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Supplementary materials
S1. Calculation methodology

Among a variety of different implementations, a very popular is the DFT+U approach, which
takes into account the U correction for on-site Coulomb interactions and provides a reliable analysis of
the properties at a low computational cost. Though attempts are known of ab initio calculations'>>
the U correction is introduced empirically most often with the resulting values being dependent on
the amount of 3d electrons and which property is fitted.*> As a consequence, the comparison of
changes in PrBaCo,0¢-s at the substitution of cobalt by different transition metals appears to be
inconclusive. In other words, with different U values in cobalt and other 3d metals, we obtain a
spread in calculated observables (structural parameters, energies of defect formation, etc.) and the
problem of resolving which ones are best. Moreover, interactions of cobalt with other 3d metals
in the crystalline lattice vary being depend on the number of electrons in the 3d metal. Taking this
difference into account necessitates the introduction of local U parameters thus resulting in
significantly complicated computational problems and a sharp increase of the computation cost.
Therefore, all calculations are carried out in GGA approximation with PBE exchange correlation
potential® as implemented in the ab initio simulation VASP 5.2 codes.” The electron shells are
described by pseudo-potentials supplied with the codes. The corresponding valence electron

configurations are given in Table S1.

Table S1 Valence electron configurations of different atoms

Element Pr Ba Fe Co Ni Cu 0]

Valence
5s25p®6s?5d!  5s25p6s?  3d74s!  3d%4s!  3d%4s'  3d'%s'  2s%2p*
electrons




The contribution from praseodymium 4f states is disregarded following experimental data.® The
convergence tests with regard to the values of k-vectors and cut-off energy are carried out for the

parent supercell ProBagCo17M10s4 with M = Co, shown in Fig. S1.

Fig. S1. A sketch of the ProBasCo17M10s4 supercell used in calculations.

It is found that the optimized balance of speed and precision can be attained using 4x4x6 mesh,
which corresponds to 18 irreducible k-vectors in the Brillouin zone, and cut-off of 400 eV.
Similar methodology is utilized for the supercells containing dopants and oxygen vacancies. The
obtained self-consistency of the total energy calculations was no worse than 10> eV. The structural
optimization, i.e. relaxation of atomic positions and lattice constants according to atomic forces,
was fulfilled. The minimum of the total energy was considered attained when energy variations at
consecutive iteration steps did not exceed 0.005 eV. The spin polarized calculations were carried
out assuming ferromagnetic ordering observed below 180 K in PrBaCo,0¢_5 at 8 < 0.15.° Notice
here that a number of magnetic states are known to exist in the layered cobaltites. For instance,
PrBaCo,0s is antiferromagnetic at room temperature.! The increase of oxygen content is
accompanied by the transition from paramagnetic to ferromagnetic state in PrBaCo2Os4 at
260 K, which is replaced by the mixture of ferromagnetic and antiferromagnetic phases at 200 K,
while further decrease of temperature results in entirely antiferromagnetic ordering at 100 K.!!
These observations suggest that phonon and elastic energy may contribute to stabilization of
different magnetic configurations. However, these contributions are believed to be small compared
to the vacancy formation and doping induced local deformation energies. Therefore, calculations

at & = 1.11 were also performed under supposition of ferromagnetic ordering.



The i1somorphous capacity of PrBaCo,0Os5 at the substitution of cobalt by other cations has
been studied in many works. In this relation, it is interesting to examine from first principles the
driving factors that may influence the doping process. It can be done considering the introduction

of dopants M as a substitution reaction

Pr,Ba,Co,,0O;, o; + MO ——= Pr,Ba,Co,,MO,, ; +CoO (S1)

which is governed by the change AG,, of Gibbs free energy
T 1 T
AG, =E  (M3)=E, (Co8)+&00 — Emo — T[AS +| F{ | AdeT}dTJ (S2)
0 0

(CO,S) and E
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where E (M,S) denote calculated full energy of pristine and doped cobaltites at

tot
a given O value, and respective entropy contributions are neglected because of the small differences
in the composition of PrBaCo,.xMxOs-s phases. Parameters 8;00 and 8;40 stand for similarly
calculated values of full energy per formula unit of CoO and MO at zero temperature. The values
of AS" and AC ,» Which correspond to the entropy and heat capacity difference of CoO and MO,
can be calculated from thermodynamic data.'?!* Similarly, the assessment of relative stability of
Vo2 and Vo3 vacancies can be based on DFT computed total energies of supercells with oxygen
atoms removed from their respective sites. Notice here that different arrangements of vacancies

and dopant atoms are possible. In this work, we consider the limits of the closest and the most

distant positions of oxygen vacancies relative to the dopant cation M, Fig. S2.

Fig. S2. A sketch of the 3x3x1 supercell showing minimal and maximal possible distances
between dopant and oxygen vacancy. Oxygen and interfering Ba/Co atoms are not shown for

clarity.



When computing defect energies, one can neglect the changes related to entropy that may vary
only slightly with doping, temperature, and oxygen pressure. Notice additionally that the phonon
contribution to the enthalpy of vacancy formation is expected to be rather small compared to the
electron energy part. Indeed, the standard entropy values for transition metal oxides vary within
2 — 8 kJ'mol!-K™!, which gives the estimate 0.02 — 0.08 eV/atom for the characteristic phonon
enthalpy at 1000 K in reasonable coincidence with the classical limit 3/2kg-1000 K =

0.12 eV/atom. Hence, we conclude that the phonon contribution ca. 0.1 eV or even smaller can be

o

safely neglected. With these assumptions, the change of standard enthalpy AH (Myimmik) associated

with the formation of »n vacancies Vo and m vacancies Vo3 in PrBaCo;xMxO¢s can be

represented as

. _ ] r
N _ E., (1\/[,]+ n,k+m) Ey (M’]’k) +%{g°2 +J.deT:| (S3)
0

(M,ln k|m) n+m

where E, (M, j+nk+m) and E_ (M, j,k) are the total energies of the supercells with dopant
M, symbols j and k designate the amount of Vo, and Vo3 vacancies before the loss of oxygen,

respectively, 8(0)2 = —-10.72 eV can be taken from'¥, and temperature dependence of heat capacity

of gas phase oxygen C;] =f (T) is given in JANAF tables.'? Notice that the disregard of phonon

contribution and addition of temperature-dependent corrections just slightly affect the eventually
obtained thermodynamic quantities, which are mostly defined by the ab initio calculated total
energies.

The energy barriers for oxygen migration were calculated using the NEB method supplied
with the VASP program package.'® Seven positions of an oxygen atom were considered along the
trajectory of the jump over O2 and O3 positions in PrBaCoi.s9Mo.110s359'¢ for self-consistent
calculations of energy at each position. The calculations were carried out with taking structural
relaxation into account. The resulting energy profiles were used to find the activation energy for

ion transport.



S2. Charge density maps in PrBaCo:xMxOs

Changes in charge distribution at the introduction of dopants in PrBaCo,0Os are depicted in
Figure S3. The ordinate axis shows the entire range of electron charge density values obtained in

the calculation.

[

charge density difference, e/A3

Fig. S3. The calculated difference of charge density distribution in (300) plane of ProBasCo17M10Os4
supercell relative to ProBasCoisOss. The dopant positions are shown by black arrows. The
crystallographic positions of the cobalt and oxygen atoms are shown by blue and red circles,

respectively.

S3. Oxygen non-stoichiometry in PrBaCo:xMxQs-5

It is convenient to consider defect formation reactions in the PrBaCo,0s¢.5 based solid
solutions by making use of the model proposed in the work.!” In the present study, the main interest
is associated with the redistribution of oxygen vacancies over nonequivalent positions in the region
near 6 = 1. So large a concentration of oxygen vacancies is accompanied by the exhaustion of
mobile n-type electronic charge carriers. Therefore, reactions of oxygen positional exchange and

depletion can be approximated in Kroger—Vink notation as

Oy + V53 2 0; + Vg, (S4)

O, =2 V5, +2¢ +%o2 (S5)

O, =2 Vi +2¢ +%o2 (S6)



and treated in the ideal solution approximation. In our consideration, we treat electrons as
delocalized. Though not quite true from a physical standpoint, it greatly simplifies the
representation and at the same time does not affect the mathematical description of the equilibria.

The equilibrium constants for (S4) — (S6) can be represented as

fuonlJont)- LT
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where AS? and AH, denote changes of the standard entropy and enthalpy in the i’th reaction, and
n is electron concentration. One can see that the values of AS;, ASy, ASy, AH;, AH) and AH]

are interdependent. Indeed, the subtraction of (S6) from (S5) results in (S4). Taking into account

that the entropy change in (S4) is small'” and setting it approximately to zero, we have

AH! = AH) — AH}
AS! =0 (S8)
AS) = AS) =k,In(K,)

where Ko is a constant. The equilibrium constants must be complemented with the structure

conservation requirements

[V [+[Ver [=8; [0, |+[ 05 | =5-8; [ Vir [+[ 05 | =1 (S9)
Then, we have

(Ve ]=8-[Val [06]=1-8-[V&] (S10)
The electrical neutrality condition at & ~ 1.0 can be written as'”

n=2[ Vg [+2[ Vo |-1=26-1 (S11)

It follows from (S11) that n can be approximated by unity when non-stoichiometry is close or

exactly equal to 6 = 1. In such a case, the substitution of (S10) and (S8) into (S7) results in

Kyexp A”f)z (3-[Va [pe. (S12)

of 1-8-[ Vor |




which gives

(\/K+K exp( M )) Kexp( AH3)

\Y/ (S13)
[ 02} \/K+Kexp( AH3)
Using (S13) in the expression for the equilibrium constant of reaction (S5)
(‘/po + K exp( AH3)) Kexp( AH})
. JPo, +K exp( AH3)
Kpexp( )= ro, (S14)
(,/po + K exp( ”)) Kexp( AH})
,/po + K exp( oty )
and resolving (S14) with respect to o, we arrive at
4K exp ),/p + K, exp( ) -5K exp( AH3 AHZ)
5= ( o (S15)

Do, +K0exp( )‘/po + K exp( ),/po + K exp( AH3 AHZ)

that can be transformed into Eq. (1) in the main text with E2 = AH, and E3 = AH, .
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