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Proton motions in hydrated proton conducting perovskites BaZr0.90A0.10O2.95 (A=Y and Sc) have been
investigated using quasielastic neutron scattering. The results reveal a localized motion on the ps time scale
and with an activation energy of ~10–30 meV, in both materials. The temperature dependence of the total
mean square displacement of the protons shows an onset of this motion at a temperature of about 300 K. The
low activation energy, much lower than the activation energy for the macroscopic proton conductivity,
suggests that this motion is not the rate-limiting process for the long-range proton diffusion, i.e. it is not
linked to the two materials significantly different proton conductivities. In fact, a comparison of the QENS
results with density functional theory calculations indicates that for both materials the observed motion may
be ascribed to intra-octahedral proton transfers occurring close to a dopant atom.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Hydrated acceptor-doped perovskites are known to be proton
conductors in the temperature range ~200–700 °C [1]. The doping
creates an oxygen-deficient structure and in a humid atmospherewater
molecules dissociate into hydroxide ions, which fill the oxygen
vacancies, and protons, which bond to lattice oxygen [1]. The proton
conduction mechanism in these hydrated acceptor-doped perovskites
can be divided into two elementary steps: (i) hydrogen-bond mediated
proton transfer between adjacent oxygen, and (ii) reorientational
motion of the hydroxyl group in between such transfers. In this two-
stage mechanism it is only the protons that exhibit long-range diffusion
while the oxygen reside on their crystallographic positions. These
processes havebeen studied indifferent systemsmainly usingmolecular
dynamics simulations [2–5] and quasielastic neutron scattering (QENS)
[6,7]. QENS is a particularly suitable experimental technique as it gives
access to the time range ~10−13–10−9 s, in which these processes occur,
as well as providing information about the spatial geometry of the
atomic motions. In addition, the very high neutron scattering cross
section of protons provides a good contrast in the experiments and
enables studies of systems with a low dopant concentration, i.e. a low
hydration degree and concomitantly few protons.

Previous QENS investigations have revealed localized motions in the
ps time range, mainly interpreted as rotational motions with radii bet-

ween r~0.7 and 1.1 Å, and with activation energies Ea≲100 meV [7,8].
The results have also been interpreted in more complex terms of a
diffusional process of the proton, consisting of a sequence of free
diffusion and trapping/escape events [6]. These studies have, however,
been performed on orthorhombic perovskites, namely hydrated
SrCe0.95Yb0.05O2.95 and Ba3Ca1.17Nb1.83O8.73, whichmakes the interpreta-
tion of the datamore difficult as the structure is intrinsically anisotropic
and there are several non-equivalent oxygen sites for the protons in the
structure. In addition, no study has addressed the question of the role of
the typeof dopanton theelementary steps in the conductionmechanism.

Molecular dynamics simulations on proton conducting perovskites
have revealed a fast rotational motion of the protons around the line
connecting the corners of the perovskite unit cell, on the ps time scale
and with an activation energy less than 50 meV [2–4]. By extending the
simulations to higher temperatures and pressures, also several proton
transfer events within a simulation time of ~100 ps have been observed
[3]. This processwas found to be considerably dependent on theoxygen–
oxygen separation, inferredby thevibrationsof theoxygen sublattice [3].
In the contracted transition state, having an energy of ~0.41 eV, proton
transfer was found to occur almost barrierless, although it was not
always that the proton was transferred [3].

In the present work we investigate the proton dynamics in 10% Y-
and Sc-doped BaZrO3, using QENS. One of the interests in this study lies
in the fact that although the structures of these two perovskites are very
similar, they are both cubic [9,10], their proton conductivities differ
almost two orders ofmagnitudewith the Y-doped perovskite exhibiting
the highest [9].
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2. Experimental

The BaZr0.90A0.10O2.95 (A=Y and Sc) samples, hereafter abbreviated
as 10Y:BZO and 10Sc:BZO, respectively, were prepared by mixing
stoichiometric amounts of BaCO3, ZrO2 and (Y/Sc)2O3. The oxides were
heated to 800 °C overnight to remove moisture prior to weighing.
Milling was performed manually using an agate mortar and a pestle.
The finely ground mixtures were fired at 1000 °C for 8 h and sub-
sequently ground and pelletized using a 13 mm diameter die under a
pressure of 8 tons. The pellets were sintered at 1200 °C in air for 72 h.
After sintering, the pellets were reground, compacted, and refired at
1500 °C for 48 h. Finally, the pellets were finely reground to powders.
The charging with protons was performed by annealing the powder
samples at ~300 °C under aflow (12ml/min) of Ar saturatedwithwater
vapor at 76 °C for 10 days. X-ray diffraction measurements, performed
at ambient temperature on a Siemens D500 powder diffractometer
(CuKα1=1.5406 Å), revealed a cubic structure of both hydrated
materials, which is in agreement with other investigations [9,10].

The QENS experiments were performed at the time-of-flight
spectrometer IN6 at the Institut Laue Langevin in Grenoble (France),
using neutronswith awavelength of 5.1 Å, yielding an energy resolution
of 100 µeV (FWHM) and aQ-range 0.26–1.9 A−1. See ref. [11] for a further
description of the spectrometer. The Q-dependent spectra were
summed into 14 groups to increase the statistics. Spectraweremeasured
at 2, 250, 300, 380, 430, 465 and 495 K for 10Y:BZO, and at 2, 380, 430,
465 and 495 K for 10Sc:BZO, and the integration time for each spectrum
was 4 h. The 2 Kmeasurements were used as resolution functions in the
data analysis, since at this low temperature all diffusionalmotions of the
protons are frozen-in, and the scattered intensity is solely elastic. The
samples were loaded in flat vacuum tight Al-containers, which were
coated on the inside with a 100 nm thick layer of Pt to avoid corrosion.
The sample thickness was chosen to 6 mm, which yielded a total
scattering of approximately 10%. For 10Y:BZO, the total coherent, total
incoherent, and total absorption cross-sections for neutrons are 22.7, 8.2
and 1.4 barns, respectively, while for 10Sc:BZO, these values are 24.2, 8.6
and 4.1 barns. It should be noted that although the total incoherent
scattering is only about one fourth of the total scattering of neutrons,
nearly all incoherent scattering (~98% for 10Y:BZO and ~93% for 10Sc:
BZO) comes from the protons. Measurements were performed in
transmission geometrywith the sample aligned at 135° in respect to the
incoming neutron beam in a cryofurnace. This way self attenuation
effects due to the sample geometry were strongly suppressed in the
range of scattering angles (10–115°) covered by the IN6 multidetector.
The applied incident wavelength of 5.1 Å does not allow the scattering
from Bragg-reflections of the purely coherently scattering container
material, aluminum. In the energy range of interest, −2 to 2 meV, the
monitored signal is therefore almost free from any temperature
dependent parasitic scattering of the sample environment. Therefore,
the background scattering has been measured with high accuracy at
380 K. The spectrum of a vanadium standard was used to correct for the
detector efficiency.

3. Theoretical background

In a QENS experiment one obtains the dynamic structure factor,
S(Q ,ω), which gives the probability that an incident neutron is
scattered by the sample with a momentum transfer h-Q and an energy
transfer h-ω. In our analysis we have modeled S(Q , ω) with the
following scattering function

Sq Q ;ωð Þ = b Qð Þ � δ ħωð Þ + 1
π

aL Qð Þ � Δω Qð Þ
ħωð Þ2 + Δω Qð Þ½ �2

� � + c Qð Þ + d Qð Þ � ħωð Þ: ð1Þ

Here, the first term describes the elastic scattering from those atoms
that move too slow to be resolved in the experiment (b(Q) is a Q-
dependent constant and δ(h-ω) is a delta function). The second term,

which is the quasielastic term and appears as a broadening of the elastic
peak, accounts for stochastic motions (translational and reorienta-
tional), which result in a small energy loss/gain of the incident neutrons.
One should note that only protons are expected to move on the time
scale that the IN6 spectrometer can resolve (~10−13 to 10−10 s), which
facilities the analysis. The quasielastic scattering is described by a
Lorentzian with amplitude aL(Q) and width Δω(Q) (HWHM), while c(Q)
and d(Q) are parameters of a sloping background. One should here note
that even though one can expect several types of protonmotions on the
time scale of what this spectrometer can resolve, themodel we use only
gives information about one type of proton motion, or an average of
several types of protonmotions. Indeed, inpreviousQENS investigations
[6–8] of proton dynamics in hydrated perovskites more sophisticated,
and perhaps more physically appealing, models have been used to
describe the protonmotion. However, due to the low scattering contrast
in our measurements we would not resolve more details of the proton
motion thanwe dowith Eq. (1). Thus, more elaborate models cannot be
justified.

The measured scattering function, Smeas(Q, ω), is a convolution of
the real scattering function, S(Q, ω), and the resolution function of the
instrument, R(Q , ω), i.e.

Smeas Q ;ωð Þ = S Q ;ωð Þ � R Q ;ωð Þ: ð2Þ

Thus, themodeled scattering function in Eq. (1) is convoluted with the
resolution function in the data analysis.

The Q-dependences of Δω and aL contain information about the
relaxation time and spatial geometry of the proton dynamics. For
instance, for a long-range diffusional process and for sufficiently small
Q-values, the quasielastic width follows a characteristic Q2-dependence
according toΔω=h-DQ2,whereD is thediffusion constant [12]. For a local
process, e.g. a rotational motion, Δω is practically Q-independent and is
related to the relaxation time τ through τ=h-/Δω [12]. Here one should
note that before analyzing the Q-dependence of the quasielastic
intensities, aL, these need to be corrected for the overall decrease in
scattering intensity due to the Debye-Waller factor, that accounts for the
harmonic (vibrational) motions. The total scattering can be written as

S Q ;ωð Þ = e�bu2NharmQ2
Sq Q ;ωð Þ ð3Þ

where 〈u2〉harm is the harmonicmean square displacement of all atoms
in the material. Thus, also the mean square displacement is needed for
the full analysis of the experimental data. Following a customary route
in the analysis of QENS data, the total mean square displacement 〈u2〉,

Fig. 1. Smeas(Q,ω) of 10Y:BZO and 10Sc:BZO at Q=1.9 Å−1 and for T=495 K. The solid lines
represent fits to the experimental data (markers) according to Eq. (1). The spectra have
been normalized in intensity to unity for easier comparison.
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