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ABSTRACT: Perovskite-type oxyhydrides, BaTiO;_,H,, have
been recently shown to exhibit hydride-ion (H™) conductivity
at elevated temperatures, but the underlying mechanism of
hydride-ion conduction and how it depends on temperature
and oxygen vacancy concentration remains unclear. Here, we
investigate, through the use of quasielastic neutron scattering
techniques, the nature of the hydride-ion dynamics in three
metal hydride-reduced BaTiO; samples that are characterized
by the simultaneous presence of hydride ions and oxygen
vacancies. Measurements of elastic fixed window scans upon
heating reveal the presence of quasielastic scattering due to
hydride-ion dynamics for temperatures above ca. 200 K.
Analyses of quasielastic spectra measured at low (225 and 250 K) and high (400—700 K) temperature show that the dynamics
can be adequately described by established models of jump diffusion. At low temperature, <250 K, all of the models feature a
characteristic jump distance of about 2.8 A, thus of the order of the distance between neighboring oxygen atoms or oxygen
vacancies of the perovskite lattice and a mean residence time between successive jumps of the order of 0.1 ns. At higher
temperatures, >400 K, the jump distance increases to about 4 A, thus of the order of the distance between next-nearest
neighboring oxygen atoms or oxygen vacancies, with a mean residence time of the order of picoseconds. A diffusion constant D
was computed from the data measured at low and high temperatures, respectively, and takes on values of about 0.4 X 107% cm™2
s™! at the lowest applied temperature of 225 K and between ca. 20 X 107 and 100 X 107 cm™ s™' at temperatures between
400 and 700 K. Activation energies E, were derived from the measurements at high temperatures and take on values of about
0.1 eV and show a slight increase with increasing oxygen vacancy concentration.

T<250K T>400K

1. INTRODUCTION

Perovskites (ABO;) can display a wide range of useful
properties due to their ability to accommodate different
cations, substitution (doping), nonstoichiometry, and struc-
tural defects. Of specific concern in this work are transition-
metal perovskite oxyhydrides (B = transition metal) in which
0’ and H™ ions form commonly the anionic sublattice. Such
materials include compounds like SrVO,H' and SrCrO,H”
with unusual magnetic properties, as well as BaTiO;_H, (x <
0.6)° based on the archetypical perovskite BaTiO; (BTO). In
the solid solution, BaTiO;_H, O*  and H~ ions form
commonly the octahedral environment around Ti, which,
accordingly, is in a mixed IV/IIl oxidation state. In contrast
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with most other oxyhydrides,*™'* BaTiO;_,H, is stable in air
up to ca. 400 °C, above which hydrogen gas is released. When
present, oxygen is scavenged and BaTiOj is retained. In inert
gas atmospheres containing D,, a hydride exchange H/D
occurs at hydrogen release temperatures. These observations
led to the conclusion that the hydride species in BaTiO;_ H,
have to be mobile.

The labile hydride species in BaTiO;_,H, have not only
implications for ion conductivity but also the chemistry of
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BaTiO;_H,. Kageyama et al.* demonstrated that this material
represents a versatile precursor toward a range of other mixed
anion compounds such as oxynitrides'' ™" and oxyfluorides."
Two main possible diffusional routes for the hydride ion in
BaTiO;_,H, have been discussed: (i) vacancy-assisted
diffusion and (ii) transformation into a proton and then
interstitial diffusion.”'*”"” Recently, it has been shown by
Tang et al.'® that when x is low (x < 0.4), the migration of
hydride ions in BaTiO;_,H, will require the simultaneous
movement of oxide ions, which is featured by a relatively high
activation energy, of the order of 3.8 eV,'® whereas when x is
high (x > 0.4), the concentration of hydride ions is so high that
the hydride ions may form a conduction pathway not
dependent on the movement of oxygen ions and is then
featured by a lower activation energy, of the order of 2 eV."
The diffusional motion of the hydride ion can be promoted by
introducing oxygen vacancies in the perovskite structure, as
demonstrated with Sr(Tig¢5S¢0,05)O05.56Ho4; for which anion
vacancies were created by aliovalent Ti/Sc cation substitu-
tion.'” However, experimental data on the mechanistic aspects
of hydride-ion dynamics on an atomic length-scale and how it
depends on the concentration of hydride ions and oxygen
vacancies and on temperature is lacking.

Interestingly, it has been recently shown that the reduction
of BaTiO; by metal hydrides can yield materials Ba-
TiO;_,H,[J(,_,) that, similar to Sr(Tip95Scq05)O256Ho41,
contain simultaneously hydridic H and oxygen anion vacancies
[1.°° In this work, we investigate the dynamics of hydride ions
in three such samples with varying x and y values using
quasielastic neutron scattering (QENS) together with powder
X-ray diffraction (PXRD), thermal gravimetric analysis (TGA),
'H magic angle spinning (MAS) nuclear magnetic resonance
(NMR), and neutron spin-echo (NSE) spectroscopy. Previous
QENS reports of oxyhydrides are limited to the study of
LaSrCoO;H,, by Bridges et al.,”' who observed hydride-ion
mobility characterized by hopping along the direction of
vacancies in the hydride-ion sublattice, with a jump distance
nearly equivalent to the distance between adjacent hydride-ion
sites. It was found that the hopping was initiated in the
temperature range used for synthesis of the material (675—725
K) and occurs in conjunction with loss of hydrogen from the
sample. The obtained activation energy and hydride-ion
diffusion coeflicient derived from QENS were E, = 200—230
meV and D = (6—10) X 107° cm® s™' in the temperature range
of 700—750 K.*' These data are comparable to data obtained
for proton (H*)-conducting perovskite analogs, such as
acceptor-doped barium zirconates, which typically show E,
and D of the order of 100—200 meV and (1—5) X 1077 cm?
s7!, respectively, at about 500 K.***° The aim of our study is
to determine the dynamical behavior of the hydride ions, as a
function of temperature, T, and the concentration of both
hydride ions and oxygen vacancies, as well as to compare with
the CLEZI;IS2 6studies of LaSrCoO;H,,”" and proton conducting
oxides.””

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. Two reduced BaTiO; samples,
which in the following discussion are termed “CAl” and
“CA2”, were prepared by mixing powders of BaTiO; (500 nm
particle size, 99.9% purity, ABCR GmbH’’) and CaH,
(99.99%, Sigma-Aldrich27) in an Ar-filled glovebox in the
molar proportion 1:0.3 (that is BaTiO;/H = 1:0.6) and 1:2.25
(that is BaTiO;/H = 1:4.5) for CAl and CA2, respectively.
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Approximately 10 g of this mixture was pressed into pellets
with a mass of about 1 g (for CA2, a mixture of approximately
10 g was then pressed into one pellet). The pellets were
separately placed inside sealed stainless steel ampules (for
CA2, the pellet was placed inside one sealed stainless steel
ampule) and heated inside an evacuated silica jacket to a
temperature of 700 °C for 3 days (for CA2, to a temperature of
600 °C for 2 days). A third sample, “NAB”, was prepared by
mixing powders of BaTiO; and NaBH, (98%, ABCR
GmbH”’) in an Ar-filled glovebox in the molar proportion
1:0.45 (that is BaTiO3/H = 1:1.8). Pellets of this mixture were
heated to a temperature of 600 °C for 2 days. The dark-blue
colored products (see Figure S1) were washed 3—4 times with
a mixture of 0.1 M NH,CI and methanol (CAl and CA2) or
0.1 M hydrochloric acid (NAB) to remove excess metal
hydride and the byproducts CaO (CAl and CA2) and NaBO,
(NAB), respectively. Finally, the CAl, CA2, and NAB samples
were dried under dynamic vacuum at 120 °C for about 1 day.

2.2. Powder X-ray Diffraction. PXRD patterns were
collected at ambient temperature on a PANalytical X’pert PRO
diffractometer operated with Cu Ka, radiation and in 6—260
diffraction geometry. Powder samples were mounted on a Si
wafer zero-background holder and diffraction patterns
measured in a 26 range 10—90° with 0.013° step size. The
Rietveld method, as implemented in the FullProf*® program,
was used for structure and phase analysis.

2.3. Thermal Gravimetric Analysis. Thermal gravimetric
analysis (TGA) was carried out using a TA Instruments
Discovery system.”” The samples (~15 mg powders) were
heated in a platinum crucible from room temperature to 900
°C with a heating rate of 5 °C/min. A dry air gas flow of 20
mL/min was applied.

2.4. '"H Magic Angle Spinning Nuclear Magnetic
Resonance Spectroscopy. 'H MAS NMR experiments were
performed at a magnetic field of 14.1 T (600.12 MHz 'H
Larmor frequency) and a MAS rate of 60 kHz on a Bruker
Avance-IIl spectrometer’’ equipped with a 1.3 mm MAS
probehead. Acquisitions involved rotor-synchronized, double-
adiabatic spin-echo sequence with a 90° excitation pulse of
length 1.2 us, followed b?r two 50.0 ps tanh/tan short high-
power adiabatic pulses””*” with $ MHz frequency sweep.”' All
pulses operated at a nutation frequency of 208 kHz. For each
sample, 4096 signal transients with 5 s relaxation delays were
accumulated. Shifts were referenced with respect to tetrame-
thylsilane at 0 ppm.

2.5. Quasielastic Neutron Scattering. The QENS
experiments were performed on three instruments, ie., on
the IN16B backscattering spectrometer at the Institut Laue-
Langevin (ILL) ,”*% on the HFBS backscattering spectrometer
at the NIST Center for Neutron Research (NCNR),** and on
the backscattering spectrometer BASIS at the Spallation
Neutron Source (SNS).” For the present work, the key
differences between the three instruments are that IN16B and
HFBS are suitable for elastic fixed window scans (EFWSs) and
allow the dynamic structure factor, S,.,(Q, ®), to be
measured with higher resolution than that allowed by BASIS,
whereas BASIS gives access to a larger dynamic range (cf. 20
ps to 2 ns at IN16B and HFBS and =2 ps to 0.1 ns at BASIS).
Even longer time scale dynamics, from S ps up to 15 ns, were
measured using the neutron spin-echo (NSE) technique. In
comparison to neutron backscattering, NSE gives the
intermediate scattering function, I(Q, )y rather than
Smeas(Q, ®). Additionally, the NSE technique allows the
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separation of incoherent and coherent scattering contributions,
which can give information about the concentration of the
different elements in the studied sample.

The IN16B measurements were performed on CA
Approximately 10 g of CAl was thinly distributed inside an
aluminum package that was subsequently rolled into a 62 mm
long annulus with a diameter of 22 mm. An aluminum can,
which was vacuum-sealed using a stainless-steal head that was
pinched to the head of the sample cell, was used as sample
holder, and a cryofurnace was used to reach the desired
temperatures. IN16B was operated with 6.271 A wavelength
neutrons, yielding an energy resolution of 0.75 peV at full
width half-maximum (FWHM) and an accessible momentum
transfer (Q) range of 0.1-1.8 A" First, we obtained the
EFWSs by examining the intensity in the elastic channel, i.e., at
neutron energy transfer iw = 0, of the CAl sample upon
heating from base temperature T 2—550 K. By this
approach, the onset temperature of diffusive dynamics was
gathered. On the basis of this information, scans of the
dynamic structure factor, S..(Q, ®), were programmed
within the dynamic range of +30 peV. The measurements of
Smeas(Q, @) were performed at 225, 250, 300, and 360 K, in
that order, with a measuring time between 2 and 4 h per
spectrum. The measurement of a vanadium standard at 2 K
was used as a resolution function in the data analysis and to
normalize for the detector efficiency.

The HFBS measurements were performed on NAB and
focused on establishing the onset of dynamics by an EFWS
over the temperature range from 20 to 475 K. Similar to
IN16B, HFBS was operated with 6.27 A wavelength neutrons,
yielding an energy resolution of 0.83 yeV. Approximately 10 g
of NAB was thinly distributed inside an aluminum package that
was subsequently rolled into an 85 mm long annulus with a
diameter of 18 mm. An aluminum can, which was vacuum-
sealed using a lead wire, was used as sample holder, and a
closed-cycle refrigerator was used to reach the desired
temperatures.

The BASIS measurements were performed on CA2 and
NAB. The samples, approximately 10 g of CA2 and NAB,
respectively, were thinly distributed inside aluminum packages
that were subsequently rolled into 54 mm long annuli with a
diameter of 29 mm. An aluminum can, which was vacuum-
sealed using aluminum foil, was used as a sample holder, and a
closed-cycle refrigerator was used to reach the desired
temperatures. BASIS analyzes for 6.267 A, yielding an energy
resolution of 3.5 yeV FWHM and an accessible Q range of
0.2—2 A™". A hot stick and a heat shield were used to achieve
temperature equilibrium at high temperatures. QENS spectra
were measured at 30, 400, 500, 600, and 700 K, in that order.
The spectrum measured at 30 K was used as the resolution
function in the data analysis. The measuring time was 5 h at 30
K and 3—4 h at 400, 500, 600, and 700 K, respectively.

For any of the neutron backscattering experiments, we
applied standard corrections to the data comprising empty can
scattering, detector efficiency adjustments, and absorptions
evaluations. Due to a Bragg peak at approximately Q = 1.57
A" and the presence of small-Q scattering due to an ascending
small-angle signal related to the powder nature of the samples,
some of the data points were removed from the analysis. All
QENS spectra were reduced and analyzed using the DAVE®’
software.

2.6. Neutron Spin-Echo Spectroscopy. The NSE
measurements were performed at the NCNR® on CA2 prior
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to the BASIS measurement. The sample, approximately 10 g of
CA2, was thinly distributed inside an aluminum package that
was subsequently rolled into a S0 mm long annulus with a
diameter of 30 mm. An aluminum can was used as a sample
holder, and a closed-cycle refrigerator was used to reach the
desired temperatures. The sample container was partly open
during the measurements, and the measurements were
performed under vacuum. The NSE data was collected using
incident neutrons with an average wavelength of 6 A and at a Q
value of 1.1 A™!, which gave a dynamic range from S ps to 15
ns. Data were measured at temperatures between 300 and 660
K. The measurement of a TiZr alloy at 300 K was used as
resolution function in the data analysis.

3. RESULTS

3.1. Structural Characterization Analyses. The results
of the structural characterization analyses for CAl, CA2, and
NAB are depicted in Figures 1 and 2 and summarized in

l CA2

Bl
21 ljllluuc’“
g
£
NAB
1 l J | 1 j |
BTO
L J A A L_A_.rl a
20 3IO 4;0 5I0 éO 7I0 éO 9IO
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Figure 1. PXRD patters of CAl, CA2, and NAB.

Table 1. The details of the Rietveld refinement can be found in
the Supporting Information (Figure S2 and Table S1). In
agreement with previous reports, hydride reduction of room-
temperature tetragonal BaTiO; with CaH, affords a cubic
product (Figure 1). The simple cubic perovskite structure is
also obtained when using NaBH, as reducing agent. Note that
the concentration of metal hydride employed in the synthesis
of CAl and NAB (BaTiO;/H = 0.6 and 1.8, respectively) was
considerably lower than that applied in the original synthesis’
of BaTiO;_,H, affording BaTiO, 3sHy ¢, (BaTiO;/H = 6). The
lattice parameter of CAl and NAB is very similar, 4.0055 and
4.0044 A, respectively, which is considerably smaller than that
reported for BaTiO, 15H 4, (4.0236 A).” For the synthesis of
CA2, a higher metal hydride concentration was used (BaTiO;/
H 4.5). The powder pattern of CA2 indicated a
heterogeneous product, consisting of two cubic phases (cf.
Figure S2). Their lattice parameters (4.012 and 4.029 A) are
significantly larger compared to those of CAl and NAB. CAl,
CA2, and NAB represent anion-deficient oxyhydrides
BaTiO;_H [](.—,). As shown in ref 20, x and y values can
be assessed by a combined TGA and 'H MAS NMR analysis
(Figure 2).
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Figure 2. (a) 'H MAS NMR spectra of the precursor material
tetragonal BaTiO; (BTO) and the reduced samples CAl and NAB
(acquired on a 14.1 T spectrometer at 60 kHz MAS). The spectrum
of CA2 was acquired on a 9.4 T spectrometer and is shown in Figure
S3. The inset shows proton signal integral of all reduced samples with
respect to BTO. (b) TGA traces of CAl, CA2, and NAB. The sample
CALl shows a minute weight loss (20.1%) above 700°, whose origin is
not clear.

Figure 2a shows the 'H MAS NMR spectra. First, the
precursor material, tetragonal BaTiO;, displays distinct
resonances at 1.1, 4.8, and 6.5 ppm, which are attributed to
surface OH species because the spectrum after heating this
material to 900 °C, which would remove any structural OH, is
virtually identical. When quantifying the H content of the
BaTiO; precursor by relating its '"H NMR signal intensity to
that of adamantane (C;yH,¢) in the same rotor volume and
under identical conditions, one obtains a molar ratio H/
BaTiO; = 0.039. The spectra of NAB, CAl, and CA2 (Figure
S3) show additional broad resonance at —4, —8, and —20 ppm,

respectively. This is distinct from the precursor, and according
to ref 20, the signal is attributed to hydridic H on the O
position in the perovskite structure. The large range of negative
chemical shifts and breadth of the signals signify metallic
conductivity. In addition, there are sharp resonances in the
positive 1—7 ppm region, similar to the precursor spectrum,
which are, thus, surface OH species. When deconvoluting the
'H signal into a protic (positive ppm) and hydridic (negative
ppm) part, one notices that the concentration of protic surface
hydroxyl is comparable for the precursor and CAl, CA2, and
NAB. Also, deconvolution allows one to estimate the molar
ratio between hydridic H and BaTiOj; in the reduced samples
to be approximately 0.10, 0.08, and 0.04, respectively. These
values will be referred to as y values in the formula
BaTiO3_xHy|:|(x_y).

The TGA traces of CAl, CA2, and NAB are shown in Figure
2b. The samples show initially a small weight loss (0.1—
0.15%), which is attributed to surface water/hydroxyls. The
subsequent weight increase, above 200 °C for NAB and 400
°C for CAl and CA2, is then due to oxidation. Here, one can
consider two border cases: a vacancy-free oxyhydride will
oxidize according to BaTiO;_,H, + 0.75x O, — BaTiO; + 0.5
H,O, and a hydride-free O-deficient BaTiO;_, will oxidize
according to BaTiO;_, + 0.5x O, — BaTiOj;. From the weight
gains, which will be very similar because of the small mass of
H, the x values in the formula BaTiO;_H,[],) can be
extracted. CAl and CA2 attained weight gains, which translate
to x = 0.18 and 0.37, respectively. The corresponding value for
NAB is very high, x = 0.75. The combined '"H MAS NMR and
TGA results (i.e., x and y values) are included in Table 1. For
NAB, the concentration of O vacancies exceeds that of
hydridic H by an order of magnitude whereas for CAl, the
concentration of hydridic H is slightly higher than that of the
O vacancies. The heterogeneous nature of CA2 (as suggested
from the PXRD pattern) may be due to phase segregation into
a O vacancy-rich and H-rich phase. However, this is not
supported by the lattice parameters that are both larger
compared to those of NAB and CAl (cf. Table 1). At this
point, the heterogeneous nature of CA2 remains unclear.

3.2. Elastic Fixed Window Scans. We report in Figure 3
the EFWSs for CAl and NAB, which have been normalized to
the data point at the lowest temperature (2 and 20 K for CAl
and NAB, respectively).””*’ As expected, both samples show a
drop in the elastic intensity upon heating. For CAl, the
intensity evolves from a virtually T-independent behavior
below 150 K to a roughly linear decrease between 200 and 320
K, a more rapid decrease between ca. 320 and 360 K, and a

Table 1. Results of the Characterization of CAl, CA2, and NAB as Obtained from XRD, TGA, and NMR*?

sample

ID synthesis conditions

CAl BaTiO,/CaH, = 1:0.3 (BaTiO;/H = 1:0.6), 700 °C, 3 days
CA2 BaTiO;/CaH, = 1:2.25 (BaTiO;/H = 1:4.5), 600 °C, 2 days
NAB  BaTiO,/NaBH, = 1:0.45 (BaTiO,/H = 1:1.8), 600 °C, 2 days

) xy from  x from o from formula
lattice parameter (A) TG TG H NMR BaTiO;_H,[],,
4.0055(2) 0.18 0.17 0.10 x =0.18

y=01
(H] > [O]
140119(1) 79(2)% 037 035 0.08 x =035
II 4.0295 21% y = 0.08
(H] < [O]
4.0044(1) 0.75 0.70 0.04 x=07
y =0.04
(H] < [O]

“xy refers to a reaction BaTiO;_,H, + 0.75x O, — BaTiO; + 0.5x H,O0. be refers to a reaction BaTiO;_H, + 0.5x O, — BaTiO;.
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Figure 3. Normalized EFWSs of CAl and NAB, as measured on
IN16B and HFBS, respectively, and summed over the Q range from
0.57 to 1.79 and 0.36 to 1.68 A™' (excluding Q values at and around
1.57 A™" due to a Bragg peak) for CA1 and NAB, respectively. Error
bars are within the size of the symbols. Throughout the paper and the
SI, error bars and uncertainties represent one standard deviation.

leveling off at even higher temperatures. The nonlinear T
dependence of the intensity over the investigated T range gives
evidence of additional, nonsimple, dynamical processes setting
in above ca. 150 K, within the time window accessible by the
instrument.”’ The leveling off at the highest temperatures
indicates that the observed dynamics becomes too fast to be
resolved within the accessible time window of IN16B.

For NAB, the intensity shows a similar T dependence to
CA1 up to around 300 K. It is roughly constant between 300
and 400 K and decreases again between 400 and 480 K. We
also observe that the decrease of NAB is not as prominent as
that of CAl, which probably relates to a lower amount of
hydride ions involved in the observed dynamics.

3.3. Quasielastic Spectra at Low Temperatures. CAl
was subjected to QENS measurements at 225, 250, 300, and
360 K on IN16B. The T range in the following is considered
“low temperature”. Figure 4a shows the measured dynamical
structure factor, S,...(Q, @), as obtained from the measure-
ment at 225 K, and Q = 1.1 A", The spectra for 225—360 K
are shown in Figure S4. The spectra have been fitted to a
function composed of an elastic term, A,(Q)5(w), a
quasielastic component described with a Lorentzian function,
A(QL(Q ), and a linear sloping background, a(Q) +
b(Q)w, all convoluted with the resolution function of the
instrument, R(Q, ), i.e.,

Smeas(Q @) = [40(Q)(@) + A(Q)Ly(Q, ) + a(Q)

+ b(Q)w] ® R(Q, ») 1
The Lorentzian function can be expressed as
2 L(Q)
L(Qw)==— 1=

where I',(Q) is the Lorentzian’s FWHM. I';(Q) relates to a
characteristic relaxation (or residence) time, 7, according to 7,
= 2#/T";. The Lorentzian thus contains information about both
the time- and length-scale dependence of the observed
dynamics. The background should be associated with relaxa-
tional dynamics too fast to be adequately analyzed with the
chosen instrument and, because it is sloping, also to vibrational
modes (i.e., inelastic scattering) occurring at energy transfers
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Figure 4. (a) S,..(Q @) of CAl at Q = 1.1 A~ and 225 K, as
measured on IN16B, together with the best fit according to eq 1. (b)
I',(Q) of CAl, as extracted from the IN16B data at 225 and 250 K
(the data point at Q = 1.6 A™* has been removed due to interference
with a Bragg peak at 1.57 A™"). The solid lines are fits to a Chudley—
Elliott model, and the dashed lines are fits to a Gaussian model.

larger than zero but overlapping (in part) with the quasielastic
region. Although, a priori, the quasielastic broadening could, in
principle, reflect the dynamics of both oxide and hydride ions,
reported values of oxide-ion diffusion in BaTiO; samples are in
the range 7 = 107> s at T = 700 K,** suggesting it is negligible
at the picosecond time range as probed here. We thus assign
the quasielastic broadening to the hydride ions in the material.
Further, since the total neutron scattering cross section of
hydrogen is predominantly incoherent (cf. 6yy;,.) = 80.3 barns,
Oy(con) = 1.8 barns**), largely self-dynamics of the hydride ions
are measured.

We show in Figure 4b the quasielastic width I';(Q), as
extracted from the QENS spectra at 225 and 250 K. I';(Q)
could not be reliably determined at higher temperatures, 300
and 360 K, because of a too low scattering intensity. For 225
and 250 K, I';(Q) can be fitted well by established jump
diffusion models. The solid lines in Figure 4b are fits to a
Chudley—Elliott model

_ 2 sin(QR)
hQ) =~ [1 & ) )

which considers jumps of a distance R between points on a
regular lattice and assumes that each mobile atom has a mean
residence time 7, ie., the average time between successive
jumps.***> The jump length, R, is related to the diffusion
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Table 2. Results for the Chudley—Elliott Model and the Gaussian Model, as Obtained from the Fitting to the IN16B and
BASIS Data

Chudley—Elliott model Gaussian model

Sample T (K) R (A) 7 (ps) D (107 cm? s71) R; (A) 75 (ps) D (1076 cm? s71)
IN16B
(CA1) 225 2.9(1) 400(70) 0.4(1) 2.7(1) 300(10) 0.4(1)
250 2.7(1) 200(20) 0.6(1) 2.6(1) 300(30) 0.4(2)
BASIS
(ca2) 400 3.0(1) 8.2(1) 18(1) 33(3) 7.1(4) 26(4)
500 34(1) 7.0(1) 27(1) 4.2(5) 6.5(4) 45(10)
600 3.7(1) 7.1(1) 32(1) 5.9(3) 7.2(1) 80(15)
700 5.2(1) 8.2(1) 55(1) 6.6(4) 7.8(2) 93(13)
(NAB) 400 3.1(1) 9.4(1) 17(1) 3.9(7) 7.9(8) 32(10)
500 4.3(1) 6.6(1) 47(1) 4.8(7) 6.3(4) 61(20)
600 42(1) 62(1) 47(2) 53(7) 5.8(3) 81(27)
700 4.4(1) 5.9(1) 55(1) 7.2(9) 5.5(3) 157(5S)
constant, D, through the relationship D = R*/nt, where n = 2, L L RS REAALANEL b LA bt AALAA R R
4, and 6 for diffusion in 1, 2, and 3 dimensions, 14 :_(a) E
respectively.*”*® The dashed lines in Figure 4b are fits to a 12L CA2, T=400K ]
jump-diffusion model that assumes a Gaussian distribution of F  Exp. d ‘ I}
) p. data !
jump lengths - 10:_ — Total fit " B
h o (Q2<R2> g gb "~ T?Z} fu)nction 3 B
I ® ! ]
L(Q) = T—[l - %) B sb Background 3 1[ E
G (4) o F ; ] ]
where (Rg) is the mean square jump length. Free fits to the 4:_ 5 | B
data yield jump distances of 2.7—2.9 A and mean relaxation e - ,’ ! » s

times of 0.2—0.4 ns for the Chudley—Elliott model and 2.6—
2.7 A and 0.2—0.3 ns for the Gaussian model. For any of the
models, the corresponding diffusion constant D takes on values
of approximately 0.4 X 10™° cm® s™". The fit parameters for
both models are shown in Table 2.

3.4. Quasielastic Spectra at High Temperatures.
QENS measurements for the temperature range 400—700 K
were performed on BASIS using the CA2 and NAB samples.
These measurements targeted faster-time scale dynamics.
Figure 5 shows S...,(Q @) at 400 K and Q = 0.9 A™!, for
both CA2 and NAB, whereas the spectra for 500, 600, and 700
K are shown in Figures S5 and S6. In agreement with the
IN16B data on CAl, the higher-temperature spectra of CA2
and NAB can be approximated to a single Lorentzian and a
linear, sloping, background; however, the here probed
quasielastic component is now about 2 orders of magnitude
broader as a result of the QENS signal dominated by faster-
time scale dynamics. It should be noted that as a result of the
broad nature of the quasielastic component, it is difficult to
separate it from the background originating from even faster
time scale dynamics and inelastic scattering contributions, such
as vibrational motions. To obtain consistency between the
fitted parameters, the offset of the background, a(Q), (see eq
1) had to be adjusted and fixed manually for some of the
temperatures and Q values; details are given in the captions of
Figures SS and S6.

As for CAl as measured on IN16B, the Q dependence of the
quasielastic width as extracted from the Lorentzian compo-
nent, [';(Q), can be adequately described both by Chudley—
Elliott and Gaussian jump diffusion models. For CA2 (Figure
6), free fits yield jump distances in the range 3.0—5.2 A and
mean residence times in the range 7.0—82 ps for the
Chudley—Elliott model and 3.3—-6.6 A and 6.5-7.8 ps for
the Gaussian model, respectively. For NAB (Figure 7), free fits
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Figure 5. S,,...(Q, @) of CA2 (a) and NAB (b) at Q = 0.9 A™! and
400 K, as measured on BASIS, together with their fits according to eq
1.

yield jump distances in the range 3.1-4.4 A and mean
residence times in the range 5.9—9.4 ps for the Chudley—
Elliott model and 3.9—7.2 A and 5.5—7.9 ps for the Gaussian
model, respectively. The parameters obtained from the two fits
are thus overall similar (see Table 2). However, the Chudley—
Elliot model is featured by a more consistent value of the jump
length (4 A), as well as a lower error, and the Gaussian model
was fitted without considering the individual error from the
data points (when the errors of the data points was considered
for the Gaussian fit, the fit became extremely stiff and visibly ill
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fitting). Therefore, the Chudley—Elliot model is deemed to be
most reliable for describing the observed dynamics.

Figure 8 compares the temperature dependence of the
diffusion coefficient, D, for CA1, CA2, and NAB. The diffusion
coefficient, rather than the mean residence time, 7, is shown
here due to the fact that we observe not only a change in 7 but
a simultaneous change in the jump distances, R. Both CA2 and
NAB show an Arrhenius dependence with an activation energy
of 85(2) and 94(2) meV for the Chudley—Elliott model and
105(18) and 118(42) meV for the Gaussian model, for CA2
and NAB, respectively. The diffusion constants derived from
the Chudley—Elliott model for CA1 are seemingly on the same
trajectory as the Arrhenius dependence of the other two
samples; however, with only two D values for CAl, any
activation energy cannot be reliably determined.

3.5. Hydrogen Desorption at High Temperatures.
NSE measurements within the temperature range 300—700 K
were performed on the CA2 sample under ambient conditions
with the specific aim to study the hydride-ion dynamics across
the temperature range of hydrogen desorption. Figure 9 shows
I(Q, t) at a selection of temperatures between 400 and 660 K.
The I(Q, t)s are generally featured by a low signal-to-noise
ratio due to a low neutron polarization [the measured quantity
in NSE and that relates directly to I(Q, t)] related to a low
hydrogen concentration and/or an unfavorable ratio between
coherent and incoherent scattering.”> However, when compar-
ing the I(Q, t) at different temperatures, there is a noticeable
change from no visible decay for temperatures between 400

2025

and 525 K to a slight but significant decay for higher
temperatures. Interestingly, the “threshold” temperature for
dynamics as picked up in the experiment, i.e., around 550—600
K, coincides with a decrease in the incoherent scattering signal
(Figure 10), which points toward some loss of hydrogen
species from the sample. In comparison, the coherent
scattering intensity, as relates primarily to Ba, Ti, and O (the
coherent scattering from H is only about 0.9% of the total
coherent scattering in CA2)," does not change with
temperature, as expected considering that the hydrogen
desorbs as H,(g).

4. DISCUSSION

Our results from the low- and high-temperature neutron
backscattering experiments and the NSE spectroscopy experi-
ment on BaTiO;_H, reveal new insights into hydrogen
dynamics in perovskite-type materials, now stretching from
protic to hydridic species. Analyses of the QENS spectra
measured at low (225 and 250 K) and high (400—700 K)
temperatures show that the observed dynamics can be
adequately described by established models of jump diffusion,
with a preference for the Chudley—Elliott model.

At low temperatures, <250 K, all of the models feature a
jump distance of about 2.8 A, which, crucially, matches the
distance of the nearest neighboring (NN) O/H atoms or
oxygen vacancies in BaTiO,_,H, of approximately 2.8 A
(Figure 11), with a mean residence time of the order of 0.1 ns
(Table 2). These results are therefore consistent with hopping
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between the different data sets.
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of hydride ions, constrained by the perovskite lattice, between
vacant sites of the corners of the same or neighboring Ti(O/
H)s_s polyhedra, where & reflects the amount of oxygen
vacancies. Crucially, this time scale is much shorter than what
would be detected for oxygen diffusion at equivalent
temperatures. This latter feature indicates that the hydride-
ion hopping is not dependent on the counter diffusion of
oxygen ions but rather points toward a mechanism in which
the hydride ions jump to neighboring oxygen vacancy sites in
the perovskite structure. Indeed, CAl contains a significant
concentration of oxygen vacancies, cf. Table 1, which thus
might enable the formation of percolating pathways of oxygen
vacancies in the perovskite lattice. In principle, the hydride
ions may, in the case of a large hydride-ion concentration (x >
0.4) as well, diffuse in the structure through percolating
pathways of hydride ions, even for a very low oxygen vacancy
concentration.” However, as the hydride-ion concentration in
CAl is only x = 0.10, the latter process is rather unlikely to
happen. The important role of oxygen vacancies for hydride-
ion diffusion is further reflected by the NSE data, which show
the onset of hydride-ion dynamics at around the hydrogen
desorption temperature. This is in accordance with an
increased amount of oxygen vacancies and thus higher
hydride-ion mobility in the perovskite structure.

At higher temperatures, >400 K, the jump distances increase
from a value of 3.0 A (for CA2) and 3.1 A (for NAB) at 400 K
to a value between 3.4 and 4.4 A between 500 and 700 K and
with a mean residence time of the order of picoseconds and an
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activation energy E, ~ 0.1 eV. Therefore, at 400 K, the jump
distance is, similar to that of CAl at low temperatures (225
and 250 K), close to NN jumps, whereas at >400 K, it is of the
order of the distance between second nearest neighboring
(2NN) oxygen vacancies (Figure 11). The jump distance at
the highest temperatures is thus in agreement with the recent
gaseous hydrogen exchange experiments on BaTiO;_H, and
the similar compound LaSrCoO;H,; by Tang et al,'® who
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found that the hydride-ion transport relies on 2NN jumps at
temperatures between 600 and 1000 K. However, the
activation energy E,, as reported by Tang et al,'® in the
range of 2—2.5 eV, is considerably higher than the value of
~0.1 eV, as derived from our experiments. This discrepancy
may be related to the fact that while QENS yields the pure
bulk self-diffusion coefficient of hydride ions, the gaseous
hydrogen exchange experiments conducted by Tang et al.'®
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measure a chemical diffusion coeflicient, as it depends on the
chemical potential between the gas and solid phase, which will
as well be determined by surface effects and grain boundaries
in the material. The higher E,, as found by Tang et al,' is
rather comparable to the ones found for oxygen diffusion in
BaTiO; (cf. E, ~ 2—2.8 eV'' ™), pointing toward a hydride-
ion conduction mechanism dependent on the simultaneous
movement of oxygen ions. In comparison, Bridges et al,”' in
their QENS experiment on LaSrCoO5H,,, reported an E, of
around 0.2 eV. Tang et al.'® argued that the hydride-ion
diffusion in LaSrCoO;H,; occurs during hydrogen desorption
(and thus the creation of oxygen vacancies) and hence shows a
heavily reduced E, as compared to the one extracted from the
gaseous hydrogen exchange experiments. In our case, we
observe significant hydride-ion jump dynamics well below the
hydrogen desorption temperature, as well as for x significantly
lower than 0.4. In view of the results reported by Tang et al,"*
it follows that the high amount of oxygen vacancies in CA2 and
NAB seems to enable the jump diffusion dynamics of hydride
ions at a much lower temperature than the hydrogen release
temperature and with a significantly lower activation energy.
Such an oxygen vacancy-assisted hydride-ion conduction
mechanism is further supported by the somewhat shorter
mean residence times observed for the NAB sample,
containing more oxygen vacancies, compared to that in CA2
(cf. Table 2). This is also in agreement with the NSE data
showing an onset of dynamics at around the hydrogen
desorption temperature, which is congruent with an increased
amount of oxygen vacancies and thus higher hydride-ion
mobility in the perovskite structure. These results are in
accordance with recent first-principles calculations for

BaTiO;_,H,, which show a low activation energy (0.28 eV)
of vacancy-assisted diffusional motion,'® as well as with results
obtained from anion exchange studies'”'” and ionic con-
ductivity measurements™” that show that the diffusional motion
of the hydride ions can be even more promoted by introducing
oXygen vacancies.

It should be noted, however, that it is at present not clear
whether the hydride ions maintain their negative charge during
the diffusion process or if the diffusion involves the
transformation into a proton followed by interstitial diffusion.
Results from computer simulations show that E, for interstitial
diffusion of protons in BaTiO; takes on a value of ca. 0.2 eV,"
whereas results from QENS studies of acceptor-doped
perovskite materials, supported by computational techniques,
show activation energies typically in the range 0.1—0.2 eV for
diffusional motions of protons,””>***7 thus being quite
comparable to our results. Nonetheless, since we observe no
protonic state in the NMR spectra, such a H™ - H" - H~
transformation diffusion mechanism is not supported by any
experimental data reported so far.

5. CONCLUSIONS

We studied the dynamics of hydride ions in three metal-
hydride-reduced BaTiO;_ H, samples, with varying hydride-
ion and oxygen vacancy concentrations. The elastic intensity as
a function of increasing temperature evolves from being
essentially linear at low temperatures (~2—200 K) to a
nonlinear regime between ~200 and 550 K, thus reflecting the
transition from dynamics associated with purely harmonic
vibrational motions to diffusional hydride-ion motions
accessible with the used QENS spectrometers. Quasielastic
spectra measured in the low-temperature region (225 and 250
K) reveal dynamics associated with hydride-ion jumps between
nearest neighbor oxygen vacancies with a mean residence time
of the order of 0.1 ns. Quasielastic spectra measured at higher
temperatures (>400 K) reveal dynamics associated with
hydride-ion jumps between next-nearest neighboring oxygen
vacancies with a mean residence time of the order of
picoseconds, with no strong dependence on the concentration
of hydride ions and oxygen vacancies. The obtained hydride-
ion diffusion coefficients derived from QENS at low temper-
ature were in the range D = (0.4—0.6) x 107 cm? s™! between
225 and 250 K. At higher temperatures, D increases from
about 18 X 10~° ecm® s™" at 400 K to 55 X107° cm” s™" at 700
K. Activation energies E, were derived from the measurements
at high temperatures and take on values of about 0.1 eV and
show a slight increase with increasing oxygen vacancy
concentration. This is useful new data for the comparison
with future experimental and computational results and thus
motivates further efforts to determine the defect nature and

“Low” temperature (T < 250 K)

~4 A

Figure 11.
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Schematic illustration of the observed hydride-ion dynamics at low (<250 K) and high (>400 K) temperatures, respectively.
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transport properties of metal hydride-reduced BaTiO;
materials.
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