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Fig. S1 (a) Backscattered electron SEM (BSE-SEM) image and corresponding elemental maps (O,
Na, K, Fe, Cu, Nb, Sb, Ta) of the KNNT-0.000BNZ-BFO/CSO ceramic. (b;) BSE-SEM image
indicating the line-scan path (yellow). (b,) Elemental line-scan profiles along the path shown in

(by).
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Fig. S2 (a) BSE-SEM image and corresponding elemental maps (O, Na, K, Fe, Cu, Zr, Nb, Sb, Ta,
Bi) of the KNNT-0.005BNZ-BFO/CSO ceramic. (b;) BSE-SEM image indicating the line-scan
path (yellow). (b,) Elemental line-scan profiles along the path shown in (b,).
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Fig. S3 (a) BSE-SEM image and corresponding elemental maps (O, Na, K, Fe, Cu, Zr, Nb, Sb, Ta,
Bi) of the KNNT-0.010BNZ-BFO/CSO ceramic. (b;) BSE-SEM image indicating the line-scan
path (yellow). (b,) Elemental line-scan profiles along the path shown in (b,).
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Fig. S4 (a) BSE-SEM image and corresponding elemental maps (O, Na, K, Fe, Cu, Zr, Nb, Sb, Ta,
Bi) of the KNNT-0.020BNZ-BFO/CSO ceramic. (b;) BSE-SEM image indicating the line-scan
path (yellow). (b,) Elemental line-scan profiles along the path shown in (b,).
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Fig. S5 (a) BSE-SEM image and corresponding elemental maps (O, Na, K, Fe, Cu, Zr, Nb, Sb, Ta,
Bi) of the KNNT-0.025BNZ-BFO/CSO ceramic. (b;) BSE-SEM image indicating the line-scan
path (yellow). (b,) Elemental line-scan profiles along the path shown in (b,).
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Fig. S6 (a) BSE-SEM image and corresponding elemental maps (O, Na, K, Fe, Cu, Zr, Nb, Sb, Ta,
Bi) of the KNNT-0.030BNZ-BFO/CSO ceramic. (b;) BSE-SEM image indicating the line-scan
path (yellow). (b,) Elemental line-scan profiles along the path shown in (b,).
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Fig. S7 (a) BSE-SEM image and corresponding elemental maps (O, Na, K, Fe, Cu, Zr, Nb, Sb, Ta,
Bi) of the KNNT-0.035BNZ-BFO/CSO ceramic. (b;) BSE-SEM image indicating the line-scan
path (yellow). (b,) Elemental line-scan profiles along the path shown in (b,).
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The BSE-SEM images of the KNNT-xBNZ-BFO/CSO ceramics are shown in
Fig. S8. The average grain size (AGS) of ceramics shows a trend of first decreasing,
then increasing, and then decreasing as x increases from 0.000 to 0.035. The non-
monotonic variation of AGS with increasing x value is primarily influenced by phase
transformations and their associated defect chemistry. Initially, at low x values
(orthorhombic-tetragonal (O-T) phase), the reduction in grain size may be attributed
to increased tetragonal phase content. Within tetragonal symmetry, greater tetragonal
distortion is anticipated due to the presence of internal lattice stresses, which exert a
more detrimental effect on grain growth. As x increases, the transition to the
rhombohedral-orthorhombic-tetragonal (R-O-T) phase reduces internal strain and
promotes grain coalescence due to enhanced ion diffusion facilitated by oxygen
vacancies. At higher x values (R-T phase), increased tetragonal content also inhibits
grain growth. The suppressed grain growth can be ascribed to the hindered mass
transportation during the sintering process caused by over-doping. Thanks to the
intrinsic disordered lattice distortion arising from the disordered composition
distribution. Intrinsic disordered lattice distortion leads to sluggish diffusion and fine

grains!.
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Fig. S8 (a-h) BSE-SEM images of KNNT-xBNZ-BFO/CSO ceramics with varying BNZ content.

(1) Grain size distribution and the corresponding AGS for each composition.
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Fig. S9 (a-h) Temperature-dependent relative permittivity (e,) of KNNT-xBNZ-BFO/CSO
: o
ceramics measured from -150 to 200 °C.
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Fig. S10 X-ray photoelectron spectroscopy (XPS) spectra of the KNNT-xBNZ-BFO/CSO
ceramics.
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Fig. S11 High-resolution XPS spectra and corresponding peak fitting for the O 1s, Sb 3d, and Na
KL2 regions of KNNT-xBNZ-BFO/CSO ceramics.
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Fig. S12 Raman mapping results are output with the characteristic peak area as a parameter and
presented in a color scheme, wearing brighter colors in the plot represent larger peak areas and
vice versa. The peak area of (a) the characteristic peak 242 cm! and (b) the characteristic peak
865 cm! of KNNT-0.000BNZ-BFO/CSO ceramic is used as a parameter to output Raman
mapping results. The peak area of (¢) the characteristic peak 242 cm! and (d) the characteristic
peak 865 cm!' of KNNT-0.015BNZ-BFO/CSO ceramic is used as a parameter to output Raman
mapping results.
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Fig. S13 The changes of P, and E¢ for the KNNT-xBNZ-BFO/CSO ceramics with the addition of
BNZ content.

The intrinsic and extrinsic contributions to piezoelectricity can be quantitatively

distinguished within the sub-coercive electric field region using the Rayleigh
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analysis’>#. The intrinsic contribution is primarily governed by the crystal lattice
deformation, whereas the extrinsic contribution arises mainly from domain wall

motion. For piezoelectric materials, this relationship is described by the following

equations’:
P(Eg) = (g T aEQE, (1)
2 2
P(E) = (5, + aE))E, + (E2 - E)2 @
e (Ep) = &y T 0E, 3)

where P(E) denotes the polarization, € referred to as the field-dependent (Rayleigh)
dielectric permittivity, and Ey is the amplitude of the applied electric field. To avoid
the nucleation of new domains, Ey is maintained below one-third of the Ec. The

parameter Zinit described as the reversible, field-independent component of the
dielectric permittivity®, corresponding to the material's polarization capability under
nearly loss-free conditions. It originates from the combined effects of the intrinsic

lattice response and the reversible motion of internal interfaces, comprising both the

intrinsic and reversible extrinsic contributions. In contrast, the coefficient ¢ quantifies

the irreversible piezoelectric response arising from domain wall motion?. 0 is

attributed to the irreversible extrinsic contribution, which is the core source of

dielectric nonlinearity and loss. Fig. S14a-h shows the typical P-E, curves for the

*

KNNT-xBNZ-BFO/CSO ceramics. Based on Rayleigh measurements, the ¢ is

calculated from the difference between positive and negative polarization (P,.,) values

at each electric field amplitude £y as follows:

¢ = Pplp/2E, 4)

The linearity of ¢ -E, confirms the applicability of the Rayleigh approach in the
chosen field region, as shown in Fig. S14i. The Rayleigh coefficient of init and @ can

be calculated by fitting the linear € - £0 plots with equation (3). Rayleigh analysis
S12



reveals that the “init increases gradually with BNZ content, while the ¢ first rises and

then declines (Fig. S141). Specifically, Einit peaks at the R-T phase boundary, whereas

O reaches its maximum at the R-O-T phase boundary. In the R-O-T triple-phase

region, the coexistence of <I11> (R), <011> (O), and <001> (T) polarizations
promotes a high density of diverse non-180° domain walls. These walls are weakly

pinned and easily undergo irreversible motion under low electric fields, leading to the

observed maximum in ¢. In contrast, the R-T phase boundary exhibits a flatter free-

energy landscape, significantly reducing the energy barrier for polarization rotation
between R and T variants. This enhances intrinsic lattice response and facilitates

reversible domain wall vibrations, shifting the contribution of certain domain
dynamics from irreversible (%) to reversible (ginit). As a result, the synergy between

low barrier polarization rotation and enhanced reversible domain activity drives init to
its peak at the R-T boundary. The proportion of the irreversible extrinsic contribution

to the total dielectric response, expressed as aEO/(ginit k)

, gradually decreases for
x <0.02 and fluctuates between 0.02 and 0.035 (Fig. S14m). The initial decrease is
primarily attributed to the increasing proportion of the T phase within the O-T phase
boundary, which enhances the intrinsic lattice response. This enhancement arises
because lattice deformation induces internal ionic rearrangements that minimize the
system's free energy. Specifically, the intrinsic lattice response originates from field-
induced ionic displacements within the unit cell. In non-centrosymmetric phases (e.g.,
the T phase), such displacements along specific polar axes efficiently lower the
system’s Gibbs free energy, leading to a pronounced strain response. In the R phase
structure, Nb atoms can rearrange by stretching or contracting the Nb-O bond,
resulting in a small displacement change. In contrast, the O and T phases possess one
and two directions, respectively, capable of generating large polarization changes,

which accounts for the generally higher piezoelectricity of the T phase compared to

the O and R phases. The fluctuation observed at x = 0.025 is likely due to the R-O-T
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phase coexistence, which provides a greater irreversible extrinsic contribution than

the O-T or R-T phase coexistence.
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Fig. S14 (a-h) Typical P-E curves in the sub-coercive electric field region for the KNNT-xBNZ-

BFO/CSO ceramics. (i) € value as a function of E. (1) Composition-dependent variations of the
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Fig. S15 The changes of (a) f;, fa, Z;, and (b) phase angle for the KNNT-xBNZ-BFO/CSO
ceramics with the addition of BNZ content.

The temperature-dependent dielectric properties of the KNNT-xBNZ-BFO/CSO

ceramics are analyzed using a modified Curie-Weiss law®-1?, as shown in Fig. S16 and
S14



Fig. S17. The diffuse-phase transition behavior of perovskite ferroelectrics can be
expressed using this law, which relates the dielectric constant (¢) to temperature (7)

and a constant (C). The modified Curie-Weiss law is shown in Equation 5.

_c
¢=(T-10) o)
AT = Tow-Tw (6)
(T-T,)
e, /8m T 7

The change in diffuse phase transition behavior of the ceramics is evaluated

using the values of AT, and diffuseness index (¥)!!. AT}, is the difference between the

transition temperature (7;,) and the Curie-Weiss temperature (7y), as shown in

Equation 6. The 7 is calculated using Equation 7, which relates the dielectric constants

at the maximum (&) and the transition (g;) temperatures to the temperature and the

constant (C). Fig. S17 shows the log(!/%r-1ém) as a function of log(7-T,,) curves,

which can be used to evaluate the diffuseness of the ceramics. Generally, it is well
known that the relaxor behavior in ferroelectrics is induced by polar nanoregions
(PNRs), leading to a phase instability'? 13, The diffuseness factor is used to describe
the degree of relaxor: y = 1 for normal ferroelectrics without PNRs, and y = 2 for ideal

relaxor ferroelectrics without long-range ferroelectric domains.
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Fig. S16 (a-h) The relationship between the temperature and inverse dielectric permittivity of the
KNNT-xBNZ-BFO/CSO ceramics.
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Table S1 Comparison of the comprehensive properties between the KNNT-0.015BNZ-BFO/CSO
ceramic and other reported KNN-based systems.

Material System/ Preparation technology ds3 (pC/N) On ke
KNNT-BNZ-0.2MnO,'* 330 135 0.388
KNN-BNH-Cu-0.25Fe!3 340 211 0.46

T1-MnKNN!® 370 150 0.51
GBD technique!’ 360 132 ~0.45
KNLNST+KCT+Ni,O;'8 287 ~180 0.462
2KNCN/N, " 158 206 0.417
KNN-BKT+0.8Mn0O2° 221 143 0.447
LNKN?! 229 220 0.40
NKN-BTS? 256 111 0.42
KNN-BaSn? 257 123.4 0.405
0.95KNN-0.05LNS-0.8% CuO?* 207 320 0.44
LT-KNN+1mol% CuO? 185 323 0.37
0.93NKN-0.07LN+1.5mol% CuQ? 170 560 0.37

KNN-Cu-0.5Co?’ 83 577 0.3
KNN-xBNZ-1%Cu0-0.2%Fe,0,28 231 355 0.44
KNNT-BNZ-0.01Cu? 260 210 0.45
KNNT+1 mol% KCN30 89 818 0.401

This work 240 500 0.51
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Fig. S18 In-situ temperature dependence of the first radial mode frequency shift of the KNNT-
xBNZ-BFO/CSO ceramics measured from 30 to 300 °C: (a) x = 0.000, (b) x = 0.015, (c) x = 0.020,

and (d) x = 0.035.
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Fig. S19 In-situ temperature dependence of the phase angle of the KNNT-xBNZ-BFO/CSO
ceramics measured from 30 to 300 °C: (a) x = 0.000, (b) x =0.015, (¢) x = 0.020, and (d) x = 0.035.
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