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1. Experimental procedure  

In this work, we used the conventional solid-state sintering method to prepare KNN-Zr (x = 0, 0.01, 

0.02, 0.03, and 0.04), KNNS-Bi (y = 0, 0.005, and 0.01), and KNN-Bi (z = 0, 0.005, 0.01, and 0.015) 

ceramics. We chose Na2CO3 (99.8 %), K2CO3 (99 %), Nb2O5 (99.5 %), Sb2O3 (99.99 %), Bi2O3 

(99.999 %), and ZrO2 (99.5 %) (Sinopharm Chemical Reagent Co., Ltd, China) as raw materials. All 

raw materials were dried at 120 oC for 2 h because of the hygroscopicity. We mixed raw materials and 

then ball-milled them for 24 h with zirconia ball media and alcohol in plastic jars. Then, the well-

mixed raw materials were calcined at 850 oC for 6 h. The calcined powder was pressed into disks of 

10 mm diameter and 1 mm thickness under 10 MPa using polyvinyl alcohol (PVA) aqueous solution 

(~8 wt%) as a binder. After burning off the PVA at 550 oC for 5 h, the green disks were sintered for 3 

h under a corundum crucible in air. The sintering temperature was 1100 oC for disks with x = 0–0.01 
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and 1130 oC for disks x = 0.02–0.04 and was 1070 oC and 1080 oC for disks with y = 0–0.01. To 

measure electrical properties, both sides of as-sintered samples were printed with silver paste and then 

baked at 600 oC for 30 min to form electrodes. Finally, the coated-samples were poled under a direct 

current (DC) electric field of 40 kV/cm for 30 min in a silicone oil bath at room temperature. 

 

Then, we collected the crystal information by an X-ray diffraction (XRD) instrument (Bruker D8 

Advance XRD, BrukerAXS Inc., Madison, WI, Cu-Kα). The surface of as-sintered samples was 

polished by using diamond polishing suspension. To observe ferroelectric domains of polished samples, 

we used a commercial atomic force microscope (MFP-3D, Asylum Research, Goleta, CA) with a 

conductive Pt-Ir coated cantilever (Econo-SCM-PIT, Oxford Instruments, CA). The piezoresponse 

force microscope (PFM) measurements were conducted by the dual alternative voltage resonance 

tracking (DART) model, and the drive voltage was 2 V or 5 V. We used a field emission scanning 

electron microscope (Nova Nano 450, Thermo Fisher Scientific, US) to measure the surface of as-

sintered samples. The direct piezoelectric coefficient (d33) of the poled samples was measured by a 

quasi-static d33 meter (ZJ-3 A, China) after aging for 24 hours. Temperature-dependent dielectric 

properties were measured via a broadband dielectric spectrometer (Novocontrol Concept 80, 

Novocontrol, Germany). The room-temperature dielectric properties (i.e., εr and tan δ) were measured 

by an LCR analyzer (HP 4980, Agilent, USA), at a frequency of 10 kHz. The polarization-electric field 

(P–E) loops, the bipolar strain-electric field (S–E) curves, and the unipolar curves were measured via 

a ferroelectric analyzer (aixACCT TF Analyzer 2000, Germany) with a laser interferometer vibrometer 

(SP-S120/500, SIOS Meßtechnik GmbH, Germany) at a frequency of 1 Hz. 

 

2. Supporting materials 

Figures S1-S3 show the topography of poled KNN-Zr and KNNS-Bi ceramics for OP-PFM 
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measurements. All polished samples have a favorable surface with the roughness less than 10 nm, 

indicating a good polishing process. Although the obvious scratches are observed, they help us 

distinguish the topography and domains. In this work, all observed domains differ from their 

corresponding samples’ topographies, indicating the real detection of domains.  

 

Figure S1. Topography of polished KNN-Zr ceramics for OP-PFM measurements with the driven force of 5 V. 

 

 

Figure S2. Topography of polished KNN-Zr ceramics for OP-PFM measurements with the driven force of 2 V. 
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Figure S3. Topography of polished KNNS-Bi ceramics for OP-PFM measurements with the driven force of 5 V. 

 

Here we also conducted the OP-PFM measurements for KNN-Zr ceramics under a driven force of 2 V 

(Figures S4(a-l)). KNN-Zr ceramics with x=0 show obvious irregular domains and striped domains 

with a size of hundreds of nanometers (Figures S4(a-c)), and these domains also have the strong phase 

contrast (Figures 4(d-f)). Conversely, KNN-Zr ceramics with x=0.04 exhibit a significant reduction in 

size and quantity of domains (Figures S4(g-i)). Only a few isolated domains with a size of tens of 

nanometers are observed, and their phase contrast is also much weaker compared to the domains of 

KNN-Zr ceramics with x=0 (Figures S4(j-l)). The reduction in domains and their weakened response 

to voltage originate from the serious fragmentation of long-range ordered domains [1].  
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Figure S4. OP-PFM images of KNN-Zr ceramics with x=0 (a-f) and 0.04 (g-l). The driven force is 2 V. 

 

Generally, researchers use the phase angle (θ) of poled piezoceramics to evaluate the saturation degree 

of the poling process [2-4]. A θ of 90o represents an ideal poling process and the higher θ value suggests 

the higher saturation degree [2-4]. The θ of poled KNN-Zr ceramics first drops from 63o at x=0 to -9o 

at x=0.01, and then slightly rises to near 10o at x=0.04 (Figures S5(a, b)). For poled KNNS-Bi ceramics, 

the θ first slightly increases from 72.8o at y=0 to 75.2o at y=0.005, and then sharply drops to -56o at 

y=0.01, resulting in the hardly recognized θ-f curve at y=0.01 (Figures S5(c, d)). The slightly increased 

θ values at x=0.01-0.04 are attributed to the slightly enhanced grain size caused by the higher sintering 

temperature, and the promoted sinterability is responsible for the increased θ values at y=0-0.005. 
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Therefore, adding Zr4+ and Bi3+ into KNN-based ceramics at a molar percentage of ≥ 0.01 indeed 

sharply worsens the poling process because of the seriously broken long-range ordering.      

 

Figure S5. (a, c) Phase angle (θ) vs. frequency (θ-f) and (b, d) θ of poled KNN-Zr and KNNS-Bi ceramics. 

 

Figure S6 shows the XRD patterns of KNN-Bi ceramics. All compositions possess a typical perovskite 

structure (Figure S6(a)), and a secondary phase occurs at z = 0.01-0.015 (Figure S6(b)), which is 

indexed to be the K6Nb10.8O30 (PDF#70–5051). Furthermore, an O phase is kept at z = 0-0.01, as 

demonstrated by the {200}pc diffractions (Figure S6(c)) [5]. Note that increasing z also reduces the 

intensity ratio between (202)O and (020)O and broadens the {200}pc diffractions, indicating the 

reduction in orthogonality and grain size [6, 7]. The reduced orthogonality is caused by the increased 

Bi content that destroys the long-range ordering (LRO) of KNN ceramics [8]. Therefore, the {200}pc 

diffraction showing only a distinctly broadened single peak is observed at z = 0.015, suggesting the 

significantly destroyed LRO and decreased grain size [6, 8, 9].  
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Figure S6. XRD patterns of KNN-Bi ceramics with 2θ = 20–70o (a), 2θ = 26–30o (b), and 2θ = 45–46o (c). The inverted 

triangles indicate the secondary phase. 

 

Figure S7 shows the temperature-dependent dielectric properties of KNN-Bi ceramics. TO-T and Tc 

reduce with increasing z from 0 to 0.01 and become completely suppressed at z = 0.015 (Figure S7(a)). 

Specifically, TO-T reduces from 210 oC (at z = 0) to 140 oC (at z = 0.01). By using the modified Curie-

Weiss law (see Equation (1) in the main text), we then obtained the diffuseness degree (γ) of KNN-Bi 

ceramics (Figures S7(b, c)). γ slightly increases from 1.15 (at z = 0) to 1.27 (at z = 0.01) and then 

rapidly rises up to 1.95 (at z = 0.015). Therefore, doping Bi3+ alone into KNN ceramics indeed 

decreases TO-T, but also rapidly destroys LRO due to the aliovalent substitutions, leading to the already 

significantly destroyed LRO (i.e., the occurrence of strong relaxor characteristics) before shifting TO-

T to room temperature [8].      

 

Figure S7. (a) εr–T curves of KNN-Bi ceramics, measured at f = 10 kHz; (b) linear fitting between ln (T–Tm) and ln (1/εr–
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1/εm); (c) variations of Tc, TO-T, and γ with z. The arrow in (a) indicates the direction where the O–T phase transition shifts. 

 

Figure S8(a) shows the surface morphology of as-sintered KNN-Bi ceramics with z = 0.015. The grain 

size is reduced much less than 1 μm, which is much smaller than pure KNN ceramics (see Figure 4 in 

the main text), supporting our analysis in Figure S6. OP-PFM measurements show the broken 

nanodomains (Figures S8(b-d)), similar to the situation of KNNS-Bi ceramics with y = 0.01 (see Figure 

7 in the main text). Therefore, doping Bi3+ alone into KNN ceramics indeed rapidly breaks LRO.     

 

Figure S8. (a) SEM image and (b-d) OP-PFM measurements of KNN-Bi ceramics with z = 0.015; (b) topography, (c) 

amplitude, and (d) phase. 

 

We then analyzed the piezoelectric and dielectric properties of KNN-Bi ceramics. Both d33 and kp 

increase at z = 0-0.01 and then dramatically decrease at z = 0.015. Specifically, d33 increases from 94 

pC/N (at z = 0) to 147 pC/N (at z = 0.01), and kp increases from 0.30 (at z = 0) to 00.44 (at z = 0.01). 

However, d33 drops to 18 pC/N at z = 0.015, indicating the almost absent piezoelectric properties. The 
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increased d33 at z = 0-0.01 is due to the decreased TO-T. εr remains 365-420 at z = 0-0.01 and then rises 

up to 1005 at z = 0.015 due to the increased polar nanoregions (PNRs) [8, 10]. Besides, tan δ slightly 

reduces at z = 0-0.01 and then increases at z = 0.015.    

 

Figure S9. (a) d33, kp, (b) εr, and tan δ of KNN-Bi ceramics. 

 

Figure S10 shows the ferroelectric and strain properties of KNN-Bi ceramics. P-E loops become more 

saturated at z = 0-0.01 and change to an almost linear one at z = 0.015 (Figure S10(a)). Besides, a slight 

pinching is observed at z = 0.01, which is likely to be associated with the defects caused by substituting 

K+/Na+ with Bi3+ [11]. Pr increases at z = 0-0.01 and then almost drops to 0 μC/cm2 at z = 0.015 (Figure 

S10(c)). Ec first decreases at z = 0-0.005, then sharply increases at z = 0.01, and finally reduces at z = 

0.015 (Figure S10(c)). Thus, the sharp increased Ec at z = 0.01 further proves the defects caused by 

substituting K+/Na+ with Bi3+ [11]. S-E curves change from a butterfly-shape to a sprout-shape (Figure 

S10(b)), indicating the ferroelectric-relaxor phase transition [12, 13]. Specifically, Sneg first increases 

at z = 0-0.01 and then disappears at z = 0.015 (Figure S10(d)). The disappeared Sneg indicates the 

absence of non-180o domain switching and the occurrence of relaxor characteristics [12-14]. Besides, 

Spol first increases at z = 0-0.01 and then decreases at z = 0.015 (Figure S10(d)). Therefore, substituting 

on K+/Na+ with Bi3+ increases ferroelectric and strain properties at low content but significantly 

worsens them at high content due to the destroyed LRO.   
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Figure S10. (a) P–E loops, (b) bipolar strain curves of KNN-Bi ceramics; variations of (c) Pr, Ec, (d) Sneg, and Spol values. 
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