


Synthesis of Ti(C, N, O) from TiO2 by CH4-H2-N2 Gas Mixture at Low Temperature

Figure S1 shows the phase diagram as a function of temperature with gas/TiO2 ratio in 8 vol.% CH4 – 92 vol.% H2 system and 8 vol.% CH4 – 8 vol.% N2 – 84 vol.% H2 system. In 8 vol.% CH4 – 92 vol.% H2 system, when the reaction temperature is lower than 1005 oC, Ti(C, O) exists with C and Ti3O5 in the final solid phases, indicating that the titania could not be reduced into Ti(C, O) completely in the temperature range. When the reaction temperature is higher than 1005 oC, the final solid phases are Ti(C, O) and C. If the temperature and gas/TiO2 ratio can be controlled in a reasonable range, the final solid phase can exist as Ti(C, O) single phase, such as T = 1300 oC with gas/TiO2 in the range of 24 to 31. Combining with the partial enlargement diagram, it can be clearly found that with the gas increasing the reduction of titania performs as the step by step reaction, from TiO2 to Magnéli phase (TinO2n-1, where n ≥ 4) firstly, and then to Ti3O5 and Ti(C, O).
[bookmark: _Hlk61623765]In the 8 vol.% CH4 – 8 vol.% N2 – 84 vol.% H2 system, the final solid phases depend on the reaction temperature and gas/TiO2 ratio. It also can be found that the final product depends on the temperature and the gas/TiO2 ratio, similar to the 8 vol.% CH4 – 16 vol.% N2 – 76 vol.% H2 system described in the article. Combining with the partial enlargement diagram, it can be clearly found that the reduction of titania performs as the step by step with the gas/TiO2 ratio increasing. At different reaction temperature, it is slightly different, summarized as following:
(a) T < 1005 oC: TiO2  Magnéli phase  TiN;
(b) 1005 oC < T < 1088 oC: TiO2  Magnéli phase  Ti3O5  TiN;
(c) 1088 oC < T < 1250 oC: TiO2  Magnéli phase  Ti3O5  TiN + Ti(C, O)  TiN;
(d) T > 1250 oC: TiO2  Magnéli phase  Ti3O5  TiN + Ti(C, O)  Ti(C, O);

[image: ]
[bookmark: _Ref41296459][bookmark: OLE_LINK7]Figure S1 Calculated equilibrium phase diagram of solid phases as functions of temperature and the gas/TiO2 ratio in (a) 8 vol.% CH4 – 92 vol.% H2 system and (b) 8 vol.% CH4 – 8 vol.% N2 – 84 vol.% H2 system.
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[bookmark: _Ref41470901]Figure S2 Calculated equilibrium of titanium-bearing phases for the reaction of TiO2 with Fe2O3 additive in 8 vol.% CH4-8 vol.% N2-84 vol.% H2 gas mixture at (a) 1000 oC, (b) 1050 oC and (c) 1100 oC.

[bookmark: _Ref42678075][bookmark: _Ref58870878][bookmark: _Hlk64214821]Table S1 Phases in samples reduced for different reaction times at 1200 oC in 8 vol.% CH4 - 16 vol.% N2 - 76 vol.% H2 (corresponding to Figure 2)
	Reaction time
	Detected phases
	Conversion degree (%)

	
	Major
	Minor
	Trace
	

	10 min
	TiO2, Ti3O5, Fe
	Ti(C, N, O)
	C
	7.14

	20 min
	Ti3O5, Ti(C, N, O), Fe
	TiO2
	C
	61.24

	30 min
	Ti(C, N, O), Fe, C
	-
	TiO2, Ti3O5
	97.71

	1 h
	Ti(C, N, O), C, Fe
	-
	TiO2, Ti3O5
	98.09

	3 h
	Ti(C, N, O), C, Fe
	-
	TiO2
	99.03

	5 h
	Ti(C, N, O), C, Fe
	-
	TiO2
	98.92

	8 h
	Ti(C, N, O), C, Fe
	-
	TiO2
	99.05




[image: ]
[bookmark: _Ref58921623][bookmark: _Hlk61796814]Figure S3 Rietveld refinement of samples reduced at 1200 oC for different time in 8 vol.% CH4 - 16 vol.% N2 - 76 vol.% H2; 



Table S2 Phases in samples reduced at different temperatures for 1 h in 8 vol.% CH4 - 16 vol.% N2 - 76 vol.% H2. (corresponding to Figure 3)
	Reaction Temperature
	Detected phases
	Conversion degree (%)

	
	Major
	Minor
	Trace
	

	900 oC
	Fe, TiO2
	Ti3O5
	C, Magnéli
	-

	950 oC
	Fe, TiO2, Magnéli, Ti3O5 
	C
	Ti(C, N, O)
	3.78

	1000 oC
	TiO2, Magnéli, Ti3O5, Fe, C
	Ti(C, N, O)
	Ti2O3
	16.16

	1050 oC
	Fe, C, Ti(C, N, O) , Ti3O5 
	TiO2, Ti2O3
	-
	38.24

	1100 oC
	Fe, C, Ti(C, N, O)
	-
	TiO2, Ti3O5
	96.84

	1150 oC
	Fe, C, Ti(C, N, O)
	-
	TiO2
	97.61

	1200 oC
	Fe, C, Ti(C, N, O)
	-
	TiO2
	98.09
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[bookmark: _Ref58424371][bookmark: _Ref58424362]Figure S4 Rietveld refinement of samples reduced at different temperatures for 1 h in 8 vol.% CH4 - 16 vol.% N2 - 76 vol.% H2.




Table S3 Phases in samples reduced at different temperatures for 1 h in 8 vol.% CH4 - 92 vol.% H2.
	Reaction Temperature
	Detected phases
	Conversion degree (%)

	
	Major
	Minor
	Trace
	

	1000 oC
	Fe, C, TiO2, Ti2O3, Ti3O5 
	Ti(C, O)
	-
	4.76

	1050 oC
	Fe, C, Ti3O5, Ti2O3
	TiO2, Ti(C, O)
	-
	27.38

	1100 oC
	Fe, C, Ti(C, O)
	TiO2, Ti3O5
	Ti2O3,
	87.41

	1150 oC
	Fe, C, Ti(C, O)
	-
	TiO2
	97.20

	1200 oC
	Fe, C, Ti(C, O)
	-
	TiO2
	[bookmark: _GoBack]97.48
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[bookmark: _Ref59544273]Figure S5 Rietveld refinement of samples reduced at different temperatures for 1 h in 8 vol.% CH4 – 92 vol.% H2.
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