ACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by UNIV OF DURHAM

Insight into Design of Improved Oxide lon Conductors: Dynamics
and Conduction Mechanisms in the BiVO Solid Electrolyte

Joseph R. Peet, Chloe A. Fuller, Bernhard Frick, Michael Marek Koza,
Mark R. Johnson, Andrea Piovano, and lvana Radosavljevic Evans

J. Am. Chem. Soc., Just Accepted Manuscript « DOI: 10.1021/jacs.9b03743 « Publication Date (Web): 02 Jun 2019
Downloaded from http://pubs.acs.org on June 3, 2019

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course

of their duties.



Page 1 of 10

oNOYTULT D WN =

Journal of the American Chemical Society

Insight into Design of Improved Oxide lon Conductors: Dynamics
and Conduction Mechanisms in the Bio.g13Vo.08;,01.58; Solid Electrolyte

Joseph R. Peet P, Chloe A. Fuller »?, Bernhard Frick ®, Michael M. Koza ®, Mark R. Johnson P,
Andrea Piovano ®"and Ivana Radosavljevic Evans "

2 Durham University, Department of Chemistry, Science Site, South Road, Durham, DH1 3LE, UK

b Institut Laue Langevin, 71 Avenue des Martyrs, 38000 Grenoble, France

KEYWORDS. Functional oxides; fast ion conductors; ab-initio molecular dynamics; quasielastic neutron scattering;

ABSTRACT: Extensive quasielastic neutron scattering measurements have been used to directly observe oxide ion dynamics
on the nanosecond timescale in bismuth vanadate with formula Bi, q5Vo.08;0..58;, which exhibits remarkable oxide ion con-
ductivity at low temperatures. This is the longest timescale neutron scattering study of any fluorite-type solid electrolyte
and it represents only the second case of oxide ion dynamics in any material observed on a nanosecond timescale by qua-
sielastic neutron scattering. Ab initio molecular dynamics simulations reveal two mechanisms that contribute to the oxide
ion dynamics in the material: a slower diffusion process through the Bi-O sublattice and a faster process which corresponds
to more localised dynamics of the oxide ions within the VO, coordination spheres. The length of the trajectories simulated
and the validation of the simulations by neutron scattering experiments provide for the first time a quantitative insight into
the relative contributions of the two processes to the oxide ion conduction in this exceptional solid electrolyte, which can

be used to derive design principles for the preparation of related oxide ion conductors with even better properties.

Introduction

Oxide ion conductors are important and technologically
exploitable materials used in several types of devices for
energy-related and environmental applications. These in-
clude oxygen sensors and pumps, dense membranes for ox-
ygen permeation and solid oxide fuel cells (SOFCs).»>34
The optimisation of materials for different applications in-
volves improving the oxide ion conductivity at device-op-
erating temperatures, and for SOFCs a conductivity of at
least 10 S/cm is typically sought.>°

The remarkable properties of bismuth vanadate with for-
mula Bio.g3Vo.08,0158;, were first reported by Kuang et al7,
who reported that this material had the highest oxide ion
conductivity of any stable doped-Bi,O; phase, namely 3.9 x
102 Sem™ at 500 °C. Importantly, the material was found to
adopt a pseudo-cubic long-range ordered fluorite-type
3x3x3 superstructure, imparting stability with respect to
transformation to a lower-symmetry lower-conductivity
phase. The room temperature structure can be described
as consisting of two sublattices. The first of these is made
up of isolated VO, tetrahedra, with V5* centres separated
from each other by around 6.7 A; this will be referred to as
the V-O sublattice. The bulk of the material is made up of
a network of corner and edge-sharing OB, tetrahedra with
intrinsic oxide vacancies similar to §-Bi,O;, which will be

referred to as the Bi-O sublattice. Kuang et al.” also re-
ported preliminary ab initio molecular dynamics (AIMD)
calculations carried out for 20 ps of simulation time. These
relatively short simulations only provided qualitative in-
sight but suggested that oxide ion dynamics in
Bio.gi3Vo.08;0158; involved vacancy hopping through the
Bi-O sublattice and oxide ion exchanges between the two
sublattices. The latter cause an increase in the average V
coordination number and create additional vacancies
within the Bi-O sublattice. The very high conductivity in
Bio.gi3Vo.08;0158, Was attributed to three factors: the ex-
tended §-Bi,O;-like Bi-O sublattice, the ability of V5* to
support variable coordination number (i.e. the existence of
VO, groups at higher temperatures), and the oxide ions
readily undergoing localised motion within the VO
groups.”

AIMD simulations have only been reported for a few
Bi,O; based solid electrolytes. A slightly more highly
V-doped phase Bio85.Vo.1480.648 Was found to have lower
conductivity,8 attributed to a larger number of VO, groups
disrupting the 3-dimensional connectivity of the Bi-O sub-
lattice and the resulting symmetry lowering to monoclinic.
Bismuth molybdate with formula Bis12:M06.27801.917
(Bi,sMo0,,06o)? has a different structure, made up of col-
umns of §-Bi,O;-like regions surrounded by connected
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MoO; groups. Simulations showed a much larger conduc-
tivity contribution from the MoOy groups, with a “zig-zag”
mechanism between the edges of the Bi,O; columns. Bis-
muth rhenate Bio.g33R€0.06601.635 (BissRe,040)° has a struc-
ture made up of isolated ReOy polyhedra dispersed in a
Bi-O sublattice, and AIMD simulations on this material
showed similar conduction pathways as those described
qualitatively for Biogi3Vo08,0.58,. Finally, the case of
Bio.g375Nbo.062501.5625" is somewhat different as the Nb atoms
are statistically distributed across the Bi sites rather than
forming a separate sublattice. The mechanism found in
AIMD calculations was vacancy-hopping through the 3-Bi-
,O5-like structure, with no additional processes observed.

Quasielastic neutron scattering (QENS) is a powerful
probe of dynamics in different classes of materials, includ-
ing soft matter and biologically-relevant systems. 2 It is a
technique highly suitable to study the diffusion phenom-
ena and over the years it has contributed significantly to
the microscopic understanding of solid state diffusion. The
QENS signal is observed as broadening of the elastic line in
the neutron scattering spectrum, which occurs due to
small energy exchanges between the neutrons and the
sample during stochastic motion processes in the material.
One of the key advantages of QENS is the ability, at least
in principle, to distinguish between the long-range diffu-
sion and confined, localised dynamics. Quantitative pa-
rameters, including activation energies, diffusion jump
lengths and lifetimes, can be obtained from data collected
as a function of temperature. QENS has been applied very
extensively and successfully to the studies of proton con-
ductors 3, owing to the large incoherent neutron scattering
cross section of hydrogen that makes the self-diffusion in-
formation readily accessible and ensures that strong sig-
nals can be observed from samples containing relatively
few protons or those which exhibit relatively low proton
mobility. By contrast, oxygen is an essentially pure coher-
ent neutron scatterer, rendering the relevant self-diffusion
information more difficult to extract, which has histori-
cally limited the use of QENS in the studies of oxide ion
conductors. Only recently, with the increased perfor-
mances of modern instruments in term of incident flux and
detection efficiency as well as access to longer diffusion
timescales up to nanoseconds, studies of diffusion in oxy-
gen ions conductors can be more readily performed.

Attempts to experimentally probe the microscopic
mechanism behind oxide ion conduction in Bi,O;-based
materials and to quantitatively characterise it through
AIMD simulations are scarce. The first study of §-Bi,O; car-
ried out by Mamontov provided evidence for long-range
oxide ion diffusion in the form of a quasielastic neutron
scattering (QENS) signal.# This study found jump dis-
tances of 2.64-2.84 A (at various temperatures), in excel-
lent agreement with the 2.83 A distance between the near-
est-neighbour oxide ion sites in the <100> direction in
8-Bi,0;, thus matching the believed conductivity pathway.
Another study of §-Bi,O;, reported by Wind et al.,’s also re-
ported a QENS signal caused by long-range oxide ion dif-
fusion. Using an analysis procedure different to that em-
ployed by Mamontov, a jump distance of 3.33 A was found.

This value is larger than the 2.83 A distance between the
nearest-neighbour oxygen sites along <100>, and it was ex-
plained by proposing that jumps could occur in other di-
rections, including <110> and <111>, with the distance of 3.33
A being the weighted average over all these possible jumps.

Building on separate computational and experimental
studies, our recent work has demonstrated that combining
AIMD simulations with inelastic neutron scattering (INS)
and quasielastic neutron scattering (QENS) spectroscopy
can yield significant new atomic-level quantitative insight
into ionic mobility in structurally complex solid electro-
lytes. This combined approach has been used to directly
observe and elucidate oxide ion dynamics in La,Mo0,0,.
This study gave the first proof that exchange processes
leading to long-range oxide ion diffusion rely on the varia-
bility of the coordination number and geometry around
the Mo®* cations (as postulated in the earlier crystallo-
graphic work), with oxide ions jumps occurring both
within and between different Mo coordination spheres. It
was also possible to differentiate between the roles of dif-
ferent crystallographic sites, offering the atomic-level un-
derstanding of the oxide ion dynamics in La,Mo0,0O, con-
sistent with the macroscopic experimental observations.
Similarly, AIMD simulations supported by neutron scatter-
ing experiments elucidated the mechanisms of ionic diffu-
sion in apatite-type Bi(III)-containing germanates, provid-
ing a quantitative insight into the anisotropic nature of dif-
fusion in these materials and its dependence on the com-
position and temperature.®

The objective of the work presented here was to investi-
gate the dynamics of oxide ion conduction in
Bio.g13Vo.0870158; using the combined AIMD and QENS ap-
proach. Neutron scattering experiments were carried out
to probe longer (nanosecond) timescales with the goal of
observing slower longer-range mobility Additional neu-
tron scattering measurements were carried out to investi-
gate the oxide ion dynamics associated with localised mo-
tions on picosecond timescales. Ab initio molecular dy-
namics calculations were carried out at three temperatures
and for much longer simulation times than undertaken
previously (240 ps vs 20 ps).” The aim of this combined ex-
perimental and computational study was to provide the
first quantitative insight into the relative contribution of
the different mechanisms to the exceptional conductivity
in this material and, from this, to propose design principles
for related oxide ion conductors with even better proper-
ties.

Experimental
Synthesis

A 10 g sample of Bi,.g13V0.08;0:.58; was synthesised follow-
ing the literature procedure.” The stoichiometric quantities
of Bi,O; and V,O; reagents were thoroughly mixed and
ground together. The powder was placed in an alumina
crucible and fired sequentially at 700, 750, 800 and 850 °C
with heating and cooling rates of 5 °C min™. The sample
was heated for 12 hours at each temperature with cooling
and grinding in between. Sample purity was confirmed by
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laboratory X-ray diffraction (Bruker D8 Advance, Cu Ko ra-
diation, LynxEye detector), using the Rietveld method im-
plemented in TOPAS Academic software. 19

Quasielastic Neutron Scattering (QENS)

Neutron scattering data were collected on time-of-flight
spectrometer IN6 and on the backscattering spectrometer
IN16B at the Institut Laue Langevin (ILL).

The IN6 experiment was performed with an incident
neutron wavelength of 4.1 A to access quasielastic region
with an elastic energy resolution of 170 peV. This configu-
ration allowed to probe dynamics of tenths of picoseconds.
The 10 g sample was placed in a cylindrical Nb sample
holder and data were collected at 200, 300, 400, 500, 600,
820 °C with a collection time of 6.5 hours at each tempera-
ture. Vanadium sample was also measured at 20 °C for 6
hours for normalisation and to provide the resolution func-
tion.

The IN16B experiment, with an incident neutron wave-
length of 6.271 A and an elastic energy resolution of 0.75
peV, gave access to the nanosecond dynamics. The 10 g
powdered sample was placed in a cylindrical Nb sample
holder. Measurements of elastic intensity (E = o peV) and
inelastic intensity at 2 peV, were made in temperature
scans from 20-500 °C with a heating rate of 0.04 °C s. Data
points were collected in pairs with elastic intensity (EFWS
- elastic fixed window scan) measured for 30 seconds, im-
mediately followed by an inelastic intensity (IFWS - ine-
lastic fixed window scan) measurement lasting 2 minutes.>
QENS measurements were then performed at 10 tempera-
tures (40, 200, 250, 300, 333, 366, 400, 450, 475, and 500 °C).
Data were collected for 6 hours at each temperature within
an energy transfer window limited to +10 peV in order to
gain better statistics. For the same reason and to allow the
Q-dependence of the scattering function to be determined,
additional data were collected at 400 °C and 450 °C for a
total of 18 hours at these temperatures. For the analysis of
QENS data, a resolution function from a standard vana-
dium sample was also acquired. The data from both the
IN6 and IN16b neutron scattering experiments were ana-
lysed using the LAMP software.>

Computational methods

AIMD calculations were carried out using density func-
tional theory (DFT) method implemented in the VASP
code.>* The simulations were performed on a pseudo-cubic
3 x 3 x 3 fluorite supercell of the Bi,.g13Vo.08,0:.58; Structure.
This cell contains 96 Bi and 12 Bi/V sites. To ensure all sites
were fully occupied by a single atom, 9 of these shared sites
were chosen using a random number generator to be occu-
pied by V and the remaining 3 by Bi. Oxygen sites were as-
signed randomly to make each V atom four-coordinate and
provide a total of 171 oxygens in the supercell. This gives a
final formula of BigyV,O,,, which is the closest whole-num-
ber formula possible to Big.gi;Vo.08,0:1.58, for this size super-
cell. For all calculations PAW pseudopotentials? were used
with GGA-PBE functionals®*® and before all other calcula-
tions geometry optimisation was carried out. The elec-
tronic structure was sampled at the gamma point. A pho-
non density of states (DOS) was also determined from
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gamma-point phonons calculated using DFT with the fi-
nite displacement method. The AIMD calculations were
performed at 200 °C, 400 °C, and 600 °C in the NVT en-
semble. A total of 120,000 steps of 2 fs were calculated giv-
ing a total of 240 ps of simulation time at each tempera-
ture. Mean square displacements were produced using the
MDANSE code?*” and cloud plots for trajectory visualisation
were produced using LAMP.»

Results and Discussion
Direct Observation of Oxide Ion Dynamics

Bio.g13V0.08701.58; shows remarkable oxide ion conductivity
in the low-temperature range (300-500°C), as demon-
strated by impedance spectroscopy.” With the aim of un-
derstanding the microscopic origin of this property, we
performed quasielastic neutron scattering experiments ex-
ploiting the timescales of nanoseconds, in which, with sup-
port from our ab-initio simulations, we identified long-
range oxide ion diffusion processes.
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Figure 1. a) S(w) spectra for inelastic neutron scattering meas-
urements on Bio.g3Vo.08;0158; measured on IN16B at various
temperatures with a maximum energy transfer of +10 peV. The
data hve been summed over all Q. A vanadium resolution
function is also shown. b) Representative fit to the IN16B data.
The S(w) of Bio.gi3Vo.08;0:58; at 450 °C, with an evident qua-
sielastic signal. Data have been fitted with a delta function
representing the elastic peak and a Lorentzian for the qua-
sielastic peak, both convoluted with the resolution function.
A flat background was also used in the fitting.
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Plots of the Q-integrated spectra, S(w), against energy
transfer for 6 out of the 10 temperatures studied on IN16B
are shown in Figure 1a (other temperatures have been
omitted for clarity), along with a vanadium resolution
function. Below 300 °C all spectra are similar to the resolu-
tion function with no clear temperature-dependent QENS
peak visible; however, from 300 °C a very clear QENS signal
appears in addition to the elastic peak. The increasing
broadening of the QENS signal indicates that the rapidity
of motion is increasing with temperature, and so the evo-
lution of the QENS half-with-at-half maximum (HWHM)
linewidth (I') was plotted against temperature to allow an
activation energy to be calculated.?®

The S(w) data were fitted model-free with a delta func-
tion representing the elastic peak and a Lorentzian for the
quasielastic peak, both convoluted with the resolution
function. A flat background was also used in the fitting (see
Figure 1b). in Supporting Information. Temperatures
300 °C and below were omitted due to the low intensity or
absent QENS signal. The plot of In(I') against 1000/T in Fig-
ure 2 gives an activation energy of 0.32(2) eV.

Temperature [K]
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| T | | 1
I A HWHM from QENS
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Figure 2. An Arrhenius plot showing the variation of the spec-
tral linewidth I" with inverse temperature for Bio.g3Vo.08;01.587
fitted over a 333-500 °C temperature range. The green solid
line is the fit to an Arrhenius dependence of the HWHM. The
steeper dashed yellow line corresponds to the fit result of the
IFWS curves discussed later (dotted yellow lines are calculated
from the error bars). The solid black circles are estimated from
the IN1I6B HWHM energy resolution and the onset of the dy-
namics seen in the EFWS as well as from the temperature of
the peak maximum in the IFWS for 2 peV.

Additional longer data collections on IN16B were per-
formed at 400 °C and 450 °C (temperatures close and at the
maximum inelastic intensity, respectively) for a total of 18
hours to achieve sufficiently good statistics to investigate
the variation of the scattering function with Q. For these
spectra the scattering functions at each Q value were again
separately fitted with a Lorentzian (QENS peak) and a
delta function (elastic peak) convoluted with the resolu-
tion function and a flat background.

For jump diffusive motions, the linewidth I" of the Lo-
rentzian is expected to follow the Chudley-Elliott model.?®
The fits of this model to the I' values at 400°C and 450°C
are shown in Figure 3. The Q values at which Bragg peaks
are present (x =1.06, 1.38, 1.79 A2) are marked by the verti-
cal grey rectangles. In spite of the long measuring time the
data are noisy, but the fit curves show that the Chudley-El-
liott model is consistent with the data. The calculated life-
time value was about 1 ns; in the fitting of both data sets,
the jump length was fixed to 2.83 A, corresponding to the
distance between nearest neighbour oxygen sites. The life-
time value matches well with the timescales probed by
IN16B.

An important question is whether the dynamics ob-
served on IN16B is of local or diffusional character. For a
translational diffusion model the intensity of the spectral
function should remain constant with increasing tempera-
ture if the number of scattering particles involved remains
constant. In our data, for temperatures where the QENS
signal is clearly broader than the resolution function, this
type of behavior is observed (333, 366, 400 °C in Figure S1).
At the highest temperatures measured we see a decrease of
the spectral weight, which can be ascribed to a combined
effect of losing part of the signal from the narrow energy
window. The typical signature of the translational diffusion
probed by QENS is the Q-dependence of the HWHM. De-
spite a lack of low-Q (< 0.5 A") data points, our data at both
400 and 450 °C exhibit HWHM vs. Q trends consistent
with the Chudley-Elliot model, pointing to a translational
diffusive nature of the observed dynamics. In addition, the
appearance of very clear QENS signals from 300 °C on-
wards coincides with a gradient change in the Arrhenius
curve from the impedance measurements, where the oxide
ion conductivity activation energy decreases from 1.1 eV to
0.68 eV.7 This strongly suggests that the dynamics ob-
served in the neutron scattering experiments described
here correspond to the oxide ion conductivity of
Bio.g13Vo.08;01.58, probed by impedance measurements.”
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Figure 3. QENS spectral linewidth HWHM vs Q for
Bio.g13V0.0870158; at 400°C and 450°C fitted with the Chud-
ley-Elliott model. Grey rectangles correspond to Bragg peak
positions.

The IN16B instrument offers additional means of moni-
toring the elastic and inelastic scattered intensity changes
as a function of temperature through short elastic fixed
window scan (EFWS) and inelastic fixed window scan
(IFWS) measurements. Plots of the Q-integrated and nor-
malised (to the 20°C signal) EFWS and 2 peV IFWS, col-
lected as a function of temperature, are shown in Figure 4
(light blue triangles and orange points, respectively; note
the factor of 103 difference in scales).

The IFWS intensity at 2peV (open circles, lower part of
Figure 4) shows a single peak at about 440°C. The decrease
of the EFWS intensity between T=20°C and 500°C (light
blue triangles, upper curve in Figure 4) appears to take
place in two steps. To further evidence this effect we fitted
the EFWS intensity with a two-step function as reported in
Figure S2 in Supporting Information. The first decay in the
elastic intensity happens between 20 and 250°C, with an
inflection point at 121°C, and accounts for about 1/3 of the
total EFWS intensity loss. This effect is not accompanied
by a corresponding increase in the 2peV IFWS intensity.
This indicates that the elastic intensity loss cannot be ex-
plained by the formation of a quasielastic peak in the IN16B
time-window and instead may originate from different ef-
fects: i) Debye-Waller effects (i.e. it is due to thermal mo-
tions of the scattering atoms); ii) changes in the elastic co-
herent (Bragg or diffuse) scattering; iii) transfer to a very
broad quasielastic intensity outside the selected time-win-
dow, caused by very fast diffusing species contributing only
to a small background increase in the measured time win-
dow on IN16B.

To determine the possible contribution of effects ii) and
iii) to the IN16B data, we performed quasielastic measure-
ments using the time-of-flight spectrometer IN6, with a
resolution of 170 peV, allowing access to a larger Q-range
(to probe effect ii) and faster, possibly localised dynamics
on the ps timescales (to probe effect iii).

Journal of the American Chemical Society
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Figure 4. Upper part: Plots of the integrated elastic intensity
(EFWS) against temperature for neutron scattering experi-
ments on Bi, g13V0.08;0,.58; carried out with IN16B (light blue
triangles). Also shown is a fit curve for a two-step decay indi-
cating the steepest descents at 121°C and 349°C. The filled blue
circles correspond to the integrated elastic intensity measured
on ING, rescaled at 200°C to the IN16B data. Lower part: Plots
of the inelastic intensity measured at 2 peV against tempera-
ture (filled yellow circles) and corrected (open circles) for a
hypothetical elastic contamination (dashed blue line) show-
ing peak maxima at 436°C and 449°C respectively according to
the fits (dashed black and red continuous line).

In the IN6 experiments, we probed the total elastic in-
tensity loss (coherent + incoherent) by integrating S(Q,w)
on a narrow window around the zero energy transfer, and
the total elastic intensity loss without Bragg contributions
(incoherent only). The trends of the two data-point sets
correspond well (Figure S3 in Supplementary Information),
meaning that coherent and incoherent parts contribute
equally to the intensity loss and structural modifications of
the material alone cannot account for the effect. We can
therefore exclude effect ii as the origin of the apparent low-
temperature step loss of elastic intensity in EFWS data.

The IN6 data can also be used to evaluate effect iii. We
note that the trend of the total elastic intensity deduced
from ING6 spectra as a function of temperature (blue filled
circles in Figure 4, normalised to the 200 °C temperature
to IN16B data) appears to align with the first EFWS decay
observed on IN16B. This suggests that with the IN6 energy
window it might be possible to detect the second, faster
dynamics process, which cannot be observed on IN16B. In-
deed our simulations (vide infra) suggest that the fast dy-
namics on the ps timescale are associated with local mo-
tions in the V-O sublattice.
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The IN6 data collected on Bio g13Vo.08,0: 587 were therefore
analysed further to test this hypothesis. Figure 5 shows the
temperature-dependent neutron quasielastic data cor-
rected for the Bose population. Attempts to fit the data, us-
ing a delta function for the elastic signal and a Lorentzian
broadening for the quasielastic component, both convo-
luted with instrument resolution, confirmed the absence
of a detectable quasielastic signal. The reason could be that
this faster dynamics occurs on a different timescale than
that probed by the IN6 spectrometer. For example, Wilmer
et al. showed that in sodium orthophosphate the isolated
PO4 groups underwent reorientation dynamics on the ps
timescale.293° In our data, the absence of a quasielastic sig-
nal can also be due to the fact that, because of the small
scattering cross section of oxygen and a small number of
oxide ions undergoing this type of dynamics (vide infra),
the quasielastic intensity is not detectable in this experi-
ment. In this regard an analysis of the normalised elastic
and inelastic (E= -0.7 meV) intensities showed that the loss
of elastic and inelastic intensity does not occur at the same
rate as a function of temperature, with the inelastic loss
being more rapid (Figure S3). This can also indicate that
another dynamic process (other than the expected Debye-
Waller effect) is already active at 200 °C, although our data
do not demonstrate this directly.

2.0
——200°C
300 °C
1.54 ——400°C
= ——500°C
% ——600°C
S 820°C
= 1.0
2
n
0.5 /
0.0 ———'-"""4:4

45 10 -05 00
Energy [meV]

Figure 5. The Q-integrated scattering function, S(w),
against neutron energy transfer at various temperatures for
Bio.g13Vo.08;0158; measured on IN6, after correction for the
Bose population factor.

Coming back to the EFWS of IN16B of figure 4, a second
EFWS intensity decrease with increasing temperature be-
comes evident above 216 °C, with the steepest descent at
349°C. The loss accounts for about 2/3 of the total elastic
intensity decrease and is accompanied by a large increase
in the 2peV inelastic intensity with a peak near 437°C. This
indicates that from 300 °C there is onset of oxide ion dy-
namics on the nanosecond timescale window of IN16B,
causing the appearance of the QENS signal (Figure 1). The
temperature of this effect in the EFWS intensity coincides
with the decrease in the activation energy determined by
impedance measurements, again strongly suggesting that
the same dynamics are being observed. The 2peV IFWS in-

tensity peak at 437°C indicates that the QENS signal broad-
ens with temperature, that it has reached the maximum in-
tensity at this temperature, and that it is broadening fur-
ther as the rate of oxide ion mobility increase with temper-
ature; at higher temperatures the broadening starts caus-
ing a decrease in IFWS amplitude, due to the fact that sig-
nal is going out of the 2peV energy window. The tempera-
ture dependence of the quasielastic intensity in the region
close to the elastic line in Figure 1 therefore matches the
temperature dependence of IFWS in Figure 4.

The IWFS data can also be used to determine the acti-
vation energy for the dynamic process observed. Since we
had no clear evidence of a faster process occurring in con-
nection with the first EFWS intensity drop, we treated the
IFWS slope in this temperature range as an elastic contam-
ination (leakage) and subtracted the rescaled EFWS inten-
sity from it.>> This gives an activation energy of 0.46(1) eV.

We conclude, based on the excellent agreement of the
onset temperatures, that the observed changes in the
QENS and IFWS data capture the same dynamic process,
and from the two fitting procedures we can estimate its ac-
tivation energy as 0.39(4) eV. This is lower than the value
of 0.68 eV found by Kuang et al. from impedance measure-
ments in this temperature range.” This level of difference
between the activation energies determined from the im-
pedance measurements and measurements such as QENS,
solid state NMR and tracer diffusion measurements, as well
as simulations, has been reported in a range of fast ion
conductors, e.g. for nominally “Na-doped SrSiO;™3,
La,Mo0,04* and other oxide ion conductors,3*33 as well as
Na* ion conductors3+35 and Li* ion conductors.3%37 Recent
studies ascribed this discrepancy between macroscopic
and microscopic diffusion to the fact that the activation en-
ergy for the former can be affected by ion-ion interaction,
while the energy barriers from QENS and simulations cor-
respond to independent oxygen hops.3839

Oxide Ion Dynamics and Conduction Mechanisms
Investigated by Ab Initio Molecular Dynamics

With the aim to deepen our understanding of the micro-
scopic conduction mechanism and the structure-dynamics
relationships in Bio.g3Vo.0s;0158;, We investigated the oxy-
gen mobility using ab initio molecular dynamics.

Figure 6a shows the mean square displacement (MSD)
of the oxygen atoms at each temperature over the course
of the simulation. As expected, the MSDs increase with
temperature indicating increased oxide ion motion. There
is no evidence of the overall MSD saturating, indicating
that the motion is not confined to a fixed volume.
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Figure 6. a) Mean square displacements for all oxygen at-
oms in the simulation box calculated from AIMD simula-
tions at several temperatures. b) Mean square displace-
ments for oxygen atoms starting in the V-O sublattice (V)
or part of the Bi-O sublattice (Bi).

Deeper insight into the contribution of the two sublat-
tices to the O* conduction can be obtained by splitting the
MSDs of oxygen atoms in the V-O sublattice and those
which are part of the Bi-O sublattice, as shown in Figure
6b. One very interesting finding is that at temperature as
low as 200 °C, the MSD of the oxygen atoms bonded to V
already shows delocalisation (~ 2A), suggesting the onset
of dynamics that then initially continuously becomes
larger with increasing temperature. The fact that the MSDs
for the V-O sublattice show a plateau clearly indicate local-
ised diffusion. These results indicate that the initial loss of
elastic intensity below 300 °C, which has no clear counter-
part in the inelastic fixed window scan (Figure 4) is in part
due to the volume-constrained oxide ion dynamics within
the V-O sublattice. This conclusion is supported by recent
variable temperature multinuclear solid state nuclear mag-
netic resonance (SS-NMR) study on Bi, g13Vo.08,0..58,, which
showed significant rates of tetrahedral VO4 group rota-
tions even at room temperature.+° The difference in behav-
iours of the two sets of oxygen atoms indicates that there
are two processes occurring in this material on different
timescales: a process which is a key contributor to the long-
range diffusion through the Bi-O sublattice (which we
could experimentally observe in IN16B QENS data, Figure
4) and a faster process involving oxide ion mobility within
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individual VO, groups (which we did not observe in the
ING6 data, Figure 5).

Diffusion coefficients, D, have been calculated at each
temperature by determining the gradients of the MSDs.
From the MSDs for all the oxygen atoms the activation en-
ergy calculated was 0.7(1) eV (Figure 7a), lower than the
0.39(4) eV value found from QENS and IFWS data. This
value is likely largely affected by contributions from the ox-
ygen atoms involved in localised processes within the VO,
groups. A plot of the D values calculated only using the
MSDs for the Bi-O sublattice O atoms against 1000/ T (Fig-
ure 7b) gives an activation energy of 0.38(1) eV, which is in
excellent agreement with 0.39(4) eV from the QENS and
IFWS measurements, indicating that the long-range diffu-
sion through the Bi-O sublattice is indeed the dynamic
process observed in the IN16B experiments. The activation
energy calculated from the MSD curves for the V-O sublat-
tice O atoms is 0.05(1) eV, which is consistent with the ob-
servation of very facile localised motion in this sublattice
from the SS-NMR experiments, and the activation energy
of 0.07(2) eV determined there from the temperature de-
pendence of linewidths. 4° Low-temperature oxygen local-
ised dynamics and low activation energies for the reorien-
tation of the metal-oxygen coordination polyhedra have
been reported in different structure types. For example, in
the ZrW,,MoOs (0 < x< 2) negative thermal expansion
materials, oxygen mobility has been observed at tempera-
tures as low as 200 K, with activation energies of 0.23-0.35
eV for the reorientations of (W/Mo)O,> groups which
share most corners to form the three-dimensional frame-
work structure.#-43  Activation energies ranging between
0.05-0.18 eV have been found by QENS for the xNa,SO, (1-
x)Na;PO, (0 = x= 0.5) materials which contain isolated tet-
rahedral groups.?® Similarly, rapid polyhedral rotations at
low temperatures and very low activation barriers have
been reported from for isolated MnO, tetrahedra in
KMnO, (Eat = 0.07 V). 44

In order to obtain quantitative insight into the relative
contributions of the two different types of processes occur-
ring in Bio.gi3Vo.08,0158; Over the course of the simulations,
the number of diffusion events at each temperature was
recorded. For this purpose, a jump was defined as an oxide
ion moving a distance of at least 1.5 A (smaller than the dis-
tance between oxygen sites so as not to miss any jumps)
within 500 simulations steps. The jumps were grouped into
several categories based on the closest cations before and
after the jump, and results are shown in Table 1. Intra-VOy
jumps are oxide ion jumps between two sites within a sin-
gle V atom coordination sphere; this corresponds to the
fast process discussed above. Bi-O is a jump within the
Bi-O sublattice, either between two different Bi coordina-
tion spheres or from one site to another in the same Bi co-
ordination sphere. These were grouped together as the
connected nature of the Bi-O sublattice means that each
oxygen atom is bonded to four bismuths and so the specific
closest Bi is not as meaningful. This corresponds to the
slow process mentioned above. Finally, V-Bi and Bi-V rep-
resent jumps from the VO, groups to the Bi-O sublattice
and vice versa.
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Figure 7. a) Arrhenius plot of diffusion coefficients calculated
from the gradients of the MSDs for all oxygen atoms shown in
figure 6a. b) Arrhenius plot of diffusion coefficients calculated
from the gradients of the MSDs for oxygen atoms beginning
as part of the Bi-O sublattice shown in Figure 6b. The size of
the error bars are of the order of the size of the data points
used.

Table 1. The number and percentage of each type of oxide
ion jump described in the text counted over the entire
AIMD simulations at each of the three temperatures.

200 °C 400 °C 600 °C
Jump

Type

Intra-VOx  [339 60.3 863 59.3 1062 55.8

V-Bi 19 3.9 70 4.8 106 5.6
Bi-V 20 4.1 73 5.0 108 5.7
Bi-O 111 22.7 450 30.9 628 32.9
Total 489 1456 1904

As expected from the MSDs, the number of total jumps,
as well as jumps of each type, increases substantially with
temperature, with the largest increase being between the
200 and 400 °C simulations. This correlates very well with

the activation of dynamics at 300 °C observed in the QENS
data and the change in gradient observed in impedance
measurements. The number of intra-VO, jumps dominates
at all temperatures, representing 69 % of the oxide ion
jumps at 200 °C, but decreasing to 56 % of jumps at 600 °C
as the other events become more frequent. The proportion
of jumps attributed to movement within the Bi-O sublat-
tice (long-range diffusional motion) represents a signifi-
cant portion of the total jumps. However, it is important to
note that at any one time significantly fewer oxygen atoms
are within the V-O sublattice than in the Bi-O sublattice
(initially 36 and 135 O atoms, respectively). This means the
intra-VO, jumps are all attributable to only = 21 % of the
oxygen atoms and that, per atom, fewer than one Bi-O
jump occurs for every = g intra-VOy jumps at 200 °C. This
is consistent with the proposal that the intra-VO, process
occurs much faster than the Bi-O sublattice process.

The number of jumps between the Bi-O sublattice and
the VO, coordination spheres and vice versa is low at all
temperatures in comparison to the two main mechanisms,
although the proportion does increase slightly with tem-
perature (to 1% at 600°C). The exchanges of oxide ions be-
tween the two sublattices manifest themselves in the vari-
ation of the average coordination number of the V atoms
over the course of the simulations at each temperature
(Figure S4). The oxide ion exchanges between the two sub-
lattices simulated here have been observed experimentally
by variable temperature 7O solid state NMR, which
showed a clear coalescence of the signals from the two sub-
lattices. 4°

Our results indicate that oxide conduction in
Bio.gi3Vo.08;0158; proceeds by two main processes, each
within one of the two sublattices in the structure, but that
these are facilitated by O*> exchanges between the two. The
first is a slower process through the Bi-O sublattice. At el-
evated temperatures, this mechanism is mainly responsi-
ble for the long-range conduction in the material and in-
volves oxide ion jumps from one site in the Bi-O sublattice
to an adjacent vacant site (Figure Ssb, cf. Figure Ssa which
depicts localised thermal vibrations of the same atoms at
200 °C). This movement involves jumps between the near-
est-neighbour oxygen sites via octahedral holes in the
pseudo-cubic structure, and matches with the established
conduction pathway in §-Bi,O;.454¢ The second process is
the rapid movement of oxygen atoms within a VO, group.
At low temperatures the displacement clouds are centred
on the oxygen sites (Figure Ssc); there is some overlap,
showing that movement between these sites is possible
even at 200 °C. At the higher temperatures the displace-
ment cloud is effectively spherical (Figure Ssd), indicating
that the individual oxygens are highly delocalised within
the V coordination sphere. While this mechanism repre-
sents localised intra-VO, motions, and so does not contrib-
ute directly to the long range dynamics in the material, it
provides a way to indirectly aid conductivity through the
exchanges of the O* ions between the V-O and the Bi-O
sublattices.

Conclusions
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Quasielastic neutron scattering measurements have
been used to directly observe oxide ion dynamics on the
nanosecond time-scale in the oxide ion conductor
Bio.gi3V0.08;01.58;. This is the longest timescale neutron scat-
tering study of any fluorite-type solid electrolyte. In addi-
tion, it represents only the second case of oxide ion dynam-
ics in a solid electrolyte observed on a nanosecond time-
scale by quasielastic neutron scattering.

The AIMD simulations reveal two processes that con-
tribute to the oxide ion dynamics in the material. One of
these, the long-range diffusive movement of oxide ions
through the Bi-O sublattice, is a slower process for which
AIMD gives an activation energy of 0.38(2) eV, in agree-
ment with the QENS measurements (0.39(4) eV), indicat-
ing that these simulations are reliable and that the QENS
indeed probed this long-range diffusive process. The sec-
ond process is the mainly localised motion of oxygen atoms
within the VO, groups in the material. This volume-con-
strained dynamics could not be detected directly by QENS.
This process is faster than the first, but does not directly
contribute to the long range conduction. Instead, it facili-
tates the movement of oxygen atoms into and out of the
VO, groups and, owing to the flexible coordination re-
quirements of the V5 cation, allows the VO, groups to ac-
cept additional oxygens atoms from the Bi-O sublattice.
This creates additional vacancies in the Bi-O sublattice,
further facilitating conduction via the first process. The
length of the trajectories accessed by ab initio simulations
and the validation of the simulations by neutron scattering
experiments give the first quantitative insight into the rel-
ative contributions of the two processes to the oxide ion
conduction in this remarkable solid electrolyte.

Finally, this quantitative insight can be used to propose
design principles for chemical modifications of this mate-
rial to improve its properties further. For example, aliova-
lent doping may be used to generate more vacancies in the
Bi-O sublattice in the as-synthesised material; also, slightly
V-richer compositions could be prepared to provide more
VO, groups, which would accept additional oxide ions at
elevated temperatures and create more vacancies in the Bi-
O sublattice, thus promoting the main long-range diffu-
sion mechanism. It should be noted that Bio.g5Vo.08,0..58; is
already an exceptional oxide ion conductor in the so-called
low-temperature SOFC (LT-SOFC) region. At these tem-
peratures engineering solutions (use of heterostructures
and bilayer electrolytes+?) can be expected to alleviate the
problems related to the reducibility at the anode that has
historically hindered the use of Bi(IlI)-based electrolytes in
high-temperatures SOFCs.
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