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Experimental Section

CO, cathode preparation

Graphene (80%), CNT (10%) and PVDF (10%) were mixed and grinded in NMP to
form uniform slurry. The prepared slurry was brushed on Ni Foam by a paintbrush or
scraped on carbon paper by a blade, and it was dried in vacuum oven at 60°C for 24 h.
After drying, material loaded Ni Foam or carbon paper was punched into 10-mm-
diameter circular discs as working electrodes, with 0.10~0.14 mg of active material

(the mass of graphene and CNT) on each.

Theoretical Calculations

The solvation structure of Li*, TFSI- and different solvents (DMSO, GBL, TEGDME
and PC) is investigated by theoretical calculation of atomic configurations and binding
energies, which are based on density functional theory (DFT) within the Perdew—
Burke—Ernzerhof generalized gradient approximation (GGA-PBE). The double
numerical plus polarization (DNP) basis set as well as the DFT semi-core Pseudopots
(DSPP) were used. The convergence criterions were set as: energy 1 x 10~ Ha. Besides,
a Fermi smearing of 0.003 Hartree and a global cutoff of 4.4 A were also used to
improve the computational performance. For geometric optimization, the atomic
position is fully relaxed until the residual forces on constituent atoms became less than

0.02 eV A-!. The conjugate gradient algorithm was used for ionic relaxation. Herein,

the binding energy ( 4 E) is defined as:

AE = Eial - Evicy- ETrsi-) - NEgolvent
Where Ey,, s the total energy of the solvated system, £ i), £ trsiand Egojvent are the
energy of the Li*, TFSI- and solvent respectively, and n is the number of solvents
involved in solvation. The definition indicates that a more negative value depicts a more
stable solvated system. Meanwhile, the solvated size was evaluated by using the largest

diameter measured of the solvation structure.



Electrochemical Measurements

The 2032-type coin cells without or with holes on the positive side were used for the
electrochemical measurements. The cell fabrication was conducted in an Argon filled
glovebox. Li metal anode (15.8 mm in diameter) and glass fiber separator (Whatman)
were adopted. 1 M LiTFSI (DMSO (or TEGDME, GBL, PC)) and 4 M LiTFSI
(DMSO) were used as electrolyte. The cyclic voltammetry (CV) measurements were
conducted on an electrochemical workstation with the scan rate were of 0.5 mV s
The electrochemical impedance spectroscopy (EIS) was conducted in the frequency
range of 10° Hz to 0.1 Hz and linear sweep voltammetry (LSV) was conducted at a
scan rate of 1 mV s7! in the voltage range of 0 — 5.1 V. The symmetric Li||[Li cells
with holes and Li-CO, battery were tested in a box filled with Ar (0.1 MPa) or CO,
(0.12 MPa) using a Neware instrument at 28 °C, respectively, and the symmetric

Li||Li cells without holes was test by a Land instrument at 28 °C.

Material characterization

The surface morphologies of cycled cathode were imaged by SEM on an TESCAN
CLARA scanning electron microscope. The ionic conductivity of the electrolyte was
observed with conductivity meter (DDS-11A). The structure of the charge and
discharge products were characterized with X-ray powder diffractometer (XRD,
Empyrean). The zeta potential was investigated by a zeta potential analyzer (Zetasizer
nano 28). The electrolyte and cycled cathode were characterized by Raman spectra
(Renishaw inVia) with 785 nm and 532 nm excitation laser, respectively. The surface
composition of cathode and powder sample were characterized by XPS (AXIS
SUPERA). 7Li and '°F NMR and self-diffusion coefficient were performed on a

Varian Inova 500 MHz NMR.
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Figure S1. a) The discharge voltage of batteries with different LiTFSI concentration and current
collectors (the discharge voltage of Li-CO, battery using Ni Foam as current collector for 0.001 M,
0.01 M, 0.1 M, 1 M LiTFSI (TEGDME) electrolyte are 1.29 V, 1.75V, 1.97 V, 2.09 V, respectively,
which is nearly the same for carbon paper, indicating that a higher concentration of Li ion depicts a
higher discharge voltage. The value is indicated by an asterisk when discharge voltage is below 0.
b) The schematic diagram of different concentrations LiTFSI (TEGDME) and corresponding
discharge voltage. The detailed discharge—charge profiles of using different current collectors: c)

Ni Foam and d) carbon paper.
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Figure S2. a) The discharge voltages in different pressure of CO, using different current collectors.
The discharge voltage of Li-CO, battery using Ni Foam as current collector for 0.12 MPa, 0.04
MPa, 0.01 MPa (CO,) are 2.09 V, 2.01 V, 1.88 V respectively, which is nearly the same for carbon
paper, indicating that higher concentration of soluble CO, depicts a higher discharge voltage). The
detailed discharge—charge profiles using different current collectors: b) Ni Foam and c¢) carbon

paper.
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Figure S3. Schematic images of the relationship of concentration and discharge voltage. Nernst
Equation describe the effect of concentration in solution on voltage. In fact, the voltage is directly
affected by interfacial concentration. However, when the electrochemical reaction starts, the low-
concentration reactant in solution cannot supplement to the interface in time, so the interfacial
concentration and thus the voltage decrease. In the contrary case of high concentration, the
interfacial reactant could be adequately supplemented from the bulk solution. So the voltage remain

high during reaction.
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Figure S4. a) Li* solvated size of Li(DMSO);*, Li(DMSO),*, Li(TEGDME)*, Li(TEGDME),",
Li(DMSO);*-TFSI, Li(TEGDME)*-TFSI-, and the solvated size was evaluated based on the

structure. b) The most probably stable solvation structures and corresponding Li* to solvent and

anion ratios of the structures.
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Figure S5. a) Li* solvated size of Li(GBL)4*, Li(GBL);*-TFSI, Li(PC)4*, Li(PC);*-TFSI", and the
solvated size was evaluated based on the structure. b) The most probably stable solvation structures

and corresponding Li* to solvent and anion ratios of the structures.
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Figure S6. The discharge—charge profiles for the batteries with different electrolyte solvents using

carbon paper as current collector with 1 M LiTFSI.
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Figure S7. lonic conductivity of the electrolyte with LiTFSI in different electrolyte solvents and
concentrations.
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Figure S8. Linear Sweep Voltammetry (LSV) (electrochemical windows) of the carbon paper||Li
batteries with different electrolytes. Scan rate: 0.1 mVs'!. Voltage window: 0.0 — 5.1 V versus
Li/Li*. The oxidation potential of the battery with 1 M LiTFSI (DMSO) is around 2.5 V, indicating
the reaction has occurred between Li anode and free DMSO. And the reaction is stronger when the
potential is higher than 4 V. To increase the concentration of LiTFSI to 4 M has alleviated the

reaction.
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Figure S9. Electrochemical impedance spectra (EIS) of steel symmetrical battery with different
electrolytes. The highest impedance of 4 M LiNO; (DMSO) among those electrolytes derived from
the poor dissociation of LiNOj;.
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Figure S10. Cycling performance test of Li||Li symmetric battery using 1 M LiTFSI(DMSO) and 4
M LiTFSI(DMSO) as electrolyte at 0.2 mA/cm? with a cut-off capacity of 0.1 mAh/cm?.
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Figure S11. a) The detailed structure of assembled Li-CO, battery in this work. b) SEM image of
PTFE.
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Figure S12. CO, uptake for Ni foam and carbon paper with or without graphene loaded.
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Figure S13. The respective discharge-charge curves of Li-CO,; battery (1 M LiTFSI (TEGDME))
using carbon paper and Ni foam as current collector at 200 mA/g with a limited specific capacity of
1000 mAh/g.
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Figure S14. XPS spectra of C 1s regions for discharged cathode after 5 cycles with 1 M LiTFSI
(TEGDME) using different current collectors: Carbon paper and Ni foam. Li,C,04(290.4 eV) also
made up the majority in the discharged cathode of Ni-foam based battery after 5 cycles.
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Figure S15. XPS spectra of C 1s regions for vacuum-dried (25°C) Ni foam@grephene and carbon
paper@grephene with a solution of Li,C,0,/DMSO wetting. The only characteristic peak derived
from Li,C,04 at 290.4 eV has been detected on Ni foam@graphene cathode, while the peak at 289.6
eV is associated with Li,CO; are present on carbon paper@graphene cathode, indicating the
stabilizing effect of Ni foam on Li,C,0,.



a discharged b
g
-~ -~
= =
= =
S’ S
2z 2z
= =
= =
W W
— —
= =
- - 1,1,-0.86
Carbon paper
1000 1200 1400 1600 1800 2000 1000 1200 1400 1600 1800 2000
Raman shift(cm™) Raman shift(cm™)

Figure S16. Raman spectra of (a) graphene@carbon paper and graphene@Ni foam cathode after
discharge at 200 mA/g and (b) pristine carbon paper@graphene.
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Figure S17. The voltage—capacity profiles of Li-CO, battery using different electrolytes discharged
to 2.0 V at 200 mA g!. Li-CO, battery using 4 M LiTFSI (DMSO) as electrolyte shows a capacity
of 66763 mAh/g, it’s 2.3 times more than 1 M LiTFSI (DMSO) (28878 mAh/g).
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Figure S18. The voltage-capacity profiles of Li-CO,, Li-O, and Li-Ar battery using 4 M LiTFSI
(DMSO) as electrolyte at 200 mA/g with a cutoff potential of 2 V.
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Figure S19. The discharge-charge curves of the Li-O, battery using the same condition with the Li-
CO; battery at different current density a) 2 A/g and b) 0.2 A/g.
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Figure S20. The discharge—charge profiles at 2 A/g in 1M LiTFSI (TEGDME) and 4M LiNOs;
(DMSO) with PTFE cover accompanied a cutoff capacity of 1000 mAh/g.
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Figure S21. The discharge—charge profiles of Li-O, battery at 2 A/g in 1M and 4M LiTFSI (DMSO)
with PTFE cover with cutoff capacity of 1000 mAh/g.
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Figure S22. Electrochemical impedance spectra (EIS) of Li-CO, battery using different electrolytes
(1 M LiTFSI (DMSO) and 4 M LiTFSI (DMSO)) after different cycles at the current density of 2
Alg.



Table S1. The binding energy (AE) of different solvation structures based on DFT calculation, the

definition of AE indicates that a more negative value depicts a more stable solvation structure.

Solvent
Hartre DMSO GBL PC TEGDME
Structure

Li* + 1sol -24.40264 -1.0054408 -20.7655382 -46.2914852

Li* + 2sol -47.8466957 -1.0307665 -40.5566941 -91.3056738

Li* + 3sol -71.2854858 -1.0402282 -60.3456072 —

Li* + 4sol -94.706609 -1.0396458 -46.120173 —
Li* + TFSI- + 1sol -0.0547881 18.0797344 -0.0623997 -0.1088254
Li* + TFSI- + 2sol -0.0827754 36.1904879 -0.0890921 —
Li* + TFSI- + 3sol -0.0800121 54.3202233 -0.1170226 —

Table S2. Comparison and summary of recent literatures on electrochemical performance of Li-

CO;, batteries.
Cut-off
Year Electrolyte Curre.:nt discharge/charge Cut-qff Cycle Ref.
density capacity  performance
voltage
4 M 2 A/g 20V/32V 1000 This
2022 [iTFSUDMSO 4 A/g  1.65V34V  mAhg  000oveles o
1 M LiTFSVI/ 1000
2017 TEGDME 1 Alg 2.75V/4.25V mAh/g 200 cycles S1
2017 Bi-CoPc-GPE 0.1 A/ ~24V/34V 1000 100 cycles S2
’ & ’ ’ mAh/g y
1 M LiTFSI/ 1000
2018 TEGDME 0.5 A/g 2.75V/4.0V mAh/g 400 cycles S3
0.3 M LINOs/1 M 500
2018 LiTFSI/DMSO 1 Alg ~2.6 V/425V mAb/g 235 cycles S4
1 M LiTFSVI/ 1000
2018 TEGDME 0.05A/g ~2.7V/425V mAh/g 42 cycles S5
1 M LiTFSI/ 1000
2018 TEGDME 0.2 A/g ~2.8V/3.8V mAh/g 50 cycles S6
0.1 M LiTFSI in 500
2019 (EMIM- 0.5A/g ~2.8V/A42V mAh/ 500 cycles S7
BF,)/DMSO 8
1 M LiTFSVI/ 1000
2019 TEGDME 1 Alg 25V/35V mAh/g 360 cycles S8




1 MLiClO4/ 1000

2019 TEGDME 1 Alg ~2.5V/4.0V mAh/g 378 cycles S9
1 M LiTFSI/ 1000

2019 TEGDME 04 Alg ~2.6 V/4.15V mAh/g 190 cycles S10
Gel- 500

2020 polymer 0.2 Alg 2.6 V/43V 538 cycles S11

mAh/g
electrolyte

I M LiTESI/ 400

2020 TEGDME 0.1 A/g ~2.4V/A4A0V mAb/g 316 cycles S12
1 M LiTFSI/ 500

2020 TEGDME 0.1 A/g 2.5V/425V mAh/g 200 cycles S13
1 M LiTFSI/ 500

2021 TEGDME 0.1 Alg 2.75V/4.18 V mAh/g 148 cycles S14
IM LiCF;S04/ _ 1000

2021 TEGDME 0.1 A/g 2.5V/A41V mAh/g 159 cycles S15
0.3 M LiNOs/1 M 500

2021 LiTFSI/DMSO 1 Alg ~2.65V/43V mAh/g 600 cycles S16
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