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S1. Adsorption energy

The optimized adsorption geometries of the intermediates are investigated for all reaction pathways. Here, as a
typical example of the adsorption of Li atom, possible adsorption sites on the Au (111) and Ru (0001) surfaces are
presented in Fig. S1, where A is the top sites of surface atoms (the first layer), B is the bridge sites between two
surface neighbored atoms (the first layer), C and D are separately the hollow sites at the vertically top of the
second and third layers, respectively, and E is the hollow sites located at the center positions among the three

neighbored surface atoms together with the absence of atoms below the vertical.
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Fig. S1 Possible adsorption sites on the Au and Ru surfaces along the top (a) and side (b) views, Au (©) and Ru

®).
The calculated adsorption energies of Li and CO, molecules located at possible adsorptive sites on the surfaces

of Au (111) and Ru (0001) are listed in Table S1, respectively. It is found that all the adsorption energies are
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negative, indicating that these small molecules can be adsorptive on the Au and Ru surfaces, but CO, molecules

are very weakly absorbed on both Au and Ru surfaces.

Table S1 Adsorption energies of Li and CO, molecules at different positions on Au (111) and Ru (0001) surfaces.

Eu/ eV adsorbants A B C D E
Au(lll -2.82 -3.08 -3.09 -3.10
u (1) CO, -0.235 -0.252 -0.254 -0.251 /
-3.01 -3.14 -3.15 / -3.14
Ru (0001)
CO, -0.36 -0.41 -0.52 / -0.47
Au (111) Ru (0001) Au (111) Ru (0001)
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Fig. S2 The most stable adsorption configurations for Li and CO, adsorbed on Au (111) and Ru (0001)
surfaces, Au (=), Ru (%), C (@), O (@) and Li (©).

Fig. S2 represents the most stable adsorption configurations for Li ad CO, adsorbed on Au (111) and Ru (0001)
surfaces. As shown in Table S1, in the case of Li atom, the adsorption energy E,q (Li) for D site on Au (111)
possess the lowest adsorptive energy of -3.10 eV, which is slightly lower than A site, but is approximate to both B
and C sites. On the Ru (0001) surface, the adsorption energy E,q (Li) of C site is the lowest energy of -3.15 eV,
which is also slightly lower than A site, but is very close to both B and E sites. Therefore, our result shows that the
most stable adsorption sites of Li adsorbed on the Au (111) and Ru (0001) surfaces are the hollow sites at the top
of the third and second layers, respectively. Irrespective of Au and Ru surfaces, the adsorption energy of Li located
at the top sites above the surface atoms possesses the weak adsorptive interactions between Li and metal surfaces,
where for these configurations, the distances between the absorbed Li atom and the Au or Ru surface atoms are
measured to be 2.208 A and 2.454 A, respectively, which represent the longest distance among these adsorption

sites due to the surface metal atoms below the adsorbed Li atom vertically.

In the case of CO, molecule, the adsorption energies of CO, molecular at the top sites (A) are also the weak

adsorptive interactions for both Au (111) (-0.235 eV) and Ru (0001) (-0.36 eV) surfaces. The most stable
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configurations of CO, adsorbed on these metal surfaces, C sites exhibit the lowest adsorptive energies for Au (111)
(-0.254 eV) and Ru (0001) (-0.52 eV) surfaces, respectively. Therefore, the hollow sites at the vertical second
layers for Au (111) and Ru (0001) are energetically more favorable for the adsorption of CO, molecules. In
addition, during these favorable configurations, the distance between O atom and the neighbored Ru atom is
measured about 2.09 A, which is slightly shorter than the distance of C atom and Ru atom (2.26 A). Likewise, the
distance between O and the neighbored Au atom (3.38 A) is also shorter than that between C and Au atom (3.66
A). Tt is unexpectedly observed that the angle between C=0 bonds on the Ru surface exhibits slightly twisted, but
the angle on the Au surface still attains 180 degree. Further examination of the CO, adsorption on Ru surface
shows that when we move the initial positions to adjust the distances between CO, and the Ru surface varying
from 7.4 A to 2 A, the calculated adsorption energy is close to zero at the distance of 7.4 A, and then becomes -
0.52 eV at the distance less than 7.4 A together with the appearance of the twisted angles between C=0 bonds. The
phenomena is also observed experimentally that the adsorption of CO, and Ru surface is confirmed to the change
of the bond angle, but the bond angle between C=0 bonds cannot be changed at the adsorption between CO, and
Au.!-2 Likewise, the C=0 bond length of CO, molecules is found to elongate from 1.162 A to 1.301 A absorbed on

Ru (0001) and maintain the length about 1.177 A on Au (111), respectively.
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Fig. S3 Possible adsorption sites for Li,CO; and Li,C,O,4 on Au (111) and Ru (0001) surfaces, Au (), Ru
&), C (™), O (¥) and Li (¥).

Possible adsorption sites are constructed on two metallic surfaces. A lot of adsorption sites are tried, but
Li,CO; and Li,C,04 molecules would tend to fall apart. Therefore, typical initial configures are chosen as
shown in Fig. S3. Compared with the adsorption energies, the most stable configures are obtained as shown
in Fig. S4. For the adsorption of Li,CO; on Au and Ru surfaces, the three O atoms of COs? are located directly
above the metallic atoms, and the Li atoms are located above the vacancy sites. The distances between O atoms
and the surface atoms on Au (111) and Ru (0001) surfaces are 2.41 A and 2.22 A, respectively. In the adsorption
of Li,C,04, C,04* behaves like two bended CO, molecules bound by a certain angle, where two O atoms are close
to the metallic surfaces and directly above the surface metal atoms, while the remaining two O atoms are far away
from the metallic surfaces. The distance between the two O atoms near the surface and the Au (111) and Ru (0001)
surface atoms is 2.54 A and 2.18 A, respectively. In addition, the adsorption energies of Li,COs3 and Li,C,0, on
Au (111) surface are -1.98 eV and -1.72 eV, respectively, which are larger than those of -3.37 eV and -3.08 eV on

Ru (0001) surface.
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Table S2 Adsorption energies of Li,CO; and Li,C,04 molecules at different positions on Au (111) and Ru (0001)

surfaces.
Eu/ eV adsorbants a b ©
Li,CO; -1.19 -1.53 -1.98
Au (111)
Li,C,0, -1.63 -1.28 -1.72
Li,CO; -2.63 2.86 337
Ru (0001)
Li,C,0, -3.03 2.52 -3.08
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Fig. S4 The most stable adsorption configurations for Li,CO; and Li,C,04 adsorbed on Au (111) and Ru
(0001) surfaces, Au (), Ru (=), C (®), O () and Li (&).

S2. Implicit Solvent

Dimethyl sulfoxide (DMSO, the relative dielectric constant & = 49) is reported as the electrolyte solvent
with Au and Ru precious metal as cathode catalysts in Li-CO, battery.? In order to study the effect of
solvents, DMSO solvent is implicitly modeled by a polarizable dielectric continuum as implemented in the
VASPsol code. Meanwhile, the adsorption energies of Li, CO,, Li,CO; and Li,C,0, on two Au (111) and Ru
(0001) surfaces are calculated in implicit solvent and vacuum environments as listed in Table S3. As shown
in Table S3, compared with the vacuum environments, the adsorption energies of Li on the two surfaces is
found to increase about 0.7 eV in implicit solvents, while the adsorption energies of CO,, Li,CO; and

Li,C,0, increase less than 0.1 eV on both Au (111) and Ru (0001) surfaces.

Table S3 Adsorption energy of Li, CO,, Li,CO; and Li,C,0,4 in vacuum and solvent environment on Au (111) and
Ru (0001) surfaces, respectively.

catalytic . . . .
environment Li CO, Li,COs Li,C,04
surface
Au vacuum -3.10 -0.25 -1.98 -1.72
ﬂ()/CV
(111) DMSO -3.81 -0.27 -2.06 -1.79
Ru vacuum -3.15  -0.52 -3.37 -3.08
ﬂ()/CV
(0001) DMSO -3.84 -0.57 -3.46 -3.14
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S3. Electronic structure analysis

Project density of states (DOS) analysis is used to describe the electronic structures changes for Li, CO,, Li,CO3;
and Li,C,04 molecules before and after the adsorptions on two metallic surfaces. Fig. S5 shows the projected

density of states of these isolated molecules and the Au (111) and Ru (0001) substrate.
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Fig. S5 Density of states for the isolated Li, CO,, Li,CO3 and Li,C,04 molecules and the Au (111) and Ru (0001)

substates.

S4. Standard Gibbs free energy and equilibrium potentials

As reported in our previous studies 4, the standard Gibbs free energy (AG? ) for

2Li(s) +2CO,(g) = Li2C204(s)
and

2Li(s) +%C02(g) — Li,CO,(s) + %C(s) 0

are - 5.74 eV for Li,CO; and -6.02 eV for Li,C,04, respectively. According to the Nernst equation of

U,M)= —AG‘}(M) / ne , the equilibrium potentials, U, (Li,CO;) and Uy (Li,C,0,), are calculated to be separately

2.87 V for Li,CO; and 3.01 V for Li,C,04.

S7



S5. Gibbs free energy change during the nucleation processes of Li,CO; and
Li,C,0,

The nucleation processes of Li,CO; and Li,C,04 on different catalytic surfaces are estimated by the Gibbs free
energy change (AG) between different intermediates on different catalytic surfaces. Possible reaction pathways
presented in Table S4 are designed according the previous publication, where three cases are divided that pathways
I are interpreted as the first adsorption of Li atom and second adsorption of CO, molecule, pathways Il are
interpreted as the first adsorption of CO, molecule and second adsorption of Li atom, pathways III are interpreted
as the preferred adsorptions of CO, during the first two intermediary steps.>-’

Table S4 Possible reaction pathways.

Reaction pathway Path name Reaction pathway Path name

*Li)00O, —2 "LiCO; I +c0, *LiCO; +Li  *Li,CO,

+*CO +*CO +5CO 11

wY 3 CO,y 5y ' 5
Li,CO, 25 *LiyC,0, I *Li,CO, €% *Li,C,0, '

+CO, .
*Li — *LiCO, =CO _+Ll . *LiCO
0, *LiCO; +Li *Li,CO;, " 2 2

. +CO, *Li,CO
+C0 ++CO *Li,CO, o

—_— "

+*CO

O: +Lic,0, 1M | *Li,C,0, |G

% «LiC,0, M L, C,0, I

N +C0, *CQO +Li  *LiCQ, +Li *Li,CO. +CO Li . Li .
€O, — sc0 — +co —— +wco M *C0, — *C,0, . +Lic,o, . L0,

*M indicates adsorbate on the catalyst surface.

In particular, CO as the intermediate is formed on different catalytic surfaces along with the nucleation
process of Li,COs;. Subsequently, the disproportionation reaction of CO produces C and CO, as listed in Eq.
(2). The Gibbs free energies of CO disproportionation reaction on Au (111) and Ru (0001) surfaces are
calculated as 0.06 and 0.24 eV, respectively, but the energy barriers are also calculated as 0.17 and 0.69 eV

for Au (111) and Ru (0001) surfaces by CINEB method.

2C0 —C+CO, )

The Gibbs free energy changes for different intermediary steps are calculated on the basis of the following

equation(3):

AGf(n) =AE. (n)+ AE__ (n) - TAS(n) — eU 3)

tol zpe
where n represents the corresponding reaction step (n =1, 2, 3, 4, ....), while AE,, (n), AE,, (n) and AS (n)
are the DFT total energy difference, zero point correction energy difference, and entropy change under

standard conditions (T = 298 K) in different intermediary step n, respectively. A pre- and post-processing
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program for VASP (VASPKIT), is employed to analyze zero point correction energy and entropy.® As
reported previously, 4 zero point correction energy difference AE,,(n), entropy change AS (n) and the DFT
total energy difference AE,, (n) for every intermediary steps can be obtained from the minus between the
product and reactants.’ The entropy of CO, and O, molecules under standard condition (T=298 K) is 213.8 J
K-'mol'and 205.1 J-K-! mol! taken from the NIST database, and then the calculated entropy change of CO,
and O, (TAS) at 298 K is 0.66 eV and 0.63 eV, respectively. The potential of a solvation Li* and an electron
e in the electrode is set to be 0, which is balanced with the bulk Li. Therefore, the free energy of an electron
together with the adsorption of Li* depends on the applied potential of U and then will be shifted by —eU.8
The DFT total energy difference AE,, (n), zero point correction energy difference AE,,(n), and entropy
change under standard conditions (TAS(n)) for every intermediary steps on two catalytic surfaces are
presented in Table S5 — S6 and the corresponding Gibbs free energy changes calculated are shown in Fig. S6

—-SI11.

Table S5 Detailed reaction steps and the corresponding AE, (eV), AE,, (€V), TAS (eV) during the nucleation
processes of Li;CO; or Li;C,040n Au (111) surface

Reaction step AEy (eV)  AEgc (eV)  TAS (eV)

Au+Li"+e— *Li -3.10 0.041 0.08

I *Li+ CO, > *LiCO, -0.56 0.019 -0.43
*LiCO, + Li* + e— *Li,CO, -3.46 0.043 0.05
*Li,CO, +CO, — *Li,CO5;+*CO 0.04 0.002 -0.44
Au+Lit+e— *Li -3.10 0.041 0.08

. *Li+ CO, > *LiCO, -0.56 0.019 -0.43
*LiCO, + Li* + e— *Li,CO, -2.94 0.034 0.12
*Li;CO,+ CO; — *Li,C,04 -0.43 0.049 -0.59
Au+Li+e— *Li -3.10 0.041 0.08

- *Li+ CO, > *LiCO, -0.56 0.019 -0.43
*LiCO,+CO, »*LiCO;+*CO 0.83 0.027 -0.49

*LiCO; +*CO + Li* + e— *Li,CO3 +*CO -4.24 0.018 0.10
Au+Li"+e— *Li -3.10 0.041 0.08

- *Li+ CO, > *LiCO, -0.56 0.019 -0.43
*LiCO, + CO, — *LiCy04 0.11 0.012 -0.33
*LiC,04+ Li* + e— *Li,C,04 -3.48 0.070 -0.14

Au+ CO, > *CO, -0.25 0.008 -0.40

I *CO,+ Li* + e— *LiCO, -3.40 0.051 0.05
*LiCO, +CO, - *LiCO;+*CO 0.83 0.027 -0.49
*LiCO3+*CO + Lit + e—*Li,CO; +*CO -4.24 0.018 0.10

Au+ CO, > *CO, -0.25 0.008 -0.40

g *CO,+ Li* + e— *LiCO, -3.40 0.051 0.05
*LiCO, + Li* + e— *Li,CO, -2.94 0.034 0.12
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*Li,COy+ COy—> *Li,C,04 -0.43 0.049 -0.59
Au+ CO, > *CO, -0.25 0.008 -0.40
" *CO, + Lit + e— *LiCO, -3.40 0.051 0.05
*LiCO, + Lit + e—*Li,CO, -3.46 0.043 0.05
*Li,CO,+CO,— *Li,CO3 +*CO 0.04 0.002 -0.44
Au + CO, > *CO, -0.25 0.008 -0.40
[ *CO,+ Lit + e— *LiCO, -3.40 0.051 0.05
*LiCO, + CO,—> * LiC,04 0.11 0.012 -0.33
*LiC,04 + Lit + e— *Li,C,04 -3.48 0.070 -0.14
Au+ CO, —> *CO, -0.25 0.008 -0.40
1 *CO,+CO, »*CO3+ *CO 0.37 0.009 -0.41
*CO;3+*CO + Li* + e— *LiCO; +*CO -2.94 0.069 -0.03
*LiCO;+*CO + Li* + e— *Li,CO; +*CO -4.24 0.018 0.10
Au + CO, —> *CO, -0.25 0.008 -0.40
" *COyt+ COy — *C,04 0.01 0.007 -0.40
*Cy04+ Lit + e— *LiC,04 -3.30 0.056 0.12
*LiCy04 + Lit + e— *Li,C,04 -3.48 0.070 -0.14
*M indicates adsorbate on the catalytic surface.
2 2
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Fig. S6 Calculated energetic profiles (AG/(n)) for the nucleations of Li,COj3 ((a) - (b)) and Li,C,04 ((c) - (d)) on
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the Au (111) surface at an open circuit potential (U =0 V). *M denotes adsorbate on the catalytic surface.

Fig. S6 shows the calculated Gibbs free energetic profiles (AG,(n)) for the nucleation processes of both
Li,CO; and Li,C,04 on the Au (111) surface at U = 0 V. It is found that in all pathways, the steps related
with Li atoms are all downhill in the energy profiles. Inspection of all pathways whose intermediary steps
are related with CO, molecule shows that if the first step is CO, adsorption, the free energy increases about
0.16 eV, as well as the intermediary steps containing the formation of carbonate (CO2- 3) and oxalate
(C,04%) are always endothermic, while other steps are still downhill in the energy profiles. Additionally, the
maximum increased energies for every intermediary steps during all pathways of Li,CO; nucleations are the
intermediary steps to form a carbonate which are 0.49, 1.35, 0.49, 1.35 and 0.79 eV for the pathways I, I", II",
IT and III, respectively, and those maximum increased energies during all pathways of Li,C,0, nucleations
are the steps to form an oxalate, which are 0.21, 0.46, 0.46, 0.21 and 0.42 eV for the pathways I', I'"', IT"", IT'
and III', respectively. Therefore, we can conclude that during the nucleation processes of both Li,COs and
Li,C,0,4 (Fig. S6 (a) - (d)), the steps involving the formation of CO2- 3 and C,0,> are the kinetically
controlling steps at U = 0 V, respectively. Meanwhile, the energy barriers during the steps to form oxalate

are all found to be significantly less than those to form carbonate.

2 2
1 (@)
FLiCO, s I"
1t +*CO(s) 1l
3 [ k) =
= 2C0,(g)+ T\ O 2C0,(g)+
= 2 )/ ¥\ ~ 2
G =/ @, : = *
= o |2Lite) S| SALLCOGY = IoLitre) L)
g e prcoe | G0 I
e _*LICO(s)/ Al
) B Q)
>(g) 2 \ IS
X
-1F ”J‘ w7 1k N ®
Li,CO(s) L1,CO(s)
o o O @ T TR © T
Reaction step Reaction step

Fig. S7 Calculated energetic profiles of Li,CO; nucleations on the Au (111) surface at U = U, (Li,CO3) =2.87 V.

The Gibbs free energetic profiles of Li,COs nucleations on the Au (111) surface are shown in Fig. S7
under the equilibrium potential (U, (Li,CO;) =2.87 V). The first adsorption of CO, molecule on the Au (111)
surface as the first step during Li,CO; nucleations still remain endothermic with the increase of free energy
of 0.16 eV. It is found that the steps related with Li atoms are still downhill in the energy profiles except
pathway III that when the first Li* adsorbs onto the surface to prepare the reaction, the energy is increased to

0.03 eV. Likewise, in all pathways of Li,CO; nucleations, the intermediatary steps together with the
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formation of a carbonate still attain the maximum increase of the Gibbs free energy under the equilibrium
potential, as well as the energy barriers are found to be the same with the pathways of Li,CO; nucleations at
U = 0 V. Therefore, the steps involving to the formation of a carbonate in all pathways are the rate-
determining steps of Li,COs nucleation at both the equilibrium potential (U = U, (Li,COs)) and open circuit
potential (U = 0).

When applying the equilibrium potential (U = U, (Li,C,04) = 3.01 V) of Li,C,04 nucleations on the Au
(111) surface, Fig. S8 shows that the Gibbs free energetic profiles of different pathways. The first adsorption
of CO, molecule on the Au (111) surface as the first step during Li,C,O, nucleations still remain
endothermic with the increase of free energy about 0.16 eV, which are the same case with Li,CO;
nucleations at equilibrium potential. It is found that in all pathways, the steps related with Li atoms are still
all downhill in the energy profiles. The increased free energy to form C,O,% is also higher than the
intermediatary step related with the first adsorption of CO, molecules (0.16 eV). Therefore, it is
demonstrated that at the equilibrium potential (U = U, (Li,C,0,) = 3.01 V), the step to form C,0,* is still the

rate-determining step during the Li,C,0O4 nucleation processes.
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Fig. S8 Calculated energetic profiles of Li,C,04 nucleations on the Au (111) surface at U = Uy (Li,C,04) = 3.01 V.
Table S6 Detailed reaction pathways and corresponding AE, (eV), AE,,. (€V), TAS (eV) for the nucleations of
Li,CO; or Li,C,04 on Ru (0001) surface

Reaction step AEy (eV)  AEg (eV) TAS (eV)

Ru+ Li" + e— *Li -3.15 0.035 0.10

I *Li+ CO, > *LiCO, -1.25 0.005 -0.55
*LiCO, + Lit + e— *Li,CO, -4.14 0.037 0.17
*Li,CO, +CO, — *Li,CO; +*CO -0.18 0.030 -0.53

Ru+ Li" + e— *Li -3.15 0.035 0.10

I *Li+ CO, > *LiCO, -1.25 0.005 -0.55
*LiCO, + Lit + e— *Li,CO, -3.84 0.047 0.11
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*Li,CO, + CO, — *LirC,04 0.17 0.064 -0.44
Ru+Li+e—> *Li -3.15 0.035 0.10

o *Li+ CO, — *LiCO, -1.25 0.005 -0.55
*LiCO,+CO, —*LiCO; +*CO 0.59 -0.034 -0.49

#LiCO3 +*CO + Li* + e— *Li,CO; +*CO -4.92 0.100 0.13

Ru + Li* + e— *Li -3.15 0.035 0.10

o *Li+ CO, — *LiCO, -1.25 0.005 -0.55
*LiCO, + CO, — *LiC,04 -0.08 0.034 -0.50

#LiC,04 + Li* + e— *Li,C,0, -3.59 0.077 0.17

Ru + CO, - *CO, -0.52 0.005 -0.41

I *CO, + Li* + e— *LiCO, -3.88 0.035 -0.05
*LiCO, +C0O, - *LiCO3+*CO 0.59 -0.034 -0.49
*LiCOy+*CO+Li* + e—*Li,CO; +*CO -4.92 0.100 0.13

Ru + CO, - *CO, -0.52 0.005 -0.41

I *CO, + Li* + e— *LiCO, -3.88 0.035 -0.05
*LiCO, + Li* + e— *Li,CO, -3.84 0.047 0.11
*Li,COy+ COy—> *LirCy04 0.17 0.064 -0.44

Ru + CO, - *CO, -0.52 0.005 -0.41

" *CO, + Li* + e— *LiCO, -3.88 0.035 -0.05
*LiCO, + Li* + e—*Li,CO, -4.14 0.037 0.17
*Li,CO,+CO,—> *Li,CO3+*CO -0.18 0.030 -0.53

Ru + CO, - *CO, -0.52 0.005 -0.41

- *CO, + Li* + e— *LiCO, -3.88 0.035 -0.05
*LiCO, + CO,—> * LiC,0, -0.08 0.034 -0.50
*LiC,04+ Li* + e— *Li,C,04 -3.59 0.077 0.17

Ru + CO, — *CO, -0.52 0.005 -0.41

" *C0,+C0, »>*CO5+ *CO 0.10 -0.001 -0.57
*CO, +*CO + Li* + e— *LiCO; +*CO -3.38 0.003 0.04

*LiCO; +*CO + Li* + e—> *Li,CO;3 +*CO -4.92 0.100 0.13

Ru + CO, — *CO, -0.52 0.005 -0.41

" *COyt+ CO, —> *Cy04 -0.28 0.002 -0.45
*C,04+ Li* + e *LiC,04 -3.68 0.067 -0.10
¥LiC,04+ Li* + e *Li,C,04 -3.59 0.077 0.17
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Fig. S9 Calculated energetic profiles of Li,COs ((a) - (b)) and Li,C,04 ((c) - (d)) on the Ru (0001) surface at U =0
V.

Fig. S9 shows the calculated free energy profiles for Li,CO; and Li,C,0, nucleations on the Ru (0001)
surface at an open circuit potential (U = 0 V). At first, let us discuss the Li,COj; nucleations processes on the
Ru (0001) surface. It is still found that the steps involving the formation of carbonate are the kinetically
controlling steps at U = 0 V. Likewise, the free energy changes of the controlling steps during all pathways
of Li,COj; nucleations on the Ru (0001) surface are observed to 0.37 eV for pathway I, 1.05 eV for pathway
1", 0.37 eV for pathway II", 1.05 eV for pathway II and 0.67 eV for pathway III, which are slightly less than
the energy barriers during Li,COs nucleations on the Au (111) surface. Next, for the Li,C,0,4 nucleations, all
steps during Li,C,04 nucleations on the Ru (0001) surface are downhill in the Gibbs free energy profiles
except the formation of C,04> steps, see Fig. S9 (c)-(d). The free energy changes of the controlling steps
during all pathways of Li,C,04 nucleations on the Ru (0001) surface are observed to 0.67 eV for pathway I',
0.45 eV for pathway I", 0.67 eV for pathway II', 0.45 eV for pathway II" and 0.17 eV for pathway III'.

Likewise, the maximum energetic gaps between two neighbor intermediates during the two pathways (I' and
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II') on the Ru (0001) surface (both are 0.67 eV) are found to be larger than those on the Au (111) surface
(0.21 eV), while those energetic gaps of the controlling steps during the pathways of "', II'"" and III' on Ru
(0001) surfaces are less than those on the Au (111) surface. Therefore, the kinetic rates of the formation of
Li,C,0,4 on the Ru (0001) surface is demonstrated to be possible faster than those on the Au (111) surface
during these pathways (I'"', II'"" and III'). In addition, we find that the first adsorption step of CO, molecule on
the catalytic Au (111) surface appears the increase of free energy, whereas exhibits the downhill of the free
energy on the catalytic Ru (0001) surface, irrespective of Li,CO; nucleations or Li,C,0, nucleations, see Fig.
S6 and S9. In addition, the free energy change for the Li,C,0O,4 nucleations on the Ru (0001) surface (-7.14
eV) is also found to be evidently less than that on the Au (111) surface (-6.07 V), indicating the Li,C,04
nucleations thermodynamically much more favorable on the Ru (0001) catalytic surface than on Au (111)
surface. Likewise, during Li,CO; nucleations, the Gibbs free energy change on the Ru (0001) surface (-7.8
eV) is also far less than that on Au (111) surface (-6.22 eV). In particular, the Gibbs free energy changes
during Li,CO; nucleation on the catalytic Ru (0001) and Au (111) surfaces are all less than those during

Li,C,04 nucleations.
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Fig. S10 Calculated energetic profiles of Li,COs nucleations on the Ru (0001) surface at U = U, (Li,CO3) =2.87 V.

Fig. S10 shows the Gibbs free energetic profiles of Li,CO; nucleations on the Ru (0001) surface under the
equilibrium potential (U = U, (Li,COs) = 2.87 V). When applying the equilibrium potential, the intermediary
steps along with the formation a carbonate are still the kinetically controlling steps during the Li,CO;
nucleations on the Ru (0001) surface. The energy changes of the controlling steps during all pathways on the
Ru (0001) surface are found to be slightly lower than those on the Au (111) surface irrespective of the
equilibrium potential and open circuit potential. In addition, the total Gibbs free energy changes for Li,CO;
nucleations on the Ru (0001) surface are also found to be slightly lower than that on the Au (111) surface,
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indicating the Li,CO; nucleations thermodynamically much more favorable on the Ru (0001) catalytic
surface. Therefore, the catalytic surface of Ru (0001) thermodynamically exhibits better catalytic
performance for Li,CO; nucleations.

Fig. S11 shows the Gibbs free energetic profiles of Li,C,04 nucleations on the Ru (0001) surface under
the equilibrium potential (U = U, (Li,C,0,) = 3.01 V). All steps during Li,C,0, nucleations on the Ru (0001)
surface are still downhill in the Gibbs free energy profiles except the formation of C,0,* steps, compared
with the Gibbs free energetic profiles at U = 0 V, see Fig. S9 (¢) and (d). Compared with the Li,C,04
nucleations on the Au (111) surface, it is found that the change trends in all the pathways on the Ru (0001)
surface (see Fig. S11) are similar to those on the Au (111) surface (see Fig. S8) surface except that the
adsorption of CO, in the first intermediary step are keeping downhill in the free energy profiles on Ru (0001)

surfaces (see Fig. S11 (b)).
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Fig. S11 Calculated energetic profiles of Li,C,0, on the Ru (0001) surface at U = U, (Li,C,04) =3.01 V.

From thermodynamically standpoints, the total Gibbs free energy changes during Li,CO; nucleations on
the catalytic Ru (0001) and Au (111) surfaces are all less than those during Li,C,0, nucleations, as well as
the total Gibbs free energy changes for Ru surface are all less than those on Au surface irrespective of
Li,CO; or Li,C,0, nucleations. In other regards of kinetically views, the energetic gaps of the controlling
steps for Ru (0001) surfaces are found less than those Au (111) surfaces, indicating the kinetic rates on the
Ru (0001) surface would be possible faster than those on the Au (111) surfaces for Li,COs nucleations. For
Li,C,0,4 nucleations, the kinetic rates on the Ru (0001) surface is demonstrated to be possible faster than
those on the Au (111) surface during these pathways (I", II"" and III'), but during the other two pathways, the
kinetic rates on the Ru (0001) surface would be slower than those on Au (111) surface. Therefore, the

catalytic surface of Ru (0001) thermodynamically and kinetically exhibits better catalytic performance for
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Li,CO; nucleations.

Table S7 The rate-determining step and calculated discharge overpotential 7, for the Li,CO; (red) and Li,C;04

(black) nucleations on Au and Ru catalytic surfaces at the equilibrium potential

catalytic surface I I I" ™ 1T r " " I ur
Au
(i no/evV. 049 021 135 046 135 021 049 046 079 042
Ru

no/eV. 037 0.67 105 045 1.05 0.67 037 045 067 0.17
(0001)

The overpotential (7o) for the Li,CO; and Li,C,0, nucleations on the precious Au and Ru catalytic
surfaces can be obtained on the basis of the Gibbs free energy change of the controlling step AG/(n), which is
defined in Eq. (4). A lower 7, indicate less energy barriers to overcome, that is to say, this step is easily to

realize.

AG ;(n)
Ny == fe “)

It is well known that the best possible pathways are determined at the equilibrium potentials during Li-CO,
batteries or electrocatalysis, but at open circuit potential during the common thermal catalysis. The
calculated overpotential (7,) for the Li,CO; and Li,C,04 nucleations on the Au and Ru catalytic surfaces at
the equilibrium potential can be found in Table S7. During the Li,CO; nucleations, the controlling steps on
Au and Ru catalytic surfaces are the intermediary steps involving the formation of a carbonate. According to
the calculated overpotential (7,) listed in Table S7, the minimum overpotentials (7,) and are 0.49 V on Au
(111) surfaces and 0.37 V on Ru (0001) surfaces during the pathways of both I and II". However, for Au
(111) surface, the overpotential in the next controlling step of pathway I (77,= -0.11 V) is less than the
pathway II" (o= 0.16 V), while for Ru (0001) surface, the overpotential in the next controlling step of
pathway I (o= -0.34 V) is also less than the pathway II" (5,= -0.11V). Therefore, pathway I during the
Li,CO; nucleations is demonstrated to be the favorable pathway on both Au (111) and Ru (0001) surfaces.

During the process of Li,C,0, nucleations on the Au (111) and Ru (0001) surface, the controlling steps on
Au and Ru catalytic surfaces are the intermediary steps involving the formation of an oxalate. The calculated
minimum overpotentials (7,) are 0.21 V on the Au (111) surface for the pathways (I' and 1I') and 0.17 V on
the Ru (0001) surface for the pathway III', respectively. However, for the Au (111) surface, the overpotential
in the next controlling step of the pathway I' (o = -0.02 V) is less than the pathway II" (= 0.16 V).
Therefore, the Li,C,04 nucleations on the Au (111) and Ru (0001) surfaces possibly follow the pathways I'

and IIT', respectively.
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In addition, by checking all pathways at open circuit potentials, the best possible pathways are still the
pathway I' on Au surface and III' on Ru surface for Li,C,0, nucleations, and the pathway I on both Au and

Ru surface for Li,CO;nucleations.

S6. Gibbs free energy change during the decomposition process of Li,CO;

Table S8 Detailed reaction pathways and corresponding AEq, (eV), AE,,. (eV), TAS(eV) for the decompositions
of Li;,CO; on Au (111) and Ru (0001) surfaces

Reaction step AE (eV)  AE, (eV) TAS (eV)

Li,CO;(s)+ Au — 2Li" +2e¢~ +*CO; 7.09 0.132 -0.090

*CO; —*CO, +*O -0.13 0.020 -0.005

*CO, +*O— CO;, (g)*+*O 0.25 -0.008 0.403

Pathy, *O+Li,COs3(s)—*O+2Li* +2¢~ +*CO; 7.09 0.132 -0.090
(Av) *O+*CO; — *O+*CO, +*O -0.13 0.020 -0.005
*O+*CO, +*0—*0+ CO; (g)+O* 0.25 -0.008 0.403

*O +*0 —*0, 0.61 0.015 -0.005

*0, — 05 (g) 1.01 0.016 0.505
Li;COs(s)+ Au — 2Li* +2e” +*CO; 7.09 0.132 -0.090

*CO; —=*CO, +*O -0.13 0.020 -0.005

*CO, +*0— CO;, (g)+*O 0.25 -0.008 0.403

Pathos C(s) + *O —»*CO 0.76 0.129 0.100
(Av) *CO+Li,COs(s)— CO*+2Li" +2¢” +*CO; 7.09 0.132 -0.090
*CO+*CO; —*CO+*CO, +*O -0.13 0.020 -0.005
*CO+*CO, +*O —»*CO+CO; (g)+*O 0.25 -0.008 0.403

*CO+*0 —*CO, -0.67 0.057 0.069

*CO, — CO; (g) 0.25 -0.008 0.403
Li;COs(s)+ Ru — 2Li" +2e¢™ +*CO;5 5.92 0.158 -0.105

*CO; —=*CO, +*O -0.23 -0.046 0.007

*CO, +*0— CO;, (g)+*O 0.52 -0.005 0.405

Pathp, *O+Li,CO;5(s)—>*O+2Li* +2¢~ +*CO; 5.92 0.158 -0.105
(Ru) *O+*CO; — *O+*CO, +*O -0.23 -0.046 0.007
*O0+*CO, +¥*0—-*0+ CO, (g)+O* 0.52 -0.005 0.405

*0 +*0 —*0, 4.68 -0.006 0.060

*0, = 02 (g) 2.34 0.017 0.486
Li;COs(s)+ Ru — 2Li" +2¢” +*CO;5 5.92 0.158 -0.105

*CO; —*CO, +*O -0.23 -0.046 0.007

*CO, +*0— CO;, (g)*+*O 0.52 -0.005 0.405

C(s) + *O —»*CO 0.15 0.097 0.096

Pathpy(Ru)  *CO+Li,COs(s)— CO*+2Li" +2¢” +*CO; 5.92 0.158 -0.105
*CO+*CO; —*CO+*CO, +*O -0.23 -0.046 0.007
*CO+*CO, +*O —»*CO+CO, (g)+*O 0.52 -0.005 0.405

*CO+*O —»*CO, -0.49 0.062 0.079

*CO, — CO; (g) 0.52 -0.005 0.405

S18



S7. Electrochemical Free energy during the discharge and charge processes

The electrochemical free energy change (AGg (M)) of the intermediates on different catalytic surfaces are

calculated as: 1°

AGEM) =E —Eg + Np; (3 —eU) + Neo, Heo, + Netie (%)

where E, and Eg, are the total energy of the intermediates on the Au (111) and Ru (0001) surfaces and the
energy of the metal surfaces. Ni;, Nc and N¢o, are the number of Li, C and CO, adsorbed on the surface. yy;,
Uc and pco, are the chemical potentials of Li, C atom and CO, molecules, which are obtained from a single
Li or C atom in bulk and a single CO, molecule in the gas phase, respectively. U is the electromotive force
dependent of the external potential in an electrochemical reaction, which can easily change the chemical
potential of an electron. "1 To confirm the electrochemical performance on the Au (111) and Ru (0001)
surfaces, the charge (Uc) and discharge (Upc) electrode potentials are obtained as the minimum and
maximum electrode potentials, causing that all steps in the best pathway remain energetically downhill.
Uegpc and Ug, are equivalent to the thermodynamic equilibrium potential to driving the discharge and
charge processes to occur spontaneously. The calculated overpotentials for discharging (#pc) and charging

(n¢) are calculated as:

pc = Ueqnc-Unc

(6)

Mc=VUc-Ugqc

0

and #ror= fctnc.
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