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Supplementary Text

X-ray absorption (XAS) measurements

To investigate the electronic properties of pure and Ni-substituted BaTiO3 ceramics, we performed
the X-ray absorption (XAS) measurements. In O K-edge spectra of pure BaTiO3 ceramics, peaks
A and B were respectively attributed to the transition from O ls to #2; and e; hybridized states
between O 2p-Ti 3d, which were separated by octahedral ligand field splitting (Fig. S1). The
features C and D were due to O 2p derived states hybridized with Ba 5d, whereas E and F peaks
indicated the transition from O 1s to O 2p-Ba 4f states (52, 74). The peaks were deconvoluted by
fitting the O K-edge spectra with the Gaussian function and arctangent function as background.
We note that the intensity of peak A (#2,) dramatically decreased in Ni-substituted BaTiO3 ceramics
indicative of weakening of Ti 3d and O 2p hybridization by oxygen vacancy formation. Namely,
the oxygen vacancy generation by Ni doping suppressed the polar Ti-O hybridization in tetragonal
BaTiOs inducing a polymorphic transition to a 6H-hexagonal phase (45,47).
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Fig. S1. The normalized O K-edge X-ray absorption spectra of pure BaTiOs ceramics. In O
K-edge spectra, peaks A and B were attributed to the transition from O 1s to #2¢ and e; hybridized
states between O 2p-Ti 3d, respectively. The features C and D were due to O 2p derived states
hybridized with Ba 5d, whereas E and F peaks indicated the transition from O 1s to O 2p-Ba 4f
states.



The simulated electron diffraction pattern of a 6H-hexagonal BaTiO3
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Fig. S2. The fast Fourier transform (FFT) analyses of Ni-substituted BaTiO3 ceramics. (A)
The simulated electron diffraction pattern of the 6H-hexagonal BaTiOj3 polymorph along [1120]
direction. (B) The experimental FFT pattern of Ni-substituted BaTiO3 ceramics.



Plots of frequency-dependent dielectric permittivity of pure BaTiO3; ceramics at the as-
sintered state and after a treatment by air exposure

To examine whether the dielectric responses of pure BaTiOs; ceramics were affected by air
exposure, we measured the frequency-dependent dielectric constant of pure ceramics at the as-
sintered state and then, exposed the samples to the air environment at room temperature for 6
weeks. Next, we re-measured the dielectric responses of the treated pure BaTiOs3 ceramics. As
shown in Fig. S3, there was no difference in the frequency-dependent dielectric permittivity data
of pure BaTiO3 ceramics, although the pure BaTiOsz ceramics were treated via the 6-week-
durational air exposure.
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Fig. S3. The frequency-dependent dielectric permittivity of pure and Ni-substituted BaTiO3
ceramics at the as-sintered state and after air exposure. The dielectric constant as a function of
frequency in the (A) pure and (B) Ni-substituted BaTiO3 ceramics at the as-sintered state (the black
solid squares) and after 6 weeks in the ambient air (the red solid circles).



The effect of electric dc bias on dielectric responses

To investigate the effect of electric dc bias on dielectric responses of Ni-substituted BaTiOs
ceramics, we designed a poling experiment, as shown in Fig. S4A. In detail, we carried out the
frequency-dependent dielectric permittivity measurements in Ni-substituted BaTiO3 ceramics at
the as-sintered state (marked by B in Fig. S4A), after a treatment in the high-humidity environment
(marked by C in Fig. S4A), and after a poling process (marked by D in Fig. S4A). It was evident
that the as-sintered Ni-substituted BaTiOs ceramics exhibited the off-state in dielectric responses
(Fig. S4B). When the ceramic samples were treated under the high humidity environment, the
initial off-state in the as-sintered ceramics changed to the on-state in the treated ceramics (Fig.
S4C). In the on-state (i.e., the treated ceramics by humidity), we poled the Ni-substituted BaTiO3
capacitors by applying a dc voltage bias (Vs = 1 kV) during a time duration of #; = 60 minutes.
After poling the capacitors, we re-measured the dielectric permittivity as a function of frequency
in the poled ceramics at room temperature.

Fig. S4D showed the frequency-dependent dielectric constant and loss of the poled ceramics. It
was interesting that the dielectric permittivity in the low-frequency range dramatically decreased
after a poling process. The high dielectric permittivity (£~ 1.7x10” at 1 Hz) in the treated ceramics
was reduced in the poled ceramics (& ~ 1.1x10* at 1 Hz) (Table S1). This indicated that the on-
state in the treated ceramics was restored to the off-state by applying electrical dc bias.
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Fig. S4. The effect of electric dc bias on dielectric responses of Ni-substituted BaTiO3
(A) A schematic indicated the experimental sequence. (B to D) The frequency-
dependent dielectric constant and loss of Ni-substituted BaTiO3; ceramics (B) at the as-sintered

ceramics.
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state, (C) after the treatment in a humid environment, and (D) after the poling process.

Table S1. Dielectric constant values at 1 Hz in the ceramics at different states.

As sintered

After treatment

After poling

cat 1 Hz

2.8x10°

1.7x107

1.1x10*

Time




The evolution of frequency-dependent dielectric constant in Ni-substituted BaTiO3 ceramics
under the ambient air environment

To track the evolution of the dielectric responses to the ambient air in Ni-substituted BaTiO3
ceramics, we measured the frequency-dependent dielectric permittivity in the ceramic samples for
different time duration of the air exposure. The frequency-dependent dielectric constant
measurements were repeatedly performed in our ceramics with weekly time intervals (the
experimental process in the schematic Fig. S5A). We observed that the dielectric permittivity in a
low-frequency range (from 10° to 10° Hz) continuously increased with the increase of time
duration (Fig. S5B). In particular, the dielectric constant (&~ 2.5x10% at 1 Hz) in the as-sintered
ceramics was enhanced up to the value of &~ 4.6x10* after 6 weeks in the ambient air. As shown
in Fig. S5C, the corresponding dielectric loss also increased after a treatment under the air
environment. We plotted the dielectric constant values at 1 Hz as a function of the air-exposure
time (Fig. S5D). For the first two weeks, the dielectric constant varied around the finite value of ¢
~2.7x10°. After two weeks, the dielectric permittivity started to increase dramatically and then, it
reached a high value of &~ 4.6x10* after a time duration of 6 weeks.

We reset the on-state in the treated ceramics by air exposure to the initial off-state by thermal
annealing, as shown in Fig. S5A. The high dielectric constant in the low-frequency region returned
to a low value (black solid squares in Fig. SSE), while the dielectric loss also became reduced after
thermal annealing (black solid squares in Fig. S5F). Then, we plotted the frequency-dependent
dielectric constant and loss in the annealed ceramics as a function of the air-exposure time.
Interestingly, the dielectric responses in the low-frequency region significantly increased after air
exposure (Fig. SSE). The observed peak in the dielectric loss shifted to a higher frequency with
the increase of the time duration (Fig. S5F). As shown in Fig. S5G, the dielectric permittivity kept
increasing over the time and an extremely high dielectric constant (& ~ 6.9x10* at 1 Hz) was
achieved after 6 weeks.
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Fig. S5. The time-dependent evolution of dielectric responses in Ni-substituted BaTiOs
ceramics under the ambient air environment. (A) A schematic of the experimental sequence.
(B) The frequency-dependent dielectric permittivity in Ni-substituted BaTiO; ceramics for
different time duration under the ambient air environment. (C) The corresponding dielectric loss
as a function of frequency for different time duration of the air exposure. (D) The dielectric
constant as a function of time duration at 1 Hz in (B). (E) The dielectric constant and (F) dielectric
loss as a function of frequency in the annealed ceramics for different time duration of the air
exposure. (G) The air-exposure time dependence of dielectric permittivity at 1 Hz in (E).



Experimental set-up of Ni-substituted BaTiO3 ceramics under vacuum, nitrogen, carbon
dioxide, and high humidity environments

Vacuum

Fig. S6. Experimental set-up of Ni-substituted BaTiO3 ceramics under vacuum, nitrogen
(N2), carbon dioxide (COz2), and high humidity environments.

Table S2. Base pressure, time duration, and description of various ambient treatments.

Treatment Base pressure Time duration Description

The sample under a low

Vacuum ~380 Torr 1 week vacuum of ~ 380 Torr

The sample under ~ 700

Nitrogen (N>) ~380 Torr I week Torr of N,

The sample under ~ 700

Carbon dioxide (COy) ~380 Torr 1 week Torr of CO,

The sample under a low
vacuum of ~ 380 Torr
High humidity ~380 Torr 2 days with distilled water at
the bottom of the
desiccator




A comparison of the achieved dielectric constant in our Ni-substituted BaTiO3 ceramics with
the colossal dielectric permittivity in several oxide ceramics reported in earlier studies

Table S3. The dielectric constant in the treated Ni-substituted BaTiO3 ceramics under a humid
condition and the colossal dielectric permittivity previously reported in various oxides ceramics.

o Dielectric constant (&)
Composition Temperature | References
At 1Hz At 10 Hz At 100 Hz
Ba(Tios25Nio.175)03.5 5.2x10° 8.8x10° 9.4x10* Room Current
temperature work
Previous works
CaCusTisO12 1.0x10° 5.0x10° 3.0x10° 308 K (75)
(Ino.sNbo.5)0.01 Tio.9902 1.0x107 1.0x10 2.0%10° Room (76)
temperature
(Alo.sNbo.5)o3Tio. 70 1.4x10° 1.2x10° 1.0x10° Room (77)
temperature




Change of dielectric responses in Ni-substituted BaTiOs ceramics by water treatment

To further verify the effect of water molecules on the dielectric properties of Ni-substituted BaTi03
ceramics, a water-treatment experiment was conducted (see Fig. S7A). As shown in Figs. S7B and
S7C, we measured the dielectric permittivity and dielectric loss in Ni-substituted BaTiO3 ceramics
before (black squares) and after (red circles) the water treatment. We found that the off-state
immediately changed to the on-state after a short time duration (¢ ~ 10 minutes) of the water
treatment. For a comparison, we also carried out the water-treatment experiment of pure BaTiO3
ceramics. The dielectric responses of pure ceramics were almost unchanged before (black squares)
and after (red circles) the water treatment (Figs. S7D and S7E). It was clear that a change in
dielectric responses induced by the water treatment only emerged in for the Ni-substituted BaTiO3
ceramics, not pure BaTiOs.
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Fig. S7. Change of dielectric constant in Ni-substituted BaTiO3 ceramics induced by water
treatment. (A) The sequence of the water-treatment experiment. We measured the dielectric
properties of ceramic samples before and after the water treatment. (B) The dielectric constant and
(C) the dielectric loss in Ni-substituted BaTiO3 ceramics at the as-sintered state and after the water
treatment. (D) The dielectric constant and (E) the dielectric loss of the pure BaTiO3 ceramics at
the as-sintered state and after the water treatment.



Electrical resistance in pure BaTiOs ceramics at different relative-humidity levels
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Fig. S8. Evolution of the resistance of pure BaTiOs ceramics as a function of the relative
humidity.



Impedance analyses for the off- and on-states at various temperatures

We carried out the impedance measurements to ceramics with the on- and off-states for different
temperatures (varying from 20 to 180 °C). We also deconvoluted our impedance data to the
semicircular arcs. Note that each semicircular arc in impedance spectra represented a dielectric
relaxation characteristic arising from a parallel electrical circuit between one capacitor and one
resistor. As shown in Fig. S9, the observed impedance spectra at various temperatures for the off-
state were almost fitted for a single semicircular arc. It was plausible that the majority of electrical
currents passed through the grain boundaries in the off-state where the accumulated oxygen
vacancies at grain boundaries acted as a conducting channel (78). In contrast, the impedance
responses of the on-state showed that electrical currents went through both grains and grain

boundaries resulting in the double-semicircular curve (Fig. S10) (78).
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Fig. S9. The impedance Cole-Cole
temperatures for the off-state.
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Fig. S10. The impedance Cole-Cole plots in Ni-substituted BaTiOs ceramics at various
temperatures for the on-state.



X-ray photoelectron spectroscopy (XPS) measurements
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Fig. S11. XPS spectra of Ba 3d, Ti 2p, Ni 2p, and O 1s edges of Ni-substituted BaTiO3

ceramics at the as-sintered state (red solid curves) and after air exposure for 4 weeks (blue
solid curves).



The field emission-scanning electron microscope (FE-SEM) and energy dispersive
spectroscopy (EDS) analyses

Fig. S12 showed the field emission-scanning electron microscope (FE-SEM) images and
corresponding energy dispersive spectroscopy (EDS) results of the as-sintered Ni-substituted
BaTiOs ceramics. We visualized the spatial distribution of each element for grains (i.e., area
indicated by red polygons in Figs. S12A and S12B) and grain boundaries (i.e., red solid lines in
Figs. S12A and S12B). The corresponding EDS mapping data at Ba L-, Ti K-, and Ni K-edges
showed the uniform contribution of elements. In contrast, there was an inhomogeneous distribution
of the oxygen element in O K-edge spectra. From local EDS measurements (Fig. S13), the atomic
percentages of the oxygen element were 74.8 and 50.2% at grains and grain boundaries in the as-
sintered ceramics, respectively. This indicated that the grain boundary regions were significantly
oxygen-deficient compared with the grain regions.

—1pm

Fig. S12. Surface morphology and elemental mapping analyses of the as-sintered Ni-
substituted BaTiOs ceramics. (A) The field emission-scanning electron microscopy (FE-SEM)
surface image of the as-sintered Ni-substituted BaTiO3 ceramics. (B to E) The corresponding EDS
mapping data of O, Ti, Ba, and Ni elements on the ceramic surface in (A), respectively. Area inside
the red polygons in the FE-SEM image (A) and the O K-edge spectrum (B) represented grains.
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Fig. S13. The EDS analyses of the as-sintered Ni-substituted BaTiO3 ceramics in grains and
grain boundaries. (A) The field emission-scanning electron microscopy (FE-SEM) image of the
as-sintered Ni-substituted BaTiO3 ceramics. (B and C) The local EDS spectra of (B) a grain

[marked by the red spot in (A)] and (C) a grain boundary [marked by the green spot in (A)]. (D)
The averaged EDS spectrum on the sample surface of (A).



Possible explanations of a change in dielectric responses induced by air exposure

For the as-sintered state, the oxygen vacancy defects in Ni-substituted BaTiO3; ceramics were
mostly accumulated in the proximity of grain boundaries (Fig. S14A). The as-sintered ceramics
exhibited a low dielectric constant throughout the whole frequency range with slight variations.
Owing to the accumulation of oxygen vacancies at grain boundaries, the grain boundary regions
became more conductive than grain regions in ceramics. Thus, the electrical circuit of the as-
sintered Ni-substituted BaTiO; ceramics was equivalent to the parallel circuit of the resistance (R)
and capacitance (C) of the grain boundary component. When the Ni-substituted BaTiO3 ceramics
were exposed to air, the hydroxyl ions dissociated from the water were adsorbed on oxygen
vacancies nearby the grain boundaries (Fig. S14B). On the other hand, dissociated protons (H")
could be introduced into grains of ceramics (Fig. S14C). The introduction of protons with a
positive charge inside ceramics modified the overall dielectric responses in the Ni-substituted
BaTiOs ceramics. After air exposure, the Ni-substituted BaTiO3 ceramics showed dielectric
relaxation behaviors with the increasing frequency and an ultrahigh dielectric constant was
achieved at a low frequency. The equivalent circuit model of the Ni-substituted BaTiO3 ceramics
after air exposure corresponded to a series of two R-C parallel connections for both the grain and
grain boundary components, respectively.
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Fig. S14. The schematic illustration of a change in dielectric responses of Ni-substituted
BaTiOs ceramics under the ambient air environment. (A) For the as-sintered state, most
oxygen vacancies were accumulated at grain boundaries. The electrical circuit was equivalent to a
parallel circuit of the resistance (R) and capacitance (C) for the grain boundary component. (B)
The Ni-substituted BaTiOs; ceramics were exposed to the ambient air. (C) Hydroxyl ions
dissociated water molecules were adsorbed at oxygen vacancy sites on the surface, while hydrogen
ions were introduced to ceramics. For the ceramics after air exposure, the equivalent electrical
circuit was a series of two R-C parallel connections for both the grain and grain boundary

components.



Conductive atomic force microscopy (c-AFM) measurements
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Fig. S15. Conductive atomic force microscopy (c-AFM) analyses of Ni-substituted BaTiO3
ceramics for the on-state. (A) The c-AFM current map at 5 V bias voltage in Ni-substituted
BaTiOs3 ceramics for the on-state. (B) The corresponding local I-V curve at the position marked by
a green circle in (A).



An experimental set-up of acetic acid treatments
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Fig. S16. A schematic represented the experimental set-up of the acid acetic treatment. The
top/bottom sides of the pure and Ni-substituted BaTiO3 ceramics were coated by silver pastes for
the as-sintered state and then, we measured the frequency-dependent dielectric permittivity of the
silver-coated ceramics. Next, we inserted a few droplets of acetic acid (CH3COOH, 99.7%, Sigma-
Aldrich, USA) into the bottom of a glass jar (Step 1). We put the pure and Ni-substituted BaTiO3
ceramics in another beaker (Step 2 in the schematic). Then, the beaker with the ceramic samples
was placed inside the jar to separate the ceramics from the acid liquid. The glass jar was closed,
and the ceramics remained under the acid acetic-rich environment (Step 3). After 2 days, we took
the ceramics out of the jar and re-measured the dielectric properties.



Change of dielectric responses in Ni-substituted BaTiO3 ceramics by acetic acid treatment

Another route to modify the dielectric responses in Ni-substituted BaTiO3 ceramics was an acetic
acid (CH3COOH) treatment. The experimental procedures of our acetic acid treatments were
depicted in Fig. S16. Before the acetic acid treatments, the dielectric behaviors corresponded to
the off-state (Fig. SI7A). As shown in Fig. S17B, the low-frequency dielectric constant was
dramatically enhanced by the acetic acid treatments. For the treated ceramic samples, we observed
the extremely high dielectric permittivity (&~ 10° at 1Hz) which was three orders of magnitude
larger that the initial value. We also identified that the dielectric constant rapidly decreased, when
the sample was exposed to the ambient air after the acetic acid treatment (Fig. S17B). By plotting
the dielectric constant as a function of the air-exposure time, we found that the dielectric
permittivity continuously decreased over the time (Fig. S17C). Unlike the Ni-substituted BaTiOs
ceramics, the dielectric responses in pure BaTiO3; ceramics were almost unchanged before and
after the acetic acid treatment (Fig. S17, D to F).
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Fig. S17. The evolution of dielectric responses in Ni-substituted and pure BaTiO3 ceramics
by acetic acid treatments. (A and D) The dielectric constants as a function of frequency in (A)
Ni-substituted and (D) pure BaTiOs ceramics for the as-sintered states. After a two-day treatment
in the acetic acid environment, we re-measured the dielectric constants of the treated ceramics in
the air. (B and E) The frequency dependences of dielectric constants in (B) Ni-substituted and (E)
pure ceramics for various time duration of the exposure to ambient air. (C and F) The air-exposure
time dependences of dielectric permittivity at 1 Hz in (B) and (E).



X-ray diffraction (XRD) patterns of Ni-substituted BaTiO3 ceramics for the on- and off-
states

We identified the crystal structure of the as-sintered (off-state) and the treated (on-state attained
by a treatment under a humid environment) Ni-substituted BaTiO3 ceramics using X-ray
diffraction (XRD) analyses. To examine the dielectric properties, we first deposited the Pt
electrodes on the top and bottom sides of the as-sintered ceramic pellets. Then, the XRD and
frequency-dependent dielectric permittivity measurements were performed in the as-sintered
ceramics, respectively (Figs. SI8A and S18B). Next, the as-sintered ceramics were treated under
a humidity condition for two days. After the high-humidity treatment, we repeated the
measurements of XRD data and frequency-dependent dielectric constant in the treated ceramics
(Figs. SI8A and S18B). The diffraction patterns of the off-state (i.e., the as-sintered ceramics) and
on-state (i.e., the treated ceramics) were consistent with the reference XRD pattern of a hexagonal
structure (marked by the blue bar in Figs. S18A and S18C) (45). Note that the diffraction peaks at
26 angles of 39.5 and 45.6° were attributed to the Pt metal electrodes [marked by asterisks (*) in
Figs. S18A and S18C]. The as-sintered and treated ceramics were structurally 6H-hexagonal for
both off- and on-states, which indicated that the change of dielectric responses in the Ni-substituted
BaTiOs ceramics would not originate from a structural phase transition.
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Fig. S18. X-ray diffraction (XRD) analyses of dielectric off- and on-states. The XRD patterns
of Ni-substituted BaTiO3; ceramics for (A) the off- and (C) on-states. The corresponding
frequency-dependent dielectric constants of (B) the off- and (D) on-states.
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