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Ultrahigh dielectric permittivity in oxide ceramics by
hydrogenation
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Boosting dielectric permittivity representing electrical polarizability of dielectric materials has been considered
a keystone for achieving scientific breakthroughs as well as technological advances in various multifunctional
devices. Here, we demonstrate sizable enhancements of low-frequency dielectric responses in oxygen-deficient
oxide ceramics through specific treatments under humid environments. Ultrahigh dielectric permittivity
(~5.2 × 106 at 1 Hz) is achieved by hydrogenation, when Ni-substituted BaTiO3 ceramics are exposed to high
humidity. Intriguingly, thermal annealing can restore the dielectric on-state (exhibiting huge polarizability in
the treated ceramics) to the initial dielectric off-state (displaying low polarizability of ~103 in the pristine ceram-
ics after sintering). The conversion between these two dielectric states via the ambient environment–mediated
treatments and the successive application of external stimuli allows us to realize reversible control of dielectric
relaxation characteristics in oxide ceramics. Conceptually, our findings are of practical interest for applications to
highly efficient dielectric-based humidity sensors.
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INTRODUCTION
Up to now, dielectric materials with ultrahigh electrical polarizabil-
ity (i.e., dielectric permittivity) have been in enormous demand for
potential applications to a large variety of functional devices such as
field-effect transistors (1), dynamic random access memories (2),
high–energy-density storage (3), and passive sensors (4, 5). It has
been known that a huge dielectric constant (~8000 for perovskite
BaTiO3) in conventional ferroelectrics has been produced at the
Curie temperature (TC) where a dielectric anomaly appears with a
ferroelectric-to-paraelectric phase transition (6, 7). Such a high di-
electric constant has been only achieved in the limited range of tem-
perature around TC (~120°C), which would not be suitable for
applications to actual devices operating at room temperature (8,
9). Note that the large dielectric permittivity in bulk BaTiO3 has
been accessible with a finite value in the frequency range from 102
to 106 Hz as well (10). To overcome these limitations in the device
applications, numerous studies on dielectric dispersion characteris-
tics in dielectrics have been fulfilled for several material systems in-
cluding double perovskite oxides (11, 12), TiO2 (13, 14), and doped/

undoped BaTiO3 (15, 16). Colossal dielectric permittivity in
complex oxide CaCu4Ti4O12 ceramics has been previously reported
with a maximum dielectric constant of ~105 (approximately an
order of magnitude larger than the dielectric constant of pure
BaTiO3) over a wide range of temperature from 100 to 600 K exhib-
iting better thermal stability (17–19). It should be also noted that the
giant dielectric permittivity has been strongly dependent on ac fre-
quency in the frequency domain of 101 to 106 Hz (17, 20). Despite
the fascinating earlier work of unusual dielectric properties in oxide
materials, a microscopic origin of the colossal dielectric permittivity
is still under debate and remains unclear (13, 21, 22).

In a technological point of view, exceptionally large dielectric
permittivity, which can be manipulated by external stimuli, is of
practical interest for applications of functional oxides to sensing
devices with high performance (23–25). In a common sensing prin-
ciple, the sensing capability (i.e., sensitivity) of gas sensors has been
estimated to the variation of electrical properties (e.g., electrical
current, resistance, and capacitance) under a gas environment
with respect to a reference situation (26, 27). For example, in a ca-
pacitive type of sensor, one of the most popular classes of commer-
cial gas sensors (28, 29), the sensitivity (S) has been determined by a
relative change of capacitance under an ambient atmosphere as
follows (30–32)

S ð%Þ ¼
Cg � Co

Co
� 100 ð1Þ

where Cg and Co represent the capacitances of a sensor in the gas
circumstance and the reference condition, respectively. Considering
that a capacitance in lossy dielectrics is usually coupled with electri-
cal conductivity (33, 34), a change of the capacitance (proportional
to dielectric permittivity) would be monitored by a variation in the
resistance. Hence, to realize dielectric-based gas sensors with en-
hanced sensitivity, a difference in the dielectric permittivity
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between the treated (surrounded by an ambient gas) and pristine
states should be boosted further.

Hydrogenation is a promising way for promoting dielectric
properties in oxide materials and, thereby, for achieving high-effi-
cient sensing devices like a hygrometer. Very recently, notable ad-
vances have been accomplished to tailor a substantial extent of
physical properties of functional oxides via protonation (35–37).
The pioneering work clearly demonstrated that the crystal and elec-
tronic structures (35, 36) and the electrical, magnetic, and transport
characteristics (35, 37) have been reversibly controllable by imple-
menting protonation and deprotonation processes alternately. We
note that a hydrogen ion (i.e., H+) is electrically positive and
highly mobile because of both the lightest ionic mass and the small-
est ionic radius (38, 39). Hence, the hydrogen ion can generate an
electric field locally, when it is introduced into complex oxide com-
pounds (40, 41). For dielectric materials, it is highly plausible that a
lattice structure at the given site incorporating a proton is deformed
with polarization induced by a local internal field accompanying a
modification of the associated physical properties (40, 41).
However, the detailed studies of dielectric responses to hydrogena-
tion in complex oxides have been extremely rare up to our knowl-
edge. A systematic approach is highly essential to figure out the
hydrogenation effect on dielectric properties technologically and
scientifically.

Hexagonal BaTiO3 is an excellent platform for examining the
modification of dielectric properties induced by hydrogenation in
dielectric materials (42). The nonperovskite BaTiO3 polymorph
with a 6H-hexagonal structure (h-BaTiO3, P63/mmc) is

energetically stable at a high temperature (>1460°C) for the stoi-
chiometric composition (42, 43). Very recently, it has been experi-
mentally reported that the hexagonal BaTiO3 phase can be
stabilized at room temperature by doping of transition-metal ions
into undoped BaTiO3, resulting in the formation of non-neutral
ionic defects (i.e., cation and oxygen vacancy defects) (44–46). In
particular, in the presence of oxygen vacancy (VO

••) defects
induced by cation acceptor doping and/or substitution, the polar
Ti-O hybridization in the perovskite BaTiO3 is weakened, enabling
the realization of the hexagonal polymorph (45–47). At the oxygen
vacancy sites, it is energetically favorable for gas molecules from
ambient environments to be adsorbed on the surface of complex
oxides (41, 48). In our case, while a hydroxyl ion (OH−) dissociated
from a water molecule in air is adsorbed on the surface oxygen va-
cancies with a positive ionic charge in hexagonal BaTiO3, the split
hydrogen ion (H+) would be introduced to the oxygen-deficient
BaTiO3 because of its high mobility (49). Note that the non-
neutral ionic charges (e.g., protons) should easily migrate by appli-
cation of an electric field (50). Moreover, dielectric relaxation be-
haviors in the low-frequency range are very sensitive to the spatial
distribution of mobile ionic charges (15, 34, 51), and thereby, it is
possible for us to tailor the dielectric permittivity/loss in doped/sub-
stituted BaTiO3 through hydrogenation.

In this work, we systematically examined how the dielectric char-
acteristics in oxide ceramics evolved depending on ambient condi-
tions. To achieve our aim, we synthesized oxygen-deficient 6H-
hexagonal BaTiO3 ceramics with Ni substitution and monitored
their dielectric responses to various ambient environments. We

Fig. 1. Crystal and electronic structures in the as-sintered Ni-substituted BaTiO3 ceramics. (A) XRD pattern of the as-sintered Ni-substituted BaTiO3 ceramics at a
doping concentration x = 0.175. a.u., arbitrary units. (B) The normalized O K-edge x-ray absorption spectra of the Ni-substituted BaTiO3 ceramics. Peaks A and B were
respectively attributed to the transition from O 1s to t2g and eg hybridized states between O 2p–Ti 3d. (C) Schematic diagram of the hexagonal BaTiO3 structure viewed
along the [1120] direction. (D) ABF-STEM images of the as-sintered Ni-substituted BaTiO3 ceramic along [1120] zone axis. The projected lattice structure of the hexagonal
phasewas superimposed in (D). The green, blue, and red balls represented the Ba, Ti, and O atoms, respectively. (E) The corresponding fast Fourier transform (FFT) pattern

of the Ni-substituted BaTiO3 ceramic along the [1120] zone axis.
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found that the frequency-dependent dielectric relaxation behaviors
were quite sensitive to moisture in air. In the humidity-exposed Ni-
substituted BaTiO3 ceramics, we observed a notable increase in the
low-frequency dielectric permittivity at room temperature, whereas
there was no dielectric anomaly in the as-sintered ceramics. The di-
electric constant in the low-frequency region was three orders of
magnitude higher (~106 at 1 Hz; the on-state) in the treated ceram-
ics under water vapor–rich situations than that (~103 at 1 Hz; the
off-state) in the as-sintered ceramics. We identified that these two
dielectric states were reversible through specific treatments under
ambient conditions and subsequent external stimulation. The intro-
duction of hydrogen ions dissociated from water molecules to
oxygen-deficient BaTiO3 ceramics and thereby spatial inhomogene-
ity of electrical polarizability by hydrogenation would produce a
sizable enhancement (i.e., the on-state) of dielectric permittivity
on a macroscopic scale. By harnessing such two dielectric states al-
ternately tunable by external stress, we also demonstrated potential
applications to actual gas sensors such as a hygrometer.

RESULTS
The crystal and electronic structures of the as-sintered Ni-substitut-
ed BaTiO3 [Ba(Ti1−xNix)O3−δ, x = 0.175] were characterized by x-
ray diffraction (XRD), x-ray absorption spectroscopy (XAS), and
scanning transmission electron microscopy (STEM), as shown in
Fig. 1. It was clear that the XRD θ-2θ spectra (solid red lines in
Fig. 1A) of the Ni-substituted BaTiO3 ceramics were well matched
with the reference XRD pattern (marked by the blue bar in Fig. 1A)
of hexagonal BaTiO3, indicative of the formation of a hexagonal
polymorphic phase by Ni substitution (45, 46). We accentuate
that oxygen vacancies in heavily substituted BaTiO3 ceramics play
a crucial role in stabilizing the hexagonal polymorph at room tem-
perature (42, 46). XAS revealed that the absorption peak (denoted
by “A” in Fig. 1B) of a transition from O 1s to Ti 3d t2g orbitals in O
2p–Ti 3d hybridization was markedly suppressed in the Ni-substi-
tuted BaTiO3 compared with pure BaTiO3 ceramics (see fig. S1). In
contrast, there was little variation in the peak intensity (denoted by
“B” in Fig. 1B) of a transition from O 1s to Ti 3d eg orbitals between
the Ni-substituted and pure BaTiO3 ceramics. Considering that the
intensity of the absorption peak A is susceptible to oxygen off-stoi-
chiometry in complex oxides (52, 53), our Ni-substituted BaTiO3
ceramics should incorporate a larger amount of oxygen vacancies
than pure BaTiO3 ceramics, allowing us to realize the hexagonal
phase in the oxygen-deficient substituted BaTiO3.

Annular bright-field (ABF)–STEM analyses showed that the as-
sintered Ni-substituted BaTiO3 ceramics were structurally 6H-hex-
agonal following the hexagonal close-packing scheme of ABCACB
in a single unit cell, as depicted in Fig. 1C (42, 43, 54). In the lattice
structure of the 6H-hexagonal BaTiO3, the BaO3 and Ti sublayers
are alternatively stacked in the [0001] direction, and two pairs of
face-sharing TiO6 octahedra are interconnected through a corner-
sharing TiO6 octahedron (42–44). The ABF-STEM images along
the [1120] zone axis indicated that the atomic stacking sequence
of the BaO3 and Ti sublayers is quite consistent with the stacking
order of the projected lattice structure of the 6H-hexagonal
BaTiO3 along the [1120] direction (Fig. 1D). We also identified
that six BaO3 layers were vertically piled up in accordance with
the hexagonal close-packed arrangement (ABCACB). From the

fast Fourier transform pattern obtained from the STEM images
(Fig. 1E), we also found that the diffraction spots are well indexed
by the simulated electron diffraction peaks of a 6H-hexagonal struc-
ture along the½1120� zone axis (fig. S2).

To examine how dielectric responses of substituted BaTiO3 com-
pounds evolve in air over time, we performed a series of experimen-
tal measurements for the as-sintered Ni-substituted BaTiO3
ceramics, as shown in Fig. 2A. At room temperature, we first mea-
sured dielectric permittivity (ε) (marked by the red circle) in the fre-
quency range from 100 to 105 Hz and polarization-electric field (P-
E) hysteretic characteristics (marked by the green circle). The sub-
sequent experiment was also carried out to quantify the tempera-
ture-dependent dielectric constant (marked by the blue circle)
with increasing temperature (from 30° to 350°C). To assess an
effect of the ambient air on the dielectric properties of the Ni-sub-
stituted BaTiO3 compounds, the ceramic samples remained in air at
room temperature for the time duration of 6 weeks, and thereafter,
the corresponding dielectric responses were repeatedly character-
ized for identical specimens using the same experimental manner.
For the as-sintered state, a low dielectric constant of ~103 was ob-
served throughout the whole frequency range with slight variations
(Fig. 2B). The polarization responses to the external electric fields
were very linear with small hysteresis (Fig. 2C), which is character-
istic of conventional dielectric materials with little electrical leakage
(34). We also note that linear P-E curves were previously reported in
substituted BaTiO3 ceramics with 6H-hexagonal symmetry (45, 55).
In the temperature-dependent dielectric data of the as-sintered ce-
ramics (Fig. 2D), there was no noticeable anomaly in the dielectric
permittivity at all temperatures. Accordingly, we named the as-sin-
tered state of our Ni-substituted BaTiO3 ceramics as an “off-state.”

After Ni-substituted BaTiO3 ceramics were exposed to air at
room temperature for 6 weeks, it was quite intriguing that the di-
electric properties of the treated ceramics became completely differ-
ent from those of the as-sintered ceramics. As shown in Fig. 2E, it
was evident that the treated Ni-substituted BaTiO3 ceramics exhib-
ited dielectric relaxation behaviors as frequency increased. The low-
frequency dielectric constant at 1 Hz increased up to ~4.6 × 104, and
it gradually decreased with increasing frequency. The P-E hysteresis
curve with an elliptical shape was observed in the treated ceramics
(Fig. 2F). Considering that leakage currents largely contributed to
the open P-E hysteresis in lossy dielectrics (56), it is highly likely that
our Ni-substituted BaTiO3 ceramics became electrically leaky after
the 6 weeks of air exposure. A broad/smooth dielectric transition
clearly appeared in the temperature range of 30° to 190°C
(Fig. 2G). In the temperature dependence of dielectric permittivity,
it was evident that the dielectric anomaly was more pronounced
with decreasing frequency. At frequencies of 103, 104, and 105 Hz,
the maximum values of dielectric permittivity (ε) were estimated to
be ~1.1 × 104, 5.1 × 103, and 1.0 × 103 in the vicinity of the transition
temperature, respectively. Such an ultrahigh dielectric constant
(named as an “on-state”) in the treated states of our Ni-substituted
BaTiO3 ceramics was reminiscent of earlier results of colossal di-
electric permittivity observed in the temperature-dependent dielec-
tric dispersions of various oxide ceramics (57, 58). It is also
worthwhile to note that there was no difference in the frequency-
dependent dielectric permittivity data of pure BaTiO3 ceramics
with tetragonal symmetry, although the pure BaTiO3 ceramics
were treated via the 6-week-durational air exposure (fig. S3). For
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Fig. 2. The change of dielectric responses in Ni-substituted BaTiO3 ceramics under the ambient air environment. (A) A schematic diagram of the experimental
sequence. Red, green, and blue circles represented frequency-dependent dielectric constant at room temperature, polarization-electric field hysteresis loop, and tem-
perature-dependent dielectric constant measurements, respectively. (B) The frequency dependence of permittivity, (C) the P-E loop, and (D) the temperature-dependent
dielectric constant in the as-sintered Ni-substituted BaTiO3 ceramics. We exposed the as-sintered ceramics to the ambient air and then remeasured the dielectric prop-
erties after a time duration of 6 weeks. (E) The frequency-dependent dielectric constant, (F) the hysteresis loop, and (G) the temperature dependence of dielectric per-
mittivity in the treated ceramic samples.
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both the as-sintered and treated states, a slight upturn behavior (i.e.,
the dielectric constant at 1 Hz increased up to ~104) only appeared
in the low-frequency region due to the room temperature
ferroelectricity.

To check whether these two dielectric states (i.e., off- and on-
states for the as-sintered and treated samples, respectively) can be
manipulated by external stimuli, we thermally annealed the Ni-sub-
stituted BaTiO3 ceramics that had been treated by air exposure for 6
weeks. The treated sample was heated in a muffle furnace at 350°C
for 1 hour under ambient air environment, as schematically dis-
played in Fig. 3A. Then, we repeated the measurements of frequen-
cy-dependent dielectric constant (indicated by the red circle), the
polarization-electric field (P-E) hysteresis (indicated by the green
circle), and the temperature-dependent permittivity (indicated by
the blue circle) in the annealed Ni-substituted BaTiO3 ceramics.
Unexpectedly, the huge dielectric permittivity (i.e., the on-state)
of the treated ceramics in the low-frequency region totally vanished
in the annealed ceramics (Fig. 3B). After the heat treatment, the re-
sulting P-E curve became linear with little hysteresis as well
(Fig. 3C). In the temperature-dependent dielectric dispersions of
the annealed ceramic sample, it was clear that dielectric anomalies
observed in the treated ceramic sample were quite suppressed with
no distinct transition around 30° to 190°C (Fig. 3D). Namely, the
on-state in the treated sample by air exposure was restored to the
initial off-state in the as-sintered sample by thermal annealing.
This indicated that the on-state exhibiting ultrahigh dielectric per-
mittivity at low frequencies was turned off in our Ni-substituted
BaTiO3 ceramics via a thermally assisted reset process. It was
further interesting that such resetting of the on-state to the off-
state in dielectric responses was feasible by applying electric dc
bias to the treated ceramic specimens representing the dielectric
on-state (fig. S4 and table S1).

To identify the tunability between the off- and on-states in Ni-
substituted BaTiO3 ceramics, we exposed the annealed ceramic
samples to air at room temperature for 6 weeks once again and
then remeasured all the dielectric properties of the retreated
ceramic samples (marked by the red, green, and blue circles in
Fig. 3A). It was explicit that the suppressed dielectric responses
(i.e., the off-state) in the low-frequency region were recovered in
the retreated ceramics representing an extremely large dielectric
permittivity (ε ~ 6.9 × 104 at 1 Hz) in the frequency-dependent di-
electric constant data (Fig. 3E). In addition, the P-E loop (Fig. 3F)
and the temperature-dependent dielectric behaviors (Fig. 3G) in the
off-state returned to the characteristics of the on-state. The revers-
ible changes of low-frequency dielectric permittivity were clearly
demonstrated by systematically monitoring the frequency depen-
dence of dielectric responses as a function of the duration time
for the as-sintered and annealed states (see fig. S5). Here, the fre-
quency-dependent dielectric relaxation behaviors of the as-sintered
and annealed Ni-substituted BaTiO3 ceramics have been tracked
every week. Over time, the dielectric constants corresponding to
low frequencies progressively increased beyond 1 to 2 weeks after
the sintering and annealing processes, as shown in fig. S5 (D and
G), respectively. It was therefore possible that these off- and on-
states in the dielectric properties of our Ni-substituted BaTiO3 ce-
ramics were reversibly controllable through specific treatments
under chemical environments (e.g., exposure to ambient air) and
external stimulation (e.g., application of heat and electric fields).

To observe the evolution of dielectric responses to ambient en-
vironments in Ni-substituted BaTiO3 ceramics, we constructed
several experiments (for more details, see Materials and
Methods). Here, the frequency-dependent dielectric constant
(Fig. 4A) and loss (Fig. 4B) were repetitively measured before (in-
dicated by the black solid squares) and after (indicated by the red
solid circles) implementing various atmosphere treatments (i.e.,
air, vacuum, N2 gas, CO2 gas, and high humidity) for the as-sintered
Ni-substituted BaTiO3 ceramics for a particular time duration. To
secure the experimental reliability, a desiccator was vacuumed to the
base pressure of ~380 torr before all ambient treatments (fig. S6 and
table S2). Except for a situation surrounding high humidity, there
was seemingly no difference in the frequency-dependent dielectric
constant, when the as-sintered ceramic samples were exposed to air,
vacuum, N2, and CO2 environments for 1 week. The measured di-
electric permittivity was quite low with a constant value of ~103 in
the whole frequency range, while a little change in the frequency-
dependent dielectric loss was observed after the ambient treatments.
This indicated that the initial off-state in the as-sintered Ni-substi-
tuted BaTiO3 ceramics was not affected by the exposure to air,
vacuum, N2, and CO2 circumstances. It was also plausible that the
ceramic samples exposed to these ambient conditions still remained
in the off-state with no change in dielectric permittivity.

A modification of dielectric permittivity in our Ni-substituted
BaTiO3 ceramics induced by air exposure was closely associated
with the presence of water molecules in ambient air. We identified
substantial changes in the dielectric responses of as-sintered ceram-
ics, when the ceramic samples were treated under a highly humid
condition for 2 days simply (Fig. 4, bottom). The treated Ni-substi-
tuted BaTiO3 under the high-humidity situation incorporating
abundant moistures exhibited three orders of magnitude higher di-
electric constant (ε ~ 5.2 × 106; the on-state) at 1 Hz than the as-
sintered Ni-substituted BaTiO3 (ε ~ 103; the off-state) (Fig. 4A,
bottom). Such a giant dielectric constant in the treated Ni-substitut-
ed BaTiO3 ceramics was comparable to the reported values of colos-
sal dielectric permittivity (106 to 107) in the low-frequency region
elsewhere (for more details, see table S3). After the high-humidity
treatment, the corresponding dielectric loss also increased up to the
measurement limit (tanδ ~ 10) (Fig. 4B, bottom). It should be also
noted that the time duration (2 days) for the ambient treatment
under a humid environment is even shorter than that (1 week)
for other treatments.

Such a change in dielectric responses driven by moisture was re-
versible, and hence, the on-state in the treated sample by humidity
could go back to the off-state in the pristine (i.e., as-sintered) sample
through either thermal annealing (Fig. 5) or electrical dc biasing
(fig. S4 and table S1). Furthermore, the ambient environment–
induced modification of dielectric properties (i.e., a transformation
from the off-state to the on-state) in Ni-substituted BaTiO3 ceram-
ics was achievable by directly immersing the as-sintered ceramic
samples in distilled water for a very short time duration
(~10 min) (fig. S7). We also stress that such a dielectric phase tran-
sition by the water treatment was only attainable in the Ni-substi-
tuted BaTiO3 with oxygen deficiency, not pure BaTiO3 ceramics
(fig. S7, D and E). Accordingly, water molecules in air play a critical
role in producing ultrahigh dielectric permittivity (in the low-fre-
quency range of 100 to 102 Hz) in our Ni-substituted BaTiO3
ceramics.
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To examine how stable the reversible change between two differ-
ent dielectric states was in our Ni-substituted BaTiO3 ceramics, we
repeated a cycle of specific treatment under a humid environment
and subsequent thermal annealing five times (for more details, see
Fig. 5A and Materials and Methods). As shown in Fig. 5B, it was
clear that the resulting dielectric on- and off-states alternately ap-
peared over 5 cycles of the high-humidity treatment and the

thermal annealing. The frequency-dependent dielectric relaxation
behaviors of the on- and off-states were also reproducible every
cycle. In addition, the dielectric constants (at 1 Hz) between the
on- and off-states were tracked and plotted as a function of the
number of cycle (Fig. 5C). The ratio of the measured dielectric con-
stants between the on- and off-states was close to ~103 with slight

Fig. 3. The reversible change of the dielectric responses in BaTiO3 ceramics through thermal annealing and air exposure. (A) A schematic figure of the exper-
imental sequence. The treated Ni-substituted BaTiO3 ceramics by air exposure were annealed at 350°C for 1 hour. (B) The frequency-dependent dielectric constant in
treated ceramics after thermal annealing. (C) The hysteresis loop of annealed ceramic samples. (D) The temperature dependence of dielectric constant of the annealed Ni-
substituted BaTiO3 ceramics. The annealed ceramics were treated via air exposure for 6 weeks. (E) The frequency-dependent dielectric constant, (F) the P-E hysteresis loop,
and (G) the temperature-dependent dielectric behavior in retreated ceramics by ambient air environment.
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variations throughout the whole cycles, indicating that the repeti-
tion of the dielectric on- and off-states was stably sustained.

To assess the humidity-sensing performance of our Ni-substitut-
ed BaTiO3 ceramics systematically, we first prepared a ceramic ca-
pacitor with top/bottom Ag electrodes andmonitored the evolution
of electrical resistance in a humid condition, where relative humid-
ity (RH) progressively increased from 0 to 80% in a stepwisemanner
with a time interval of about 1000 s (Fig. 6A). For a relative compar-
ison, the air atmosphere was taken to RH = 0% as a reference con-
dition. Unlike pure BaTiO3, the Ni-substituted BaTiO3 should
incorporate a certain amount of oxygen vacancies resulting in elec-
trical leakage and the linked dielectric loss (42, 46). Owing to such a
coupling between the electrical conductivity and the dielectric

property, we could evaluate a change in dielectric permittivity by
examining the variation of electrical resistance depending on RH
(33, 34). As shown in Fig. 6B, it was clear that the resistance of
Ni-substituted BaTiO3 ceramics continuously decreased as soon
as the degree of humidity increased step by step.When the humidity
level was restored to the reference condition (RH = 0%), the corre-
sponding resistance gradually went back to the initial value. By con-
trast, for pure BaTiO3, a distinct change was not detected in the
electrical resistance depending on the RH change (fig. S8). This in-
dicated that the electrical and dielectric properties of our Ni-substi-
tuted BaTiO3 were highly susceptible to moisture in air, which
would be applicable to realize a humidity sensor with high
sensitivity.

To get further insight on our observations [i.e., the emergence of
two different dielectric states (off- and on-states) in substituted
BaTiO3 ceramics with 6H-hexagonal symmetry], we performed im-
pedance analyses of the as-sintered (the off-state) and treated (the
on-state attained by exposure to ambient air for 6 weeks) Ni-substi-
tuted BaTiO3 ceramics. Note that our polycrystalline Ni-substituted
BaTiO3 ceramics with 6H-hexagonal symmetry included a large
number of grains and grain boundaries, as depicted in Fig. 7A.
To evaluate the capacitive and resistive contributions of the incor-
porated grains and grain boundaries separately, we harnessed a
simple brick-layer model, where a polycrystalline ceramic was con-
ceptually assumed to consist of indistinguishable cubic bricks (i.e.,
grains indicated by the hatched squares in Fig. 7B) split by flat layers
(i.e., grain boundaries indicated by the red solid lines in Fig. 7B) (59,
60). When an external electric field (a black solid arrow in Fig. 7B)
was applied to a system, two conducting channels were possible in
the brick-layer model: (i) electrical currents (a blue dashed arrow in
Fig. 7B) going through the horizontal grain boundaries only and (ii)
electrical currents (a blue dash-dotted arrow in Fig. 7B) flowing
through grains and vertical grain boundaries alternatively. Also,
electrical circuits equivalent to these two current paths were also
shown in Fig. 7C.

Two different impedance responses to external electric fields
were clearly observed for the off- (the as-sintered state) and on-
states (the treated state) of our Ni-substituted BaTiO3 ceramics, as
shown in Fig. 7 (D and E, respectively). In the impedance data of the
as-sintered ceramics, an arc fitted to a single semicircle (the green
solid curve) emerged for the off-state, whereas the corresponding
Cole-Cole plots of the treated ceramics exhibited a curve deconvo-
luted to two semicircles (the red and green solid curves) with differ-
ent sizes for the on-state. Such different impedance characteristics
in the dielectric relaxation properties were also evident in the tem-
perature-dependent Cole-Cole plots (figs. S9 and S10 for the off-
and on-states, respectively). Note that each semicircular arc in a
Cole-Cole plot represents dielectric relaxation arising from a paral-
lel connection between one capacitor and one resistor (61, 62). For
the off-state, most of the electrical currents passed through one con-
ducting channel (e.g., grain boundaries as the first case of the brick-
layer model), and the resulting dielectric relaxation behavior fol-
lowed a single-semicircular arc in the Cole-Cole plots of the as-sin-
tered ceramics. In contrast, impedance signals from electrical
currents passing through both grains and grain boundaries could
induce the double-semicircular curve for the on-state (i.e., the
treated ceramics), as aforementioned in the second case of the
brick-layer model. This indicates that the pathway of electrical cur-
rents in Ni-substituted BaTiO3 ceramics was modified, when the as-

Fig. 4. The evolution of dielectric responses in Ni-substituted BaTiO3 ceramics
under various ambient environments. (A) Change of frequency-dependent di-
electric constant in Ni-substituted BaTiO3 ceramics under air, vacuum, nitrogen
(N2), carbon dioxide (CO2), and high-humidity environments. (B) Corresponding
dielectric loss in ceramics before and after chemical treatments.
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Fig. 5. The reversible change of dielectric responses in Ni-substituted BaTiO3 ceramics. (A) The schematic of the experimental sequence to test recyclability of the
dielectric on- and off-states. (B) The evolution of the frequency-dependent dielectric constant and loss of Ni-substituted BaTiO3 ceramics under the repetitive cycles of a
high-humidity treatment and thermal annealing. (C) The number of cycle dependence of dielectric constants at 1 Hz for the dielectric on- and off-states induced by the
humidity treatment and the following thermal annealing, respectively. The red and blue circles represented the dielectric permittivity of ceramic samples after the
thermal annealing (i.e., off-state) and after the treatment under a humid environment (i.e., on-state), respectively.
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sintered ceramics were treated under the ambient air environment
for 6 weeks.

To elucidate a microscopic origin of a discrepancy in dielectric
responses between the off- and on-states, element-specific x-ray
photoelectron spectroscopy (XPS) experiments were implemented
for the as-sintered and treated Ni-substituted BaTiO3 ceramics, as
shown in Fig. 8 (A and B), respectively. Note that there was no dis-
tinct difference in the raw XPS spectra of Ba 3d, Ti 2p, and Ni 2p
bands, except for the O 1s orbital (fig. S11). The raw O 1s XPS data
were deconvoluted to three different XPS spectra using the Gauss-
ian-Lorentzian fitting (52, 63). The XPS peaks nearby binding en-
ergies of 529.1 (the red solid curve), 530.3 (the blue solid curve), and
531.2 eV (the black solid curve) were known to originate from lattice
oxygens, oxygen vacancies, and chemisorbed oxygen ions, respec-
tively (52, 64). The deconvoluted O 1s XPS spectra revealed that the
XPS peak attributed to chemisorbed oxygen species [e.g., hydroxyls
(OH−)] was strongly enhanced in the treated ceramics by exposure
to ambient air for 4 weeks compared with the as-sintered ceramics.
For other XPS peaks of lattice oxygens and oxygen vacancies, slight
variations in the peak intensity were simply observed. It should be
also noted that water molecules were involved with two different
dielectric responses of the off- and on-states in Ni-substituted
BaTiO3 ceramics (Fig. 4 and fig. S7). Thus, it was plausible that
water vapor (H2O) in air was dissociated to a proton (H+) and a
hydroxyl (OH−), and then the dissociated hydroxyl ions were ad-
sorbed on the ceramic surface.

To evidence the existence of hydrogen ions in our Ni-substituted
BaTiO3 ceramics, time-of-flight secondary ion mass spectrometry

(TOF-SIMS) measurements were performed for both pure and sub-
stituted ceramic samples. For a fair comparison, the pure and sub-
stituted BaTiO3 ceramics at the as-sintered state were treated under
the ambient environment for 6 weeks before TOF-SIMS experi-
ments. For pure BaTiO3 samples, the signals of hydrogen ions
were simply collected on the surface of the ceramic specimens. In
our TOF-SIMS data, the ceramic surface corresponded to the
sputter time of 0 s in the three-dimensional (3D) rendering image
visualizing the spatial distribution of H+ ions (Fig. 8, C andD). Con-
trary to the pure BaTiO3, the SIMS signals of hydrogen ions were
extensively detected in the Ni-substituted BaTiO3 throughout the
whole volume of the ceramic sample. On the basis of our XPS
results, it was highly likely that hydroxyl (OH−) ions dissociated
water molecules in air were adsorbed at oxygen vacancy sites on
the surface of our Ni-substituted BaTiO3 with noticeable oxygen
off-stoichiometry. Because protons (H+) are highly moveable
because of the lightest ionic mass and the smallest ionic size (49),
the separated hydrogen ions from water molecules would go into
the treated Ni-substituted BaTiO3 ceramics.

DISCUSSION
We now discuss dc and ac resistivity of Ni-substituted BaTiO3 ce-
ramics for the as-sintered and treated states. The dc resistivity was
calculated as follows

ρdc ¼ R
A
d

ð2Þ

where R, A, and d represented the electrical resistance, surface area,
and thickness of ceramic pellets, respectively. On the basis of the
electrical resistance data of the sensing experiments (Fig. 6B), the
dc resistivity was estimated to ~8.6 × 109 ohms·m at a zero RH con-
dition (RH = 0%), whereas it was ~4.1 × 107 ohms·m at a high RH
condition (RH = 80%). On the other hand, we also extracted the ac
resistivity (ρac) from themeasured dielectric constant (ε) and dielec-
tric loss (tanδ) using the following relation

ρac ¼
1

2πf ɛ0ɛtanδ
ð3Þ

where ε0 was the permittivity of free space, and f is the frequency of
the applied voltage bias. At a frequency of 1 Hz, the ac resistivities
were ~2.1 × 106 and 1.1 × 103 ohms·m for the as-sintered ceramic
(i.e., off-state) and the treated ceramic by humidity (i.e., on-state),
respectively (Fig. 4, bottom). Note that the ac resistivity ratio
(~1.9 × 103) between off- and on-states was approximately an
order of magnitude higher than the dc resistivity ratio (i.e., the pro-
portion of the dc resistivity in a zero RH condition to that in a high
RH condition ~2.1 × 102). It was highly likely that such a difference
between the ac and dc resistivity ratios would be attributed to an
interfacial effect between the Ag electrode and the ceramic sample
(20). A further study would be highly desirable to elucidate the re-
lationship between the ac and dc resistivities of the Ni-substituted
BaTiO3 ceramics.

Introduction of hydrogen ions dissociated from water molecules
to Ni-substituted BaTiO3 ceramics could produce two different di-
electric properties in the low-frequency region, which were revers-
ibly controllable via a treatment under a specific ambient
environment and a reset process by external stimulation. The

Fig. 6. Sensing performance experiments. (A) Schematic diagram of a humidity
sensing experiment. (B) Resistive responses of Ni-substituted BaTiO3 ceramics to
the change in RH. A stepwise decrease in the electrical resistance of the sensors
was observed with the increasing humidity levels. The electrical resistance of ce-
ramics gradually recovered to the initial value when the RH changed from 80 to
0% again.
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energy-dispersive spectroscopy (EDS) analyses of the as-sintered
ceramics showed that grain boundaries were more oxygen deficient
than grains for the off-state exhibiting low dielectric permittivity at
low frequencies (fig. S12). We stress that the measurement error of
the oxygen element is around ~6% in the conventional EDS analy-
ses (65). The difference in the atomic percentages of oxygen content
between gains and grain boundaries (~25%) was still beyond the re-
ported measurement accuracy (see fig. S13). It was therefore plau-
sible that most oxygen vacancies were accumulated at grain
boundaries in the as-sintered Ni-substituted BaTiO3 ceramics ini-
tially (fig. S14A). In the as-sintered state (i.e., the off-state), the
oxygen vacancy–rich grain boundaries would act as a conducting
path of electrical currents, whereas the grains free from oxygen va-
cancies should be highly resistive. Such a difference in electrical
conductance between grains and grain boundaries enabled electri-
cal currents to pass through the grain boundaries largely, which was
in agreement with our impedance results of the off-state (Fig. 7D).
By contrast, when the as-sintered ceramics were exposed to ambient
air for a long time (4 to 6 weeks), the polar hydroxyl (OH−) ions
dissociated from water molecules were adsorbed at oxygen
vacancy sites nearby grain boundaries (fig. S14B). Meanwhile, the
separated protons (H+) from water molecules could move inside

grains (fig. S14C). In the presence of protons, grains became
more conductive electrically in the treated Ni-substituted BaTiO3
ceramics, and hence, the electrical current could pass through
both the grains and the grain boundaries leading to double-semi-
circular curves in the dielectric relaxation behaviors of the on-
state (Fig. 7E). In addition, in the presence of protons in the
grains, the treated ceramics should be electrically leaky, resulting
in an elliptical hysteresis curve (Figs. 2F and 3F) and an increase
in dielectric loss (Fig. 4B). The electrical leakage in the treated
Ni-substituted BaTiO3 ceramics was also identified by local con-
ducting atomic force microscopy (c-AFM) measurements (fig.
S15). It was also worthwhile to discuss that the local electrical
leakage in lossy dielectrics could affect the macroscopic dielectric
responses with the increase of dielectric permittivity (66). On the
other hand, as thermal stress was applied to the treated ceramic
samples, the introduced hydrogen ions (H+) could retreat with
the desorption of hydroxyl ions (OH−) to preserve charge neutrality
(i.e., a reset process from the on-state to the initial off-state).

The conversion of the dielectric off-state to the dielectric on-
state was also observed, when the as-sintered Ni-substituted
BaTiO3 ceramics remained under an ambient condition surround-
ing acetic acid (CH3COOH) for 2 days (fig. S16). The measured di-
electric constant in the frequency domain increased up to ~2.0 × 106
at 1 Hz, and then the low-frequency dielectric permittivity rapidly
decreased over time (fig. S17, A to C). Such a change in the dielectric
responses induced by exposure to the acetic acid environment was
only achievable in substituted BaTiO3 ceramics with oxygen off-sto-
ichiometry, not oxygen-rich pure BaTiO3 (fig. S17, D to F). Consid-
ering that the acetic acid was a weak monoprotic acid donating a
proton (H+) easily (67), the modification of dielectric constants
should be attributed to protonation of the oxygen-deficient
BaTiO3 ceramics.

It is important to discuss possible mechanisms of ultrahigh di-
electric permittivity in the ambient environment–treated substitut-
ed BaTiO3 ceramics. On the basis of previous literature, it was
proposed that a transition to a relaxor ferroelectric phase accompa-
nying a structural modification would induce dielectric anomalies
in complex oxide ceramics (68). We emphasize that there was no
structural difference between the as-sintered (the off-state) and
treated (the on-state) Ni-substituted BaTiO3 ceramics (fig. S18). Ac-
cording to the XRD results of our ceramic samples, their crystal
structures were macroscopically 6H-hexagonal for both off- and
on-states, regardless of a specific treatment under a humid environ-
ment. Thus, the low-frequency huge dielectric constant in the on-
state would not be driven by a structural phase transition on a mac-
roscopic scale.

Inhomogeneity in the structural and dielectric properties
induced by protonation may be closely related to the colossal dielec-
tric permittivity in Ni-substituted BaTiO3 ceramics with 6H-hexag-
onal symmetry. For the off-state of our Ni-substituted BaTiO3
ceramics, structural phases inside grains would rather be homoge-
neous with little variation in local dielectric permittivity, because
most oxygen vacancies were accumulated nearby grain boundaries
(figs. S12 to S14A). By contrast, for the on-state, a large amount of
protons dissociated from the water molecules could be introduced
into grains inducing heterogeneous distributions of the crystal
structures and the electric polarizability microscopically (fig.
S14C). At a lattice site containing a proton, the local crystal struc-
ture at an atomic level should be more deformed with the promoted

Fig. 7. Impedance analyses of Ni-substituted BaTiO3 ceramics at two dielec-
tric states (i.e., off- and on-states). (A) Experimental setup of impedance analysis.
(B) Schematic diagram of a brick-layer model for a polycrystalline ceramic. (C) The
equivalent electric circuit. The impedance complex plane plots in the Ni-substitut-
ed BaTiO3 ceramics for the (D) off- and (E) on-states at room temperature.
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electric polarizability (an increase of dielectric constant) by an in-
ternal field arising from the introduced proton (40, 41). We stress
that highly polarizable nano-domains with large dielectric con-
stants could boost the electric polarizability of the neighboring
nano-domains with small dielectric constants via a proximity
effect (69, 70). Thus, the inhomogeneity in the local dielectric re-
sponses by hydrogenation should produce a sizable enhancement
of the overall dielectric permittivity in our Ni-substituted BaTiO3
ceramics.

In summary, we demonstrated experimental manipulation of the
frequency-dependent dielectric relaxation behaviors in complex
oxide ceramics via designed treatments under specific ambient en-
vironments. Sizable enhancements of dielectric permittivity were
clearly observed in the low-frequency domains, when the as-sin-
tered Ni-substituted BaTiO3 ceramics were exposed to water
vapor–abundant conditions exhibiting high humidity. The low di-
electric constant (~103 at 1 Hz) in the as-sintered state became three
orders of magnitude higher (~106 at 1 Hz) compared with the
treated state under humid circumstances. In addition, these two di-
electric states (the low-frequency low and ultrahigh dielectric re-
sponses named as the off- and on-states, respectively) were
reversibly controllable through external stimulation. We also iden-
tified that the off- and on-states of dielectric properties were in-
volved with the adsorption of hydroxyl ions (OH−) on surface
oxygen vacancies and, meanwhile, the introduction of hydrogen

ions (H+) through the water dissociation. The achieved huge
dielectric permittivity in the ambient environment–treated
Ni-substituted BaTiO3 ceramics would originate from local differ-
ences in the crystal structures and the electric polarizability induced
by the hydrogenation. Potentially, our results will be harnessed to
realize high-performance oxide ceramic–based dielectric sensors
(e.g., hygrometers), which are able to detect water vapor in
ambient air with high efficiency and sensitivity.

MATERIALS AND METHODS
Sample preparation
The polycrystalline Ni-substituted BaTiO3 ceramics
[Ba(Ti1−xNix)O3−δ] at doping concentrations (x = 0.175) were
prepared by a conventional solid-state reaction method. High-
purity BaCO3, TiO2, and NiO (99.9%, High Purity Chemicals,
Saitama, Japan) were mixed in the molar ratio of 1:0.825:0.175, re-
spectively and then calcinated at 1100°C for 8 hours in air for the
chemical reaction. The calcined powders were reground, ball-milled
again for 24 hours, and lastly dried to gain fine powders with much
smaller grain size for pelletizing. After incorporating a few droplets
of polyvinyl-alcohol {[CH2CH(OH)] n} binder solution with the in-
terground powders, we molded a pellet of mixed powder with a di-
ameter of 7 nm and then pelletized the pellet under a pressure of
~133 Pa. For crystallization, the Ni-substituted BaTiO3 ceramic
pellet was sintered in a box furnace at 1330°C for 6 hours in air.
The densities of pure and Ni-substituted BaTiO3 ceramics at the
as-sintered state were 5.91 and 4.74 g/cm2, respectively. This indi-
cated that the Ni-substituted BaTiO3 ceramics were less dense than
the pure BaTiO3 ceramics. The measured relative density of the Ni-
substituted BaTiO3 ceramics was ~82% of the theoretical density of
the 6H-hexagonal BaTiO3 phase (71). Considering that the relative
density of porous BaTiO3 with tetragonal symmetry was approxi-
mately 65% of the theoretical density of tetragonal BaTiO3 (72,
73), it was not likely that our Ni-substituted BaTiO3 ceramics
were porous.

Structural characterization and transmission electron
microscopy experiments
The crystalline structure of Ni-substituted BaTiO3 ceramic samples
was identified by an x-ray diffractometer with Cu Kα radiation at
room temperature (45, 54). Transmission electron microscopy
samples of the Ni-substituted BaTiO3 were prepared by the Ga
ion beam milling method using a dual-beam focused ion beam
system (Helios NanoLab 450, Thermo Fisher Scientific) and addi-
tionally milled by a low-energy Ar-ion milling system (Fishione
Model 1040 Nanomill) to reduce damage at the surface layers of
the samples. An aberration-corrected STEM (FEI Titan3 G2 60-
300) system was used to obtain ABF STEM images of the samples
with the detector angle range of 12 to 24 mrad. The probe conver-
gence semi-angle and the source size of the electron probe were 26
mrad and 0.9 Å, respectively.

Polarization electric field hysteresis and dielectric constant
measurements
The ferroelectric polarization (P-E) loops were measured in a
silicon oil bath using a modified Sawyer-Tower circuit with a
high-voltage amplifier (TREK 610E). The temperature dependence
of the dielectric constant of the samples was measured using an

Fig. 8. XPS and time-of-flight secondary ion mass spectrometry measure-
ments. XPS spectra at the O 1s edge of Ni-substituted BaTiO3 ceramics (A) at
the as-sintered state and (B) after 4 weeks in ambient air. The red, blue, and
black solid lines in (A) and (B) represented the fitted curves of the oxygen in a
lattice, the oxygen vacancy, and the chemisorbed oxygen on the surface of the
ceramics. The volume fraction of the chemisorbed oxygen peak substantially in-
creased after air exposure. Time-of-flight secondary ion mass spectrometry (TOF-
SIMS) 3D rendering maps of H+ signals in the (C) pure and (D) Ni-substituted
BaTiO3 ceramics that were treated by air exposure for 6 weeks (scale, 100 μm by
100 μm; sputter time, 0 to 3700 s).
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impedance analyzer (HP4192A) over the temperature range from
30° to 350°C at the three different frequencies of 103, 104, and 105
Hz. The frequency-dependent dielectric constant measurements
were performed using a HIOKI 3522-50 analyzer at a frequency
range from 100 to 105 Hz. Note that the impedance analyzer
(HIOKI 3522-50) has a tanδmeasuring range of 0.00001 to 9.99999.

Impedance analyses
We analyzed the temperature-dependent impedance characteristics
of our Ni-substituted BaTiO3 ceramics for two different dielectric
states (i.e., the off- and on-states). For the electrical impedancemea-
surements, the top and bottom sides of the ceramic samples were
coated with silver pastes, and then the specimens were cured in a
box furnace at 700°C for 30 min. Ahead of the impedance analyses,
the frequency-dependent dielectric permittivity of each sample was
measured to check whether the ceramic compound remained in the
off- and on-states. The impedance measurements were performed
in the temperature range of 20° to 180°C using a HIOKI 3522-50
analyzer.

Treatment of ceramics under various ambient
environments
To examine the dielectric properties of our Ni-substituted BaTiO3
ceramics, we deposited silver pastes on the top and bottom sides of
as-sintered pellets and then annealed the silver-coated pellets at
700°C for 30 min for curing. Before a specific treatment under an
ambient environment, we initially measured the frequency-depen-
dent dielectric constant of ceramic capacitors at the as-sintered
state. After the specific treatment of the ceramic samples, we remea-
sured their dielectric properties for comparison. We also monitored
the evolution of dielectric responses of the Ni-substituted BaTiO3
ceramics under various ambient conditions: (i) ambient air, (ii)
vacuum and water vapor, (iii) N2 and CO2, (iv) liquid water, and
(v) acetic acid. First, to examine the effect of ambient air on the di-
electric responses of our Ni-substituted BaTiO3 ceramics, we
exposed the ceramic samples to the air environment at room tem-
perature for the time duration of 6 weeks and then performed the
dielectric permittivity measurement after the air exposure. Second,
we treated the as-sintered Ni-substituted BaTiO3 ceramics under
vacuum and high-humidity environments. To investigate the di-
electric characteristics of the ceramic samples in the vacuum state,
the ceramics remained in the desiccator with a low vacuum pressure
of 380 torr for 1 week. For an experiment under the humid atmo-
sphere, we filled the plastic tray with deionized water and placed it
on the bottom of the desiccator. Then, the ceramic specimens were
placed above the water-filled tray to avoid a direct contact with
liquid water. Last, we closed the desiccator and purged air inside
it to adjust the internal pressure to 380 torr (see fig. S6 and table
S2). Third, for ambient treatments under nitrogen (N2) and
carbon dioxide (CO2) conditions, we put the as-sintered ceramics
in the vacuum desiccator and evacuated the desiccator to a pressure
of 380 torr.We inserted N2 and CO2 gas into the desiccator until the
internal pressure reached ~700 torr. This procedure was repeated
twice to provide a sufficient amount of N2 and CO2 gas into the des-
iccator (see fig. S6 and table S2). Fourth, for a treatment under a
liquid water environment, the as-sintered Ni-substituted BaTiO3
ceramics were immersed in deionized water for 10 min at room
temperature. After the water treatment, the ceramic samples were
dried under a circumstance of N2 gas flow at room temperature.

Fifth, an experimental setup was constructed for a specific treat-
ment under an acetic acid environment. In the beginning stage of
this treatment, we poured acetic acid into a glass jar and put the as-
sintered Ni-substituted BaTiO3 ceramics into a beaker. The beaker
with the ceramic samples was placed on the bottom of the jar to
separate the ceramics from the acid liquid. Then, we closed the
glass jar and the ceramic samples remained in the acetic acid–rich
environment. After the time duration of 2 days, the ceramics were
removed from the jar and dried under a circumstance of N2 gas flow
before dielectric measurements.

The recyclability test of two dielectric states
In our Ni-substituted BaTiO3 ceramics, we experimentally exam-
ined how stable the reversible change between two dielectric
states (i.e., on- and off-states) was under the repeated cycle of a
high-humidity treatment and thermal annealing. Initially, we mea-
sured the frequency-dependent dielectric responses of the as-sin-
tered Ni-substituted BaTiO3 ceramics (i.e., off-state). Next, the as-
sintered ceramics were treated under a high-humidity environment
for the time duration of 1 hour. After the humidity treatment, we
remeasured the frequency-dependent dielectric permittivity and
loss of the treated ceramics (i.e., on-state) to monitor changes in
the dielectric properties. To recover the dielectric on-state to the
off-state, the treated ceramics were thermally annealed at 150°C
for 1 hour in a box furnace. Then, the frequency-dependent dielec-
tric constant/loss measurements were followed over and over. The
cycle of the high-humidity treatment and the thermal annealing was
repeated five times to secure experimental reliability of the recycla-
bility of the on- and off-states.

XPS analyses
XPS measurements were conducted using a K-Alpha+ XPS system
(Thermo Fisher Scientific Inc., UK) equipped with a monochro-
mated Al Kα x-ray source (hν = 1486.6 eV) of spot size 400 μm,
and charge compensation of the XPS samples was performed
during analysis. The carbon C 1s peak of hydrocarbon at a
binding energy of 284.6 eV was used as a reference to take correc-
tions of all the obtained spectra. A field-emission scanning electron
microscope (JSM-7600, JEOL, Japan) with an EDS detector was
used to visualize the surface morphology and analyze the chemical
stoichiometry of our Ni-substituted BaTiO3 ceramics.

XAS measurements
XAS were measured in total electron yield mode at the 4D PES
(photoemission spectroscopy) beamline in the Pohang accelerator
laboratory. The signal was obtained by measuring the sample
current generated by photon irradiation and normalized using an
I0 current measured by Aumesh in front of the samples to eliminate
photon beam fluctuation.

TOF-SIMS measurements
TOF-SIMS experiments were performed with a Hybrid SIMS (ION-
TOF GmbH, Münster, Germany) in KBSI Busan Center by using a
pulsed 30-keV Bi1 primary beam with a current of 1.5 pA. The an-
alyzed area used in this work is a square of 100 μm by 100 μm. Pos-
itive ion spectra were internally calibrated using H+, H2

+, CH3
+,

C2H5
+, and C3H7

+ peaks and normalized to the respective second-
ary total ion yields. The chemical images of the analyzed area are
recorded with 128 × 128 pixel resolution during the data
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acquisition. The depth profile is a square of 300 μm by 300 μm using
a 1-keV cesium beam.

Sensing performance experiments
The humidity sensing properties of ceramic samples (e.g., Ni-sub-
stituted BaTiO3) were measured in a quartz tube (diameter, 3 cm;
length, 30 cm) at room temperature. The RH levels (20 to 80 RH%)
were calibrated bymixing the dry air with water vapor. Note that the
humidity gas flow rate was 1000 sccm, which was controlled by a
mass flow controller. The electrical conductivity of ceramic
samples was measured by using a dc bias voltage of 0.5 V with a
Keithley 2401 source meter, and all conductivity results were re-
corded by a homemade LabVIEW software.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S18
Tables S1 to S3
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