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Abstract

Hydrogen plays an increasingly important role in green energy technologies.
For instance, proton-conducting oxides with high performance for fuel cell
components or electrolyzers need to be developed. However, this requires a
fundamental understanding of hydrogen-defects interactions. Although point
defects and grain boundaries in oxides have been extensively studied, the role
of dislocations as line defects remains less understood, primarily due to the chal-
lenge for effective dislocation engineering in brittle oxides. In this work, we
demonstrate the impact of dislocations in bulk single-crystal perovskite oxide
SrTiO; on hydrogen uptake and diffusion using deuterium as tracer. Dislocations
with a high density up to ~10'*/m? were mechanically introduced at room tem-
perature. Exposing this dislocation-rich region and the reference regions (with a
dislocation density of ~10'°/m?) to deuterium at 400°C for 1 h, followed by sec-
ondary ion mass spectrometry measurements, we observed a ~100 times increase
in deuterium incorporation in the dislocation-rich region. The result suggests
that dislocations in oxides can act as an effective reservoir for deuterium. This
proof-of-concept brings new insights into the emerging hydrogen-dislocation

interactions in functional oxides.
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1 | INTRODUCTION

Hydrogen plays an increasingly important role due to
its high societal impact in green energy technologies,
such as hydrogen production and storage for energy con-
version, green steels manufacturing for CO, reduction,!
and energy-efficient computing.? Parallel to the extensive
efforts in understanding hydrogen embrittlement in metal-
lic materials for hydrogen storage and transportation,
developing proton-conducting oxides with high perfor-
mance for electrolyzers (for hydrogen production) and fuel
cells (for hydrogen consumption) is sharing a fair fraction
of scientific and economic weight. This requires funda-
mental understanding of hydrogen-defects interactions in
oxides. So far, the majority of defect engineering efforts
have been focused on point defects (e.g., oxygen vacancy
tuning®) or grain boundaries as 2D defects (e.g., promoting
the acceptor dopants segregation*). Another major defect
type, dislocations as line defects in proton-conducting
oxides or for hydrogen production, has rarely been con-
sidered, primarily due to the perception that ceramics are
brittle and do not exhibit dislocation activities. This con-
ventional picture is being revisited in recent years, as an
increasing number of ceramics are being demonstrated for
dislocation-mediated plastic deformation at room temper-
ature up to meso/macroscale,’ as well as the dislocation-
tuned functional and mechanical properties.®~

Dislocations as line defects can not only carry plas-
tic deformation but also may act as fast diffusion paths
for hydrogen.'? In the meantime, novel proofs-of-concepts
have been put forward showcasing the enhanced hydro-
gen production rate (via water splitting) in functional
oxides such as TiO, nanoparticles'’ and bulk BaTiO;"
with preengineered dislocations. Enhancement in pro-
ton conductivity due to misfit dislocations has also been
reported via strain engineering in thin oxide films.">'*
Nevertheless, these studies require delicate processing pro-
cedures at the expense of high energy cost, for example,
high-temperature bulk compression at 1150°C with an
intermediate dislocation density of ~10'?/m?,"> or have a
limited degree of controlling the dislocations in nanopar-
ticles or at the interfaces of thin films. In terms of
hydrogen-dislocation interaction (for instance, segrega-
tion, trapping, and diffusion) in functional oxides, the
basic understanding remains far less developed.'>!® To
this end, the first challenge is how to effectively and effi-
ciently engineer high-density dislocations, preferably with
much higher density than previously achieved,'? in a large
volume of material.

In this study, we aim to address the following questions:
How does hydrogen respond to high-density dislocations
in a bulk oxide, provided that the dislocations can be
successfully engineered? Are these dislocations stable at

elevated temperatures for potential operation scenarios in,
for example, solid oxide cells? In what follows, we adopted
single-crystal SrTiO3 as a prototypical perovskite oxide,
which exhibits room-temperature dislocation plasticity in
bulk compression'” and allows for efficient dislocation
imprinting with high densities up to ~104/m? at room
temperature.®'® Then the sample, containing dislocation-
rich as well as reference undeformed regions, was exposed
to a hydrogen isotope, deuterium-rich environment at ele-
vated temperatures, followed by secondary ion mass spec-
trometry (SIMS) measurements to assess the deuterium
content and diffusion profile.

2 | RESULTS AND ANALYSES

2.1 | Dislocation engineering and
visualization

A nominally undoped SrTiOj; single crystal with (0 0 1)
surface orientation was used (Alineason GmbH, Frankfurt
am Main, Germany). Starting with a sample dimension of
5mm X 5 mm X 1 mm, we mechanically imprinted dis-
locations in an area of about 2.5 X 2.5 mm? (Figure 1A),
which is suitable for SIMS measurement. The dislocations
were introduced by cyclic scratching the sample surface at
room temperature'” with a Brinell indenter of a diameter of
2.5 mm and a normal load of 1 kg. The depth of the disloca-
tions induced using this method extends beyond 50 um.?°
Each individual wear track (Figure 1A,B) has a maximum
depth of ~300 nm over ~130 um'?, yielding a nominally flat
surface after scratching. Contrasting the reference region
that has a dislocation density of ~10'°/m?,?! high-density
dislocations (~10"/m?) were successfully generated in the
scratch track after 10 passes of scratching, as evidenced
by the TEM (transmission electron microscopy) observa-
tion of the cross section (Figure 1C) along the scratch
track (Figure 1B). The dislocations are primarily aligned
45° with respect to the surface, corresponding to the
activated {1 1 0} (1 1 0) slip systems in (0 0 1) SrTiO;
at room temperature.'®?> Within the TEM field of view
(deeper than 3 pm), the dislocations are distributed homo-
geneously along the depth in the near-surface region.
No amorphization was detected in the heavily deformed
region, which remains in single-crystal form as confirmed
by the TEM diffraction pattern.

2.2 | Deuterium incorporation and SIMS
measurements

We used deuterium (D) as a tracer for a better distinction
from the hydrogen (H) background. D uptake was achieved
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(010) Cross-section

Visualization of the plastic zone and dislocations: (A) overview of the large plastic zone generated by overlapping the scratch

tracks on the (0 0 1) surface. (B) Zoomed-in view of three scratch tracks in parallel, corresponding to the yellow rectangle in (A). (C) Annular
dark field (ADF) STEM image of the cross-sectional region, lifted out at the surface, as indicated by the black line in (B).

by annealing the samples in a furnace at 400°C for1hina
wet 0,/D,0 atmosphere (bubbler at room temperature).
The furnace works under oxidizing conditions using an
oxygen flow of 6 L/h saturated with D,0. D, O dissociates
and D is incorporated into the material that presumably
leads to the formation of hydroxyl (-OD) groups®*. Oxygen
vacancies may be involved in the incorporation process,’*
and discussions will follow. The temperature of 400°C was
adopted to accelerate the D uptake without altering the
dislocation structure, which will be confirmed later in the
experiments. Hydrogen isotope (H and D) selective SIMS
measurements (Cameca IMS-3F/4F) in depth profile mode
were performed on the sample surface before and after
the sample exposure to D,O. An O~ primary ion beam
(14.5 keV, 30-90 nA) was used. The sputtered area was
about 250 um X 250 um, wherefrom 20% in the center
was gated for further signal processing in a double-focused
mass spectrometer. In depth profiling mode, the secondary
ion intensities of H* and D* ions were recorded as a func-
tion of sputtering time. Depth calibration was obtained by
measuring the crater depth with a mechanical surface pro-
filer (Tencor, Alphastep). To ensure a direct comparison,
the tests were performed on the same sample containing
both the dislocation-rich and dislocation-scarce regions
(see Figure 1A). Note that the isotopes H (*H) and D (*°H)
are chemically identical (neglecting the isotope effect),
and the intensity of the respective SIMS signals (I; and
Ip) is converted to calculate the relative D fraction to
Xp = Ip/(Ig + Ip).

As illustrated in Figure 2A, prior to D,O exposure, the
relative deuterium fraction of the regions with a high
dislocation density of ~10*/m? (dislocation-rich) and a
low dislocation density of ~10'°/m? (reference) is iden-
tical, overlapping with the natural isotope background
of Xp ~ 1.5 x 107*.% This serves as a benchmarking
test. After D,O exposure (Figure 2B), the relative deu-
terium fraction is enhanced by a factor of ~100 in the

dislocation-rich region to a depth of up to 70 nm, whereas
in the region without dislocations, it stays close to the
natural background. This indicates that an additional
amount of deuterium is incorporated into the sample in
the dislocation-rich region. The increase of the relative
deuterium fraction at the sample surface for depths below
~10 nm indicates a modified surface structure (which
is known for ABO;-type perovskite oxides’® even with-
out treatment in a hydrogen-rich environment), where
the deuterium may be more easily incorporated for both
cases. This could be caused by the formation of a thin
space charge layer at the surface?’ or near-surface recon-
struction after annealing in the presence of deuterium,
where a higher oxygen vacancy concentration is formed.?
The conditions of SIMS measurements are the same for
dislocation-free and dislocation-rich regions. However, as
can be seen from Figure 2, the probed depths for the
reference and dislocation-rich regions are consistently dif-
ferent, before and after D exposure. The difference can be
explained by a higher sputter yield (material removal rate)
due to the severely distorted lattices in dislocation-rich
regions compared to the reference regions.

2.3 | Diffusivity of deuterium in the
dislocation-rich region

To gain insight into the modification of the deuterium frac-
tion at larger depths and to determine the diffusivity of
deuterium in the dislocation-rich region, long-time SIMS
measurement was performed to depths of ~2700 nm using
a higher primary beam intensity. This depth is within the
TEM field of view, which visualized a uniform dislocation
density along the depth within ~3000 nm (Figure 1C). As
illustrated in Figure 3A, we observe a continuous penetra-
tion of deuterium into the sample in the dislocation-rich
region and a decrease of the deuterium fraction over two
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Deuterium fraction measured on a nominally undoped SrTiOj; single crystal by secondary ion mass spectrometry (SIMS) in

areas with a high dislocation density of ~10'*/m? (dislocation-rich) and a low dislocation density ~10'°/m? (reference): (A) before exposure to
D,0. (B) After exposure to D,0 at 400°C for 1 h. The natural isotope background of ~1.5 X 10~ is indicated by the black dashed line.
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(A) Deuterium fraction, Xy, as a function of depth for larger depths for the dislocation-rich and the reference region without

dislocations. (B) Experimental data of (A) for the dislocation-rich region, with fitting curves according to Equation (1). Shown are two fits for
the depth between 70 and 900 nm (Fit 1) and the tail for depth between 1500 and 2700 nm (Fit 2). The natural isotope background is indicated

by the black dashed line in both (A) and (B).

orders of magnitude. In contrast, the reference region
reveals a constant low level of D fraction up to 1000 nm.

In the range between 70 and 900 nm (the near-surface
data were cut off to avoid compositional uncertainties
caused by surface roughness induced by the scratching),
the diffusion profile can be described® by the following
solution of Fick’s second law using the boundary condition
at the surface —D Z—i =K (¢cy —cy), x = 0%

c(x,t) —ce = (cp — cs) |erfc (g)

X t t X t
—exp <2;\/;+ ;)erfc<g+ ;) €))]

with ¢g being the actual surface concentration, o = 2\/D_Dt,
and 7 = Dp/K?, whereas ¢, = 0.95 is the relative frac-
tion of D in the source, ¢, = 1.5 X 10~ is the natural
abundance of D in the single crystal, Dy, is the deuterium

diffusivity, and K is the surface-exchange coefficient. The
quantity K describes the kinetics of the exchange between
the heavy water source and the crystal. We obtain from
least-squares fitting values of Dy = 2.7 x 1077 m?/s and
K = 1.7 x 107! m/s. The relative error of the diffusivity is
about 30% resulting from the determination of the crater
depth. The deuterium diffusivity is rather low compared
to other perovskite oxides like undeformed LiNbO;, where
such diffusivities were already reached at about 250°C.!
This is surprising because the present diffusion of hydro-
gen in SrTiO; along dislocations is expected to be fast. We
speculate that trapping effects of other types of defects may
play a considerable role, as will be discussed later.

The fitting curve (Fit 1) in Figure 3B does not capture the
long tail of the SIMS signal at depths higher than 900 nm,
which hints to a second faster diffusion process respon-
sible for transporting deuterium in low amounts deeper
into the sample. Fitting of this region between 1500 and
2700 nm with Equation (1) results in a higher diffusiv-
ity of D, = 4.5 X 107'® m?/s (K = 1.1 x 1072 m/s). This
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FIGURE 4 Direct correlation between the (A) optical image, (B) D fraction map, and (C) the quantified relative D intensity across the

dislocation-rich and reference area. Note (B) corresponds to the large green rectangle indicated in (A).

result possibly indicates that diffusion along different types
of dislocation structure may exist. Future investigations
will include time- and temperature-dependent exposure
to D,0 as well as systematic analysis of the dislocation
mesostructure along the depth to address this point. The
idea that the long tail corresponds to diffusion in Harri-
son type B kinetic regime in analogy to grain boundary
diffusion is unlikely, because the very slow bulk diffu-
sion is not detectable in the present case (blue curve in
Figure 3A).

Note that for the reference region of the sample (blue
curve in Figure 3A), the deuterium fraction is enhanced
by a factor of six over the natural background, in con-
trast to Figure 2B, where it is a factor of about two. This is
likely caused by the fact that the pumping time of the SIMS
analysis chamber might influence the determination of the
exact D fraction due to the presence of residual hydro-
gen or water and resulting interferences with H. Further,
measurements at different regions on the same sample
were done by SIMS after pumping for a significant time in
high vacuum. Some of the near-surface stored D may have
diffused out prior to the analysis performed later. The near-
surface sites are always filled if they have lower energy: D is
then diffusing from the sample’s in-depth region into these
near-surface sites. The lateral surface inhomogeneity in D
uptake (see Figure 4B) may also add to this fluctuation.
Nevertheless, such fluctuations in the reference region are
much less significant than the clear enhancement of D in
the dislocation-rich region.

2.4 | Retention of deuterium in the
dislocation-rich region

The1hincorporation of D at elevated temperature (400°C)
as well as the low diffusivity obtained from Figure 3 sug-
gests that once the D is incorporated in the dislocation-rich

region, the majority of D can be trapped and remain
in the dislocation-rich region for a long time. To verify
this, we performed additional time-of-flight SIMS (ToF-
SIMS) measurements on the same sample after storing
it under ambient conditions for about 300 days. The
results in Figure 4 clearly illustrate D retention in the
dislocation-rich region. Figure 4A shows the scratch tracks
(dislocation-rich regions) on the left half and the refer-
ence regions on the right. The distribution of D fraction in
Figure 4B correlates excellently with Figure 4A. Further-
more, a line profile (Figure 4C) is extracted from Figure 4B
to display the D intensity profile as the distance goes from
left to right, as in Figure 4B. Note the D intensity terminates
almost abruptly at the end of the wear track, indicating
that the dislocation distribution ends sharply at the end of
the scratch track. This dislocation distribution was directly
visualized by the Brinell indentation and dislocation etch
pits analysis by Okafor et al.*

It is noted that X = Ip/(Ix + Ip) calculated from
depth-integrated signal intensities after this long-time stor-
age (~4.1 x 1073) is about one order of magnitude lower
than the freshly exposed sample (Figure 2B), suggest-
ing a continuous but very sluggish diffusion of D out of
the sample. In the untreated area, X was found to be
~4.5 X 10~4, almost identical to the natural background,
again confirming the impact of dislocations.

3 | DISCUSSIONS

3.1 | Increased hydrogen segregation at
dislocations

Defects such as vacancies, dislocations, free surfaces, and
grain boundaries can act as trapping sites for hydrogen, as
widely established in crystalline solids with a majority of
the evidence in metallic bulk materials and thin films.*
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Hydrogen ad- and absorption at these defects can lower
the system’s total strain energy.!’ In the current case, the
mechanically induced dislocations are effective for a much
higher concentration of deuterium incorporation, as con-
firmed by the SIMS measurements. It is expected that the
hydrogen uptake shall also be dependent on the disloca-
tion densities, as will be investigated in detail in the future
by tuning the dislocation densities in SrTiO;.>*

3.2 | Thermal stability of the dislocations
As the D exposure was performed at 400°C for 1 h, it raises
the concern whether the dislocations generated at room
temperature have changed their configuration, namely,
how thermally stable are these dislocations at 400°C for
1 h. Previous thermal treatment of the dislocations in
SrTiO; suggests that these line defects persist and do not
annihilate even up to 1200°C.>3® Negm et al.*> showed evi-
dence of dislocation motion and density increase subjected
to annealing at 1100°C for 1 h, followed by furnace cooling.
To further examine the thermal stability of dislocations,
following the method by Negm et al.,*> we performed
dislocation etch pit studies for samples treated at room
temperature and up to 600°C (higher than 400°C in the
current D exposure experiment) for 1 h. The etch pits
analysis for dislocations confirms that no change of the
dislocation structures in the surface region was observed
at temperatures up to 600°C (see Figure S1). A compre-
hensive analysis of the temperature-dependent dislocation
structure evolution merits an independent study and goes
beyond the scope of this work.

3.3 | Impact of oxygen vacancies

Though the focus of this work is hydrogen-dislocation
interaction, it is pertinent to consider the impact of oxy-
gen vacancies as the oxide samples were exposed to
a hydrogen-rich environment at elevated temperatures,
and oxygen vacancies can be favorable trapping sites
for hydrogen. Although commercially undoped SrTiO;
is oxygen vacancy rich due to the tracer elements act-
ing mostly as acceptor dopants,’’ these oxygen vacancies
in the reference sample are not relevant for the cur-
rent hydrogen/deuterium detection as evidenced by the
benchmarking SIMS measurement in Figure 2.

However, with high-density dislocations mechanically
generated in SrTiO;, complexity is expected as previ-
ous reports suggest that the dislocations in SrTiO; are
easy to reduce,”® and the dislocation cores are oxygen
deficient.®®**! Rodenbiicher et al.*>* investigated the
mechanically induced dislocations and their electrical con-

ductivities, and their results suggest a strong interaction
between dislocations and oxygen vacancies formed due to
reduction, with the latter being locally compensated by
electrons. The increased concentration of oxygen vacan-
cies bonded to dislocations in SrTiO; may be responsible
for the low diffusivity evaluated in Section 2, as these
oxygen vacancies can act as effective trapping sites. The
possible symbiosis of the dislocations and oxygen vacan-
cies in SrTiOj, together with the challenge in quantifying
the oxygen vacancy concentrations in oxides,”®** makes
it difficult at this stage to experimentally decouple these
two types of defects to allow for pure dislocation-hydrogen
interaction, which we expect that positron annihilation
lifetime spectroscopy® coupled with ab initio simula-
tion may shed new light on it.

3.4 | Surface roughness

Note that the scratching approach using the Brinell inden-
ter has altered the sample surface roughness. Compared
to the reference sample with an average surface rough-
ness of <1 nm, the change in the surface roughness after
scratching is twofold: inside each individual scratch track
and between the scratch tracks. Atomic force microscopy
measurement of an area of 5 um X 5 um yields an aver-
age surface roughness of ~10 nm inside the scratch track,
whereas the laser microscopy image presents a maxi-
mum scratch track depth of ~300 nm over a width of
~130 pm for each scratch track with 10 passes. There-
fore, we consider it nominally flat inside the wear track,
whereas the ridges between each two scratch tracks are
clearly visible (see Figure 1B). However, the regions (where
the ridges are) have not only the change in the surface
roughness but also a lower dislocation density, and both
factors together result in a lower D concentration, as evi-
denced in Figure 4A,B. Future work shall consider using
an additional careful vibrational polishing step after the
Brinell indenter scratching to reduce the surface rough-
ness in order to exclude the surface roughness on D
incorporation.

4 | CONCLUSION

Mechanically engineered large area (~2.5 X 2.5 mm?) with
high-density dislocations (up to ~10*/m?) in nominally
undoped single-crystal SrTiO; without forming cracks,
sub-grain boundaries, or amorphous phases allows the
probing of the hydrogen response to dislocations via
SIMS measurements, using deuterium as tracer. The
high-density dislocations generated at room temperature
remain thermally stable at least up to 600°C for 1 h, and
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they host a much higher relative deuterium concentration
by a factor of ~100 compared to the reference sample. A
diffusivity of deuterium with ~2.7 x 10" m?/s has been
obtained in the dislocation-rich region. Though this value
is rather low, the findings can be relevant for hydrogen
production and proton-exchanging oxide ceramics if the
dislocation mesostructure can be further tuned to enhance
the diffusivity. Open questions remain particularly con-
cerning the impact of different dislocation densities,
dislocation structures, hydrogen-induced defects,*® and
their interaction with other defects, for example, oxygen
vacancies, dislocations, and interfaces on hydrogen uptake
and diffusion.
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