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re on (La, A)MnO3 (A ¼ Ca, Sr, and
Ba) solid oxide fuel cell cathodes: a first-principles
and experimental study

Vinit Sharma,†*ab Manoj K. Mahapatra,‡ac Sridevi Krishnan,ab Zachary Thatcher,ab

Bryan D. Huey,ab P. Singhac and R. Ramprasadab

One of the major challenges in developing clean, environmentally friendly energy technologies such as

solid oxide fuel cells (SOFCs) is performance degradation at higher temperatures. Solid oxide fuel cell

(SOFC) cathode degradation in the presence of moisture is one of the major concerns. Combining

computational and experimental studies provides a comprehensive picture of the interaction between

moisture and lanthanum manganite based SOFC cathodes. To better understand the surface chemistry,

(La, A)MnO3 (A ¼ Ca, Sr and Ba) (001) surfaces are explored using first-principles calculations. This

computational study suggests that dissociative adsorption of water molecules is favored on (La, A)O-

terminated (001) surfaces. The covalently unsaturated surface terminal O atom (via strong H-bond)

attracts one of the H atoms of the water molecule, with a subsequent breakup of the water molecule

into H+ and OH� groups. The surface should also be significantly enriched with A-site dopants under all

realistic conditions, with all the three dopants driven to segregate to the surface over a wide range of T–

pH2O conditions. Atomic force microscopy reveals just such a segregation of dopants to the surface of

doped LaMnO3, enhanced in the presence of moisture. It is hypothesized that the interplay of the

resulting oxygen vacancy defects and moisture from the operating environment further drives cationic

surface segregation, ultimately degrading catalytic activity. In addition to providing insights into the

surface chemistry, this combined experimental and computational investigation opens pathways for

designing new materials with enhanced catalytic functionality.
1. Introduction

One of the critical scientic challenges for contemporary
researchers is developing clean, environmentally friendly
energy technologies. Solid oxide fuel cells (SOFCs) have been
regarded as a promising route for clean and efficient electricity
as it provides us with the exibility to use a wide range of fuels at
high operating temperatures ($800 �C). Although, the high
operating temperature favors the rapid reaction kinetics (such
as anodic reactions, ion transport in the electrolyte and
cathodic reactions), it leads to many complications.

One of the major issues with SOFCs is cathode degradation
at higher temperatures. The promising cathode materials are
strontium doped lanthanum manganite (LSM) and lanthanum
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strontium cobalt ferrite ((La1�xSrx)(CoyFe1�y)O3�z). When LSM,
which is the state of the art cathode material, is exposed to
atmospheric air (during SOFC operation), segregation of
strontium oxide at the LSM surface is oen observed. This is
believed to decrease the oxygen reduction reaction (ORR) rate as
well as the transport of ions and electrons to the surface.
Atmospheric air contains moisture (�3%), CO2 (�400 ppm) and
sulfur (<1 ppm) as the major impurities. However, the concen-
tration of the impurities may vary with the geographic locations.
It has been reported that moisture in air decreases the electrical
performance of LSM but the presence of #0.5% carbon dioxide
is not detrimental.1,2 A recent study has shown no discernible
change in LSM performance in moisture containing air under
zero electrical bias but the performance decreases under
cathodic bias (negative electrical potential). This nding leads
to the conclusion that moisture in air does not block any elec-
trochemically active sites by poisoning the cathode but nega-
tively affects the charge transport kinetics.3 Precipitation of tiny
strontium or lanthanum oxides/hydroxides and manganese
oxide, and formation of lanthanum zirconate at the cathode–
electrolyte interface were concluded to be responsible for
decreasing the performance. A recent study reports that mois-
ture in air favors segregation of strontium oxide/hydroxide and
J. Mater. Chem. A, 2016, 4, 5605–5615 | 5605
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further accelerates with cathodic bias and subsequently
degrades the LSM performance.2–4

Given that reduction of the operation temperature is unfa-
vorable due to adverse effects on electrochemical processes,
which are thermally activated and at reduced temperatures
becomemuch slower. Hence, optimization of cathode materials
becomes essential in order to achieve reasonable performance
of SOFCs. Experimental4–11 and computational5,7,9–14 studies
have attempted to explain cation segregation in terms of the
formation of cation-containing phases,15,16 charge compensa-
tion6,17 and other degradation mechanisms of conventional
cathode materials. Previous experimental studies mainly focus
on the optimization of cathode composition and the electrode
microstructure,18,19 and control of the electrolyte–cathode
interface reactivity.19,20 Computational studies, on the other
hand, are aimed at investigating the oxygen exchange processes
on various facets of perovskite oxides7,8,15,21,22 and report that the
different atomic sizes of the elements cause surface segregation
to reduce the free energy of the system.13,22,23 Moreover, both
experimental and computational studies conrm that cation
segregation is a commonly observed phenomenon at the
surface of perovskite oxides that affect the cathode reactivity
and stability in the ORR under SOFC operating conditions. Still
a detailed study for mapping the ‘real-world’ atmospheric
conditions and their effect on the perovskite oxide surfaces is
much needed to develop a deeper understanding and to nd
a suitable replacement for conventional cathode materials.
Specically, insights concerning the interaction of air and water
with oxide surfaces and how oxide surface chemistry inuences
their functionality are much needed.

In this contribution, using density functional theory (DFT)
based computations, we illustrate the interaction mechanisms
of moisture with the (La, A)MnO3 (001) surfaces (A¼ Ca, Sr, and
Ba) with/without the presence of oxygen vacancies. The DFT
results explain and support the experimental ndings that the
cathodic bias accelerates the surface segregation due to
formation of oxygen vacancies. In addition, we have also
studied the role of different A-site dopants on the surface
chemistry. In the present work, it is observed that the dopants
tend to segregate to the surface over a wide range of T–pH2O

conditions and it is only at rather low pH2O and/or high T that
surface segregation is suppressed. Under these conditions, the
dopant prefers to remain in the bulk regions accompanied by
the appropriate number of charge compensating O vacancies.
The favorable agreement of the identied cationic surface
segregation behaviors for the chosen dopants with the available
experimental data is indicative of the usefulness of such rst-
principles thermodynamic approaches, which can be used next
to study other more involved and relevant situations (e.g.,
surface segregation of a larger variety of dopants in the presence
of moisture).15,16

Using atomic force microscopy (AFM), we further experi-
mentally conrm an enhancement in the segregation tendency
of dopants to the surface of LMO specimens in the presence of
moisture. AFM has previously been used for similar studies with
a range of fuel cell materials. In terms of topographic changes
due to processing as implemented here, the surface
5606 | J. Mater. Chem. A, 2016, 4, 5605–5615
development of Mn doped yttria-stabilized zirconia (YSZ) has
been analyzed recently upon thermal treatment in a tempera-
ture from 1250 �C to 1400 �C due to Mn dissolution.24 The
morphologies of various fuel cell electrodes have also been
studied, including Pt on Y stabilized zirconia, as a function of
annealing,25 and pre- and post-PA impregnation of carbon
electrodes loaded with precious metal nanoparticles.26 Func-
tional properties can be mapped as well with variations of AFM,
such as the electrostatic force or scanning surface potential
microscopy, to study work function variations in electrodes27 or
at interfaces for cross sectioned lanthanum strontium manga-
nite lms on YSZ.28 Potential gradients due to anionic oxygen
diffusion, with down to nanoscale variations related to grains
and grain boundaries, have even been observed at typical
operating temperatures for YSZ.29 More specic to lanthanum-
oxide systems, reversible and irreversible electrochemical
phenomena at distinct biases were reported for LaAlO3–SrTiO3

based on electrochemical strain microscopy.30 With scanning
tunneling microscopy and spectroscopy even ner spatial
resolution is achieved, resolving: activation polarization at 580
�C and 10�3 mbar oxygen pressure for cation-oxygen bonding
with La0.7Sr0.3MnO3 (LSM);31 Sr segregation, oxygen vacancy
formation, and the corresponding variations in the electronic
structure as a function of tensile and compressive strains via
LSM epitaxy on STO and LAO substrates, respectively;11 and
variations in the surface morphology and electronic structure of
shallow-angle cross-sections of La0.65Sr0.35MnO3/SrTi0.2Fe0.8O3

multilayers as a function of distance from the interfaces.32

Incorporating such experimental results, guided by theory, for
further renement of next-stage materials modeling and
discovery represents a clear opportunity for future research with
LMO and related functional materials systems.

2. Computational and model details

The DFT calculations were performed using the Vienna ab initio
simulation package (VASP) code,33–35 within Perdew–Burke–
Ernzerhof (PBE)36 generalized gradient approximation (GGA),
the projector-augmented wave approach, and a cutoff energy of
400 eV for the plane wave expansion of the wave functions.
Geometries were relaxed using a conjugate gradient algorithm
until the forces on all unconstrained atoms became smaller
than <0.03 eV Å�1. Appropriate Monkhorst–Pack k-point
meshes were considered to produce results with an energy
convergence of 0.5 meV per atom.

Owing to the fact that under SOFC operating conditions
LaMnO3 has a cubic structure (space group Pm3m) and Jahn–
Teller lattice deformation around manganese ions and the
related magnetic and orbital orderings may not be crit-
ical.12,13,21,37 Thus similar to previous studies, we construct our
surface models within the cubic (Pm3m) crystal
symmetry.12,13,21,37 The optimized lattice parameter of the bulk
cubic LaMnO3 (3.91 Å) is slightly overestimated with respect to
the available experimental results (3.89 Å).38 The overestimation
of lattice parameters is also observed in earlier DFT based
studies39,40 and can be explained in terms of formation of the
high spin state of Mn.
This journal is © The Royal Society of Chemistry 2016
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In this work, we restrict our consideration to the (La, A)O
terminated (001) surfaces, which are energetically the most
stable under typical SOFC operational conditions.12,13,21,37 Aer
considering the tradeoff between the energetic convergences
and associated computational time, we adopted a 2 � 2 surface
supercell with 5-layer stoichiometric slabs of (La, A)O-termina-
tion (001) surfaces, as shown in Fig. 1. It is worth mentioning
that the difference between segregation energies computed
using 3 � 2 and 2 � 2 surface supercells, with 5-layer and 9-
layer (La, Sr)O-terminated slabs was negligible (<0.01 eV),
indicating that the (2 � 2) surface supercell size is within the
scope of the present study. Moreover, the (2 � 2) surface
supercell size has been reported to be sufficient enough in other
studies.41–43 Here, one La atom is substituted at a time with Ca,
Sr or Ba, either in the central LaO plane (bulk region), or in the
surface LaO plane, corresponding to a dopant concentration of
�7.4%. The slabs are separated by a vacuum spacing of 16 Å,
chosen by testing the variation in total energy with vacuum
distance and the decay of the local potential away from the
surfaces. In LSM under SOFC operating conditions, a low
concentration of oxygen vacancies is expected.44 Therefore, to
study the effect of the oxygen vacancy (Ovac) on the surface
segregation, one Ovac is considered at the adjacent site (rst
neighboring position) of the dopant.44 In the presence of
cationic vacancies, the oxygen vacancies are predicted to be
predominant to maintain the charge neutrality. Hence, in the
present work we have excluded the cationic vacancies.
Fig. 1 Schematic portraying various scenarios considered in the present s
the bulk region. (b) Dopant (A) segregation to the surface. (c) Top-view o
the water adsorption. (d) Interaction of water with (La, A)O-terminated (0
dissociative adsorption of water molecules on the surfaces. (f) The two
Table 1 are also labeled.

This journal is © The Royal Society of Chemistry 2016
A deeper understanding of the inuence of ‘real-world’
atmospheric conditions encountered by the perovskite oxide
surfaces is much needed to improve upon the existing cathode
materials as well as to design new materials with enhanced
catalytic functionality for various technological applications
including SOFCs. Here, to get insights into the surface chemistry
under SOFC operating conditions we aim to address the
following questions: (i) what are the effects ofmoisture on cation
segregation on perovskite oxide surfaces. In other words, does
the presence of moisture on the surface suppresses or enhances
the tendency for segregation of different dopants? (ii) How
strongly does the surface prefers to have oxygen vacancies and
how does the presence of oxygen vacancies affects the surface
chemistry of cathode materials. (iii) What is the preferred reac-
tion mechanism on the surface to have oxygen vacancies in the
presence of moisture? (iv) Does a larger variety of dopants affect
the surface segregation in the presence of moisture? For
instance, if the presence of water molecules on the surface
suppresses the cationic segregation, then the dopant will prefer
to remain in the bulk region and the surface chemistry will not
depend on the choice of dopants. In this situation, it is fair to
consider the slab as a pure LaO-terminated slab and the energy
associated with the adsorption of the H2O molecules on the
clean surface will be the binding energy (EBE) of H2O molecules.
On the other hand, if the presence of water molecules on the
surface enhances the cationic segregation then the surface
chemistry will largely be governed by the choice of dopants.
tudy. (a) One La atom is substituted with a dopant (A¼ Ca, Sr and Ba) in
f high-symmetry sites offered by the LaO-terminated (001) surface for
01) surfaces when the slab is exposed to a pure H2O reservoir. (e) The
adjacent hydroxyl groups are shown, atoms discussed in the text and

J. Mater. Chem. A, 2016, 4, 5605–5615 | 5607
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The scenario when the LaO-terminated slab of La(A)MnO3 (A
¼ Ca, Sr and Ba) is exposed to the pure H2O reservoir is por-
trayed in the schematic shown in Fig. 1. Here, the reference
system is shown in Fig. 1a, where one La atom is substituted by
one A atom (A ¼ Ca, Sr and Ba) in the bulk region of LaO-
terminated slab. From our past experience,44 we know that in
La(A)MnO3 dopants have a natural tendency to segregate
towards the surface. In this situation, thermodynamically, the
whole process can be represented in two parts (i) rst the
dopant segregates to the surface (segregation energy, ESeg) as
shown in Fig. 1b and (ii) then interaction of H2O molecules on
the doped surface takes place (binding energies of the H2O
molecules to the doped surface, EBE), see Fig. 1d–f. Here, to
capture the zero to full (100%) water coverage, we have varied
the number of water molecules from zero to four on the 2 � 2
(La, A)O terminated (001) surfaces.
3. Experimental details

To support the DFT study, we have thermally treated LSM in
atmospheric air and 20% H2O containing air at 800 �C for 50
hours. The experiment has been conducted in 20% H2O to
accelerate the segregation effect, if any, to identifying above the
AFM resolution limit. The surface topography of the (La, A)
MnO3 (A ¼ Ca, Sr and Ba) specimens was imaged with atomic
force microscopy (AFM). The commercial instrument (Asylum
Research, MFP3d) was used in an AC mode with standard
probes (AC160TS) exhibiting a �380 kHz resonance frequency,
spring constant of 42 N m�1, and <10 nm radius of curvature at
the apex. Representative 5 mm and 1 mm images are included
herein, with 256 � 256 pixel resolution in order to resolve �20
and 4 nm features, respectively. Scan rates were xed at 0.5 Hz,
with common imaging gain settings of �10 and an AC-ampli-
tude feedback set-point of �0.5 V (1/2 of the cantilever's free
amplitude of 1 V). Images presented in the paper include both
topography, as well as the simultaneously acquired AC ampli-
tude (the feedback channel, essentially a derivative of the
surface and hence particularly effective for identifying ne
feature edges). In this manner, AFM is used to monitor the
development of protruding islands of segregates that are
hypothesized and calculated to develop at the surface of speci-
mens with a certain composition and processing conditions.
4. Results and discussion

Following the processes shown in Fig. 1a–f, rst we carried out
systematic DFT calculations for all conceivable (La, A)O termi-
nated (001) slab species with surface- or bulk-substitution of
one La atom with one A atom (A ¼ Ca, Sr and Ba).
A. Cation segregation

The segregation energy, ESeg, can be dened as

ESeg ¼ EDSurf
nOvac

� EDBulk
nOvac

(1)

where EDSurf
nOvac

and EDBulk
nOvac

are the DFT total energies of the system
with one dopant at the surface and the bulk, respectively. nOvac

is
5608 | J. Mater. Chem. A, 2016, 4, 5605–5615
the number of oxygen vacancies, in the present work which is
either zero or one.

The segregation energy, dened as the energy difference
between the horizontal lines (Fig. 2) corresponding to the bulk
and surface dopant situations, is�0.04,�0.17 and�0.26 eV per
atom, respectively, for Ca, Sr and Ba, which is in favorable
agreement with the available experimental5,8 and ab initio
results.5 It is noteworthy that beyond a certain dopant cation
concentration, segregation may lead to the formation of new
phases, which in fact has been seen in experiments.5
B. Effects of moisture

(i) Active adsorption sites. Owing to the fact that dopants
considered here tend to segregate to the surface,10,11,45 all
surfaces adopt La(A)O-termination (A ¼ Ca, Sr and Ba). The
interaction of H2O with La(A)O-terminated (001) surfaces is
investigated using adsorbate–slab calculations. It is well known
that surface adsorption processes are affected by surface active
sites. In the present work, using a (2 � 2) surface unit cell and
water coverage of 0.25 monolayer (ML), which is equivalent to
one water molecule per unit cell on the considered La(A)O-
terminated (001) slab. We studied various congurations of the
water molecule on the stoichiometric La(A)O-terminated (001)
surfaces. Particularly the La(A)O-terminated (001) surfaces are
optimized by placing one water molecule at various active sites,
including “La on-top”, “3-fold”, “O-top”, “La–La/(A) bridge”, and
“O–O bridge” sites. A schematic top view of these high-
symmetry sites offered by the LaO terminated (001) surface for
the water adsorption geometry is depicted in Fig. 1c. Moreover,
for each adsorption site two orientations are considered; in one
the hydrogen atoms are parallel to the surface whereas in the
other the hydrogen atoms are perpendicular to the surface.

(ii) Adsorption of water. As illustrated in Fig. 1e and f, the
La(A)O-terminated (001) surface prefers the dissociative
adsorption of water molecules where a water molecule disso-
ciates into two adjacent hydroxyl groups. This can be sche-
matically represented by the chemical equation H2O + O2� /

2OH�. In this geometry the molecular H2O breaks into a H+ and
an OH� group that binds to a surface O ion and at the mid-
distance (bridge site) between two La ions, respectively.46 As is
depicted in Fig. 1e, at the La–La bridge site (between two surface
La cations) the O1 and H1 atoms form the rst hydroxyl group.
The bond length of free OH (distance between O1 and H1) is
found to be 0.97 Å, invariant to the choice of dopants. In fact,
for other oxide (001) surfaces i.e. LaMnO3, BaTiO3,47 and SrTiO3

(ref. 41 and 48) the free OH bond length resulting from water
molecule dissociation is found to be 0.97 Å. The split-offH+ (H2
in Fig. 1e) atom of the dissociated water molecule attracts and
lis the lattice oxygen anion (O2 in Fig. 1e) out of the surface
plane to form the second hydroxyl group. Moreover, the two
hydroxyl groups are tilted toward each other, suggesting the
formation of a hydrogen bond. Selected bond distances in the
dissociated adsorption geometry at the LaO-terminated (001)
surface are listed in Table 1 and compared with other available
perovskite oxide (001) surface bond lengths. For the energeti-
cally most favorable geometry of water adsorbed on the La(A)O
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Energetics as a function of the H2O chemical potential for the dissociative adsorption of water molecules on the La(A)O-terminated (001)
surface, where A is (a) Ca, (b) Sr, and (c) Ba. Different colors correspond to different water coverages. The dash and solid lines correspond to the
situation where the dopant is in the bulk or surface region, respectively. To capture the surface chemistry under SOFC operating conditions, the
dependence of the H2O chemical potential in the gas phase is translated into the pressure scales at 1000 K and 1300 K. In the inset of (a), the
widths of the highlighted parts in black and red indicate the segregation energy in the absence and presence of water (with Ovac), respectively. In
(a–c), the shaded part in blue represents the region above the H2O-rich limit, it sets an upper boundary to the chemical potential of water at the
experimental critical point.41
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surfaces, the top layer can be seen as chemically modied into
a layer of dopant hydroxides since it forms a composition
A(OH)2. Both hydroxyl groups are hydrogen bonded to each
other. Available computational and experimental studies
provide signicant evidence for the surface hydroxylation on
the AO-terminated (001) surfaces. For example in the presence
of water the top most layers of the AO-terminated (001) surfaces
of BaHfO3,46 BaZrO3,46 SrTiO3,41,49–51 BaTiO3,47 SrMO3 (M ¼ Ti,
Zr, and Hf)52 LaNiO3,53 and double perovskite oxides A2-
FeMoO6�d (A ¼ Ca, Sr and Ba)54 are found to be hydroxylated
conrming the formation of A(OH)2 and both OH were
hydrogen bonded to each other. Moreover, surface hydroxyl-
ation is also experimentally observed for SrTiO3, and the
adsorption of water on TiO2- and SrO-terminated domains,
attributed to surface hydroxylation, was experimentally
measured for a range of water exposures.49–51

The 0 K binding energies, EBE, associated with various
dissociative adsorption congurations of water molecules are
calculated as

EBE ¼ E
DSurf

fnH2O
;nOvacg � E

DSurf

fnOvacg � nH2O � EH2O (2)
Table 1 Selected bond distances in the dissociated adsorption
geometry at the LaO-terminated (001) surface (in Å). The labels for the
individual atoms are defined in Fig. 1f

SrTiO3 (ref. 41) LaMnO3

La(A)MnO3

Ca Sr Ba

H1–O1 0.97 0.97 0.97 0.97 0.97
H2–O2 1.01 1.03 1.05 1.05 1.03
H2–O1 1.6 1.49 1.43 1.46 1.52
O1–A 2.59 2.74 2.49 2.61 2.75

This journal is © The Royal Society of Chemistry 2016
here, EDSurf
fnH2O;nOvac g is the total energy of the doped surface covered

with dissociated water molecules, EDSurf
fnOvac g is the total energy of

the doped surface, and nOvac
is the number of oxygen vacancies

which is either zero or one in the present work. EH2O is the DFT
total energy of an isolated H2O molecule. EH2O is calculated in
a 20 � 20 � 20 Å supercell resulting in an optimized OH-bond
length of 0.99 Å which is found to be compared well with the
available theoretical (0.99 Å)41 and experimental (0.96 Å)55,56

values. Here, all zero-point energies are neglected under the
assumption that entropic contributions from the solids to the
free energy difference are insignicant.57

(iii) Surface phase diagram. Now, with the assumption that
the (La, A)MnO3 (001) surfaces (A ¼ Ca, Sr, and Ba) are exposed
to a water vapor reservoir, we combine the energetics of
adsorbed water (zero to full coverage) on the La(A)O-surfaces
within a rst-principles atomistic thermodynamics framework.
In this approach, we assume the surface to be in equilibrium
with the surrounding water vapor environment characterized by
a chemical potential mH2O. So far, eqn (2) that represents the
DFT total energy based 0 K binding energetics does not account
for the temperature (T) and pressure (pH2O) dependence of the
H2O chemical potential, mH2O(T,pH2O), which can be written as

mH2O

�
T ; pH2O

� ¼ EDFT
H2O

þ DmH2O

�
T ; pH2O

�
(3)

where, DmH2O(T,pH2O) is the variation of the H2O chemical
potential due to the temperature and pressure of the
surrounding water vapor atmosphere.

Aer including T and pH2O dependence of the H2O chemical
potential, eqn (2) can be written as

EBE ¼
h
E

DSurf

fnH2O
;nOvacg � E

DSurf

fnOvacg � nH2O � EDFT
H2O

i
� nH2O

� DmH2O

�
T ; pH2O

�
(4)
J. Mater. Chem. A, 2016, 4, 5605–5615 | 5609
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Fig. 3 Energy profile of the possible water dissociation mechanisms
on the Ovac defected La(A)O-terminated slab, here A is Ca, Sr and Ba.
The different considered mechanisms are: (i) OH from the La–La
bridge site (between two surface La cations) occupies the Ovac site, (ii)
OH remains at the La–La bridge site with the Ovac in the neighborhood
of the dopant and (iii) the oxygen atom dissociates from H2O and
occupies the Ovac site. Possibilities for water dissociation mechanisms
on the O deficient La(A)O-terminated slab are also shown. La, Mn, O, H
and A atoms are shown in blue, purple, cyan, orange and brown,
respectively.
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In eqn (4), the last term accounts for the T and pH2O depen-
dence, which includes contributions from the translational,
rotational and vibrational degrees of freedom of the H2O
molecule, and can be determined via statistical thermody-
namics or from thermochemical JANAF Tables.58 Using the
results of our ab initio computations the phase diagrams
showing the interaction of water molecules with different La(A)
O-terminated (001) surface coverage congurations are por-
trayed in Fig. 2.

Fig. 2(a–c) summarize the surface energetics as a function of
the H2O chemical potential for the dissociative adsorption of
a range of water coverages on the La(A)O-terminated (001)
surface, where A is Ca, Sr, and Ba. In Fig. 2, the dash and solid
lines correspond to the situation where one La atom is
substituted with one dopant (A ¼ Ca, Sr, and Ba) in the bulk or
in the surface region, respectively. On the energy scale the
difference between these two lines is the segregation energy,
ESeg, as described in eqn (1). It is evident from Fig. 2(a–c) that
with the increasing ionic size mismatch between the dopant
and host cations, ESeg increases. The ionic radius of Ca (1.34 Å)
is almost identical to that of La (1.36 Å), correlating well with
the very small surface segregation energy. In fact, recent
experiments conrm that the Ca-doped LaMnO3 lms showed
a relatively smaller amount of dopant segregation than the Sr-
doped variety.5 While in the case of Sr (1.44 Å) and Ba (1.61 Å)
a larger surface segregation is observed. With increasing ion
size, Ca < Sr < Ba, the increase in surface segregation energies
provides an indication that the ion size is one of the dominating
factors which control the surface segregation. Another impor-
tant factor which plays a crucial role in determining the stability
and the host site of a dopant is the mismatch of the oxidation
states59 between the dopant with respect to the host atom. In the
present case, the oxidation state is not critical as the nominal
oxidation state of all the three considered dopants (Ca, Sr, and
Ba) is +2. Thus, the observed variation in surface segregation is
primarily dominated by the size mismatch between the dopant
(Ca, Sr, and Ba) and host cations (La).

Next, we address the effect of water on the surface segrega-
tion energy results and trends on the type of dopant. To capture
the surface chemistry under SOFC operating conditions, the
dependence of the H2O chemical potential in the gas phase is
translated into the pressure scales at 1000 K and 1300 K. In
Fig. 2, the shaded part represents the regions above the H2O-
rich limit, i.e., it sets an upper boundary for the chemical
potential of water at the experimental critical point and the
present approach assuming equilibrium with water vapor is no
longer strictly applicable.41,60 In the region where the chemical
potential of mH2O is high, the water coverage of 1 ML is most
stable, which is far away from the conditions considered during
the experiments.61,62 As we move towards the region where the
chemical potential of mH2O is low, the hydroxylated geometries
become increasingly less favorable. Furthermore, the water
absorption increases for higher water partial pressures, which is
found to be in agreement with the available experimental
results on strontium-doped lanthanum cobaltite.63

With increasing ion size, Ca (above mH2O ¼ �2.8) < Sr (above
mH2O ¼ �2.5) < Ba (above mH2O ¼ �1.8), the surface remains
5610 | J. Mater. Chem. A, 2016, 4, 5605–5615
signicantly enriched with the dopants. Moreover, the phase
diagrams shown in Fig. 2 also indicate that near ambient
pressure conditions (1 atm), at a higher temperature (1300 K),
the surface segregation of dopants with the ion size similar to
the host atom (Ca and Sr) is not affected by the surrounding
environment. Under similar pressure conditions (1 atm),
segregation of dopants with a larger ionic size (Ba) is favored
even at 1000 K. The primary insight that emerges from this
study is that the cation size dominates the segregation
tendency.

(iv) Oxygen vacancy. Next, we made an attempt to under-
stand the role of oxygen vacancy (Ovac) on the surface segrega-
tion under humid conditions. To portray this, we considered
several congurations of the O vacancy in the vicinity of the
dopant in the above-described model. From our past experi-
ence, we know that the lowest-energy site occurs in the adjacent
site (rst neighboring position) of the dopant.44,59 In the pres-
ence of Ovac the segregation energy, ESeg, (shown in Fig. 1a and
b) is calculated as the energy difference between the total
energies corresponding to the bulk and surface dopant situa-
tions with an Ovac in the neighborhood. Binding energies (EBE)
are calculated for all thermodynamically possible water mole-
cule dissociation mechanisms that the La(A)O-terminated (001)
surface with Ovac can adopt. The energy prole of possible water
molecule dissociation mechanisms on the O decient La(A)O-
terminated slab is plotted in Fig. 3. The considered mecha-
nisms are: (Case 1) OH from the La–La bridge site (between two
surface La cations) occupies the Ovac site, (Case 2) OH remains
at the La–La bridge site with the Ovac in the neighborhood of the
dopant and (Case 3) the oxygen atom dissociates from H2O and
occupies the Ovac site. Here onwards, these dissociation mech-
anisms are further referred as Case 1, Case 2 and Case 3,
respectively. Our self-consistent DFT total energy based energy
prole indicates that among the considered dissociation
mechanisms the increasing order of stability is Case 1 > Case 2 >
This journal is © The Royal Society of Chemistry 2016
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Case 3. The calculated most favorable water adsorption geom-
etry on the La(A)O-terminated (001) surfaces is Case 3, where
the vacancy site is occupied by the oxygen atom dissociated
from the H2O molecule. The remaining H2 molecule is weakly
bound to the surface with the total energy increasing by 0.1 eV
with the removal of the molecule from the surface. In Table 2,
all the calculated adsorption energies (in eV) for possible water
molecule dissociation mechanisms on the La(A)O-terminated
(001) surfaces with the Ovac in the neighborhood of the dopant
are tabulated. It is observed that our calculated adsorption
energies, reported in Table 2, indeed show good agreement with
the available values of the SrO-terminated (001) surface.48

In light of these results, we revisit the surface phase diagram
in Fig. 2. The phase diagram reveals that the most notable effect
of hydrogenation is to stabilize the surface over a wide range of
T–pH2O conditions. It is only at rather low pH2O pressures and/or
high T that the effect of moisture is suppressed. For the T–pH2O

conditions that SOFC systems encounter, such as 1 to 10�6 atm
(for both choices of T), a surface segregation devoid of Ovac is
favored. Fig. 2(a–c) also depict that in the high chemical
potential region, the tendency of the cations to segregate
towards the surface not only depends on the size of the dopant
but also depends on the surrounding chemical environment as
well as on the presence of the defects on the surface. In the
insets of Fig. 2(a–c), we have zoomed into the low chemical
potential region (H2O-poor region) of the phase diagram. The
widths of the highlighted parts in black and pink indicate the
segregation energy in the absence and presence of moisture,
respectively (see the insets of Fig. 2(a–c)). Under SOFC operating
conditions (such as 1 to 10�6 atm for both choices of T) with the
increasing cation size the presence of moisture (devoid of O
vacancies) has less effect on the surface segregation, as depicted
in Fig. 2(a–c). However, under similar conditions the low
concentration of Ovac is found to be capable of stabilizing
a nonstoichiometric surface terminated by either hydroxyl
groups or water like species. The present nding is analogous to
the observations made for various oxide surfaces i.e. a-Al2O3

(0001),64 and RuO2 (110).60 Furthermore, experimental studies
also suggest that at high T and low pH2O pressures, OH coverage
diminishes and surface hydroxide species become more
Table 2 Calculated adsorption energies (in eV) for water molecule
dissociation mechanisms on the La(A)O-terminated (001) surfaces
with the Ovac in the neighborhood of the dopant. The considered
mechanisms are: (Case 1) OH from the La–La bridge site (between two
surface La cations) occupies the Ovac site, (Case 2) OH remains at the
La–La bridge site with the Ovac in the neighborhood of the dopant and
(Case 3) the oxygen atom dissociates from H2O and occupies the Ovac

site

Dissociation
mechanisms SrTiO3 (ref. 41) LaMnO3

a

La(A)MnO3
a

Ca Sr Ba

Case 1 �1.26 �1.63 �1.38 �1.29
Case 2 �1.64 �1.70 �1.52 �1.52
Case 3 �2.71 �2.86 �2.55 �2.58 �2.60

a Present work.

This journal is © The Royal Society of Chemistry 2016
pronounced.63 In addition, possibly protonated superoxide or
peroxide absorbates are formed which could enhance the
oxygen coverage with intermediated species. In a similar
material namely strontium doped lanthanum carbonate (LSC),
XPS analysis indicates that the accelerated degradation rate in
the presence of moisture originates from an increased change
of the surface cation composition.63

Another possibility is that the oxygen vacancy concentration
may increase during the hydration, which has not been
considered in the present study. It is observed that cathodic bias
during the SOFC operation accelerates the extent of surface
segregation. Cathodic bias increases the oxygen vacancy in the
LSM bulk and the surface and subsequent surface segregation.
Both Fig. 2 and 3 conrm that under humid environments the
surface chemistry of La(A)O-terminated surfaces with defects is
largely governed by oxygen vacancies and the dopant shows
a tendency for segregation.

(v) Atomic force microscopy measurements. In support of
the DFT study, we have prepared LSM samples by sintering in
air at 1200 �C for 2 hours for morphological investigations by
AC-mode AFM. Aer thermally treating half of these specimens
in atmospheric air at 800 �C for 50 hours, topographic grain
boundary grooving as deep as�200 nm, as well as nano-down to
atomic-scale steps, develop as expected (Fig. 4A). Multiple ne
terraces are especially visible at the bottom right of the simul-
taneously acquired AFM-amplitude image in Fig. 4B, which
highlights the feature edges as shown. Technically such
amplitude images convey amplitude deviations during the
scanning of the tapping AFM probe from a nominal amplitude
in free air (Ao) of approximately 50 nm. The grain surfaces
themselves are essentially featureless, however, as is evident in
the higher magnication (1 mm) and ner contrast scale images
of Fig. 4C and D. Fine particles are nevertheless visible hetero-
geneously scattered on the LSM surface, which are not visible
for the un-annealed specimens (not shown for brevity),
Fig. 4 AFM images of the LSM surface sintered in air: 5 mm topography
(A) and amplitude (B) images, and 1 mm topography (C) and amplitude
images (D).

J. Mater. Chem. A, 2016, 4, 5605–5615 | 5611
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suggesting an occasional formation of second phases for
segregants even in these moderate (atmospheric air) annealing/
sintering.

Identically prepared LSM specimens were also exposed to
20% H2O, again at 800 �C for 50 h, causing two important
modications to the surface morphology. First, a higher density
and greater homogeneity of atomic steps become apparent,
even in large scale topographic images (Fig. 5A). Second, closer
inspection (Fig. 5C) reveals numerous uniformly distributed
particles at the surface that did not develop without the pres-
ence of moisture during annealing. A previous study identies
such particles as SrO/Sr(OH)2.4 Again, the edges of these various
ne features are accentuated in the AFM amplitude images
(Fig. 5B and D), which as shown in Fig. 4 indicate amplitude
variations from a nominal free amplitude of �50 nm. Notably,
the scales in Fig. 4 and 5 for panels A–D, respectively, are
identical for direct comparison, emphasizing the extensive
differences in the surface evolution as a function of exposure
without or with 20% H2O.

The chemical formula of the LSM specimens is nominally
(La0.8Sr0.2)0.98MnO3. For strontium doped lanthanum manga-
nite (LSM), as well as undoped LaMnO3, oxygen non-stoichi-
ometries including both excess and deciency of oxygen have
been observed for the temperature and oxygen pressures
considered theoretically and experimentally, cation vacancies
(oxygen excess) would be predominant if the LSM was not A-site
decient.65–68 For A-site decient LSM as investigated herein,
oxygen vacancies are predicted to be predominant to maintain
charge neutrality. In a previous study,4 we showed that the
surface segregation decreases in the presence of oxygen vacan-
cies when sintered in air (800 �C, 0.21 atm pO2

). But in the
presence of 20% H2O–air at 800 �C, the DFT calculations and
the direct AFM observations in Fig. 5 conrm surface segrega-
tion as compared to that under atmospheric air conditions
(Fig. 4).
Fig. 5 AFM images of the LSM surface aged at 800 �C for 50 hours in
20% H2O containing air: 5 mm topography (A) and amplitude (B)
images, 1 mm topography (C) and amplitude (D) images.

5612 | J. Mater. Chem. A, 2016, 4, 5605–5615
5. Limitations of the present work

It is noteworthy that moisture is only one of the performance-
limiting factors. Even for this case, the present work considered
only the thermodynamics of the process. Other crucial factors,
such as the inuence kinetics, other degradation mechanisms,
etc., were excluded. This suggests that a more complex picture,
involving surface species (hydroxide, superoxide, peroxide, etc.)
or coverage effects (the surface oxygen vacancy concentration,
molecular absorbates, hydration and related intermediate
species), may arise at higher temperatures and higher coverage.
The aim of this study, however, is to investigate the role and
reactivity and effect of moisture on catalytic functionality of
cathode materials in SOFCs. Secondly, in our computational
study we do not consider the effect of the support, which
certainly is not negligible; however, the dependence of the
energetics of the cationic segregation process on the properties
of the cathode alone is better revealed by the approach adopted
here.

For strongly correlated systems, due to the errors associated
with the on-site Coulomb and exchange interactions,69 the
standard DFT is not enough to estimate the electronic structure
for strongly correlated systems such as late transition metal
oxides70,71 and rare-earth compounds.72,73 However, in the
particular case of LaMnO3, the adsorption energy difference
between DFT and DFT+U levels for the O2–LaMnO3 species is
within the uncertainty of the DFT methods (�less than 0.05
eV).74 Even in the present study, the theoretical predictions for
the interaction of isolated water molecules on perovskite oxide
surfaces is consistent with the experimental observations for
this system, which indicates that the theory at the standard
DFT-level qualitatively captures a reasonable description of the
surface chemistry.
6. Conclusions

To summarize, we provide a comprehensive picture of the
impact of various dopants on the surface cation chemistry of
doped (La, A)MnO3 (A ¼ Ca, Sr and Ba), as well as the effect of
moisture under SOFC operating conditions, by combining DFT
calculations and atomic force microscopy measurements.
Specically, cation segregation towards the surface in the
presence of moisture is investigated using the rst-principles
thermodynamics approach. Our computational study suggests
that for a humid environment with (La, A)O-terminated (001)
surfaces, the dissociative adsorption of water molecules is
energetically favored. The covalently unsaturated surface
terminal oxygen atom attracts one of the hydrogens from
a water molecule via the strong H-bond, with the water molecule
breaking into a H+ and an OH� group. DFT predicts that the
presence of such moisture enhances the tendency for cation
segregation, which is further conrmed with the atomic force
microscopy of (La, A)MnO3 specimens exposed to various
environmental conditions. Based on theory, the surface should
remain signicantly enriched with the dopants under all real-
istic operating conditions for fuel cells, a tendency that is
This journal is © The Royal Society of Chemistry 2016
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qualitatively unaffected by the dopants or the specic T–pH2O

conditions.
Based on DFT we also propose an interaction mechanism of

moisture with the (La, A)MnO3 (001) surfaces (A ¼ Ca, Sr, and
Ba) with and without the presence of oxygen vacancies. The
interplay of moisture and Ovac at a surface modulates the
cationic surface segregation, causing degradation in catalytic
activity at the surface. This complex predicted scenario also
suggests that the surface prefers to exhibit oxygen vacancies,
which signicantly accelerate cation segregation even further
and thereby affect the surface chemistry of cathode materials.
This is consistent with the reported experimental studies that
a cathodic bias increases oxygen vacancies in the (La, Sr)MnO3

bulk corresponding to the surface segregation. Furthermore,
a similar approach can also be adopted to understand the
durability of lanthanum strontium cobalt ferrite ((La0.60-
Sr0.40)0.95(Co0.20Fe0.80)O3�x) cathodes under SOFC operating
conditions.75

The present study thereby not only provides insights into
surface chemistry under ‘real-world’ chemical environments for
fuel cells, but also suggests approaches for designing new
materials with enhanced catalytic functionality for various
technological applications.
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diffraction study of dopant effects in La0.7X0.3MnO3 (X ¼
La, Sr, Ca, Ce) thin lms, J. Appl. Phys., 2013, 113, 063511.

39 S. A. Akhade and J. R. Kitchin, Effects of strain, d-band
lling, and oxidation state on the bulk electronic structure
of cubic 3d perovskites, J. Chem. Phys., 2011, 135, 104702.

40 H.-Y. Su and K. Sun, DFT study of the stability of oxygen
vacancy in cubic ABO3 perovskites, J. Mater. Sci., 2014, 50,
1701–1709.

41 H. Guhl, W. Miller and K. Reuter, Water adsorption and
dissociation on SrTiO3 (001) revisited: A density functional
theory study, Phys. Rev. B: Condens. Matter Mater. Phys.,
2010, 81, 155455.

42 G. Pilania and R. Ramprasad, Adsorption of atomic oxygen
on cubic PbTiO3 and LaMnO3 (001) surfaces: A density
functional theory study, Surf. Sci., 2010, 604, 1889–1893.

43 G. Pilania, P. X. Gao and R. Ramprasad, Establishing the
LaMnO3 Surface Phase Diagram in an Oxygen
Environment: An Ab Initio Kinetic Monte Carlo Simulation
Study, J. Phys. Chem. C, 2012, 116, 26349–26357.

44 V. Sharma, M. K. Mahapatra, P. Singh and R. Ramprasad,
Cationic surface segregation in doped LaMnO3, J. Mater.
Sci., 2015, 50, 3051–3056.

45 Y. A. Mastrikov, R. Merkle, E. Heifets, E. A. Kotomin and
J. Maier, Pathways for Oxygen Incorporation in Mixed
Conducting Perovskites: A DFT-Based Mechanistic Analysis
for (La, Sr)MnO3�d, J. Phys. Chem. C, 2010, 114, 3017–3027.

46 A. V. Bandura, R. A. Evarestov and D. D. Kuruch, Hybrid HF–
DFT modeling of monolayer water adsorption on (001)
surface of cubic BaHfO3 and BaZrO3 crystals, Surf. Sci.,
2010, 604, 1591–1597.

47 G. Geneste and B. Dkhil, Adsorption and dissociation of H2O
on in-plane-polarized BaTiO3 (001) surfaces and their
relation to ferroelectricity, Phys. Rev. B: Condens. Matter
Mater. Phys., 2009, 79, 235420.

48 J. D. Baniecki, M. Ishii, K. Kurihara, K. Yamanaka, T. Yano,
K. Shinozaki, T. Imada and Y. Kobayashi, Chemisorption of
water and carbon dioxide on nanostructured BaTiO3–SrTiO3

(001) surfaces, J. Appl. Phys., 2009, 106, 054109.
49 G. Charlton, S. Brennan, C. A. Muryn, R. McGrath,

D. Norman, T. S. Turner and G. Thornton, Surface
relaxation of SrTiO3 (001), Surf. Sci., 2000, 457, L376–L380.

50 N. V. Krainyukova and V. V. Butskii, Evidence for a low-
temperature phase transition on the SrTiO3 (001) surface,
Surf. Sci., 2000, 454–456, 628–633.

51 Y. Chen, N. Pryds, J. E. Kleibeuker, G. Koster, J. Sun,
E. Stamate, B. Shen, G. Rijnders and S. Linderoth, Metallic
and Insulating Interfaces of Amorphous SrTiO3-Based
Oxide Heterostructures, Nano Lett., 2011, 11, 3774–3778.
This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c6ta00603e


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
7 

M
ar

ch
 2

01
6.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
on

ne
ct

ic
ut

 o
n 

21
/0

4/
20

16
 1

8:
30

:5
4.

 
View Article Online
52 R. A. Evarestov, A. V. Bandura and E. N. Blokhin, The water
adsorption on the surfaces of SrMO3 (M ¼ Ti, Zr, and Hf)
crystalline oxides: quantum and classical modelling, J.
Phys.: Conf. Ser., 2007, 93, 012001.

53 W. G. Hardin, D. A. Slanac, X. Wang, S. Dai, K. P. Johnston
and K. J. Stevenson, Highly Active, Nonprecious Metal
Perovskite Electrocatalysts for Bifunctional Metal–Air
Battery Electrodes, J. Phys. Chem. Lett., 2013, 4, 1254–1259.

54 H. Falcon, Double perovskite oxides A2FeMoO6 (A ¼ Ca, Sr
and Ba) as catalysts for methane combustion, Appl. Catal.,
B, 2004, 53, 37–45.

55 P. A. Thiel and T. E. Madey, The interaction of water with
solid surfaces: Fundamental aspects, Surf. Sci. Rep., 1987,
7, 211–385.

56 M. Henderson, The interaction of water with solid surfaces:
fundamental aspects revisited, Surf. Sci. Rep., 2002, 46, 1–
308.

57 J. Rogal, K. Reuter and M. Scheffler, CO oxidation at Pd(100):
A rst-principles constrained thermodynamics study, Phys.
Rev. B: Condens. Matter Mater. Phys., 2007, 75, 205433.

58 D. R. Stull and H. Prophet, JANAF Thermochemical Tables,
Natl. Bur. Stand. Ref. Data Ser., Natl. Bur. Stand, US, 2nd
edn, 1971.

59 V. Sharma, G. Pilania, G. A. Rossetti, K. Slenes and
R. Ramprasad, Comprehensive examination of dopants
and defects in BaTiO3 from rst principles, Phys. Rev. B:
Condens. Matter Mater. Phys., 2013, 87, 134109.

60 Q. Sun, K. Reuter and M. Scheffler, Effect of a humid
environment on the surface structure of RuO2 (110), Phys.
Rev. B: Condens. Matter Mater. Phys., 2003, 67, 205424.

61 K. Iwahori, S. Watanabe, M. Kawai, K. Kobayashi, H. Yamada
and K. Matsushige, Effect of water adsorption on
microscopic friction force on SrTiO3 (001), J. Appl. Phys.,
2003, 93, 3223.

62 H. S. Kato, S. Shiraki, M. Nantoh and M. Kawai, Water
reaction on SrTiO3 (001): promotion effect due to
condensation, Surf. Sci., 2003, 544, L722–L728.

63 J. H. Joo, R. Merkle and J. Maier, Effects of water on oxygen
surface exchange and degradation of mixed conducting
perovskites, J. Power Sources, 2011, 196, 7495–7499.

64 X.-G. Wang, A. Chaka and M. Scheffler, Effect of the
environment on a-Al2O3 (0001) surface structures, Phys.
Rev. Lett., 2000, 84, 3650.
This journal is © The Royal Society of Chemistry 2016
65 J. Nowotny and M. Rekas, Defect chemistry of (La, Sr)MnO3,
J. Am. Ceram. Soc., 1998, 81, 67–80.

66 J. H. Kuo, H. U. Anderson and D. M. Sparlin, Oxidation–
reduction behavior of undoped and Sr-doped LaMnO3

nonstoichiometry and defect structure, J. Solid State Chem.,
1989, 83, 52–60.

67 J. A. M. Van Roosemalen and E. H. P. Cordfunke, A New
Defect Model to Describe the Oxygen Deciency in
Perovskite-Type Oxides, J. Solid State Chem., 1991, 93, 212–
219.

68 J. A. M. Van Roosemalen and E. H. P. Cordfunke, The Defect
Chemistry of LaMnO3�d:3. The Density of (La, A)MnO3+d (A ¼
Ca, Sr, Ba), J. Solid State Chem., 1994, 110, 106.

69 V. I. Anisimov, F. Aryasetiawan and A. I. Lichtenstein, First-
principles calculations of the electronic structure and
spectra of strongly correlated systems: the LDA + U
method, J. Phys.: Condens. Matter, 1997, 9, 767–808.

70 Y.-L. Lee, J. Kleis, J. Rossmeisl and D. Morgan, Ab initio
energetics of LaBO3 (001) (B ¼ Mn, Fe, Co, and Ni) for
solid oxide fuel cell cathodes, Phys. Rev. B: Condens. Matter
Mater. Phys., 2009, 80, 224101.

71 A. Jain, G. Hautier, S. P. Ong, C. J. Moore, C. C. Fischer,
K. A. Persson and G. Ceder, Formation enthalpies by
mixing GGA and GGA + U calculations, Phys. Rev. B:
Condens. Matter Mater. Phys., 2011, 84, 045115.

72 M. Staruch, V. Sharma, C. Cruz dela, R. Ramprasad and
M. Jain, Magnetic ordering in TbMn0.5Cr0.5O3 studied by
neutron diffraction and rst-principles calculations, J.
Appl. Phys., 2014, 116, 033919.

73 V. Sharma, A. McDannald, M. Staruch, R. Ramprasad and
M. Jain, Dopant-mediated structural and magnetic
properties of TbMnO3, Appl. Phys. Lett., 2015, 107, 012901.

74 S. Suthirakun, S. C. Ammal, A. B. Muñoz-Garćıa, G. Xiao,
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