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Abstract

Barium hexaferrite (BHF) is a ferrimagnet, whose hexagonal unit cell presents five iron crystallographic sites along
the c-axis. At the nanoscale, BHF nanoparticles grow in the form of platelets, characterized by a low thickness along
its principal magnetization axis (c-axis), displaying uniaxial magnetic anisotropy with the easy axis pointing perpen-
dicular to the platelet. This unique property of BHF nanoplatelets has lead to a variety of novel applications, which
often require surface functionalization. However, it has been observed that the nanoplatelets display two different sur-
face morphologies depending on the stage/conditions of preparation. To ground these experimental observations, we
employ the ab initio thermodynamics framework to perform a systematic investigation of the thermodynamic stability
of BHF bulk terminations under a wide range of chemical conditions. We calculate the surface phase diagrams of
pristine and hydroxylated bulk terminations along the c-axis. For pristine terminations, two different iron terminated
surfaces are preferred: the barium containing 2b termination (Ba-rich conditions) and the 4f, iron terminated surface
(Ba-poor conditions). In the presence of water, the hydroxylated oxygen-terminated surfaces (12k-O) are identified
as the most stable ones at Ba-poor conditions and low pH values, whereas the hydroxylated 2b surface is preferred at
high pH and Ba-rich conditions.
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1. Introduction have been hydrothermally synthesized [6]. These
nanoparticles display a platelet like morphology, with
a low thickness along the crystal c-axis, and a much
larger surface area along the ab plane, presenting a low
thickness-to-area ratio. The BHF nanoplatelets exhibit a
unique property; a uniaxial magnetic anisotropy with a
magnetic easy axis perpendicularly aligned to the basal
plane of the platelet [7]. Because of this feature, BHF
nanoplatelet dispersions in liquid crystals have been

Hexagonal ferrites or hexaferrites are hard ferri-
magnets. They constitute the majority of magnetic
materials produced and have a wide range of uses and
applications [1]. Among these complex oxides, the
M-type hexaferrites (where M = Sr, Ba or Pb) stand
out for being stable compounds with a relatively high
saturation magnetization at room temperature. They

crystallize in a hexagonal unit cell with iron atoms oc-
cupying five characteristic crystallographic sites along
the c-axis (Fig. 1a). According to their local symmetry
(number and position of coordinating oxygens), they
are classified as octahedral (2a, 4f, and 12k sites),
tetrahedral (4f; site), and trigonal bipyramidal (3b site).

At the nanoscale, barium hexaferrite (BHF) thin films
have been deposited on sapphire [2, 3, 4] and employed
as nanocomposites [5]. Moreover, BHF nanoparticles
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used as the first ferromagnetic fluids [8]. Moreover,
they have been used in a variety of different fields, rang-
ing from engineering to medicine, e.g., as spin-memory
devices [9], contrast agents for bioimaging [10], etc.
These versatile implementations however often require
specific surface functionalisation [11, 12, 13].

In order to efficiently functionalize the nanoplatelets,
an understanding of their surface morphology in
different chemical environments is desired. To this
end, their surface morphology was investigated with
HAADF STEM imaging [7]. From these images, it
was observed that the termination of the synthesized



platelets changes depending on the chemical environ-
ment. It was induced that depending on the solution
conditions, entire atomic layers are washed/removed
from the platelets, modifying the termination of the
nanoparticles. Specifically, immediately after synthesis
in basic and Ba excess conditions, the nanoplatelets
were terminated with Ba containing basal planes. After
washing away the excess Ba with dilute nitric acid, the
12k iron layer was discerned as the one closest to the
surface of the nanoplatelet. Additionally, upon drying
the washed nanoplatelets in vacuum and subsequently
annealing them at 700 °C, the Ba containing basal plane
was recovered.

Even if two surface terminations have been observed
from HAADF STEM imaging, at least seven bulk
terminations can a priori compete to be the most
stable one (the five iron-terminated surfaces, plus two
oygen terminated ones, see Fig.1). In this work, we
construct an atomistic model for the BHF surfaces in
order to elucidate the possibility of different chemical
environments favoring specific surface morphologies
of the platelets. In particular, we perform a systematic
investigation of the relative stability of BHF surfaces
within the well established ab initio thermodynamics
framework [14].

After introducing the employed computational model
of the BHF surfaces (Section 2), we estimate the rela-
tive stability of different bulk terminations by comput-
ing their surface free energies as a function of the oxy-
gen and iron chemical potentials (Section 3). We then
consider BHF surfaces in contact with an atmosphere
of water and we evaluate how the surface stability is
modified with the hydroxylation of the pristine termina-
tions (Section 4). Finally, we employ the computational
hydrogen electrode formalism [15], which allows us to
determine the surface free energy as a function of the
pH and the potential of the standard hydrogen electrode,
Ushe.

2. Computational model

All calculations were performed with the Quantum-
ESPRESSO package for electronic structure calcula-
tions [16, 17]. We used the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional [18], employing
a plane wave basis set with a kinetic energy cutoff
of 50 Ry (500 Ry for the charge density cutoff) in
combination with ultrasoft pseudopotentials [19, 20].
The Brillouin zone was integrated with a 4x4x1
Monkhorst-Pack grid [21]. Given that BHF bulk is
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Figure 1: Model of the BHF surfaces. a) BHF bulk. The three chem-
ical species are represented according to their atomic radii: barium
is represented in green, iron in maroon and oxygen in red. The five
crystallographic sites of the iron ions (2a, 2b, 12k, 4f| and 4f,) are ex-
plicitly indicated, together with the characteristic R and S blocks. The
blue arrows depict the majority versus minority spin contributions to
the ferrimagnetic crystal. b) BHF bulk terminations. Two symmet-
ric slabs with respect to the R* block are represented. In black, an
iron-terminated slab, cut at the 4f; crystallographic sites. In red, an
oxygen-terminated surface, denoted as the 4f;-O termination.

ferrimagnetic, spin polarization is considered, and the
starting magnetic moment (or majority versus minority
spin contributions for each iron site) is set as predicted
by Gorter [22] and represented in Fig. 1a. We account
for the electronic localization in highly correlated
materials by exploiting the DFT+U formalism [23]. In
order to construct a parameter-free model, the on-site
Coulomb repulsion or the U coeflicient is estimated
self-consistently, as indicated in [24]. For BHF bulk, an
average U value of 4.3 eV is computed.

We calculate a total magnetization of 40 ppon, per unit
cell, which is consistent with a contribution of 5 tpop,
per iron ion and the spin distribution depicted in Fig. 1a.
Note that a magnetic moment of 5 pop, per iron ion is
compatible with the maximal spin multiplicity of a Fe3*
cation. The computed magnetic moment is also in line
with previous DFT+U calculations [25, 26, 27, 28, 29].
The BHF bulk unit cell is optimized by a volume
cell minimization employing the DFT+U approach.
The resulting lattice parameters, a = 6.00 Aand ¢ =



23.52 A, are in close agreement with experimental
values [1]. Regarding its electronic structure, we obtain
an electrical gap of 1.4 eV within the employed method,
which is in line with experimental data [30].

Given the layered structure of BHF, it is safe to
assume that the bulk terminations along the c-axis
are the most representative and therefore they are
the ones considered in this work. A BHF surface is
approximated as a slab of the BHF unit cell subject
to Periodic Boundary Conditions (PBC) for the basal
directions and a vacuum layer of at least 15 A along the
main axis (or c-axis). The slab is cut from the crystal by
two basal planes, imposing the same bulk termination
for both surfaces. As represented in Fig. 1b, the slabs
are symmetric with respect to an R block, presenting
the same thickness above and below the referent core
block. Two types of slabs are considered, depending
whether the crystal is cut along planes containing iron
atoms (iron-terminated surfaces) or along planes con-
taining exclusively oxygen atoms (oxygen-terminated
surfaces). The iron terminated surfaces are labelled
according to the corresponding iron lattice sites (e.g.
4f) in Fig. 1b), whereas the oxygen terminated ones
take the name of the nearest iron layer (e.g. 4f;-O
in Fig. 1b). In this work, we present a systematic
investigation of all possible bulk terminations along the
main axis, consisting on five iron-terminated slabs (the
one with minimal width taken as the 2a termination)
and two oxygen-terminated ones. Notice that because
of the specific dimensions of the BHF nanoplatelets [7],
our slab model for the BHF surfaces corresponds well
to the observed thickness-to-area ratio of the particles.
Border effects are therefore negligible and our results
should align with experimental observations.

A 4x4x1 Monkhorst-Pack grid is employed for all
considered slabs. The DFT+U method is exploited to
evaluate the relative stability of the bulk terminations,
and thus, we employ the U coefficient calculated for
the BHF bulk (U = 4.3 eV). The dimensions of the unit
cell are fixed according to the computed bulk lattice
parameters. The starting magnetization of the slab is
set according to the bulk spin distribution (Fig. 1a).

3. Relative stability of BHF bulk terminations

The most stable bulk termination is given by the low-
est surface free energy, y(7, p, UBa> MFes HO), Where T
and p are the temperature and pressure of the environ-
ment and up,, Ure, and po are the chemical potentials of

barium, iron and oxygen atoms in the considered sam-
ple. Assuming a symmetric slab with two equivalent
surfaces, the surface free energy can be written as,

1
Y(T, P> UBas UFe, /JO) = ﬁ [Gslab(T, P)—
Napga(T, p) — Nreptpe (T, p) — Nopo(T, p)l,

ey

where Gy is the Gibbs free energy of the slab, Np,,
Nre, and No are the number of barium, iron, and oxygen
atoms in the considered slab, and ug,, ure, and uo are
the chemical potentials of the respective species, and A
is the surface area. Given that the surfaces are in equi-
librium with BHF bulk, the chemical potentials of the
three constituents are related by the chemical potential
of BHF bulk (uppr),

MBHF = MBa + 12upe + 1910, ()

where the coefficients account for the stoichiometry of
a bulk unit of BHF (BaFe|,0,9). Note that the temper-
ature/pressure dependency of the chemical potentials is
omitted in order to simplify the notation. The surface
free energy can thus be written in terms of the chemical
potentials of BHF bulk (ugyr), iron (upe), and oxygen

(1o),
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where Npyr is the number of bulk BHF units in the slab.
Note that since Ngyr = Npa, the factors (Ng. — 12NgHE)
and (No — 19Nggyr) account for the nonstoichiometry of
the generated slab. This excess or deficit of iron or oxy-
gen with respect to BHF bulk can result in the formation
of competing compounds, i.e., oxides, molecular oxy-
gen, and bulk metals. The chemical potentials of iron,
oxygen and barium are therefore constrained to values
where bulk BHF is the most stable specie. In the case
of oxygen, the absolute upper limit for its chemical po-
tential is set to that of molecular oxygen at atmospheric
conditions,

o < S, )
where u%a; is the chemical potential of molecular oxy-
gen at standard temperature-pressure conditions. In the
case of the chemical potentials of barium and iron, the
upper limit is set by their values in the bulk,

HFe = Hllz“lélk;

s < v
a > a °



where p™¥ stands for the Gibbs free energy per unit

of bulk formula (for details see Section S1.1 in the
Supplementary Material).

Moreover, when in contact with oxygen atmosphere,
the two metals can also form oxides, such as BaO,
Fe,05 and Fe;O4. The chemical potentials are conse-
quently further constrained,

bulk
HMBa + MO < /’tBl;O»

2ure + 3o < pp,» (6)

bulk
3pre + 4U0 < Hie,o,>

where ™% stands for the Gibbs free energy per bulk

unit of the respective oxide.

The boundary conditions defined in Egs. 4,5 and 6
can also be rewritten uniquely in terms of ygyr, (e, and
Ho- Moreover, in order to ease the interpretation of the
surface stability domains, we introduce the deviations
of chemical potentials, defined as,

gas

Apo = po — 5Ho, >

Aurge = pre — /ngeﬂk, )

Aupy = ppa — :ut];;lk~

With these new definitions, Auge — 0 and Aug — 0
represent the upper limits of iron and oxygen rich con-
ditions. The Ay; potentials are related by the Gibbs free
energy of formation,
Ao «(BHF) = yulk _ bulk _ |5 bulk 19 s
gf( ) = Upup —Mpy, — 12Hp — 7/102 8)
= Aupa + 12Aupe + 19Au0.

The set of boundary conditions in Egs. 4 and 5 read now,

Aup <0,
Aptre <0, 9)
12A. + 19Au0 > Agy(BHF),

whereas the boundary conditions in Eq. 6 can be rewrit-
ten as,

12Auge + 18Auo > Ag(BHF) — Ags(BaO),
2Aure + 3Apo < Agy(Fey03), (10)
3Auge + 4Apo < Agp(Fe304),
where free energies of formation Agy(BaO),

Ags(Fe;O3) and Ags(FesO4) have equivalent ex-
pressions as the one for BHF (Eq. 8). Their calculated

and experimental values are summarized in Table S2 in
the Supplementary Material. The surface free energy
is also expressed in terms of the deviations of chemical
potentials,

1
Y= [®;+ (Npe — 12NgHr)Aptre

(11
+ (No — 19Ngur)Auo],
where,
®; = Ggab — Npurpige + (Nre — 12Npp)ups
(12)

I gas
+(No — 19NBHF)§ﬂ(g)Z .

The surface free energy in Eq. 11 is therefore written
as a function of two variables, Aup. and Aug. The ©;
function (Eq. 12) and the boundary conditions in Eq. 9
do however depend on the Gibbs free energy of the
slab and a set of chemical potentials for bulk and gas
species. In the case of periodic systems (i.e. the slab
and the bulk materials), we estimate the free energies
by DFT total energies per slab or unit cell respectively.
By employing this approximation the pressure/volume
and entropic contributions to the Gibbs free energy are
neglected. The chemical potential for molecular oxygen
at standard temperature-pressure conditions (7 = 298
K and py = 1 atm) is approximated as the DFT total
energy for an isolated oxygen molecule plus the ther-
mal contributions to energy and entropy, which are com-
puted as detailed in Section S1.2 and in the Supplemen-
tary Material. Moreover, assuming molecular oxygen
behaves as an ideal gas, the pressure dependence of o
can be easily established as,

Ao = kTin L. (13)
Po

From Egs. 11 and 12, we calculate the surface free en-
ergy as a function of the deviation of the two chemical
potentials, Auo and Auge, for each of the considered
bulk terminations. In Fig. 2, we show the most stable
surface termination (the one with the lowest surface
free energy) for each point in the Aug-Aug. plane.
In the considered range of chemical potentials, two
stability domains are found, corresponding to the bulk
terminations 2b (shaded green) and 4f, (coloured grey).
Note that bulk BHF is only stable within the limits
of formation of the competing oxides (see Eq. 6). In
Fig. 2, this stability region is shown in darker colors
limited by black dotted lines, which correspond to the
conditions where the competing oxides ( BaO, Fe;Oy,
and Fe,03) form. Notice that even within this narrow
region where BHF is stable, there is a competition
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Figure 2: The most stable bulk termination for a given combination
of the Aure and Auo potentials. The grey shaded region corresponds
to the 4f, termination, whereas the green coloured region represents
the 2b termination. Black lines represent boundary conditions for the
two chemical potentials above (below) which different species start to
form, namely, bulk barium (Bapyx), barium oxide (BaO), magnetite
(Fe304) and hematite (Fe;O3). Notice BHF is only stable in the re-
gion limited by dashed lines (or within the darker colored area). Side-
views of the most stable terminations, 2b and 4f, are also shown.

between the two surfaces.

As shown in Fig. 2, the 4f, surface termination is
the most stable slab for high values of both oxygen and
iron chemical potentials, corresponding to oxygen/iron
rich conditions. The 2b surface termination is found
to be the most stable one for low values of both
chemical potentials, corresponding to oxygen/iron poor
conditions. Note that because the barium chemical
potential is uniquely determined by the iron and oxygen
potentials (Eq. 2), the decrease of ug. and pg increases
B, (Ba rich conditions), and conversely, the increase
of upe and o lowers ug, (Ba poor conditions). We can
thus summarize that the barium terminated 2b surface
is preferred under Ba rich conditions, whereas the 4f,
surface is the preferred termination under Ba poor
conditions.

This variation of surface stability with the presence
of barium has been observed in the characterization
of BHF nanoplatelts [7]. Indeed, different surface
morphologies were identified from HAADF STEM
imaging depending on the excess of barium in the
solution. Right after the synthesis of the platelets, in
Ba-rich conditions, an atomic surface layer containing
Ba atoms was observed: the 2b termination. After
washing away the excess of Ba with dilute nitric
acid, the images show the nanoplatelets systematically
terminate with an S-block or the 12-k termination. As

Apo (V)

stated by the authors [7], the 12k-O termination could
also be compatible with the surface of the platelets,
since the presence of oxygen in the 12-k layer could not
be completely ruled out.

These observations might seem to partially contradict
our prediction of the two most stable surfaces (Fig. 2).
Our results correspond well with HAADF STEM
images at Ba-rich conditions, whereas at Ba-poor
conditions, we predict a different termination. Notice,
however, that our computational framework does not
take into account the presence of other species, such
as water, which is almost unavoidable in a realistic
experimental setup. Indeed, it has been shown that hy-
droxylation can alter the relative stability of the pristine
terminations. To provide a quantitative comparison
of the relative stability of pristine terminations for the
BHF surfaces, we explicitly show the surface energies
for all considered slabs as a function of the oxygen
chemical potential (Fig. 3).

The values of the iron chemical potential are con-
strained to the formation of the oxides (or the boundary
conditions in Egs. 10). In the case of BaO, the chemi-
cal potential of iron is fixed to Aup. = 5 (Ag/(BHF) —
Agy(BaO) — 18Aup). In the case of the iron oxides,
the iron chemical potential is constrained to the low-
est value of either, Aupe = 3(Ag/(Fe;03) — 3Auo), or,
Auge = %(Agf(FeZO3) — 4Aup). Notice that these ex-
pressions correspond to dashed lines in Fig. 2. Through-
out this article, these stability limits are referred to as
stability or formation lines of the oxides. From the di-
agrams represented in Fig. 3, one can observe that the
difference between the lowest surface free energies and
the other terminations considered can become relatively
small. For example, the surface free energy of the 12k-
O termination is close to the most stable ones at oxygen
rich conditions. Similarly, at low values of the oxygen
chemical potential, the surface free energies of the 2a
an 12k terminations approach the ones of the most sta-
ble 2b and 4f, surfaces. In the following section, we
therefore consider how the possibility of water dissoci-
ation and the corresponding different degrees of hydrox-
ylation affect the relative stability of BHF bulk termina-
tions.

4. The effect of hydroxylation

We now consider the set of BHF surfaces in contact
with an atmosphere containing water. Water molecules
can then be exchanged between the environment and the
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Figure 3: Surface free energies of the BHF slabs as a function of
the oxygen chemical potential. In the upper panel, the iron chemical
potential is fixed by the formation of iron oxides Fe;O3 and Fe3Oj.
In the lower panel, the surface free energies are constrained by the
formation of BaO. Note that the values of the iron chemical potentials
in these plots correspond to the stability limits represented by black
lines in Fig. 2. For illustrative purposes, Auo was also recast into a
temperature scale at p = 1 atm and pressure scale at 7 = 300 K, using
the ideal gas approximation.

surfaces, passivating the pristine bulk terminations. A
priori, one can consider two modes of adsorption: the
non-dissociative (plain) adsorption of a water molecule
or the dissociative adsorption of a water molecule,
where either hydrogen and/or a hydroxyl group are
bonded to the surface after dissociation. We focus on the
hydroxylation of the pristine BHF surfaces by consider-
ing the dissociative adsorption mode of water molecules
on the particular termination. The nature of the chem-
ical reaction (number of dissociated water molecules,
products of the reaction, etc.) is therefore governed by
the exposed surface atoms to which either the hydro-
gen atom or the hydroxyl group can bond. In the case
of oxygen-terminated surfaces (e.g. the 12k-O termina-
tion), the water molecule dissociates with one hydrogen
atom bonding to a surface oxygen atom (in order to cre-
ate a surface hrydroxyl group), whereas the rest of the

water molecule is assumed to be released in the form of
H, and O, into the environment,

1 1
H,0 + O — HO +§H2 + 502, (14)

where O= represents a surface oxygen atom at crystal
site * and HO= is the resulting hydroxyl group at the
same surface site. Alternatively, in the case of iron-
terminated surfaces (e.g. the 2a termination), the water
molecule can dissociate by forming a hydroxyl group
bonded to a surface iron, where the remaining hydrogen
leaves the system in the form of H,, described by,

1
Hy0 + » — HO * + 7 Hy, (15)

where * represents an iron site and HOx* is the OH group
bonded to that specific iron. Additionally, we consider
a third scenario in which both iron and oxygen sur-
face atoms are exposed to the environment. This is the
case of the most stable clean surfaces, 2b and 4f,. As
represented in Fig. 2, the 2b bulk termination exposes
all three elements to the environment, whereas the 4f,
iron-terminated surface is characterised by an uncov-
ered sub-layer of oxygen atoms. On these surfaces,
water can dissociate by forming two surface hydroxyl
groups, where hydrogen bonds to a surface oxygen and
the hydroxyl group bonds to the surface iron,

H,O + % + Ox —» HO % +HO = . (16)

In this chemical reaction, * denotes two different crystal
sites, corresponding to the reactive iron and oxygen
atoms. Notice that Eqs. 14, 15 and 16 represent the
interaction between a BHF slab and one single water
molecule. However, depending on the specific termi-
nation (number and nature of available sites), multiple
water molecules can dissociate on the surface, repre-
senting different degrees of hydroxylation. Moreover,
in order to ensure equivalent surfaces at both sides of
the slab, we hydroxylate both surfaces symmetrically.
With this approach we also avoid the spurious dipole
that develops in the z direction of the periodic slab with
nonequivalent surfaces.

In the following, we focus on the effect of hy-
droxylation on a subset of BHF slabs, according to
their relative surface free energies with respect to the
most stable slabs. In particular, the 12k, the 4f; and
the 4f;-O terminations will not be considered (see
Fig. 3). Moreover, we consider the 12k-O slab at
different degrees of hydroxylation; the adsorption of 1
to 4 H atoms per unit cell was considered since four



surface oxygen atoms are exposed in the unit cell.
Regarding the iron-terminated surfaces, we include
the 2a termination and the adsorption of one and two
hydroxide groups per surface. Finally, we hydroxylate
the 2b and 4f, terminations, attaching one H atom and
one OH group per surface.

Once the set of hydroxylated surfaces is built from
Egs. 14, 15 and 16, one needs to understand how the
presence of water (and hydrogen) alters the surface free
energies of the BHF bulk terminations. We therefore
generalize expression 1 to include the dissociation of
water molecules in the surfaces,

Y = Yclean t A7’hyd a7

Where Aypyg represents the gain of hydroxylating a
clean surface with Ny,o water molecules. For each of
the chemical reactions 14, 15 and 16, one therefore
needs to write Aypyq according to the dissociated wa-
ter molecules. In the simplest case, the hydroxilation
of iron-terminated surfaces or the 2a termination (equa-
tion 15), we define,

Ayhya = i [G:&If + Niopn — G5 — NHZOHHZO] ,
(18)
where G;‘gﬁl is the Gibbs free energy of the hydroxy-
lated slab, Ggllgg“ is the free energy of the corresponding
clean slab, and up,o and uy are the chemical potentials
of water and hydrogen respectively. Since we assume
that both hydrogen and oxygen are in equilibrium with

water, their chemical potentials are related as follows,

HMH,0 = 2 + Ho. (19)

The gain in surface free energy due to hydroxylation
of an iron-terminated surface can thus be expressed in
terms of the oxygen and water chemical potentials,

Nu,0
2

1 *OH lean
Ayhyd = ﬁ [Gslab - Gzl;b -

(1m0 + ,Uo)} :
(20)

Equivalently, Aypyq for the hydroxylation of an oxygen-

terminated surface, e.g., the 12k-O termination, can be

expressed as,
AYnya = % [ngj —GoEn — N};O (1m0 — #0)] :
(2D
Finally, in the case of having both oxygen and iron
atoms exposed to the aqueous environment (he 2b and
the 4f, terminations), the gain in surface free energy is,

1 * clean
A'Yhyd = ﬂ [Gslca)}gl - Gsllab - NHZO,UHZO] . (22)

Once the expressions for Aypyq are induced for each
of the Egs. 14, 15 and 16, we are in the position of eval-
uating the surface stability domains for the new set of
slabs. Notice that y is now a function of the iron, oxygen
and water chemical potentials. For simplicity, we drop
the dependency on the iron chemical potential, taking
Ure as a function of o along the formation of barium
and iron oxides (dashed lines in Fig. 2). Moreover, we
introduce the deviation of the chemical potential of wa-
ter, analogous to the one for oxygen (Eq. 7),

A0 = 1,0 — Hipos (23)

where 44 is the chemical potential of water at
standard temperature-pressure conditions. It is approx-
imated as the DFT total energy of an isolated water
molecule, corrected for the translational, rotational,
and vibrational contributions to the thermal energy
and entropy at 7 = 298 K and p = 1 atm, within the
ideal gas and rigid rotor approximations (for details
see Section S1.2 in the Supplementary Material). The
surface free energy is hence written as a function of
the deviation of two chemical potentials, Auop and
Apn,0, whose upper limits are fixed by the formation
of molecular oxygen and water in the gas-phase at
standard conditions.

In Fig. 4, we show the surface with the lowest y for
each point in the Auo-Aun,o plane. Notice that besides
the hydroxylated surfaces, the clean terminations
discussed in Section 3 are also included. Along the
BaO formation line, we distinguish three preferred
surfaces, corresponding to the clean 2b termination,
the hydroxylated 2b termination (OH+H@2b), and the
fully hydroxylated 12k-O termination (with four hydro-
gen atoms per surface unit cell, labeled as 4H@ 12k-O
in Fig. 4). As induced from Fig. 4, the stability regions
in the Auo-Aun,o plane can be assigned to the oxygen
rich versus oxygen poor conditions. The lack of oxygen
in the system favors the presence of hydrogen, allowing
the hydroxylation of the 12k-O surface. Additionally,
the hydroxylated surfaces (OH+H@2b and 4H@ 12k-O
are found to be more stable than the clean 2b surface
at water rich conditions, whereas the clean surface is
preferred in water poor conditions. Notice that the
availability of hydrogen in the system (or py) is not
explicitly depicted in the Auo-Aun,o plane, but it can
be induced from Eq. 19.

On the other hand, along the stability line corre-
sponding to the formation of both iron oxides Fe,O;



clean surfaces

hydroxylated surfaces

BaO

300 1 15
£ 1
a0 S0

o

S R 4H@12k-0
b g
2 1 =107
£ =
s 6004 £
3 | 2w
] 3
£ 700 1 Ao

Apo (€V)

Y

T

4H@12k-O

Fe,05/Fe;0,
H,0(g) 2 H,0()

4H@12k-0

Apypo (€V)

OH+H@4f,

4f,

Ao (V)

1027 1024 102" 1078 10715 1072

Pressure (atm) @ 300 K

10° 10° 107

1027 1024 102! 1078 107" 1072

Pressure (atm) @ 300 K

10° 10° 107 1

T r —— r
900 800 700 600 500 400
Temperature (K) @ 1 atm

T T T
1100 1000

T T T T T T T T T T T T T —
900 800 700 600 500 400 300

Temperature (K) @ 1 atm

T T
1100 1000

Figure 4: Stability domains of the clean and hydroxilated BHF surfaces. Colored regions in the lower panels represent terminations with the lowest
surface free energy within a specific domain in the Auo — Aup,o plane. On the left panel, the 2b and the fully hydroxilated 12k-O terminations as
the most stable surfaces in the Auo — Aup,o plane along the stability line corresponding to the formation of BaO. On the right panel, the clean 2b
and the 4f, terminations, together with the hydroxilated 4H@12k-O, 3H@ 12k-O and OH+H@4f, terminations as the most stable surfaces along
the formation of the iron oxides. On the upper panel, side-views of the relevant surfaces within the considered ranges of the chemical potentials
Auo and App,o. The white dashed lines indicate the value of Aun,o, for which liquid water is in equilibrium with its vapour at 7 = 298 K. The
variations of the two chemical potential were also recast into temperature scales at p = 1 atm and pressure scales at 7 = 300 K.

and Fe; O, (Fig. 4) we identify five competing surfaces,
corresponding to the clean 4f, and 2b terminations,
two hydroxylated 12k-O surfaces (the fully hydrox-
ylated one, with four H atoms per surface unit cell
(4H@12k-0), and the partially hydroxylated one, with
three H atoms per surface unit cell (3H@ 12k-0)), and
the hydroxylated 4f, termination (OH+H@4f,). In the
limit of low water chemical potentials, i.e., water poor
conditions, the clean 2b and 4f, terminations are the
preferred surfaces in the oxygen poor versus oxygen
rich conditions (as discussed in the previous section and
shown in Figs. 2 and 3). At higher values of the water
chemical potential, there is an excess of hydrogen in the
system, and the hydroxylated 4H@ 12k-O, 3H@ 12k-O
and OH+H@4f, terminations become more stable.
As depicted in Fig. 4, for a given value of the water
chemical potential, going from oxygen rich conditions
to oxygen poor conditions corresponds to a change in
the stability domain between the partially hydroxylated
12k-O surface to the fully hydroxylated one.

By including a water reservoir in our investigation,
we have shown that the fully or partially hydroxylated
12k-O terminations can display lower surface free ener-
gies than the pristine bulk terminations, thereby making
them thermodynamically preferred under certain
conditions. This analysis allows us to reinterpret the
experimental characterization of the BHF platelets [7],
for which a 12k/12k-O termination was identified in
HAADF STEM images at Ba poor conditions. Notice,
however, that because light elements like oxygen and
hydrogen are not visible in HAADF STEM images, it is
not possible to establish the degree of hydroxylation of
the platelets nor to discern between the 12k and 12k-O
terminations. Moreover, even if our results align well
with the general trend observed in the BHF platelets,
the correspondence between the modelled chemical
conditions under which a BHF surface is the most
stable and the actual environment of the platelets is
more subtle. Our diagrams in Fig. 4 indeed sample a



wider range of chemical conditions with respect to the
chemical environment of the platelets. For this reason,
along the stability limit of iron oxides, we find five
surfaces that are stable, compared to the single 12k (or
12k-O) proposed from HAADF STEM images at Ba
poor conditions [7]. Note, however, that the pristine
terminations (2b and 4f,) and the hydroxylated 4f, ter-
mination are identified to be the most stable only when
the water chemical potential is very low, corresponding
to environments where only traces of water are present.
Ruling out the competing surfaces, we can summarize
that the hydroxylated 12k-O terminations are most
likely present in Ba poor conditions, which is in line
with experimental observations.

Additionally, we consider the annealing conditions
of the platelets at 700°C, after which the 2b termina-
tion is recovered. By moving along the temperature
scales in Fig. 4, we observe that at high temperatures
the 2b termination is indeed the most stable in both
surface diagrams. In particular, since the annealing
of the platelets was performed in ambient air [7], we
approximate these conditions by assuming an oxygen
partial pressure of 0.2 atm and a partial pressure of
water of 0.018 atm (corresponding to half the saturation
water vapor pressure at standard conditions) at 1000 K.
By using Eq. S3 in the Supplementary Material, the
values of Aup and Aup,o are —2.3 eV and -2.4 eV
respectively. For these particular values of water and
oxygen chemical potentials (not shown in Fig. 4) the 2b
termination is truly the most stable.

In order to provide a better connection with exper-
iments, which are typically performed in an aqueous
solution, we employ the computational hydrogen elec-
trode approach [15]. This approach relies on the fact
that, by setting the reference potential to that of the
standard hydrogen electrode (SHE), the cathode half-

reaction,
1

§H2 - H" + e, 24)
is in equilibrium when the pH of the electrolyte is equal
to 0 and hydrogen gas is at standard conditions, i.e.,
T =298 K and p = 1 atm. At a pH different from zero,
the free energy per H* cation is corrected by the concen-
tration of cations, yuy+ = kT Inay+ = —kT In 10pH. For
an applied potential other than that of the SHE, the elec-
trode bias contributes with —eUsyg to the reaction free
energy. The chemical potential of hydrogen can then be
written as [15],

1
Hi = iﬂia; — kTIn10pH — eUsgyg, 25)

Where 44" is the chemical potential of molecular hy-
drogen at standard temperature-pressure conditions. Its
value is approximated as the DFT total energy for an
isolated H, molecule, corrected by the vibrational, rota-
tional, and translational contributions to the free energy
at standard conditions (see Section S1.2 in the Supple-
mentary Material). The corresponding deviation of the
hydrogen chemical potential, Auy = uy — %,uffz ° is then
written in terms of the pH and the Usyg potential,

A/lH = —leIllOpH - eUSHE. (26)

The oxygen chemical potential can also be expressed as
a function of the pH and the potential Usyg by imposing
Eq. 19. In this case, we fix the deviation of the water
chemical potential to that of liquid water Qlifggd), where
we exploit the fact that liquid water is in equilibrium
with its vapor phase at room temperature (7 =298 K),
with a vapor pressure of p = 0.035 atm,
g = g kT in L @7)
Po
The deviation of the oxygen chemical potential can then
be written as,

_ liquid gas
AﬂO - ,quo - ,qu

_ % JES + 2KT In 10pH + 2¢Uspi.

(28)
Given the new references for the water and oxygen
chemical potentials (Egs. 27, 28), we can compute the
surface free energies in Eqgs. 14, 15, 16 for a set of pH
and Ugyg values. In Fig. 5, we show the most stable
BHEF surfaces as a function of the pH and the electrode
potential, Usgg. Along the barium oxide formation
line, we identify two stability domains, corresponding
to the pristine 2b termination and the hydroxilated
4H@12k-O surface. Similarly to the diagram in the
Apo — Apn,o plane (Fig. 4), the hydroxilated surface
is favored by the presence of hydrogen or at acidic
conditions (low values of pH). In the case of the
iron oxide stability lines, six different surfaces are
identified as the most stable in the pH-Ugsyg plane:
the clean 2b and 12k-O surfaces and the hydroxylated
OH+H@2b, 4H@12k-0, 3H@12k-O, and 2H@12k-O
surfaces. Analogously to the plots in Fig. 4, the fully
hydroxylated 12k-O surface is favored with respect
to the partially hydroxylated one for higher values
of the hydrogen chemical potential, i.e., lower values
of pH. In fact, notice that these diagrams correspond
to the ones in the Auo — Aup,o plane for the con-
strained subspace indicated by the white dashed line
in the plots in Fig. 4, representing the equilibrium
between vapour and liquid water at standard conditions.



Along both formation lines, we do however sample
a wider set of chemical conditions (or a larger set of
Auo values), within which, for example, the 12k-O
termination becomes one of the preferred surfaces.
By taking into consideration the evolution of hydro-
gen and oxygen (dashed lines in Fig. 5), we retrieve
the formation limits of molecular oxygen and hydrogen.

The variation of the surface stability when the pH is
tuned from basic to acidic conditions has been observed
in the synthesis of the BHF platelets [7]. Indeed, the
synthesis of these particles is performed in solution
with NaOH, whereas washing the excess of barium in
the sample is done with nitric acid.

Fe,05/Fe;0,
e S S R e T L5
SHe 12 Moy, O
1.0
05 2
s3]
0.0 ba
0.5
>
m
5
-

Figure 5: The 2b, 12k-O, OH+H@2b, 4H@ 12k-O, 3H@12k-O and
2H@12k-O terminations as the most stable BHF surfaces under spe-
cific pH and Usyg conditions. On the upper panel, the iron chemical
potential is constrained to the formation of iron oxides. On the lower
panel, the surface free energies are estimated along the BaO stability
line. The dashed lines represent the evolution of hydrogen and oxygen
or the formation lines of molecular hydrogen and oxygen.
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5. Conclusions

We performed an extensive investigation of the
relative stability of BHF surfaces within the well-
established ab initio thermodynamics framework under
a wide range of chemical conditions. Given the five
non-equivalent iron crystallographic sites, its non stoi-
chiometric surfaces present a wide range of excess or
deficit of barium, iron and oxygen and so, the respective
surface free energies strongly depend on the chemical
environment. More concretely, we consider all possible
bulk terminations along the c-axis in contact with
chemical reservoirs of iron and oxygen. We identified
the 2b and the 4f, terminations as the ones with the
lowest surface free energies at Ba-rich versus Ba-poor
conditions, respectively. In contact with an atmosphere
containing water, three hydroxylated surfaces become
the most stable at high values of the water chemical
potential: the 4H@12k-O, the 3H@12k-O and the
OH+H@2b. A final sampling of chemical conditions
is performed by setting the reference of chemical
potentials to the standard hydrogen electrode. This
analysis reveals that going from a basic to an acidic
environment the 4H@ 12k-O becomes more stable than
OH+H@2b in Ba-rich conditions, whereas in Ba poor
conditions the fully hydroxylated 4H@ 12k-O becomes
preferred over 3H@ 12k-O.

Our model of BHF surfaces is in line with the sur-
face variation observed in BHF platelets from HAADF
STEM images [7]. After synthesis, at Ba-rich and basic
conditions, a 2b termination is identified, whereas af-
ter washing the excess of Ba with nitridic acid, a 12k
(12k-O) termination is proposed. From our ab initio
calculations, we not only reproduce this trend, but we
provide atomic scale detail of the surface morphology.
In the case of Ba-poor and acidic conditions, our results
strongly indicate that the 12k-O termination is preferred
over the 12k termination. Moreover, we are in position
to describe the level of hydroxylation of the clean ter-
minations; the 12k-O surface is stabilized with three or
four hydrogen atoms per surface unit cell. However,
given that our ab initio thermodynamics framework is
built in the high dimensional space of five chemical po-
tentials, our results should not be interpreted for a spe-
cific set of chemical conditions, but they should read as
general and grounded stability trends.
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