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Fig. S1 HAADF STEM image of LNO film grown on the STO(001) substrate, with a film thickness of around 18 nm. 
[image: A diagram of a graph of a molecule

Description automatically generated with medium confidence]

Fig. S2 (a-g) Unit cell of LaNiO2.5 phases with different ordering of oxygen vacancies, named C1 to C7, respectively. (C1-C3) ordered oxygen vacancies in the La-O layer (C4-C7) in the Ni-O layer, respectively. 
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Fig. S3 (a) LaNiO2.5 structure C4 with oxygen vacancy in Ni-O layer viewed along [010] direction. (b) The simulated diffraction pattern of the C4 structure along the [010] direction shows the superlattice reflection of the (00) plane.
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Fig. S4 (a, d and g) LaNiO2.5 structures (C1-C3) viewed along [010] direction respectively. (b, e, and h) Simulated iDPC-STEM image of C1-C3 structures. (c, f and i) intensity line profiles of La and Ni+O atoms along diagonals marked with orange rectangles in Fig. S3(b, e, and h), respectively.
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Fig. S5 (a, f and k) LaNiO2.5 structures (C5-C7) viewed along [010] direction respectively. (b, g and i) simulated iDPC-STEM image of LaNiO2.5 generated from the structures (C5-C7) shown in (a, f, and k); intensity line profiles along the out-of-plane and diagonals are marked with green, orange, and blue rectangles. (c, h and m) Intensity profile of La atoms along the out-of-plane direction, (d, e, i, j, n, and o) intensity profiles of La and Ni+O atoms along diagonals marked with a blue and orange rectangle of structures C5-C7, respectively.
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[bookmark: _Hlk182694867]Fig. S6 The power spectrum of the iDPC-STEM image of LNO film taken from the purple rectangular region in Fig. 4(c).
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Fig. S7 (a-c) Unit cell and simulated diffraction pattern of LaNiO3 phase along [010] and [001] direction, respectively (d-f) Unit cell and simulated diffraction pattern of LaNiO2.5 phase along [010] and [001] direction, respectively.
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