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A B S T R A C T

GdBaCo2O5+x compounds have demonstrated to be very efficient cathode materials not only in solid oxide fuel
cells but also in proton conducting fuel cells. In this last case, the excellent properties could be due to the
presence of mixed electron-proton conduction. We study here the diffusion of the proton in this material using
molecular dynamics simulations. Two different diffusion mechanisms are observed. The predominant me-
chanism is the standard proton transfer between two neighbouring oxygen atoms combined with the rotation of
H around its first neighbour oxygen atom. The second mechanism consists in the migration of the OH group
where both oxygen and hydrogen atoms diffuse together. Strong spatial correlations between successive proton
jumps are evidenced. This is likely related to the presence of oxygen vacancies and to the concerted diffusion of
hydrogen and oxygen atoms.

1. Introduction

Since the first article on the use of GdBaCo2O5+x double perovskite
compounds as cathode materials in solid oxide fuel cells [1] and the
exhaustive study of their properties by A. Tarancón and co-authors
[2–5], the interest for this family of compounds has been growing. This
interest principally comes from the excellent properties, in particular
the Area Specific Resistance (ASR), observed for this material as an air
electrode material. For example, an ASR of 0.25 Ω.cm2 has been mea-
sured at 625 °C [2]. Several attempts have been made to improve the
chemical stability, the thermal expansion coefficient (too high in the
pristine compound) and the electrochemical properties. The main
pathways of improvement have consisted in the substitution of Ba by Sr,
leading to potentially more stable compounds [6–8], and the use of
other transition metals to decrease the thermal expansion [8–11]. A
conclusion from these studies is that increasing the chemical stability
and lowering the thermal expansion coefficient is possible but most
often leads to a decrease of electrochemical performance. Besides these
experimental results, theoretical studies have provided a deeper un-
derstanding of the atomic scale mechanisms of diffusion in this type of
compound. In particular, Molecular Dynamics (MD) simulations have
led to the confirmation of the 2D nature of the oxygen diffusion in
REBaCo2O5.5 compounds (RE = La, Pr, Gd, Y, …) and have revealed
the associated diffusion mechanisms [12,13]. It has been shown

through neutron diffraction analysis combined with MD calculations
that long range diffusion occurs through oxygen ion jumps between
gadolinium (GdO) and cobalt (CoO2) planes, thus emphasising the
importance of the presence of oxygen vacancies in the CoO2 plane [14].

More recently, these double perovskite compounds have been ap-
plied in Proton Conducting Fuel Cells (PCFCs), displaying excellent
properties [15]. For instance, in La-doped GdBaCo2O5+x, it was shown
using electrode polarization resistance that the apparent activation
energy decreases from around 1.3 eV at high temperatures to around
0.5 eV below 550 °C [16]. This was attributed essentially to a change
from oxygen ion transport at high temperatures to mainly proton
transport at low temperatures. This assumption was supported by
thermogravimetric measurements showing a weight increase under wet
atmospheres for the La-doped compounds.

As shown in a recent article, PrBaCO2O5+x used as electrode ma-
terial presents a much lower ASR in wet atmosphere compared to dry
atmosphere [17]. This result is potentially linked with the incorpora-
tion of water inside the double cobaltite compound, incorporation that
would favor the oxygen reduction reaction, even if there is no direct
proof of proton incorporation in this material. A previous study also
showed that REBaCo2O5+x double perovskites are stable in humid at-
mospheres and potentially incorporate water at low temperatures [18].
Nevertheless, recent neutron diffraction experiments did not confirm
the presence of water in humidified NdBaCo2O5+x at high temperatures
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[19]. However, DFT calculations found either exothermic or en-
dothermic hydration of GdBaCo2O5.5 depending on the original struc-
ture considered [20]. These calculations also seem to indicate a pre-
ferential location of protons close to CoO2 and GdO planes [20]. Further
experimental and theoretical studies are thus needed to investigate the
possible hydration of double perovskite cobaltite compounds and to
understand its effects on transport and electrochemical properties.

Keeping in mind that the hydration of a double cobaltite compound
is still the object of debate, we assume in the present study a partial
hydration, and performed MD simulations to understand proton diffu-
sion mechanisms in GdBaCo2O5.5 and the role of hydration on transport
properties.

2. Computation details

For the present study, the interatomic potentials within
GdBaCo2O5.5 are those previously used to study oxygen diffusion in this
material [12,13]. These potentials have proven their validity for re-
producing oxygen sublattice dynamics [12,13]. Since proton transport
is essentially a phonon-assisted process, through oxygen vibrations, all
the ingredients are present for reproducing the proton diffusion in
double cobaltites. The Buckingham potentials between the first neigh-
bouring oxygen ion of the proton and the other cations were adapted to
take into account the smaller charge on the oxygen atom of the hy-
droxyl group, following a procedure presented by Sierka et al. [21]. The
proton transfer between the two first neighbouring oxygen atoms is
described by the empirical valence bond (EVB) model, as originally
presented by Raiteri et al. for proton conductors [22,23]. In particular,
using this model, the proton diffusion coefficient is correctly re-
produced in Y-doped barium zirconate as compared to experimental
values [22]. The EVB parameters associated with the interactions be-
tween the proton and the other ions were taken from the original article
on Y-doped BaZrO3 [22]. All the parameters of the interatomic poten-
tials are provided as Supplementary data.

The size of the MD simulation box was 6a× 6b× 3c as compared
to the original double perovskite cell, containing 108 Ba, 108 Gd, 216
Co and 594 O, corresponding to the formula GdBaCo2O5.5 (GBCO). In
the initial configuration, the GdO plane is deficient in oxygen atoms
with respect to the stoichiometric double perovskite structure. The as-
sociated empty sites represent oxygen vacancies, which can migrate
during the MD simulations. One proton is introduced in the simulation
box and the electrical neutrality is ensured by adding a uniform back-
ground charge. The simulations were performed with a time step of
0.3 fs in the NVT ensemble using a Langevin thermostat [24] and at a
pressure close to zero. The temperature was varied between 1200 and
1900 K and average quantities were obtained using equilibrium tra-
jectories of 11 ns to 2 ns, respectively. All the computations were car-
ried out with a homemade code.

3. Results

Simulations first indicate that the presence of one proton out of
1026 atoms does not affect the volume of the cell. As shown in previous
studies [12,13,25], oxygen atoms diffuse parallel to the (a,b) plane but
are blocked in the c direction. Up to 1700 K, BaO planes act as barriers
for the diffusion of oxygen atoms, which explains their limited dis-
placement in the c direction and thus the 2D nature of the diffusion. The
oxygen diffusion pathway is composed of a sequence of jumps between
the GdO plane and an adjacent CoO2 plane, similarly to what have been
previously obtained in GBCO [12,13,25] and observed experimentally
in a similar compound (NdBaCo2O5+x) [14,26].

The Mean Square Displacement (MSD) of the proton as obtained
from simulations at 1700 K is given in Fig. 1. The proton diffuses in
parallel to the (a,b) plane and is blocked in the c direction, similarly to
the oxygen atoms. Fig. 2 shows the diffusion coefficient in the (a,b)
plane of both protons and oxygen atoms as extracted from MSD.
Comparison is made with previous experimental and theoretical results,
which are only available for oxygen. The calculated oxygen diffusion
coefficient is in reasonable agreement with experiments [3]. For the
first time, the proton diffusion coefficient (blue squares in Fig. 2) is
evaluated in GBCO. It is found to be more than one order of magnitude
higher than that of oxygen. Furthermore, the activation energy asso-
ciated with proton diffusion (0.71 ± 0.03 eV) is found to be lower than
the activation energy for oxygen diffusion (1.01 ± 0.03 eV). This dif-
ference of activation energy between oxygen and proton migration is
commonly observed in perovskite [28–32] or other oxide compounds
[33,34]. For instance, in Y-doped barium zirconate, an activation en-
ergy of 0.95 eV [31] is reported for oxygen ion migration, while it is
0.40–0.45 eV [28–32] for the proton migration.

Unfortunately, no data are available concerning proton diffusion/
conductivity in double perovskite cobaltites which could be compared

Fig. 1. Mean Square Displacement (MSD) of a proton in GBCO at 1700 K.

Fig. 2. Proton (full squares) and oxygen (full circles) diffusion coefficients in the (a,b)
plane, D (in log scale), as obtained from MD simulations. Previous oxygen results in GBCO
are also displayed: (a) MD simulations [12], (b) from oxygen exchange [3] and (c) from
conductivity relaxation [27,13]. (For interpretation of the references to color in this
figure, the reader is referred to the web version of this article.)
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to our simulation results. This comes from the fact that proton in-
corporation through water uptake is difficult to evaluate in electrode
materials due to the concomitant oxygen uptake (oxidation reaction).
We consider that one method could nevertheless be used, namely nu-
clear reaction analysis, which would allow the quantification of proton
presence inside dense GBCO materials, for concentrations varying from
traces to a few percent [35]. This method would not have the draw-
backs of thermogravimetry measurements and could give a direct proof
of proton incorporation. If the incorporation of protons is confirmed,
the proton diffusion coefficient could be evaluated through methods
like TOF-SIMS (Time-of-Flight Secondary Ion Mass Spectrometry)
which has been applied with success in lanthanum tungstates [36],
keeping in mind that this may provide information on water diffusion
rather than on proton diffusion.

Before the analysis of the proton migration mechanisms, let us
consider its preferential locations in GBCO. The density map on Fig. 3
(left) indicates that the proton is essentially located slightly above or
below the GdO plane and to a less extent close to the CoO2 plane. The
proton is likely to be rejected from the BaO plane just like oxygen va-
cancies. Indeed, at 1500 K, 97% of the oxygen vacancies are, at equi-
librium, located in GdO planes, while the remaining 3% are in CoO2

planes. In other words, the proton is never bonded to an oxygen atom of
the BaO plane. The snapshots of Fig. 3 (right), represents the pre-
ferential locations of the proton. Most of the time (87% at 1500 K), the
proton is bonded to an oxygen of the GdO plane (snapshot (a)) while
the rest of the time it is bonded to an atom of the CoO2 plane (snapshots
(b) and (c)).

From the density map of Fig. 3, the proton diffuses within the same
GdO and CoO2 planes since the probability density is zero near the in-
between BaO plane. This corroborates the bidimensional nature of
proton diffusion parallel to the (a,b) plane (see Fig. 1). The diffusion of
protons in GBCO follows a scheme where the proton is successively
bonded to one oxygen atom of the GdO plane and then to an oxygen

atom of the CoO2 plane. Moreover, the OH bond most of the time points
in a direction that keeps the proton between the GdO and the CoO2

planes. This explains the high density of protons observed between
these two planes.

The analysis of the MD trajectories shows that the long-range mi-
gration of the proton is obtained through two mechanisms.

i) The proton transfer between the two neighbouring oxygen atoms
(Grotthuss mechanism) combined with the rotation of H around its
first neighbour oxygen atom. The limiting step is the proton transfer
as shown in Fig. 4. The activation energies are equal to 0.63 and
0.38 eV for the proton transfer and rotation, respectively. Ac-
counting for the two types of events, the time of flight of the
transfer-rotation mechanism is almost fully given by that of the
transfer step which is around 0.1 ps. In addition, proton transfer
between GdO and CoO2 planes represents around 93% of the total
number of transfer events at T= 1500 K, the others being within
the CoO2 plane (7%).

ii) The second mechanism consists in the migration of the whole OH
group (vehicle mechanism [32]) which occurs mainly along
〈101〉 directions of the cubic cell. The corresponding time of
flight is about 0.3 ps. At 1500 K, the contributions of the two dif-
fusion mechanisms, transfer-rotation and OH migration, are 70%
and 30%, respectively. Fig. 4 shows the Arrhenius plot of their as-
sociated jump frequencies. The extracted activation energies are
very similar, being equal to 0.64, and 0.59 eV for the transfer-ro-
tation and OH migration mechanisms, respectively.

These activation energies are much smaller than the ones calculated
from the diffusion coefficient values obtained using the Mean Square
Displacement. This can be explained by the presence of spatial corre-
lations between successive jumps leading to a proton diffusion that
cannot be described by a purely random walk. The deviation from a
purely Brownian diffusion can be quantified using the correlation
factor, f [37,38], which is estimated using the jump frequencies of the
transfer-rotation (ΓH) and of the OH-migration (ΓOH) events. In contrast

Fig. 3. Left - probability density map of the proton in GBCO at 1500 K, obtained from MD
trajectories. Right – snapshots of the preferential locations of the proton in GBCO (i.e.
configurations associated with the probability density maximums).
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Fig. 4. Arrhenius plot of the frequency, Γ (Hz), of the transfer-rotation (full circles), and
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to a purely random walk, for which f=1, the jump directions in GBCO
may not be equally probable and may depend on the prior jump. The
jump sequence is thus correlated and f≠1.

The proton diffusion in GBCO is considered in the (a,b) plane since
the H atom never visits the BaO plane. The correlation factor is defined
as the ratio between the MSD diffusion coefficient, DH, and the diffusion
coefficient estimated from the jump frequencies in the purely random
walk regime:

=

+

f D
d d(Γ Γ )

H

H H OH H
1
4

2
0
2

where the factor 1/4 comes from the 2D nature of the diffusion.
The jump frequency ΓH corresponds to the transfer-rotation com-

bination [39]:

= +
1

Γ
1

Γ
1

ΓH rotation transfer

and ΓOH is associated to the OH migration mechanism where both
oxygen and hydrogen atoms migrate together. The jump lengths dH and
dOH are the proton displacements projected in the (a,b) plane. Both
lengths are about a/2, since the jumps are oriented mainly along the
[101] or [011] directions in the cubic cell. Our MD values for the
correlation factor are equal to 0.28, 0.59, and 0.76 at 1300 K, 1500 K,
and 1700 K, respectively. These values less than unity mean that there
exists a strong spatial correlation between the jumps. This is likely due
to the presence of oxygen vacancies and to the concerted diffusion of
oxygen and hydrogen atoms (vehicle diffusion). Indeed, we obtained a
correlation factor close to 1 (0.94) in the case of a proton diffusion in
BaZrO3 where the oxygen atoms do not migrate. This temperature-de-
pendent correlation factor may explain in part the high activation en-
ergy of the proton migration observed here.

Besides giving some features of the proton diffusion mechanisms,
these results provide some evaluation of the potential influence of hy-
dration of GBCO on its transport properties. Indeed, if we consider for
instance the filling of 5% of the oxygen vacancies in GdBaCo2O5.5, we
would have a conductivity for protons at 600 °C that is 0.5 times that of
oxygen ions. In other words, a slight incorporation of protons in GBCO
would result in a high proton conductivity at the working temperature
of PCFCs i.e. ~600 °C.

4. Conclusions

Using a reactive-force field, we have been able to treat the potential
diffusion of protons in GBCO. We have shown that protons would
present a 2D diffusion, analogous to that of oxygen in this material. We
evaluated the proton diffusion coefficient being more than one order of
magnitude greater than the oxygen diffusion coefficient. We also show
that the activation energy of the 2D proton diffusion is equal to 0.71 eV,
smaller than for the oxygen atoms. By analysing the trajectories, we
found that protons jump from oxygen atoms in the GdO plane to oxygen
atoms in the CoO2 plane and reciprocally. The OH bond points in a
direction that keeps the proton between the GdO and CoO2 planes. This
corresponds to the prevailing diffusion mechanism where a proton
transfer (Grotthuss mechanism) between the two neighbouring oxygen
atoms is combined with a rotation of H around its first neighbour
oxygen atom. A second mechanism (vehicle mechanism) consists in the
migration of the OH group where both oxygen and hydrogen atoms
migrate together, mainly along 〈101〉 directions of the cubic cell.
These two mechanisms have similar activation energies around 0.6 eV.
We also evidenced a strong spatial correlation of the atomic jumps,
since a correlation factor less than unity was found in the temperature
range 1300–1700 K. This correlation seems to be linked to the

concerted diffusion of hydrogen and oxygen atoms.
These results are important because they predict a high proton

diffusion coefficient in hydrated double perovskite cobaltite com-
pounds, which would strongly help the cathode reaction in PCFCs.
Further experiments are nevertheless needed to quantify the hydration
degree of these compounds. We estimate that a partial filling by water
of 5% of the oxygen vacancies in GBCO would lead to a proton con-
ductivity at 600 °C comparable to that of oxygen ions. For further work,
a detailed comparison of the proton diffusion in double perovskite
compounds, such as GBCO, and in more standard perovskites, such as
BaZrO3, could give important information on the differences between
these two classes of materials.
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