[bookmark: _Hlk89239841]Tailoring the crystal structure of CaTiO3 by multielement doping for photo-assisted activation of NO
Ti-slag. Vanadium titanium magnetite accounts for about 35% of the world titanium reserves and is an important source of titanium, vanadium, and ferrum. After the separation of Fe and V by a blast furnace process, titanium is enriched in the slag. This Ti-bearing blast furnace slag (Ti-slag) contains 20-25 mass pct TiO2 and mainly consists of perovskite and augite1. Titanium in such a slag is distributed in both two minerals. Owing to low Ti grade and conductivity, most attempts to extract titanium from Ti-slag, such as acid leaching, carbo-chlorination, electro-deoxidation, aluminothermic reduction, and upgrading to Ti concentrates, are subjected to low titanium yield, high energy consumption, high emission, or engineering problems2-5. Lack of efficient utilization makes Ti-slag be long abandoned in the open atmosphere, not only taking a lot of land, but causing soil, water pollution and even geological disasters.

Table 1 Main chemical compositions of the Ti-slag in wt%
	Elements
	CaO
	TiO2
	Fe2O3
	MgO
	Al2O3
	SiO2
	Others

	wt%
	26.54
	23.83
	1.09
	8.48
	13.76
	24.37
	1.13
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Fig. 1. XRD patterns of the composite oxides by roasting Ti-slag with NaOH at 1400°C.

Table 2 Chemical compostions of the catalysts determined by XRF
	Sample
	CaO
	TiO2
	CeO2
	Fe2O3
	MnO
	SiO2
	Al2O3

	10Ce
	27.9
	40.6
	19.7
	0.3
	0
	3.5
	1.7

	10Fe
	34.6
	43.2
	0
	12.0
	0
	5.0
	1.5

	10Mn
	37.9
	43.1
	0
	0.2
	10.4
	3.9
	1.3

	5Fe10Mn
	36.4
	41.0
	0
	5.2
	11.0
	3.1
	1.2

	5Ce5Fe10Mn
	31.2
	36.7
	8.6
	5.0
	11.1
	3.8
	1.2
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Fig. 2. HAADF-STEM image of 5Ce5Fe10Mn. 
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Fig. 3. EXAFS fitting of doped perovskite in k-space. a, Fe K-edge EXAFS (points) and the curvefit (line) for 5Ce5Fe10Mn, shown in k3weighted k-space; b, Mn K-edge EXAFS (points) and the curvefit (line) for 5Ce5Fe10Mn, shown in k3weighted k-space; c, Ce LⅢ-edge EXAFS (points) and the curvefit (line) for 10Ce, shown in k3weighted k-space.
The data quality of Ce LⅢ-edge EXAFS spectra from 5Ce5Fe10Mn is too poor to be analyzed, possibly due to the low mole ratio of Ce in the sample. We approached this challenge by raising the doping amount of Ce, and thus a 10Ce sample was used to probe the coordination environment of the Ce atom.

Table 3 Curvefit parametersa for Fe K-edge EXAFS for 5Ce5Fe10Mn
	Path
	db (Å)
	N
	R (Å)
	σ2 (Å2)

	Fe-O
	1.958
	6.0(1)
	1.99(2)
	0.001(4)


a S02 was fixed as 0.9. ΔE0 was refined as a global fit parameter, returning a value of (-2 ± 2) eV. Data ranges: 2 ≤ k ≤ 9 Å-1, 1.0 ≤ R ≤ 2.2 Å. The number of variable parameters is 4, out of a total of 4.3 independent data points. R factor for this fit is 1.8%. b The distance for Fe-O is from the crystal structure of CaFeO3.


Table 4 Curvefit parametersa for Mn K-edge EXAFS for 5Ce5Fe10Mn
	Path
	db (Å)
	N
	R (Å)
	σ2 (Å2)

	Mn-O
	1.931
	6c
	1.89(1)
	0.003(1)

	Mn-Ca1
	3.143
	2c
	3.05(2)
	0.003(1)

	Mn-Ca2
	3.271
	2c
	3.20(3)
	0.003(1)


a S02 was returned as 0.7. ΔE0 was refined as a global fit parameter, returning a value of (-6 ± 1) eV. Data ranges: 2 ≤ k ≤ 10.5 Å-1, 1.0 ≤ R ≤ 3 Å. The number of variable parameters is 6, out of a total of 10.6 independent data points. R factor for this fit is 1.5%. b The distances for Mn-O, Mn-Ca1, and Mn-Ca2 are from the crystal structure of Ca2TiMnO6. c These coordination numbers were constrained as N(Mn-Ca1) = N(Mn-Ca2) = 2, and N(Mn-O) = 6 based on the crystal structure.

Table 5 Curvefit parametersa for Ce LⅢ-edge EXAFS for 10Ce
	Path
	db (Å)
	N
	R (Å)
	σ2 (Å2)

	Ce-O1
	2.788
	12c
	2.71(2)
	0.009(3)

	Ce-Ti
	3.414
	8c
	3.34(4)
	0.017(8)

	Ce-O2
	2.343
	8c
	2.35(2)
	0.002(8)

	Ce-O3
	3.696
	24c
	3.67(2)
	0.017(7)

	Ce-Ce
	3.826
	12c
	3.93(3)
	0.005(7)


a S02 was returned as 0.6. ΔE0 was refined as a global fit parameter, returning a value of (2.9 ± 2) eV. Data ranges: 2 ≤ k ≤ 10 Å-1, 1.5 ≤ R ≤ 4 Å. The number of variable parameters is 14, out of a total of 15.1 independent data points. R factor for this fit is 0.6%. b The distances for Ce-O1 and Ce-Ti are from the crystal structure of CeTiO3, and those for Ce-O2, Ce-O3, and Ce-Ce are from CeO2. c These coordination numbers were constrained as N(Ce-O1) = N(Ce-Ce) = 12, N(Ce-Ti) = N(Ce-O) = 8, and N(Ce-O3) = 24 based on the crystal structure.






Table 6 BET surface area and pore parameters of catalysts measured by N2 adsorption experiments
	Samples
	BET surface area
(m2/g)
	Pore volume
(cm3/g)
	Pore diameter
(nm)

	10Mn
	15.2
	0.022
	3.82

	5Fe10Mn
	14.9
	0.022
	3.82

	5Ce5Fe10Mn
	16.5
	0.033
	3.82
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Fig. 4. Relaxed crystal structure of Ca(Ti, Mn)O3. a, The relaxed unit cell of Ca(Ti, Mn)O3. b, Bond length in MnO6 and TiO6 octahedrons of the relaxed Ca(Ti, Mn)O3.
When CaTiO3 is doped with Mn, the MnO6 octahedron upon relaxation presents evident Jahn-Teller distortions (supplementary Fig. 4). The a-axis and b-axis parameters of the perovskite unit cell stretches from 5.36 Å to 5.44 Å and 5.46 Å to 5.55 Å, respectively, while the c-axis parameter contracts from 7.62 Å to 7.47 Å. As a result, the crystal spacing of the (112) plane becomes narrow, and the corresponding XRD peak shifts to the right (Fig. 1b). Therefore, the relaxed structure of Ca(Ti, Mn)O3 placed in supplementary Fig. 4 is in accordance with the experimental results.
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Fig. 5 Energetic diagram for the formation of NH2NO on the (001)-terminated Ca(Ti, Mn)O3.
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Fig. 6. Charge distribution of lattice oxygen in perovskite. a, The relaxed model of Ca(Ti, Mn)O3. b, Charge distribution of lattice oxygen in Ca(Ti, Mn)O3 by Bader charge analysis. c, The relaxed model of Ca(Ti, Mn)O3. d, Charge distribution of lattice oxygen in Ca(Ti, Mn, Fe)O3.
We built a CaTiO3 model with Fe and Mn atoms situated in the B sites (Fig. 5b). The FeO6 and MnO6 octahedra were conjoined with each other by bridged oxygen. Bader charge analysis was implemented to analyze the difference in the charge distribution between Ca(Ti, Mn)O3 and Ca(Ti, Mn, Fe)O3. As shown in Fig S5e, the oxygens coordinating with Mn atom in Ca(Ti, Mn)O3 exhibit an average chemical valence of -1.17, a bit lower than those coordinating with Ti atom of about -1.21. This might be due to the fact that the energies of the hybrid orbitals composed of Mn 3d and O 2p are higher than those composed of Ti 3d and O 2p.
With the introduction of Fe into Ca(Ti, Mn)O3, the valance of the bridged oxygen linking Fe and Mn ions dramatically increase to -1.02, and the oxygen located at the opposite vertex in MnO6 octahedron rose to -1.00. The introduction of ions with low valence into semiconductors is always used to optimize the electron and hole concentrations in the solar cell field6. What is interesting was that the unoccupied orbitals in Ca(Ti, Mn, Fe)O3 were preferentially localized near the oxygens coordinating with Mn rather than those coordinating with Fe.
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Fig. 7. H2-TPR profiles of 10Mn and 5Fe10Mn.
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