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Abstract 

The lower electromechanical performance of lead-free piezoelectric materials remains a critical 

bottleneck impeding their ability to replace lead-based materials in energy harvesting. To overcome 

this predicament, here, we propose a multiscale reconfiguration design to tailor the intricate coupling 

between structure and properties in (K,Na)NbO3-based piezoelectric materials. The constructed 

multiphase coexistence, local structural heterogeneity, enhanced crystal anisotropy, and acceptor 

doping yield (K,Na)NbO3-based ceramics with a harmonious balance between the piezoelectric 

coefficient and the dielectric constant. As a result, the (K,Na)NbO3-based textured ceramics 

demonstrate exceptional piezoelectric properties, including a piezoelectric charge coefficient (d33) of 

551 pC N⁻¹ and a piezoelectric voltage coefficient (g33) of 54.2 mV m N-1. The energy harvesting 

devices exhibit an ultra-high instantaneous output power (Pout) of 4.85 mW and an instantaneous output 

power density (PD) of 70.2 μW mm-3. This work provides valuable insights into the design and 

development of high-performance lead-free piezoelectric ceramics, and significantly advances the 

potential of (K,Na)NbO3-based ceramics as viable replacements for Pb(Zr,Ti)O3-based ceramics in 

energy harvesting applications. 

 

Keywords: Lead-free piezoelectric ceramics; Piezoelectric energy harvester; Texturing engineering; 

Phase structure; Domain configuration 
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1 Introduction 

Piezoelectric ceramics enable the mutual conversion of electrical and mechanical energy, equipping 

devices with energy conversion capabilities and supporting their extensive use in actuators, transducers, 

and energy harvesters [1-4]. Piezoelectric energy harvesters (PEH) offer a safe and environmentally 

friendly power source by efficiently transforming mechanical vibrations into electricity. They provide 

an alternative to traditional chemical batteries and facilitate the self-powering of microelectronic 

devices, including biomedical implants, aerospace equipment, and Internet of Things (IoT) nodes [5-

6]. A significant challenge to the widespread adoption of IoT technology lies in the self-powering 

power demands of critical components, such as sensors and wireless transceivers.  

The output power of PEH is critically influenced by the piezoelectric figure of merit (FOM), defined 

as FOM = 𝑑33 × 𝑔33, and 𝑔33 =
𝑑33

𝜀0×𝜀𝑟
, where εr represents the relative dielectric constant, g33 denotes 

the piezoelectric voltage coefficient, ε0 is the vacuum dielectric constant, and d33 is the piezoelectric 

charge coefficient [7]. Consequently, the development of high-power PEH requires not only a high d₃₃ 

but also a low dielectric constant. Pb(Zr,Ti)O3 (PZT)-based ceramics have dominated the piezoelectric 

ceramics market. However, lead's toxicity poses significant risks to both human health and the 

environment [8]. Therefore, there is an urgent need to develop high-performance lead-free alternatives. 

Among lead-free piezoelectrics, (K,Na)NbO3 (KNN)-based ceramics have garnered significant 

attention due to their excellent overall performance [9]. For instance, textured KNN-based ceramics 

produced by Saito et al. using the reaction template grain growth (RTGG) technique exhibited a high 

d33 of 416 pC N-1, sparking extensive research efforts [10]. However, d33 values around 400 pC N-1 

remain inferior to those of commercial PZT-based ceramics, underscoring the need for performance 

optimization strategies. Simultaneously, the direct proportionality between d33 and εr presents 

challenges to improvement of g33 [7]. 

In KNN-based lead-free piezoelectric ceramics, multiphase coexistence can effectively reduce the 

free energy barrier, thereby enhancing piezoelectric performance. For example, Zhang et al. achieved 
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the orthorhombic (O) and tetragonal (T) phase coexistence at room temperature by constructing an O-

T phase boundary, resulting in d33 ~ 510 pC N-1 [11]. Similarly, Shi et al. introduced the rhombohedral 

(R) phase atop the O/T phase, forming a novel R-O-T triphasic boundary (NPB) that delivers 

exceptional performance (d33 ~ 508 pC N-1, Curie temperature (TC) ~ 268 °C) [12]. Concurrently, 

texturing techniques can improve d33 while maintaining TC. For instance, Lin et al. employed template 

TGG technology to induce highly oriented grains, increasing d33 from 185 to 435 pC N-1 in KNN 

ceramics while maintaining TC ~ 360 °C [13]. Notably, local structural heterogeneity has garnered 

significant attention for their role in enhancing piezoelectric performance of ceramics [14]. Gao et al. 

demonstrated that dopants could induce the formation of high-density nanostructures. These structures 

significantly improve piezoelectric performance by modulating interfacial energy and flattening the 

energy barrier [14]. In addition, PEH demands a high electromechanical coupling coefficient (kp) and 

a large g33. It is reported that the acceptor doping (such as Fe, Cu, Mn, etc.) can induce a weak pinning 

effect that moderately suppresses εr while acting as a sintering aid to enhance densification and 

improve d33. This approach promises the synergistic optimization of high d33 and g33 [15-16].  

Here, based on the considerations above, as shown in Fig. 1, we designed (1-

x)(K0.5Na0.5)(Nb0.938Sb0.02Ta0.04Fe0.002)O3-x(Bi0.5Na0.5)HfO3 (x = 0.02, 0.03, 0.04, 0.05) ceramics 

through multiscale reconfiguration design. Crystal orientation was achieved using RTGG technology, 

while multiphase coexistence of R-O-T phases and local structural heterogeneity were constructed, 

enabling synergistic optimization of piezoelectric properties. Additionally, Fe acceptor doping was 

introduced to maintain a low εr, targeting outstanding comprehensive performance for KNN-based 

lead-free piezoelectric ceramics. Therefore, cross-scale structural collaborative optimization is 

achieved by integrating atomic-scale doping regulation, nanoscale construction of local structural 

heterogeneity, and microscale control over texture as well as mesoscopic multiphase coexistence. As 

a results, the textured KNN-based ceramics demonstrate outstanding piezoelectric properties (d33 ~ 

551 pC N-1, TC ~ 321 ℃, kp ~ 77%, g33 ~ 54.2 mV m N-1). PEH exhibited ultra-high instantaneous 
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output power (Pout ~ 4.85 mW) and instantaneous output power density (PD ~ 70.2 W mm-3). These 

exceptional piezoelectric properties suggest that the T-3BNH ceramics can effectively replace lead-

based piezoelectric ceramics in energy harvesting applications, showcasing their potential as a viable 

alternative to PZT piezoelectric ceramics. 

 

Fig. 1 Schematic diagram for ultra-high energy harvester performance in KNN-based textured 

piezoceramics via multiscale reconfiguration design. 

2 Experimental Section 

2.1 Sample Preparation 

The quality of the template seed crystal directly determines the texture of piezoelectric ceramics. In 

this study, the textured ceramics were prepared using NaNbO3 template (NN template), which has a 

high degree of compatibility with the KNN-based ceramic lattice. The NN template prepared by the 
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two-step molten salt method has a large length-to-diameter ratio, good dispersion, and no 

agglomeration (Fig. S1). 

Random and textured ceramics of (1-x)(K0.5Na0.5)(Nb0.938Sb0.02Ta0.04Fe0.002)O3– xBi0.5Na0.5HfO3 (x 

= 0.02, 0.03, 0.04, 0.05) were prepared using conventional solid-state reaction and reaction template 

grain growth (RTGG) methods. The raw materials used were as follows: Nb2O5 (Aladdin, 99.98%), 

Na2CO3 (Aladdin, 99.8%), Bi2O3 (Alpha, 99.98%), Fe2O3 (Aladdin, 99.99%), Ta2O5 (Aladdin, 

99.99%), Sb2O3 (Aladdin, 99.99%), K2CO3 (Aladdin, 99.99 %), and HfO2 (Aladdin, 99.99%). For each 

batch, 20 g of materials were weighed according to the stoichiometric formula. The powders were 

mixed with 2/3 volume of anhydrous ethanol and ball-milled for 24 hours using 55 g of ZrO2 ceramic 

balls. The resulting slurry was poured into a crystallizing dish, dried at 100 °C, and then pre-sintered 

at 850 °C for 5 hours. After pre-sintering, the powder underwent secondary ball milling for 12 hours 

followed by another drying step. The dried powder was granulated using 8 wt% polyvinyl alcohol 

(PVA) as a binder. Discs (12 mm diameter and 1 mm thickness) were pressed at 10 MPa and subjected 

to debinding at 600 °C for 10 hours. Finally, sintering was performed using a two-step method: heating 

to 1160-1200 °C, rapidly cooling to 1060-1100 °C, and holding at this temperature for 8-10 hours. 

Textured ceramics were prepared using the RTGG method. Powder was mixed with 4 wt% NN 

templates and various organic solvents to prepare a tape-casting slurry. The well-mixed slurry was cast 

onto a carrier film and dried. The dried tapes were laminated into 12×12 mm square sheets via hot 

pressing, followed by binder removal. The two-step sintering method was then applied: heating to 

1170-1210 °C, rapidly cooling to 1070-1110 °C, and holding for 8-10 hours to obtain textured ceramics. 

2.2 Fabrication of piezoelectric energy harvester 

The ceramics were fabricated into piezoelectric circular diaphragm (PCD) energy harvesters for 

experimental study. First, ceramics (~22 mm diameter) were prepared via the RTGG method described 

above. The sintered ceramics were then thinned to ~ 0.22 mm thickness. Silver electrodes (~21 mm 

diameter) were applied to both sides and annealed at 560 °C for 30 minutes. The samples were fully 
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poled under an AC electric field of 25 kV cm-1. The proof mass (14 g), a poled ceramic disc, a studdle 

and wires were bonded onto a brass substrate and cured to form the PCD energy harvester. The 

harvester was mounted on a mechanical shaker for testing. Vibration frequency and amplitude (fixed 

as 4 V) were controlled using a signal generator (33220A, Agilent). The vibration shaker was operated 

at an acceleration of 9.8 m s-2, as measured by an accelerometer. Real-time voltages across a load 

resistor were recorded using a digital oscilloscope. 

2.3 Ex-situ structural characterization 

The surface and cross-sectional microstructures of the ceramics were examined using scanning 

electron microscopy (SEM, HITACHI, TM4000Plus).  

The room-temperature phase structure was analyzed by X-ray diffraction (XRD, Bruker D2 

PHASER). Transmission electron microscopy (TEM) and atomic-resolution scanning transmission 

electron microscopy (STEM) samples were prepared by mechanical thinning, ultrasonic cutting, and 

argon-ion milling to electron transparency (30-50 nm thickness). Vertical piezoelectric response force 

microscopy (V-PFM) images were acquired using a piezoelectric response force microscope (PFM, 

Dimension Icon, Bruker, United States). Texture analysis was performed using electron backscatter 

diffraction (EBSD) pole figures and inverse pole figures. The Hitachi HF5000 TEM (200 kV, Japan) 

provided dark-field images for regional morphological analysis. Atomic-scale imaging was conducted 

on the Cs-corrected version of this microscope. 

2.4 In-situ structural characterization 

In-situ Temperature XRD: XRD patterns at different temperatures were acquired on an X-ray 

diffractometer (PA Nalytical Empyrean, Netherlands) equipped with a heating stage. 

In-situ Electric Field XRD: Phase structures under applied electric fields (0-35 kV cm-1, sample 

thickness ~ 0.3 mm) were examined using a custom-built in-situ electric field XRD sample holder. 

Semi-transparent gold electrodes, deposited via DC sputtering, were employed as the in-situ XRD tests 

under variable electric fields. 
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2.5 Electrical property characterization 

The ceramics samples were mechanically polished to 0.5 mm thickness, and silver electrodes were 

applied to both sides. After firing the electrodes at 560 °C for 30 minutes, ferroelectric, dielectric, and 

electric field-induced strain properties were characterized. Characterization of polarization-electric 

field (P-E) loops and strain-electric field (S-E) loops was performed at a frequency of 10 Hz using a 

ferroelectric test system (Precision Premier II, Radiant Technologies). Subsequently, the specimens 

were poled under a direct current (DC) electric field of 25 kV cm-1 at room temperature. The 

piezoelectric coefficient (d33) was then measured at room temperature using a quasi-static d₃₃ meter 

(ZJ - 6A, Institute of Acoustics, CSA). A heating stage integrated with an Agilent E4980A LCR meter 

and Keithley 2410 source meter was employed to measure the temperature-dependent dielectric 

constants (εr-T) across 25 - 400 °C. The kp was evaluated with an impedance analyzer (HP4294A, 

Agilent, United States). 
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3 Results and Discussion  

 

Fig. 2 XRD patterns of R-xBNH (a) and T-xBNH (b) ceramics. (c) Summary of XRD rietveld 

refinement patterns results for T-xBNH ceramics. Inverse pole figure maps of <00l>C textured T-

3BNH ceramics along (d1) Z, (d2) Y and (d3) X-axis. (e1) Pole and (e2) inverse pole figure set of the 

T-3BNH ceramics. (f1) - (f4) SAED patterns of T-3BNH ceramics. (g) εr-T curves of T-xBNH ceramics. 

(h) - (i) In-situ variable temperature XRD for the T-3BNH ceramics. 

In Figs. S1 and S2, SEM characterization reveals distinct microstructural evolution with well-

developed grain architectures in both random ceramics (marked as R-xBNH) and textured ceramics 

(marked as T-xBNH). The grain size in both types of ceramics progressively decreases with increasing 

BNH doping content, correlating with elevated configurational system entropy [17]. Notably, T-xBNH, 

prepared through the RTGG process, exhibits significant template-induced anisotropy, forming a 
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regular brick-like morphology. Furthermore, its overall grain size, ranging from 20-30 μm, remains 

larger than that of R-xBNH ceramics, owing to template nucleation sites facilitating grain growth [17]. 

To analyze the crystalline phase, comparative XRD patterns of R-xBNH and T-xBNH ceramics were 

obtained and are presented in Figs. 2a-b. All ceramics display a single perovskite-type structure with 

no detectable secondary phases, indicating that BNH is fully dissolved into the KNN perovskite lattice. 

The (002) to (200) peak ratios for R-xBNH and T-xBNH ceramics range between 1:2 and 2:1, 

signifying the coexistence of T and O phases in KNN-xBNH [19]. With increasing BNH concentration, 

both R-xBNH and T-xBNH ceramics show analogous evolution in their 45° diffraction profiles: a 

systematic intensification of the (200) reflection and attenuation of the (002) peak, suggesting a gradual 

increase in the T phase and a corresponding reduction in the O phase. Further rietveld refinement of 

XRD patterns for T-xBNH ceramics (Fig. 2c) indicates that KNN-2BNH ceramics display a 

coexistence of O-T phases, while the introduction of BNH contributes to the emergence of an R phase. 

As the BNH content increases, the proportion of the R phase incrementally rises from 0 % to 19.6 %, 

with all error factor Rp is less than 5.  

Quantitative phase analysis in Figs. S3-S5 highlights that R-xBNH and T-xBNH ceramics with 

identical compositions exhibit comparable phase fraction distributions, confirming that the texturing 

process does not significantly alter the phase structure but rather induces grain orientation. 

Comparative XRD analysis further underscores pronounced enhancement in the <00l>C diffraction 

intensity for T-xBNH compared to R-xBNH, indicative of superior crystallographic texture 

development [8]. The Lotgering factor f(00l), used to quantify the degree of texturing degree in KNN-

based piezoelectric ceramics, equals 1 for completely oriented ceramics and 0 for randomly oriented 

ones [20]. All T-xBNH specimens demonstrate significantly high f(00l) orientation parameters 

exceeding 90%, with the T-3BNH variant showing exceptional texturing characterized by a maximum 

orientation factor of 97.2 %. To validate the textured degree observed in the XRD analysis, EBSD was 

employed (Figs. 2d-e). The analysis of the inverse pole figure (Figs. 2d1-d3) and inverse pole/pole 
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figure sets (Figs. 2e1-e2) reveals that the grain orientation of polycrystalline ceramics T-3BNH is non-

random, exhibiting a consistent regularity. Nearly all grains have their <00l>C direction aligned parallel 

to the Z-axis (perpendicular to the casting direction) rather than the X or Y axes. These findings 

confirm that T-3BNH possesses a strong <00l>C texture [21]. The observed multiphase coexistence 

and enhanced crystallographic anisotropy are anticipated to significantly enhance the performance of 

KNN-based piezoelectric ceramics [20, 22-23]. 

To further validate the existence of the R-O-T phase boundary, SAED and εr-T curves were analyzed. 

Fig. 2f presents the SAED results for T-3BNH. Notably, in the Fig. 2f1 region, the SAED image 

obtained using the [110] zone axis displays a distinct 1/2 (ooo) superstructural reflection, indicating 

the R phase [23]. Meanwhile, in the Fig. 2f2 region, the SAED image obtained using the [100] zone 

axis exhibits a distinct 1/2 (ooe) superstructural reflection, signifying the O phase  [24]. Figs. 2f3 and 

f4 showcase SAED results captured in the same region along the [100] and [110] zone axes. No 

superstructural reflection spots corresponding to the O and R phases were observed, confirming the 

presence of the T phase. These SAED observations conclusively demonstrate that the phase structure 

of T-3BNH features the coexistence of R, O, and T phases. The εr-T curves for T-xBNH are shown in 

Figs. 2g-S6. With increasing BNH doping, both the TC, and the phase transition temperatures (TR-O 

and TO-T) progressively shift toward room temperature, ultimately forming the TR-O-T phase boundary 

(NPB). The εr-T curves for R-xBNH exhibit a similar trend (Fig. S7), confirming that the texturing 

engineering does not significantly alter the phase structure of the ceramics, which aligns with the XRD 

results. In the low-temperature region, multi-frequency εr-T curves for T-xBNH are displayed in Fig. 

S6. These curves indicate that as BNH content increases, the dielectric anomaly peaks of TR-O and TO-

T broaden, demonstrating that higher BNH content introduces more relaxation elements within the 

ceramics (including smaller domains and more localized random fields) [25]. Additionally, the phase 

structure of T-3BNH ceramics was observed using in-situ temperature-variable XRD (Figs. 2h-i). As 

temperature changes, a distinct abrupt transition zone is observed, corresponding to TO-T and TC, 
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respectively, which is consistent with the findings from εr-T curves. The transformation from O/T two-

phase coexistence to R-O-T three-phase coexistence reduce the polarization-flipping barrier in 

ceramics, thereby promoting polarization flipping. This, in turn, enhances the piezoelectric and 

ferroelectric properties of the ceramics [26]. 

 

Fig. 3 TEM images for (a1) R-3BNH ceramics and (a2) T-3BNH ceramics. PFM phase images and 

PFM phase images after poling with 10 V voltage of T-2BNH (b1, b4), T-3BNH (b2, b5) and T-5BNH 

(b3, b6). Enlarged atomic-resolution HAADF-STEM polarization vector image along (c1) [100] and 

(c2) [110] for T-3BNH, respectively, superimposed with a map of atom polarization vectors. Schematic 

Ju
st

 A
cc

ep
te

d



                                                                                    

Journal of Advanced Ceramics                                              https://mc03.manuscriptcentral.com/jacer 

13 

projection of the unit cell along (c3) [100] and (c4) [110]. (d1) - (d4) Amplified images of the local 

regions of the phase transitions extracted from (c1) - (c2). 

In addition to the anisotropy of crystal and phase structures mentioned above, the domain structure 

plays a crucial role in influencing the polarization and piezoelectric properties [27-29]. To investigate 

the domain structure, PFM, TEM, and high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) were utilized [30-32]. Figs. 3a, S8, and S9 reveal the domain structures 

in R-3BNH and T-3BNH, respectively. Both samples exhibit diverse domain structures among 

different grains, including various angles (109 °, 120 °, 180 °) and varying sizes, such as submicron 

stripe domains with widths of hundreds of nanometers, nanodomains (1-100 nm) and nanoscale 

heterostructures. Additionally, it can be observed that the domain size increases significantly following 

texture engineering, which correlates with changes in grain size [33]. 

The intrinsic piezoelectric properties of ceramics are theoretically positively correlated with domain 

size. While large-size domains exhibit high intrinsic piezoelectric properties, their substantial flipping 

energy barrier prevents effective flipping under an electric field. According to the typical domain 

theory 𝐷 ∝ √𝐸DW, where D represents domain size and EDW denotes domain wall energy, smaller 

domain sizes can reduce domain wall energy [34]. Excessive diffusion and miniaturization of domain 

structures can form a metastable system dominated by nanodomains. Despite the fast polarization 

response offered by such metastable structures, their thermodynamic instability induces spontaneous 

re-biasing, ultimately causing significant deterioration in macroscopic piezoelectric properties [35]. 

Consequently, while nanodomains flip easily, their intrinsic piezoelectric properties remain low. To 

overcome these challenges, constructing a multi-domain polar structure with local structural 

heterogeneity—embedding moderately nanoscale polar heterogeneity within a long-range ordered 

matrix—reduces the flipping barrier of the overall domain, thereby providing excellent ferroelectric 

and piezoelectric properties. Figs. 3b and S10 present a PFM image of the T-xBNH and R-xBNH 

ceramics, illustrating the refinement and dispersion of domain sizes as the BNH content increases. 
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Three samples, T-2BNH, T-3BNH, and T-5BNH, were subjected to 10 V tip biases. The results reveal 

that the domain of T-2BNH sample was not fully switched under the electric field due to the larger 

overall domain size. In contrast, the domain structure dominated by dispersed small domains struggles 

to retain stability upon removal of the electric field. In the T-3BNH sample, the cross-scale 

configuration of nanodomains and large-size domains generates a multi-domain polar structure system 

with local structural heterogeneity. Within this system, nanoscale polar heterogeneous domains act as 

sources of easily switching polarization, while stable large-size domains maintain the long-range 

ordered polarization state, thereby stabilizing macroscopic piezoelectric performance. As a result, the 

optimal flipping and stability under the electric field are achieved.  

A featured atomically resolved HAADF-STEM image, captured along the [100] zone axis, 

illustrates the polarization vector determined using 2D Gaussian peak fitting, derived from the shift of 

the B-site cation relative to its four neighboring A-site cations. Fig. 3c1 highlights inhomogeneity in 

the δ Nb-Na/K vector, with polarization vectors aligning along both the pseudo-cubic axis and diagonals, 

corresponding to the T and R/O symmetries [36]. However, distinguishing R and O phases from 

polarization vector projections along the [100] zone axis is infeasible, as their characteristics project 

identically on the (100) plane. To confirm the multiphase coexistence of R-O-T in this ceramics, the 

projection of the polarization vector on the [110] plane was analyzed, as depicted in the Fig. 3c2. Figs. 

3c3-c4 provide magnified HAADF-STEM images along with a schematic projection of the cell along 

the same axis. The local symmetry of ferroelectric materials is governed by their spontaneous 

polarization, arising from the relative displacement between positive and negative ion centers, thereby 

forming electric dipoles. The symmetry of the three phases (T, O, and R) in a perovskite piezoelectric 

structure is distinguishable by the spontaneous polarization (PS) directions: [001], [110], and [111]. 

Analysis of displacement vector distributions along the [110] and [100] zone axes reveal large-scale, 

long-range ordered polarization regions associated with the R/O/T phases in the atomic local structure, 

further confirming the coexistence of R, O, and T phases in T-3BNH. The formation of the R/O/T 
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multiphase coexistence induces local polymorphic distortion, typically manifested as structural 

heterogeneity [19]. Consequently, short-range ordered polarization vector distributions related to 

R/O/T phases can be observed in T-3BNH ceramics, reinforcing the conclusion that T-3BNH ceramics 

exhibit local structural heterogeneity due to this multiphase coexistence. Magnified views further 

reveal polarization prone to flipping between regions with differing orientations (Fig. 3d). The low 

Gibbs free energy characteristic of this multiphase structure notably reduces polarization anisotropy, 

promoting an efficient polarization response under an external electric field.  

 

Fig. 4 (a) P-E loops of T-xBNH ceramics. (b) d33 and TC value of T-xBNH ceramics. (c) 

Comprehensive performance comparison of T-3BNH with other piezoelectric ceramics, including TC 

and d33. (d) Phase angle θ against frequency of the T-xBNH ceramics measured at room temperature. 

(e) Comparison of kp and g33 in T-xBNH ceramics. (f) Comprehensive performance comparison of the 

T-3BNH with other KNN-based piezoelectric ceramics, including kp and g33. 

Figs. 4a and S11 illustrate the P-E loops and S-E loops for R-xBNH and T-xBNH ceramics at 10 

Hz. The results reveal that the remanent polarization (Pr) of textured ceramics is considerably higher 

than that of random ceramics. This indicates that the texturing treatment facilitates a more orderly 

alignment of electric dipoles following polarization under an external electric field, thereby enhancing 
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polarization efficiency and improving ferroelectric and piezoelectric performance [21]. For T-xBNH 

ceramics, Pr initially increases and then decreases as the BNH content raises, reaching optimal 

ferroelectricity at x = 0.03. This trend is attributed to the appropriate domain structure configuration 

within the ceramics. The piezoelectric properties of ceramics are closely tied to electric field-induced 

phase transitions. To explore the phase transformation process in T-3BNH ceramics under an applied 

electric field, in-situ electric field-dependent XRD analysis was performed. Fig. S12 presents the in-

situ electric field-dependent XRD patterns for T-3BNH ceramics. Under an external electric field, the 

intensity of the (002) peak progressively rises, while the (200) peak gradually diminishes, particularly 

near the coercive field. This signifies an electric field-induced sequential phase transition in the local 

structure, transitioning from the T phase to the O phase and subsequently to the R phase [25]. 

Following the removal of the voltage, the distorted diffraction peak in the T-3BNH ceramics exhibits 

minimal rebound, consistent with its highly saturated polarization state. Given the relationship 𝑑33 ∝

𝑃3 × r(where P3 represents the polarization along the polar axis, approximately corresponding to Pr), 

the piezoelectric properties of textured ceramics are markedly superior to those of random ceramics 

(Fig. S13).  

In practical electromechanical applications, ideal piezoelectric ceramics must exhibit both high d33 

and elevated TC. However, in perovskite ferroelectrics, a typically constrained relationship exists 

between d33 and TC [7,11,13,19,36-41]. Fig. 4b illustrates the d33 and TC values for the T-xBNH 

ceramics. With increasing BNH content, d33 initially rises before declining, while TC decreases 

consistently. T-3BNH ceramics demonstrate optimal piezoelectric properties, achieving d33 ~ 551 pC 

N-1 and TC ~ 321 °C. This exceptional performance can be attributed to three primary factors: the 

optimized phase coexistence ratio of the ceramics R/O/T, suitable domain structure configurations, 

and enhanced crystallographic anisotropy induced by texturing. Fig. 4c highlights the correlation 

between d33 and TC across various piezoelectric ceramics, showing that T-3BNH ceramics developed 

in this study achieve substantially improved d33 values while maintaining high TC, enabling a broader 
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range of practical applications.  

Additionally, the g33 serves as a critical performance parameter. In recent years, research has 

predominantly focused on d33 improvement, with relatively less attention to enhancing g33. 

Nevertheless, the g33 coefficient is crucial for piezoelectric devices, particularly in energy harvesting 

applications. In PEH, higher kp values are directly linked to greater energy conversion efficiency of 

piezoelectric ceramics under resonant conditions, thereby improving energy harvesting performance. 

Figs. 4d and S14 reveal the phase angle and frequency dependence across different components, with 

all ceramic samples exhibiting phase angles nearing 90 °, indicating adequate polarization. Fig. 4e 

presents kp and g33 values for T-xBNH ceramics, among which T-3BNH records the highest kp (77 %) 

and g33 (54.2 mV m N-1). As the increase of x, kp first increased and then decreased. This phenomenon 

is related to changes in domain structure [13,19]. The elevated g33 of T-3BNH is attributed not only to 

its increased d33 values but also to the acceptor doping in this study, which reduces the dielectric 

constant to a certain extent [17,19,25,38,42-50]. Fig. 4f compares the g33 and kp properties achieved in 

this research with those of other lead-free piezoelectric ceramics, demonstrating the highly competitive 

performance of this work. These results underscore the significant potential of T-3BNH ceramics for 

lead-free energy harvesting applications.  
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Fig. 5 (a) FOM values for T-xBNH ceramics. (b-c) Vout and Pout of PEH of T-3BNH ceramics at 

different vibration frequency/load resistance. (d) The output power and power density comparison of 

the PEH with other lead-free/lead-based piezoelectric harvesters. (e) The real time lighting photo of 

light emitting diodes (LEDs) driven by the T-3BNH ceramics PEH. 

In the development of high-performance lead-free piezoelectric ceramics, device design and 

performance evaluation are critical. To verify the feasibility of the synthesized high-performance T-

3BNH ceramics for electromechanical energy conversion, a PEH was fabricated as a model system for 

corresponding research. A schematic diagram of the energy-harvesting unit is presented in Fig. 5a. As 

illustrated in Fig. S15, a sintered, large-size T-3BNH round ceramics sheet (22 mm in diameter and 

0.22 mm in thickness) was integrated into a PCD PEH. The energy-harvesting measurements were 

performed using the electrical circuit depicted in Fig. S16. Fig. 5a highlights the FOM of T-xBNH 

ceramics, showing that T-3BNH achieves an optimal FOM value of approximately 29.98× 10-12 m2 N-

1. This performance is comparable to that of commercial lead-based piezoelectric materials (PZT-4: 

6.47 × 10-12 m2 N-1) [51]. 

Figs. 5b-c illustrate the output voltage (Vout) and output power (Pout) of the PEH based on T-3BNH 
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ceramics as functions of vibration frequency and load resistance. The results indicate that the T-3BNH 

ceramics PEH achieves maximum instantaneous Vout and Pout values of approximately 15.7 V and 4.85 

mW, respectively, under matched load resistance and optimal vibration frequency, yielding a power 

density (PD) of up to ~70.2 μW mm-3. Fig. 5d compares the Pout and PD of various PEHs fabricated 

with lead-free and lead-based piezoelectric ceramics [13,25,36,43-47,52-65]. Notably, the Pout and PD 

of the T-3BNH ceramics PEH surpass those of most PEHs made with lead-free piezoelectric ceramics 

and are comparable to those of PEHs using commercial PZT-5H lead-based piezoelectric ceramics. 

Fig. 5e illustrates the illumination of a PEH composed of T-3BNH ceramics under matched load 

resistance and optimal vibration frequency. At the optimal vibration frequency of 320 Hz, the T-3BNH 

ceramics PEH is capable of effortlessly lighting up hundreds of bulbs. This ultra-high Pout and PD 

exhibited by the T-3BNH ceramics PEH, underscoring its remarkable potential for applications in 

electromechanical energy conversion. 

 

4 Conclusions 

In summary, this study achieved exceptional piezoelectric energy harvesting performance in KNN-

based ceramics through multiscale structural engineering. By simultaneously regulating texture, phase 

coexistence (R-O-T), and domain structure, we induced local structural heterogeneity and enhanced 

crystallographic anisotropy. This synergistic approach yielded outstanding piezoelectric properties (d33 

~ 551 pC N-1, kp ~ 77%). Simultaneously, Fe acceptor doping was employed to maintain a low 

dielectric constant, and a fine balance between the piezoelectric coefficient and the dielectric constant 

was achieved, resulting in a high g33 (~ 54.2 mV m N-1). Consequently, the optimized T-3BNH 

ceramics demonstrated ultra-high device performance (Pout ~ 4.85 mW, PD ~ 70.2 W mm-3). This 

research sheds light on the structure-property relationships in KNN-based piezoelectric ceramics and 

offers valuable insights for the design and fabrication of high-performance lead-free piezoelectric 

materials and devices tailored for energy harvesting applications. 
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