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Chemical and materials

4-Nitrophthalic acid (CgHsNOg, 98%), ammonium molybdate ((NH4),Mo00O,, 98%), and
urea (CO(NH;),, 99%) were purchased from Aladdin. 2,3,9,10,16,17,23,24-
Octaaminophthalocyanine nickel (IT) (Ni(NH;)sPc) and Tetraaminophthalocyaninato nickel (II)
(Ni(NH;)4Pc) were purchased from Yanshen Technology Co., Ltd. Monarch 1300 was obtained
from Cabot. Toluene (MePh, AR), nickel chloride hexahydrate (NiCl,*6H,0, 99%), potassium
hydrogen carbonate (KHCOj3;, 99%), thionyl chloride (SOCl,, AR), and dimethyl sulfoxide
(DMSO, AR) were purchased from Beijing InnoChem Science & Technology Co., Ltd.
Potassium hydroxide (KOH, 95%), sodium chloride (NaCl, AR), sodium hydroxide (NaOH,
AR), and zinc acetate (Zn(CH;COOQ),, 99%) were purchased from Macklin. Ammonium
chloride (NH4Cl, AR), hydrochloric acid (HCL, 36%), and nitric acid (HNO;, 69%) were
obtained from Sinopharm Chemical Reagent Co., Ltd. All electrodes were obtained from Gaoss
Union (Tianjin). All chemicals were used as received, and all aqueous electrolyte solutions were

prepared with reagent-grade water (18.2 MQ cm) unless otherwise stated.
Preparation of -COCI modified GC

Monarch 1300 carbon powder (200 mg) and dry toluene (100 mL) were added to a flask.
Against positive pressure of Ar, SOCI, (50 mL) was injected into the flask slowly. Then, the
mixture was refluxed at 120 °C for 2 hours under argon atmosphere. Following cooling, the
excess SOCI, was removed by rotary evaporation. Then, the solid was rinsed with copious

amounts of toluene and CH;COOH and dried in a vacuum.
Preparation of Ni(NH;)sPc-GC

Monarch 1300 carbon powder (125 mg) was ultrasonically dispersed in EtOH (9 mL) for
30 minutes, followed by sparging with Ar for 30 minutes to remove oxygen. Under the
protection of Ar, a solution of Ni(NH;)gPc (12.5 mg) in DMSO (10 mL) was added by injection,
and the mixture was heated to 130 °C for 24 hours. To remove unsupported Ni(NH,)sPc, after
cooling to room temperature, the powder was collected by centrifugation and washed with
DMSO and EtOH several times. The powder was subsequently treated with 0.1 M HCI for 4
hours to hydrolyze imine bonds formed on the surface. Following the acid soak, the powder
was collected by centrifugation and washed with water 5 times and EtOH thrice. Finally, the

product dried at room temperature under vacuum overnight.
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Preparation of Ni(NH,)4Pc-GC

Following the same procedures, Ni(NH;),;Pc-GC was prepared by replacing the
Ni(NH,)sPc and Monarch 1300 with Ni(NH;)4Pc and Monarch 1300-COCI, respectively.

Preparation of Ni(NH,)sPc¢/GC

Monarch 1300 carbon powder (9.1 mg) was ultrasonically dispersed in isopropanol (1 mL)
for 30 minutes to form ink I. Ni(NH,)sPc (2.0 mg) was dissolved in DMSO (2 mL) to form ink
IL. Ink I (1 mL) was mixed with ink II (900 pL) and further sonicated for 30 minutes to form
ink III.

Preparation of Ni(NH;)4Pc/GC

Following the same procedures, Ni(NH;),Pc/GC was prepared by replacing the
Ni(NH;)gPc and Monarch 1300 with Ni(NH;),Pc and Monarch 1300-COCI, respectively.

Characterization

X-ray diffraction (XRD) patterns were obtained by a Rigaku D/Max2550 with Cu Ka
(A=1.5418 A). Raman spectra were conducted on a Jobin Yvon/HORIBA LabRam ARAMIS
Raman spectrometer with an excitation of 532 nm laser light. The morphology and element
distribution of the catalysts were studied by scanning electron microscopy (SEM, JSM-6510)
and transmission electron microscopy (TEM, Philips-FEI Tecnai G 2S-Twin F20) equipped
with energy dispersive X-ray spectroscopy (EDX). The composition and chemical states of
elements on the surface of materials were characterized by X-ray photoelectron spectroscopy
(XPS, Thermo Electron Corporation ESCALAB 250 spectrometer) equipped with Al Ko.. UV-
vis spectra were recorded on Ocean Insight QE65Pro High-Sensitivity spectrometer. Brunauer-
Emmett-Taller (BET) specific surface area and pore size distribution were calculated based on
N, adsorption/disadsorption isotherms recorded on a Micromeritics ASAP 3-flex. The
concentrations of Ni in the catalysts were quantitatively analyzed by inductively coupled
plasma optical emission spectroscopy (ICP-OES, Perkin-Elmer Optima 3300 DV). Gases from
headspace during electrolysis were performed on a Shimadzu GC-2014 gas chromatography
(GC) system equipped with a thermal conductivity detector (TCD) and a flame ionization
detector (FID).

The attenuated total reflectance surface-enhanced infrared spectroscopy (ATR-SEIRAS)
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was performed on Bruker vertex 80v machine with a mercury cadmium telluride (MCT)
detector. All spectra were acquired at 4 cm! spectral resolution and 32 scans. The electrolytic
cell consists of a polytetrafluoroethylene pedestal and a glass reactor. CO,-saturated 0.5 M
KHCO;j solution was used as the electrolyte, and CO, was continuously fed into the electrolyte
during the test. The catalyst ink was evenly dropped on the germanium crystal coated with gold
film and used as the working electrode. Ag/AgCl and the Pt wire were used as the reference
electrode and the counter electrode, respectively. The background spectrum was collected at
open circuit potential. The potential was set from -0.18 V to -0.98 V vs. RHE, and the spectra

were collected every 100 mV.
CO;RR in the H-Cell

All electrochemical measurements were conducted at room temperature on a CH
instrument (model CHI 660E Analyzer). The CO,RR was tested in an H-type cell separated by
a proton-exchange membrane (Nafion-117). The catalyst-coating carbon paper, platinum foil
and Ag/AgCl (in saturated KCI electrolyte) were employed as working electrode, counter
electrode and reference electrode, respectively. 0.5 M KHCO; was used as an electrolyte. 5 mg
of prepared catalysts and 50 pL of Nafion (5 wt%) were dispersed into 1 mL isopropanol/water
mixture (v : v =7 : 3) by 30 minutes sonication to form a homogenous suspension. A certain
amount of ink was drop-coated on carbon paper (Y30T, 1 x 1 cm?) with a catalyst loading of
0.5 mg cm2. Electrode potentials for experiments conducted in aqueous media were plotted vs.
the reversible hydrogen electrode (RHE, Erpyg=Eagagci + 0.198 + pH x 0.059 V). All glass
instruments were soaked in aqua regia for at least 30 minutes and rinsed with water before use.
The linear sweep voltammetry (LSV) was tested in Ar-saturated or CO,-saturated electrolytes
with 80% iR compensation at a scan rate of 5 mV s-!. During controlled potential electrolysis

at different applied potentials, the cathode chamber rotor was stirred at a constant speed of 500

rpm.

COzRR in the Flow Cell

The flow cell performances were tested on a CorrTest CS Studio electrochemical
workstation at room temperature. The flow cell purchased from Gaoss Union consists of an
anodic chamber, a cathodic chamber, a gas chamber and gaskets, wherein the anodic chamber
and cathodic chamber were separated by an anion-exchange membrane (fumasep FAB-PK-
130). A microporous gas diffusion layer (GDL, Y30T, 1.5 x 3.5 cm?) with the catalyst loading
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of 0.5 mg cm was employed as the working electrode, and its actual working area is 0.5 x 2
cm?. A platinum foil (1.5 x 3.5 cm?) and Hg/HgO (with 1 M KOH) were used as counter
electrode and reference electrode, respectively. 1 M KOH (pH = 13.6) was used as electrolyte
both anolyte and catholyte. The flow rate of electrolyte was set at 2.5 mL min! by controlling
a peristaltic pump. High-purity CO, (99.999%) from the back side and through the GDE to the
catalyst surface at a flow rate of 20 sccm. The potentials were converted to RHE without iR

compensations by the following equation: Erge=Eng/mgo + 0.98 + pH % 0.059 V.
Zn-CO; battery measurements

The performance of an aqueous rechargeable Zn-CO, battery was measured in a two-
compartment cell equipped with a bipolar membrane (Fumasep FBM-PK). A 1 x 1 cm?
hydrophobic carbon paper with a catalyst loading of 0.5 mg cm and a polished 2 x 5 cm? Zn
foil was used as the cathode and anode, respectively. 0.8 M KHCOj acted as a catholyte, and 6
M KOH with 0.2 M Zn(Ac), mixture acted as an anolyte. Throughout the test process, CO, was
continuously pumped into the catholyte at a rate of 20 sccm. All electrochemical measurements
were tested on a CHI 660E electrochemical workstation.

The theoretical potential of the Zn-CO, battery was calculated based on Zhang's work.!
When the aqueous Zn-CO, battery is discharged, the reactions that may occur are as follows:
Cathode:

CO,+2H" +2e™>C0 + H,0 (0.8 M KHCO, sat. CO,, pH = 7.2)

s RT

E.= Ecoz/co - n_Fln -
a

H

8.314 x 298.15 1
=-0.106V - In V=-0.532V
2 X 96485 (10~ 7-2)2

Where
Ecozg/co =-0.106 V vs. SHE

Anode:
Zn-2e”—Zn** (6 M KOH with 0.2 M Zn(CH,C00),)

Zn?* will react spontaneously with OH":
Zn** +40H ™ >Zn(0H)*;
When Zn(OH)2- 4 is supersaturated:
Zn(OH)?*; >20H™ + Zn0 + H,0

A, XA 4 4

0 RT Zn OH~ 8.314 x 298.15 [6
E =E -—Inl—|=-119V - ———In|—|V =-1312V
2 X 96485

@ Umomy?, /zm nF | a ) 0.2
Zn(OH) 4



Where

E %  =-1199Vvs.SHE
Zn(OH) 4 /Zn

Overall discharge reaction:

Zn+ CO,+2H* + 40H™ >Zn(0OH)?; + CO + H,0

Egischarge = Ec ~ Eq =—0.532V - (- 1.312V) = 0.78V

' 0 RT 1 8.314 x 298.15 1
E,=E 0 - —n|—|=0V- In V=-0425V

HT/H, nF |y 2 2 X 96485 (10—7-2)2
H+

Where
E % =0Vuvs.SHE

HY/H,

Edischarge =E -E =-0425V-(-1312V)=0.887V

c a~
When the aqueous Zn-CO, battery is charged, the reactions that may occur are as follows:

Cathode:
1 . _
Hy0--0,+2H" + 2e

8.314 x 298.15

1
=1.229V - In
2 X 96485 (10—7-2)2

] V=0.803V

H

Where
E, P =1.229V vs.SHE
H,0/0, vs

Anode:

Zn(OH)?; »40H™ + Zn**

Zn*t 4+ 2e —>Zn

When Zn(OH)2- 4 is undersaturated:

20H™ + Zn0 + H,0~Zn(0H)%;

This reaction is the inverse of the discharge process, thus E,=-1.312 V

Overall charge reaction:
1
Zn(OH)?; + H,0~Zn + 02+ 2H * +40H"

Eparae=E.—E,=0803V - (-1312V) =2.115V

charge

The overall reaction of aqueous rechargeable Zn-CO, battery is summarized as follows:

1
€0,~C0 + 20,

Determination of Ni surface concentration in Ni(NH;)sPc-GC



Cyclic voltammetry of Ni(NH,)sPc-GC modified carbon paper was collected in 0.5 M
KHCOj; under Ar. The carbon paper substrate was treated with acid to eliminate residual metal
ions prior to its application. The loading amount of Ni1(NH;)gPc-GC on the surface of the carbon
paper electrode is 0.5 mg cm2. The voltammogram was started at the open circuit potential
(OCP) and swept negatively, cycling between -0.48 V and 0.92 V vs RHE with a scan rate of
10 mV s°1. The redox waves centered at 0.15 V vs. RHE were attributed to pyrazine linkages
and were integrated to calculate the charge that passed in the pyrazine wave.

By integrating the oxidation and reduction peaks, the corresponding peak areas (S) are
found tobe 2.9 x 107> V-A and 3.1 x 1075 V- A, respectively (Figure 1d). The integrated charge
of the pyrazine wave of Ni(NH;)sPc-GC was determined by the following equations:

Sox
o=y
Sred
Qred = v
_ Qox + Qred
QPW - 2

Sox 18 the area of the oxidation peak (2.9 x 107> V-A).

S.eq 18 the area of the reduction peak (3.1 x 107> V-A).

v is the scan rate when performing CV testing (10 mV s™!)

Q.x 1s the charge that passed in the oxidation peak of pyrazine group (C).
Qreq 1s the charge that passed in the reduction peak of pyrazine group (C).
Qpyr 1s the charge that passed in the pyrazine wave (C).

According to the above formula, we determine that the integrated charge of the pyrazine
wave is 3.0 x 1073 C.

Following cyclic voltammetry, the electrode was soaked in ca. 2 mL aqua regia overnight,
and the solution was eventually diluted to 50 mL with water. The concentration of Ni in solution
was determined by ICP-OES. The results indicate that the Ni content in Ni(NH;)gPc-GC was
0.1562 wt%. The number of electrons transferred during the electrochemical reaction at each
Ni site were determined using the following equation:

Qpyr =1 X% (e /Ni)) X F
n is the molar mass of Ni supported on the surface of the carbon paper (mol).
e”/Ni is the umber of electrons transferred at each Ni site.

F is Faraday's constant (96485 C mol").



The above formula also was expressed as:

0.5x 1073 g x 0.1562 wt%
58.6934 g mol ~!

3.0x10°3C=

e -1
X [—] X 96485 C mol
N

According to above equation, the e7/Ni ratio of 2.3 was obtained.
The area-normalized content of Ni(NH;)sPc in Ni(NH;)sPc-GC electrode was determined
by the following equation:

r. = prr
MR _ FA
e /Ni
'y is the concentration of nickel (mol cm™2).
Qpyr 1s the charge that passed in the pyrazine wave (C).
Re-/ni 18 the ratio of electrons to nickel rounded to the nearest integer.

A is the geometric area of carbon paper (1 cm?).
Determination of Ni surface concentration in Ni(NH;)4Pc-GC

The content of Ni(NH;),Pc in Ni(NH;),Pc-GC electrode was determined by ICP-OES and

the following equation:

=3.97%x10 8molcm ™2

poo M _05x 1073 g x 0.466 wt%
i = _
" My XA 586934 gmol~ ! x 1 cm?

my; 1s the mass of Ni supported on the surface of the carbon paper (g).

My is the ratio of electrons to nickel rounded to the nearest integer (58.6934 g mol-!).

Calculation of Faradic efficiency (FE)

In H-Cell:
Vy
— XNXFx100%
FEg = X 100% =
Q
total total

In Flow-Cell:

jg F><N><xg><vCO2><100%

. X 100% =

Jtotal Jtotal

FEg=

V, is the volume of CO or H;, above the cathode chamber (L).
Vi is the molar volume of gases at 25 °C (L mol!).
N is the number of electrons transferred to produce a molecule of CO or H, (2¢").

F is Faraday's constant (96485 C mol!).
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Qqotal 18 the charge consumed during electrolysis (C).
X, is the concentration of CO or H, measured by GC (mol mol!).

Vco, is the flow rate of CO, (mol s).

Jiotal 18 the recorded current density (A cm™2).
Calculation of Turnover frequency (TOF)

The turnover frequency (s!) for CO was calculated as follows:

_jtotal X FE ¢,

TOF=—————
2F X Ty,

Jiotal 18 the recorded current density (A cm2).
FEo is the faradic efficiency of CO.
F is Faraday's constant (96485 C mol!).

I'\; is the concentration of nickel (mol cm™).
Calculation of energy efficiency (EE)

The half-cell energy efficiency of CO was calculated by the following equation:
1.23-Eg

FE=—— "
1.23 - Eypiie

X FE -5 x 100%

Eco 1s the thermodynamic potential for the reduction of CO, to CO (Eco =-0.11 V vs. RHE).
Eappiiea 18 the applied potential vs. RHE.
FEo is the faradic efficiency of CO.

Calculation of the single-pass CO,-to-CO conversation (SPCC)

Pco X Veo,
SPCC =

4
C02

®co is the volume fraction in the gas mixture analyzed.

Vco, is the flow rate of CO, (mL min‘!).

Calculation of the CO yield rate (YRco)

®co is the volume fraction in the gas mixture analyzed.
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Vco, is the flow rate of CO, (mL min'!).

A is the geometric area of carbon paper (1 cm?).
Density functional theory (DFT) calculations

All calculations were implemented in Materials Studio with the DMol3 code. The Perdew—
Burke—Ernzerhof (PBE) functional of the generalized gradient approximation (GGA) was used
to calculate the exchange—correlation energy. The double numerical plus polarization (DNP)
was chosen during the geometry optimization. The convergence tolerances of energy change,
maximum force, and maximum displacement were set as 2 x 10-5 Ha, 0.004 Ha/A, and 0.005
A, respectively.

The Gibbs free energy change is defined as:

AG = AE + AZPE -TAS

where AFE is the electronic energy calculated with VASP, AZPE and A4S are the zero-point
energy difference and the entropy change between the products and reactants, respectively, and
T is the temperature (298.15 K).

The elementary steps on the catalysts were:

x+C0,+H" +e > xCOO0H

«*COOH+H" +e >xC0+H,0

* CO— x+ CO

12
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Figure S1. UV-visible spectra. (a) Ni(NH,)sPc and filtrate of Ni(NH,)sPc-GC washed with
DMSO. (b) Ni(NH;)4Pc and filtrate of Ni(NH;)4,Pc-GC washed with DMSO.

In general, the UV-visible spectra of phthalocyanines exhibit a distinct sharp Q-band
within the range of 600-800 nm. Additionally, a characteristic B-band is observed at 300-400
nm. The pronounced Q-band arises from the n-n* transition between the ground state (HOMO)
and the excited state (LUMO). The B-band is attributed to the transition between a,, or by, and
eg orbitals. The presence of additional amino substituents in Ni(NH;)sPc enhances the electron
cloud density of the nitrogen atoms within the molecule. The reduction in the energy level
difference of the electronic transition ultimately results in a blue shift of the Q-band.
Furthermore, the absence of the Q-band of nickel phthalocyanine in the UV-visible spectra of
the graphite carbon catalyst indicates the effective removal of the physically adsorbed active

sites.
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Figure S2. XRD patterns of GC, Ni(NH;)sPc-GC and Ni(NH;),Pc-GC.
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Figure S3. Representative CVs of Ni(NH,)sPc-GC in Ar-saturated 0.5 M KHCOj; solution

with a scan rate of 5 mV sl
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Figure SS. SEM image and Elemental mapping of Ni(NH,)sPc-GC.

b

Figure S6. SEM image and Elemental mapping of Ni(NH;),Pc-GC.
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Figure S7. LSV curves normalized to the amount of substance of the NiPc species in CO,-

saturated 0.5 M KHCOj solution with a scan rate of 5 mV s'! and 80% iR compensation.
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Figure S8. In situ DEMS spectrum of Ni(NH;)4Pc-GC in a CO,-saturated 0.5 M KHCO;
electrolyte. The signals of CO, (m/z=44), CO (m/z=28) and H, (m/z=2) were captured twice of
LSV from -0.38 to -0.88 V vs. RHE. The dashed line represents the potential profile.
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Figure S9. In situ DEMS spectra of CO (top, m/z=28) and H, (bottom, m/z=2) on
Ni(NH;)gPc-GC and Ni(NH;)4Pc-GC in a CO, saturated 0.5 M KHCO; electrolyte.
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Figure S10. Chronoamperometry curves at different potential for CO,RR of catalysts. (a)
Ni(NH;)gPc-GC. (b) Ni(NH;)4Pc-GC.
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Figure S11. Partial current densities and TOF of CO at different applied potentials of
Ni(NH;)gPc-GC and Ni(NH,),Pc-GC.
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Figure S12. LSV curves of Ni(NH;)sPc/GC and Ni(NH;)4Pc/GC in Ar or CO,-saturated 0.5
M KHCO; solution with a scan rate of 5 mV s™! and 80% iR compensation (Rs=7.1 Q).
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Figure S13. Chronoamperometry curves at different potential for CO,RR of catalysts. (a)
Ni(NH;)sPc/GC. (b) Ni(NH,)4Pc/GC.
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Figure S14. FEs of Ni(NH,;)sPc/GC and Ni(NH,),Pc/GC at different applied potentials (three

measurements at each potential).
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Figure S15. CO partial current density of Ni(NH,)sPc/GC and Ni(NH,)4Pc/GC at different

applied potentials.
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Figure S16. TOF of Ni(NH,)sPc/GC and Ni(NH,),Pc/GC at different applied potentials.
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Figure S17. Long-term stability tests of Ni(NH;)gPc/GC and Ni(NH,)4Pc/GC.
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Figure S18. After constant potential electrolysis at -0.73 V vs. RHE for 10 hours, the SEM
images of catalysts. (a) Ni(NH,)sPc-GC. (b) Ni(NH;),Pc-GC.
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Figure S19. Tafel plots of Ni(NH;)sPc-GC and Ni(NH;),Pc-GC.
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Figure S20. Tafel plots of Ni(NH,)sPc/GC and Ni(NH,)4Pc/GC.
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Figure S21. Nyquist plots of Ni(NH;)sPc-GC and Ni(NH;)4Pc-GC.
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Figure S22. Nyquist plots of Ni(NH;)sPc/GC and Ni(NH,)4Pc/GC.
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Figure S23. Electrochemical surface area measurements were performed in Ar-saturated 0.5

M KHCOs;. Current density of double-layer charging in cyclic voltammograms (CVs) at
varied scan rates of catalysts. (a) Ni(NH;)sPc-GC. (b) Ni(NH;),Pc-GC. (¢) Ni(NH;)gPc/GC.
(d) Ni(NH,)4Pc/GC.
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Figure S24. Capacitance values of Ni(NH;)sPc-GC and Ni(NH,),Pc-GC.
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Figure S25. Capacitance values of Ni(NH;)sPc/GC and Ni(NH;),Pc/GC.
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Figure S26. (a) N, adsorption-desorption isotherms at 77 K. (b) CO, adsorption isotherm at
298 K of Ni(NH,)gPc-GC and Ni(NH,)4Pc-GC.
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Figure S27. Schematic diagram of the reconstruction module of the flow cell.
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Figure S28. FEs of Ni(NH;),Pc-GC in the flow cell with 1 M KOH as the electrolyte.
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Figure S29. CO partial current density of Ni(NH,)sPc-GC in the flow cell with 1 M KOH as

the electrolyte.
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Figure S30. Total current densities of Ni(NH;),Pc-GC at different applied potentials in the
flow cell with 1 M KOH as the electrolyte.
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Figure S31. Long-term chronopotentiometric stability with a current density of 100 mA c¢m

of NI(NH2)4PC-GC
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Figure S32. Potential-dependent ATR-SEIRAS spectra of Ni(NH;)gPc-GC.
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Figure S33. a) Model of Ni(NH;)gPc-GC. b) Model of Ni(NH,),Pc-GC. Color-code atoms
represent Ni (lightseagreen), C (gray), N (blue), O (red) and H (white).
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C
Figure S34. Adsorption configurations on Ni(NH,)sPc-GC. (a-b) *COOH. (c-d) *CO. Color-
code atoms represent Ni (lightseagreen), C (gray), N (blue), O (red) and H (white).

Figure S35. Adsorption configurations on Ni(NH;),Pc-GC. (a-b) *COOH. (c-d) *CO. Color-
code atoms represent Ni (lightseagreen), C (gray), N (blue), O (red) and H (white).
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Figure S36. LSV curves in 0.8 M KHCOj solution at with scan rate of 5 mV s*! and 80% iR
compensation of Ni(NH;)gPc-GC and Ni(NH,),Pc-GC.
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Figure S37. Tafel plots of Ni(NH;)sPc-GC and Ni(NH;)4Pc-GC in 0.8 M KHCOj; solution.
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Figure S38. The open circuit voltage-time curve for the assembled Zn-CO, battery cell. Insert
the photograph of the OCV measured by a multimeter.
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Figure S39. Photographic image of two Zn-CO, batteries connected in series, which exhibit

an OCV of 2.65 V measured by a multimeter.
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Figure S40. Prolonged discharge curve at -0.5 mA cm 2 with Ni(NH,),Pc-GC cathode in a
Zn-CO; battery.
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Table S1. Performances comparison of our catalysts with other recently reported

representative nickel-based catalysts for CO,RR in H-type cell

Catalysts Potential (V) FEco (%)  jco (MA cm?) TOF (h") Reference
Ni(NH,)sPc-GC 0.9 99.8 17.6 22,618
Ni(NH,),Pc-GC 0.9 91.4 15.2 7, 267
This work
Ni(NH,)sPc/GC 0.9 82.3 14.9 4, 277
Ni(NH,).Pc/GC 0.9 63.3 7.8 2, 889
Nip-N4-C, 08 96.6 17.9 , 606 (-1 V) 1
H-NiPc/CNT 0.9 ~90.0 175 13, 860
2
NiPc/CNT 0.9 <90.0 5.0 2, 960
NiPc-TFPN COF 0.9 99.8 14.1 490 3
08 ~100.0 20.0 8,715
PyNiPC/CNT (9.1 wt%)
0.9 ~100.0 ~30.0 12, 832 4
NiPc/CNT 08 78.0 <3.0 1,025
NiPc -0.8 <400 1.0 <10 5
NiPc-Cu-NH : CB (1 : 0.5) 07 43.0 26 1, 404 6
NiPc-NiO, 1.2 <85.0 34.5 2, 603 7
Ni-G 0.8 82.6 16.9 6, 089
Ni-CNT-20 0.8 98.8 9.1 2,110 8
Ni-CNT-40 08 100.0 5.7 582.19
Ni@C3N,-CN 1.2 >90.0 46.8 22, 000
9
Ni@C3N, 4.2 <10.0 0.8 410
NiN,-CB 08 <987 5.0 1,345 10
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Table S2. Performances comparison of our catalysts with other recently reported

representative nickel-based catalysts for CO,RR in GDE cell

Catalysts Potential (V) FEco (%) Jco (MA cm™?) TOF (h) Reference
Ni(NH,)sPc-GC -1.0 99.7 244.0 342, 295
This work
Ni(NH,),Pc-GC -0.9 45.1 31.2 14, 666
(NHx)16-NiPc/CNTs 1.2 ~100.0 ~ 250.0 60, 000
11
Me-NiPc/CNTs 1.2 <20.0 ~20.0 5, 000
0.7 99.9 149.8
150, 840 12
NiTAPC/CNT
(max)
0.8 94.6 473.0
Ni-SAs-CNT 0.4 ~95.0 200.0 246, 000 13
Ni-NG (MEA) 2.8 (cell voltage) >90.0 200.0 210, 000 14
C800NIA 0.4 99.0 >300.0 41, 000 15
Ni-NCB (MEA) 2.7 (cell voltage) 73.8 102.4 22, 896 16
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Table S3. Performances comparison of our catalysts with other recently reported

representative nickel-based catalysts for Zn-CO, batteries

Maximum powder Cycle current .
Catalysts Cycle time (h) Reference
density (mW cm2) density (mA cm?)

Ni(NH,)sPc-GC 0.7 0.5 50
This work
Ni(NH,),Pc-GC 0.6 0.5 32
NiPG 0.3 0.3 13 17
CA/N-Ni 0.5 0.5 30 18
NiFe-DASC 14 5.0 90 19
Ni-N,-C 1.1 2.0 - 20
Ni-N5-NCNFs 11 2.0 45 21
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