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Barium titanate single crystals had been placed in 0.01 NaOH solution to deposit hydrogen on
their electrodes through the electrolysis of water. Two kinds of time-dependent changes in dielectric
properties of the single crystals were observed: One occurred in the course of hydrogen deposition
and the other lasted for a long period of time after the deposition. The diffusion of hydrogen and in
and out of the single crystals may be the cause for the changes. This hydrogen-related dynamic
dielectric behavior clearly shows that hydrogen is an important mobile ion other than oxygen
vacancy in perovskite-type lattice. Extra attention should be paid to the role of hydrogen in
time-dependent property changes, including resistance degradation and ferroelectric aging, of

perovskite-type ferroelectric titanates. © 2006 American Institute of Physics.

[DOI: 10.1063/1.2206686]

A wide variety of point defects can be formed in
perovskite-type titanate lattices and they play a vital role in
tailoring perovskite-type titanates to many important and di-
verse applications—from high dielectric constant ceramic
capacitors and piezoelectric ceramic devices of high
resistivity,1 to semiconducting thermistors with positive tem-
perature coefficient of resistivity (PTCR), and to oxide su-
perconductors. Point defects are normally characterized by
concentration, and the relationship between the physical
properties and the concentration of various point defects has
been extensively investigated for perovskite-type titanates.
On the other hand, the mobility or the movement of point
defects in perovskite lattices has also attracted more and
more attention. Waser et al. demonstrated that oxygen vacan-
cies in perovskite-type titanates would electromigrate when a
dc field is applied and a concentration polarization of oxygen
vacancies between the anode and the cathode would be
formed, which is believed to be responsible for the well
known resistance degradation in perovskite-type titanates
and the lifetime of components and devices based on them is
greatly reduced.’ Recently, Ren observed a huge recoverable
electrostrain in aged barium titanate single crystals, and he
ascribed this amazing phenomenon to the so-called
symmetry-conforming property of point defects in
perovskite-type titanate lattices.” In the course of aging, oxy-
gen vacancies migrate to a distribution conforming to the
ferroelectric domain structure formed after the cubic to te-
tragonal transition and this distribution provides a restoring
force for a reverse domain switching when electric field is
removed. This discovery may lead to some applications in
ultralarge stroke and nonlinear actuators for barium titanate
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single crystals. The migration of oxygen vacancies in aging
was also found to result in a stabilization effect in ferroelec-
tric materials.* Obviously, it is meaningful to establish a rela-
tively full understanding of the behavior of various point
defects in perovskite-type titanate lattices. In this letter, we
report an interesting dynamic dielectric behavior of barium
titanate single crystals induced by hydrogen. Hydrogen is an
important point defect in many oxide lattices and its influ-
ence on perovskite-type titanates has been the subject of nu-
merous investigations.™

Prepared by a top-seeded solution growth technique,
barium titanate (001) single crystals with the size of
10X 10X 2 mm? were used in our investigation. Two 3 mm
diameter silver electrodes (Du Pont 1183) were fired onto the
centers of the two major surfaces of the crystals and then the
crystals were aged for one month to stabilize the properties
after the heat treatment. The crystals were placed in a 0.01M
NaOH solution and a 3 V dc voltage was applied between
the silver electrodes of the crystals and an anode (Pt) in the
solution. The electrolysis of water occurred due to the ap-
plied dc voltage and hydrogen was evolved on the silver
electrodes of the crystals while oxygen was evolved on the
anode. Hydrogen generated in this electrochemical process
can diffuse into oxide lattices and this treatment has been
known as electrochemical hydrogen charging.7 The solution
was kept stirred using a magnetic agitator and the tempera-
ture was kept constant at 20 °C. The hydrogen charging was
interrupted several times and the crystals were taken out,
washed with de-ionized water and acetone, and dried for
measurement. Using the two silver electrodes of the crystals,
the frequency spectra of capacitance and dielectric loss were
measured on an impedance analyzer (Agilent 4294 A), and
the [-V  characteristics were recorded through an
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FIG. 1. Frequency spectra of capacitance and dielectric loss of a barium
titanate single crystal measured at different times: as grown and after a
series of periods of electrochemical hydrogen charging.

electrometer/high resistance meter (Keithley 6517). All mea-
surements were done at ambient temperature (20 °C).

For the sake of contrast, some crystals had been im-
mersed in the 0.01M NaOH solution for 100 h with no volt-
age applied. Measurements showed that the immersion had
little influence on the properties of the crystals, indicating
that the barium titanate single crystals used in this study
were chemically stable against water. Electrochemical hydro-
gen charging, on the contrary, obviously changed the dielec-
tric properties of the crystals. Figure 1 shows the dielectric
properties obtained for a representative sample before
(marked by as grown) and after different periods of electro-
chemical hydrogen charging, respectively. To be consistent,
the frequency spectra were measured after the crystal was
aged for 15 min when the electrochemical hydrogen charg-
ing was interrupted. It can be seen that for the as-grown
crystal, the dielectric loss was very small and the capacitance
almost had no variation over the measuring frequency range
(10-10° Hz), while after electrochemical hydrogen charg-
ing, the dielectric loss was dramatically increased with a di-
electric loss peak formed between 10*—10° Hz and the ca-
pacitance showed an obvious dependence on frequency. This
frequency dependence of capacitance arose from the fact that
the capacitance was considerably increased at low frequen-
cies but was obviously decreased at high frequencies after
electrochemical hydrogen charging.

As regards to hydrogen-induced changes in dielectric
properties, there is a striking similarity between the barium
titanate single crystals and TiO, ceramic capacitors that we
had studied before.” For the TiO, capacitors, electrochemical
hydrogen charging had also led to a great increase in dielec-
tric loss with a peak formed and an obvious increase in the
capacitance-frequency dependence. Through Fourier trans-
form infrared (FTIR) analysis on rutile single crystals, inter-
stitial hydrogen was observed in TiO, lattice and the follow-
ing reaction had been proposed:

Hads - H: +e, (3)

where H,4, represents an adsorbed hydrogen atom and H; an
ionized hydrogen in an interstitial site. The increase in di-
electric loss of the TiO, capacitors was explained by the
formation of a free electron in Eq. (1), while H; formed in
Eq. (1) accounted for the change in capacitance. H; makes an
important contribution to the polarization in the low fre-
quency region through forming dipoles, so the capacitance
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FIG. 2. Variations in the capacitance at 100 Hz for a barium titanate single
crystal in the course of electrochemical hydrogen charging and a subsequent
aging process..

was obviously increased, especially at low frequencies. It is
reasonable to assume that interstitial hydrogen can also be
formed in perovskite barium titanate lattice through electro-
chemical hydrogen charging and result in the observed
changes in dielectric properties. However, the decrease in
capacitance at high frequencies in hydrogen-charged barium
titanate single crystals was not observed in the hydrogen-
charged TiO, capacitors. As we know, a major difference
between BaTiO; and TiO, in their dielectric properties is
that BaTiO; is ferroelectric with ferroelectric domains.
Ferroelectric domains have great influences on dielectric
properties and domain-wall pinning effect is generally be-
lieved to be responsible for the well known ferroelectric ag-
ing phenomenon,8 which includes an obvious decrease in
capacitance. The decrease in capacitance at high frequencies
should also be related to some change in ferroelectric do-
mains induced by interstitial hydrogen, whereas further in-
vestigations are needed to obtain a clearer picture.

The free electron formed in Eq. (1) should lead to a great
increase in conductivity. However, I-V measurement showed
that the leakage current in the barium titanate single crystal
almost remained unchanged after 188 h of electrochemical
hydrogen charging. Due to the great thickness of the single
crystal, hydrogen must be distributed nonuniformly in the
single crystal: two thin layers beneath the two silver elec-
trodes were rich with hydrogen while the interior was un-
doped. The hydrogen-doped layers and the undoped interior
were connected in series. The thickness of the hydrogen-
doped layers was relatively small so the leakage current
could not be effectively increased. On the other hand, the
thickness of the hydrogen-doped layers increased with in-
creasing time of electrochemical hydrogen charging, so the
dielectric properties of the barium titanate single crystal
changed continuously throughout the hydrogen charging pro-
cess. As interstitial hydrogen increased the capacitance at
low frequencies but decreased it at high frequencies, the ca-
pacitance was becoming bigger at 100 Hz and becoming
smaller at 1 MHz. There must be a certain frequency at
which the capacitance was not changed by interstitial hydro-
gen, and in Fig. 1 we can see that this frequency was around
30 kHz. The capacitance almost remained unchanged at
30 kHz but was either increased or decreased obviously at
other frequencies. The relationship between the capacitance
at 100 Hz and the time of electrochemical hydrogen charging
is shown in Fig. 2. The increase in capacitance was particu-
larly quick at the initial stage, and a 50% increase was ob-
tained after 188 h of hydrogen charging. The relationship
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between the dielectric loss and the time of electrochemical
hydrogen charging was relatively complicated. The dielectric
loss at 100 Hz showed a quite inconsistent dependence on
the time of electrochemical hydrogen charging, while the
movement of the dielectric loss peak was very clear. Both its
height and its frequency increased with increasing time of
electrochemical hydrogen charging.

The sample of Fig. 1 was kept at 20 °C for aging after
electrochemical hydrogen charging had been conducted on it
for a total time of 188 h. The moment, when the sample was
finally disconnected from the dc voltage, was taken as the
starting point of aging and its dielectric properties were mea-
sured successively with a series of periods of aging time. As
shown in Fig. 3, the dielectric properties of the barium titan-
ate single crystal were found to change systematically in the
course of aging. With increasing time of aging, both the ca-
pacitance at 1 MHz and the slope of the capacitance-
frequency curve decreased, while the dielectric loss peak
moved to the low frequency side and the peak height de-
creased. After a long time of aging, the capacitance showed
little frequency dependence and the dielectric loss could al-
most restore its original low value. It should be pointed out
that this aging behavior was also very similar to that of the
hydrogen-doped TiO, ceramic capacitors described above. It
had been proposed that hydrogen does not form an O-H
bond with oxygen ion in rutile and hydrogen is only meta-
stable in the lattice.’ Obviously hydrogen must also be meta-
stable in the lattice of barium titanate and its outdiffusion
resulted in the observed aging behavior. The relationship be-
tween the capacitance at 100 Hz and the aging time is shown
in Fig. 2. The capacitance decreased very quickly in the ini-
tial stage of aging and then the decrease slowed down with
increasing time of aging. It can be seen that, compared to the
as-grown capacitance, there was more than 20% decrease
after 984 h of aging. As a matter of fact, the capacitance at
1 MHz decreased continuously during electrochemical hy-
drogen charging, and in the aging process it still decreased
with increasing time of aging, showing no sign of recovery.
This result indicates that the changes in ferroelectric domains
induced by interstitial hydrogen must be irreversible, which
could not be recovered naturally after the outdiffusion of
hydrogen and the decrease in capacitance remained after ag-
ing for a long period of time.

As we can see clearly in Fig. 2, the dielectric properties
of the barium titanate single crystals exhibited a quite dy-
namic behavior during electrochemical hydrogen charging
and subsequent aging process, which was obviously related
to the high mobility of hydrogen in the perovskite lattice. As
a matter of fact, ferroelectric perovskite-type titanates are
well known for resistance degradation under dc voltages,
dramatic changes in dielectric properties after poling, and an
obvious time dependence of dielectric properties during ag-
ing. A high stability in physical properties is of great impor-
tance for perovskite-type titanate single crystals, and poly-
crystals as well in view of practical applications and there
have been extensive investigations on it. It is well known
that under low dc voltages and high humidity, silver can
enter into polycrystalline barium titanate through electromi-
gration and act as the agent for changes in physical
properties.9 As for mobile point defects, only oxygen va-
cancy has been paid much attention in most of these inves-
tigations. The role of hydrogen has been quite neglected. Our
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FIG. 3. Frequency spectra of capacitance and dielectric loss of a hydrogen-
charged barium titanate single crystal in the course of an aging process.

result suggests that hydrogen is also an important factor for
dielectric instability of perovskite-type titanates. Through a
well-designed experiment, Ivker et al. found that interstitial
hydrogen may fulfill the role of mobile ion usually attributed
to oxygen vacancy in models of resistance degradation for
perovskite-type oxides and a quantitative analysis of the
competition between hydrogen and oxygen vacancy was
expected.10 Though oxygen vacancy is ubiquitous in oxide
materials, now more and more works have demonstrated that
hydrogen also widely exists in many oxides, and as the
smallest atom, it deserves extra attention due to its high
mobility."!

In summary, hydrogen from the electrolysis of water in-
duced two kinds of time-dependent changes in dielectric
properties of barium titanate single crystals: One was char-
acterized by continuous increases in the slope of capacitance-
frequency curve and in the height of a dielectric loss peak in
the course of the electrolysis of water; the other was charac-
terized by a continuous decrease in the slope of capacitance-
frequency curve and continuous decreases in both the height
and the frequency of the dielectric loss peak in subsequent
aging process after the electrolysis of water. Obviously, hy-
drogen must have diffused into the single crystals during the
electrolysis of water, and then gradually diffused out of the
single crystals after the electrolysis of water, resulting in the
observed dynamic dielectric behavior. Hydrogen is an impor-
tant mobile ion other than oxygen vacancy in perovskite lat-
tice and it may play a vital role in many time-dependent
property changes, such as resistance degradation and ferro-
electric aging, of perovskite-type ferroelectric titanates.
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