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Local Coordination of Protons in In- and Sc-Doped BaZrO3

Laura Mazzei,1 Adrien Perrichon,2 Alessandro Mancini,3 Lorenzo Malavasi,3 Stewart F. Parker,4 Lars Börjesson1 and Maths
Karlsson2,∗

ABSTRACT: Acceptor doped barium zirconate based proton conductors are currently receiving considerable attention be-
cause of their promise as electrolytes in future electrochemical devices, such as solid oxide fuel cells, but the defect chemistry,
especially in regard to the local coordination environment and dynamics of protons in these materials is unclear. Here, we
investigate the local coordination environments and vibrational dynamics of protons in samples of the proton conducting ma-
terial BaZr1−xMxO3Hx with M = In and Sc, and x = 0.1 and 0.5, using inelastic neutron scattering (INS) and infrared (IR)
and Raman spectroscopy together with ab initio molecular dynamics (AIMD) simulations. The local coordination of protons is
shown to exhibit a rather peculiar dependence on the type and concentration of dopant atoms, as they are found to be similar for
BaZr1−xScxO3Hx with x = 0.1 and 0.5 and BaZr1−xInxO3Hx with x = 0.1, whereas for BaZr1−xInxO3Hx with x = 0.5 additional
protons sites seem to be present. It is argued that these additional proton sites are characterized by local structural arrangements
reminiscent of the fully In-substituted material BaInO3H. The presence of these local structural arrangements points toward dif-
ferent local proton mobilities between BaZr1−xInxO3Hx with x = 0.5 and the other three materials and a higher rate of proton
transfer events in brownmillerite-type local structures.

1 INTRODUCTION

Proton conducting perovskite type oxides are of interest for
application as electrolytes in various electrochemical de-
vices, such as hydrogen sensors and solid oxide fuel cells
(SOFCs).1,2 Among the most promising perovskite materials
are acceptor doped barium zirconates, of the general formula
BaZr1−xMxO3−x/2 (M = trivalent cation, 0 < x < 1). The pro-
tons are not part of the perovskite lattice, but can be introduced
as interstitial species during heat treatment in a humid atmo-
sphere. In the hydrated, proton conducting, form the protons
are bound to oxygens of the perovskite lattice, thus forming
-OH defects in the material. At temperatures higher than ap-
proximately 300 K, the protons can diffuse throughout the per-
ovskite lattice through a Grotthuss type mechanism, involving
the transferring (hopping) of protons from one oxygen to an-
other one.3–7 However, fundamental questions pertaining to
the defect chemistry of these materials remain, especially in
regard to the local coordination environment and dynamics of
the protons and how these materials properties depend on the
type and concentration of dopant atoms.

Vibrational spectroscopy provides a powerful means for the
study of the local coordination environments of protons in
proton conducting oxides. The vibrational dynamics of pro-
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tons are characterized by O-H bend [δ (O-H)] and O-H stretch
[ν(O-H)] modes. We showed in a series of preceding in-
frared (IR) spectroscopy measurements on hydrated samples
of BaZr1−xInxO3−x/2 with x = 0.10, 0.25, 0.50 and 0.75 that
the ν(O-H) dynamics are manifested as thee relatively distinct
bands, two at 250 and 290 meV, respectively, and a broad band
between ca. 310 and 450 meV.8,9 The presence of several
ν(O-H) bands and the generally broad nature of the bands re-
flect the co-existence of several unique local proton environ-
ments (proton sites) in the structure of the material. We have
further investigated the ν(O-H) vibrational frequency using ab
initio calculations for a system corresponding to 12.5% In-
doping and with the proton located in various local structural
arrangements. It was found that different structural arrange-
ments result in significantly different spectral response within
the broad 310–450 meV band. However, the ab initio calcu-
lations did not reproduce the bands as located at 250 and 290
meV,8 suggesting they relate to proton sites not captured in
the calculations, or, alternatively, are related to higher-order
transitions (overtones and combination modes).

A limitation of IR spectroscopy applied to hydrated oxides
is its insensitiveness towards δ (O-H) modes, which are virtu-
ally absent in the IR spectra because of their only very weak,
or none, modulation of the electrical dipole moment of the O-
H species. With the use of inelastic neutron scattering (INS),
which, in comparison to IR spectroscopy, does not rely on any
such selection rules and for which all modes are, in principle,
measurable, we previously set out to characterize the nature of
δ (O-H) modes in BaZr1−xInxO3−x/2 with x = 0.20, 0.50, and
0.75.10 The δ (O-H) modes are manifested as a quite struc-
tured, band between ca. 70 and 160 meV.10 This band mirrors
the ν(O-H) band region at higher energies, thus establishing
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that the energies of the δ (O-H) and ν(O-H) modes are intrin-
sically coupled.10

Following this, in combined INS, IR and ab initio molec-
ular dynamics (AIMD) studies on BaZr0.5In0.5O3H0.5
and Ba2In2O5(H2O)x,11,12 we investigated the vi-
brational spectra over a wide energy range, ≈50–
700 meV for BaZr0.5In0.5O3H0.5

11 and ≈50–500
meV for Ba2In2O5(H2O)x.12 Further, in our study of
BaZr0.5In0.5O3H0.5 we conducted an analysis of the momen-
tum transfer (Q) dependence of the INS intensity, which aided
in the assignment of the different vibrational bands.11 Specif-
ically, we showed that the proton vibrational spectra (IR and
INS) are complex and constituted of the overlapping spectra
of protons in several different local structural environments
and also contain contributions from higher-order transi-
tions.11,12 In particular, we showed that the bands as located
at 250 and 290 meV in the spectra of BaZr0.5In0.5O3H0.5 and
Ba2In2O5(H2O)x, are related to fundamental ν(O-H) modes
rather than higher-order transitions.11,12 Furthermore, we
found that the local proton environments for specific protons
vary with time as a result of thermally activated vibrations of
the perovskite lattice.11

Building on our previous combined IR, INS and AIMD
study on BaZr0.5In0.5O3H0.5 and Ba2In2O5(H2O)x, we here
expand the dopant modification to include BaZr1−xMxO3Hx
with M = Sc (x = 0.1 and 0.5) and M =In (x = 0.1), as well as
add Raman spectroscopy as a complementary tool for probing
the vibrational spectra. The aim of the study is to investigate
the influence of M and x on the vibrational spectra, to compare
with the well-studied vibrational spectra of other proton con-
ducting oxides,8–10,13–15 and to provide insight into the local
coordination environment of protons in acceptor-doped bar-
ium zirconates.

2 EXPERIMENTAL SECTION

2.1 Sample Preparation and Average-Structural and
Thermal Characterization

Powder samples with the chemical compositions
BaZr1−xMxO3−x/2, with M = Sc (x = 0.1 and 0.5) and
M = In (x = 0.1), were prepared by solid state sintering by
mixing stoichiometric amounts of BaCO3, ZrO2, and Sc2O3
or In2O3, with the sintering process divided into two heat
treatments: 1200 ◦C for 8 h, followed by 1325 ◦C for 48 h,
with intermediate grinding and compacting of pellets between
each heat treatment. The synthesis of BaZr0.5In0.5O2.75 is
described elsewhere.11 The as-sintered powder samples were
loaded with protons by letting them cool from 400 ◦C to
200 ◦C in a tube furnace with a flow of N2 saturated with
water vapor. The hydrated samples of BaZr1−xScxO3−x/2
with x = 0.1 and 0.5, and of BaZr1−xInxO3−x/2 with x = 0.1

and 0.5, are hereafter labelled as 10Sc/BZO, 50Sc/BZO,
10In/BZO and 50In/BZO, respectively.

Powder X-ray diffraction (PXRD) data were collected on
the as-prepared samples, using a Bruker D8 ADVANCE
diffractometer operating with CuKα1 radiation in the 2θ -range
of 15–100 ◦. The PXRD patterns confirmed that all materi-
als are monophasic with an average-cubic structure with space
group Pm3̄m (Fig. S1). Thermogravimetric (TG) analysis was
performed on the nominally hydrated samples, using a F1 Iris
spectrometer from Netzsch. About 100 mg of each nominally
hydrated sample was placed in an alumina crucible and heated
in a flow of N2 (25 mL/min) from 25 ◦C to 900 ◦C at a heating
rate of 5 ◦C/min. The hydrogen contents of the nominally hy-
drated samples were calculated from the TG data (Fig. S2)
by considering the samples to be completely dehydrated at
900 ◦C. The hydrogen contents, expressed in moles of hy-
drogen per unit formula of perovskite are 0.14 (10Sc/BZO),
0.13 (10In/BZO), 0.47 (50Sc/BZO, and 0.55 (50In/BZO). The
values are in agreement with the maximum values expected
based on the hydration of oxygen vacancies created via ac-
ceptor doping, meaning that the samples are (within error)
fully hydrated, with no signs of additional hydrogen, such as
physisorbed water molecules or other hydrogenated chemical
species in the materials.

2.2 Vibrational Spectroscopy

The Raman spectra were measured over the frequency range
12–120 meV (≈ 97–970 cm−1) using a DILOR XY800 triple-
grating spectrometer equipped with a liquid-nitrogen cooled
CCD in double subtractive configuration. The measurements
were performed in backscattering geometry with the spot size
of the sample being approximately 30 µm in diameter. The
488 nm line from an Ar+/Kr+ laser was used for excitation.

The IR spectroscopy measurements were performed in dif-
fuse reflectance mode on the samples over the frequency range
200–550 meV (≈ 1600–4400 cm−1), using a Bruker Alpha
DRIFT spectrometer. About 100 mg of sample was used for
each measurement. A measurement of a rough Au mirror was
used as a reference spectrum. An absorbance-like spectrum
was derived by taking the logarithm of the ratio between the
reference and sample spectra. All measurements were per-
formed at room temperature. The spectrometer was located
inside an Ar-atmosphere glove box.

2.3 Inelastic Neutron Scattering

The INS spectra were measured on the direct-geometry chop-
per spectrometer MERLIN16 at 10 K, using three different in-
cident energies, Ei = 200 meV (5 meV, 400 Hz), 400 meV
(10 meV, 550 Hz) and 600 meV (15 meV, 600 Hz), where
the numbers within the parentheses refer to the resolution
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in energy and to the chopper frequency. Approximately 8
g of 10Sc/BZO, 8 g of 10In/BZO, and 8 g of 50Sc/BZO
were loaded into separate aluminum sachets and the sachets
into separate indium wire sealed thin-walled aluminum cans.
The MERLIN time-of-flight spectra were first converted into
INS maps I(Q,ω), i.e. scattering intensity as a function of
both momentum (Q, Å−1) and energy (ω , meV) transfer,17

and the maps were subsequently analyzed using the software
MSLICE.18

3 COMPUTATIONAL DETAILS

AIMD simulations were performed within the DFT frame-
work using a plane-wave pseudo-potential approach as im-
plemented in VASP.19–21 The ionic core-valence interaction
is described using the PAW method,22,23 and the exchange-
correlation part with the semi-local PBE functional.24

We built structural models consisting of a 2×2×2 supercell
with respect to the ABO3 cubic perovskite cell, containing a
total of 40–44 atoms: 8 A elements (8 Ba), 8 B elements (Zr
or dopant), 24 O and up to 4 H. For the low doping level, we
consider one dopant (In or Sc) and one hydrogen in the super-
cell, resulting in a doping level of 12.5%, hence comparable
to the 10% of the measured samples. Since only one dopant
is inserted in the structure, only one arrangement over the B
site is possible. For the high doping level, we consider four
dopants (In or Sc) and four hydrogen atoms in the supercell,
resulting exactly in a doping level of 50%. Regarding the dis-
tribution of the 4 Zr and 4 In atoms on the 8 available B sites,
we used the same arrangement as described in our previous
work,11 and shown in Fig. 1.

For the localization of the protons over the perovskite lat-
tice, we performed geometry optimization on 8 structural
models for the 12.5% doped phases, starting with the hydro-
gen in close proximity to the dopant atom, then with increas-
ing distance considering next-neighbor oxygen atoms. For the
50% phases, we considered 52 structural models for geometry
optimization, with a similar approach as previously described
for 50In/BZO.11 A total of 4 and 10 structures were selected
for AIMD, for the 12.5% and 50% phases, respectively.

The cell parameters were optimized at T = 0 K, then ex-
panded during the thermalization step of the MD to compen-
sate for the residual pressure originating from cell expansion.
The AIMD simulations were performed in the NVT ensem-
ble at T = 300 K, using the Nosé-Hoover thermostat,25–27

and consist of five 20 ps-long trajectories for each struc-
tural model. Neutron weighted vibrational density of states
(VDOS), which are comparable to the measured INS spectra,
are obtained by power spectral density (PSD) analysis of the
atomic velocities, as extracted from the AIMD trajectories.

For each investigated composition and structural model the
vibrational density of states (VDOS) were calculated from the

Fig. 1 Schematic illustration of the chosen Zr and M arrangement,
M = In or Sc, in the 2×2×2 supercell used in the AIMD simula-
tions for the high doping level. The ZrO6 and MO6 octahedra are
distinguished by gray and blue color, respectively. Oxygen atoms are
shown as red spheres. Ba atoms are omitted for clarity.

AIMD trajectories for each proton independently. As in our
previous study on 50In/BZO,11 in the context of the significa-
tive inhomogeneous broadening observed experimentally, all
the trajectories of a particular composition are merged into a
unique structural model. Accordingly, the proton vibrational
spectra of each trajectory are normalized and summed.

4 RESULTS

4.1 Raman Spectroscopy

Fig. 2 (a) shows the Raman spectra of the investigated materi-
als in the range between 12 and 120 meV (≈ 97–970 cm−1).
The spectra are characterized by several strong bands and are
overall quite similar to each other. The most pronounced
bands are found in the range of 10–20, 30–35, 45–50, 60, and
80–90 meV, respectively. Following previous assignments of
the Raman spectra of acceptor-doped BaZrO3 materials,28,29

the bands below ≈25 meV are assigned to deformational mo-
tions of Ba-[(Zr/M)O6] units, whereas the bands above ≈25
meV are related to vibrational modes involving oxygen atoms.
For the weakly doped materials (10Sc/BZO and 10In/BZO),
the spectra are overall very similar, suggesting that the na-
ture of the dopant atom does not affect the local structural
properties significantly. The only significant difference re-
gards the position of the bands below 40 meV, which are
found at slightly higher energies for 10Sc/BZO with respect
to 10In/BZO. For the materials with a higher level of doping,
some spectral changes are revealed. For the Sc-doped materi-
als, the spectrum of 50Sc/BZO features new peaks at approx-
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imately 45, 70, 90 and 105 meV. For the In-doped materials,
no additional bands are observed. This points toward that the
doping with Sc has a somewhat stronger effect on the local
structure of BZO than In.
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Fig. 2 (a) Raman spectra of 10Sc/BZO, 50Sc/BZO 10In/BZO and
50In/BZO. (b) IR spectra for the 10Sc/BZO, 10In/BZO, 50Sc/BZO
and 50In/BZO samples. The spectra have been vertically separated
for clarity.

4.2 Infrared Spectroscopy

Fig. 2 (b) shows the room temperature IR spectra of
10Sc/BZO, 10In/BZO, 50Sc/BZO and 50In/BZO over the en-
ergy range ω = 200–550 meV (≈1600–4400 cm−1), that re-
lates to fundamental ν(O-H) modes.8,9,30 Interestingly, the
spectra of 10Sc/BZO, 10In/BZO, and 50Sc/BZO are, apart
from the generally higher intensity of the heavily doped ma-
terial, very similar to each other, whereas the spectrum for
50In/BZO is markedly different. In particular, the 50In/BZO
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Fig. 3 INS spectra I(ω) as measured on 10Sc/BZO, 50Sc/BZO,
10In/BZO and 50In/BZO. The spectra have been vertically offset for
clarity.

spectrum exhibits two strong bands at around 250 and 300
meV, respectively, which are markedly less intense /or absent
in the spectra of 10Sc/BZO, 10In/BZO, and 50Sc/BZO.

4.3 Inelastic Neutron Scattering

Fig. 3 shows the INS spectra I(ω) of all samples, as obtained
at T < 10 K from the measurements on MERLIN, in the ω-
range between 70 and 500 meV. The corresponding I(Q,ω)
maps measured with Ei = 200, 400 and 600 meV, respectively,
are shown in Fig. 4 . Below 70 meV the spectra are dominated
by a strong elastic contribution, as one can see also in Fig. 4.
Different parts of the spectra were obtained from the integra-
tion of I(Q,ω) over selected Q-ranges. The parts below 170
meV correspond to the integration over the Q range 4–13 Å−1.
The spectra in the ω = 170–300 meV and ω = 300–400 meV
ranges correspond to integration over the Q-ranges 7–16 Å−1

and 11–17 Å−1, respectively.
The most intense feature in each spectrum is the strong

band in the range of ω ≈ 80–130 meV, assigned to funda-
mental δ (O-H) modes.10,11 Weaker and broader features are
found around 200 and 400 meV, respectively. The 200 meV
band is assigned to overtones and combinations of the δ (O-
H) modes, whereas the band around 400 meV is assigned to
ν(O-H) modes. The generally broad nature of the bands sug-
gests the presence of several different O-H distances and thus
several distinct proton sites in the crystal structure of the ma-
terial. We notice that the maximum of the INS signal occurs
at larger Q values as the transition energy increases (Fig. 4),
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position of three maps obtained using incident energies of 200 meV, 400 meV and 600 meV. The main contributions to the INS intensity, as
described in the text, are highlighted in the maps.

exactly as expected following a theoretical analysis of the INS
intensity.11

From Fig. 3 one can also observe that the spectrum of
50In/BZO is characterized by a broader δ (O-H) band, extend-
ing up to 170 meV, while the δ (O-H) bands for the other com-
positions extend no further than up to 150 meV. Similarly, the
second major contribution in the spectra, at ω ≈ 200 meV,
is more extended towards higher energies in the spectrum of
50In/BZO with respect to the spectra of the other three materi-
als. Because the upward-shift of the δ (O-H) modes is usually
associated with a downward-shift of the corresponding ν(O-
H) mode,8,11,31 the spectral broadening of the INS δ (O-H)
band for 50In/BZO is in agreement with a slight downward-
shift of the INS ν(O-H) band as well as the presence of low-
energy IR ν(O-H) features (Fig. 2(b)).

In order to obtain more quantitative information about the
proton local coordination environments, we have performed
a peak fit analysis of the spectral regions associated with
fundamental δ (O-H) and ν(O-H) modes for the 10In/BZO,
10Sc/BZO and 50Sc/BZO samples. For 50In/BZO, an analo-
gous analysis was presented earlier,11 and is included here for
comparison. Fig. 5 and Table 1 show the results of the peak
fit analysis for all samples. The peak fitting was done after the
subtraction of a linear sloping background, to match the back-
ground level of the four different spectra. For 10In/BZO,
10Sc/BZO and 50Sc/BZO, the peak fittings of the δ (O-H)
(80–170 meV) and ν(O-H) (340–420 meV) regions of the
three materials are similar to each other. Both energy regions
can be adequately reproduced by three Gaussian components,
denoted as a1, a2, and a3 for the δ (O-H) region, and c0, c1,
and c2 for the ν(O-H) region, see Fig. 5 and Table 1. For
50In/BZO, one additional Gaussian (a4) for the δ (O-H) re-
gion, and two additional Gaussians (c3 and c4) are required.
Following our previous work on 50In/BZO, we classified the
vibrational energy with the corresponding strength of the hy-

drogen bond between the proton and next-nearest oxygen, O-
H· · ·O, as medium (M), strong (S), very strong (V S), weak (W ),
and very weak (VW ), respectively.11 The classification of the
various peaks for all materials is shown in Table 1.

4.4 Calculated Vibrational Density of States

Fig. 6 shows the VDOS as obtained from the AIMD simula-
tions for the four different materials. Each spectrum is fea-
tured by the contributions from lattice modes (<90 meV),
δ (O-H) modes (90-150 meV), and ν(O-H) modes (360–430
meV). Crucially, we observe little to no differences among the
different VDOS, indicating that, within the design of our mod-
els, the proton vibrational dynamics are virtually independent
on the nature of the dopant, In or Sc, and from the amount of
doping, light or heavy.

5 DISCUSSION

By combining the results from the vibrational spectroscopy
and AIMD simulations we can now understand several new
features related to the local coordination environments and
vibrational dynamics of protons in acceptor doped barium
zirconate materials. A particularly important feature of the
experimental spectra is that they are generally very similar
for 10Sc/BZO, 10In/BZO, and 50Sc/BZO, for which it is
clear that the majority of protons are located in sites with
weak and medium hydrogen bonding, whereas the spectrum
of 50In/BZO reveals the presence of a significant portion of
protons located in sites with strong hydrogen bonds. It can be
concluded that for 10Sc/BZO, 10In/BZO, and 50Sc/BZO the
local coordination environments of protons are very similar,
whereas for 50In/BZO is characterized by additional sites.

In this context, we note that Sc-doped BZO exhibits an
average-cubic perovskite structure even for a complete (100%)
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Table 1 Results from the analysis of the INS intensity I(ω). ω0 are the positions of the Gaussian-shaped components used to fit I(ω), expressed
as e−(ω−ω0)

2/σ 2
. The values are affected by an uncertainty of c.a. 5 meV.

ω0 (meV)
Label 10Sc/BZO 50Sc/BZO 10In/BZO 50In/BZO11 Assignment H-bond strength
a1 97 91 97 93 δ (O-H) weak
a2 107 106 110 108 δ (O-H) medium
a3 115 123 120 128 δ (O-H) medium
a4 – – – 150 δ (O-H) strong

c4 – – – 350 ν(O-H) strong
c3 – – – 375 ν(O-H) strong
c2 412 414 403 410 ν(O-H) medium
c1 438 437 428 432 ν(O-H) weak
c0 465 464 452 – ν(O-H) weak

substitution of Sc for Zr (100Sc/BZO),32 and that the IR spec-
tra of 50Sc/BZO and 100Sc/BZO, cf Fig. 2(b) and ref.32

are essentially the same. Conversely to Sc-doped BZO, In-
doped BZO adopts a brownmillerite structure for any In-
dopant concentration higher than≈75%.8,28,33 The brownmil-
lerite structure of 100In/BZO (Ba2In2O5) may be described as
an oxygen-deficient variant of the perovskite structure exhibit-
ing alternating layers of InO6 octahedra and InO4 tetrahedra
running along the c direction of an orthorhombic unit cell. Of
key relevance here, the hydrated form of Ba2In2O5 (BaInO3H)
is characterized by two distinctly different proton sites, H(1)
and H(2). The H(1) proton site is similar to the one expected in
the perovskite structure for lower In concentrations, whereas
H(2) is characterized by a considerably more distorted local
environment.13,14,31,34 One important consequence of such a
distorted environment is that the angle between the covalent
and the hydrogen bond is essentially linear for a H(2) pro-
ton site. Further, the H(1) and H(2) protons are featured by
two distinctly different contributions in the vibrational spec-
tra, located in the ω-range of 400–450 meV for H(1), and
200–400 meV for H(2).12 The spectral features present only
in the spectrum of 50In/BZO thus resemble those associated
to the H(2) protons in BaInO3H, whereas, as expected, the
spectral contribution of the H(1) protons is comparable with
the one observed around ω = 400–450 meV in all the spec-
tra. This suggests that the very low-frequency ν(O-H) IR
bands of 50In/BZO are related to proton sites characterized
by local structural arrangements reminiscent of the H(2) site
in BaInO3H. This assignment is further in agreement with the
fact that the low-frequency IR bands are more intense in the
spectra of BaInO3H with respect to 50In/BZO,12 i.e. the rel-
ative amount of H(2) protons is lower in 50In/BZO than in
BaInO3H.

We infer from our data that while the local coordination
environment of protons is virtually not affected by the in-

troduction of Sc dopants, in any amount, the introduction of
In dopants leads to the formation of browmillerite-like local
distortions. This is in full accordance with our spectral as-
signment. Crucially, the AIMD simulations show no large
spectral differences between the four different materials, but
rather point towards a similar coordination environment of the
protons independent of the type and concentration of dopant
atoms as studied here. The apparent discrepancy between
the experimental and computational results points to the fact
that the, so called, H(2)-like sites are unstable configurations
within our computational models. This is not fully surpris-
ing since our simulation are based on structural models that
are not designed to capture stable H(2)-like distorted environ-
ments. Indeed, the structural models are designed on the basis
of a random distribution of both dopant ions on the B sites
and protons bonded to the oxygens of the perovskite structure,
which suits the crystallographic description of the materials.
As such, heterogeneities of the spatial distribution of dopants,
such as In-rich domains that may exhibit brownmillerite-type
distortions and, thus, stabilise H(2)-type protons, are absent.
In this respect, we note that previous work suggested that
there is no long-range browmillerite ordering in 50In/BZO,33

and that the Raman spectrum in Fig. 2 does not exhibit any
spectral signatures reminiscent of the brownmillerite struc-
ture.13,14 Accordingly, we infer that there are no browmil-
lerite type domains in 50In/BZO, rather the H(2) like sites are
the result of certain local structural distortions. Although the
origin of these local structural distortions only in the case of
50In/BZO is at present unclear, it can be noted that Zr and Sc
are transition metals, that are situated close to each other in
the periodic table, whereas In is a metal. In particular, one
can note that while the effective ionic radii, ri, of all ions
are similar [Zr (ri = 72 pm), Sc (ri = 74.5 pm), and In (ri
= 80 pm), in VI coordination],35 their absolute atomic hard-
ness are different with the one for In (η = 2.80 eV) consider-
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Fig. 5 INS spectra I(ω) of the investigated samples together with
peak-fitted Gaussian components and the total fit (green lines). A lin-
ear sloping background was subtracted from the spectra before per-
forming the peak fitting. The spectra in (a), (c) and (e) were obtained
by integrating I(Q,ω) over Q ∈ [4−13] Å−1. The spectra in (b), (d)
and (f) were obtained by integrating I(Q,ω) over Q ∈ [11−17] Å−1.
The spectra of 50In/BZO (g-h) are reproduced from ref. 11 All peak
positions are reported in Table 1.

able lower than for Zr (η = 3.21 eV) and Sc (η = 3.20 eV).36

This is in accordance with the spectroscopic characteristics of
the Y-doped equivalent Y/BZO, for which Y exhibit a similar
ionic radius and absolute hardness to Zr and Sc [ri = 90 pm,
and η = 3.19 eV], while showing no clear signatures of low-
frequency vibrational bands associated to H(2) protons in the
IR spectrum.15 These observations thus indicate a relationship
between local structural distortions associated with the H(2)
protons and the hardness of the dopant atom.

Finally, we remark that the local structural differences, es-
pecially in regard to the presence of brownmillerite type lo-
cal structural distortions and the presence of H(2) local struc-
tures in 50In/BZO, points toward a difference in proton mo-
bilities between 50In/BZO and the other three materials as
studied here. On a local scale, the proton conduction mecha-
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Fig. 6 Vibrational density of states (VDOS) for the four investigated
composition, BaZr1−xMxO3Hx with x= 0.12 and 0.5 and M = In and
Sc, calculated as explained in the text.

nism in hydrated perovskites is a two-stage process, involving
hydrogen-bond mediated proton transfer between neighbour-
ing oxygen sites, and an O-H rotational diffusional motion be-
tween such transfers, of which this latter process requires the
breaking of the hydrogen bond. In effect, the stronger hy-
drogen bonding to H(2) protons compared to H(1) protons is
congruent with a higher proton transfer rate for the H(2) pro-
tons with respect to the H(1) protons, and vice versa for the
O-H rotational diffusion. Regardless of this effect, we expect
H(2) diffusion to be hindered in the brownmillerite structure
due to its inherent lower symmetry, limited number of diffu-
sion pathways, and high proton concentration that leads to a
limited amount of vacant sites in the proton vicinity.14 The sit-
uation may however be different for 50In/BZO as the structure
remains cubic (high symmetry, high site multiplicity) with no
evidence of extended brownmillerite structured domains. This
raises questions on the contribution of the H(2) type protons to
the proton diffusivity in 50In/BZO; do they increase the diffu-
sivity by matching the proton transfer and reorientation rates,
or do they act as trapping centers due to a very low reorienta-
tion rate? The testing of such a hypothesis would require the
correlation with local proton diffusivity data on 50In/BZO and
50Sc/BZO, which can be extracted from quasielastic neutron
scattering (QENS) experiments,37 and is an exciting avenue
of future research. While previous QENS studies have fo-
cused on weakly-doped samples, e.g., BaZr1−xInxO3Hx with
x = 0.1, 0.2, and 0.25,6,7 and BaZr0.9M0.1O3Hx with M = Sc
and Y,5 for which the H(2) protons are virtually absent, we
note that no QENS study has dealt with the nature and discrim-
ination of localized proton motions in the H(2)-containing ma-
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terial 50In/BZO and its H(2)-free counterpart 50Sc/BZO. We
also note that because data of proton conductivity for accep-
tor doped BaZrO3 have shown to be sensitive to the synthesis
route and experimental conditions and, as a result, varies sig-
nificantly in the literature,30,33,38–42 a systematic investigation,
on samples prepared under the same conditions, is crucially
needed.

6 CONCLUSIONS

We have carried out a detailed characterization of the lo-
cal coordination and vibrational dynamics of protons in hy-
drated samples of the proton conducting barium zirconates
BaZr1−xMxO3−x/2 with M = In and Sc, and x = 0.1 and 0.5,
using a combination of INS, IR and Raman spectroscopy,
and AIMD simulations. The combined analyses of the ex-
perimental and theoretical data suggest that the local struc-
ture of 50In/BZO is characterized by an additional proton site
compared to 10In/BZO, 10Sc/BZO, and 50Sc/BZO. It is ar-
gued that this proton site relates to local structural arrange-
ment reminiscent of those found in the fully In-substituted
material BaInO3H. The relationship between such structural
arrangements and the characteristics of the respective dopant
atoms have been discussed and indicates that the presence of
brownmillerite-type structural distortions only in 50In/BZO
has its root in the high In doping concentration and low hard-
ness of the In ions. Furthermore, the presence of these unique
local structural distortions points toward different local proton
mobilities between 50In/BZO and the other three materials as
studied here, with a higher rate of proton transfer events in
brownmillerite-type local structures.
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1 Powder X-Ray Diffraction

Fig. S1(a) shows the diffractograms of all samples, together
with an indication of the position of the different reflections
and the Rietveld fits to the data. The parameters obtained from
the fits are shown in Table S1. The data confirm that the ma-
terials are monophasic with an average-cubic structure with
space group Pm3̄m, and the obtained lattice parameters are in
good agreement with previous work.S1−S6

2 Thermal Gravimetric Analysis

Fig. S1 (b) shows the TG curves, expressed as % of the initial
mass, of the nominally hydrated samples upon heating from
25 ◦C to 900 ◦C. These curves are in agreement with previous
reports. S2, S4, S7−S9

Table S1 Results from the analysis of the PXRD for the four inves-
tigated samples. a is the lattice parameter as obtained from the Ri-
etveld fits of the PXRD data and Rwp and χ2 are the errors indicesS10

of the fit. The high χ2 obtained for 50Sc/BZO is most probably due
to trace of impurities in the sample.

Sample a (Å) Rwp χ2

10Sc/BZO 4.1894(2) 7.49 1.50
10In/BZO 4.1926(2) 6.48 1.70
50Sc/BZO 4.2038(3) 6.87 5.60
50In/BZO 4.2005(1) 2.35 1.56
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