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Table S1. Unit cell parameters of (1−x) KN–xLN ceramics (x = 0.00–0.04) via 

refinement analysis

Parameters x = 0.00 x = 0.01 x = 0.02 x = 0.03 x = 0.04

Sig 1.01 1.21 1.38 1.86 1.54

Rwp (%) 7.6 7.9 8.4 9.2 8.6

Rb (%) 10.5 11.4 11.8 12.3 11.9

Space groupAmm2 Amm2 P4mm Amm2 P4mm Amm2 P4mm Amm2 P4mm

Symmetry O phase O phase T phase O phase T phase O phase T phase O phase T phase

Phase 

fraction (%)
100 95.61 4.39 93.81 6.19 91.49 8.51 89.92 10.18

a (Å) 4.0040(0) 3.9902(5) 4.0584(8) 4.0012(1) 4.0398(1) 4.0005(5) 4.0444(5) 4.0078(8) 3.9549(8)

b (Å) 5.6817(0) 5.6791(6) 4.0584(8) 5.6763(0) 4.0398(1) 5.6930(2) 4.0444(5) 5.6717(7) 3.9549(9)

c (Å) 5.7040(0) 5.6935(6) 4.0704(1) 5.6870(3) 4.0616(0) 5.6749(1) 4.0605(9) 5.6680(0) 4.0520(5)

c/a 1.4246 1.4268 1.0029 1.4213 1.0053 1.4185 1.0039 1.4142 1.0245

c/b 1.0039 1.0025 1.0029 1.0018 1.0053 0.9968 1.0039 0.9993 1.0245

α=β=γ (º) 90 90 90 90 90 90 90 90 90

Z 2 2 1 2 1 2 1 2 1

V (Å3) 129.7633 129.0234 67.0449 129.1645 66.2858 129.2476 66.4217 128.8441 63.3822

δ 0.0039 0.0025 0.0029 0.0018 0.0053 0.0032 0.0039 0.0007 0.0245

Atomic 

positions

A atomic (x, 

y, z)
(0, 0, 0.01380) (0, 0, 0.04216)

(0, 0, 

2.18600)
(0, 0, 0.00699)

(0, 0, 

0.95489)
(0, 0, 0.04766)

(0, 0, 

2.31954)
(0, 0, -0.08279)

(0, 0, 

2.21600)

B atomic (x, 

y, z)
(0.5, 0, 0.5)

(0.5, 0, 

0.56051)

(0.5, 0.5, 

1.66769)

(0.5, 0, 

0.52984)

(0.5, 0.5, 

0.65545)

(0.5, 0, 

0.56546)

(0.5, 0.5, 

1.69745)

(0.5, 0, 

0.43691)

(0.5, 0.5, 

1.70769)

O1 (x, y, z) (0, 0, 0.53640) (0, 0, 0.60503)
(0.5, 0.5, 

3.06799)
(0, 0, 0.58847)

(0.5, 0.5, 

0.99635)
(0, 0, 0.59546)

(0.5, 0.5, 

3.06682)
(0, 0, 0.49480)

(0.5, 0.5, 

3.06690)

O2 (x, y, z)
(0.5, 0.24760, 

0.28420)

(0.5, 0.22269, 

0.28051)

(0.5, 0, 

3.93449)

(0.5, 0.20965, 

0.25060)

(0.5, 0, 

0.82920)

(0.5, 0.21529, 

0.27815)

(0.5, 0, 

3.90580)

(0.5, 0.21211, 

0.16024)

(0.5, 0, 

3.91112)

First principles calculation



Figure S1 (a) Density of states of 0.96KN–0.04LN unit cell, where Ni 3d functions 

as the midgap state between valence band maximum and conductive band 

minimum; (b) partial density of states of Ni 3d. In Figure S1a, an apparent midgap 

state of Ni 3d between VBM and CBM is observed in spin-down channels. The 

formation of NiO5 complex induces additional splitting between dz
2 and dx

2
−y

2 orbitals 

of double-degenerate states eg as well as dxy and dxz/yz orbitals of threefold-degenerate 

states t2g [1]. 



A partial DOS calculation of spin-down Ni 3d state (Figure S1b) shows that the eg state 

splits into half-filled dz
2 and dx

2
−y

2, and t2g splits into filled states of dxy and dxz/yz. The 

calculation simultaneously demonstrates that interband transitions of three absorption 

peaks are derived from Ni 3dx
2
−y

2→ Ni 3dz
2→Ni 3dxy transitions. When the photon 

energy reaches ~1.4 eV, the electrons can be excited from VBM to Ni 3dz
2. Lower at 

~0.6 eV, the electrons in Ni 3dz
2 orbital can have a transition to CBM. If photon energy 

of ~2.0 eV in light irradiation is sufficiently absorbed, electrons of materials can be 

directly excited from VBM to CBM.  



XPS analysis and specific surface area

Figure S2 XPS spectra for (a) survey spectrum, (b) K 2P, (c) Nb 3d, (d) O 1s, (e) 

La 3d, and (f) Ni 2p of the 0.96KN–0.04LN ceramic. XPS spectra of the 

semiconducting 0.96KN–0.04LN sample are shown in Figure. S2a–f. As shown in 

Figure S2a, survey spectra confirm that K, Nb, O, La, and Ni elements exist in the 

sample. As shown in Figure S2b, two characteristic K2p3/2 and 2p1/2 peaks at 292.3 and 

289.4 eV prove that K is in the +1 valence state. As shown in Figure S2c, two 

characteristic Nb 3d peaks located at 204.5 and 207.8 eV can be ascribed to Nb5+ 

corresponding to the reported values in KNbO3 [2]. O 1s spectra (Figure S2d) can be 



divided into the following: (1) the peak at 527.2 eV is associated with the lattice oxygen 

at and (2) the peak at 528.9 eV is associated with oxygen vacancies at around [3, 4]. As 

shown in Figure S2e, two pairs of peaks located at 831.6 (836.0 eV) and 848.5.8 (852.9 

eV) eV are individually determined as La3+ 3d5/2 and La3+ 3d3/2, respectively. The Ni 

2p3/2 peak, which overlaps with the La 3d3/2 peak (Figure. S2e and S2f), can be 

deconvoluted to the center at 853.9 eV, thereby indicating that the chemical state of Ni 

is +2. Three peaks located at 858.5, 861.0, and 864.0 eV can be assigned to Ni 2p1/2, 

thereby suggesting the +3 valance state of Ni. These findings are consistent with the 

results in the literature [4-6]. When Nb5+ ions are replaced by Ni2+ ions, oxygen vacancy 

defects are formed in the 0.96KN–0.04LN lattice to maintain electric neutrality. This 

result also revealed that the 0.96KN–0.04LN is defect-induced narrow-bandgap 

ferroelectric semiconductors. This result is similar to the findings in the literature [7, 

8]. The ratio of Ni2+ and Ni3+ is estimated at 1:5.4 according to the ratio of peak area 

obtained from the fitting results. Therefore, the theoretical value of oxygen deficiency 

(δ) of the doping composition LaNiO3−δ is 0.08 and the specific formula of the 0.96KN–

0.04LN sample is expressed as (K0.96La0.04)(Nb0.96, Ni0.04)O2.92. 

Figure S3 Specific surface area of (1−x) KN–xLN (x = 0.00–0.04) ceramics
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