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Experimental procedures

Cobalt phthalocyanine (CoPc) was purchased from Beijing Innochem Science, Nafion 

solution (5 wt%) was purchased from Sigma-Aldrich, and while KHCO3 and KOH from 

Kermel. Ta2O5 (>99.9%) was bought from Aladdin, and ethanol and isopropyl alcohol 

were bought from Tianjin Fuyu Fine Chemical. All chemicals were used as received，

Milli-Q water (18.2 MΩ) was obtained from ultrapure water system.

Synthesis of Lindqvist type K8Ta6O19●17H2O

The synthesis was performed following a literature method with modifications.1 

Typically, Ta2O5 (10 g) was gradually slowly added to a melt of 40 g KOH pellets (85% 

purity) in a nickel crucible. After heating for 30 min, the melt is cooled to room 

temperature. Subsequently, 100 mL of high purity water was heated to boiling for 

degassing, and the coolded melt was dissolved in 100 mL of degassed water. Following, 

the mixture was filtered through a sand core funnel and the filtrate was concentrated to 

approximately 25 mL by heating. After keeping at 0°C for 12 h, the resulting crystals 

were collected by filtration through a sand core funnel, sequentially washed with 1:1 

(V/V) ethanol-water mixture and anhydrous ethanol, and finally dried under vacuum.

Synthesis of CoTx Z-scheme heterojunction

K8Ta6O19 was dispersed in a solution containing anhydrous ethanol and 0.025 g of 

commercial cobalt phthalocyanine. After severally stirring and sonication for two 

hours, the anhydrous ethanol was evaporated at 95 °C to obtain a blue solid. 

Subsequently, the obtained sample was further stabilized at 300 °C for 2 h to form 

CoPc/K8Ta6O19, designated as CoT-x, where x is the mass ratio percentage of K8Ta6O19 

to CoPc.

Fabrication of CoT-x Z-scheme heterojunction photocathodes

A mixture of 8 mg of catalyst, 3.5 mg of carbon black, 240 μL of high purity water, 240 

μL of isopropanol and 160 μL of 5% Nafion solution was prepared as a catalyst 

suspension. The prepared slurry was sonicated for 2 h and then drop-cast uniformly 

onto hydrophobic carbon paper within a defined area of 1 × 2cm2. The carbon paper 

coated catalyst, where the amount of the catalyst loaded was controlled to be 



approximateiy 0.35 mg cm2, was then dried overnight in a vacuum oven at 60°C. 

Photoelectrochemical and CO2 reduction properties measurements

The photoelectrochemical/electrochemical tests of all the photocathodes were 

performed on an electrochemical workstation (CHI760E) by a H-cell (separated from a 

Nafion D-115 cation exchange membrane) using a three-electrode system of CoT-

x|Ag/AgCl|Pt, where Pt sheet and Ag/AgCl were used as counter and reference 

electrodes, respectively, and the as-fabricated CoT-x catalysts coated on carbon paper 

were used as working electrode. A 300 W xenon lamp served as a light source in this 

study. The light intensity was set at approximately 16 mW/cm2 and xenon lamp 

positioned 20 cm from the reaction window. All potentials were calibrated by the 

Nernst equation to the reversible hydrogen electrode (RHE) reference scale using ERHE 

= EAg/AgCl+0.059×pH + 0.197. 0.5 M KHCO3 was used as the electrolyte solution for 

the photoelectrocatalytic CO2 reduction measures, and it needed to be purged with high-

purity CO2 (99.99 %) gas for at least 30 min before the test to reach saturation. After 

CO2 saturation, a pH value of 7.2 can be obtained for the electrolyte. The achieved 

gaseous products at each fixed potential were analyzed using gas chromatography 

(Panna A91 Plus GC) equipped with a flame ionization detector (FID) and a thermal 

conductivity detector (TCD). High-purity argon gas (Ar, 99.99 %) was used as the 

carrier gas. During the measures, the flow rate of the CO2 gas was controlled by a 

Sevenstar D07－7 mass flow controller to be 14 standard cubic centimeters per minute 

(sccm). Scan activation was performed at a scan rate of 0.05 V s1 for 20 cycles of 

cyclic voltammetry (CV). Liquid products were analyzed by 1H NMR (Bruker, 

Switzerland).

Catalysts characterization

The crystalline structures of all catalysts were identified by X-ray diffraction (XRD, 

Bruker D8 advance diffractometer, Germany) using Cu Kα radiation (λ= 0.15406 nm). 

The morphology of the samples was observed by a field emission scanning electron 

microscope (FESEM, JSM-7610F, Japan) and a high-resolution transmission electron 

microscope (HRTEM, FEI Tecnai G2 F20, America). 1H NMR spectra were recorded 



on an ASCEND 500 BRUKER with D2O as the solvent at room temperature. Chemical 

shifts are reported in ppm, and coupling constants are given in Hz. X-ray photoelectron 

spectroscopy (XPS) measurements were performed using an ESCALAB 250 Xi 

spectrometer (USA) with Al-Kα radiation to analyze the surface electronic states of the 

catalysts, here, the samples were prepared by pelletizing the powder. The XPS survey 

spectrum and fine spectrum were detected using a pass energy of 100 eV and 30 eV, 

respectively. The detection pressure is 8´1010 mBar. The binding energy was 

calibrated by referencing the C 1s peak at 284.8 eV as the reference. The UV-vis diffuse 

reflectance spectroscopy of the catalysts were determined with BaSO4 as the reference 

at room temperature by using a UV-vis spectrophotometer (Agilent Cary 5000, USA). 

Inductively coupled plasma optical emission spectroscopy (ICP-OES, America Agilent 

5110) was used to analyze the element composition of the sample quantitatively. The 

photoluminescence spectra (PL) measurements were carried out on a 

spectrophotometer (F7000, Japan) with an excitation wavelength of 430 nm. The 

electron paramagnetic resonance (EPR) signal of oxygen vacancy was recorded by 

Bruker 300 EPR spectrometer at 77 K. The Fourier transform infrared spectra (FT-IR, 

Spectrum Two, America) of the samples were recorded from 400 to 4000 cm1 using 

KBr pellets in a spectrometer. In situ attenuated total reflectance FTIR (ATR-FTIR) 

were employed to gain a better insight into the PEC CO2 reaction mechanism on a 

Thermo Nicolet 8700 spectrometer equipped with an MCT detector. Chemical 

deposition of Au thin film (60 nm) on the Si prism was prepared according to a “two-

step wet process”. The catalyst suspensions were dropped on the Au/Si surface as the 

working electrode. The mass loading of the catalyst was 0.35 mg cm2, and the 

electrolyte was 0.5 M KHCO3. In situ FT-IR spectra were recorded during the stepping 

of the working electrode potential. Raman spectra were recorded on a laser micro 

Raman spectrometer (British Renishaw inVia).



Faradaic efficiency (FE)2

= ×100%
𝐹𝐸(𝐶𝑂) =

𝑁𝑓

𝑁𝑡𝑜𝑡𝑎𝑙
 

𝑥0 × 𝑁𝐴 × 𝑛 × 𝑃 × 𝑣 × 1.602 × 10 ‒ 19

𝐼0 × 𝑅 × 𝑇

Nf: Number of electrons required to produce f

Ntotal: Total number of electrons for CO2 reduction

x0: Where x0 is the concentration (ppm) of the achieved product ƒ

NA: Avogadro constant, 6.02×1023

n: number of transferred electrons (for H2 and CO, n=2)

: the flow rate of the CO2 gas𝑣

I0: current at injecting moment

R: Molar gas constant, 8.314 J/ mol× K

TOF calculations. The TOF was calculated through the following equation3

𝑇𝑂𝐹(ℎ ‒ 1) =
𝐼𝑝𝑟𝑜𝑑𝑢𝑐𝑡/𝑛𝐹

𝛼 × 𝑚𝑐𝑎𝑡/𝑀𝑚𝑒𝑡𝑎𝑙
× 3600

Iproduct: partial current density for CO

n: number of electrons transferred for CO2 to CO, 2

F: Faradaic constant, 96485 C/mol

mcat: catalyst mass in the electrode

α: mass ratio of active atoms in the catalyst

Mmetal: atomic mass of metal

Kubelka-Munk functio:4

=(𝛼ℎ𝑣)2 𝐴(ℎ𝑣 ‒ 𝐸𝑔)

α: absorption coefficient

h: Planck's constant

: optical frequency𝑣

A: constant



Fig. S1 LSV curves of (a) CoPc, (b) K8Ta6O19. The dotted lines represent the condition 

without light (EC) and the solid lines represent the condition with light (PEC).



Fig. S2 (a) CoPc and CoT-7 heterogeneous change of the onset potential (1 mA cm2) 

in CO2-saturated 0.5 M KHCO3; LSV curves of (b) K8Ta6O19, (c) CoPc, and (d) CoT-

7 heterogeneous. The change of the onset potential (1 mA cm2) after illumination in 

CO2-saturated 0.5 M KHCO3.



Fig. S3 H-type electrolytic cell used for photoelectrocatalytic CO2 reduction.



Fig. S4 CO/H2 production rate of K8Ta6O19.



Fig. S5 CO Faraday efficiency over CoPc under illumination.



Fig. S6 1H NMR singles of CO2 reduction on CoT-7 catalyst.



Fig. S7 H2 production rates of CoT-7 under dark and light conditions in CO2 

atmosphere.



Table S1. Different Co atom loadings on CoT-7 heterojunction and CoPc.

Photo-copled electrocatalysts Co atom loading (%)

CoPc 10.07 

CoT-7 heterojunction 1.2 
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Fig. S8 (a) XRD patterns of CoT-7 coated on the carbon paper before and after reaction 

(♦: CoT-7, ♠: Carbon Paper); (b) (c) FESEM images of CoT-7 before and after reaction.



Fig. S9 Stability test chart of CoPc.



Table S2. CO2RR performance comparison of CoT-7 heterojunction with other 

reported catalysts in aqueous solution.

Catalysts Potential

(V vs. 

RHE)

jCO 

(mA cm2)

FECO (%) Reference

CoT-7 

heterojunction (Light)

-0.9 25.8 99.56 This 

work

CoT-7 

heterojunction (Dark)

-0.9 24.6 98.1 This 

work

CuSA@AHPC -0.6 3.48 96.1% 5

Zn@ZnO-T –1.2 12.75 92.1% 6

MXene@Por-COF-

Co-7

-0.6 9.33 97.28 7

CNT-UrFe −0.78 1.62 99.9 8

Se-CNs -0.6 9.1 90% 9

CoPc-PI-COF-1 −0.90 21.2 95 10

SnSe2-graphene 

nanosheets

-0.9 11.8 95.1% 11

Cu-In2O3/C −0.48 0.55 86.7% 12

Crumpled Pd(100) 

surface

-0.59 6.6 93% 13

GaN (Light) 0.17 18 65 14

Cu2O/Ga2O3/TiO2 

(Light)

0.44 1.18 22.67 15

Co-qPyH/TiO2/CIGS 

(Light)

0.2 3.0 89 16

Au3Cu NPs/Si NW 

(Light)

-0.2 2.2 80 17

nanoporous Au mesh -0.03 2.94 91 18



on Si (Light)

Al-PMOF(Co) 

(Light)

-0.8 4.3 90 19

Zn-CoTAPc/PMo12 

MLSs (Light)

-0.75 18.7 96.2 20

CoN-7 

heterojunction (Light)

-0.85 16.4 98.6 21



Fig. S10 High-resolution TEM images of CoPc.



Fig. S11 High-resolution TEM images and mappings of CoT-7.



Fig. S12 N 1s high resolution XPS spectra.



Fig. S13 Tafel slope plots of CoT-7.



Fig. S14 Cyclic voltammograms (CV) curves under different scan rates for K8Ta6O19, 

CoPc, and CoT-7 heterojunction. 



Fig. S15 The CO2-to-CO conversion reactive pathway and intermediate architectures 

over CoT-7 heterojunction.



Fig. S16 Type-II mechanism for PEC reduction of CO2 into chemical fuels.
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