaTiO3, the (001) basal planes are illustrated.

As observed in both gures, the experimental electron
density maps support the computational predictions and show
clearly the anisotropic electron density overlap between the La
and O atoms, a behavior shared by the Pr–O interaction in
PrAlO3. However, this interaction is not seen between the Sr–O
or Ba–O atom pairs, both theoretically and experimentally. An
earlier synchrotron XRD measurement by Kawamura et al. has
shown a similar difference in the LaSrAlO4 Ruddlesden–Popper
material, where the La–O electronic interaction is stronger than
the Sr–O electronic interaction.62 Quantitatively, the calculated
La–O electron density overlap in LaAlO3 was weaker than the
one observed from the experiments. Such differences between
the computational and experimental results have been reported
in the literature, e.g. the Bi–O interaction studied in BiFeO3 by
Fujii et al.61 These simulation results and experimental obser-
vations conrm and partly explain the partial charge differences
summarized in Fig. 1 and 2, where the extra electron on the
lanthanide is shared between the lanthanide atom and its
neighboring oxygen atoms.

Summarizing all these results, it is clear that there is
a difference between the valence electron interactions of the
Fig. 3 Simulated and experimental electron density distributions of
selected oxides; (a) simulated electron density distribution on the (012)
plane of LaAlO3, (b) experimental electron density distribution on the
(012) plane of LaAlO3, (c) simulated electron density distribution on the
(001) plane of SrTiO3, (d) experimental electron density distribution on
the (001) plane of SrTiO3. The simulated electron densities were
calculated using the PBE0 functional. MED refers to the minimum
electron density at the point.

This journal is © The Royal Society of Chemistry 2018
lanthanides and alkaline earth metals in their oxides. To further
understand the possible origin of this difference and the
detailed valence electronic structure of the ions studied, the
projected density of states (DOS) are plotted for a single La, Sr,
Pr or Ba ion. In addition, the partial density of states (PDOS) for
the s-orbitals and d-orbitals are plotted together in the same
gure respectively. These results are shown in Figure 5, 6,
S1 and S2.†

By comparing the DOS plots, it can be seen that the results
obtained using different ab initio approximations are consistent
with each other for the valence bands, just like the consistency
found in the atomic charge analysis. In Fig. 5(a)–(d), the PDOS
clearly show that there is a signicant occupied state on the
valence d-orbital for the La ions. This suggests that there are
valence d electrons staying on the La ions in these compounds.
A particularly interesting point is that these occupied d-orbital
states persist even in the simple binary La2O3 oxides, where it
is natural to assume a highly ionic behaviour and resulting +3
La charge due to charge neutrality requirements. To full the
charge neutrality condition, the PDOS and charge analysis
presented here hint at a signicant level of covalency in the
La2O3 compound. In Figure 6(a)–(d), no similar signicant state
occupancies are found for the Sr d-orbital PDOS near the Fermi
level. Comparing Fig. 5 and S1,† similar Pr d-orbital occupan-
cies, like the La case, are observed in the Pr PDOS plots of both
Pr2O3 and PrAlO3. In Fig. S2(c) and (d),† the Ba PDOS plots in
BaTiO3 have different shapes compared to the Sr PDOS plots
(SrTiO3) in Fig. 6(c) and (d). While the d-orbital occupancies are
small in both the Sr and Ba cases, the total DOS peaks shown in
Fig. S2(c) and (d)† are due to the states occupied by the 5p
electron in Ba.

These PDOS results agree with our ndings from the atomic
charge analysis and show that the extra d electrons retained on
the La ions and the Pr ions are responsible for the charge
difference between lanthanides (La and Pr) and alkaline earth
metals (Sr and Ba). Due to the shape and diffuse nature of the
valence 5d orbitals, this extra d electron can interact with
external molecules and may promote oxygen reduction reac-
tions. Indeed, binary La2O3 with no transition metals has been
reported for its catalytic activities in previous studies.63,64

Moreover, Nicollet et al. reported signicant surface oxygen
J. Mater. Chem. A, 2018, 6, 11819–11829 | 11823
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Fig. 5 Projected La density of states for its s-orbitals and d-orbitals in La2O3 (a and b) and LaAlO3 (c and d). (a) and (c) are calculated using the
GGA–PBE functional. (b) and (d) are calculated using the hybrid PBE0 functional. The Fermi energy is marked as 0 eV on the energy scale in all
plots.
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Fig. 6 Projected Sr density of states for its s-orbitals and d-orbitals in SrO (a and b) and SrTiO3 (c and d). (a) and (c) are calculated using the GGA–
PBE functional. (b) and (d) are calculated using the hybrid PBE0 functional. The Fermi energy is marked as 0 eV on the energy scale in all plots.
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reduction and exchange activity very recently for binary Pr6O11.65

While Pr6O11 nominally contains a mixture of Pr(III) and Pr(IV)
ions and is not quite the same as Pr2O3, a partially occupied
diffuse valence orbital may still be responsible for the observed
catalytic activity in Pr6O11. Combining the atomic charge anal-
ysis and the density of states plots, it is suggested that treating
the La and Pr ions in their respective oxides as 2+ ions with
signicant covalency would be more appropriate, instead of
viewing them as fully ionic 3+ ions. This new perspective may
have important practical implications in the evaluation of the
catalytic activity of the oxides of the lanthanide elements. While
the synchrotron X-ray diffraction electron density mapping
conducted in this work has validated the signicant La–O
covalency predicted in LaAlO3, the proposed concept is certainly
worth to be further conrmed experimentally in other lantha-
nide containing oxides.

A key problem of the conventional view of a La-containing
oxide is that the atomic charge of La is assumed to be the
same as its valence number. Based on this assumption, the La
ions are believed to always behave as 3+ ions in La containing
oxides, and this assumption guided the past materials engi-
neering efforts to optimize the catalytic and transport proper-
ties of La-containing complex oxides. However, the results in
this paper showed that this “atomic charge ¼ valence number”
assumption does not describe the behaviour of the La ions
sufficiently. If one goes back to the IUPAC's formal denitions
of “atomic charge” and “valence number”, the atomic charge is
dened as follows:66

“Atomic charge attributed to an atom A within a molecule
dened as z ¼ ZA � qA, where ZA is the atomic number of A and
qA is the electron density assigned to A. The method of calcu-
lation of qA depends on the choice of the scheme of partitioning
electron density. In the framework of the Mulliken population
analysis qA is associated with the so-called gross atomic pop-
ulation: qA ¼

P
qm, where qm is a gross population for an orbital

m in the basis set employed dened according to

qm ¼ Pmm þ
X

ysm

PmnSmy

where Pmn and Smy are the elements of density matrix and overlap
matrix, respectively. In the Hückel molecular orbital theory
(where Smy ¼ dmy), qm ¼ nmPmm, where nm is the number of elec-
trons in the MO m.”

However, the value of the valence number of an atomic
species is dened as:66

“The maximum number of univalent atoms (originally
hydrogen or chlorine atoms) that may combine with an atom of
the element under consideration, or with a fragment, or for
which an atom of this element can be substituted”.

From the IUPAC denitions, it is very clear that these two
concepts are quite different and should not be taken as the
same. The valence number of an atomic species is a xed
integer, e.g. the valence number of La is 3 as La can form the
compound LaF3. On the other hand, the charge of an atom
depends on its surrounding environment andmay not be a xed
integer from the point of view of quantum mechanics. Taking
the results reported here as examples again, the atomic charge
11826 | J. Mater. Chem. A, 2018, 6, 11819–11829
of La in LaAlO3 is approximately 2.0, much different from the La
valence number of 3, while the atomic charge of Sr in SrTiO3 is
approximately 1.8, close to the Sr valence number of 2. The
atomic charge of the atom or ion is hence the more important
and relevant property when evaluating the functionality of
complex oxides as catalysts or ionic conductors, as it is the
atomic charge that determines how the atom actually interacts
with other atoms or molecules, e.g. at the surface of the oxide.
This understanding is especially relevant for the lanthanum or
the lanthanide series, as these species can be considered to be
very weak transition metals and should not be simply regarded
as “inert”. As the electronic conguration of elemental La is [Xe]
5d16s2 while the electronic conguration of elemental Sr is [Kr]
5s2, it is not natural to assume the d electrons in La will behave
the same way as the s electrons in La or Sr and just transfer to
the oxygen ions in the oxides. The same trendmay be applicable
to other lanthanides, especially a few special ones: Ce (elec-
tronic conguration ¼ [Xe]4f1 5d1 6s2), Gd (electronic congu-
ration ¼ [Xe]4f7 5d1 6s2), Lu (electronic conguration ¼ [Xe]4f14

5d1 6s2) and also Hf (beyond the lanthanides but possessing an
electronic conguration of [Xe]4f14 5d2 6s2). These elements
contain partially lled valence d-orbitals even as neutral atoms.
A few experiments have already demonstrated catalytic activities
of these elements proposed here. In addition to the catalytically
active La2O3 (ref. 63 and 64) and Pr6O11 (ref. 65) materials
mentioned earlier, Hf decorated perovskites have recently been
reported to be catalytically active by Tsvetkov et al.67

Considering that the common application of the oxides of
these elements oen involves catalysis and oxygen reduction,
it is very useful to establish a way to quickly distinguish which
metallic elements are more likely to be active than others. To
achieve this goal, it is convenient to call back the old concept
of “ionicity”. In many cases, if an element is catalytically active
in a compound, this element will have diffuse valence elec-
trons available for transfer. Thus, such an element tends to
have a lower degree of ionicity, as the diffuse valence electron
density will overlap with the electron density of other ions in
the compound. However, the term “ionicity”, similar to the
“atomic charge”, also has some ambiguity in its denition.
Catlow and Stoneham gave an extensive review on the experi-
mental and theoretical aspects of ionicity in solids in 1983.68

As Catlow and Stoneham summarized, Pauling dened
a thermochemically based ionicity scale using the formation
energy of a molecule and the electron negativities of the
component elements;69 while Phillips' spectroscopic approach
denes an ionicity scale by dividing the ‘total energy gap’ of
a crystal (obtained from the optic dielectric constant) into
a covalent gap and an ionic gap.70 Both Pauling's and Phillips'
approaches are derived more from the experimental perspec-
tive. Catlow and Stoneham's review also discussed the diffi-
culties to obtain a consistent and unique atomic charge and
subsequently ionicity from the charge density map theoreti-
cally. A major source of the ambiguity, as discussed at the
beginning of this section, is that there are multiple valid
theoretical denitions to partition the charge density, and
these denitions usually do not result in a single universal
atomic charge value.
This journal is © The Royal Society of Chemistry 2018
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While the ambiguity of charge density partition discussed by
Catlow and Stoneham is somewhat inevitable, the develop-
ments of charge analysis methods and LCAO basis sets since the
1980s have signicantly alleviated this problem. Particularly,
Bader's quantum theory of atoms in molecules has established
a regular framework to address the problem of charge density
partition.57 These developments allowed a qualitatively consis-
tent and meaningful charge analysis in complex oxides as
demonstrated in the results presented in this work. Due to the
practical usefulness of the calculated ionicity in the context of
common catalytic oxides, it is suggested that an adapted relative
ionicity scale can be dened using the DFT calculated atomic
charge and formal valence number as

Ionicity; I ¼ atomic charge

valence number

where the valence number is dened as the formal IUPAC
denition. Highly ionic elements, e.g. Mg in MgO, Sr in SrTiO3

and Ba, have ionicities which are close to 1. The more active
transition metals, e.g. Ti in SrTiO3, have an ionicity much less
than 1 (about 0.62 for Ti in SrTiO3). The La atoms in many
common La containing oxides, e.g. LaAlO3, LaMnO3, and
La2NiO4 generally have an ionicity around 0.66. With a lower
number of ionicity value, the atom considered is more likely to
be polarized and active for catalysis/oxygen reduction. However,
it is important to note that, as discussed earlier, the atomic
charge values determined from charge densities in compounds
will depend on themethod. The ionicity value of an element will
also vary in different compounds due to its local bonding
environment. Still, if the basis sets and the methods used can
properly reect the important electronic properties of the
compound, then the atomic charges calculated with the same
basis sets and methods should be able to give a reasonable
estimation of the atomic ionicity. Within this limit, the adapted
ionicity denition suggested in this work should be able to help
qualitative prediction of possible catalytic elements and guide
substitution strategies for complex oxides tailored for energy
applications.
Conclusions

In this work, we have calculated the atomic charges of La, Sr, Pr
and Ba in their related oxides using different DFT approxima-
tions and charge analysis methods. By comparing the results
obtained with different methods, we found that the calculated
La and Pr atomic charges in their oxides are consistently close to
+2 rather than +3 despite the inherent differences in the theo-
retical approaches used. Agreements between the synchrotron
XRD generated and DFT calculated electron density maps of
LaAlO3 and SrTiO3 have validated the theoretical predictions. By
plotting projected partial density of states of the La, Sr, Pr and
Ba ions in related compounds, we have shown that the presence
of the occupied valence d-orbitals on the La and Pr ions is
responsible for the extra charges on the La and Pr ions in
oxides. On the other hand, the Sr and Ba ions do not possess
signicantly occupied valence d-orbitals in their respective
oxides. This difference between the valence electronic structure
This journal is © The Royal Society of Chemistry 2018
of the lanthanide and alkaline earth metal ions can explain the
catalytic activity of the lanthanide rich oxide surfaces and
relatively inert behaviour of the Sr or Ba rich oxide surfaces.

Based on these results, we suggest that the calculated
partially covalent La/Pr atomic charge of +2 is more appropriate
to consider compared to the conventional picture of the fully
ionic La/Pr 3+ ions. This perspective would be very useful in
materials engineering and performance optimization, espe-
cially when optimizing these oxides for catalysing oxygen
reduction reactions. In addition, the roles and electronic
behaviour of other lanthanides, particularly those containing
d electrons, should be carefully re-evaluated for catalytic reac-
tions. Finally, aer a brief review of the concept of “ionicity” in
solids and a clarication of the concepts of valence number and
atomic charge, we suggest an adaption of the term “ionicity in
solids”. The adapted concept of ionicity is formulated as the
ratio of an atom's calculated atomic charge to its valence
number, based on specic quantum mechanical calculations of
the atom in the materials of interest. The adapted ionicity
concept can be used as a descriptor to identify a possibly
polarized and catalytically active candidate among several
structurally similar compounds containing different elements.
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