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Designing the giant-performance explosive energy conversion of lead-free ferroelectrics attracts
increasing attention from the medical, energy, defense, and mining industries, whereas the underly-
ing physics mechanism remains ambiguous. Here, chemical modification and pressure engineering are
utilized to induce a structural competition between polar and nonpolar structures to achieve a supe-
rior explosive energy conversion (34.57 J/cm®) from lead-free (Ag.935K0.065)NbO; ceramics, enabling
a sharp mechanical-stimulating pulse current within microseconds and having excellent thermal stabil-
ity of phase structure. We reveal that these merits are related to a local structural heterogeneity on the
atomic length scale. Pressure-regulating ferroelectric-antiferroelectric order is responsible for its explo-
sive energy conversion, in which the evolution of oxygen octahedron distortion and electronic transition
dynamics under the stress field have been specified. This work reveals the physical origin of the excellent
energy-conversion performance of (Ag, K)NbOj3, and draws a clear scenario for developing the advanced

lead-free ferroelectrics device with high-performance energy conversion.
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I. INTRODUCTION

Recently, explosive or pulse-power energy-conversion
property is of high interest under the global background
of the high demand of energy. Ferroelectric materials are
widely used in energy conversion, whose performance can
be modulated by external (thermal, electrical, and mechan-
ical) fields [1,2]. One case is that ferroelectric ceram-
ics would depolarize and ultrafastly release the bound
charge to generate an electrical current under the pres-
sure control [3,4]. This depolarization behavior belongs
to the force-electric effect, where the charge storage and
release is determined by polar-nonpolar structure transfor-
mation or polarization switching [5—7]. The force-electric
effect has been found in lead-based ferroelectric mate-
rials, and contributes to the development of high-power
applications [8—11]. However, explaining the origin of the
induced depolarization in microseconds is still challenging
during the shock compression. Ferroelectric domain switch
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and phase transition involving ferroelectric-paraelectric
(FE-PE) order and ferroelectric-antiferroelectric (FE-AFE)
order are mainly dominant under the compression [9,
12—15]. Since the FE-AFE transformation can be trig-
gered at a lower pressure, the Pb(Zr;_,Ti,)O; (PZT)
considered to be one of the best choices for explosive
energy-conversion devices [15—17]. However, the strin-
gent environmental regulation of lead toxicity limits PZT
application. Therefore, it is urgent to develop a lead-
free material alternative with the great-performance energy
conversion.

In the ferroelectric system, constructing the adja-
cent phase boundaries is one of the most effective
ways to improve the electromechanical coupling and
energy-storage performances. Composition-related mor-
photropic phase boundary in Pb-based crystal causes the
unstable polarization state and reduces energy barrier.
Therefore, to build a high-performance lead-free energy-
conversion material system, it requires that the struc-
ture should be located at the adjacent phase boundary.
Recently, AgNbO;-based antiferroelectric ceramics have
been proven to exhibit the promising energy storage or

© 2023 American Physical Society
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Schematic diagram of an effective strategy for realizing high-performance explosive energy-conversion applications in

AgNbO;-based lead-free ceramics. A comparison of energy density with our work is shown among other bulk ceramics [7,9—11,13,14].
Polarization-electric field (P-E) loops are collected at ambient and 350-MPa pressure, respectively. E. and E, are represented to the

conduction band and valence band, respectively.

conversion characteristics [14,18-22]. Doping engineer-
ing can reduce the gap of free energy from the anti-
ferroelectric phase in pure AgNbO; to the ferroelectric
phase, where the chemical doping can induce ferroelec-
tricity by substituting cations of AgNbO,, such as Li"
[23] and Kt [24,25]. The K™ modification can inhibit
the oxygen octahedral tilt and enhance the ferroelectric-
ity [24]. Fortunately, we find that lead-free K*-doped
AgNbO; possesses an ultrahigh energy-storage density of
34.57 J/em?® and a pulse current of approximately 22 A
in 1.8 ms [14]. However, the underlying physical origin
with the structure-performance relationship is still unclear,
which hinders the further development of lead-free energy
storage and conversion devices. Therefore, a more in-
depth study is urgently required to reveal its physical
origin and provide clear guidance for the design and opti-
mization of high-performance lead-free energy-conversion
ceramics.

Pressure is the key physical condition for the explo-
sive energy-conversion application. Here, we designed
a FE-AFE phase boundary in a 6.5% potassium cation
modified AgNbO; (ANK65) to gain a high-performance
energy-storage density of over 34.5 J/cm>. To guide its
energy-conversion applications, an overall strategy has
been summarized in Fig. 1, which needs to simultaneously

satisfy the following structural properties: larger rema-
nent polarization (P,) enhanced the energy-storage den-
sity; the wider band gap (£;) and smaller crystalline
grain improved the intrinsic breakdown strength (Ep);
the coexistence of polar and nonpolar phase reduced FE-
AFE energy barrier. Within the phase boundary, local
structure heterogeneity and the coexistent polar (Pmc2,)
and nonpolar (Pbcm) orders have been observed on the
atomic scale to the micrometer scale. Pressure- (up to
1260 MPa) induced transition mechanism is studied,
which is accompanied by the oxygen octahedron dis-
tortion during the process of structural transformation.
Our work further promotes the possibility of lead-free
ceramics to replace PZT in explosive energy-conversion
applications.

II. MATERIALS AND METHODS

ANKG65 ceramic is prepared by the solid-state reac-
tion method. The raw materials of Ag,0 (99.7%), Nb,Os
(99.93%), and K,CO3 (99.9%) are ball milled in ethanol
for 12 h. The mixtures are calcined in oxygen atmosphere
at 870°C for 3 h. After calcination, the powder is ball
milled again for 12 h and is compressed into 15-mm-
diameter pellets with polyvinylalcohol as a binder. The
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(a) Rietveld refinement patterns of XRD for ANKG65 in terms of Pmc2; model; Pbcm model; two-phase model (Pmc2; +

Pbcm). (b) The HAADF STEM image of ANK65 ceramic, while the illustration in the upper right corner is its fast Fourier transform.
The magnified view of the (c¢) purple and (d) pink rectangular area in (b), and the measured cation displacement values. The orange
spots and the blue spots represent Ag atoms and Nb atoms, respectively. The schematics of the displacements in the unit cell by (e)
Pmc2, and (f) Pbcm. The relative cation displacement boxed by purple areas follows Pmc2; structure, while the pink areas are Pbcm

symmetry.

pellets are sintered at 1100 °C for 3 h. A flowing O, atmo-
sphere is used to prevent the decomposition of silver oxide
during the sintering process. The ceramic is polished to a
thickness of 0.5 mm and a diameter of 8.0 mm. For elec-
trical performance measurement, the silver electrodes are
pasted on both sides of the ceramic and sintered at 700 °C
for 0.5 h.

The structure of ANK65 powder sample are explored by
x-ray diffraction (XRD) (Bruker D8 ADVANCE X), with
a Cu Ko rotating source. The STEM sample is prepared
by a dual-beam focused ion beam (FIB) system (Nanolab
Helios 650) using Ga ion accelerating voltage (30 kV).
Next, an ion milling (Gatan 691) operation is implemented
from 24 pA to 9.3 nA. The atomic resolution HAADF-
STEM image is captured by the STEM mode of JEM
Grand ARM300F microscope, which has double spherical
aberration (Cs) correctors operating at 300 kV. The con-
vergence angle of the probe is 24 mrad, while the detection
angles are 63—180 mrad. The relative cation displacement
is measured based on Gaussian fitting. The microstructure
of ANK65 ceramic is characterized by field emission SEM
(FEI Quanta 400 FEG, America).

The P-E loops are tested by an aixACCT TF 2000
analyzer FE measuring system (aixACCT Co., Aachen,
Germany) at 1-Hz frequency. The morphology and ferro-
electric domain structure of ANK65 ceramic are indicated
by atomic force microscope (Dimension Icon, Bruker) and
piezorepsonse force microscope (PFM). The shock-wave
compression experiment can be referred to Ref. [14].

Raman-scattering spectra are investigated by a micro-
Raman spectrometer (Jobin-Yvon LabRAM HR Evolu-
tion, Horiba) with ultralow frequency accessory, while
the frequency range of 5-1000 cm~'. The laser with a
wavelength of 532 nm is taken as the exciting source.
For the in situ high-pressure Raman-scattering experiment,
ANKG65 ceramic is crushed into powders with sizes of a
few microns. ANK65 powder and Ruby particles are put
into a 100-pwm-diameter hole, which are drilled in a 200-
pm-thick tungsten gasket preretracted by a Mao Bell dia-
mond anvil cell. /n situ Raman-scattering measurements
are performed at room temperature under the hydrostatic
pressure of 0—1260 MPa, while the pressure transmission
medium is silicone oil. The temperature-dependent exper-
iments (—190 to 230 °C) are achieved by Linkam THMSE
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TABLE I. The lattice parameters, phase fractions, atomic coordinates, and refinement reliability factors of refined Pmc2, and Pbcm

structure.

Space group: Pmc2, phase fraction: 64.9%

Lattice parameters: a = 17.8603 A; b =5.576 A; c=5616A

Atomic label Occupancy Wyckoff site X y z Biso (;\2)
Agl 0.935 2a 0 0.7402 0 0.011
K1 0.065 2a 0 0.7402 0 0.011
Ag2 0.935 2b 0.5 0.7422 —0.0034 0.015
K2 0.065 2b 0.5 0.7422 —0.0034 0.015
Nbl 1 4c 0.752 0.2478 0.0144 0.012
0Ol 1 2a 0 0.7829 0.4668 0.01
02 1 2b 0.5 0.71 0.4797 0.01
03 1 4c 0.775 0.4723 0.2636 0.01
04 1 4c 0.267 0.04 0.6974 0.01
Space group: Pbcm Phase fraction: 35.1%

Lattice parameters: a=>5534A; b=5683A; c=15764 A

Atomic label Occupancy Wyckoff site x y z Biso (A2)
Agl 0.935 4c —0.251 0.25 0 0.035
K1 0.065 4c —0.251 0.25 0 0.035
Ag2 0.935 4d —0.256 0.2428 0.25 0.022
K2 0.065 4d —0.256 0.2428 0.25 0.022
Nbl 1 8e 0.246 0.2422 0.1256 0.011
0Ol 1 4c 0.302 0.25 0 0.017
02 1 8e —0.029 0.0303 0.114 0.022
03 1 8e 0.5262 0.4778 0.1375 0.015
04 1 4d 0.215 0.262 0.25 0.021

600 heating and cooling stage. The temperature effects
are corrected by the Bose-Einstein factor coefficient [26]
n(w, T) = [exp(hw/kT) — 117!, where w, T, h, and k are
phonon wave number, temperature, Planck constant, and
Boltzmann constant, respectively.

SE measurements are examined by a visible-ultraviolet
spectroscopic ellipsometer in the photon energy range of
230-1240 nm (1-5.4 eV) (V-VASE by J. A. Woolam Co.,
Inc.) with the spectral resolution of 5 nm, while the inci-
dent angle is fixed at 70°. The software package WVASE32
is used for analysis.

All calculations in this study are carried out by the
Vienna ab initio simulation package (VASP) using the pro-
jector augmented wave (PAW) method and a plane-wave
basis set. In order to have an insight into the electronic
structure, the calculations are performed directly with the
Heyd-Scuseria-Ernzerhof method. The electron interaction
is employed along with a kinetic energy cutoff of 550 eV.
The 4 x 9 x 3 k-point sample selected by the Monkhorst-
Pack method is used to describe the Brillouin zone. The
structure of ANK65 can be indicated by antiferroelectric
orthorhombic lattice in Pbcm space group and ferroelectric
orthorhombic lattice in Pmc2, space group. Structural opti-
mizations are carried out in two structure and the ions are
fully relaxed toward equilibrium until the residual forces
on each atom are less than 0.02 eV/A, and the total energy
convergence criterion is set as 107> eV.

III. RESULTS AND DISCUSSION

XRD patterns of ANK65 in Fig. 2(a) show the symmetry
structures refined by the space groups of Pbcm, Pmc2, and
the coexistent Pbcm and Pmc2;. In comparison with the
structural models of nonpolar (Pbcm) and polar (Pmc2),
the Pbcm and Pmc2; coexistence matches the experimen-
tal data better, with the smallest weighted profile (Rwp) and
profile reliability factors (R,) of 4.9% and 3.55%, respec-
tively. It confirms that the ANK65 sample would follow a
structural competition between polar and nonpolar orders.
Table I lists the detailed information about lattice param-
eters, phase fractions, atomic coordinates, and refinement
reliability factors. The Pmc2; and Pbcm mixture reduces
the energy barrier of FE and AFE phase, which can trigger
the force-electric effect.

Then, we employ atomical resolved high-angle annu-
lar dark-field scanning transmission electron microscopy
(HAADF STEM) to observe the real structure of ANK65
crystal, as shown in Fig. 2(b), where HAADF is referred
to as the Z-contrast image related to the atomic number
of atoms [27]. Here, Ag has the largest atomic number
among the four elements Ag (47), Nb (41), K (19), and
O (8). Therefore, Ag columns appear as the brighter con-
trast, while Nb columns are slightly darker. Each cation
deviates along different crystalline directions, forming a
wavy atomic plane. To be more specific, Ag and Nb
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TABLE II. The best-fitting parameters in the Tauc-Lorentz and Lorentz oscillator for SE at room temperature.
Sample Exo Eg Brl E,,l Al C] Enz Az
eV) eV) (eV)
Ambient pressure 1.72 3.07 3.37 4.45 209.5 5.89 3.36 0.23
After pressure loading 1.78 3.02 3.02 441 204.1 6.25 3.31 0.16

atoms displace along the [110], axis and fluctuate along
[001].-axis direction. Simultaneously, every four consecu-
tive Ag-Nb pairs form a repeating unit, which reflects eight
atoms in one fluctuation period. Two typical phase regions
are magnified in Figs. 2(c) and 2(d), in which their ionic
displacement are valued. It clearly shows local structure
heterogeneity on ANK65 ceramic by examining the differ-
ence of these representative regions. Figures 2(e) and 2(f)
show the structure with Pmc2,; and Pbcm, where arrows
emphasize the relative displacement and their difference
of noncentrosymmetric (Pmc2;) and central (Pbcm) space
groups. The average displacement of Nb ions along [001]
axis in Pmc2, cells is much larger than that of Ag. Whereas
the average displacement of Ag and Nb atoms along [010]
axis is relatively close in nonpolar Pbcm cell, which cor-
responds to [001] axis for Pmc2; cell [18,28,29]. Agl
site has an equal antiparallel displacement along [010] or
[010], while Ag2 site does not shift in Pbem cell. Similarly,
four Nb>*+ pairs present antiparallel displacements along
[010] or [010] for Pbcm. In contrast, all the cations have
a displacement along [001] axis in Pmc2; cell, showing
a larger net polarization along [001] axis. We demonstrate
that the relative cation displacements in two typical regions
are consistent with the structure of Pbcm and Pmc2, phase.
Therefore, the STEM results provide direct evidence for
the coexistence of polar (Pmc2;) and nonpolar (Pbcm)
phases.

Pressure-dependent ferroelectric hysteresis polarization-
electric field (P-E) loops of ANK65 ceramic shown in the
inset of Fig. 1 exhibit the P, of 32 wC/cm?. The higher
P, presents more pulsed electrical power can be obtained,
while the ferroelectricity is enhanced with the introduction
of K*. Upon the compression at 350 MPa, the pinched
loop still reveals the antiferroelectric hysteresis, although
the presence of nonzero remnant polarization existed. The
common belief that pinched loops derived from the pres-
ence of multiple domains and structural defects, such as
domain walls being strongly pinned by charged defects.
However, Xu et al. point that the pinched loops also
exists in defect-free ferroelectric materials. The pinched
loops may occur at morphotropic phase boundaries, while
the free energy of ferroelectric and antiferroelectric ones
are very close to each other [30]. Simultaneously, the
ferroelectric phase on ANK65 ceramic is more sensitive to
the applied pressure. Thus, as the pressure is increased to
350 MPa, the structure will change from the ferroelectric to

the antiferroelectric phase, while the existence of pinched
loops is reasonable. Moreover, ANK60 ceramic shows
similar results that there exists a decrease tendency for
remnant polarization with the increasing pressure in our
previous work [14]. Therefore, we believe the reason for
the existence of pinched loops is the coexistence of FE
and AFE phase. Meanwhile, we utilize PFM to image
in-plane and out-of-plane spontaneous polarizations of
ANKG65 ceramic as the ferroelectric domains, showing
domain size of hundreds of nanometers from Fig. 5. This
is because structural competition of polar and nonpolar
phase breaks long-range order, leading to the emergence
of nanoscale domains [31-33]. Due to the structure not
being recovered from the nonpolar Pbcm phase to the ini-
tial polar Pmc2; with no external field, ANK65 ceramic
can maintain antiferroelectric structure after withdrawal of
the pressure. Therefore, ferroelectric domain after pressure
loading is invisible for PFM.

The local structure heterogeneity is proven by the
STEM results, while the microscopic electronic structure is
intently related to superior properties. Therefore, pressure-
dependent band gap and electronic transition behaviors are
explored to reveal the explosive energy-conversion mech-
anism in ANK65 ceramic. By spectroscopic ellipsometry
(SE), the dielectric functions (¢ = ¢ + &) are determined
by the nonlinear regression fitting method. A multilayer
superposition model (air/rough/ANK65) is established to
describe the sample structure, considering a rough surface
measured in Fig. 6(a). The dielectric functions and E, of
ANKG65 are obtained by the coupling of Tauc-Lorentz and
Lorentz oscillator models, which can conform to Kramers-
Kroning constraints. The best-fitting parameters are listed
in Table II. Figures 3(a) and 3(b) show the experimental
and fitting spectra at the wavelength range of 230-1240
nm, as well as the dielectric functions of ANK65 ceramic

TABLE III. Best fitting parameters of the SCP model for
ANKG65 ceramics.

Sample A ¢ E r
(deg) (eV) (eV)

Ambient pressure Epr 112 1555 3.66 0.68
Ep 332 411 478 137
Egp 271 1504 3.56 0.87
Eg 088 401 430 0.87

After pressure loading
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with the corresponding photon energy range of 1-5.4 eV.
The imaginary part £, of ANK65 ceramic is close to zero
below the absorption edge, which indicates no additional
electronic transition in the low-energy region. &, sharply
increases with further increasing photon energy, owing to
the strong absorption, indicating the transition of inter-
band electrons from valence-band maximum (VBM) to
conduction-band minimum (CBM). SE results show that
ANKG65 has a wider £, (about 3.07 eV) than pure AgNbO,
(2.99 eV) at ambient pressure [34,35]. A wider E, than
pure AgNbO; means that it is hard to transition from the
valence band to the conduction band for electrons, which
contributes to higher £ [36]. Simultaneously, the E, of
ANKG65 after pressure loading decreases to about 3.02 eV.
In addition, the electronic band structure observed in the
dielectric spectra of ANK65 ceramic is attributed to inter-
band transitions, while the standard critical point (SCP)
model is performed to study the stress evolution of inter-
band transitions [37]. The second derivative of ¢; and
&, are displayed in Figs. 3(c) and 3(d), where the fitting
parameters for the SCP model are summarized in Table III.
The critical point E¢p is mainly dominated by A-site cation
d orbital and oxygen anion p orbital, while E, is closely
related to B-site cation d orbital [38]. The peak position
of Ecp and Egp shifts to the lower energy after pressure
loading, whose trend is in agreement with the pressure-
dependent evolution of E,. Therefore, it provides a direct
evidence that the wider band gap than pure AgNbO, meets
the need of high explosive energy-conversion device in
the given strategy (Fig. 1), while the pressure-induced
structural transition for ANK65 is accompanied with the
decrease of the band gap.

First-principles calculations are then carried out to
reveal the band structure of ANK65 by studying orbital

FIG. 5. The (a) out-of-plane phase, (b) out-of-plane amplitude,
(c) in-plane phase, and (d) in-plane amplitude PFM images for
ANKG65 ceramic, respectively.

hybridization and covalency [39], which can also, in
conjunction with SE results, shed light on the physical
mechanism of structural transformation [40,41]. It is well
known for density functional theory (DFT) that the cal-
culated band gap is underestimated by about 20%—30%
compared with the experimental value due to the inherent
of delocalization error and derivative discontinuity [42—
44]. To eliminate the calculation error, the calculations
based on the Heyd-Scuseria-Ernzerhof hybrid functional
(HSE) are conducted to determine band gap. Its basic
structure can be indicated by orthorhombic antiferroelec-
tric (Pbcm) and ferroelectric (Pmc2;) lattice. Figures 3(e)
and 3(f) show the band structure and density of states
(DOS) of ANKG65 ceramics at different phases. The band
structure of the antiferroelectric phase is generally close
to that of ferroelectric phase, although the symmetry of
the antiferroelectric phase is better than the ferroelectric
one. Detailed analysis indicates that the interband tran-
sition mainly derives from O-2p/Ag-4d to Nb-4d. The
calculated band gap is indirect and the values are 2.75
and 2.84 eV for antiferroelectric and ferroelectric phases,
respectively. The VBM is made up of O-2p and Ag-4d
states, while the CBM is mainly composed of Nb-4d,
and O-2p states. Compare with some common niobates
(KNbO3/NaNbO3), AgNbO; still exists some differences
according to the effect of crystal field theory. The VBM
are primarily constructed from the O-2p states, while the
CBM are dominated by the hybridization of Nb-4d and
0-2p states on the KNbO;3;/NaNbO; system. The elec-
tronic states of Na and K ions have little contribution to
the valence and conduction bands, since the high ionicity
of Na and K makes it difficult to form a covalent bond with
other atoms by hybridization [45-47]. However, Ag-4d
contributes an essential role on the valence band according
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FIG. 6. (a) AFM topography of ANK65 ceramic. The exper-
imental ellipsometric (dots) and the best-fitting (solid lines)
spectra Psi and Delta of (b) ANK65 after pressure loading and
the pure AgNbO; at 300 K. (d) The dielectric functions (¢; and
&) of AgNbO; ceramics, while the band gap is 2.99 eV.
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to the effect of crystal field theory. The inconsistent crystal
structure leads to differences in the energy bands, while the
investigation of difference in band gap is crucial for under-
standing phase transition. At the same time, the Pbcm and
Pmc2, space groups are relatively similar, thus the cal-
culation and comparison of these two structures are very
crucial to reveal the structure transformation mechanism of
ANKGO65 ceramics. The antiferroelectric phase has lower E,
than the ferroelectric one, which is consistent with the SE
results. The bonding and antibonding orbits, especially for
Nb—O, approach with increasing the structural symme-
try, corresponding to the weakening of orbital degeneracy
[48]. Consequently, the ferroelectric phase (Pmc2;) has a
large Nb—O bond length than the antiferroelectric (Pbcm).
Therefore, the band gap in the lower ferroelectric symme-
try becomes wider than that of the antiferroelectric one,
which confirms the interband transition behaviors from
SE well.

Charge release process of ANK65 powder sample under
pressure is determined by the polar to nonpolar phase tran-
sition, whose specific evolution is then explored by the
confocal Raman spectra in the stress field of 0—1260 MPa.
Figure 4(a) displays the schematic diagram of the hydro-
static compression measurement, while the ANK65 and a
ruby are put in a diamond anvil cell. Group theory pre-
dicts that the lattice-vibrational irreducible Raman-active
modes in Pmc2; and Pbcm space group can be examined
by FPmc21 = 16141 + 13A2 + 1231 + 16B2 and FPbcm =
154, + 17B14 + 15B, + 13B3, [49,50]. The representing
Raman-active phonon is recognized from Raman spectra
in Fig. 4(b), which are fitted by multi-Lorentzian oscil-
lator. Scattering peaks at the frequency ranges of less
than 130 cm™! and 130-340 cm™! are mainly related to
the breathing modes of Ag®, K, and the 4, (TO) near
260 cm™!, respectively [51], while high-frequency range
of over 340 cm™! corresponds to the vibration of oxygen
octahedra including B, (TO) near 530 cm™!, B, (TO) near
580 cm~', 4, (TO)near 630 cm™', and By + B, + 4, (LO)
near 810 cm~! [52-54]. Figure 4(c) describes the pressure-
dependent evolution of phonon frequency corresponding
to the NbOg vibration. As pressure increases to 380 MPa,
the phonon frequency moves to low-energy range as a red
shift. Around 380 MPa as a critical pressure presents the
anomalous peak shift, while the minimum is due to the flat-
tening of the potential in the vicinity of a phase transition
point, indicating the pressure-induced lattice transforma-
tion from polar structure (Pmc2;) to the nonpolar (Pbcm)
one [55,56]. The FWHM is also highly sensitive to the
lattice structure, while the FWHM evolution of the oxy-
gen octahedral phonon modes under pressure are shown in
Fig. 4(d). It is noteworthy that the FWHM evolution with
pressure also appears anomalous at the structure transition
point. At the same time, some vibration modes annihilate
in a highly symmetrical phase, such as the peak near the
810 cm~! disappearance at pressure exceeding 380 MPa.
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FIG. 7. Raman spectra of ANK65 on decompression. (b) The
frequency and (c) the FWHM evolution of main Raman-active
phonon at 820-0 MPa for decompression.

With increasing the hydrostatic pressure on ANKG65, in situ
neutron diffraction revealed the change of octahedral tilt
from a~a"c¢t to a~a"c¢t/a"a"c¢~ by the annihilation of
12(321), and 1,2(341), superlattice peak [14]. Thus, the
pressure induces a complete transformation from the ferro-
electric Pmc2; phase to the antiferroelectric Pbcm phase,
while the transformation is accompanied by a change of
the oxygen octahedral tilt. The high-pressure structure for
ANKG6S5 is a single phase with a stacking disorder along the
¢ axis, consisting of alternating nanoregions of antiphase
and in-phase tilts. The mixing of Pbcm and Pmc2, phases
is found in this study, while quantifying the amount of
each phase with pressure is essential for the structure tran-
sition. Therefore, we assume a linear relationship between
the intensity of B} + B, + A1(LO) phonons as a fraction of
the highest intensity of the spectra and the structural transi-
tion process. The ANK65 powder sample is 35% Pbcm as
well as 65% Pmc2, at 0 MPa, while the structure is com-
pletely transformed to Pbcm as the pressure is enhanced to
580 MPa. The intensity of all Raman signals is normalized
to exclude the influence of external factors. We extract the
intensities of By + B, + A1(LO) phonons at different pres-
sures, while the two-phase ratios are obtained at different
pressures according to the two-phase occupancies at 0 and
580 MPa, as shown in the inset of the Fig. 4(c). The reliev-
ing pressure process is displayed in Fig. 7, while there is
no phonon abnormal behavior during the pressure decreas-
ing. These results indicate that the structure does not
change from the Pbcm to the Pmc2, phase as the pressure
release.

Last but not least, let us follow the high-performance
strategy of Fig. 1 to consider the polycrystalline
microstructure and the better temperature stability of the
ANKG65 ceramic. Generally, ceramics are composed of ran-
domly oriented anisotropic grains. SEM image on ANK65
ceramic shows the average grain size is about 1.02 pm,
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FIG. 8. Raman spectra of ANK65 on decompression. (b) The
frequency and (c) the FWHM evolution of main Raman-active
phonon at 820-0 MPa for decompression.

where the inset of the histogram shows the grain size com-
plying with the normal distribution curve. The average
grain size decreases obviously with the doping of potas-
sium content [19,21,22,57]. On the one hand, the depleted
space-charge layer appearing at the ceramic grain bound-
ary would cause the larger resistivity, compared to the
bulk resistivity. Smaller grain size means a large grain-
boundary density and resistivity, greatly enhancing 5. On
the other hand, when hydrostatic pressure is applied, the
stress distribution among the adjacent grains is compli-
cated, where the neighboring grains with different orienta-
tions may clamp grains and hinder phase transition. More
severely, the uneven grains and the increased local inho-
mogeneity will cause this effect to be more pronounced
[15]. Therefore, the even and relatively small grain size
on ANKG65 ceramic promotes the energy-conversion per-
formance. In addition, temperature stability is of great
significance for designing the energy storage or conver-
sion device. Figures 8(a) and 8(b) show the temperature-
dependent Raman spectra of ANK65 ceramic at a wide
temperature range of —190-230°C. Although the Raman
peaks are obviously broadened and smoothed as the tem-
perature increases, the number of Raman peaks does not
change, which shows that the local symmetry does not vary
in a wider temperature range. The main phonon vibration
modes all show a slight shift to a lower wave number and
an increase in the FWHM. When the temperature exceeds
150°C, the expansion of cationic breathing mode indi-
cates that the structural disorder increases and the polarity
decreases. Therefore, we claim that ANK65 ceramic keeps
a good temperature stability under 150 °C, which can be
used for energy device applications.

IV. CONCLUSION

As an alternative to traditional PZT material, a lead-
free modified ANK65 ceramic is developed with a supe-
rior energy-conversion performance by constructing the
pressure-driven FE-AFE phase boundary. The factors
result in such a top performance, which are complex
but have been summarized here into three key points:
(1) the FE-AFE order mixture reduces the energy barrier

of FE and AFE phase; (ii) an increased electronic band
gap enhances the breakdown strengths; (iii) a decrease in
micrograin increases breakdown strengths and even grain
distribution promotes the polar to nonpolar phase transi-
tion. Significantly, the physical origin of explosive energy
conversion has been illustrated by specifying the FE-AFE
phase boundary, electronic transition, and lattice dynam-
ics under the stress field. The electronic structure of Pbcm
and Pmc2; phases shows that its band gap of ANK®65 is
reduced after the irreversible phase transition under high
pressure. Eventually, the designed ANK65 polycrystalline
material is also proven to greatly satisfy the requirements
about the ferroelectric hysteresis, the thermal stability of
phase structure and the small micrograin size. The present
work explores the origin of high explosive energy con-
version on lead-free ferroelectric materials based on the
in-depth understanding of lattice and electronic structure,
and gives a distinct guide for future design of energy-
conversion device.
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APPENDIX A: THE DOPING STRATEGY AND
THE MECHANISM OF PHASE COEXISTENCE

In the ferroelectric system, constructing the adjacent
phase boundaries is one of the most productive ways to
enhance the electromechanical coupling and the energy
conversion performances. Therefore, the prerequisite of
these candidate systems would be to possess a minor
energy barrier between the FE and AFE phases. How-
ever, pure AgNbO; is the AFE-dominated ferrielectric
phase, which has a weak ferroelectricity. Fortunately, the
doping engineering can induce the transition of the struc-
ture from the AFE to the FE phase. The stability of
the FE and AFE phase for the perovskite-type oxide
is usually defined by the Goldschmid tolerance factor:
t = (R4 +Ro)/~2 (Rg + Rp), where Ry, Ry, Ro refer to
the average ionic radii of A-site cations, B-site cations,
and oxygen anions. The AFE phase will be enhanced
when ¢ < 1, while the ferroelectricity will be strengthened
when ¢ > 1. Therefore, the FE phase can be induced by
increasing the tolerance factor. The ionic radii of Ag™,
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Nb>*, and Kt are 1.28 A, 0.64 A, and 1.64 A, respec-
tively. The larger K™ ions will replace the smaller Ag™
ions as the doping of the KNbOj3, which will increase
the tolerance factor and inhibit the tilting of the oxygen
octahedra. Hence, the doping of K™ will improve the sta-
bility of FE phase tremendously. Fu et al. pointed out
that there exist three phase boundaries at x, ~ 0.07, x, ~
0.20, and x, ~ 0.8 on the (Ag,;_,.K,) NbO3; (ANK) system
[24]. When x < xa, ANK will transition from the AFE-
dominant AgNbO;-type orthorhombic ferrielectric phase
to the orthorhombic phase that possesses strong ferro-
electricity, while the ferroelectric structure is stabilized
at x, < x < xp. When x;, < x < x,, the structure of ANK
single phase would not exist, while ANK will be trans-
formed into the KNbOj3-type orthorhombic structure when
X > x.. On this basis, the 6.5% component is located at
the AFE and FE phase boundary exactly, while the struc-
ture can be refined to the coexisting of Pbcm and Pmc2,
phases [14]. According to the calculations from Niranjan et
al., the noncentrosymmetric (Pmc2) and centrosymmetric
(Pbcm) structure of AgNbO; displays a slight energy dif-
ference (0.1 MeV/f.u.) [29], while both the FE and AFE
order can coexist in ANK65 at room temperature. Simul-
taneously, the pressure-composition effect on the relative
stabilities of the FE and AFE phases are studied in our
previous work by the calculating the energy minimization,
which matches perfectly with the structural analysis [14].
Therefore, the reason for phase coexistence in ANKG6S5 is
that the FE and AFE phase thermodynamic free-energy
states are close.

APPENDIX B: THE FERROELECTRIC DOMAIN
BEHAVIOR OF ANK65 CERAMICS

To further investigate the spontaneous polarization char-
acteristics of ANK65 ceramics, the ferroelectric domain is
mapped by PFM, where an alternating voltage is applied
between tip and bottom electrodes in contact mode. The
in-plane and out-of-plane domain images can be attained.
As we know, the mostly orthorhombic crystals allow 12
possible polarization vectors in all [110], forming 60°, 90°,
120° or 180° domain-wall configurations [38]. The orien-
tation types of the domain wall are mainly determined by
the real symmetry of the crystalline phase, while the spon-
taneous polarization of orthorhmbic crystalline is along the
face diagonal of the original cubic unit cell. However, the
lattice parameters of AgNbO; on the a axis are larger than
those on the b axes or ¢ axes (detailed lattice parameters
are also listed in Table I), which causes the angle change of
spontaneous polarization on adjacent domains. Therefore,
in orthorhombic AgNbO;, the 60° and 120° domain wall
will change to other angles. Phase contrast represented in
the opposite polarization shows a clear domain with the
size of several hundred nanometers, as shown in Figs. 5(a)
and 5(c). The domain-wall structure could be displayed in

the amplitude channel, in which the piezoelectric response
will offset to zero, as shown in Figs. 5(b) and 5(d). The
PFM results avoid the interference of surface morphology.

APPENDIX C: THE OPTICALLY ELECTRONIC
TRANSITIONS OF ANK65 CERAMICS

The study of optical transition is explored by spectro-
scopic ellipsometry (SE), which is significant to reveal
the inherent physical mechanism of ANK65 ceramic. In
the ellipsometry analysis, a multilayer superposition model
(Air/Rough/ANK65) is built to depict the sample structure
of ANKG65 ceramic, considering the sample has a rela-
tively rough surface displayed in Fig. 6(a). In addition,
the rough layer is represented by the Bruggeman effec-
tive medium model with air and ANK65 accounting for
half, respectively. The dielectric functions of the ANK65
layer are parameterized by the coupling of Tauc-Lorentz
(TL) and Lorentz oscillator models, which can conform to
Kramers-Kroning constraints. TL oscillator defines the E,,
and the excellent fitting result can be obtained by adding a
Lorentz oscillator. The Lorentz oscillator is located above
E,, indicating the band-to-band transition.

The expression of the TL oscillator can be given

2/m)P fEf (§mea(§))
52 ) 5;',
2
AE,C (E — Eg) 1 (E>E),
(B2 - E2)’ + 2 E
e(E) =0(E < Eg).

e1(E) = o +

& (E) =

The parameters P, ¢, E are the Cauchy principal part
of integral, the high-frequency dielectric constant, and the
incident photon energy, while the E,,, E,, 4, and C refer to
the peak position energy, optical band gap, amplitude, and
broadening term, respectively.

The expression of the Lorentz oscillator is

45
Enjz - En2 + lbrjEn ’

J
eE=¢1+iep =65 + E

n=1

The parameters 4, b,, E,, j are the amplitude, the damp-
ing coefficient, the energy, and the number of oscillators,
respectively. Correspondingly, the band structure observed
in the dielectric spectra of ANK65 ceramic are origi-
nated from the interband transition, which can be evaluated
based on the standard critical point mode (SCP). Notably,
the surface roughness layer does not affect electronic tran-
sitions derived from the second partial derivative of dielec-
tric functions basically. Therefore, the second derivative
of complex dielectric functions are directly calculated by
the original data. The second derivative of &; and &, of
ANKG65 ceramic (point) and fitting curve (solid line) are
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displayed in Figs. 3(c) and 3(d). The position of critical
point is expressed by an arrow and marked as Ecp,; and
Ecp, in order of photon energy from small to large.

The SCP model can be given by

& .

d?i =n(n — )4, (E — E,, +iT,)"%, n#0,
& A

_dEi = Ape® (E — Ep+iTy) %, n=0,

where m represents the mth vibrator, 4,,, E,,, I';,, and ¢,
are the amplitude, threshold energy, broadening, and phase
angle. The value of n for exciton, one-dimensional, two-
dimensional, and three-dimensional critical points are —1,
—0.5, 0, and 0.5, respectively. Here, we fit the real and
imaginary parts by exciton mode. The value of phase angle
¢,, for two oscillators are between 0° and 90°, which con-
forms to the exciton deformation of critical point line shape
[58].

APPENDIX D: DISCUSSION OF THE REASONS
FOR IRREVERSIBLE AND REVERSIBLE
STRUCTURAL TRANSFORMATION

The tilt-related pressure- and temperature-driven phase
transition is fully reversible normally [59]. However,
ANKG65 has not returned to the initial FE phase even
when released to ambient pressure, while the tilt of
the oxygen octahedron changes significantly after the
structural transition. Interestingly, a similar situation
occurs in Nb-doped and La-doped PZT ceramics [15,60].
Pby.99 (Zrg.95T10.05)0.98Nbg.0203 have been investigated by
Maxim Avdeev etc. in the range of hydrostatic pressure
0—600 Mpa, while the structure will transit from the rhom-
bohedral R3c to the antiferroelectric orthorhombic Pbam
phase. The structure transition is also accompanied by a
change in the tilt of the octahedron, while the structure can-
not recover to R3c after pressure release. Avdeev claims
that the stress or strain induced by the Pbam phase pre-
vents the atomic complete return to the beginning atomic
positions as the pressure is released. It is interesting to note
that the complete recovery of the R3¢ phase needs to be
achieved by heating the ceramic above 350 K, i.e., to the
FR (HT) phase, and then reducing the temperature to room
temperature. Similarly, we perform PE test for the sample
after loading under an electric field, which finds the struc-
ture exhibited ferroelectric behavior. The evidence from
neutron diffraction pattern, SE, PFM, Raman is inconsis-
tent with the results of PE. However, we consider it reason-
able for this situation, while the Pbcm phase is a substable
state at atmospheric pressure for ANK65. The exploration
of the neutron diffraction pattern, SE, PFM, and Raman
indicates that the structure could not be recovered from
the Pbcm phase to the initial Pmc2; with no external field,
while the electric field induced the atoms to return to the

starting atomic position completely. Therefore, the stress
or strain induced by the Pbcm phase prevents the atomic
complete return to the beginning atomic positions could be
the reason for the metastable Pbcm phase.
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