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XRD:

Table S1 Crystal cell parameters of Pure-KNN, KNN-BiLaTi, and KNN-LaYVSb ceramics.

Sample Pure KNN KNN-BiLaTi KNN-LaYVSb
a = 3.948 a = 3.934 a = 3.934
b = 5.599 b = 5.562 b = 5.562
c = 5.636 c = 5.622 c = 5.622

α = β = γ = 90° α = β = γ = 90° α = β = γ = 90°

Unit cell 
parameter

V = 124.59 V = 123.00 V = 123.00

Table S2 Density calculation of Pure-KNN, KNN-BiLaTi, and KNN-LaYVSb ceramics.

Sample ρapparent [g/cm3] ρx-ray [g/cm3] ρrelative [%]
Pure KNN 4.11 4.64 88.58

KNN-BiLaTi 4.22 4.98 84.74
KNN-LaYVSb 4.30 4.68 91.88

The densification of the ceramics was assessed by comparing the experimentally measured 

apparent densities with the theoretical densities derived from X-ray data. The calculated relative 
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Fig. S1 High-resolution XPS spectra of O 1s, displaying lattice oxygen (OL), oxygen vacancy 
(OV) contribution and oxygen from O-H-like bond, from KNN.

densities summarized in Table S2 reveal that pure KNN attains 88.58% densification. A clear 

compositional dependence is observed upon doping that LaYVSb-doped KNN exhibits an 

enhanced relative density of 91.88%, suggesting improved densification and reduced porosity, 

while BiLaTi-doped KNN exhibits reduced densification of 84.74%, likely due to enhanced 

porosity. This indicates that dopant chemistry plays a critical role in governing sintering behavior 

and final microstructural density.

XPS:

Fig. S1 shows the deconvoluted O 1s core-level spectra of pure KNN, which reveals three distinct 

peaks: lattice oxygen (OL) around ~529 eV, oxygen vacancies (OV) near ~531 eV, and surface-

adsorbed hydroxyl-like oxygen (O-H) approximately ~532 eV [1]. The dominance of the OL peak 

confirms that oxygen primarily exists in the well-bonded Nb-O bond in the orthorhombic KNN 

lattice. OV indicates the presence of some oxygen vacancies, and the small high-energy shoulder 

represents the O-H bond that may come from surface contamination, which is common in air-

exposed oxygen ceramics.   

Fig. S2 displays the O 1s, Bi 4f, La 4d, and Ti 2p core-level spectra for the KNN-BiLaTi sample. 

Compared to KNN, there is a slight shift to higher binding energy in the O 1s peak, indicating a 

modification in the Nb-O bonding caused by the doping of Bi, La, and Ti. This shift reflects the 
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Fig. S2 XPS core level spectra for O 1s, Bi 4f, La 4d and Ti 2p in KNN-BiLaTi sample. (a) O1s 
spectra (b) Bi 4f spectra showing peaks corresponding to Bi 4f7/2 and Bi 4f5/2 states. (c) La 4d 
spectra displaying the La 4d3/2 and La 4d5/2 peaks. (d) Ti 2p spectra along with Bi 4d3/2 and Nb 
3s peaks.

development of local lattice strain, which is also supported by the Raman data and aligns with 

some previous studies [2]. The Bi 4f spectrum features two distinct peaks at approximately ~ 159 

eV (Bi 4f7/2) and ~ 164 eV (Bi 4f5/2), confirming the +3 oxidation state of Bi [3]. The presence of 

La 3d3/2 and La 3d5/2 peaks at ~105 eV and ~102 eV, respectively, confirms the presence of La3+, 

which bonds to oxygen atoms in the perovskite structure [4]. The Ti signal appears as a single 

well-defined Ti 2p peak at approximately 458 eV, consistent with the Ti4+ oxidation state [5].

Fig. S3 displays the deconvoluted spectra for the O 1s, Sb 3d, La 4d, and Y 3d regions obtained 

from KNN-LaYVSb. The OL and OV peaks resemble those of KNN-BiLaTi; however, a slight 

increase in the OV suggests a higher amount of oxygen vacancies in this sample. This aligns with 
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Fig. S3 Core-level XPS spectra of KNN-LaYVSb (a) O1s, Sb3d  and V2p region, showing peaks 
from Sb 3d5/2 and Sb 3d3/2 states along with V 2p3/2, V 2p1/2,  and (b) La 4d spectra 

𝑉 2𝑝       '
3/2 𝑉 2𝑝       '

1/2
displaying the La 4d3/2 and La 4d5/2 peaks; (c) Y 3d region, showing peaks corresponding to Y 
3d3/2 and Y 3d5/2.

the higher lattice distortion, which correlates with improved piezoelectric coefficients. The Sb 3d5/2 

(~530 eV) and Sb 3d3/2 (~539 eV) peaks confirm the presence of the Sb5+ oxidation state [6]. The 

V 2p3/2 (~516 eV) and V 2p1/2 (~524 eV) peaks correspond to the V5+ state [7]. These high-valent 

cations (V, Sb) occupy the B-site, promoting charge balance and stabilizing the perovskite 

structure. The La 4d doublet remains consistent with the KNN-BiLaTi sample, which is La3+, while 

Y 3d5/2 and Y 3d3/2 peaks at 157 eV and 159 eV confirm the Y3+ oxidation state [8]. 



5

SEM:

                         
0 2 4 6 8 10

In
te

ns
ity

 (a
.u

.)

Energy (keV)

K
K

Nb

Nb
Nb

Na

O

K

Element Atomic% Weight%
O 64.46 33.59
Nb 16.01 48.46
Na 13.19 9.87
K 6.34 8.07

Total 100 100

(a)

                         
0 2 4 6 8 10 12

In
te

ns
ity

 (a
.u

.)

Energy (keV)

BiLaTi

K

KBi

Bi
Nb

Bi
Bi

Nb

Nb

La
Na

La

La

O

Ti

TiLa

(b)
Element Atomic% Weight%

O 67.97 33.88
Na 8.92 6.39
K 10.32 12.58
Ti 1.14 1.7
Nb 8.23 23.83
La 0.3 1.29
Bi 3.12 20.34

                        
0 2 4 6 8 10

In
te

ns
ity

 (a
.u

.)

Energy (keV)

Element Atomic% Weight%
O 63.04 30.94
Na 12.85 9.06
K 6.27 7.52
V 0.27 0.42
Y 1.01 2.75

Nb 14.56 41.5
Sb 1.47 5.49
La 0.54 2.31

LaLa
VLaVLa

K

K
SbSb

SbSb

Nb

Nb

Nb

Y

Y
Y

Na

La

La

O

Sb

V

V

Y
Nb

K

Sb

(c)

Fig. S4 Elemental analysis by EDS (a) Pure-KNN, (b) KNN-BiLaTi, (c) KNN-LaYVSb
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Hysteresis Loops:

The corresponding instantaneous current vs. electric field (I-E) curves obtained during the P-E 

loop experiments are displayed in Fig. S5. For KNN-BiLaTi and KNN-LaYVSb in particular, a 

noticeable rise in current is seen in the high-field region, suggesting an increased non-switching 

current contribution at higher applied fields. Similar high-field conduction behavior has been 

described in KNN-based ferroelectrics, where leakage current could restrict full loop saturation 

[9], [10], [11]. Therefore, further increase of the electric field was avoided, as it would reduce the 

reliability of the obtained polarization data and raise the probability of electrical failure under the 

present measurement conditions. As demonstrated in Table S2, variances in relative density exist 

across the samples; yet, the current response in Fig. S5 does not correlate with density alone, 

indicating that compositional and defect-related factors also contribute.

Fig. S5 Room temperature instantaneous current vs. electric field (I-E) plots of Pure-KNN, 
KNN-BiLaTi, and KNN-LaYVSb ceramics obtained at 50 Hz.
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