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Supplementary Figures
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Supplementary Fig. 1. Schematic of the synthesis process of cobalt sulfides.
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Supplementary Fig.2.XRD patterns of CoSx. a CoSz, b CoS1.097, and ¢ C0gSg.



Supplementary Fig.3. SEM images of CoSx and precursor. a CoSz, b CoS 1097, C
Co9Sg, and d Co(OH)2.
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Supplementary Fig.4 ECSA test results. CV curves of a CoSz, b CoS1097, and ¢

Co09Ss. d Cq of the three cathodes.

ECSA are determined by Cq based on CV scans in no non-Faradaic region as shown

in Supplementary Fig. 4a-c. The values are calculated in Supplementary Fig.4d,

which of CoSz, CoS1.097, and CoeSg are 6.82, 9.75, and 8.44 mF cm.
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Supplementary Fig.5. TEM images. a CoS, b CoS1.097, and ¢ CogsSg. The insets are

the corresponding Fast Fourier Transform (FFT) patterns.



Supplementary Fig.6. HAADF-STEM images and EDS mappings. a CoS,, b

C0S1.097, and ¢ C0ogSs.
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Supplementary Fig.7. Time-voltage curves at 20 pA cm™. a CoSy, b CoS1.097, and ¢
Co09Ss.

In Supplementary Fig.7, we observed that the charge voltage of cobalt sulfides
changed from the 5th cycle and became stable in 10 cycles. Therefore, chemical states

of the three sulfides after 5 and 10 cycles are selected to study in the latter discussion.
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Supplementary Fig.8. XPS results. S 2p of a CosSg, b CoS1.097, and ¢ CoS; cathode

for pristine, and after cycling.
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Supplementary Fig.9. XPS results. Co 2p of a CogSg, b C0S1.097, and ¢ CoS> cathode
for pristine, and after cycling.

As shown in Supplementary Fig.8, all the high-resolution XPS spectra of the S
2p show two pairs of peaks. The peaks in the range of 168~170 eV correspond to



sulfide oxide due to the susceptibility of sulfides to oxidation in air, in accordance
with prior reports.t:? The peaks at lower binding energy can be fitted into two peaks,
corresponding to S 2p1zand S 2pa2.>*° The intensity of the S 2pizand S 2paz peaks
of CoS1.007 and CogSg decreases after 5and 10 cycles without notable location changes.
These findings are consistent with the decline in the intensity of the Co-S binding
peaks at 777.4 eV and 777.2 eV of CoS1097 and CoeSg in the Co 2p spectra after
cycling, and that of CoeSg even disappear after 10 cycles (Supplementary Fig.9).
These results indicate that cycling causes significant structural changes in both
Co0S1.097 and C0gSs.

CoSz, on the other hand, exhibits no significant decline in the intensity of S 2pi..
and S 2pzr peaks. Instead, the peaks shift ~0.6 eV to lower binding energy after 5
cycles, without moving after 10, 20, and 30 cycles. These results indicate that S with
less than the full coordination is in CoSz, and the structure of reconstructed CoS;

remains stable during battery operation.® ®
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Supplementary Fig.10. Comparison between Co K-edge EXAFS of CoS2-10 with
FEFF-calculated Co-O and Co-S path. a magnitude, b real component, and c,
imaginary component of Fourier transformed EXAFS. d magnitude, e real component,
and f imaginary component of inverse Fourier transformed EXAFS.

The inverse Fourier transformation was performed in the R-space between 1 and

2.547 A The Co-0 and Co-S path was calculated by ab-intio code FEFF 6.
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Supplementary Fig.11. The least-squares non-linearly fitting of EXAFS of Co K-
edge. a CoS2-10 and b CoS». The real components of FT-EXAFS are also shown in
the figure.
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Supplementary Fig.12.CV curves in CO2z and Ar atmosphere. a CogSs, b C0S1.097,
¢ CoSy, and d Carbon paper.
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Supplementary Fig.13. Discharge and charge curves of the three cathodes at a
current density of 20 pA cm™ with a limited capacity of 200 pA h cm™,

For the qualitative characterizations, including SEM, XRD and Raman, the
capacity is twice than capacity used in the electrochemical tests to obtain more
discharge products. Since only one platform during discharge and charge as the
capacity increases, the reaction is the same as that with a limited capacity of 200 pA h

cm2.



Supplementary Fig.14. SEM images after discharge(upper) and recharge (down)
with a limited capacity of 200 pA h em™. a,d CosSs, b,e CoS1.097, and c,f CoSo.

As the pristine morphologies for all the sulfides are thin flakes vertically on
carbon fibers as shown in Supplementary Fig.3, varisized particles on the cathodes are
considered as reaction products after discharge and charge. The arrows are added to

point out the products formed in batteries.
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Supplementary Fig.15. Raman spectra of cathodes before and after discharge,
and the reference spectrum for Li2COs as well as carbon paper.

The peaks of products on CoS; and CogsSg are not unambiguous to be identified
in XRD patterns in Fig. 3b. Thereby, the Raman spectra of the two cathodes before
and after discharge are added here. The emerged peaks on CoS; and CogSg after

discharge are around 1080 cm™ can be assigned as Li2COs.
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Supplementary Fig.16. The charge/discharge profiles for the 1st cycle for the
normal electrochemical cells and the DEMS cells at 20 pA ecm with a limited

capacity of 100 pA h em™. a CoSz, b CoS1.097, ¢ C09Ss.
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Supplementary Fig.17. DEMS results for titrating discharged and charged
cathodes. The CO. (m/z=44) signals after titrating a discharged and b charged CosSg;
c discharged and d charged CoS1.09e7; € discharged and f charged CoS,. The current

density of discharge and charge is 20 pA cm™ with a limited capacity of 100 pA h cm™
2
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Supplementary Fig.18. DEMS results for titrating Li2COs solution. The CO:
(m/z=44) signals after titrating a 0.1 mL, b 0.05 mL, and ¢ 0.025 mL Li,COs solution
with a certain concentration of 5.25 mg mL™. d The relationship between
measurement value of CO, and theoretical amount of Li>COs.

Titrating Li2COs solution with a certain concentration is performed as an external
standard to diminish the measurement error as shown in Supplementary Fig.18a-c.
Supplementary Fig.18d shows that the measurement value is approximately linear
with the theoretical amount as a function of y= 0.89847*x-0.05068. y is the
measurement value of CO> evolution and x is the theoretical amount of Li.COz. The

linear relationship is defined as external standard 1#, corresponding to Supplementary
Fig.17.
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Supplementary Fig.19. The gas (CO and O2) generation during the charge. a
Co09Ss, b C0S1.097, and ¢ CoSo.
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Supplementary Fig.20. DEMS results for titrating cycled cathodes. The CO:
(m/z=44) generation after titrating CoS; cathodes after the a 9" charge, b 10%

discharge, and ¢ 10" charge.

The measurement values of CO; are 0.023, 0.58 and 0.027 umol for CoS> cathodes
after the 9™ charge, 10" discharge, and 10™ charge.
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Supplementary Fig.21. DEMS results for titrating Li2COs solution. The CO:
(m/z=44) generation after titrating a 0.1 mL, b 0.05 mL, and ¢ 0.025 mL Li>COs
solution with a certain concentration of 5.25 mg mL™. d The relationship between
measurement value of CO, and theoretical amount of Li>COs.

The corresponding linear relationship between measurement and theoretical
results is a function of y=0.6216*x-0.13386 in Supplementary Fig.21d, of which y is
the measurement value of CO> evolution and x is the theoretical amount of Li>COsa.
The linear relationship is defined as external standard 2# corresponding to titration

experiment after cycling in Supplementary Fig.20.
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Supplementary Fig.22. Top (up) and side (down) views of constructed CoSx. a the
(311) plane of CogSs, b the (204) plane of CoS1.097, € the (200) plane of CoS; and d
0O-CoS,. (Pink atom: Co; Yellow atom: S; Red atom: O; Green atom: Li; Brown atom:

C, which are the same in this paper.)
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Supplementary Fig.23. Top (up) and side (down) views of adsorptions on CogSs.

The a CO; adsorption configurations, b Li adsorption configurations, and ¢ Li2CO3

adsorption configurations on CogSs.



Supplementary Fig.24. Top (up) and side (down) views of adsorptions on CoS1.097.
The a CO; adsorption configurations, b Li adsorption configurations, and ¢ Li2CO3

adsorption configurations on CoSx.o97.



Supplementary Fig.25. Top (up) and side (down) views of adsorptions on CoSa.

The a CO; adsorption configurations, b Li adsorption configurations, and ¢ Li2CO3

adsorption configurations on CoS,.
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Supplementary Fig.26. Top (up) and side (down) views of adsorptions on O-CoSa.
The a CO- adsorption configurations, b Li adsorption configurations, and ¢ LioCOz3

adsorption configurations on O-CoS..
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Supplementary Fig.27. Scheme of Co sites 1-5 on CoSx. a CoS; and b O-CoS..
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Supplementary Fig.29. Calculated energy profiles on the (311) plane of CoeSs. a
an open circuit potential (U=0 V) and b a theoretical equilibrium potential

(U=U0=2.85 V).
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Supplementary Fig.30. Calculated energy profiles on the (204) plane of CoS1.097.
a an open circuit potential (U=0 V) and b a theoretical equilibrium potential

(U=U0=2.85 V).
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Supplementary Fig.31. Calculated energy profiles on the (200) plane of CoS2. aan
open circuit potential (U=0 V) and b a theoretical equilibrium potential (U=U,=2.85
V).



4
2+
% 0 —*' ..o, LON‘.‘CO
= ' g
E! \
g 2p *Lico, . 'LICO;+*CO
(] N T
8 al VL MRG0, . v co o O C
- AT e, LICO,#C
& Path | P T
§ -6 Path Il “,"CO+LjsCO, " .
o a ., *Li,CO,+*C
——Path I —
-8 ——Path IV
Path V
-10
m (2) (3) (4) (5) (®) (@) ®)
Reaction coordinates
b
6
——Path |
——Path I
Path Il
S ar Path IV LiCOC
L | —PathVv Jasc)
= A
2
2 ;
o 2[ L0 wico,+c0 NLi,CO5+C
9 ’,‘; --,:’—‘l tco]_'_tc
; "CO3+‘CO' ] I 4
2 | . “Lico, /. "HEOEO \
Qo —-:_:.‘_"COZ - “ICO+LICO,
RN
-2
(W) 2 (3) (4) (5) (6) () (®)

Supplementary Fig.32. Calculated energy profiles on O-CoS2. a an open circuit

Reaction coordinates

potential (U=0 V) and b a theoretical equilibrium potential (U=Uq=2.85 V).




1.0

CoySg

0.5 |

0.0 |-

Current density (mA cm™)

-1.0 1 1 1 1 1
2.0 25 3.0 3.5 4.0 4.5 5.0

Voltage (V vs Li/Li*)

Supplementary Fig.33. CV curves at a scanning rate of 0.1 mV s~ between 2.2

and 4.7 V.



QD
o

5.0 5.0
4.5 4.5
4.0 4.0
> >
35 3.5
() ()
j=2 [=2
8 8
£ 30 £ 30
> >
25 25
20 CoSy 407 2.0F CogS,
Current density (WA cm?) Current density (LA cm)
15 . . . . . 15 . . . . .
0 20 40 60 80 100 0 20 40 60 80 100
Capacity (UA h cm?) Capacity (A h cm?)

Supplementary Fig.34. GDC profiles with a limited capacity of 100 pA h cm™2 at

different current densities for Li-CO:2 battery. a CoS1.097and b C0gSs.



5
I 86 This work *
Charge
4l
—~ 85
®
s = Supplementary Ref. 10
= 2aal
) l 043V 0
=) °
o} £
= 5}
o 83 |
> Discharge 5
- [ Supplementary Ref. 11
. 0 gy
CoS,
1L CoS, o7 Supplementary Ref.9
Co,S; 81 Supplementary Ref.8
1 L 1 1 L 1 A h L 1 1
10 20 30 40 50 60 70 0.70 0.65 0.60 0.55 0.50 0.45 0.40

Cycle number (n) Voltage gap (V)

Supplementary Fig.35. Electrochemical performance of CoSx. a Discharge and
charge voltage of long-term cycling for the three cells. b Comparison of the voltage

gaps and energy efficiency for Li-CO batteries with sulfide cathodes® % 1011,



|

\
l

il
nunuml“!!!

:

|

|
|

)

m

T

;

LA

i
I

1

| HW

I

Ln <t ™ o~ - o m «
be =



Supplementary Tables

Supplementary Table 1. Comparison of the voltage gaps and energy efficiency for

Li-CO- batteries. (The discharge products are Li>COz and C)

Cathode catalysts ~ Current Discharge/  Overpotential(\V)  Energy  Reference

density charge efficiency
voltage (V)
Carbon-based catalysts

Bamboo-like N- 50mAg?  2.72/3.98 1.26 75.8% 12

doped
carbon nanotube

fiber
N-doped carbon 50 mAg?! =2.73/=4.24 ~1.51 ~65% 13

nanotube
N-doped CNTs 100 mAg?!  2.77/3.90 1.13 71% 14
sandwiched

between two N-

doped
graphene layers
N,S-doped CNTs 2.63/4.3 1.67 61.1% 15
Single atom catalysts
SACr@NG/PCF 20 pA cm™ 3.1/3.92 0.81 78.7 16
Ruthenium 100 mA gt  3.01/4.06 1.05 74% 17

atomic cluster
and single atom
Ru-N4 composite
sites on carbon
nanobox

substrate

Single Fe atoms 100 mAg?! =2.78/3.95 ~1.17 ~70% 18
of interconnected
porous N,S-
codoped holey




graphene
architecture

Adjacent Co
atoms on

graphene oxide

100 mAg? =2.51/=4.15 ~1.64

~60%

19

Metal catalysts

Iridium
nanoparticles
embedded in

carbon nanofiber

networks

100 mA gt  2.76/4.14 1.38

66.7%

20

Ir nanosheets on
N-doped, highly
porous carbon

nanofibers

100 mAgt =2.75/=3.8 ~1.05

21

Nickel/ruthenium
hexagonal

nanoplates

200mA gt  2.87/3.75 0.88

76.5%

22

Ru nanoparticles
onN, S
co-doped

graphene

100mAg?t 2.91/4.04 1.13

2%

23

Ruthenium
nanoparticles on
carbon

nanofibers

100mAg?t  28/4.15 1.35

67.5%

24

Ruthenium-
copper
nanoparticles on
carbon

nanofibers

100 mA g™ 2.8/3.7 0.9

75.6%

25

Ni nanoparticles
on the r-GO

200mA gt  2.81/4.17 1.36

67.3%

26




Metal oxide catalysts

IrO; on N doped 100 mAg?! 2.61/3.95 1.34 66% 21
carbon nanotube
C00.1Ni0.90x 100 mAg?t 2.68/4.24 1.56 63.2% 28
nanoparticles on
carbon nanotube
NiO with oxygen - 2.3/3.5 1.2 66% 29
vacancy on
carbon cloth
Porous Mn;O; 50 mAg?! =25/~4.3 ~1.8 58% 30
NiOoncarbon 100 mAg?t =2.7/~4.1 ~1.4 65.8% 81
nanotube
0-MnO; 100 mAg?! =2.63/~4.03 ~1.4 65.2% 82
nanowires
Metal sulfide catalysts
ReS: 20 pAcm?  2.82/3.47 0.66 81.8% o
CulnS 20 yAcm?  2.81/3.4 0.59 84% 10
MoS; 50 pAcm?  =2.85/3.51 0.66 ~82% 1
MoS; vertically 20 pAcm?  2.98/3.67 0.68 81.2% 8
on CogSs
0O-CoS; (after 20 pAcm?  2.67/3.10 0.43 86% This
400 cycles) work

The overpotential-energy efficiency comparisons are plotted in Fig. 1a. From

that we found that carbon catalysts usually have high voltage gap (>1.0 V) and low

energy efficiency (<80%). The single atom catalysts based on carbon material have

various electrochemical performance, depending on the center atoms and local

structures. Metal catalysts usually exhibit better performance than metal oxide

catalysts, but mostly are precious metal. Most metal sulfide catalysts have excellent

performance with overpotentials around 0.6 V and energy efficiency higher than 80 %.



Supplementary Table 2. Structural parameters of CoS; and CoS,-10 and reference

samples that are extracted from the Co K-edge EXAFS fitting (So?=0.71).

Debye-
Atomic No. of Interatomic AEo  Waller R
Sample )
scatter atoms (CN) distance (A) (eVv) factor (100  factor
3><A2)
CoS; Co-S 6.00 2.2740.003 -4.29 9.15 0.0095
CoS,- Co-O 1.8540.28 2.0040.03 -5.47 10.52
0.0017
10 Co-S 3.704056  2.2740.01 -5.47 5.18

Note: The background subtraction, merging, normalization, and fitting of the
XAS data were performed by Demeter software package.®® The k3-weighted EXAFS
of Co K-edge was Fourier transformed to real (R) space using a Hanning window (dk
= 1.0 A" in k-space between 2.398 and 11.150 A, The amplitude-reduction factor
So? was determined by fitting the experimental data of CoS,. The R-ranges for the

fitting of all the EXAFS data were set as 1.0-2.5 A,



Supplementary Table 3. The measurement value and theoretical amount of CO;
evolution.

Measurement value of CO- evolution
Amount of Li,CO3z Theoretical amount

(umol)
(ng) of LioCO3z (umol)  External standard  External standard
1# 2#
525 7.09 6.29 4.28
262.5 3.55 3.20 2.04
131.25 1.77

1.48 0.98




Supplementary Table 4. The quantities of Li»COz after discharge and charge on the

three cathodes.

Measurement value of Amount of Li2CO;  Discharge

o Conversion
CO2 evolution (umol) (umol) efficiency o
Cathode ] efficiency
After After After After  of Li2COz3 _
] ) ) of Li.CO3
discharge charge discharge  charge  formation
Co9Ss 1.46 1.18 1.68 1.37 89.8% 18.4%
C0S1.097 0.91 0.55 1.07 0.67 57.2% 37.4%
CoS: 1.24 0.61 1.44 0.73 77.0% 48.8%

Discharge efficiency of Li.COs formation is defined as Nad/Nih.

The conversion efficiency of Li2COzis defined as (Nad-Nac)/Nad..

Nag is the amount of Li>COs after discharge, Nac is the amount of LioCOz after charge,

and N is the theoretical amount of Li2COs formation after discharge. For the

quantitative experiments including in situ DEMS test and titration, the discharge and

charge capacity is 100 pA h cm™, consistent with the electrochemical test. So N in

Supplementary Table 4 is 1.87 pumol for a 2e/Li2CO3 process.



Supplementary Table 5. The amount of CO; evolution and Li>CO3z consumption

during charge.

Amount of CO» .
_ Amount of Li>COs ) ) e
Cathode evolution _ Li,COs/CO, & _
consumption (umol) /ICO2 /Li2COs3
(umol)

C09Ss 0.41 0.31 ~0.76 ~0.22 ~0.17
Co0S1.097 0.47 0.40 ~0.85 ~0.25 ~0.21

CoS2 1.24 0.70 ~0.56 ~0.66 ~0.37

The amount of Li>COs consumption is collected from the titration results in
Supplementary Table 4, for which electrodes are extracted from Swagelok cells after

discharge and charge with the same electrochemical procedures as in situ tests.



Supplementary Table 6. The adsorption

C09Ss, C0S1.097, CoS2 and O-CoS..

energy (eV) of COy,

Li and Li.CO3 on

Co00Ss Co0Si1007 Co0S2 0-CoS2
CO? -0.93 0.34 -0.50 -0.66
Li -2.37 -2.21 -3.37 -4.36
Li2COs3 -1.33 -1.18 -2.46 -3.96




Supplementary Table 7. The number of charge (Je|) of surrounded Co and S/O on
CoS: and O-CoS». The Co sites 1-5 are delineated by dashed cycle in Supplementary
Fig.27.

CoS2 0O-CoS2
Co-1 8.97 8.67
Co-2 8.97 8.67
Co-3 8.97 8.96
Co-4 9.01 8.86
Co-5 8.97 8.96

S/IO 6.08 6.95




Supplementary Table 8. The Gibbs free energy change of each reaction step on
Co09Ss.

Reaction Step I I i v \/
(1) (U=0 V), AG (eV) 129  -1.29 -054 -054  -0.54
(2) (U=0 V), AG (eV) 057 -057 -1.32 -132 -03
(3) (U=0 V), AG (eV) 146 -1.41  -141  -146  -2.43
(4) (U=0 V), AG (eV) 162  -167  -1.67 -162  -1.67
(5) (U=0 V), AG (eV) 160 -160 -1.60 -160 -1.60
(6) (U=0V), AG (eV) 3.03 3.03 3.03 3.03 3.03
(7) (U=0 V), AG (eV) 240 240  -240  -240  -2.40
(8) (U=0V), AG (V) 147 -147 <147 -147  -1.47
(1) (U=2.85V), AG (V) 156 156  -054 -054  -0.54
(2) (U=2.85 V), AG (eV) 057 057 152 152  -0.30
(3) (U=2.85 V), AG (V) 139  -141  -141 139 042
(4) (U=2.85 V), AG (eV) -1.62 1.8 118  -1.62 1.8
(5) (U=2.85 V), AG (eV) 160 -160 -1.60 -160 -1.60
(6) (U=2.85V), AG (eV) 3.03 3.03 3.03 3.03 3.03
(7) (U=2.85 V), AG (V) 045 045 045 045 045
(8) (U=2.85V), AG (V) 147 -147 <147 -147  -1.47

As shown in Supplementary Table 8, the rate determining steps in all pathways I-
V are (6) at equilibrium potential on CoeSg. For paths V, the Gibbs free energy change
of second rate-determining steps are 1.18 eV (step (4)), which is smaller than that of
path I and 11 with the value of 1.56 eV (step (1)) and path Il and IV with the value of
1.52 eV (step (2)). Therefore, the path V is the most possible way for the reactions on
C09Ss.



Supplementary Table 9. The Gibbs free energy change of each reaction step on

C0S1.097.

Reaction Step I I i v \/
(1) (U=0 V), AG (eV) 111 -111 071 0.71 0.71
(2) (U=0 V), AG (eV) 0.16 0.16 -1.66  -166  0.68
(3) (U=0 V), AG (eV) 075  1.23 1.23 075 -1.12
(@) (U=0 V), AG (eV) 151  -349  -349  -151  -3.49
(5) (U=0 V), AG (eV) 251 -251 251  -251  -251
(6) (U=0V), AG (eV) 3.02 3.02 3.02 3.02 3.02
(7) (U=0 V), AG (eV) -0.67 -067 -067 -067 -0.67
(8) (U=0 V), AG (eV) 201 201 -201 -201 -2.01
(1) (U=2.85 V), AG (eV) 1.74 1.74 0.71 0.71 0.71
(2) (U=2.85 V), AG (eV) 0.16 0.16 1.19 1.19 0.68
(3) (U=2.85 V), AG (eV) 2.10 1.23 1.23 2.10 1.73
(4) (U=2.85 V), AG (eV) 151  -064 -064 -151  -0.64
(5) (U=2.85 V), AG (eV) 251 251  -251  -251  -251
(6) (U=2.85 V), AG (eV) 3.02 3.02 3.02 3.02 3.02
(7) (U=2.85 V), AG (eV) 2.18 2.18 2.18 2.18 2.18
(8) (U=2.85V), AG (eV) -2.01 -2.01 -2.01 -2.01 -2.01

As shown in Supplementary Table 9, the rate determining steps and second rate-
determining steps in all pathways I-V are (6) and (7) at equilibrium potential on
CoS1.097. For paths 11, the Gibbs free energy change of third rate-determining steps
are 1.23 eV (step (4)), which is smaller than that of path I, 11, IV and V with the value
of 2.10 eV (step (4)), 1.74 eV (step (1)), 2.10 eV (step (4)), 1.73 eV (step (4)).
Therefore, the path 111 is the most possible way for the reactions on CoS1 g7.



Supplementary Table 10. The Gibbs free energy change of each reaction step on
CoS..

Reaction Step I I i v \/
(1) (U=0 V), AG (eV) 240  -240 -012 -0.12  -0.12
(2) (U=0 V), AG (eV) 0.82 0.82 -1.46  -146  0.19
(3) (U=0 V), AG (eV) 281 -065 -065 -2.81 -2.30
(@) (U=0 V), AG (eV) 080 -295 295 -0.80 -2.95
(5) (U=0 V), AG (eV) 067 -067 -067 -067 -0.67
(6) (U=0 V), AG (eV) 2.46 2.46 2.46 2.46 2.46
(7) (U=0 V), AG (eV) -1.62  -162  -162  -1.62  -1.62
(8) (U=0 V), AG (eV) -1.63  -163  -163 -1.63  -1.63
(1) (U=2.85 V), AG (eV) 0.45 0.45 012 -012  -0.12
(2) (U=2.85 V), AG (eV) 0.82 0.82 1.39 1.39 0.19
(3) (U=2.85 V), AG (eV) 0.04 065 -0.65  0.04 0.55
(4) (U=2.85 V), AG (eV) -0.80 -0.10 -0.10 -0.80 -0.10
(5) (U=2.85 V), AG (eV) -0.67 -067 -067 -067 -0.67
(6) (U=2.85 V), AG (eV) 2.46 2.46 2.46 2.46 2.46
(7) (U=2.85 V), AG (eV) 1.23 1.23 1.23 1.23 1.23
(8) (U=2.85V), AG (eV) -1.63 -1.63 -1.63 -1.63 -1.63

As shown in Supplementary Table 10, the rate determining steps and second rate-
determining steps in all pathways I-V are (6) and (7) at equilibrium potential on CoS..
For paths V, the Gibbs free energy change of third rate-determining steps are 0.55 eV
(step (3)), which is smaller than that of path I, Il, Il and IV with the value of 0.82 eV
(step (1)), 0.82 eV (step (2)), 1.39 eV (step (2)), 1.39 eV (step (2)). Therefore, the path

V is the most possible way for the reactions on CoS,.



Supplementary Table 11. The Gibbs free energy change of each reaction step on O-
CoS..

Reaction Step I I i v \/
(1) (U=0 V), AG (eV) -3.88 -3.88 -0.30 -0.30 -0.30
(2) (U=0 V), AG (eV) 1.10 1.10 248  -248  0.39
(3) (U=0 V), AG (eV) 114 0.22 0.22 114 -2.64
(@) (U=0 V), AG (eV) 027  -164  -164 -027  -1.64
(5) (U=0 V), AG (eV) 192 -192 -192 -192  -1.92
(6) (U=0 V), AG (eV) 1.63 1.63 1.63 1.63 1.63
(7) (U=0 V), AG (eV) 071 -071 -071 -071  -0.71
(8) (U=0 V), AG (eV) -1.66  -166 -166 -1.66  -1.66
(1) (U=2.85 V), AG (eV) -1.03 -1.03 -0.30 -0.30 -0.30
(2) (U=2.85 V), AG (eV) 1.10 1.10 0.37 0.37 0.39
(3) (U=2.85 V), AG (eV) 1.71 0.22 0.22 1.71 0.21
(4) (U=2.85 V), AG (eV) 028 1.21 1.21 028 121
(5) (U=2.85 V), AG (eV) 1,92 -192 -192 192  -1.92
(6) (U=2.85 V), AG (eV) 1.63 1.63 1.63 1.63 1.63
(7) (U=2.85 V), AG (eV) 2.14 2.14 2.14 2.14 2.14
(8) (U=2.85V), AG (eV) -1.66 -1.66 -1.66 -1.66 -1.66

As shown in Supplementary Table 11, the rate determining steps and second rate-
determining steps in all pathways I-V are (6) and (7) at equilibrium potential on O-
CoS,. For paths 11, 111 and V, the Gibbs free energy change of third rate-determining
steps are 1.21 eV (step (4)), which is smaller than that of path I and IV with the value
of 1.71 eV (step (3)). The Gibbs free energy change of step (2) are 0.37 eV of path Il
are smaller than path Il and V. Therefore, the path Il is the most possible way for the

reactions on O-CoS>
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