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ABSTRACT: Defect segregation at homo- and heterointerfaces enables
heterogeneous doping of functional nanocomposites for enhanced charge
and mass transport or storage properties compared to homogeneously doped
bulk materials. The direction and extent of interfacial defect segregation is
governed by the chemical potentials of charged species in the two phases. In
this contribution we show that the extent of homogeneous doping at a model
heterointerface can be tuned by both materials selection and homogeneous
doping of the bulk phases from first-principles calculations. Homogenous
doping is found to dictate the direction of defect segregation at a
heterointerface, enabling electrostatic potential differences across a model
SrTiO3 and BaZrO3 interface in excess of 3 V. The results suggest that
composites of donor-doped SrTiO3 and acceptor-doped BaZrO3 exhibit
significant mass storage capacity, enabling use for hydrogen storage or
thermochemical water splitting.

■ INTRODUCTION

Job-sharing by spatial decoupling of the charge-compensating
and charge-transporting species in separate phases has been
demonstrated as a promising strategy to tackle the demands on
intercalation electrodes in rechargeable Li batteries.1−4 The
defect chemical properties of the interfacial region at
heterointerfaces of chemically different materials may deviate
from those of the bulk constituent phases. The defect
concentration in the interfacial space-charge regions, and
thus the charge and mass storage capacity of the material, may
far exceed that of the individual phases.
These interfacial nanoionic effects stem from differences in

the chemical potentials of charged species in constituent bulk
phases, and may as such be realized in a variety of manners and
tailored to a wide range of purposes. More generally, job
sharing is an example of two-phase doping (or heterogeneous
doping) where one phase effectively acts as a donor while the
other acts as an acceptor. In contrast to a homogeneously
doped bulk material, where dopants not only determine
charge-carrier concentrations but also limit their mobilities,5−7

such two-phase systems enable charge compensation and
transport to be spatially separated in the two joining phases. In
semiconductor physics the phenomenon is termed modulation
doping and has been proposed as a strategy to realize high-
mobility materials in heterostructures consisting of a heavily
doped charge carrier injecting phase and undoped phases in
which the carrier is unaffected by scattering mechanisms that
limit the transport properties of doped semiconductors.8,9

Job sharing has furthermore been shown to drastically
increase the ionic conductivity of ionic nanocomposites such as
LiI containing nanoinclusions of Al2O3 and several halides that
typically share a common cation or anion, such as AgCl/AgI
and BaF2/CaF2 (Figure 1a).1,2,10−14 The enhancement stems
from segregation of species between the two phases, leading to
increased concentration of mobile defects close to the
interface. The defect chemistry of BaF2/CaF2 nanocomposites
is for instance controlled by the thermodynamics of the
heterogeneous defect reaction13

F v v FF,BaF i,CaF F,BaF i,CaF2 2 2 2
+ + ′× × •F (1)

which thus results in significantly higher concentration of
defects near the phase boundary than in the bulk regions of
BaF2 or CaF2 (Figure 1a).
Interfaces between different materials may also serve as mass

storage centers in situations where the overall stoichiometry of
the composite changes.15,16 Typically, this occurs in
composites of materials having different electronic properties
and defect structures, which enable job-sharing storage of
chemical species. Such storage has been reported in
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composites of Ru and Li2O
4 and of Ti and LiF.3 In both

composites, the authors suggested the underlying mechanism
to be job-sharing storage of Li near the interface as e− on the
metal side and Li+ on the ionic side of the interface. The Ru/
Li2O composite has also been reported to store H2 as e

− and/
or H− in Ru and H+ in Li2O.

17

There are only a few examples of job sharing in composites
consisting of ion and/or mixed conducting oxides.18−22 Figure
1 illustrates how charge separation maydepending on the
defect chemistry of the heterointerfaceenable excess storage
of chemical species such as H and O (Figure 1, parts b and c,
respectively) near the interface. Besides enabling mass storage,
the situations depicted in Figure 1b,c lead to enhanced mixed
conductivity and may as such enable novel electrodes for fuel
cells and electrolyzers as well as H2 or O2 gas separation
membranes, in which the performance relies on ambipolar
transport of ionic and electronic species. Spatial separation of
the charge-compensating and transporting species may in
principle also lead to enhanced transport properties by
eliminating trapping effects between the dopants and charge
carriers (Figure 1d). For instance, in Y-doped BaZrO3, a
typically observed activation energy of proton mobility is 0.45
eV, of which 0.29 eV is due to association between the proton
and the Y-dopant.6 Eliminating the association contribution
could result in highly improved proton conductivity at lower
temperatures.
In a recent study,23 we established a general framework for

calculations of the interface defect chemistry of oxide
heterostructures, using SrTiO3 and BaZrO3 as a model system.
We showed, through first-principles calculations, that a
significant heterogeneous doping effect is expected at interfaces
between 10 mol % acceptor-doped BaZrO3 and acceptor-
doped SrTiO3. According to our calculations, vO

•• and OHO
• are

enriched in BaZrO3 and depleted in SrTiO3 at a coherent
interface as a result of their negative energy for segregation to
BaZrO3. This leads to an “excess” OHO

• concentration in
BaZrO3 exceeding that induced by the homogeneous Y-dopant
due to the effective heterogeneous acceptor-doping effect
induced by SrTiO3. The electrostatic potential difference and
in turn the extent of defect enrichment (or depletion) at the

interface relate to the chemical potential of charged species in
the two materials. The chemical potential is in turn controlled
by the intrinsic chemical properties of both materials (i.e.,
formation energy of defects), the concentration of extrinsic
defects (i.e., homogeneous doping) in the bulk phases, and
strain fields in the interface. As such, a variety of defect
chemical situations may be achieved at interfaces of chemically
different oxides, potentially enabling nanocomposites with
novel mass and charge storage and transport properties.
In this contribution, we further explore (i) the relationship

between the oxides’ chemistry, including homogeneous
doping, on the (hetero)interface defect chemistry of oxides,
(ii) size/confinement effects on the (hetero)interface defect
chemistry, and (iii) implications and potential in electro-
chemical applications (composite electrodes and gas separation
membranes) from first-principles calculations. The epitaxial
(001) interfaces between acceptor-doped BaZrO3 and
undoped or donor-doped SrTiO3 serve as a model system, in
which the bulk phases are dominated by oxygen vacancies or
protons, and oxygen vacancies and electrons, respectively.

■ COMPUTATIONAL AND THEORETICAL
APPROACHES

All first-principles calculations were performed using the plane-
wave DFT with the GGA-PBE24 (for BaZrO3 and BaCeO3)
and GGA-PBE+U for (SrTiO3 and BaTiO3) functionals as
implemented in the VASP code.25−27 In the DFT+U
calculations, we adopt the approach introduced by Dudarev
et al.28 with an on-site repulsion of 4 eV to the Ti d-states. The
U parameter has been determined ab initio according to the
method in ref 29. Projector augmented wave (PAW)
potentials30,31 with valence configurations 4s24p65s2,
5s25p66s2, 3s23p63d24s2, 4s24p64d25s2, 5s25p64f15d16s2, and
2s22p4 for Sr, Ba, Ti, Zr, Ce, and O, respectively, were used. A
constant cutoff energy of 500 eV and convergence criteria of
10−4 and 10−8 eV, respectively, for the ionic and electronic
relaxations were employed. Ground state structures were
adopted for all materials except for BaTiO3, for which we
adopted the high temperature cubic structure as its high
symmetry significantly reduces the computation time. Test
calculations on cubic SrTiO3 show that the choice of structure
has a negligibly small effect on the calculated formation
energies of defects (typically less than 0.1 eV) and electrostatic
potential difference across the interface. 3 × 3 × 3 supercells of
cubic (Pm3̅m) BaZrO3 and BaTiO3, and 2 × 2 × 2 supercells
of tetragonal (I4/mcm) SrTiO3 and orthorhombic (Pnma)
BaCeO3 have been used for total energy calculations, using a 2
× 2 × 2 k-mesh that has been sampled according to the
Monkhorst−Pack scheme. For calculation of vacuum poten-
tials, supercells of 1 × 1 × 11 (for cubic materials) or 1 × 1 × 6
(for tetragonal and orthorhombic materials), with correspond-
ing k-meshes of 6 × 6 × 1 or 4 × 4 × 1, were used. Slab
calculations were performed on transition metal terminated
surfaces with 11 (cubic) or 13 (tetragonal, orthorhombic)
atom layers. The vibrational formation entropies and zero
point energies were calculated with the finite displacement
method as implemented in the Phonopy code,32 using
displacements of ±0.01 Å, and evaluated at the Γ-point.
The obtained total energies and calculated entropies are

used to determine the free energy of defect formation after
alignment with respect to the vacuum level:

Figure 1. Different situations that may occur at interfaces between
doped and undoped materials that could result in enhanced defect
concentrations (a−c) and eventually enable mass storage (b and c)
due to change in the stoichiometry in the near-interface region. In
addition to increased defect concentration, spatial separation of
transporting and charge-compensating defects (d) can result in
improved electrical conductivity due to elimination of association
between defects.
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Here, Edef
el and Ebulk

el are the DFT energies of a defective and a
perfect supercell, while ΔfGdef

vib(T), Δni, and μi(T,p) are the
vibrational contribution to the free energy of defect formation,
change in the number of elements, i, upon defect formation,
and its corresponding chemical potential as a function of
temperature and pressure. q, εVBM, Δε, and IP are the effective
charge of the defect, the valence band edge, a correction for
shift in the valence band edge due to the jellium background
for charged defects, and the ionization energy. T and p have
their usual meanings. ΔfGdef

vib is calculated as the difference in
the temperature dependence of the free energy between a
supercell containing a defect and a perfect supercell of the
same size. Since the enthalpy exhibits weak temperature
dependence, this term is dominated by the vibrational entropy
contribution at all considered temperatures. For the gaseous
species, μi(T,p) is obtained from the DFT energy, EDFT, and
tabulated values for the zero point energy, Ei

ZP, temperature
dependence of the enthalpy, Hi°(T), and entropy, Si°(T),
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(3)

as standard DFT fails in predicting the correct binding energy
of small molecules, we rather use the DFT energy of isolated
atoms and experimental binding energies.
From the free energy of defect formation, the equilibrium

defect concentration in bulk, ci, is determined according to

c
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G
k T

expi

s i d

if

B− −
= −

Δ °i
k
jjjjj

y
{
zzzzz (4)

where cs is the concentration of regular particles on lattice site s
and cd is the concentration of all other defects that form on the
same lattice site s. Furthermore, the electrostatic potential
difference across the interface, Φ, is obtained from the bulk-to-
bulk segregation energies and bulk defect concentrations
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where Δμ°,seg = μi° − μi°′ is the difference in the chemical
potential of a defect in the two materials, i.e., the segregation
energy of the defect from one phase to the other, and ci,bulk is
the concentration of defect i. The prime denotes a different
phase. More details can be found in ref 23.
The concentration of defects as a function of distance from

the interface is obtained from the relation
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where Δφ(x) = φ(0) − φ(x) is the difference in the
electrostatic potential at a distance x from the interface relative
to that at the interface; it is found by solving Poisson’s
equation, which expresses the difference in electrostatic
potential in terms of the charge density, ρ(x):

x
x

xd
d

( )
( )2

2 φ ρΔ = −
ϵ (7)

with the boundary conditions

x
x

d
d
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=±∞ (8)

and

x
x

x
x

d
d

( )
d

d
( )

x x 0
ε φ ε φ= − ′

′
′

= ′= (9)

For a complete description of the thermodynamics, the reader
is referred to ref 23.

■ RESULTS AND DISCUSSION
Bulk Defect Chemistry. The two constituents, BaZrO3

and SrTiO3, exhibit different bulk defect chemistries, depend-
ing on doping type and level, temperature, and atmospheric
conditions, which, in turn, control their interface defect
chemistry. The most important defect reactions in the present
system are the hydration reaction

H O(g) v O 2OH2 O O O+ +•• × •F (10)

which determines the relative concentrations of vO
•• and OHO

• ,
and the reduction reaction of SrTiO3

2Ti O
1
2

O (g) v 2TiTi O 2 O Ti+ + + ′× × ••F
(11)

which results in formation of electrons localized on the Ti-site
(TiTi′ ) and vO•• in SrTiO3 at elevated temperatures and reducing
atmospheres. Reduction of acceptor-doped BaZrO3 is insignif-
icant and therefore not considered. The calculated hydration
enthalpies of BaZrO3 and SrTiO3 are −0.81 and −0.29 eV,
respectively, in line with previous computational and
experimental studies.5,33−35 The reduction enthalpy, ΔHred,
according to eq 11, is calculated to be 6.2 eV, which is similar
to the experimentally reported value of 6.1 eV.36 A delocalized
electron results in a similar reduction enthalpy (6.15 eV), but
lower entropy. At 1000 K, the calculated vibrational entropy
for the localized electron is 40 J/(mol K), which results in a
contribution to the free energy of 0.41 eV. This value is low
compared to the enthalpy, suggesting that treating the
electrons as localized states, as we do in this work, will not
have a significant influence on the following discussion. In
addition to the defects included in eqs 10 and 11, we have
considered cation vacancies (notably Sr and Ba vacancies),
which may form during high temperature fabrication. The
concentrations of cation vacancies are assumed frozen-in below
1200 K. Before evaluating the interface defect properties, we
consider the bulk defect chemistry with various types of
homogeneous doping. Figure 2 shows the defect structure of
acceptor-doped BaZrO3 and undoped and donor-doped
SrTiO3 as a function of inverse temperature under wet,
reducing conditions. Below 800 °C, OHO

• is the majority defect
in acceptor-doped BaZrO3 under wet conditions, independent
of the oxygen partial pressure. On the other hand, in undoped
SrTiO3, the defect chemistry is dominated by vO

•• that is
charge-compensating the constant (frozen-in) concentration of
vSr″ below 500 °C, and an increasing concentration of electrons,
TiTi′ , above. OHO

• is in minority under all practical conditions
in both undoped and donor-doped SrTiO3. In donor-doped
SrTiO3, the dopant is compensated by TiTi′ below 900 °C,
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above which further reduction of Ti ions results in an
electroneutrality dominated by TiTi′ and vO

••.
Electron holes dominate the electrical conductivity in

acceptor-doped BaZrO3 and SrTiO3 at high temperatures
and oxygen partial pressures37,38 and are as such important to
consider. However, in undoped and donor-doped SrTiO3, the
concentrations of electron holes are low, and they are therefore
omitted from Figure 2 and in further calculations. In general,
the concentration profile of electron holes follows that of
protons near the interface.
Interface Defect Chemistry. Segregation Thermody-

namics. The defect structure and electrostatic potential
difference at a heterogeneous epitaxial interface are largely
governed by the chemical potential of the charged species in
the two bulk phases, and can be described by a set of
heterogeneous defect reactions such as

O v v OO,BaZrO O,SrTiO O,BaZrO O,SrTiO3 3 3 3
+ = +× •• •• ×

(12)

The direction and extent of reaction 12 is determined by the
difference in the chemical potential of defects in the two
phases, composed of a standard material specific component
and a configurational component. The standard chemical
potential reflects the chemical properties of the material and its
affinity for specific defects/chemical species. For a given
material it can, however, be tuned somewhat through strain.23

The activity component is, on the other hand, given by the
concentration of defects and may be tuned by homogeneous
doping and changes in external parameters such as temperature
and atmospheric conditions.
Figure 3 illustrates the relationship between the standard

chemical potentials, standard segregation energy (Δμ°,seg), and
contribution from the configurational part to the overall
segregation energy (Δμseg) of a species. The figure shows the
effect of homogeneous doping on the segregation energy of
defects (by pinning their chemical potential in the bulk) and,
hence, the electrostatic potential difference between the two
phases. Although vO

•• is used for illustration in eq 12 and Figure
3, the principle applies to all other defects and combinations of
materials.
In the current system, μ°,seg for segregation of vO

•• and OHO
•

from SrTiO3 to BaZrO3 are −0.64 and −0.56 eV, respectively,
and reaction 12 thus proceeds in the direction it is written.
Upon doping, the concentration term affects the segregation
energy (Δμseg), which for undoped, acceptor-doped, or donor-

doped SrTiO3 in contact with acceptor-doped BaZrO3
becomes −0.02, −0.52, or 2.81 eV for vO

•• at 600 K,
respectively. Consequently, the electrostatic potential differ-
ence across the interface, Φ, is also affected by doping as it is
closely related to the difference in chemical potential (eq 5)
and serves to limit the extent of defect segregation.
Homogeneous doping as such significantly affects Φ and the
defect chemistry of the interface, and the direction of defect
segregation according to reaction 12 may even be reversed by
homogeneous doping of BaZrO3 and SrTiO3 with acceptors
and donors, respectively. While homogeneous doping affects
the configurational part of the segregation energy, Δμ°,seg is
material dependent. Replacing SrTiO3 by for instance BaTiO3
or BaCeO3 in contact with BaZrO3 changes the standard
segregation energy of vO

•• from −0.64 to −0.61 or +0.36 eV,
respectively. For OHO

• , Δμ°,seg changes from −0.56 to −0.46 or
+0.50 eV, respectively. Thus, the direction of such defect
segregationand the nature and extent of the heterogeneous
doping effectat a heterointerface can be reversed through
the choice of materials, although homogeneous doping has a
far greater effect on the interface defect chemistry. Lastly, as
discussed in our previous work on the topic, strain at the
interface affects the chemistry of the two materials and as such
the segregation energies and interface defect chemistry and
represents yet another degree of freedom in tailoring the defect
chemical properties of heterointerfaces.23

Figure 4 summarizes the calculated electrostatic potential
differences, Φ, across the interface between acceptor-doped
BaZrO3 and undoped, donor-doped, and acceptor-doped
SrTiO3 as a function of temperature under reducing
conditions. At the highest temperatures (i.e., above 1300 K),
Φ is essentially independent of the homogeneous doping type
in SrTiO3 as a consequence of the dominance of intrinsic
defects (i.e., electrons and oxygen vacancies) under sufficiently
reducing conditions. In the extrinsically dominated regime,
however, Φ, and as such the interface defect chemistry,
strongly depends on the type of homogeneous dopant in
SrTiO3 with Φ ranging from negative values for undoped and
acceptor-doped SrTiO3 to highly positive for donor-doped
SrTiO3.
In the following sections, we proceed by, first, exploring the

interfacial defect chemistry at the epitaxial SrTiO3 and BaZrO3
interface within two limiting homogeneous doping situations
in more detail, i.e., undoped vs donor-doped SrTiO3 (as
opposed to the acceptor-doped SrTiO3 vs acceptor-doped

Figure 2. Defect concentration as a function of inverse temperature in
(a) acceptor-doped BaZrO3, (b) undoped SrTiO3, and (c) donor-
doped SrTiO3 in wet, reducing atmosphere pH2O = 0.03 bar and pO2

=
10−30 bar).

Figure 3. Schematic representation of the standard chemical potential
of vO

••, the change in chemical potential with doping, and its influence
on the segregation energy of defects.
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BaZrO3 situation discussed in ref 23), and, second, by
discussing the potential implications of heterogeneously
doped oxide nanocomposites in electrochemical applications.
Undoped SrTiO3/Acceptor-Doped BaZrO3. As shown in

Figure 4, at the interface of undoped SrTiO3 and acceptor-
doped BaZrO3, Φ changes its sign from negative to positive
upon increasing temperature and reaches a maximum at 800 K.
This temperature dependence stems from the configurational
term in the expression of Φ (eq 5), which dominates due to
the large difference in the concentrations of vO

•• and OHO
•

between SrTiO3 and BaZrO3. Below 800 K, undoped SrTiO3 is
dominated by vO

•• that charge-compensate frozen-in vSr″ (the
same applies to materials with frozen-in extrinsic acceptor
impurities), and the concentration of vO

•• is largely temperature
independent. In acceptor-doped BaZrO3, OHO

• is, on the other
hand, the majority positive defect, rendering the minority
concentration of vO

•• strongly temperature dependent. At the
very lowest temperatures, OHO

• replaces vO
•• as the dominant

defect in undoped SrTiO3, which thus dictates Φ as reflected
in the bend in the electrostatic potential curve below 200 K.

Above 800 K, SrTiO3 reverts to the intrinsic defect regime in
which vO

•• and charge-compensating TiTi′ dominate concen-
tration-wise, while the concentration of vO

•• in BaZrO3 is
limited by the constant acceptor concentration. Thus, in this
temperature range, Φ is governed by the temperature
dependence of the concentration of oxygen vacancies in
SrTiO3, which in turn is given by the reduction thermody-
namics of SrTiO3.
At 600 K, the electrostatic potential difference between the

two materials is 0 V. Although the direction of defect
segregation is reversed, such a low potential difference does
not affect the concentrations of defects near the interface. At
900 K, however, the electrostatic potential difference becomes
significantly higher, 0.15 V, andin combination with higher
defect concentration in the bulk of SrTiO3results in a
substantial space-charge effect. Figure 5 displays the defect
concentration and resulting electrostatic potential profiles
across the interface at 900 K in wet, reducing atmosphere
calculated in the Mott−Schottky approximation. In BaZrO3,
the electrostatic potential results in a space-charge layer
depleted of vO

•• and OHO
• , with a thickness of less than 1 nm.

The low defect concentrations in the bulk of SrTiO3 lead to a
space-charge layer that extends to more than 50 nm. Yet, the
majority of charge accumulation occurs near the interface,
where the concentration of vO

•• is enhanced by 2 orders of
magnitude, while those of protons and electron holes are
enhanced by 1 order of magnitude.
Although the absolute value of the electrostatic potential

difference is similar for the current interface compared to that
where both SrTiO3 and BaZrO3 are 10 mol % acceptor-doped
(0.15 vs −0.14 V), the charge depleted (or accumulated) is
significantly lower (0.017 vs 0.23 C/m2 of interface area),
which is another consequence of the low defect concentration
in bulk SrTiO3. As such, a substantially higher electrostatic
potential difference is needed in order to bring about larger
spatial separation of transporting and charge-compensating
(i.e., dopants) defects in the two materials.
Albeit the amount of charge redistribution at this specific

interface is rather limited, it illustrates the potential of
heterogeneous doping of a nominally undoped material
through spatial separation of charge-compensating defects at
heterointerfaces, and that the direction of defect segregation
can be manipulated by the type of homogeneous doping. The
effect would be significantly stronger at heterointerfaces where
the standard segregation thermodynamics favors defect

Figure 4. Electrostatic potential across the interface between
acceptor-doped BaZrO3 and acceptor-doped, undoped, or donor-
doped SrTiO3 as a function of temperature in wet, reducing
atmosphere (pH2O = 0.03 bar and pO2

= 10−30 bar).

Figure 5. Electrostatic potential and defect concentration profiles across the interface between undoped SrTiO3 and acceptor-doped BaZrO3 (a)
and the full profiles in SrTiO3 (b) at 900 K in wet, reducing atmosphere (pH2O = 0.03 bar and pO2

= 10−30 bar).
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segregation to the undoped material. As such, a significant
heterogeneous doping effect may be achieved even in undoped
materials despite the low defect concentration in their bulk.
Donor-Doped SrTiO3/Acceptor-Doped BaZrO3. Homoge-

nous donor-doping strongly affects the chemical potential of
oxygen vacancies and protons in SrTiO3 at lower temperatures
(Figure 2) and as such the direction and extent of defect
segregation at the interface to acceptor-doped BaZrO3. As
shown in Figure 4, Φ is highly positive at the lowest
temperatures, and decreases with increasing temperature due
to the small and increasing minority concentration of vO

•• in
SrTiO3 below ∼1300 K. Above ∼1300 K, Φ reverses its sign
due to the transition to the intrinsically dominated defect
regime which in turn reverses the direction of defect
segregation at the interface.
Figure 6 shows an example of the defect chemistry at an

interface of donor-doped SrTiO3 and acceptor-doped BaZrO3
at 600 and 1200 K under wet, reducing conditions. At 600 K,
the electrostatic potential difference across the interface is 1.41
V, which is significantly higher than at grain boundaries and
surfaces of perovskites,39−41 and stems from the large
difference in the chemical activity of vO

•• and OHO
• in SrTiO3

and BaZrO3. This in turn leads to significantly depleted space-
charge layers on both sides of the interface; while BaZrO3 is
depleted of vO

•• and OHO
• near the interface, SrTiO3 is depleted

of the majority TiTi′ (and enriched by the minority vO
•• and

OHO
• ). The positive charge in SrTiO3 is however mainly due to

depletion of TiTi′ rather than enrichment of vO
•• due to the low

concentration of vO
•• relative to that of TiTi′ in the bulk material.

In BaZrO3, charge compensation proceeds through depletion
of the majority defect, OHO

• . The resulting space-charge-layer
width is 3 nm in SrTiO3, and is somewhat smaller in BaZrO3

due to its smaller dielectric constant.
At 1200 K (Figure 6b), Φ is significantly smaller (0.10 V)

leading to weaker depletion and narrower (1 nm) space-charge
regions compared to the low temperature case. Moreover, a
significant enrichment of vO

•• near the interface results in
somewhat weaker depletion of TiTi′ in SrTiO3, which is a
consequence of the more significant concentration of vO

•• at
these temperatures. In BaZrO3, both vO

•• and OHO
• are

depleted, though the former depletes steeper toward the
interface due to its double charge.
The interfaces of both undoped, acceptor-doped, or donor-

doped SrTiO3 and acceptor-doped BaZrO3 as such all exhibit
significant nonstoichiometries that differ depending on the
dominating defect disorder of the bulk materials. Whether
defects accumulate or deplete near the interface is dependent
on the bulk chemistry (i.e., defect/ion affinity) and doping
type and level. As demonstrated for the interface between
donor-doped SrTiO3 and acceptor-doped BaZrO3 at 1200 K,
in situations where oppositely charged defects are present in
significant amounts in one material, the accumulation and
depletion of both defects would be limited. Moreover, a
significant difference in the defect concentration across the
interface results in larger Φ and, thus, represents a means to

Figure 6. Electrostatic potential and defect concentration profiles across the interface between SrTiO3 and BaZrO3 at (a) 600 and (b) 1200 K in
wet, reducing atmosphere (pH2O = 0.03 bar and pO2

= 10−30 bar).

Figure 7. Amount of charge stored at the interface and the ratio of stored charge and initial charge in the layers as a function of layer thickness in a
multilayered thin film (a) and electrostatic potential and defect concentration profiles across the interface between donor-doped SrTiO3 and
acceptor-doped BaZrO3 as a function of distance from the interface (b) at 600 K under wet, reducing conditions.
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tailor the interface defect chemistry through varying the doping
type and level in the constituent materials.
In general, interfaces between donor-doped and acceptor-

doped materials will be characterized by formation of a
depletion layer, in which defects on both sides of the interface
are depleted, while interfaces between materials with the same
doping type (i.e., both acceptor doped and donor doped) will
be characterized by defect depletion on one side of the
interface and enrichment on the other side. In the case where
one or both materials are undoped, the situation at the
interface falls in one of the aforementioned categories,
dependent on whether the bulk is effectively donor- or
acceptor-doped.
Size Effect. Interfacial effects may become decisive and

cause transport and storage anomalies in mesoscopic systems
where the particle size is of the same order as the space-charge-
layer width. For instance, in acceptor-doped nanocrystalline
CeO2, the macroscopic electrical conductivity is n-type due to
enrichment of electrons in the space-charge zone,42 although a
typical polycrystalline CeO2 specimen is mixed p-type and vO

••

conductor.43,44 As long as the space-charge layers do not
overlap, the depleted (accumulated) charge near the interface
is independent of particle size, except for increased interface-
to-bulk volume ratio. However, in situations where the space-
charge layers overlap, the concentrations in the particles
centers are affected and eventually become proportional to the
particle size, as shown for the interface of donor-doped SrTiO3
and acceptor-doped BaZrO3 in Figure 7a. For the donor-doped
system, the space-charge layers dominate even in the center of
the two phases when the particle size becomes smaller than 4
nm. Due to depletion of defects in both materials, the situation
corresponds to an electroneutrality where donors in SrTiO3 are
charge-compensated by acceptors in BaZrO3. Figure 7b shows
the defect concentration and electrostatic potential profiles as a
function of distance from the interface in a multilayered thin
film with a layer thickness of 3 nm. The concentration of
electrons in the center of the SrTiO3 layer is more than 2
orders of magnitude lower than in the interior of macroscopic
particles. The situation is similar in BaZrO3, except that the
concentrations of vO

•• and OHO
• are significantly lower close to

the interface.
As such, reducing the particle size to a few nanometers may

be beneficial for the purpose of mass exchange as the entire
particle contributes to charge storage. For the purpose of
composite electrodes or gas separation membranes, on the
other hand, small particle size would have a negative impact
due to the substantial decrease in the concentration of mobile
defects.
Mass/Charge Storage in Oxide Composites. As

elaborated upon in the preceding sections, external factors
such as temperature and atmospheric composition affect the
electrostatic potential difference and, hence, the nonstoichi-
ometry at heterointerfaces. Thus, a change in these parameters
may result in reversible mass exchange with the surroundings,
which in turn corresponds to reversible mass storage.
Moreover, such mass exchange may also enable hydrogen
production through thermochemical splitting of H2O. In the
donor-doped system, Figure 6, the depleted OHO

• in BaZrO3 is
charge-compensated by depletion of TiTi′ in SrTiO3, which
results in release of H2 upon, for instance, a decrease in the
temperature. Thus, in this sense, higher electrostatic potential
across the interface is beneficial as more mass can be depleted
(i.e., more charge stored) near the interface; hence more H2

can be released. At 600 K, the stored charge is 0.38 C/m2 of
interface: assuming a similar interface area as the surface area
in some mesoporous oxides (i.e., 3000 m2/g45) and a stored
charge of 0.4 C/m2 of interface, a hydrogen amount of 0.63%
of the mass of the composite is stored.
Figure 8 shows the total stored charge and electrostatic

potential on each side of the interface, as well as the charge due

to different species, as a function of temperature. Below 600 K,
charge exceeding 0.38 C/m2 of interface area, increasing with
decreasing temperature, is stored as depleted OHO

• in BaZrO3
and compensated by depletion of TiTi′ in SrTiO3. In this
temperature region, an amount of H2 that corresponds to the
difference in the stored charge is released when the
temperature is lowered and incorporated when the temper-
ature is raised. Above 700 K, dehydration of BaZrO3 results in
lower OHO

• storage. However, under wet conditions and low
oxygen partial pressure, depletion of vO

•• results in uptake of O
from H2O, which thus results in release of H2. As such, as long
as SrTiO3 is dominated by TiTi′ , the total charge stored in
BaZrO3 can result in H2 release, regardless of which of the two
defects (i.e., vO

•• and OHO
• ) dominates. The job-sharing

reactions that occur at low and high temperature, respectively,
are

OH Ti

O Ti
1
2

H (g)

O,BaZrO Ti,SrTiO

O,BaZrO Ti,,SrTiO 2

3 3

3 3

+ ′

= + +

•

× ×
(13)

and

v 2Ti H O(g)

O 2Ti H (g)

O,BaZrO Ti,SrTiO 2

O,BaZrO Ti,SrTiO 2

3 3

3 3

+ ′ +

= + +

••

× ×
(14)

On cooling under wet, inert conditions, the job-sharing
processes are reversed and result in release of O2 instead:

O 2Ti

v 2Ti
1
2

O (g)

O,BaZrO Ti,SrTiO

O,BaZrO Ti,SrTiO 2

3 3

3 3

+

= + ′ +

× ×

••
(15)

Figure 8. Charge stored near and electrostatic potential on each side
of the interface between donor-doped SrTiO3 and acceptor-doped
BaZrO3 as a function of temperature.
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and

2O 2Ti H O(g)

2OH 2Ti
1
2

O (g)

O,BaZrO Ti,,SrTiO 2

O,BaZrO Ti,SrTiO 2

3 3

3 3

+ +

= + ′ +

× ×

•
(16)

at high and low temperatures, respectively.
Equations 13−16 show how mass storage through

heterogeneous reactions can be utilized to conduct thermo-
chemical H2O splitting. In a sense, the process is similar to
thermochemical H2O splitting by reducible oxides such as
CeO2, where thermal reduction at high temperature is followed
by reoxidation in H2O to produce H2,

46−49 except that it
proceeds in the opposite direction. Unlike traditional
thermochemical H2O splitting, the process proposed here
produces hydrogen upon heating due to the endothermic
nature of oxidation in the space-charge layer as indicated by
the increased concentration of Ti3+ at lower temperature in
Figure 8. Moreover, since reactions 13−16 occur due to the
change in Φ, which affects the defect concentrations within the
space-charge layers, the process may be considered thermo-
electrochemical, where the electrical potential is built in. In
fact, an external electrical potential at the current interface can
be used to shift reactions 13−16 forward. Further, H2O
splitting by heterostructures has several advantages compared
to reducible oxides, since a nanostructured composite can
exhibit significantly higher redox capacity, and it is possible to
tailor the redox thermodynamics, by for instance choice of
materials, to conduct the process at a specific temperature
range. In addition, exchange of hydrogen at low temperatures
exhibits faster kinetics than oxygen, which thus lowers the
operation temperature and as such allows utilization of waste
heat from other industrial processes for production of H2 and
O2.
Implications for Electrochemical Applications. Ideally,

the electrodes in electrochemical devices such as fuel cells and
electrolyzers should exhibit mixed ionic and electronic
conductivities (or transport of neutral species as illustrated in
Figure 9a, left-hand side), which is challenging to achieve as

good electron conductors usually suffer from poor ionic
transport, whereas good ion conductors typically exhibit too
low electronic conductivity. For instance Ni, which is widely
used as negative electrode (negatrode) in proton ceramic
electrochemical cells (PCEC), has good electronic conductiv-
ity and catalytic properties; however, due to its low hydrogen
solubility, incorporation of H2 into the electrolyte mainly
occurs at the three-phase boundary (TPB) as illustrated in
Figure 9a, right-hand side. Therefore, application of porous
and/or composite electrodes has been necessary to enhance

the performance of such electrodes through increasing the
length of TPB, although sintering of the metal and coking
when hydrocarbons are used as fuel lower the performance.
Replacing the metal with an oxide could overcome these issues,
and upon nanostructuring may give composite electrodes that
mimic mixed conductors as illustrated in Figures 1a and 9.
However, as predicted by our calculations on donor-doped
SrTiO3 and acceptor-doped BaZrO3, there will be a depletion
layer at the interface between an n-type conductor and an ionic
or mixed p-type and ionic conductor, similar to that at p−n
junctions in semiconductors. Formation of such a depletion
layer limits the performance of donor-doped oxides as single-
phase electrodes in fuel cells and electrolyzers; in both
applications, charge-carrier depletion in the electrolyte reduces
the current density, which thus increases the electrode
resistance. For the same reason, the conductivity of oxide
(nano)composites is lowered, making such composites
unsuitable as negatrodes or hydrogen separation membranes.
This conclusion is in line with hydrogen flux and electrical
conductivity measurement performed on composites of Nb-
doped SrTiO3 and Y-doped BaZrO3 that showed lower
hydrogen permeation than predicted from the proton
conductivity of BaZrO3 and significantly lower total electrical
conductivity than in single phase Nb-doped SrTiO3.

50

The situation reported for composites of Li2O and Ru
where accumulation of H+ and e− or H− occurs on either side
of the interfacemay be challenging to achieve in oxide
composites (Figure 1b), which usually exhibit small oxygen
deficiencies when dominated by electrons, causing the
configurational term in the electrostatic potential to be
substantial, typically 2−3 V. In order for both electrons and
positively charged defects to accumulate on either side of the
interface, the segregation energy of defects from the electron
conductor to the ion conductor has to exceed the potential
arising from the configurational term.
Although nanostructuring may not be promising for

negatrodes, the situation is opposite for positive electrodes
(positrodes), where both the electronic and ionic conductors
are p-type. In that case, accumulation of defects on one side of
the interfaces is charge-compensated by depletion on the other
side. Since electron holes usually exhibit mobilities orders of
magnitude higher than those of vO

•• and Hi
•, a composite

positrode may be constructed from materials that lead to
accumulation of ionic defects in the ion conductor side of the
interface at the expense of depletion of electron holes on the
electronic conductor side of the interface. Acceptor-doped
SrTiO3, which is a moderate electron hole conductor under
oxidizing conditions, and acceptor-doped (or undoped)
BaZrO3 (i.e., proton conductor)23 fit this criteria and could
potentially enable such nanocomposite positrodes.

■ CONCLUSIONS
The defect chemistry of heterogeneous interfaces between
oxides has been addressed, and our results demonstrate that, in
addition to the relative stability of defects, doping type and
level have significant impacts on the interface defect structure.
Interfaces between donor- and acceptor-doped oxides are
expected to have a region where both materials are depleted
for charge carriers at lower temperatures. On the other hand,
interfaces between materials with the same doping type are
expected to exhibit depletion of defects in one phase and
enrichment in the other. First-principles calculations on a
model system of SrTiO3 and acceptor-doped BaZrO3 show

Figure 9. Illustration of H2 splitting and subsequent incorporation
into or diffusion at the surface of the metal (a) and at a
nanocomposite of proton and ion conductors where space-charge
overlap results in a situation similar to that in ideal electrodes (b).
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that OHO
• and vO

•• segregate from BaZrO3 to donor-doped and
undoped SrTiO3, although the standard energy for segregation
of these defects from BaZrO3 to SrTiO3 is positive. The
segregation is a result of the large difference in the activity of
these defects across the interface when doping type in SrTiO3
is changed. The number of defects segregating to undoped
SrTiO3 is somewhat low, yet it shows that decoupling of
charge-compensating and transporting species, which elimi-
nates association effects on defect transport, can be achieved.
Reversing the doping situationi.e., for the interface between
undoped BaZrO3 and acceptor-doped SrTiO3results in a
significant enrichment of protons in BaZrO3, which in a
nanocomposite causes the total concentration of mobile
defects in BaZrO3 to be similar to that in SrTiO3. In the
case of donor-doped SrTiO3, segregation of defects causes
depletion of electrons and protons near the interface, which
results in an overall change in the stoichiometry of the
interface structure. Effectively, this results in reversible storage
of H2 upon, for instance, temperature cycling and thus allows
H2 and O2 production through thermochemical splitting of
H2O. Depletion of charge carriers makes nanocomposites
between oxide n-type conductors and proton/oxide ion
conductors unsuitable as electrodes in electrochemical
applications or hydrogen separation membranes.
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