[bookmark: _Hlk143785734]Supporting Information for
[bookmark: _Hlk169014058]Low-Temperature CH4 Reforming and Water Splitting with Activated NiO/CeO2 as Oxygen Carrier
[bookmark: OLE_LINK2][bookmark: OLE_LINK4]Chunli Han1*, Akira Yoko1,2*, Yi-Ping Chang3, Manuel Harder3, Kakeru Ninomiya2, Maiko Nishibori2, Zhong Yin2, Ardiansyah Taufik1, Satoshi Ohara4, and Tadafumi Adschiri1,4*
1 World Premier International Research Center Initiative-Advanced Institute for Materials Research (WPI-AIMR), Tohoku University, Sendai, 980-8577, Japan 
2 International Center for Synchrotron Radiation Innovation Smart, Tohoku University, Sendai, 980-8572, Japan
3 European XFEL GmbH, Holzkoppel 4, 22869 Schenefeld, Germany
4 New Industry Creation Hatchery Center, Tohoku University, Sendai, 980-8579, Japan 
* Corresponding authors. E-mail: han_chunli@126.com (Chunli Han); akira.yoko.c7@tohoku.ac.jp (Akira Yoko); tadafumi.ajiri.b1@tohoku.ac.jp (Tadafumi Adschiri) 
Supplementary Figures and Tables
[image: 图形用户界面

AI 生成的内容可能不正确。]
Fig. S1 TEM images of (a) cubic CeO2, (b) commercial CeO2, and (c) ZrO2 nanoparticles
Nano-Micro Letters
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[bookmark: _Hlk183444779]Fig. S2 Schematic diagram of the continuous-flow fixed-bed catalyst analyzer
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Fig. S3 Saturated vapor pressure curve of H2O [S1]
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Fig. S4 Calibration curves of mass spectra for CH4 (m/z=15), H2 (m/z=2), CO (m/z=28), and CO2 (m/z=44)
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Fig. S5 Mass spectrometry background curves obtained under the same temperature program as the CL POM-WS cycles, without loading oxygen carriers
[bookmark: _Hlk204091040]During the WS step (Ar+H2O), the introduction of steam caused some impurity peaks (purple sharp peaks, m/z = 28), which were attributed to N2 introduced from the steam bubbler. The areas of these impurity peak in the background curves closely matched those observed in the actual CL POM-WS measurements. Therefore, we assigned these intermittent sharp peaks to N2 contamination originating from the steam bubbler.  
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Fig. S6 (a) TEM images, and (b) Raman spectrum of the 6.5NiO/cCeO2 OC after reaction with CH4 at 600 °C
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Fig. S7 Reaction performance of the activated 2.1NiO/cCeO2 OC. (a) 620 °C, (b) 650 °C, (c) 800 °C
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Fig. S8 Investigation of the activation inducing factors: (a) Reaction performance of a control sample (2.5NiO/cCeO2-700) at 600 °C, prepared by calcination at 700 °C for 4h, (b) CH4 substituted by H2 during the reduction step, (c) steam substituted by O2 during the reoxidation step, (d) OC reaction performance at 700 °C during POM-WS cycles, (e) Comparison of H2 generation amounts in the POM step using steam and O2 for reoxidation
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[bookmark: _Hlk204161815]Fig. S9 Five-cycle CL POM-WS activation processes of NiO/cCeO2 OCs with varying Ni loading amounts
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[bookmark: _Hlk183619390][bookmark: _Hlk169031316]Fig. S10 (a) Raman spectra of 2.5NiO/cCeO2 OC before and after activation. The F2g mode could be attributed to the fluorite cubic structure of CeO2.[2] During activation, there was no carbon deposition. (b, c) CH4/H2O(g)-TPR curves of the activated 2.5NiO/cCeO2 OC with and without atmospheric exposure  
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Fig. S11 Reaction performance of the activated 2.5NiO/cCeO2 OC at 500 °C
Table S1 Reaction stability of the activated 2.5NiO/cCeO2 OC at 500 °C
	
	POM
	WS

	
	H2-POM umol/gOC
	CO selectivity/%
	H2:CO
	H2-WS umol/gOC
	H2 purity/%

	cycle-1
	292.2
	94.8
	2.8
	97.1
	98.9

	cycle-2
	274.4
	95.0
	2.9
	96.4
	99.3

	cycle-3
	274.8
	94.7
	2.9
	97.1
	99.4

	cycle-4
	274.0
	95.3
	2.8
	104.2
	99.5

	cycle-5
	273.7
	95.5
	2.8
	111.2
	99.7
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Fig. S12 Coke deposition amounts during the POM step with varying Ni loading amounts
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Fig. S13 Long-term stability evaluation of 2.5NiO/cCeO2 OC at 550 °C. (a) H2 generation amounts in the POM and WS steps over 33 cycles (POM: 10 min, WS: 5 min). (b) CO selectivity, H2:CO molar ratio in the POM step, and H2 purity in the WS step over 33 cycles  
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[bookmark: _Hlk179378046][bookmark: _Hlk217065870]Fig. S14 Raman spectra of 2.5NiO/cCeO2 OC after long-term test at 600 °C and 550 °C
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Fig. S15 Effects of the support nanoparticles on the OC performance. (a, b) Reaction performances of 2.5NiO/cCeO2 OC and 2.5NiO/ZrO2 OC at 700 °C, (c, d) H2 generation amount and H2:CO molar ratio in the POM step, and (e, f) H2 generation amount and H2 purity in the WS step with NiO/cCeO2 and NiO/ZrO2 as OC at 700 °C
[bookmark: _Hlk179378163]Table S2 Comparison of the reaction performance of 2.5NiO/cCeO2 OC with several representative OCs for the CL methane reforming
	Oxygen carrier
	T
/°C
	POM
	WS
	Refs.

	
	
	Syngas
mmol/gOC
	H2:CO
	CO selectivity/%
	H2
mmol/gOC
	H2 purity/%
	

	2.5NiO/cCeO2
(POM: 20 min,
WS: 10 min) a
	600
	3.6
	1.9
	98.7
	1.0
	99.1
	This work

	
	700
	6.0
	1.9
	98.8
	1.4
	99.9
	

	
	800
	7.8
	1.9
	99.4
	1.9
	97.0
	

	Ni-MoCxOy
	500
	—
	2.0
	99
	—
	—
	Chem, 2023 [S3]

	
	800
	—
	4.9
	44
	—
	—
	

	Ni/rABO3
	570
	—
	2.0
	80
	—
	—
	Angew. Chem. Int. Ed., 2020 [S4]

	0.5 wt% Rh-LaCeO4−x
	650
	0.5
	—
	90
	—
	—
	Adv. Energy. Mater., 2019 [S5]

	Ni1.5Mg1.5Al-MMO
	700
	5.8
	2.3-2.4
	90-96
	—
	—
	J. Catalysis, 2026 [S6]

	LaFe0.5Ni0.5O3
	700
	6.7
	~3.6
	50.0
	—
	—
	ACS Catalysis, 2024 [S7]

	LaCo0.6Fe0.4O3
	700
	3.3
	1.8
	92.0
	2.2
	99.3
	Energ. Conv. Manage., 2020 [S8]

	10%CeO2/3DOM LaFeO3
	800
	9.9
	2.0
	90.0
	3.4
	~100
	Appl. Catal. B-Environ. Energy, 2017 [S9]

	0.5LaMn0.8Al0.2O3+δ/
LaMn0.7Co0.3O3+δ
	850
	2.4
	2.0
	83.6
	1.1
	~100
	Fuel, 2025 [S10]

	Ca2Fe1.4Al0.6O5
	850
	6.9
	2.0
	95.5
	3.16
	95.4
	Appl. Surf. Sci., 2025 [S11]

	La0.6Ce0.4Mn0.7Ni0.3O3
	850
	4.5
	2.0
	60.0
	2.9
	~100
	Fuel, 2024 [S12]

	LaFeO3
	900
	4.6
	2.0
	97.0
	—
	—
	Nature Communications, 2024 [S13]


a. The values were summarized based on Fig. 4a-d.
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Fig. S16 Gas generation rate curves using 1 wt%Pt/cCeO2 as OC 
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Fig. S17 C 1s XPS spectra of the fresh, activated, and long-term used 2.5NiO/cCeO2 OCs
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[bookmark: _Hlk204784334]Fig. S18 (a) O 1s XPS spectra of the activated OCs with varying Ni loading amounts. (b) Fitting of O 1s XPS spectrum. Oα and Oβ at 529.1 eV and 531.2 eV represent the CeO2 lattice oxygen and non-lattice oxygen (defective oxygen species, surface hydroxyls, adsorbed oxygen), respectively [S14-S16]. (c) Fitting of Ce 3d XPS spectrum. v0, u0, v′, and u′ represent Ce3+, and other peaks represent Ce4+ [S17] 
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Fig. S19 H2-TPR profiles of the activated 2.5NiO/cCeO2 and 2.5NiO/sCeO2 OCs
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