
Chapter 14
A Theoretical Study on Proton Conduction
Mechanism in BaZrO3 Perovskite

Taku Onishi and Trygve Helgaker

Abstract Hybrid Kohn-Sham calculations were performed to clarify the proton
conduction mechanism in BaZrO3 perovskite, from the viewpoint of energetics and
bonding. The calculated activation energy for proton conduction was much larger
than the experimental one. It is because O–H covalent bonding formation affects the
low-frequency real part in AC impedance spectra. The higher proton conductivity in
wet condition is derived from “proton pumping effect”. We concluded that N-doping
at oxygen site enhances the proton conductivity, due to the existence of much hy-
drogen atoms. We also investigated hydrogen defect around zirconium vacancy.

14.1 Introduction

The perovskite-type cubic BaZrO3 shows proton conductivity in high temperature
range (over 500 K) [1]. Many experimental [2–7] and theoretical [8–12] works were
performed to investigate the proton conduction mechanism. Two proton conduction
paths were theoretically proposed [10–12]. However, our previous studies [13, 14]
discovered that three different proton conduction paths exist in cubic SrTiO3 per-
ovskite.

Figure 14.1 shows three proton conduction paths in BaZrO3 perovskite: O–O
diagonal path, two-dimensional O–H rotation within Zr4O4 square, and three-
dimensional (3D) O–H rotation cross Zr4O4 square. The 3D O–H rotation was
neglected in other previous studies. In general, pure Kohn-Sham methods such as
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Fig. 14.1 The three proton
conduction paths in cubic
BaZrO3 perovskite:
two-dimensional O–H
rotation within Zr4O4 square,
O–O diagonal path, and
three-dimensional O–H
rotation cross Zr4O4 square

GGA, LDA and BLYP underestimate bandgap, and overestimate orbital overlap be-
tween transition metal and oxygen, due to neglecting the delocalization effect [15].
It is considered that pure Kohn-Sham method underestimates or overestimates acti-
vation energy. In this study, we calculated activation energy by several hybrid Kohn-
Sham methods.

Many experimental studies have estimated activation energy from AC impedance
spectra [3, 5, 7]. In wet (dry) condition, it is in 0.44–0.49 eV (0.71–0.80 eV) range.
The experimental values are the same as lithium ion conductive perovskite at room
temperature (below 0.4 eV) [15–17]. Hybrid Kohn-Sham method provides a rea-
sonable activation energy. However, the operation temperature is much higher than
lithium ion conduction. Here, we reconsider the calculated large activation energy
for proton conduction, from the viewpoint of O–H covalent bonding formation.

In dry condition, H+ dissolves directly to oxygen anion. On the other hand, in
wet condition, OH! and H+ from water dissolve into an oxygen vacancy and an
oxygen site, respectively:

H2O + V••
O + OX

O " 2OH•. (14.1)

It is considered that proton conduction starts form the stable O–H position. We
investigate the effect of OH conduction through oxygen vacancy on proton conduc-
tion. We also discuss the effect of Y-doping and Sc-doping, which are performed to
introduce an oxygen vacancy, on proton conduction.

Previously, we concluded that nitrogen doping at oxygen site enhances proton
conductivity in SrTiO3 perovskite [13]. It is because much hydrogen atoms as a part
of NH2! enhances proton conductivity. We discuss the effect of nitrogen doping at
oxygen site on proton conductivity.

Hydrogen defects in proton conductors have attracted much scientific interest,
due to difficulty of characterizing hydrogen defects in experimental measurement.
Recently, Norby et al. investigated hydrogen defects in rutile-type TiO2 by band cal-
culations using hybrid Kohn-Sham method [18, 19]. It was concluded that titanium
vacancy and OH defects are created under oxidizing conditions.

2H2O + 2OX
O " V ####

Ti + 4OH•
O. (14.2)

They investigated the number of OH defects around titanium vacancy and forma-
tion enthalpies. However, the details of O–H covalent bonding formation around
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titanium vacancy, and proton conduction mechanism related to O–H defect are still
unknown. In BaZrO3 perovskite, zirconium vacancy and O–H defects are created
under oxidizing conditions in the same manner.

2H2O + 2OX
O " V ####

Zr + 4OH•
O. (14.3)

In this study, we investigate the effect of a hydrogen defect around zirconium va-
cancy on proton conductivity, from energetics and bonding.

14.2 Computation

14.2.1 Calculation Method

The calculations presented here were performed using the BHHLYP hybrid Kohn-
Sham method [20], which properly reproduces the electronic structure of the
strongly correlated perovskite-type transition metal oxides. In BHHLYP theory, the
total exchange and correlation energy is expressed by 50 % Hartree-Fock (HF) ex-
change, 50 % Becke exchange and LYP correlation energies. Previously, we demon-
strated that bandgap and effective exchange integral depend on HF exchange co-
efficient [21, 22] because M–O (M = transition metal) bonding character is con-
trolled by localization effect. In this study, HF, B3LYP and BLYP theories with
100 %, 20 % and 0 % HF exchange, respectively, was also used to investigate
the dependence of localization effect on activation energy. We used the Tatewaki-
Huzinaga MINI basis [23] for zirconium, barium, yttrium and scandium, combined
with the 6-31G(d) basis for oxygen and hydrogen. All calculations were performed
with the GAMESS program [24]. The molecular orbitals (MOs) were plotted using
MOLEKEL 4.3 [25].

14.2.2 Calculation Model

BaZrO3 has a simple cubic structure, with a lattice parameter (the Zr–O–Zr dis-
tance) of 4.20 Å [26]. In our previous work, several ionics models were constructed
to investigate an ionic conduction in perovskite-type solids [13–16, 27, 28]. The po-
sitions of the atoms in perovskite-type solids were kept fixed while the conductive
ions migrated inside these models. To introduce hydrogen atom in BaZrO3 per-
ovskite, trivalent cation or trivalent anion is doped at zirconium or oxygen site,
respectively. As the doped concentration is below 10 %, the pseudo-cubic structure
can be adapted to construct cluster models.

Ba2Zr4O4H model was constructed to investigate the energetics and bonding in
three proton conduction paths (see Fig. 14.2). In our ionics models [27], counter
cation (in this case, barium) is included. It is because it participates in O–H and
O–H–O bond formation. Figure 14.3 illustrates four proton conduction paths in
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Fig. 14.2 The proton
conductive ionics model
Ba2Zr4O4H

Fig. 14.3 The four proton
conduction paths in
Ba2Zr4O4H model: (a) O–O
diagonal path (A path),
(b) O–H rotation path within
Zr4O4 square (B path),
(c) O–O path along y axis
(B# path),
(d) three-dimensional
out-of-plane proton
conduction path (C path). The
arrows denote
hydrogen-migration direction

BaZrO3 perovskite. One is the O–O diagonal path (A path), corresponding to proton
conduction along O–O diagonal line. The second is O–H rotation path within Zr4O4
square (B path). To investigate the stable point along y axis, the proton conduction
along y axis (B# path) was also considered. Note that B# path is a virtual path in
proton conduction in BaZrO3 perovskite. The last is three-dimensional out-of-plane
proton conduction path (C path), noting that the positions of the local minima along
these paths are needed in order to construct the three-dimensional paths [13, 14].

The N-doped ionics model Ba2Zr4O3NH was constructed to examine the effect
of N-doping on proton conduction. Referring to Fig. 14.2, nitrogen is introduced at
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Fig. 14.4 The proton
conduction paths in the
nitrogen-doped ionics model
Ba2Zr4O3NH: (a) O–N
diagonal path (A path),
(b) N–H rotation path within
Zr4O4 square (B path),
(c) N–O path along y axis
(B# path),
(d) three-dimensional
out-of-plane proton
conduction path around
doped nitrogen (C path). The
arrows denote
hydrogen-migration direction

Fig. 14.5 The proton
conduction paths in
zirconium vacancy doped
ionics models: proton
conduction paths along
(a) Zr–O–Zr, (b) O–O
diagonal line and (c) toward
centre in Ba2Zr3O4H2 model;
proton conduction paths
along (d) Zr–O–Zr, (e) O–O
diagonal line and (f) toward
centre in Ba2Zr3O4H model.
The arrows denote
hydrogen-migration direction

the O2 site. Figure 14.4 illustrates the four proton conduction paths (A, B, B# and
C paths) around doped nitrogen, in the same manner.

To investigate O–H covalent bonding formation around zirconium vacancy, the
Zr vacancy-doped ionics models Ba2Zr3O4H2 and Ba2Zr3O4H were constructed. In
Ba2Zr3O4H2 model, zirconium vacancy is introduced at the Zr3 site, and the second
hydrogen atom is introduced near the O2 site. In Ba2Zr3O4H model, zirconium
vacancy is introduced in the same manner (the Zr3 site). Figure 14.5 illustrates three
proton conduction paths in Ba2Zr3O4H2 and Ba2Zr3O4H models.
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Fig. 14.6 The potential
energy curve for proton
conduction in B# path of
Ba2Zr4O4H model

14.2.3 Onishi Chemical Bonding Rule

Molecular orbital (MO) analysis is very useful to investigate the mechanism of
chemical bonding formation. We constructed Onishi chemical bonding rule to judge
chemical bonding character (Covalency or Ionicity) in strongly correlated M–X–M
system (M = transition metal, X = O, F etc.) [26]:

1. In MOs including outer shell electrons, check whether the orbital overlap be-
tween M and X exists or not.

2. With orbital overlap, bonding character is covalent. Without orbital overlap,
bonding character is ionic.

14.3 Results and Discussion

14.3.1 Proton Conduction in BaZrO3 Perovskite

Figures 14.6 and 14.7 show the potential energy curves along y axis and O–O di-
agonal line, respectively. The minimum total energy was given around 0.9 Å along
y axis. The activation energy for O–H rotation within Zr4O4 square is 2.26 eV, given
by the total energy difference between at local minima along O–O diagonal line and
y axis. The activation energy for O–O diagonal path is 1.65 eV. When the hydro-
gen atom migrates cross Zr4O4 square, the three-dimensional, out-of-plane proton
conduction path dominates. Hydrogen migrates between two local minima in O–O
diagonal path. Figure 14.8 shows the potential energy curve for 3D O–H rotation.
The activation energy for 3D O–H rotation is 1.30 eV. It is found that O–H rotation
within Zr4O4 square needs much energy.

In Fig. 14.9, the all potential energy curves are plotted together. It is found that
the much energy is necessary to start proton conduction from the most stable point
(x = 0.0 Å). The total activation energy was 3.91 eV, which is given by the total
energy difference between the most stable point along y axis and local maximum
along O–O diagonal path.
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Fig. 14.7 The potential
energy curve for proton
conduction in A path of
Ba2Zr4O4H model

Fig. 14.8 The potential
energy curve for proton
conduction in C path of
Ba2Zr4O4H model

Fig. 14.9 The all potential
energy curves for proton
conduction in Ba2Zr4O4H
model

14.3.2 Hartree-Fock (HF) Exchange in Hybrid Kohn-Sham

Pure Kohn-Sham methods such as LDA, GGA and BLYP underestimate bandgap,
since they overestimate orbital overlap. The delocalization effect should be prop-
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Fig. 14.10 The variation of
the activation energy for
proton conduction in A path
of Ba2Zr4O4H model by
changing HF exchange
functional coefficient

erly included by using HF exchange. Here, we investigate the dependence of HF
exchange on activation energy in O–O diagonal path. Figure 14.10 shows the vari-
ation of the activation energy by changing HF exchange functional coefficient. It is
found that activation energy is approximately proportional to HF coefficient. The
activation energies along O–O diagonal path are 2.19, 1.65, 1.23 and 1.03 eV by
HF, BHHLYP, B3LYP and BLYP, respectively. BHHLYP approximately provides
the reasonable physical constants for strongly correlated perovskite-type transition
metal oxides. It is found that HF and BLYP overestimates and underestimates acti-
vation energy along O–O diagonal path.

14.3.3 Chemical Bonding Analysis

Figure 14.11 depicts MOs related to the conductive hydrogen 1s orbital at the min-
imum and maximum in O–O diagonal path, and the minimum along y axis. Fig-
ure 14.12 depicts the diagram on MO energies.

It is found that MO129 (MO136) is O–H bonding (antibonding) MO at the local
minimum in O–O diagonal path. The energy difference between bonding and an-
tibonding MOs was 4.60 eV. Although bonding and antibonding MOs exist at the
maximum in O–O diagonal line, the energy difference became smaller (2.04 eV).
It is concluded that O–H covalency is larger than O–H–O covalency, due to the
larger orbital overlap. At the minimum along y axis, MO123 is O–H bonding, and
MO129 and MO135 are O–H antibonding. It is found that antibonding O–H MOs
(MO129 and MO135) have the bonding and antibonding interactions, respectively,
with barium 5p orbital. The energy difference between O–H bonding MO123 and
O–H antibonding MO129 (MO135) was 14.8 eV (17.4 eV). It is concluded that O–H
covalency around the minimum is extremely large, and O–H covalency around the
local minimum is larger than that around the local maximum in O–O diagonal line.

Let us consider the large mismatch between the calculated (3.91 eV) and experi-
mental (0.44–0.49 eV) activation energies for proton conduction. In AC impedance
measurement, the real part, which means electric resistance, is divided into three



14 A Theoretical Study on Proton Conduction Mechanism in BaZrO3 Perovskite 241

Fig. 14.11 The molecular orbitals (MOs) related the conductive hydrogen 1s orbital: (a) the local
minimum in O–O diagonal path, (b) the local maximum in O–O diagonal path, (c) the minimum
along y axis

Fig. 14.12 The diagram on molecular orbital energies related the conductive hydrogen 1s orbital:
(a) the local minimum in O–O diagonal path, (b) the local maximum in O–O diagonal path, (c) the
minimum along y axis

contributions in Nyquist plot: bulk, grain boundary and electrode interface. In a
conventional ion conductivity measurement, it is assumed that the ion exists as a
part of not molecule but sole ion. However, hydrogen exists as a part of O–H bond-
ing or O–H–O bonding rather than ion. In O–H bonding region, O–H rotation oc-
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Fig. 14.13 The potential
energy curve for
OH-conduction along y axis
in Ba2Zr4O4H model

curs instead of hydrogen migration. On the other hand, it is considered that hydro-
gen migration is measured in O–H–O covalent bonding (O–H dissociation region).
The low-frequency real part in Nyquist plot corresponded to only O–H–O covalent
bonding region. In other words, the experimental activation energy is much under-
estimated. The calculated large activation energy for proton conduction in BaZrO3
perovskite is consistent with a high temperature (over 500 K) required to start pro-
ton conduction. However, in lithium ion conductive perovskite-type titanium oxide,
our calculated activation energies approximately corresponded to the experimental
ones (under 0.4 eV at room temperature) [17]. The conductive lithium ion forms
ionic bonding with other atoms, according to Onishi chemical bonding rule [15]. In
AC impedance measurement, as conductivity is simply recognized as lithium ion
migration, the low-frequency real part corresponds well to lithium ion conduction.

14.3.4 Proton Pumping Effect: OH-Conduction in Wet Condition

To introduce hydrogen in BaZrO3 perovskite, trivalent cations such as yttrium and
scandium are doped at zirconium site. At the same time, oxygen vacancy is created
at oxygen site. In wet conditions, OH dissolved from water migrates through oxy-
gen vacancy. We considered O–H-conduction along y axis, where O–H direction
is perpendicular to Zr–O–Zr, and O–H distance is kept fixed. When hydrogen in
OH exists between oxygen and zirconium in Zr–O–Zr, the total energy is higher,
due to the ionic repulsion between hydrogen and zirconium, same as in SrTiO3 per-
ovskite [13].

Figure 14.13 shows the potential energy curve for OH-conduction along y axis.
The local minimum was given at 0.3 Å. It means that proton conduction starts from
this stable O–H site inside Zr4O4 square. We considered the proton conduction path
from this site to oxygen. Figure 14.14 shows all potential energy curves in the three
proton conduction paths namely O–H rotation within Zr4O4 square, short O–O di-
agonal line and 3D O–H rotation cross Zr4O4 square. The activation energies for
O–H rotation, short O–O diagonal path and 3D O–H rotation were 1.64, 0.78 and
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Fig. 14.14 The all calculated
potential energy curves in
proton conduction paths such
as O–H rotation within Zr4O4
square, short O–O diagonal
line and three-dimensional
O–H rotation of Ba2Zr4O4H
model

1.36 eV, respectively. They became smaller than in dry conditions except for 3D
O–H rotation. The total activation energy became 2.42 eV, given by the total energy
difference between the most stable point along y axis and local maximum along
O–O diagonal path. It means that wet condition is superior to dry condition, due to
this “proton pumping effect”. Phonon assisted proton conduction mechanism and
tunnelling effect are also considered. However, their effect is smaller, due to the
smaller displacement of oxygen atoms in Zr4O4 square.

In Y-doped (Sc-doped) ionics model Ba2Zr3YO4H (Ba2Zr3ScO4H), where Y
(Sc) is doped at Zr3 site in Fig. 14.2, the total activation energy was 4.09 eV
(3.01 eV). On the other hand, the activation energies for 3D O–H rotation were 1.79
and 1.76 eV, respectively. It is concluded that Sc-doping is superior to Y-doping for
proton conduction.

14.3.5 Nitrogen-Doping at Oxygen Site

To enhance the proton conduction, we considered trivalent anion-doping at oxygen
site. In nitrogen doping at oxygen site, hydrogen can exist as a part of NH2!. We cal-
culated the activation energy for nitrogen-doped BaZrO3 perovskite in three proton
conduction paths namely N–H rotation around nitrogen, O–N diagonal path and 3D
N–H rotation. Figure 14.15 shows the potential energy curve in O–N diagonal path
(O is located at d = 0.0 Å). The activation energy from N to O is 2.14 eV, and reverse
barrier (from O to N) is 0.40 eV. It is found that hydrogen is more stabilized around
nitrogen. As the most stable hydrogen position was given in y axis, the activation
energies for N–H rotation around nitrogen, and 3D N–H rotation were 2.13 and
1.68 eV, respectively. The total activation energy from nitrogen to nearest-neighbour
oxygen is 4.26 eV, which is slightly larger than Ba2Zr4O4H model (3.91 eV). It is
concluded that nitrogen-doping enhances proton conductivity, due to introduction
of much hydrogen.
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Fig. 14.15 The potential
energy curve for proton
conduction in O–N diagonal
path of Ba2Zr4O3NH model

14.3.6 Hydrogen Defect Around Zirconium Vacancy

We investigated O–H covalent bonding formation around zirconium vacancy. In the
Ba2Zr3O4H2 model, the relationship between two hydrogen defects was investi-
gated. The proton conduction mechanism between hydrogen defects around zirco-
nium vacancy was investigated in Ba2Zr3O4H model.

Figure 14.16 depicts the potential energy curves for proton conduction in the
Ba2Zr3O4H2 model. The local minima were given in the all curves. The minimum
total energy was obtained, when hydrogen atom is located along Zr–O–Zr. It is
found that two hydrogen-defects are stabilized when OH covalent bonding is toward
zirconium vacancy. It is because the ionic repulsion between conductive hydrogen
and barium is smaller. Figure 14.17 depicts the schematic picture on hydrogen de-
fects around zirconium vacancy. Four hydrogen defects are theoretically captured
per one zirconium vacancy to compensate charge.

Figure 14.18 depicts the potential energy curve for proton conduction in
Ba2Zr3O4H model. Whereas the local minima were given in the all curves, the
local maxima were given along Zr–O–Zr and O–O diagonal path. The activation
energies for proton conduction along Zr–O–Zr and diagonal line were 1.77 and
1.08 eV, respectively. The minimum energy was given along Zr–O–Zr, the same as
Ba2Zr3O4H2 model. The total activation energy for proton conduction along O–O
diagonal path was 2.85 eV. Proton conduction along Zr–O–Zr occurs more often
than along O–O diagonal path. The activation energy for O–H rotation within Zr4O4

square was 3.15 eV. We concluded that conductive hydrogen atoms are trapped
around zirconium vacancy, and proton conduction occurs from oxygen to oxygen
through zirconium vacancy. The schematic picture is depicted in Fig. 14.19.
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Fig. 14.16 The potential
energy curves for proton
conduction in Ba2Zr3O4H2
model: proton conduction
paths along (a) Zr–O–Zr,
(b) O–O diagonal line and
(c) toward centre
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Fig. 14.17 A schematic
picture of hydrogen defects
around zirconium vacancy in
BaZrO3 perovskite

14.4 Concluding Remarks

14.4.1 General Conclusions

In this study, hybrid Kohn-Sham calculations were performed for ionics models to
investigate the proton conduction mechanism in BaZrO3 perovskite. We concluded
as follows.

1. The activation energies were 2.26, 1.65 and 1.30 eV for O–H rotation within
Zr4O4 square, O–O diagonal path and 3D O–H rotation across Zr4O4 square,
respectively. The total activation energy was 3.91 eV, which is calculated from
the energy difference between the minimum in O–H rotation and maximum in
O–O diagonal path.

2. The activation energy changes, depending on Hartree-Fock coefficient in hybrid
Kohn-Sham method. Pure Kohn-Sham underestimates the activation energy.

3. The strong O–H covalent bonding is formed within Zr4O4 square. O–H–O cova-
lent bonding is in O–H dissociation region, from the energy difference between
bonding and antibonding molecular orbitals. It is considered that hydrogen as a
part of O–H covalent bonding is not recognized in the low-frequency real part of
AC impedance spectra.

4. Proton pumping effect is responsible for high proton conductivity. It is because
the short O–O distance blocks O–H dissociation.

5. Sc-doping is superior to Y-doping at titanium site.
6. N-doping at oxygen site enhances proton conductivity, the same as in SrTiO3

perovskite.
7. Hydrogen defect is located toward zirconium vacancy, to avoid the ionic repul-

sion with barium. Proton conduction occurs between oxygen atoms around zir-
conium vacancy. However, hydrogen atom is trapped around zirconium vacancy,
due to the higher energy barrier.

14.4.2 Future Prospects

Very recently, we concluded that the defect of hydrogen-molecule (H2) exists at
strontium vacancy at the cubic centre, and H2 conduction occurs through stron-
tium vacancy and Ti4O4 bottleneck in SrTiO3 perovskite [29]. The activation en-
ergy (1.4–1.5 eV) was calculated by BHHLYP hybrid Kohn-Sham method. The
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Fig. 14.18 The potential
energy curves for proton
conduction in Ba2Zr3O4H
model: proton conduction
paths along (a) Zr–O–Zr,
(b) O–O diagonal line and
(c) toward centre

proton conductive SrTiO3 and BaZrO3 are used in electrolyte of solid oxide fuel
cell (SOFC). In a practical use, safety problem cannot be negligible. The relation-
ship between H2 defect and safety should be explored.
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Fig. 14.19 A schematic
picture of trapped hydrogen
defects and proton conduction
around zirconium vacancy
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