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Table S1: CoPc-based molecular catalysts for CO2RR, including their substrates,
terminal groups, electrolytes, applied potentials (E), product selectivities, current

densities (Jy), and corresponding references.

substrate CoPc Electrolyte E Selectivity (%) Ty Reference

Carbon CoPcl 0.5 M NaHCO; -0.68 92 for CO 13.1 (mA cm?) !

Carbon CoPc2 0.5 M KCl -0.97 92 for CO 16.3 (mA cm?) !

Carbon CoPc2 0.5 M NaHCO; -0.68 93 for CO 18.1 (mA cm?) !

Carbon CoPc2 1 M KOH -0.31 93 for CO 22.2 (mA cm?) !

Carbon CoPc2 1 M KOH -0.65 94 for CO 70.5 (mA cm?) !

Carbon CoPc2 1M KOH -0.72 96 for CO 111.6 (mA cm- !

%)

Carbon CoPc2 1 M KOH -0.92 94 for CO 165 (mA cm?) !
CNT CoPc 0.1 M KHCO; -0.63 92 for CO ~10 (mA cm?) 2
CNT CoPc-CN 0.1 M KHCO; -0.63 98 for CO ~15 (mA cm?) 2
CNT CoPc-CN 0.5 M NaHCO; -0.46 88 for CO ~5.6 (mA cm2) 2
CNT CoPcpc 0.5 M NaHCO3 -0.61 ca. 90 18 (mA cm?) 3

MWCNTs CoPc(qpy) 0.5 M NaHCO; -0.55 99 for CO 19.9 (mA cm2) 4

carbon cloth Perfluorinated 0.5 M KHCO; -0.80 93 for CO 4.4 (mA cm?) 5

electrode CoPc

/ COF-367-Co 0.5M KHCO; -0.67 91 for CO 3.3 (mA cm?) 6

CNT-MD CoPc 0.5M KHCO3 -0.90 97 for CO —38.72 (mA cm- 7
%)

CNT-AG CoPc 0.5M KHCO;3 -0.7 90 for CO =36.72 (mA cm 7
%)

carbon black MOF-1992 KHCO; —0.52 80 for CO —16.5 (mA cm- 8
?)

CNT-ODA CoPc 0.5 M KHCO; -1.00 97.7 for CO 154.8 (mA cm” 9

%)




carbon powder CoPc 1 M KOH Ecellof 2.5 > 95% for CO 150 (mA cm?) 10
Carbon CoPc 0.05 M citrate —1.15Vvs.SCE 87 for CO 0.98 (mA cm?) 1
buffer
CNT CoPc 0.5 M KHCO;3 —13 Vs 70 for CO 50 ~70 (mA 12
SCE cm?)
CNT CoPc 0.05 M K,CO; —0.7V vs. 86 for CO 1.3 (mA cm2) 13
SCE
CNT CoPc 0.1 M KHCO; -0.61 90 for CO - 1.0 (mA cm?) 14
rGO CoPc 0.75M -0.60 95.5 for CO 7.5 (mA cm?) 15
NaHCO;

acetylene CoPc 0.1 M KHCO; -0.70 99.8 for CO 11.6 (mA cm?) 16

black
/ N—-C—CoPc 0.1 M KHCO; -0.70 85.3 for CO 6 (mA cm?) 17

NR
NRGO N-CoMe2Pc 1 M KOH -0.60 94.1 for CO 56.4 (mA cm2) 18
OxC CoPc 0.1 M NaHCO; -0.73 96 for CO 2.4 (mA cm2) 19
carbon paper CoPe-1 0.5 M KHCO; -0.54 94 for CO 2.2 (mA cm?) 20
CFP CoTNPc 0.5 M KHCO; -0.88 94 for CO 12.6 (mA cm2) 21
CFP CoOCPc 0.5 M KHCO; -0.78 91 for CO 6.8 (mA cm?) 21
HCS-x(x =1-9) CoPc 0.5 M KHCO; -0.82 91 for CO -14 (mA ¢cm?) 22
Carbon cloth CoPc 0.5 M KHCO; —-1.08 99% for CO 46.1 (mA cm?) 23
CNTs CoPc-40CH; 1 M KOH —0.6 to —0.9 91% for CO 48.7 (mA cm?) 24
CNTs CoPc-4NO, 1 M KOH -0.8t0-09V 90% for CO 34.3 (mA cm?) 24
CNTs CoPc 1 M KOH —0.8t0-09V 89% for CO 10.8 (mA cm?) 24
PNCA CoPPc 1 M KOH -1.8V ~100% for CO 210 (mA cm?) 25
Carbon M-CoPc-400 0.5 M KOH 0.7V 19% for MeOH 26 (mA cm?) 26
Carbon B-CoPc-400 0.5M KOH 0.8V 50% for MeOH 35 (mA cm?) 26
/ PEH-COF 0.1 M NaOH -6V 38.5% for 100.9 (mAcm2) 27
MeOH
CNTs CoPc-NH, 0.3 M KHCO3 09V 32% for MeOH 129 (mA cm?) 28
CNTs CoPc 0.1 M KHCO; -0.96 V 41% for MeOH 7.3 (mA cm?) 2
MWCNTs CoTAPc 0.5 M KHCO; -1.37 Vrug 62% for MeOH 132 (mA cm?) 30
MWCNT CoPc 0.5 M KHCO; 09V 12% for MeOH 12 (mA cm?) 31
CNTs CoPc 0.1 M KHCOs -0.94V 44% for MeOH 10.6 (mA cm?) 32
CNTs CoPc-NH, 0.1 M KHCO; -1.00 V 41% for MeOH 10.2 (mA cm?) 32
CNTs CoPc-NH, 0.1 M KOH 095V 45% for MeOH 12 (mA cm?) 3
CNTs NiPc- 0.1 M KHCO; -0.98 V 50% for MeOH 150 (mA cm?) 34
OCH,;/CoPc-
NH,

CNTs CoPc-NH, 0.1 M KHCO3 098V 84% for MeOH 20 (mA cm?) 35

(CO to MeOH)

Note 1: Calcuation of the formation energy and link to the charge transfer in GC-
DFT

To highlight the fixed-potential method (FPM) in CO,RR, we first compare the
CO; adsorption and the first hydrogenation step (CO, to CO) between the computation
hydrogen electrode (CHE) and FPM. In CHE, the adsorption of CO, and the first



hydrogenation step can be expressed as:

C02 +* - *COz (1)

*CO, + H" + ¢ — *COOH Q)
*COOH + H" + e — *CO + H,O 3)
*CO — *+CO (g) (4)

when considering the ideal standard hydrogen electrode (SHE) corresponding to the
absolute potential (Uabs), the relationship between U, and the electrochemical
potential (V vs. SHE) can be expressed as Usyg = -(Ugps + 4.44). Subsequently, the

Gibbs free energy of this two steps can be calculated as follow:

AG % = G 3 = G = G %
CO2 CO2 CO2

)

1

1
= Gucoon = 50, = Guco, = ATINI0 X pH + eUgyp

2 2 (6)

1
AGuco = Gaco + GI_120 - (EGH2+ 4.446) - Gucoon - kTIn10 x pH - eU,q

1
_Gucot Guyo = 50n, = Gucoon - KTIn10 > pH + eUgyp o

in which the *, k£, T stand for the electrode substrate, Boltzmann constant, and the
temperature. When considering the applied potential effect, the two steps under the

FPM could be ascribed as:

CO, + * ' *COZ + (g - qpe
2 2 T (@ - qpe (8)

*COqz2 + (HJr + e')—> *COOHq3 + (q3— q2)e'

q q
=*CO, + H — *COOH > + (g5 - q, - 1)e” )

*COOHq3 + (HJr +e)—o "‘COq4 + H,0 + (q4 - q3)¢”

q
— *COOH® + H' - *CO™ + H,0 + (q4 - q3 - De’ 10)



Where ql, q2, 9% are the charge state of the bare electrode, the electrode with CO,

adsorbed, and the electrode with COOH adsrobed under the applied potential U,

respectively. The corresponding reaction energy of this two steps can be calculated by:

AGpny = Gugs - G2 - Geg. +(a, - q,)eU
FPM *CO, * co, 9o - 91)%Vaps

9 9
=G, + eU - (G* + q,eU ) -G
( CO2 aQ abs) q abs CO2 (11)

2
AGFI—"M

6.2 - 6.2 e s kTIn10 x pH + (
= YUscooH - *coz'sz"e' n p q; - ¢

93 4
= (G*COOH+ q3eUabs) - (G*conr quUabs) - KTIn10 x pH - ¢(Uy,, + 4.44) (

12)

AGFPM
SG T Gy - G B - LG, - 4dde - KTINI0 x pH + (

— Yxco Hy0 = Yxcoon = 5V, = TA%€ - AN p ds - 93 -

eU

abs

q, a5
= (6o Q) + G0 - (Gucoon + daeUpp,) - KTIIO x pH - €(U
)
here, we can define the grand energy Egrang = E9 + qeUyps and grand free energy Ggrand

= Ggq + qeUsps, and the Gibbs free energy can be described as:

1 _
AGFPM =G. COz,grand - G, ,grand ~ GCO2

(13)
2 _
AGFPM_ G*COOH,grand - G*C02,grand - EHZ - kTInl0 x pH + eUSHE (14)
3 _
AGppy = Gvcogrand T GHZO - G ooH grand - EHz - kTIn10 x pH + eUgyg a
5)

therefore, for the CO,RR progress, the Gibbs free energy can be obtained from equal



(9) and (10) for the electron transfer (ET) and proton coupling electron transfer (PCET)
process.

Meanwhile, in this work, we assume the applied potential is fixed, and the PZC is
the controlled variable. According to the definition of the potential-dependent free

energy, the applied potential could form a quadratic function with the Ugyg:

1
Ga,grand(Uabs) = -EC(Uabs - PZCa)2 + Gh4©

o

(16)
where C is the capacitance, which can be approximately equal due to constant active

PZC

site and coordination environment, a is the PZC of the CoPc (PZC *) or the

PZC
intermediate-adsorbed CoPc systems, and ~ @ is the free energy of systems at PZC.

PZC .,

Under ideal condition, suppose that the changes while the Ugyg keep constant

for an identified materials, the Ga,grand(USHE) and the PZC still exhibit a quadratic
function. In fact, the PZC-dependent free energy can not show similar quadratic
function with the PZC due to the structure variation induced energy changes. In
contract, the PZC-dependent free energy changes of intermediate (such as CO,) may

show quadratic function as described by:
AG . COz,grand(USHE)
1 2 2 PZC
= EC[(USHE -PZC., coz) - (U - PZC + ) ] +AG . Co, ~ N. co, ™ ©
Usg

:=AG:%82-%CKPZC*C092-(PZC*)ﬂ-[dﬂ*coz-C(PZC*COZ-PZC*HL%HE

(17)

PZC
AG . CO2 PZC., CO2 N. CO

among them, , 2 are the free energy changes of adsorbed CO,

at PZC, the PZC of the CO, adsorbed CoPc system, and the charge transfer value of

PZC
AG . co, eN. co,

CO, at PZC. Notably, due to the constant C, Ugyg, as well as the , at

o PZC . o PZC,
PZC, the changes of the free energy mainly impacted by the 2 and ,



} %c[(ch . COZ)2 - (pzcC. )2]

which make and

eN . - C{PZC. -PZC., ]U
[ <0, ( €0, ) SHE become the determined term for controlling

the quadratic function or linear function under the PZC variable. Meanwhile, the

N.co, - C(PZC*COZ -PZC.)

APZC (PZC «q " PZC. , e is the revised charge transfer
values) is controlled by the charge transfer between the active site and the adsorbed
intermediates, making the charge dynamically transfer and accumulation become the

key to the catalytic performance, thereby controlling the catalytic activities.

Note2: Calculation of the Microkinetic models
The microkinetic model for the CO,RR to CO was constructed based on recent mechanistic studies.

It incorporates the elementary reaction steps from CO, adsorption to CO desorption, as outlined

below:
CO, +* = *CO, (20)
*CO, + Hf + e — *COOH 2n
*COOH + H* + e — *CO + H,O (22)
*CO — CO (23)

Where the rate equation of each intermediate could expressed by:

00 .
o k0 s co -k 4Pcod s - KiXeoa®« K 10ucon

(24)

09+ con
T: KiXcoz = K19+ con - KOs con T k504 coon (25)

9+ coon

= = -k 304 c00n T KOscon T K 30400 - KOs coon
(26)

0+ co

ot = KOs coon T k.30xc0 - Kbuo T K 4peof «

27

In this model, the & epresents the coverage of intermediate species, Xco2 denotes the equilibrium



concentration of dissolved CO: in the electrolyte, taken as 5.79x10-4 mol/cm3, Pco is the partial
pressure of gaseous CO, fixed at 1 bar, The rate constant k is calculated using transition state theory:
AG *(U)

k. = A.exp( -
i = Agexp( KT

(28)
Where 4i is the effective prefactor, which is set to be 10 X108 and 6.21 x1012, KB is the Boltzmann

constant, T is temperature, R is the gas constant, and AG i is the kinetic barriers, which is set to be

0.3.
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Figure S1: Geometric structure of the termination group modified CoPc.
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Table S2: Bond length between the active Co site and the coordinated N atoms for varous

termination groups modified CoPc.

CoPc Co-N1 Co-N2 Co-N3 Co-N4
20H 1.89638 1.89531 1.89439 1.89534
NH, 1.89725 1.89566 1.89438 1.89698
2NH, 1.89615 1.89473 1.89333 1.89628
NH,CHj; 1.89723 1.89637 1.89564 1.89621
OH 1.89769 1.89673 1.89511 1.89727
OHCH; 1.89656 1.89657 1.89535 1.89507
OCH; 1.89535 1.89627 1.89673 1.89628
CH 1.89774 1.89838 1.89544 1.89741
CH,OH 1.89626 1.89788 1.89820 1.89827
CH; 1.89832 1.89677 1.89827 1.89755
2CH; 1.89686 1.89520 1.89514 1.89768
C,H 1.89777 1.89702 1.89647 1.89777
C,H; 1.89717 1.89651 1.89524 1.89752
C,H; 1.89724 1.89631 1.89651 1.89750
C,HCH; 1.89716 1.89696 1.89609 1.89680

C,H;CH; 1.89550 1.89826 1.89365 1.89772




(b)

Figure S2: top and side view of the graphene/CoPc heterostructure.
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Figure S3: ab initial molecular dynamics simulation for the selected four systems: -C,H, -C,Hj, -

OH, and -2CHj at temperature of 300K lasting for 10 ps.
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Figure S4: graphic diagram of PZC variation for the adsrobed intermediate related to the charge

transfer in the adsorbed intermediates.
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Figure S5: formation energy of COOH (a) and — " PZC, (b) as function of the TOF of CO, to CO for

the 16 kinds of graphene/CoPc catalysts under U, = -3.64 V.
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Figure S6: Gibbs free energy of the (a) CO to CH;0H and (b) CO, to CO for CoPc/graphene under

the working condition (U,,s = -3.74 V).
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Figure S7: Geometric stuctures of the first and second prontated bridge N atom on CoPc/graphene.
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Figure S8: (a)-(d) Geometric stuctures of the prontated bridge N atom on CoPc.
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Figure S9: (a) geometric structure of the protonated site and the protonate reaction pathway and (b)

the corresponding energy barriers for the first, second, third, and fourth protonation process.
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Figure S10: The protonation energy of the second (a), third (b), and fourth (c) as function of the
PZC of the second, third, and fourth protonated PZC; (d)-(f) the PZC evolution with the protonated
PZC for the second to fourth protonation process; (g) protonation energy as function of the PZC

across the pristine to full protonation process; (h) PZC self-evolution across the whole protonation

process.
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Figure S11: Pourbaix diagram for selected CoPc systems intergreted from the relation between PZC and the

protonation energy for the third (a) and fourth (b) protonation process.

Figure S12: Geometric structure of the first (a) and secondary (b) protonation on CoPc/graphene

systems under U, =-3.64 V (0.8 V vs. SHE).
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CoPc/graphene systems under U,y = -3.64 V (0.8 V vs. SHE).
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Figure S14: the surface charge density of the selected CoPc with -NH,, -OH, -CH, and -C,H
termination groups as function of the adsorption energy of the O, (a), OOH (b), O (c), OH (d)

intermediates for oxygen reduction reaction.
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