
[bookmark: OLE_LINK72][bookmark: OLE_LINK36][bookmark: OLE_LINK38][bookmark: OLE_LINK73]Supporting information
[bookmark: OLE_LINK15][bookmark: OLE_LINK16][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK111][bookmark: OLE_LINK110]Towards an ultra-long lifespan Li-CO2: electron structure and charge transfer pathway regulation on hierarchical architecture
Yangyang Wang a, Jing Wang a, Jinming Wang a, Meng Yang a, Guodong Zou a,*, Lanjie Li b, John S. Tse c, Carlos Fernandez d, Qiuming Peng a,* 
a State Key Laboratory of Metastable Materials Science and Technology, Yanshan University, Qinhuangdao, 066004, P.R. China
b Chengde Iron and Steel Group Co., Ltd, HBIS Group Co., LTD., Chengde, Hebei 067102, China
c Department of Physics, University of Saskatchewan, Saskatoon, SK, S7N5B2, Canada
d School of Pharmacy and Life Sciences, Robert Gordon University, Aberdeen, AB107GJ, United Kingdom








*Corresponding Authors: zouguodong@ysu.edu.cn, pengqiuming@ysu.edu.cn
[bookmark: OLE_LINK3][bookmark: OLE_LINK7]Supporting tables.
Table S1. Fitting parameters of EIS curves of the CPM-0.1MnO2， CPM, and CP-0.1MnO2 sample in terms of fitting circuits, respectively.
	Samples
	states
	Re
(Ω)
	Rf
(Ω)
	Q1
	Rct
	Q2
	 

	
	
	
	
	Y
	n
	(Ω)
	Y
	n 
	 

	CPM-0.1MnO2
	Pristine
	24.51
	18.67
	3.3×10-2
	0.8
	78.5
	3.3×10-5
	0.8

	
	1st Discharge
	34.25
	44.31
	5.8×10-3
	0.86
	261.8
	1.58×10-5
	0.69

	
	1st Charge
	36.53
	23.6
	3.67×10-5
	0.68
	86.81
	1.7×10-5
	0.83

	 CPM
	Pristine
	18.57
	3.67
	9.4×10-3
	0.8
	102.63
	6.7×10-5
	0.8

	
	1st Discharge
	41.8
	200.9
	1.7×10-2
	0.8
	336.1
	2.5×10-5
	0.8

	
	1st Charge
	32.38
	81.88
	2.17×10-5
	0.9
	154.3
	2.45×10-5
	0.6

	 
CP-
0.1MnO2
	Pristine
	34.78
	28.67
	5.9×10-6
	0.64
	200.8
	1.14×10-5
	0.75

	
	1st Discharge
	39.5
	310
	7.0×10-3
	0.8
	559.3
	9.6×10-6
	0.8

	
	1st Charge
	37.49
	106.8
	3.5×10-3
	0.83
	310.1
	7.5×10-5
	0.63





Table S2. Comparison and summary of recent literature on electrochemical performances of liquid electrolyte-based Li-CO2 batteries with different cathodes.
	Cathodes
	Cycle Time (h)/numbers
	Overpotential  (V)
	I 
(mA/g)
	MAM
(mg/cm2)
	ACD 
(μA/cm2)
	CAC 
(μAh/cm2)

	3D NCNT/G[1]
	3600(180)
	1.13
	100
	0.35
	35
	350

	RuP2-NPCF[2]
	2000(200)
	1.3
	200
	0.2
	20
	200

	CQD/hG[3]
	235(235)
	1.02
	1000
	0.1
	100
	50

	Ir/CNF[4]
	1200(120)
	1.3
	100
	0.2
	20
	100

	B-NCNT[5]
	720(360)
	1.96
	1000
	0.2
	200
	200

	TDG[6]
	600(600)
	1.01
	1000
	0.1
	100
	50

	MoS2(Li-air)[7]
	1400(700)
	1.2
	500
	0.1
	50
	50

	W2C-CNTS[8]
	750(75)
	0.30
	200
	0.3
	60
	300

	This work
	4348(1087)
	0.47
	500
	0.4
	200
	400


Notes: I: Mass current density, MAM: Mass of active material, ACD: Corresponding area current density; CAC: Corresponding area current.



Table S3. Possible reaction pathways about nucleation processes of Li2CO3 on M-MnO2 and MnO2 catalytic surfaces.
	Pathname
	Reaction pathway

	Path1
	*Li→*LiCO2→*Li2CO2→*Li2CO3

	[bookmark: OLE_LINK13][bookmark: OLE_LINK14]Path2
	*Li→*LiCO2→*LiCO3→*Li2CO3

	Path3
	*CO2→*LiCO2→*Li2CO2→*Li2CO3

	Path4
	*CO2→*LiCO2→*LiCO3→*Li2CO3

	Parh5
	*CO2→*CO3→*LiCO3→*Li2CO3






















Table S4. The bond length of Li-O in M-MnO2 and MnO2.
	
	M-MnO2
	MnO2

	Li1-O1
	1.942
	2.074

	Li1-O2
	2.173
	2.066

	Li2-O2
	1.809
	2.060

	Li2-O3
	--
	2.069





Supporting Figures.
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Fig. S1. a) SEM image and b) TEM image of the MXene. c) SEM image of cross-section and d) local magnification of the CPM-0.1MnO2. e) SEM image of the front view and f) corresponding elemental distribution of the CPM-0.1MnO2.
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Fig. S2. a) XPS survey spectra of the CP-0.1MnO2 and CPM-0.1MnO2. b-c) XPS profiles of Ti 2p and Mn 2p. d) Raman spectra of the CP, MXene, MnO2 and CPM-0.1MnO2, respectively. e) N2 adsorption-desorption isotherms and f) aperture distribution profile of the CP-MnO2 and CPM-0.1MnO2
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Fig. S3. SEM image of a, d) CP-0.1MnO2, b, e) CPM-0.05MnO2 and c, f) CPM-0.2MnO2, respectively. 
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Fig. S4.The conductivity values of the different electrodes. 
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Fig. S5. a) First discharge-charge curves and b) Polarization gap under a current density of 40 μA cm-2 and a specific capacity of 400 μA h cm-2 with four different cathodes, respectively.
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Fig. S6. Voltage profiles of the Li-CO2 battery with CPM-0.1MnO2 cathodes in pure Ar between 2.5 and 4.2 V at 200 μA cm-2.
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Fig. S7. a-c) Polarization gap for 400 μA h cm-2 capacity at different current densities and cycle numbers in CPM-0.1MnO2, respectively. 


[image: C:\Users\Administrator\Desktop\图片5.png]
Fig. S8. Discharge/charge profiles, and corresponding time-voltage curves at a-b) 40, and c-d) 80 μA cm-2 in CPM-0.1MnO2, respectively.


[image: C:\Users\Administrator\Desktop\图片6.png]
Fig. S9. Discharge-charge cycling stability at 40 μA cm-2 for a) CP, b) CPM, c) CP-0.1MnO2 d) CPM-0.05MnO2, e) CPM-0.2MnO2 and f) MXene-0.1MnO2 with a cut-off capacity of 400 μA h cm-2, respectively. 
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Fig. S10. The rate capabilities of the Li-CO2 batteries with different cathodes. 



[image: C:\Users\Administrator\Desktop\图片11.png]
Fig. S11. Full discharge/charge profiles of CPM, CP-0.1MnO2 and CPM-0.1MnO2 tested at 40 μA cm-2, respectively.
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Fig. S12. a-b) Ex-situ XPS profiles of Li 1s, and C1s different states in CPM-0.1MnO2 (a: Pristine, c: Discharge, e: Recharge), respectively. c-d) XPS profiles of Li 1s, and C1s in CPM-0.1MnO2 and CPM-0.1MnO2 after 200cycles, respectively. 
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Fig. S13. The EIS determined the impedance of the battery under three states of electrodes with a) CPM, b) CP-0.1MnO2 and c) CPM-0.1MnO2, respectively. d) The corresponding fitting circuits.
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Fig. S14. SEM images of a-b) CP-0.1MnO2 and c-d) CPM-based cathode in different stages.
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Fig. S15. In situ gas evolution profiles of the Li-CO2 batteries with a) CPM-0.1MnO2 and b) CP-0.1MnO2 during charge.
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Fig. S16. Top and sight views of optimized energetically favorable structures of a-c) Li and d-f) CO2 adsorbed on MnO2, MXene and M-MnO2 surface, respectively. 
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Fig. S17. Sight views of optimized energetically favorable structures of Li2CO3 adsorbed on a) M-MnO2 and b) MnO2 surface, respectively. Top and sight views of optimized energetically favorable structures of Li2CO3 adsorbed on c-d) MXene surface.
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Fig. S18. Charge changes of Li2CO3 adsorbed on a) M-MnO2 and b) MnO2 surfaces, respectively.
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Fig. S19.The adsorption models of reaction intermediates on MXene.
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Fig. 20. The adsorption models of reaction intermediates on MnO2 and M-MnO2, respectively.
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Fig. S21. Top and sight views of the optimized energetically most favorable structures of a-c) Li and d-f) CO2 adsorbed on MnO2, MXene and M-MnO2 surface, respectively. 
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Fig. S22. Top and sight views of the optimized energetically most favorable structures of Li2CO3 adsorbed on a-b) MXene surface, respectively. 
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