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Abstract The surface cation chemistry in (La, A)MnO3

(A = Ca, Sr and Ba) is investigated using first-principles

thermodynamics. We find that, all three dopants tend to

segregate to the surface over a wide range of T– pO2
condi-

tions and the tendency for segregation increases with the

increase in the dopant cationic size. Moving toward the low

oxygen pressure, dopants prefer to remain in the surface

regions accompanied by the appropriate number of charge

compensating oxygen vacancies. The situation when do-

pants remain in the bulk regions tends to occur close to the

thermodynamic conditions that also favor the decomposition

of LaMnO3. The present work serves as an important step

toward understanding of factors governing the cationic sur-

face segregation in doped LaMnO3 and opens a pathway to

study other important chemical environments (such as water-

and CO2-containing air) which are crucially given the fact

that the ‘real-world’ air enhances cationic segregation.

Introduction

Mixed metal perovskite oxides such as (La, A)MnO3 and

(La, A)CoO3 are commonly found in several catalytic and

electrochemical devices, for example, as cathodes in solid

oxide fuel cells (SOFCs) [1–4]. In these compounds, A is a

metal atom dopant (typically with lower valence than La)

that partially substitutes La atoms in the parent LaMnO3

and LaCoO3 materials. Under the prevailing oxygen-rich

and moisture-rich conditions that such oxides encounter in

typical SOFCs, preferential segregation of the A atoms to

the surfaces is commonly observed [3, 5–10]. This surface

segregation is detrimental to the overall performance as it

leads to reduced oxygen reduction activity and cathode

stability [1, 2]. The slow rate of oxygen reduction reaction

(ORR), which is generally agreed to be limited by the

surface exchange reactions on conducting cathodes,

imposes the main barrier for implementation of high-per-

formance SOFCs. To attain highly reactive and stable

cathode surfaces for fast ORR kinetics, it is important to

tailor the catalytic activity of transition metal oxide cath-

ode with a thorough knowledge of the surface composition

and structure at the atomic level. The structure and

chemistry are driven dynamically by the surrounding

environments at a given temperature–pressure conditions.

Although experimental [3, 5–10] and computational [3, 5,

8–13] studies have attempted to explain the cation segre-

gation, in terms of the formation of cation-containing

phases [14, 15], and charge compensation [6, 16], a

detailed study to determine the impact of ‘real-world’

conditions (e.g., T– pO2
conditions) on segregation is

required.

In the present contribution, we utilize a first-principles

thermodynamic analysis to assess (a) the tendency for M

atom surface segregation in (La, A)MnO3, with A being Ca,

Sr, and Ba dopants, (b) the effects of oxygen pressure

during annealing on the surface chemistry in typical

SOFCs operating conditions and (c) role of the oxygen

vacancy concentration. We assume that the (La, A)MnO3
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(001) surface is exposed to an oxygen reservoir, and

identify the temperature (T) and oxygen pressure (pO2
)

conditions that favor cationic surface segregation. The

concentration of oxygen vacancies that would accompany

such segregation (or lack thereof) was also explicitly

included in this treatment. We find that, while all three

dopants tend to segregate to the surface over a wide range

of T– pO2
conditions, the tendency for segregation is

directly related to the dopant cationic size. For the dopants

considered, it is only at rather low pO2
or high T (close to

conditions that favor LaMnO3 decomposition) 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 oxygen

vacancies. The favorable agreement of the identified cat-

ionic surface segregation behaviors for the chosen dopants

with available experimental data is indicative of the use-

fulness of such first-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) [14, 15].

Computational and model details

Our first-principles density functional theory (DFT) cal-

culations were performed using the Vienna ab initio sim-

ulation package (VASP) [17–19], with the electronic

exchange–correlation interaction treated within the gen-

eralized gradient approximation using the Perdew-Burke-

Ernzerhof semilocal functional [20]. The projector aug-

mented wave (PAW) method is used to describe the ionic

cores with a plane wave expansion cutoff of 400 eV.

Geometries were relaxed using a conjugate gradient algo-

rithm until the forces on all unconstrained atoms became

smaller than <0.03 eV/Å. Appropriate Monkhorst–Pack k-

point meshes were considered to produce results with an

energy convergence of 0.5 meV/atom. The optimized lat-

tice parameter of the bulk cubic LaMnO3 (3.91 Å) is

slightly overestimated with respect to available experi-

mental results (3.89 Å) [21]. The overestimation of lattice

parameters is also observed in earlier DFT based studies

[22, 23] and can be explained in terms of formation of high

spin state of Mn.

The procedure adopted in the present study to arrive at

our conclusions is schematically captured in Fig. 1. Our

reference system, shown in the left of Fig. 1, is a LaMnO3

slab with two La atoms substituted with two A atoms in the

interior (i.e., the ‘‘bulk’’ region) of the slab. Our goal is to

determine the propensity of this reference system to

transform to either a situation with the La atoms at the

surface (accompanied by a certain number of O vacancies),

or to a situation with the La atoms remaining in the bulk

region (accompanied by O vacancies). These two consid-

ered outcomes are shown in the right of Fig. 1. It is

assumed that the surface is in contact with a gas phase

reservoir of O2.

It has been already established that under typical SOFCs

operational conditions, doping makes (La, A)O termination

favorable [11]. The cationic surface segregation behavior is

examined using a 5-layer stoichiometric slab with (La, A)

O-termination (001) surface, as shown in Fig. 2. Two La

atoms are substituted at a time with Ca, Sr, or Ba, either in

the central LaO plane, or in the surface LaO plane, corre-

sponding to a dopant concentration of *7.4 %. 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. We

adopt 5-layer stoichiometric slabs after considering the

tradeoff between the energetic convergences and the

amount of computation time. The difference between seg-

regation energies computed using a 5-layer and a 9-layer

La(Sr)O-terminated slab was negligible (\0.01 eV), indi-

cating that for our purposes a 5-layer slab is thick enough. In

our considered 5-layer model, the bottom three layers were

fixed to simulate the bulk region, hence we have considered

the dopant segregation toward topside of the surface.

All the calculations are performed using a (3 9 2) sur-

face unit cell. The choice of two dopant atoms replacing

Fig. 1 Schematic representation of the surface segregation of

dopants in (La, A)O-terminated (A = Ca, Sr and Ba) slab. Dopants

and oxygen vacancies are shown in red and blue (open) spheres,

respectively. Left part of the figure is our reference system composed

of a LaMnO3 slab with two La atoms substituted with two A atoms

(without any O vacancy, nOvac = 0) in the bulk region of the slab

(Color figure online)
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two La atoms at a time was motivated by the fact that the

nominal oxidation state of La is ?3 and that of the dopants

is ?2, implying that replacement of two La atoms by two

dopant atoms will lead to a charge imbalance that can be

compensated by one O vacancy. In addition, for each case

of dopant and for each case of dopant locations, nOvac O

vacancies were considered (with nOvac = 0–3). Several

configurations of the dopant atoms and the O vacancies in

the vicinity of the dopants were considered. As the lowest-

energy sites occur in the neighborhood of the dopant [24],

all possible first and second neighboring O vacancy sites

were considered. The top and side views of the represen-

tative model indicating the dopant substitution and O

vacancy sites are shown in Fig. 2.

Due to the errors associated with the on site Coulomb

and exchange interactions [25], DFT-based methods are

known to fail to reproduce an accurate description of the

electronic structure for strongly correlated systems such

as late transition metal oxides [26, 27] and rare-earth

compounds [28]. In such cases, the accuracy of DFT can

be improved by incorporating a Hubbard-model-type

correction (U), which accounts for localized d and

f orbitals. To investigate the effects of the U value, we

have calculated the O vacancy formation energies of

LaMnO3 and (La, A)MnO3 using the DFT ? U approach

with the optimal U values of 4 and 6 eV. The calculated

O vacancy formation energies in (La, A)MnO3 when the

vacancy is in the bulk and at the surface are shown in

Fig. 3a, b. A value of U = 6 eV has been shown in the

past to reproduce the correct electronic structure and O

vacancy formation energy of LaMnO3 [23, 26]. Hence,

in the present work, all the calculations are preformed

using U = 6 eV.

Results and discussion

Referring to the processes schematically shown in Fig. 1,

the formation energy, E
f ;Surf=Bulk

fnD;nOvacg
, of the system with the nD

dopants and nOvac
O vacancies at the surface or the bulk

(with respect to the reference system in which just the nD

dopants are in the bulk region) is defined as

E
f ;Surf=Bulk

fnD;nOvacg
¼ E

Surf=Bulk

fnD;nOvacg
� EBulk

fnD;nOvac¼0g

� �
þ nOvac

2
lO2; ð1Þ

where E
Surf=Bulk

fnD;nOvacg
is the DFT total energy of the system with

nD dopants and nOvac
O vacancies at the surface or the bulk.

Throughout this work, as mentioned above, nD = 2. lO2 is

the chemical potential of the oxygen given by

lO2ðT ; pO2
Þ ¼ EDFT

O2
þ DlO2

ðT ; pO2
Þ; ð2Þ

where EDFT
O2

is the DFT energy of an isolated O2 molecule.

DlO2
includes contributions from the translational, rota-

tional, and vibrational degrees of freedom of the O2 mol-

ecule, and can be determined via statistical

thermodynamics or from thermochemical JANAF Tables

[29]. Combining Eqs. (1) and (2) leads us to

Fig. 2 Top-view and side-view of the (La, A)O-terminated (001)

surface model, where A = Ca, Sr, and Ba. Several possible bulk and

surface structures with two dopants (A) at a time along with a range of

O vacancies (Ovac) starting from 0 to 3 are considered. The host atoms

sites La, Mn, and O are shown as sky blue, yellow, and red spheres,

respectively. The possible dopant substitution (A1, A1, and A3) and

Ovac sites are shown in green and blue spheres, respectively (Color

figure online)

Fig. 3 O vacancy formation

energies of (La, A)MnO3, where

A is Ca, Sr, and Ba, when

dopants are at the a bulk and

b surface for different choices

of U (in eV)
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E
f ;Surf=Bulk

fnD;nOvacg
¼ E

Surf=Bulk

fnD;nOvacg
� EBulk

nD;nOvac¼0f g þ
nOvac

2
EDFT

O2

h i

þ nOvac

2
DlO2

ðT ; pO2
Þ: ð3Þ

The terms in square brackets (referred to henceforth as

DE
f ;Surf=Bulk

fnD;nOvac g
) are the 0 K formation energy, and can be

evaluated purely using DFT calculations (provided the

entropic contribution of the condensed phases can be

ignored). The last term provides the T and pO2
dependence

arising from the gas phase. Table 1 contains DE
f ;Surf=Bulk

fnD;nOvacg
)

for different choices of dopants and number of O vacan-

cies. Although we have considered a number of dopant

and/or O vacancy configurations, only the energies of the

most favored configuration for each case are reported in

Table 1.

Equation (3), along with the data of Table 1, may be

used to determine the thermodynamic preference of various

scenarios as a function of DlO2
, as portrayed in Fig. 4 for

each case of dopants, and for each choice of nOvac
(and with

nD = 2 in all cases, of course). The dopants and O

vacancies are either in the bulk region (solid lines in Fig. 4)

or at the surface (dashed lines). The slopes of the lines are
nOvac

2
, and hence, the horizontal lines represent the cases

where O vacancies are absent. It is immediately obvious

that for a range of DlO2
going all the way to zero, the two

dopants prefer to be at the surface (devoid of O vacancies).

It is only at rather low DlO2
that dopants favor the bulk (or

interior) region, accompanied by one or more O vacancies.

However, this desired situation tends to occur close to the

thermodynamic conditions that also favor the decomposi-

tion of LaMnO3.

The T-pO2
conditions corresponding to a specific value

of DlO2
may be determined, as mentioned above. Figure 4

also shows pO2
scales for T = 1100 and 1500 K. It can be

seen that at prevailing pressures that SOFC systems

encounter, such as 1–10-6 atm (for both choices of T),

surface segregation (devoid of O vacancies) is indeed

favored. Moving toward the low O2 pressures and/or high

T, the surface favors the formation of oxygen vacancies, as

shown in Fig. 4. It is only at rather low O2 pressures and/or

high T that the segregation behavior is suppressed, but this

regime comes close to conditions that favor decomposition

of LaMnO3 (this regime is also indicated in Fig. 4). These

findings are consistent with recent experimental observa-

tions indicating that the extent of dopant segregation was

largest at *1 atm which decreases with decreasing oxygen

pressure (*10-12 atm) at 1100 K [5]. Based on this ther-

modynamic analysis, it can be safely concluded that sur-

face segregation of dopants in (La, A)MnO3 (when exposed

to O2) is an inevitable consequence of thermodynamics.

The segregation energy, defined as the energy difference

between the horizontal lines corresponding to bulk and

Table 1 Calculated values of DE
f ;Surf=Bulk

fnD ;nOvac g
(the term in the square

brackets of Eq. 3), as a function of nOvac with nD = 2 (i.e., two do-

pants in the bulk or at the surface). The energy of the slab with two

dopants in the bulk region (with nOvac = 0) is considered as reference

Dopants DE
f ;Surf=Bulk

fnD¼2;nOvac g
eVð Þ

nOvac (in bulk) nOvac (on surface)

0 1 2 3 0 1 2 3

Ca 0 4.97 10.06 14.14 –0.06 2.49 7.9 12.89

Sr 0 5.04 8.82 14.42 –0.17 2.38 7.67 11.51

Ba 0 4.77 9.86 13.94 –0.26 4.18 8.68 14.34

Fig. 4 The formation energies of (La, A)MnO3, where A is a Ca,

b Sr, and c Ba, and nOvac O vacancies at the surface or the bulk as a

function of the O2 chemical potential. Solids and dash lines are

corresponding to situation where two dopants are considered in bulk

and surface region of the slab. The lines at zero represent the energies

of the system with two dopants in bulk, E
f ;Bulk

fnD;nOvac¼0g and considered as

a reference line. To capture the SOFCs operating conditions, the

dependence of chemical potential of O2 in the gas phase is translated

into the pressure scales at 1100 and 1500 K. The shaded part

represents the regions, where host material decomposes (green),

favored the formation of nOvac (blue) and segregates toward the

surface (white) (Color figure online)
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surface dopant situations, is -0.06, -0.17, and -0.26 eV/

atom, respectively, for Ca, Sr, and Ba (cf. Fig. 4; Table 1),

in favorable agreement with available experimental [5, 7]

and ab initio results [5]. Although the segregation energies

reported in this work does not include the entropic com-

ponent but we believe that trend of the tendency for seg-

regation will remain unchanged. Enrichment of the dopant

in the system would result into high concentration of the

dopant at the surface compared to the bulk. After a certain

dopant concentration on surface segregation may lead to

the formation of new phases, which in fact has been seen in

experiments [5]. Here, we have not considered the surface

configurations such as phase separation on surface, effect

of the presence of various chemical environments such as

water- and CO2-containing air is not considered in the

present study.

Next, we attempt to understand the dependence of our

surface segregation energy results and trends on the type of

dopant. The segregation energy for the Ca dopant is the

least (and very small) and for Ba is the most. Our past

experience and understanding with dopant chemistry in

perovskites [24] suggest that the stability and the location

of a dopant is mainly governed by the mismatch of the

ionic size and oxidation state of the dopant with respect to

the host atom [24]. In the present case, the nominal oxi-

dation state of all three considered dopants is ?2. Hence, it

is fair to conclude that the observed variation in surface

segregation is strongly dominated by the size mismatch

between the dopant and host cations (La, in our case). The

ionic radius of La is 1.36 Å, and that of Ca, Sr, and Ba are

1.34, 1.44, and 1.61 Å, respectively. The ionic radius of Ca

is thus almost identical to that of La, correlating well with

the negligible surface segregation energy for this case. The

larger ionic radii of Sr and Ba lead to progressively more

negative surface segregation energies, indicating that the

dominant factor that controls surface segregation even in

such ionic systems is the ionic size (and the tendency to

minimize elastic strain energy, as alluded to recently) [5,

30]. Indeed, recent experimental work has shown that the

Ca-doped LaMnO3 films showed a relatively smaller

amount of dopant segregation than the Sr-doped variety

[5], which is consistent with our results.

Conclusions

To summarize, an attempt to understand the surface cation

chemistry (La, A)MnO3 (A = Ca, Sr, and Ba) has been

made using the first-principles thermodynamic approach. It

is observed that all three dopants tend to segregate to the

surface over a wide range of T– pO2
conditions; the ten-

dency for segregation is directly related to the dopant

cationic size. Moreover, the surface remains significantly

enriched with the dopants under all realistic conditions and

favors the formation of oxygen vacancies at low O2 pres-

sures and/or high T. The mapping of surface energetics for

various La-site dopants adds to the current state of under-

standing aimed at modifying LaMnO3 chemistry to mini-

mize undesired cationic segregation. Further understanding

in different chemical environments (such as water and CO2

containing air) is required given the fact that the ‘real-

world’ air enhances cationic segregation [31].
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