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Figure S1. X-ray diffraction patterns (2θ=20-60o) from KNNS-CS-BKH ceramics as a function of (a) x and (c) y; Corresponding enlarged XRD peaks as a function of (b) x and (d) y in the range of 2θ=44-47o.

[bookmark: OLE_LINK20]Figs. S1(a) and (c) show the dependence of the XRD patterns on the composition of the KNN-based ceramics. All samples displayed a typical and pure perovskite structure without any trace of secondary phases [Figs. S1(a) and (c)], indicating that all of the additives were effectively diffused into the ceramic matrix. The XRD patterns for 2θ=44-47o were enlarged to further identify the phase structure for each component, as shown in Figs. S1(b) and (d). Evidently, the phase structure was strongly dependent on the additive content. For the variations of x, the XRD patterns were roughly indexed according to pseudo-cubic structure [1]. First, a I(002)/I(200)  ratio of 2:1, where I(002) and I(200) denote the relative intensities of the diffraction peaks (002) and (200), respectively, was clearly observed in the ceramics with x=0 and x=0.01, suggesting an orthorhombic (O) phase structure [1]. As x increased, the ratio between I(002)/I(200) gradually deviated from 2:1 and approached to 1:2, indicating a tetragonal (T) phase structure. As x increased up to 0.05, a single peak was observed, which was regarded as a pseudo-cubic phase structure [2]. For the variations of y, there was a similar intensity between I(002) and I(200) in the ceramics with 0≤y≤0.02, indicating the coexistence of O and T phases [1,2]. As y increased, the I(002)/I(200) ratio gradually approached 1:2. Finally, a single peak was observed in the ceramics with y=0.07, suggesting a pseudo-cubic phase structure [2].
[image: C:\Users\Ceramic Lab\Desktop\变化X.tif]
Figure S2. εr-T curves of KNNS-CS-BNZ ceramics as a function of x (a)-(f) and y (g)-(l) in the temperature range -150 to 200 oC.

[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK8][bookmark: OLE_LINK13][bookmark: OLE_LINK40][bookmark: OLE_LINK14]Generally, the phase transitions of piezoelectric ceramics cause the dielectric constant (ɛr) to vary [3]. Therefore, the room-temperature phase structures of ceramics with different x and y values can be further identified according to their phase transition temperatures [3]. The ԑr-T (-150-200 oC) curves are exhibited as a function of x and y values in Figs. S2(a-f) and (g-l), respectively. Two obvious abnormal dielectric peaks occur in pure KNN below the Curie temperature (TC), which are the phase transitions from T to O (TO-T~210 oC) and from O to rhombohedral (R) (TR-O~-125 oC) [4]. The introduction of additives (e.g., Sb5+ and Bi0.5Na0.5ZrO3) can shift the phase transition temperature, encouraging the construction of a phase boundary [5]. Hence, the two obviously abnormal dielectric peaks identified in the ceramics with x=0 corresponded to TR-O (~-65 oC) and TO-T (~132 oC), respectively. By increasing x, TR-O also increased, while TO-T decreased. As x increased up to 0.03, only one abnormal dielectric peak was observed [Fig. S2(d)]. Thus, TR-O and TO-T shifted to the same temperature, leading to the formation of an R-T (TR-T ~53±5 oC) coexistence phase. With x=0.04, two abnormal dielectric peaks were observed again, corresponding to TR-T (~20±20 oC) and TC (~191 oC). In the ceramics with x=0.05, only one abnormal dielectric peak was observed, corresponding to TC (~138 oC). A similar variation of TR-O and TO-T was also observed in KNN-based ceramics modified by the similar additive, Bi0.5Na0.5HfO3 [6]. A similar variation of TR-O and TO-T was also observed in the ceramics with Sb5+ as the additive and different y values; that is, doping KNN ceramics with Sb5+ can elevate TR-O and reduce TO-T [7]. Therefore, it was concluded from the analyses of XRD patterns and ԑr-T curves that the phase structure at room temperature is an O phase for 0≤x≤0.01, O-T for x=0.02, R-T for 0.03≤x≤0.04, and pseudo-cubic for x=0.05; and O-T for 0≤y≤0.03, R-T for 0.04≤y≤0.06, and pseudo-cubic for y=0.07. 
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Figure S3. (a-b) εr-T (20-400 oC) curves and (c-d) phase diagrams of KNNS-CS-BNZ ceramics as a function of x and y, respectively.
 
Figures S3(a) and (b) show the ԑr-T curves of the ceramics as a function of x and y in the temperature range 20-400 oC. All of the curves show an obviously abnormal dielectric peak at T>100 oC; the temperature corresponding to the abnormal dielectric peak was defined as the Curie temperature (TC). With the increase of x or y, TC gradually decreased [Figs. S3(a) and (b)]. It was reported previously that doping with Sb5+ or Bi0.5Na0.5HfO3 can reduce the TC of KNN-based ceramics [6,7], which was also verified in this work. 
[image: C:\Users\Ceramic Lab\Desktop\Graph1.tif]
Figure S4. Rietveld refinement of the powder XRD of the samples with x=0.03 using (a) R+T and (b) R+O+T phase modes. 

To determine whether an O phase existed in the ceramics with x=0.03 at T=0 oC, two modes (R+T phases and R+O+T phases) were used to refine the powder XRD pattern, as shown in Figs. S4(a) and (b). It was found that the R+T mode exhibited lower Rw and Sig values than the R+O+T mode. The refined results of the R+O+T mode displayed that the O phase was apparently absent and the T phase was shifted away [as shown in Fig. S4(b)], indicating the near disappearance of the O phase. Therefore, we assigned the phase structure at T=0 oC as an R-T phase coexistence.   
[image: 16]
Figure S5. Temperature dependence of the Raman spectra from the as-sintered samples with x=0.03. The inset shows the Lorentz fitting for the Raman spectrum at T=-150 oC
[image: 15]
Figure S6: P-E loops of KNNS-CS-BKH ceramics varying with (a) x and (b) y; Pr and EC values of KNNS-CS-BKH ceramics varying with (c) x and (d) y.

Figs. S6(a) and (b) display the P-E loops of KNNS-CS-BKH ceramics varying with the different values of x and y. It was found that all of the ceramics except those with x=0.05 showed a classic ferroelectric loop [9]. The ferroelectricity of the ceramics deteriorated as the concentration of additives increased, as evidenced by the change of the loops from “saturated” to “slender”. The deteriorating ferroelectricity of the ceramics with x=0.05 was mainly attributed to the highly crystal symmetry of pseudo-cubic phase [10]. In addition, the deteriorating ferroelectricity was also indicated by the decreasing remanent polarization (Pr) [Figs. 6(a) and (d)].
[image: G:\吕想\材料体系\吴家刚配方\配方二\文章\图片1 (2).tif]
Figure S7. FE-SEM surface images of the ceramics with x=0, 0.01, 0.03, 0.05 (a-d), respectively, and y=0, 0.02, 0.05, and 0.07 (e-h), respectively.
[image: G:\吕想\材料体系\吴家刚配方\配方二\文章\grain size distribtion.tif]
Figure S8. Statistics of grain size of the ceramics varying with (a) x and (b) y. 

To investigate the effects of the additives Bi0.5K0.5HfO3 and Sb5+ on the microstructure of KNN-based ceramics, the surface morphologies were characterized for varying values of x and y, as shown in Figs. S7(a)-(h). For the varying x values of the ceramics [Figs. S7(a)-(d)], a bimodal distribution consisting of large and small grains was observed when 0x0.03. For the ceramics with x=0, the small grains were in the majority, resulting in a relatively porous microstructure. As x increased to 0.03, the large grains became predominant, forming a dense microstructure. Furthermore, the corresponding statistics also exhibited variation in the mean grain sizes, as shown in Fig. S8(a). With increasing x, the mean grain size first increased and then decreased, reaching a maximum of 5.43 μm at x=0.03. For the varying y values of the ceramics, ceramics with y=0-0.02 mainly exhibited a greater distribution of large grains, while the ones with a high Sb5+ content (e.g., y=0.05 and 0.07) displayed a majority of small grains, which was also verified by the grain size statistics shown in Fig. S8(b). It was reported that appropriately doping the matrix of KNN ceramics with Bi0.5Na0.5HfO3 or Sb5+ promoted grain growth, while the opposite effect was observed when the additive content was excessive [7]. As the additives (i.e., Bi0.5K0.5HfO3 or Sb5+) exceed solid solubility, the excess additives gather at the grain boundaries and inhibit the grain growth [8], which was responsible for the smaller grain sizes observed in the ceramics with x=0.05 or y=0.07 [Figs. S7(d) and (h)].
 
[bookmark: _GoBack]
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]Table S1. Results of the Rietveld refinement for the ceramic composition with x=0.03, varying with temperature.
	T (oC)
	Space
group
	Cell Parameter
	Rw (%)
	Sig

	
	
	a (Å)
	b (Å)
	c (Å)
	α (o)
	
	

	-150
	R3m
	3.9766
-
-
	88.11
	8.67
	1.18

	
	Amm2
	3.9574
	5.6141
	5.6353
	90
	
	

	-100
	R3m
	3.9701
-
-
	88.13
	9.03
	1.26

	
	Amm2
	3.9533
	5.6443
	5.6304
	90
	
	

	-50
	R3m
	3.9592
-
-
	91.77
	8.77
	1.20

	
	Amm2
	3.9607
	5.6330
	5.6204
	90
	
	

	0
	R3m
	3.9766
-
-
	90.31
	8.43
	1.17

	
	P4mm
	3.9549
	3.9549
	4.0530
	90
	
	

	30
	R3m
	3.9727
-
-
	91.38
	8.60
	1.17

	
	P4mm
	3.9542
	3.9542
	3.9882
	90
	
	

	100
	R3m
	3.9692
-
-
	90.49
	8.71
	1.19

	
	P4mm
	3.9562
	3.9562
	3.9890
	90
	
	

	150
	R3m
	3.9707
-
-
	89.21
	9.16
	1.24

	
	P4mm
	3.9557
	3.9557
	3.9890
	90
	
	

	200
	R3m
	3.9882
-
-
	88.49
	10.41
	1.41

	
	P4mm
	3.9561
	3.9561
	4.5093
	90
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