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Phase diagram and structure evolution mechanism in ultrahigh energy storage NaNbQO;-based
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The construction of superparaelectric (SPE) systems has been demonstrated to be an essential means of
enhancing energy storage properties, while the underlying physical behavior is still unclear. Here, the structure
evolution of SPE was investigated on (1-x)(0.85NaNbO;-0.15Sr( 7Bi(,TiO3)-xBi(Mg sZro5)O3; (NN-SBT-
BMZ) ceramics by analyzing the lattice structure and electronic transitions behavior under the regulation of
chemical content and temperature. The cell volume and optical band gap has been enhanced significantly, with
increasing the doping contents. Moreover, the detailed phase diagram of NN-SBT-BMZ with a temperature
content was derived by combining the evolution of dielectric, optical transitions, lattice structure, and phonon
behavior under thermodynamic field, in which the evolution of the lattice structure is closely related to the
domain structure. Noteworthy, the oscillatory processes of the main phonons near the 73 temperature clearly
reflect the relaxation state of the lattice structure, which is caused by the fact that the static displacements of
the atoms in the crystal with respect to their equilibrium positions do not occur simultaneously. This work
describes the comprehensive study of structural properties on NaNbQOs-based SPE ceramics, which display
positive implications for the development of energy storage capacitors.
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I. INTRODUCTION

Dielectric energy storage has great prospects for devel-
opment in electronic devices and power systems due to the
advantages of rapid charging and discharging speed and ul-
trahigh energy storage density [1-5]. A number of studies
have been conducted on dielectric materials, such as linear
dielectric, paraelectric (PE), ferroelectric, and antiferroelec-
tric in the applications of energy storage capacitors, where
the most effective way to enhance the energy storage den-
sity and efficiency of dielectrics is to induce ferroelectric
to the relaxor ferroelectrics (RFEs) [6-10]. The long-range
ordered micrometer ferroelectric domains are turned into
short-range ordered nanodomains by ion doping and solid
solution in ferroelectrics, which weakens the domain mutual
coupling, lowers the domain switching energy barriers, and
increases the local heterogeneity [11-15]. However, there is
still visible hysteresis in the nanodomain switching procedure,
which has been a bottleneck to further improving the energy
storage performance. Recently, a novel strategy known as
superparaelectric (SPE) engineering has been demonstrated
to be extremely successful in enhancing the energy storage
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performance [4,16—19]. The nanodomains are further reduced
and the interdomain coupling is further weakened in the
SPE state, which makes the domain switching energy barrier
equivalent to the thermal perturbation energy, allowing for
minimal hysteresis.

NaNbO; with a complex crystal structure and undergo-
ing varieties of phase transformations under external field
is considered as a promising material for lead-free en-
ergy storage dielectric. Although it is generally recognized
that there are seven main phases of NaNbO; under the
action of temperature fields: U —~ 7, - T} - S > R —
P — N, while the complicated temperature-driven structure
also indicates a huge possibility of performance modulation
[20-23]. NaNbOj5 exhibits irreversible electric field-induced
antiferroelectric-ferroelectric structure transition and large
residual polarization at room temperature, which obtains
a poor energy storage performance. Fortunately, the per-
formance of NaNbOsj-based ceramics can be effectively
improved by adjusting the chemical modification, while
the NaNbO;-(Sr, Bi)TiO3-Bi(Mg, Zr)O; SPE ceramics have
been proven to realize an ultrahigh energy storage density
of 7.59 J cm™3 and a high efficiency of 81.3% simulta-
neously [24]. Simultaneously, the majority of ferroelectrics
exhibit a unique behavior of external field-induced structural
transformations accompanied by huge energy storage and
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release, while the transformation of the structure of dielectric
ceramics is closely related to the study of energy storage
mechanisms. However, the evolution of the lattice structure
for SPE ceramics is still unclear, which significantly limits the
development of energy storage ceramics. The condensed mat-
ter spectroscopy methods have been shown to yield numerous
important physical evidences for the structural properties
of typical ferroelectrics or antiferroelectrics, such as lattice
dynamics and optical transition, etc. [25-29], while the inves-
tigation of the SPE structure is still lacking. Therefore, there
is an urgent need to probe the in situ structural evolution of
SPE ceramics, which is also crucial to explore their structural
and functional stability, as well as to determine the underlying
structural transition mechanisms.

In this work, the lattice symmetry, phonon behav-
ior, and optical transition of SPE (1-x)(0.85NaNbOs3-
0.15Sr1¢.7Bi 2 TiO3)-xBi(Mg, sZr¢ 5 )O3 (NN-SBT-BMZ) un-
der doping and temperature have been systematically in-
vestigated. The cell volume and the optical band gap are
significantly enhanced as increasing the doping component.
The evolution of the lattice parameters and the band gap under
the temperature field may be related to the variation of the
NN-SBT-BMZ domain structure, while the interdomain cou-
pling is significantly weakened as the temperature increases.
Moreover, the oscillatory processes of the main phonons near
the 7p temperature was discovered by the Raman spectra.
Eventually, a clear structural evolution has been exactly drawn
due to the thermally induced dielectric, lattice parameter,
phonon behavior, and optical band gap (E,) evolution process,
while the RFE/SPE phase boundary at room temperature is
useful for enhancing the energy storage density. This work can
deepen the comprehension of the structure evolution for SPE
ones by condensed matter spectroscopy, which will facilitate
the development of SPE energy storage ceramics.

II. MATERIALS AND METHODS

The NN-SBT-BMZ ceramics are obtained via a solid-
state reaction approaches, while the detailed procedure of the
preparation can be found in the literature [24]. Samples of x =
0.04, 0.08, 0.12, and 0.16 are denoted as NN-SBT-BMZ04,
NN-SBT-BMZ08, NN-SBT-BMZ12, and NN-SBT-BMZ16,
respectively.

The structure of NN-SBT-BMZ ceramics was explored by
x-ray diffraction (XRD) (Japan SmartLab), with a Cu K«
rotating source. The molecular vibrational behavior was stud-
ied by the micro-Raman spectrometer (Jobin-Yvon LabRAM
HR Evolution, Horiba) using an ultralow frequency attach-
ment over the frequency ranges of 5-1000 cm~!, while
a laser with the wavelength of 532 nm was selected as
the excitation source. Temperature-dependent Raman scatter-
ing experiment (80-800 K) was performed by the Linkam
THMSE 600 heating/cooling stage. The temperature ef-
fect has been calibrated by the Bose-Einstein equation [30]:
n(w, T) = [exp(hw/kT) — 117!, in which the /i, w, k, and T
stand for Planck constant, phonon wave number, Boltzmann
constant, and the temperature, respectively. The optical tran-
sition property was investigated on a visible UV spectroscopic
ellipsometer (V-VASE by J. A. Woolam Co., Inc.) in the
photon energy range of 1.24-4.96 eV, in which the incident
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FIG. 1. (a) The XRD patterns of NN-SBT-BMZ ceramics and
(b) an enlarged region near (200) diffraction peak.

angle was kept at 70°. Temperature-dependent spectroscopic
ellipsometry (SE) (300-600 K) was accomplished by the In-
stec cell with a cooling accessory, while the experimental error
induced by the window during the test has been eliminated.

III. RESULTS AND DISCUSSION

Figure 1(a) depicts the XRD pattern of the NN-SBT-BMZ
ceramics, in which all samples were pure perovskite structures
exhibiting a single peak at room temperature, with no obvious
secondary phases. The diffraction peaks gradually move to
a lower angle with increasing the Bi(Mg sZr5)03; (BMZ)
content, while the evolution of (200) diffraction peaks shown
in Fig. 1(b), marking the gradual expansion of the lattice
structure. This is a result of the occupation of the A site by
the larger Bi’*" and the B site by the larger Mg and Zr*"
[31-33]. In order to further determine the evolution law of the
cell parameters with the doping components, a refinement of
the lattice structure was carried out with the Pm3m model.
The fitting results are shown in Fig. 2(a), where the fitted
data are well matched with the experimental spectra. The
lattice parameter gradually increases from 3.919 A to 3.945 A
with the elevation of the doping component, as shown in
Fig. 2(b).

To probe more structure details in NN-SBT-BMZ ceram-
ics, the lattice evolution with increasing the BMZ content was
summarized by Raman-active phonon kinetics. Raman-active
modes at low frequencies (<200 cm™') shown in Fig. 3(a)
belong to the vibrations of the A-site cations, while the high-
frequency region (>200 cm™') is mainly associated with
the vibration of the B-O and BOg octahedrons. The strong
peaks near 230 cm ™! and 600 cm™! are allocated to the Fy,
(vs) and Ay, (vi) phonon modes, respectively, which repre-
sent the critical vibrational behaviors of the BOg octahedron
[25-29]. It is worth noting the peak at 850 cm™! is the
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FIG. 2. (a) The refined spectra of NN-SBT-BMZ04 ceramics.
(b) The content dependence of lattice parameters.

anharmonic coupling mode of v; and vs, where the peak posi-
tion appears significantly red shifted with increasing the BMZ
content. To further investigate the evolution of lattice behav-
ior, the BMZ content dependence of main phonon frequencies
is shown in Fig. 3(b). It is apparent that the frequencies
of the main phonon modes display decreasing phenomenon
with increasing the BMZ content, which indicates that the
hybridization between the Nb/Ti/Zr/Mg 3d and the O 2p
orbitals is weakened. On one hand, it may be due to the varia-
tion of the cell parameters caused by the doping of BMZ. On
the other hand, it could be attributed to the different bonding
forces caused by the difference in the radii of the different
ions. The doping of BMZ further breaks the equilibrium sym-
metry of the lattice structure, leading to the reduction for the
frequency of phonon vibration modes. From this perspective,
the BMZ introduction takes an important part in the lattice
dynamic of NaNbOs-based ceramics.

The investigation of the optical transition behavior is sig-
nificant for understanding the intrinsic electronic structure
of NN-SBT-BMZ ceramics, which can be revealed by SE.
The multilayer superposition model (air/rough/ceramic) was
developed to fit the sample spectra. The ceramic layer is
modeled by the Tauc-Lorentz (TL) and Lorentz oscillator
superposition, while the formula of the TL oscillator have
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FIG. 3. (a) Raman spectra of the NN-SBT-BMZ ceramics at
room temperature. (b) The frequency evolution of the main phonon
with the doping of BMZ.
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FIG. 4. The experimental ellipsometric (points) and best-fit
(solid line) spectra for (a) NN-SBT-BMZ04 and (b) NN-SBT-
BMZ12, respectively. (c) The dielectric functions (¢; and &;) of the
NN-SBT-BMZ ceramics. (d) The evolution of optical bandgap with
increasing the BMZ content.

provided by [34]: &(E) = eoo + 2 P fg: §1926) Je e5(E)

EQ—EZ
AE,C(E—E,)?
= W%(E}Eg), e2(E) = 0 (E < E,). The P

is expressed as the Cauchy principal part of the integral,
E is represented as the incident photon energy, and &., is
referred to the high-frequency dielectric constant. The param-
eters E,, A, E,, and C are the optical band gap, amplitude,
peak position energy, and broadening term, respectively. The
fitting spectra matched well with the experimental spectra
depicted in Figs. 4(a)—4(b), while the best-fit parameters of
NN-SBT-BMZ ceramics are displayed in Table I. The dielec-
tric functions (¢; and &) of the NN-SBT-BMZ ceramics were
shown in Fig. 4(c). The imaginary part of dielectric functions
(&7) is nearly zero below the absorption edge, suggesting that
no additional electron transitions are detected in the low-
energy range. The sudden increase of ¢, with the increasing
energy denotes the strong absorption, caused by the interband
electron transitions between the valence band maximum to
the conduction band minimum. Moreover, the E, parameter
were extracted in the TL oscillator to quantify the evolution
of the band gap. It is obvious that the band gap is enhanced
with the increasing BMZ content shown in Fig. 4(d), which
provides a positive effect on the increase of the breakdown
field and energy storage density [24,28]. It is worth noting
that the B-site cation arrangement and oxygen vacancies take
an essential part in the energy band engineering of the per-
ovskite structure [35]. Due to the A-site-deficient composition
Sr7Big,TiO3 tends to introduce oxygen vacancies, while the
formation of oxygen vacancies is inhibited by the presence
of Mg?* ions. The enhancement of free carriers in NN-SBT-
BMZ ceramic breaks the equilibrium of the lowest energy
level in the conduction band energy level. The number of
free carriers vacancies are reduced with the elevation of the
BMZ doping fraction, which also requires an enhancement
capability to induce electron transition behavior [36,37]. Si-
multaneously, the doping of BMZ changes the ordering of the
B site and forms the Mg/Zr-O bond, which affects the optical
transition behavior for the NN-SBT-BMZ samples.
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TABLE I. The optimal SE fitting parameters of Lorentz and Tauc-Lorentz oscillators in NN-SBT-BMZ ceramics at room temperature. The

fitting errors have been provided by (£).

Eg Enl En2
Sample eV) B, eV) A, G, eV) A,
x=0.04 3.30 0.58 4.64 3.45 1.97 5.39 108.4
+0.03 +0.02 +0.01 +0.20 +0.09 +0.05 +8
x = 0.08 3.32 0.61 4.67 2.85 3.06 5.39 139.5
+0.03 +0.04 +0.01 +0.26 +0.18 +0.11 +13.7
x=0.12 3.36 0.72 4.83 3.78 5.62 5.92 171.4
+0.04 +0.05 +0.02 +0.45 +0.7 +0.23 +14.6
x=0.16 3.40 0.78 4.88 3.17 10.98 5.88 288.4
+0.02 +0.04 +0.02 +0.23 +1.11 +0.34 +60.1

RFEs are featured with a diffusive phase transformation
over a wide temperature range, which covers from the Burns
temperature where the nanodomains appear (73), to the in-
termediate temperature where the nanodomains grow and the
maximum value of the dielectric constants (7},), and finally to
the freezing temperature where the nanodomains freeze (7y)
[38]. The relaxor ferroelectrics possess a common feature that
the arrangement of different ions at crystallographic equiv-
alence sites possesses disorder. The Mg>*, Zr**, Ti**, and
Nb>* ions are completely or partially disordered in the B site
of the ABOj structure, which is expressed as A(B /ZB’{ 12)03.
Due to the difference in charge and size of B’ and B”, the
structure has the lowest elastic and electrostatic energy, form-
ing a completely symmetric structure. As the temperature
drops below Tp, the system becomes an ergodic relaxation
state. Despite the ferroelectric character, the overall features
remain pseudocubic structure with structural transformations
in certain regions. During the cooling process, the ferroelec-
tric transition occurs first at higher Curie temperatures due
to the disordered nature of the composition, which generates
PNRs. The polarization orientation is randomly distributed
due to the random motion of the PNRs, while the system
quickly traverses the positions and returns to the state with
the lowest free energy under any external action (temperature,
electric field). The existence of PNRs and its evolutionary
laws have been cleverly verified by refractive index (sec-
ondary electron effect) and Raman scattering spectra [39,40].
The studies on dielectric are mainly focused on the temper-
ature range of Ty-T,, for the conventional RFEs. There are
fewer studies in the temperature range of 7,,-Tp for the SPE
RFEs. The nanodomains are further reduced and the interdo-
main coupling is further decreased in the SPE state so that
the domain switching energy barrier is equivalent to or lower
than the thermal perturbation energy kT [41]. The polarization
of nanodomains can be switched between energy-equivalent
directions with high dynamics, resulting in enhanced en-
ergy storage density of the dielectric [42]. It is worth noting
that the domain structure of PNRs is usually on the nm
scale. However, the spectroscopic characterisation tools are
all measured in um scale. As the XRD results indicate, the
lattice structure is pseudocubic phase and the diffraction
peaks are all in a single peak. Therefore, the evolution of
the average structure can be probed by condensed matter
spectroscopy.

The determination of the dielectric constant-temperature
curve is essential for understanding the structural evolution
and determining the transition temperature. Figures 5(a)-5(b)
depict the evolution pattern of the dielectric constant of NN-
SBT-BMZ ceramics under thermal field at 1 kHz frequency.
It is observed that the dielectric constants of NN-SBT-BMZ
decreases significantly with the elevation of the BMZ doping
fraction, while the dielectric peak gradually becomes broader,
which should be attributed to the enhancement of the relax-
ation degree. In the NaNbOj3-based system, the doping cations
will establish random localized electric and strain fields due
to the mismatch of atomic size, mass, and electronegativity.
There are fewer disturbed clusters when the substitutional
cation concentration is lower than the critical threshold, yet
every cluster can reach the maximum size, while the system
maintains a long-range ordered ferroelectric behavior. How-
ever, the number of clusters increases but cannot achieve the
maximum dimensions when the doping concentration nears
and surpasses the threshold. The presence of tiny clusters
leads to the dispersion and relaxation behavior for the sys-
tem dielectric constant, where the short-range interactions
between polar nanodomains are significantly enhanced. To
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further determine the relaxation temperature ranges of differ-
ent doping components, the corresponding 7,, as well as Tp
temperatures were obtained by Curie-Weiss law. The physical
significance of Tp is equivalent to the nucleation temperature
of polar nanodomains, and the ferroelectric materials show
relaxation properties only below 7. Tp exhibits a gradual
decrease with increasing BMZ doping, while the 7,, evolves in
the opposite direction. In addition, all ceramics show ergodic
relaxation properties over a wide temperature range (from
200 K to Tp), which also indicates the good temperature
stability of NN-SBT-BMZ ceramics.

Temperature-dependent XRD was employed to elucidate
the thermal evolution of the lattice structure of NN-SBT-
BMZ ceramics. It is worth noting that all diffraction peaks
shown in Fig. 6(a) exhibit no annihilation with increasing the
temperature. The enlarged (002) diffraction peaks and lattice
parameters of NN-SBT-BMZ16 were displayed in Fig. 6(b)
and Fig. 6(c). During the heating process, the diffraction
peaks shift to higher angles, while the diffraction peaks
present anomalous red shifts when the temperature is above
310 K, corresponding to the structural transition from RFE
to SPE ones. A similar phenomenon was observed in the
BasSmFe( sNbg 503y system [43]. The reduction of the cell
parameters on the temperature range of T;-T,, may be re-
lated to the Debye relaxation, while the wide distribution of
domains and their interactions produce a huge relaxation phe-
nomenon with increasing the temperature. The interactions
and collisions of domain structures lead to the reduction of
lattice volume. As temperatures above 7,,, the nanodomains
shrink further and the interdomain coupling is weakened
accordingly. The polar microregions are in a condition of
dynamic disorder and the lattice thermal expansion domi-
nates, leading to the shift of the lattice diffraction peaks to
lower angles and the increase of the cell parameters. In addi-
tion, the lattice parameters vary different slopes over different
temperature regions, which could be related to the structure
evolution. When the temperature exceeds Tp, the polar do-
mains are eliminated and the structure transforms into a PE
phase. The evolution of the lattice structure is directly related

to the thermal expansion, resulting in a larger slope in the PE
ones.

To further investigate the structural evolution procedure
and mechanism for NN-SBT-BMZ ceramics, temperature-
dependent Raman spectroscopy was used to elucidate the
thermally induced phonon behavior. The spectral evolution of
NN-SBT-BMZ04 under temperature can be seen in Fig. 7(a),
where the fitting process is displayed at the bottom. There
is a high sensitivity of the Raman scattering spectra to the
evolution of the lattice under temperature. The spectra ex-
hibit a continuous variation, showing a significant decrease
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FIG. 7. (a) Temperature-dependent Raman spectra of NN-SBT-
BMZ04, while the fitting process was displayed at the bottom.
(b) The frequency evolutions of the main phonons of NN-SBT-
BMZ04 ceramics with the temperature.
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TABLE II. The center frequencies of the main phonon for RFE, SPE, and PE ones in NN-SBT-BMZ sample. The error bars were obtained
by taking into account high reliability fitting process as well as the contribution of the thermal expansion.

x=0.04 Na*t vl Uy Us v +Us x=0.08 Na™ vl Uy Us v +Us
RFE 63.6 594.4 553.4 237.3 862.7 RFE 64.1 594.3 556.5 2354 854
<170 K +0.5 +0.5 +2.1 +1.4 +0.7 <190 K +0.6 +2.3 +4.9 +0.6 +0.7
SPE 59.8 600.1 564.9 228.1 860.1 SPE 60.8 601.2 566.4 229.34 852.2
170-510 K +3.7 +6.3 +10 +7.7 +2 190460 K +2.1 +5.1 +7.3 +4.9 +1.2
PE 64.1 590.6 - 228.3 857 PE 62.5 586.9 - 228.4 850.5
>510K +4.8 +3 - +4.6 +1.7 >460 K +7.3 +2.7 - +5.6 +1.6
x=0.12 Na™ Uy Uy Us v +Us x=0.16 Na*t U Uy Us v +Us
RFE 61.4 597.3 560.1 235 847.2 RFE 58.9 598.2 557.4 236.3 842.7
<230 K +1 +3.3 +5.4 +2.3 +0.8 <260 K +1.2 +1.7 +1.9 +3.2 +1.3
SPE 58.9 601.3 562.8 229.7 845.9 SPE 57.5 601.1 561.2 233.3 842.1
230-440 K +1.4 +3.6 +6 +2.8 +1.1 260-360 K +0.6 +1.2 +3 +1.6 +0.8
PE 58.7 583 - 228.2 845.2 PE 56.9 579.6 - 230.4 840.6
>440 K +2.4 +1.3 - +4.9 +1.8 >360 K +1.2 +3.6 - +2.5 +2.3

in intensity with increasing the temperature. The peaks of
the v; and v, phonon modes merge into a major broadening
peak with increasing the temperature. Figure 7(b) shows the
variation of the main phonon frequencies of NN-SBT-BMZ04
with temperature. In the range of 80-500 K, the Na™t and vs
and v;+vs frequencies shift to the low wave number region
with increasing the temperature, while the frequencies of v,
and v, phonons shift to the high wave number. It is worth
noting the frequency of the Na™ vibration around the 60 cm™!
is insensitive in the temperature range of 80-170 K. As the
temperature exceeds 170 K, the Na™ vibration around the
60 cm~! appears red shifted, which may be related to the
RFE/SPE transition. When the temperature exceeds 500 K,
the Na™ and vs show anomalous frequency shifts, which may
reflect the evolution of the NN-SBT-BM from the SPE to
the PE phase. Interestingly, the frequencies of the Na*t, vy,
and v, show oscillations in the temperature range below the
Tp. This is caused by the fact that the static displacement
of the atoms in the crystal with respect to their PE phase
equilibrium position does not occur simultaneously. There
are clusters or microdomains of atoms already formed in the
crystal when the temperature is below the T temperature,
while the atoms are already statically displaced with respect
to the equilibrium position of the high-temperature phase.
These clusters or microdomains already possess the charac-
teristics of the low-temperature one, where the locations of
the atoms is called the quasiequilibrium position. The atoms
move thermally around their quasiequilibrium positions inside
the microdomains, while the evolution reflected in the lattice
dynamics is not obvious. As the temperature continues to
decrease, the atomic correlation length in the crystal becomes
increasingly large, thus increasing the size of the cluster or
microdomain. The thermally induced phonon behavior for
the rest ceramics agrees with that of NN-SBT-BMZ04 except
for the critical temperature, while the 7, and Ty temperature
gradually approach with increasing BMZ content. Thus, the
structural evolution of the NN-SBT-BMZ ceramic under the
thermal field can be clearly revealed by Raman spectra. In
order to elucidate the particulars of the phonon evolution
process and threshold point of NN-SBT-BMZ ceramics on

different ones, the fitting frequencies for the main phonons
have been concluded in Table II.

Last but not least, the evolution of the optical transition
behavior of NN-SBT-BMZ ceramics under the thermal field
was explored. The dielectric functions of NN-SBT-BMZ04
exhibit a significant downward trend with increasing the tem-
perature, where the peak of the real part of the dielectric
functions displays a red shift tendency, as shown in Fig. 8(a).
Figure 8(b) shows the temperature dependence E, of NN-
SBT-BMZ04. There is no significant variation in the optical
band gap as the temperature increases from 300—450 K, while
the optical band gap appears a significantly reducing trend
when the temperature exceeds 450 K. The evolution process
of band gap can be generally explained by the lattice thermal
expansion effect and electron-phonon interaction [44]. The
optical band-gap evolution is not sensitive in the temperature
range of T,-Tp, due to the competition between interdomain
coupling and thermal expansion effect. The evolution of the
optical band gap is directly related to the thermal expansion
and thermally induced oxygen vacancies when the structure
is transformed into the PE phase, exhibiting a significant de-
crease with increasing temperature. Therefore, the band gap
appears to decrease significantly with increasing temperature
when the temperature is above Tz. The thermally induced
evolution of E, for others also agrees with that of NN-SBT-
BMZ04, besides the transition temperature. It is worth noting

(a) x=0.04
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FIG. 8. (a) Temperature-dependent the dielectric functions of
NN-SBT-BMZ04. (b) The band gap evolutions of the NN-SBT-
BMZ04 ceramics under temperature.
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FIG. 9. The phase diagram with the Bi(Mg, Zr)Os content and
temperature for the NN-SBT-BMZ samples obtained by dielectric,
Raman, XRD, and SE data, respectively.

that the temperature-dependent optical transition behavior is
closely matched with the results of Raman spectra, XRD, and
dielectric spectra.

Overall, a detailed phase diagram of NN-SBT-BMZ ceram-
ics with a content temperature shown in Fig. 9 was derived
by combining dielectric, XRD, Raman, and SE experiments.
The Tp temperature exhibits a decreasing trend with the in-
creasing BMZ content. Meanwhile, the 7,, temperature moves
toward high temperature as the doping content is raised, which
facilitates the construction of the RFE/SPE phase boundary
near room temperature and enhances the energy storage prop-
erties [4,45]. However, we have identified that the energy
storage density of NN-SBT-BMZ12 is the highest instead of
NN-SBT-BMZ16, although NN-SBT-BMZ16 is closer to the
room-temperature RFE/SPE phase boundary. This may be
due to the fact that the NN-SBT-BMZ16 ceramic is also close
to the SPE/PE phase boundary, causing a sharp decrease in
the maximum polarization (Pp.x) and leading to a decrease in

energy storage density. The NN-SBT-BMZ12 has the highest
breakdown strength and moderate P,,,x value and is located at
the RFE/SPE phase boundary, thus achieving the best overall
energy storage performance.

IV. CONCLUSION AND OUTLOOK

In conclusion, this paper has investigated a detailed study
of the lattice structure, phonon behavior, and optical transition
for the NN-SBT-BMZ SPE energy storage ceramics. The evo-
lution of the cell volume and optical band gap under chemical
doping and temperature has been elucidated by XRD, and SE,
which are closely related to the interaction of interdomain
coupling and the competition of lattice thermal expansion.
Notably, the oscillatory processes of the main phonons near
the T temperature clearly reflect the relaxation state of the
lattice structure. Finally, the 7,, and 7 temperatures ob-
tained from the thermally induced dielectric, lattice parameter,
phonon behaviors, and E, evolutions are relatively consistent,
where the condensed matter spectroscopy is a significant tool
for studying the structural properties and evolution mecha-
nisms of RFE/SPE/PE ones. This paper will enhance the
whole understanding of the lattice dynamics, optical transi-
tions, and structural transformations for SPE NaNbO;-based
ceramics, and facilitate the development of energy storage
materials and their applications.
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