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Materials and Methods  

Materials 

Aluminium chloride hexahydrate (AlCl3·6H2O, 99%) were purchased from Alfa 

Aesar, Thermo Fisher Scientific Co., Ltd. Hexamethylenetetramine (C6H12N4, HMT, 

99%), potassium hydroxide (KOH, ≥95%) and ethanol (C2H6O, ≥99.7%) were 

purchased from Sinopharm Chemical Reagent Co., Ltd. N-hexane (C6H14, 99.9%) was 

purchased from Saen Chemical Technology (Shanghai) Co., Ltd. Cobalt 

phthalocyanine (CoPc, 99%), was purchased from Shanghai Aladdin Bio-Chem 

Technology Co., Ltd. N, N-dimethylformamide (DMF, 99.5%) was purchased from 

Shanghai Macklin Biochemical Technology Co., Ltd. All reagents were used as 

received without further purification. Deionized (DI) water was purified with a 

Sartorius ultrapure water system. 

Synthesis of AlO(OH) 

Initially, 1.207 g of AlCl3·6H2O and 0.84 g of HMT were completely dissolved in a 

mixed solvent consisting of 30 mL deionized water and 30 mL DMF. Then the 

solution was transferred into a 100 mL Teflon-lined stainless steel autoclave and 

maintained at 150℃ for 8 h to form AlO(OH) microplates. After naturally cooling to 

room temperature, the product was washed with deionized water and ethanol, 

centrifuged, and then dried in a vacuum oven at 80℃ overnight. 

Synthesis of CoPc/Al2O3/C-x (x=1, 2, 3, 5, 7) 

To synthesize the graphene-skinned Al2O3 support, 300 mg of the previously 

prepared AlO(OH) powder was placed into a tube furnace purged with y (y = 2, 2.5, 3, 

4.5, 6) mL of the vaporized n-hexane. The quartz tube was heated to 900℃ and 

maintained at this temperature for 2 h to fully convert AlO(OH) into Al2O3 and 

carbonize the n-hexane into graphene. The obtained products are denoted as 

Al2O3@C-x, where x represents the rounded number of graphene layers coating the 

Al2O3. 

Next, CoPc was dissolved in DMF at a concentration of 0.5 mg mL−1. Then, 50 mg 

of the Al2O3@C-x powder was dispersed in 20 ml of DMF and sonicated for at least 



30 min. The above CoPc/DMF solution was then added to the Al2O3@C-x/DMF 

dispersion under continuous sonication, with a CoPc mass ratio of 5%, and then 

stirred for 24 h at room temperature to obtain CoPc/Al2O3@C-x. Afterwards, the 

product was collected and washed with DMF and ethanol by centrifugation, and 

dried thoroughly in vacuum oven. 

Synthesis of CoPc/Al2O3 

To synthesize the bare Al2O3 support, 300 mg of AlO(OH) powder was placed into 

a tube furnace and heated to 900℃. After annealing for 2 h, AlO(OH) was completely 

converted to Al2O3. CoPc was then loaded onto the Al2O3 support following the same 

method as described for CoPc/Al2O3@C-x. 

Synthesis of CoPc/C 

To synthesize the pure carbon support for control studies, the Al2O3 substrate was 

removed from Al2O3@C-7 by immersing in 10% HF for 36 h. The carbonaceous 

powder was then filtered and thoroughly washed with deionized water and ethanol 

until neutral. Afterwards, the product was dried completely in vacuum overn. CoPc 

was then loaded onto the carbon support following the same method as described 

for CoPc/Al2O3@C-x. 

Characterization 

SEM images were obtained from a Hitachi SU8010 scanning electron microscope 

with an accelerating voltage of 10 kV. TEM images were collected on an FEI TECNAI 

G20 field-emission transmission electron microscope with an accelerating voltage of 

200 kV. The amounts of Co and Al elements were quantified by an OPTIMA 8000 

Inductively Coupled Plasma-Atomic Emission Spectrometer (ICP-AES, PerkinElmer). 

The crystal structure analysis was  conducted by a D8 Advance X-ray diffractometer 

(XRD, Bruker) using Cu-Ka radiation. Raman spectra were collected on an 

spectro-electrochemical system (Dowell iHR550) with a CCD from HORIBA. In situ 

ATR-SEIRAS measurements were conducted using a Fourier transform infrared 

spectroscopy (Nicolet iS50 FT-IR, Thermo Scientific). XPS data were acquired on an 

Escalab 250Xi X-ray photoelectron spectrometer (Thermo Fisher) with Al Ka (1486.6 

eV) X-rays as the excitation source. X-ray Absorption Near Edge Structure (XANES) 



and Extended X-ray Absorption Fine Structure (EXAFS) were analyzed on Beamline 

11B at the Shanghai Synchrotron Radiation Facility. N2 adsorption-desorption 

isothers, pore-size distribution and CO2 uptake capacities were measured on an 

ASAP 2460 automatic BET specific surface (area) analyzer (Micromeritics). Electric 

conductivity of the powder samples were measured by an ST2263 digital four-probe 

tester (Suzhou Jingge Electronic) by pressing the powders into pellets. TGA curves 

were obtained from the TG/DTA7300 Thermogravimetric Analyzer (SII 

NanoTechnology). 

Electrochemical measurements 

To prepare the catalyst ink, 10 mg of the CoPc/Al2O3@C-x catalyst was dispersed 

into a solution containing 1 mL of ethanol and 0.1 mL of 5 wt% Nafion under 

sonication, forming a uniform slurry. Then, the catalyst ink was drop-casted on the 

gas diffusion layer (GDL, YLS-30T) with a mass loading of 1 mg cm−2 and completely 

dried at room temperature. Electrochemical CO2 reduction was performed by using 

the CHI660E electrochemical workstation and carried out in a flow cell, consisting of 

a nickel foam anode, a gas diffusion electrode (GDE) and an anion exchange 

membrane (Fumasep FAB-PK-130). Ag/AgCl electrode was used as the reference 

electrode. 1 M KOH electrolyte was cycled through the cathodic and anodic 

chambers at a flow rate of 20 ml min−1 through a peristaltic pump. During the 

measurements, high purity CO2 was bubbled into the gas chamber at a constant flow 

rate of 30 ml min−1 controlled by a digital mass flow controller. The gas products (CO 

and H2) were quantitatively analyzed using gas chromatography equipped with both 

the flame ionization and thermal conductivity detectors (Agilent 7890B). All 

potentials were converted to RHE according to the equation E(vs. RHE) = E(vs. 

Ag/AgCl) + 0.198 + 0.059pH + iR, where R represents the resistance between the 

working electrode and reference electrode, determined using the i-interrupt method 

with an 85% ohmic resistance (iR) correction applied. 

Stability tests were carried out in a membrane electrode assembly with an area of 

5 cm2. Ti mesh loaded with 1 mg cm−2 of IrO2 was used as catalyst at the anode and 

0.1 M KHCO3 was passed through as the electrolyte. The cathode was fluxed with 



humidified CO2 at a flow rate of 60 ml min−1, and the above catalyst ink was sprayed 

on the GDL at a loading of 1 mg cm−2 as the cathode GDE. A sustainion membrane 

(Dioxide Materials, X37-50) was used as an anion exchange membrane between the 

cathode and anode. 

The turnover frequency (TOF) of different samples was calculated respectively 

according to the Co content with the following formula: 

𝑇𝑂𝐹 (𝑠−1)  =  
𝑗/𝑛𝐹

𝑚𝑐𝑎𝑡 × 𝑤/𝑀𝐶𝑜
 

where 𝑗 is the partial current (A) of the target product CO, 𝑛 is the number of 

electron transfers required to generate 1 mol target product (n is 2 for CO), 𝐹 is the 

Faraday’s constant (96485 C mol−1), 𝑚𝑐𝑎𝑡 is the mass of the catalyst (g), 𝑤 is the 

weight percentage of Co in the catalyst (wt%), and 𝑀𝐶𝑜 is the atomic weight of Co 

(58.93 g mol−1). 

In situ ATR-SEIRAS measurements 

In situ attenuated total reflection-surface enhanced infrared absorption 

spectroscopy (ATR-SEIRAS) measurements were performed on an FT-IR 

spectrometer equipped with a mercury cadmium telluride (MCT) detector, using a 

three-electrode H-cell. A 150 nm gold film was first deposited onto a single-crystal 

silicon prism via electron-beam physical vapor deposition (PVD) at 250 °C to enhance 

IR signal intensity and substrate conductivity. The catalyst ink was then drop-coated 

onto the gold-modified prism at a loading of 1 mg cm−2, and the working electrode 

was prepared after drying at room temperature. The ATR-SEIRAS cell consisted of 

the working electrode, a platinum wire counter electrode, and a standard Ag/AgCl 

reference electrode, with 0.1 M KHCO3 as the electrolyte. Prior to testing, high-purity 

CO2 was bubbled into the cathodic electrolyte at 40 mL min−1 for at least 15 min to 

ensure saturation. During electrochemical testing, controlled by a CHI660E 

electrochemical workstation, a continuous CO2 flow (40 mL min−1) and an N2 purge 

(20 mL min−1) were maintained. Open-circuit potential (OCP) IR spectra were 

recorded for background subtraction, and chronoamperometric tests were 

conducted from −0.1 V to −1.2 V (vs. Ag/AgCl) with a step interval of 0.1 V and a scan 



rate of 0.05 V s−1. IR spectra were collected every 50 s, with each spectrum averaged 

over 32 scans at a resolution of 4 cm−1. Additional instrument parameters included a 

120 μm aperture and a mirror velocity of 1.8. 

Calculation Methods 

All calculations in this study were conducted using the Vienna Ab initio Simulation 

Package (VASP) version 5.4.4 with the framework of spin-polarized density functional 

theory (DFT). 1, 2 The Perdew-Burke-Ernzerhof (PBE) algorithm within the Generalized 

Gradient Approximation (GGA) framework was utilized for exchange-correlation 

interaction. The DFT-D3 method was used to improve the handling of long-range van 

der Waals interactions. 3, 4 Based on XRD results, a six-layer (2×2) supercell slab with 

Al2O3 (110) was selected for calculations. An energy cutoff of 400 eV and a 

Monkhorst-Pack grid with a k-point mesh of 1×1×1 and 3×3×1 were used for 

geometry optimizations and electronic structure property calculations, respectively. 

The energy convergence criterion during electronic self-consistency iterations was 

set to 1×10−6 eV, and all ionic relaxation loops were terminated when forces fell 

below 0.01 eV Å−1. To avoid interlayer interaction, we set the vacuum space in the z 

direction to 30 Å. All atoms were permitted to relax during the optimization of the 

structure. Periodic calculations were carried out to analyze the charge populations 

using Bader charge analysis. 5 

 

  



 

Figure S1. SEM images of (a) AlO(OH) and (b) Al2O3@C-3. 

 

Figure S2. XRD patterns of (a) AlO(OH), (b) Al2O3, Al2O3@C-3 and (c) C. 

 

 

Figure S3. SEM images of (a) Al2O3 and (b) CoPc/Al2O3. 



 

 

Figure S4. SEM images of (a) C and (b) CoPc/C. 

 

 

Figure S5. (a) TEM image, (b) HRTEM image and (c) the corresponding EDS elemental 

mapping images of CoPc/Al2O3. 

 



 

Figure S6. (a) TEM image, (b) HRTEM image and (c) the corresponding EDS elemental 

mapping images of CoPc/C. 

 

 

Figure S7. (a) N2 adsorption-desorption isotherms and (b) pore-size distribution 

analyses of Al2O3, Al2O3@C-3 and C. 

 



 

Figure S8. Raman spectra of CoPc/Al2O3@C-3, Al2O3@C-3 and C. 

 

 

Figure S9. XRD patterns of CoPc/Al2O3, CoPc/Al2O3@C-3, CoPc/C and CoPc. 

 



 

Figure S10. Co 2p and N 1s XPS spectra of (a, d) CoPc, (b, e) CoPc/C and (c, f) 

CoPc/Al2O3@C-3. 

 

 

Figure S11. Structural model corresponding to CoPc/C. 

The simulation cell parameters of CoPc/C are clarified as follows:  

a = 31.11 Å α = 88.78° 



b = 19.49 Å β = 91.20° 

c = 35.46 Å γ = 90.07° 

Volume = 21481.78 Å^3 

 

 

Figure S12. (a) After supercell expansion along the a-axis, the distance between 

adjacent CoPc molecules is d = 16.1 Å. (b) After expansion along the b-axis, the 

distance between neighboring CoPc molecules is d = 4.6 Å. (c) After expansion along 

the c-axis, the separation between CoPc and the graphene substrate is d = 25.2 Å. 

 



 

Figure S13. Structural model corresponding to CoPc/Al2O3@C-3. 

The simulation cell parameters of CoPc/Al2O3@C-3 are clarified as follows:  

a = 15.55 Å α = 88.78° 

b = 19.49 Å β = 91.20° 

c = 35.46 Å γ = 90.07° 

Volume = 10740.89 Å^3 

 



 

Figure S14. (a) After supercell expansion along the a-axis, the distance between 

adjacent CoPc molecules is d = 3.8 Å. (b) After expansion along the b-axis, the 

intermolecular distance between two CoPc molecules is d = 7.6 Å. (c) After expansion 

along the c-axis, the vertical separation between CoPc and the graphene layer is d = 

16.8 Å. 

 



 

Figure S15. CO2 uptake of CoPc/Al2O3@C-3 and CoPc/C. The table shows the 

normalized CO2 uptake capacities of CoPc/Al2O3@C-3 and CoPc/C. 

 

 

Figure S16. CO2 TPD curves of CoPc/Al2O3@C-3, CoPc/C and CoPc. 

 



 

Figure S17. (a) Schematic diagrams of the calculation models (side view) and (b) the 

calculated PDOS of Co 3d orbitals for CoPc/Al2O3@C-1. The labeled values represent 

the axial distance from the central Co atom to the peripheral H atoms. Co (blue), N 

(cyan), C (orange), H (white), Al (purple), and O (pink). 

 

 

Figure S18. FEs of CO and H2 at varying current densities for (a) Al2O3 and (b) 

Al2O3@C-3. 

 



Figure S19. (a) TEM image, (b) HRTEM image and (c) the corresponding EDS 

elemental mapping images of CoPc/Al2O3@C-3 after electrolysis. 

 

 

Figure S20. Raman spectrum of CoPc/Al2O3@C-3 after electrolysis. 

 



 

Figure S21. XRD patterns of CoPc/Al2O3@C-3 after electrolysis and carbon paper. 

 

 

Figure S22. TGA curves of Al2O3, Al2O3@C-1, Al2O3@C-2, Al2O3@C-3, Al2O3@C-5 and 

Al2O3@C-7. 

 



 

Figure S23. Raman spectra of Al2O3@C-1, Al2O3@C-2, Al2O3@C-3, Al2O3@C-5 and 

Al2O3@C-7. 

 

 

Figure S24. Electric conductivity measured for Al2O3, Al2O3@C-1, Al2O3@C-2, 

Al2O3@C-3, Al2O3@C-5 and Al2O3@C-7 and C using the four-probe method. 



 

Figure S25. LSVs of CoPc/Al2O3@C-1, CoPc/Al2O3@C-2, CoPc/Al2O3@C-3, 

CoPc/Al2O3@C-5 and CoPc/Al2O3@C-7 (inset: the amplified view between -1.2 and 

-1.5 V). 

Figure S26. Schematic diagrams of adsorbed *CO2
−, *COOH and *CO on 

CoPc/Al2O3@C-3. Co (blue), N (cyan), C (orange), H (white), Al (purple), and O (pink). 



Figure S27. Schematic diagrams of adsorbed *CO2
−, *COOH and *CO on CoPc/C. Co 

(blue), N (cyan), C (orange), H (white), Al (purple), and O (pink). 

  



Table S1. Weight percentages of Co and Al elements in different samples determined 

by ICP-AES. 

 CoPc/Al2O3 CoPc/Al2O3@C-3 CoPc/C 

Co 0.238 wt% 0.276 wt% 0.492 wt% 

Al 7.876 wt% 3.347 wt% —— 

 

Table S2. Comparisons of eCO2R performance with different CoPc-based catalysts 

reported in literature. 

Catalysts Electrolyte 
Potential 

(V) 

FECO 

(%) 

JCO (mA 

cm−2) 
Stability 

TOF 

(s−1) 
Ref 

CoPc-P4VP 0.1 M NaH2PO4 -1.25 94 2.1 - 5.31 6 

CoPc@Fe-N-C 0.5 M KOH -0.84 93 275.6 
20 h @  

90 mA cm−2 
- 7 

CoPc2@MWCNTs 1 M KOH -0.92 94 165 
3 h @  

111.6 mA cm−2 
3.9 8 

CoTMAPc/CNT 0.5 M KHCO3 -0.7 95.6 239 
15 h @  

30 mA cm−2 
102.9 9 

CoPc/CNT-MD 1 M KOH -0.9 95 190 
38.5 h @  

50 mA cm−2 
83.9 10 

CoPc-CTF 1 M KOH -1 94.8 378.8 
10 h @  

125 mA cm−2 
15.58 11 



Co-CNTs-MW 1 M KOH -0.7 96 336 
24 h @  

100 mA cm−2 
7.19 12 

CoPc/Mg(OH)2/NC 1 M KOH -0.42 96 285 
50 h @  

100 mA cm−2 
20.7 13 

Tc-CoPc 0.1 M KHCO3 -0.585 95 195 
24 h @  

100 mA cm−2 
29.4 14 

EtO8-CoPc/CNP 1 M KHCO3 - 95 340 
24 h @  

150 mA cm−2 
4.3 15 

CoPc-H2Pc 0.5 M KHCO3 -0.65 97 240 
10 h @  

-0.9 V 
27.1 16 

CoPc/GDY/G 1 M KHCO3 -0.82 99 99 
24 h @  

100 mA cm−2 
28 17 

CoPc+P4VP-8 0.1 M KHCO3 - 98 252 
35 h @  

100 mA cm−2 
- 18 

1⊃K+/CNTs/CFP 0.5 M KHCO3 -0.57 96 38 
14 h @  

-0.63 V 
111 19 

CoPc/C3N4/G 0.5 M KHCO3 - 98 67.8 
16 h @ 

-0.8 V 
50.5 20 

CoPc/Al2O3@C-3 1 M KOH -0.48 99.5 388 
52 h @  

100 mA cm−2 
43 

This 

work 

 

 



Table S3. Weight percentages of Co and Al elements in different samples determined 

by ICP-AES. 

 CoPc/Al2O3@C-1 CoPc/Al2O3@C-2 CoPc/Al2O3@C-3 CoPc/Al2O3@C-5 CoPc/Al2O3@C-7 

Co 0.323 wt% 0.303 wt% 0.276 wt% 0.321 wt% 0.332 wt% 

Al 5.645 wt% 4.750 wt% 3.347 wt% 3.306 wt% 3.020 wt% 

 

Table S4. Summary of structural and electronic information for CoPc/C-COOH and 

CoPc/Al2O3@C-3-COOH. 
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