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ABSTRACT: Acceptor-doped barium zirconates are fast proton
conductors with a mechanism of proton conduction that involves
proton transfers between neighboring oxide ions and rotational
motions of the O−H species. Previous results from quasielastic
neutron scattering (QENS) on Y-, Sc-, and In-doped BaZrO3, with a
dopant concentration of up to 20%, show that the QENS signal may
have contributions from several different proton transfer and O−H
rotational motions, which are related to different local proton
environments and which occur on similar timescales and with similar
activation energies, largely independent of the type and concen-
tration of dopant atom. Here, in a combined QENS and ab initio
molecular dynamics (AIMD) simulation study, we show that the
QENS signal of the more heavily doped material BaZr1−xScxO3Hx with x = 0.50 can be as well related to several different proton
transfer and O−H rotational motions, spanning over a large range of timescales, yet with no significant differences in activation
energies nor in the spatial geometry of the dynamics as compared to the systems with x ≤ 0.20. Further, we show that accessing
momentum transfers of at least 4 Å−1 in the QENS data is a necessity in order to extract physically meaningful jump distances for the
proton transfer and the O−H rotational process, respectively.

1. INTRODUCTION
Acceptor-doped perovskite oxides based on barium zirconate
and barium cerate, of the general formula BaM′1−xM″xO3−x/2
(M′ = Zr4+ or Ce4+; M″ = trivalent cation; 0 < x < 1), are
highly attractive as proton-conducting electrolytes for various
electrochemical devices.1 The nature of proton conduction in
these materials has been the subject of vast computational and
experimental studies. Computationally, for instance, molecular
dynamics (MD) simulations of a proton in BaCeO3 showed
that the proton conduction mechanism may be divided into
two elementary, short-range (localized), dynamic processes,
namely proton transfer between two adjacent oxygens and
rotational diffusion of the proton around a specific oxygen,
whereas the long-range translation of protons occurs as a series
of such processes.2 Experimentally, proton diffusion mecha-
nisms in acceptor-doped perovskites have been mostly
investigated using QENS,3 through which both localized
proton motions4−8 and long-range proton diffusion9,10 have
been observed.
Under the reasonable assumption of four equivalent proton

sites around each oxygen in a proton-conducting perovskite
material, the QENS data of localized dynamics have been
typically modeled as jump-diffusion dynamics over two
(proton transfer) and four (rotational motion) equivalent

sites, respectively.7,8,11,12 Although the proton transfer has
been mostly identified as the rate-limiting process,5,13−15 no
consensus has been reached because it has been generally
difficult to separate the contributions from proton transfer and
O−H rotational diffusion in the analysis of the QENS data.7,8
In particular, the momentum transfer (Q) range exploited in
most studies (typically ∼0.2−2 Å−1) has been found to be too
limited to allow for a discrimination between jump-diffusion
models over two and four sites, respectively. Recently,
however, QENS studies of Y-, Sc-, and In-doped BaZrO3,
with doping levels in the range of 10−20%, have shown that
such a discrimination is not solely limited by the Q range, since
measurements up to ∼4 Å−1 showed that the quasielastic signal
may be interpreted as either proton transfers or rotational
motions or, actually, even to an average of such motions due to
a range of different local proton sites in the materials.7,8 With

Received: September 12, 2023
Revised: November 11, 2023
Accepted: November 15, 2023
Published: December 19, 2023

Articlepubs.acs.org/JPCC

© 2023 The Authors. Published by
American Chemical Society

24532
https://doi.org/10.1021/acs.jpcc.3c06138

J. Phys. Chem. C 2023, 127, 24532−24541

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

C
H

A
L

M
E

R
S 

U
N

IV
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
Ja

nu
ar

y 
15

, 2
02

4 
at

 1
6:

04
:5

0 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elena+Naumovska"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johannes+Orstadius"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adrien+Perrichon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rasmus+Lave%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Marek+Koza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zach+Evenson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zach+Evenson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maths+Karlsson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.3c06138&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c06138?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c06138?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c06138?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c06138?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c06138?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpccck/127/51?ref=pdf
https://pubs.acs.org/toc/jpccck/127/51?ref=pdf
https://pubs.acs.org/toc/jpccck/127/51?ref=pdf
https://pubs.acs.org/toc/jpccck/127/51?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c06138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


regard to more heavily doped systems, no QENS studies of
localized proton dynamics have been reported so far.
In this work, we investigate the nature of localized proton

dynamics in hydrated samples of Sc-doped BaZrO3 with two
considerably different Sc-dopant levels, i.e., 10 and 50%, using
QENS together with AIMD simulations. Like in the recent
QENS studies on local ized proton dynamics in
BaZr1−xMx″O3−x/2 (M″ = Sc, In, and Y, and x = 0.10 and
0.20),7,8 we exploit a large Q range up to ∼4.0 Å−1. In addition,
we also take measurements with different energy resolutions to
allow for the investigation of proton dynamics over an enlarged
range of measurable timescales compared to previous works.
The aim of the study is to investigate the difference in proton
dynamics between the two materials and hence develop an
understanding of the role of the Sc-dopant level in the
mechanism of proton diffusion. Interestingly, the results reveal
that the nature of localized proton dynamics is quite similar in
the two materials, ultimately pointing toward a lack of
correlation between doping concentration and localized proton
dynamics, even in the relatively large range of dopant atom
concentrations as studied here.

2. EXPERIMENT
The two samples, hydrated powders of BaZr0.90Sc0.10O2.95
(10Sc/BZO) and BaZr0.50Sc0.50O2.75 (50Sc/BZO), were
prepared by a solid state route. Their local structural properties
and hydration behavior were characterized by thermogravi-
metric analysis (TGA) as well as infrared (IR) and Raman
spectroscopy and found to be in agreement with studies of
similar proton-conducting perovskite materials; see the
Supporting Information (SI). Both samples were subjected
to QENS measurements on two different instruments. The
samples were measured on the time-of-flight spectrometer IN6
at the Institut Laue-Langevin in Grenoble, France. The
spectrometer was operated with 5.1 Å incident wavelength
neutrons, yielding an energy resolution of 70 μeV at full width
at half-maximum (fwhm) at the elastic line and an accessible Q
range of 0.21−2.08 Å−1. The powder samples were loaded into
flat aluminum cans with a sample thickness of 1.5 mm. After
masking out Q ranges contaminated by small-Q scattering from
the sample environment and Bragg peaks of the samples,
QENS spectra were obtained in the Q range of 0.57−1.90 Å−1

and at the temperatures T = 200, 300, 350, 400, 450, and 510
K, for both materials. The measurements at the lowest
temperature, 200 K, did not show any QENS signal for any of
the two materials and were used as resolution functions in the
data analysis.
The very same samples were subjected to measurements on

the time-of-flight spectrometer TOFTOF at the FRM II
Neutron Source in Garching, Germany. TOFTOF was
operated with 2.5 Å incident wavelength neutrons, yielding
an energy resolution of 450 μeV at fwhm at the elastic line, and
an accessible Q range at the elastic line of 0.35−4.72 Å−1. After
masking out Q ranges contaminated by small-Q scattering from
the sample environment and Bragg peaks of the samples,
QENS spectra were obtained in the Q range of 1.03−4.07 Å−1

and at the temperatures T = 300, 350, 400, and 450 K for both
materials and, in addition, at 200 and 485 K for 50Sc/BZO and
500 K for 10Sc/BZO. A measurement of a vanadium standard
at room temperature was used as a resolution function in the
data analysis for 10Sc/BZO, whereas the 200 K data was used
as resolution for 50Sc/BZO.

The data reduction in both experiments comprised
subtraction of empty cell scattering, normalization to a
vanadium standard to correct for the efficiency of different
detectors, removal of bad detectors, and transformation from
the scattering angle and time-of-flight domain (θ,tof) to the (Q,
E) domain, where E refers to the energy transfer. The data
reduction for 10Sc/BZO was performed with the LAMP
software package,16 and the data reduction for 50Sc/BZO was
performed with the Mantid software.17 The data analysis of the
reduced data sets was performed within the DAVE software.18

The intensity of the scattered neutrons, S(Q, E)meas, as
measured in both experiments, can be expressed as

+S Q E S Q E R Q E bkg E( , ) ( , ) ( , ) ( )meas (1)

where S(Q, E) is the dynamical structure factor that contains
information about the dynamical properties of the respective
material, R(Q, E) is the instrumental resolution function, and
bkg is a linearly sloping background. While, in general, S(Q, E)
is comprised of one coherent and one incoherent part,
previous QENS studies of proton-conducting oxides, as
performed under similar experimental conditions, have
shown that, in a first approximation, only incoherent scattering
from the protons contributes to the quasielastic signal.3 In
effect, this means that the signal can be attributed to proton
self-dynamics. In our detailed analysis, S(Q, E) was
approximated with a function composed of one elastic
component, described as the amplitude aD(Q) multiplied
with a Dirac delta function δ(E), and a quasielastic component,
described as the amplitude aL(Q) multiplied with a Lorentzian
function L(Q, E), see eq 2.

= +S Q E a Q E a Q L Q E( , ) ( ) ( ) ( ) ( , )D L (2)

The QENS spectra, S(Q, E)meas, were fitted over the
restricted energy transfer range of −1.7 ≤ E ≤ 0.7 meV for the
IN6 experiment and −4 ≤ E ≤ 2 meV for the TOFTOF
experiment due to the presence of elastic scattering artifacts
from the sample environment in the Stokes part of the spectra.

3. COMPUTATIONAL DETAILS
We have previously performed AIMD simulations of 12.5% Sc-
doped BaZrO3 (12.5Sc/BZO) and 50Sc/BZO with
VASP,19−21 using the PAW method22,23 for the ionic core-
valence interaction and semilocal PBE functional for the
exchange-correlation part;24 for details of the simulation
parameters and structural models, see ref 25. The trajectories
were obtained in the NVT ensemble at T = 300 K using the
Nose-́Hoover thermostat.26−28 For 4 structural models of
12.5Sc/BZO and 10 structural models of 50Sc/BZO, each
featured by different starting equilibrium positions for the
protons, we generated five independent 20 ps long trajectories
(40 000 steps with a time step of 0.5 fs). The AIMD
trajectories were integrated in time to produce nuclear density
maps of the proton spatial distribution in order to identify the
geometry of the localized diffusion motions already present at
300 K as well as their associated jump distances.
Note that the limited length of the trajectories is due to the

difficulty in keeping the hydrogen subsystem thermalized,
which is caused by the large mass difference between barium
and hydrogen and the restricted size of the structural model
imposed by the limitations of the AIMD technique on the
number of atoms. More details on this issue are given
elsewhere.29 Due to the fragmented trajectories, only nuclear
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density maps and other time-averaged quantities can be
obtained. Time-dependent quantities, such as relaxation times
or S(Q, E) calculated from time-correlation functions, cannot
be obtained.

4. RESULTS
4.1. Identification of Localized Dynamics. Figure 1

shows S(Q, E)meas as measured on IN6 and TOFTOF. Data are
shown for both materials and for temperatures between T =
300 and 500 K, together with the respective resolution
functions. As can be observed, the spectra for all temperatures
are characterized by a quasielastic broadening related to proton
self-dynamics, and the broadening generally gets more
pronounced with increasing temperature.
Figure 2 shows S(Q, E)meas measured on IN6 and TOFTOF,

at various Q values and temperatures, together with their fits
using the model of eqs 1 and 2. Note that the QENS signal is
properly accounted for by a single Lorentzian function.
Analysis of the fitting results showed that the fwhm (Γ) of
the Lorentzian function is (within error) Q-independent
(Figures S3 and S4 in the Supporting Information (SI)), for
each sample and measuring temperature. This suggests that the
quasielastic scattering relates to localized dynamics of the
protons. This is in full accordance with our previous QENS
studies on 10Sc/BZO using IN6 and IN5,7,11 with resolutions
of 100 and 620 μeV and temperature ranges of 380−495 and
200−550 K, respectively.

Depending on sample composition and temperature, the
fwhm values are in the range of 0.2−0.5 meV on IN6, which
corresponds to characteristic relaxation times (calculated as
2ℏ/Γ) on the order of 4−8 ps for 10Sc/BZO and 5−8 ps for
50Sc/BZO. Thus, in the IN6 time window, the observed
timescales of the dynamics are (within error) virtually the same
in both materials. On TOFTOF, the fwhm values are in the
range of 0.4−1.2 meV, which corresponds to relaxation times
of the dynamics of 1.8−2.5 ps for 10Sc/BZO and 1.5−1.8 ps
for 50Sc/BZO. The timescales of the dynamics are thus also
comparable for the two materials in the TOFTOF time
window or marginally faster in 50Sc/BZO than in 10Sc/BZO.
The difference between the timescales measured on the two
instruments for the same material can be rationalized by the
presence of several indistinguishable localized dynamical
processes due to a range of different local proton environments
in the materials.
4.2. Geometry of the Localized Dynamics. To

investigate the spatial geometry of the localized proton
dynamics, we analyze the Q dependence of the elastic
scattering intensity, here expressed as the elastic incoherent
structure factor (EISF), defined as the ratio of the elastic
amplitude over the sum of the elastic and quasielastic
amplitudes, i.e., EISF = aD/(aD + aL). Note that, as previously
seen in 10Sc/BZO and other related proton-conducting
materials,7,11 the QENS signal from protons experiencing
motions too slow to be resolved by the instrument resolution,

Figure 1. Temperature evolution of S(Q,E)meas of (a) 10Sc/BZO and (b) 50Sc/BZO summed over the Q range of 0.57−1.90 Å−1, as measured on
IN6, and (c) 10/BZO and (d) 50/BZO summed over the Q range of 1.03−4.07 Å−1, as measured on TOFTOF.
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such as long-range translational diffusion motions, will appear
as additional elastic scattering. Here, in 10Sc/BZO and 50Sc/
BZO, this additional elastic scattering can be interpreted as a
fraction of virtually immobile protons.
Figure 3 shows the EISF derived from the TOFTOF data

together with the Q dependencies as expected within the
framework of a jump-diffusion model over two (2N) and four
(4N) equivalent sites located on a circle of radius r, which can
be used to describe the proton transfer and O−H rotational
motion, respectively.4 As can be seen, both models equally well
describe the experimental data for all temperatures and for
both materials. Note that the fitting of the EISF only gives
meaningful results when considering the extended Q range of
the TOFTOF data, with Qmax = 4.07 Å−1. Indeed, a similar
analysis on the IN6 data that are limited to Qmax = 1.90 Å−1

gives unphysical results (see Figure S4 and Table S1 in the SI).
The parameters obtained from the fit of the EISF derived

from the TOFTOF data are listed in Table 1. Note that the
jump length, d, is d = 2 · r2N for the proton transfer, and

= ·d r2 4N for the O−H rotation. A physically reasonable
upper limit of r2N (r2Nmax) can be estimated from the geometry of
the high symmetry cubic structure, when considering untilted
a n d u n d i s t o r t e d o c t a h e d r a , a c c o r d i n g t o

=r a b2 ( /2 )/22N
max . With a lattice parameter a = 4.2 Å

and an O−H covalent bond b = 0.96 Å, we obtain r2Nmax = 0.81
Å. The lower limit of r2N is more complicated to estimate, as
the jump distance of the proton transfer can vary depending on
the local proton environment, the amplitude of oxygen
displacement caused by the hydrogen bond, and the degree
of tilt and deformation of the octahedra. Comparatively, the
range of values of r4N are more simple to estimate, as it should
coincide with the range of O−H covalent bonds, of 0.95−1.02
Å.5,30

The fitted parameters in Table 1 are in the ranges of 0.75−
0.79 Å for proton transfer and 0.94−1.03 Å for O−H
rotational motions for 10Sc/BZO and 0.76−0.82 Å for proton
transfer and 0.95−1.06 Å for O−H rotational motions for
50Sc/BZO. They are in good agreement with the results
obtained in previous QENS studies on Sc-doped BaZrO3.
Indeed, comparable values of r2N = 0.74−0.80 Å and r4N =
0.92−1.02 Å were obtained from measurements of 10Sc/BZO
on IN5, with a 620 μeV energy resolution and Qmax = 4.6 Å−1.7

Similarly, and despite the lower Qmax of 1.90 Å−1, comparable
values of r2N = 0.82−0.93 Å and r4N = 0.96−1.10 Å were
obtained from measurements of 10Sc/BZO on IN6, with a 100
μeV energy resolution.11
The fitted values of r are thus within error identical for the

two materials. However, since the fitted values of both r2N and

Figure 2. S(Q, E)meas of (a) 10Sc/BZO and (b) 50Sc/BZO at T = 510 K and Q = 1.315 Å−1 and Q = 1.325 Å−1, respectively, as measured on IN6,
together with fits, and (c) 10Sc/BZO and (d) 50Sc/BZO, as measured on TOFTOF at T = 485 K and Q = 4.0 Å−1, together with fits. Fit residuals
are indicated at the bottom of each panel.
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r4N are physically plausible, we cannot discriminate between
the two models. Nonetheless, the results suggest that the
localized dynamics in presence, either the proton transfer, the
O−H rotation, or a mixture of both, are similar in both

materials and do not depend significantly on the Sc
concentration.
Besides the parameter r related to the geometry of the

localized dynamics, the parameter c is also obtained from the
fit of the EISFs, which represents the fraction of immobile
protons. In both materials and for both fitting models, c
decreases with increasing temperature, which can be
rationalized as a larger fraction of protons entering the time
window of the instrument as their mobility increases with T.
Figure 4 shows the nuclear density maps calculated from the

AIMD trajectories for 12.5Sc/BZO. Both proton transfer and
O−H rotation motions are observed at T = 300 K in the
simulations [cf. Figure 4(b,c)] although with O−H rotations in
greater numbers, which suggests that the O−H rotations may
be the main contributor to the QENS signal. The hydroxyl
group bond lengths are found statistically identical for all
protons regardless of the proximity to the Sc-dopant, with a
Gaussian-shaped distribution centered at 0.990(1) Å with a
standard deviation (σ) of 0.033(1) Å. Similar bond lengths are
obtained for 50Sc/BZO, with a Gaussian-shaped distribution
centered at 0.989(1) Å with σ = 0.033(1) Å. These values are
consistent with the r4N parameters of the rotational model of
the O−H group obtained by QENS for both samples.
The jump distance for the proton transfer is found to be

more sensitive to the proton local environments in 12.5Sc/
BZO. Indeed, away from the Sc-dopant, for proton transfers
not involving oxide ions marked 1 in Figure 4, the distribution
of jump distances is centered at 1.608(1) Å with σ = 0.088(1)
Å. This is very close to the value estimated from the geometry
of the undistorted octahedra discussed earlier. Conversely, in
the vicinity of the Sc-dopant, the distribution of jump distances
between oxide ions marked 1 is centered at 1.132(2) Å with σ
= 0.064(1) Å. This much shorter value is due mainly to the
displacement of the protons toward the Sc-dopant in the
asymmetric Sc−O(H)−Zr unit, as seen in Figure 4(d).
Comparatively, the average proton site is located in the
oxygen plane for the symmetric Zr−O(H)−Zr unit [Figure
4(e)]. Another cause for shorter proton transfer jump
distances in the vicinity of Sc is the more pronounced
displacement of the oxide ion under the pull of a stronger
hydrogen bond. Indeed, in the vicinity of Sc, the hydrogen
bond length distribution is centered at 1.903(3) Å with σ =
0.199(3) Å, while the distribution is centered at 1.950(3) Å
with σ = 0.169(3) away from Sc.
A consequence of this geometrical asymmetry in the Sc−

O(H)−Zr pattern is the reciprocally longer jump lengths for
the proton transfer between oxide ions marked 1 and 2, which
is the required process for the proton to escape the vicinity of
Sc. Its jump distance distribution is centered at 1.802(1) Å
with σ = 0.074(1) Å. Given the simulated jump lengths for the
proton transfer, the values of r2N are ∼0.57 Å in the vicinity of
Sc, ∼0.80 Å away from it, and ∼0.90 Å to escape from the
vicinity of Sc. Note that the proton transfers in the vicinity of
Sc, with shorter jump distances and thus lower activation
energies, should be, among all proton transfer processes, the
main contributor to the QENS signal. This is, however, not
reflected in the experimental values of r2N, in the range 0.75−
0.79 Å for 10Sc/BZO, which instead correspond to proton
transfers between oxide ions away from the Sc dopant. This
discrepancy could indicate either that the measured QENS
signal is an average of contributions from a variety of proton
transfers or that, as inferred earlier, the contribution from

Figure 3. EISFs for (a) 10Sc/BZO and (b) 50Sc/BZO, as derived
from the TOFTOF data. The lines are fits to the jump-diffusion
model over two (2N) and four (4N) sites.

Table 1. Parameters from the Fits of the EISFs Derived
from the TOFTOF data with Jump-Diffusion Models over
Two and Four Equivalent Sites, Denoted 2N and 4N,
Respectivelya

10Sc/BZO

T (K) r2N (Å) c2N r4N (Å) c4N
300 0.75(15) 0.830(3) 0.94(24) 0.890(2)
350 0.89(11) 0.820(2) 1.21(18) 0.880(2)
400 0.78(10) 0.740(3) 1.01(18) 0.820(2)
450 0.76(10) 0.670(4) 0.96(14) 0.770(3)
500 0.79(8) 0.630(3) 1.03(14) 0.750(2)

50Sc/BZO

T (K) r2N (Å) c2N r4N (Å) c4N
300 0.76(5) 0.910(1) 0.95(7) 0.9400(4)
350 0.77(5) 0.850(1) 0.98(7) 0.9000(5)
400 0.78(4) 0.760(1) 1.01(6) 0.8300(7)
450 0.81(4) 0.620(2) 1.04(8) 0.760(1)
500 0.82(4) 0.540(2) 1.06(7) 0.700(1)

aThe 350 K 10Sc/BZO fit is an outlier and is not considered further
in the discussion. Numbers within parentheses represent the standard
error.
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proton transfers to the QENS signal is minor compared to that
of the O−H rotations.
Figure 5 shows the nuclear density maps calculated from the

AIMD trajectories for 50Sc/BZO. Note first that, because of

the large number of Sc atoms, no oxide ions can be considered
as distant (marked 3 in Figure 4, >5 Å) from Sc. Note also that
out of 24 M′−O−M″ units in the simulation cell of 50Sc/
BZO, there are 6 Sc−O−Sc units, 12 Sc−O−Zr units, and 6

Figure 4. (a) Scheme of the 12.5Sc/BZO model. ScO6 and ZrO6 octahedra are represented in blue and gray, respectively. Protons and oxide ions
are represented as white and red circles, respectively. Oxygen atoms are numbered from their distance to the Sc-dopant. (b−e) Nuclear density
maps of the proton calculated by AIMD, together with the geometry optimized structural model, for selected trajectories.

Figure 5. (a) Scheme of the 50Sc/BZO model. ScO6 and ZrO6 octahedra are represented in blue and gray, respectively. Oxide ions are represented
as red circles. Oxygen atoms are numbered from their distance to the Sc-dopant. (b-c) Nuclear density maps of the protons calculated by AIMD
using all trajectories, together with a scheme of the structural model. The nuclear densities are split between (b) the front octahedra and (c) the
back octahedra, with respect to the view of (a).
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Zr−O−Zr units. In comparison, in the 12.5Sc/BZO model,
there were 6 Sc−O−Zr units and 18 Zr−O−Zr units. Finally,
note that the proton nuclear densities are summed over
trajectories with different initial starting positions for the four
protons and thus do not reflect the relative occupation of each
proton site nor the number of diffusion events. That being said,
as for the simulations of 12.5Sc/BZO, we observe the presence
of both proton transfers and O−H rotations in the simulations
of 50Sc/BZO, with O−H rotations in greater numbers.
Interestingly, we find the proton nuclear densities to be

more spatially extended in 50Sc/BZO than in 12.5Sc/BZO,
which is due here to the higher degree of variability of the local
proton environments. Indeed, the hydrogen bond lengths are
found on average shorter in 50Sc/BZO than in 12.5Sc/BZO,
with a distribution centered at 1.912(2) Å with σ = 0.205(3) Å,
which is consistent with the larger red-shift of the O−H stretch
band in the IR spectrum of 50Sc/BZO [Figure S2(a)]. This
implies that the amplitude of the oxide ion displacements
under the effect of the hydrogen bonding network is more
pronounced in 50Sc/BZO, as multiple hydrogen bonds can
cooperatively contribute to stabilize more pronounced local
structural distortions. This increase can be estimated from the
oxide ion trajectories to ∼0.1 Å, as the maximal displacement
in the plane normal to the M′−O−M″ unit is ∼0.8 Å in 50Sc/
BZO and ∼0.7 Å in 12.5Sc/BZO.
Because of the increasing variety of local proton environ-

ments and more diffuse nuclear density maps, the jump
distances for proton transfer are more difficult to evaluate.
Nonetheless, from a selection of diffusion events, the average
jump distances can be estimated to ∼1.61 Å for a proton
transfer between two symmetric M′−O−M′ units and to
∼1.15 Å for a proton transfer between two asymmetric Sc−O−
Zr units, with a typical standard deviation from the distribution
of distances of ∼0.05 Å. These jump distances are comparable
to the ones obtained for 12.5Sc/BZO. Because of the presence
of adjacent Sc atoms, there is also the possibility of proton
transfer from an asymmetric Zr−O−Sc unit to a symmetric
Sc−O−Sc unit, which then corresponds to an average jump
distance of ∼1.42 Å with σ ≈ 0.05 Å. There is thus a variety of
proton transfer processes with different jump lengths that can
take place in the 12.5Sc/BZO and 50Sc/BZO systems.
4.3. Temperature Dependence of the Localized

Dynamics. The Q averaged values of the fwhm, Γ, increase
slightly with increasing temperature for both materials (Figures
S3 and S4), as expected for any thermally activated process.
The temperature dependence of Γ follows an Arrhenius law: Γ
= Γ0 exp(−Ea/kBT), where Γ0 is the trial frequency for the
localized dynamics, Ea is the activation energy, and kB is the
Boltzmann constant.
Figure 6 shows the Arrhenius plot for 10Sc/BZO and 50Sc/

BZO, from IN6 and TOFTOF data. Activation energies and
trial frequencies obtained from the fit are reported in Table 2.
While the values of Ea are, within error, similar for both
materials, the activation energy of the localized diffusion
dynamics in 50Sc/BZO is lower than that in 10Sc/BZO.
Interestingly, slightly lower values of Γ0 are observed in 50Sc/
BZO than in 10Sc/BZO, pointing out that there is a lower
attempt (trial) frequency for the proton diffusion event.
The difference in activation energies and trial frequencies

between the IN6 and TOFTOF data for the same material is
rationalized, in a similar way than previously discussed for the
timescales, by differences in the distribution of distinct proton
environment contributions given the resolution of the two

instruments. It follows that the proton environments with
relatively faster timescales that contribute to the TOFTOF
data also exhibit relatively higher trial frequencies and lower
activation energies than the proton environments with
relatively slower timescales contributing to the IN6 data.
The obtained activation energies in the range of 8−40 meV

are in good agreement with the values found for localized
proton dynamics in previous QENS studies of acceptor-doped
BaZrO3 materials, which are in the range of 10−30 meV.5,11,31
The activation energies are also consistent with the results of
the AIMD simulations. Indeed, while we cannot extract
activation energies for specific localized processes from the
simulations, the presence of O−H rotations and proton
transfers with various jump lengths, already at 300 K, suggests

Figure 6. Temperature dependence of the Q averaged quasielastic
width Γ for (a) 10Sc/BZO and 50Sc/BZO, as determined from the
IN6 data, and (b) 10Sc/BZO and 50Sc/BZO, as determined from the
TOFTOF data.

Table 2. Parameters from the Fits of the Temperature
Dependence of the FWHMs by an Arrhenius Lawa

Instrument Sample Ea (meV) Γ0 (meV)
IN6 10Sc/BZO 40(16) 0.7(3)

50Sc/BZO 26(18) 0.4(1)
TOFTOF 10Sc/BZO 25(17) 1.3(4)

50Sc/BZO 8(3) 1.1(1)
aNumbers within parentheses represent the standard error.
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that their activation energies are on the order of 25 meV or
lower.

5. DISCUSSION
As demonstrated in the EISF analysis of the TOFTOF and
IN6 QENS data, accessing an extended Q range up to ∼4 Å−1,
in order to resolve the minima of the EISF around 2.5−3 Å−1,
is necessary to obtain physically reasonable values for the jump
distances for the proton transfer and O−H rotation motions.
The geometrical parameter r of the fit with the 2N and 4N
jump-diffusion models that describe the proton transfer and
O−H rotation motions, respectively, takes values of r2N =
0.75−0.82 Å and r4N = 0.94−1.06 Å for both materials. These
values are in good agreement with other experimental and
theoretical studies.5,11,31,32 As per the AIMD simulations and
previous studies by density functional theory calculations on
BaZr0.875Sc0.125O2.937 and related proton-conducting perov-
skites,11,25,33,34 the proton transfer jump length between
asymmetric M′−O−M″ units (here Sc−O−Zr) is expected
to be significantly shorter than between symmetric M′−O−M′
units. For instance, previous DFT calculations on 3.7Sc/BZO
determined a jump distance of 0.89 Å for jumps from
symmetrical sites of the type Zr−O−Zr, 0.72 Å for jumps from
asymmetrical sites of the type Zr−O−Sc, and 0.82 Å for jumps
from (symmetrical) sites far from any dopant atom.11 In our
AIMD simulations, the jump distances for proton transfers
involving an asymmetric unit are found in the range of 1.13−
1.42 Å, compared to ∼1.6 Å between symmetric units, which is
in agreement with O−O distances between 2.6 and 2.9 Å and
O−H bonds between 0.97 and 1.0 Å as determined by
diffraction experiments and computer simulations.7,30,35−37

Given the presence of proton transfers and O−H rotations
in the AIMD already at 300 K, and since both 2N and 4N
jump-diffusion fitting models give physically reasonable jump
distances in the EISF analysis, we cannot uniquely assign the
QENS signal to a specific proton transfer or O−H rotation
motion. Instead, it is likely that the QENS signal originates
from an average of several contributions from proton transfers
with various jump distances as well as O−H rotations. On a
similar note, the activation energies, quasielastic widths, and
mean residence times most likely represent an average of the
several contributions and hence do not represent activation
energies for a specific process but rather an average of the
probed contributions. This is in agreement with our previous
QENS studies on the relatively weakly doped materials 10M/
BZO (M = Sc, Y, and In) and 20In/BZO, which showed that
the QENS signal could be ascribed to the combined
contribution from several proton transfer and O−H rotation
motions, associated with different local proton coordination
environments, as an effect of the locally disordered nature of
the structure due to the acceptor-doping of these materials.7,8

In accordance with these studies, the present QENS results
suggest that this also applies to the more heavily doped
material 50Sc/BZO. It follows that the nature of the localized
proton dynamics does not appear to be significantly affected by
the dopant concentration within the relatively large range of
dopant concentrations, 10−50%, as investigated here.
On average, faster timescales and lower activation energies

are observed for 50Sc/BZO than for 10Sc/BZO, with also a
slightly larger fraction of mobile protons freed at higher
temperatures and decreased trial frequency. The lower
activation energy could be related to the increase in the
proportion of asymmetric units from 20% in 10Sc/BZO,

assuming that the Sc dopants are dispersed in the Zr matrix, to
50% in 50Sc/BZO, assuming a random distribution of Zr and
Sc on the M′-site. Consequently, we expect a relatively higher
population of proton transfers with shorter jump distances in
50/ScBZO than in 10Sc/BZO. As the activation energy for the
proton transfer is correlated to the jump length, a shorter
proton transfer jump length, averaged over all proton transfers
contributing in the time window of the instrument, could
explain the lower activation energies found in 50Sc/BZO than
in 10Sc/BZO.
Furthermore, note that in the temperature range studied

here, the proton dynamics are discussed as phonon-
mediated,38 where the collective dynamics of the host
perovskite lattice help promote proton diffusion events. In
this context, we speculate that the lower activation energies
and trial frequencies in 50Sc/BZO than in 10Sc/BZO could as
well originate from a modification of the lattice dynamics, with,
for instance, a frequency shift of phonons involved in the
proton transfer process toward lower energy or the presence of
additional localized oxygen modes. This would be consistent
with experimental observations by Raman scattering, in the
lattice dynamics region of the spectra, of broader bands as well
as additional bands in 50Sc/BZO with respect to 10Sc/BZO,25

see also Figure S2(b). This would also be consistent with the
increased displacement amplitude of the oxygen atoms and
increased variety of proton local environments with stronger
hydrogen bonding observed in the AIMD.

6. CONCLUSIONS
To conclude, we have investigated the nature of localized
proton motions in the two perovskite-type proton conductors
BaZr1−xScxO3−x/2 with x = 0.10 and x = 0.50, using QENS
together with AIMD simulations. The results reveal the
presence of localized proton motions characterized by
residence times on the order of a few picoseconds and an
apparent activation energy of a few tens of meV, with no clear
difference in proton dynamics between the two materials. In
accordance with previous QENS studies of relatively weakly
doped systems under similar experimental conditions, analysis
of the QENS data suggests that the localized dynamics
contributing to the QENS signal contains footprints of several
different proton transfer and rotational motions related to
different local proton configurations in the material. Note that,
while the discrimination between proton transfer and O−H
rotational processes in the QENS data is not possible for the
present system, accessing momentum transfers as large as 4
Å−1 is required to extract physically meaningful jump distances.
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