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1. Equipment and measurement

X-ray photoemission spectroscopy (XPS) measurements were performed on a PHI–5000C ESCA system, the C 1s 

value was set at 284.8 eV for charge corrections. The Raman spectra of samples were obtained on Lab-RAM HR800 

with excitation by an argon ion laser (532 nm). XANES and EXAFS measurements were tested on the BL14W1 

beamline at Shanghai Synchrotron Radiation Facility (SSRF). Fourier-transform infrared spectroscopy (FTIR) were 

recorded with a Spectrum 100 spectrometer (Perkin Elmer, Spectrum 100). Ultraviolet photoelectron spectroscopy 

(UPS) measurements were performed on ESCALAB 250xi with an unfiltered HeI (40 eV) gas discharge lamp under 

2*10-8mbar. The cyclic voltammetry (CV) experiment was performed with recrystallized tetra-nbutyl-ammonium 

hexafluorophosphate (TBAPF6, 0.1M) as supporting electrolyte at 298 K using the CH instrument (CHI 660E) 

electrochemical workstation.

2. Reagents 

Tropolone, tosyl chloride, triethylamine, tert-butylamine, ethyl cyanoacetate, bis(pinacol) diboron, p-

bromobenzaldehyde, potassium carbonate, iron chloride tetrahydrate, anhydrous magnesium sulfate, potassium 

acetate, acetic acid, bromine, [1,1′-bis (diphenylphosphino) ferrocene] dichloropalladium (II), tetrakis 

(triphenylphosphine) Palladium and nitrobenzene were purchased from Sinopharm Chemical Reagent. Toluene, 

ethanol, tetrahydrofuran, N,N-dimethylformamide, dichloromethane were purchased from Sigma-Aldrich. Pyrrole 

was purchased from Aladdin Reagent. All chemicals and solvents were used without further purification.

3. Synthesis details 

3.1 Synthesis of compound 2

Under nitrogen atmosphere, tropolone 1 (5.00g, 40.94mmol, 1.0eqv) and tosyl chloride (7.81g, 40.94 mmol, 1.0 

eqv) were added into a 250mL three-necked flask, added 60 mL CH2Cl2 to dissolve the solids, and then NEt 

dropwise (5.71 mL, 40.94 mmol, 1.0 eqv) was added. After stirring for 38 hours, the reaction was quenched with 

water to obtain a yellow slurry. Extracted with CH2Cl2 (3×100 mL), dried with anhydrous MgSO4, filtered and 

concentrated under reduced pressure to obtain 7-oxocyclohepta-1,3,5-trien-1-yl4 - Methylbenzene sulfonate 2 

(10.30 g, 90%, yellow crystalline solid). 



3.2 Synthesis of compound 3

7-oxepan-1,3,5-trien-1-yl 4-methylbenzenesulfonate 2 (4.50 g, 16.29 mmol, 1.0 eqv) and ethyl cyanoacetate (3.82 

mL, 35.83 mmol, 2.2 eqv) were added into a 500 mL flask and cooled to 0°C. Then, the tert-butylamine (4.28 mL, 

40.72 mmol, 2.5 eqv) was dropwise into the above solution. After stirring the solution for 19 hours, an orange 

precipitated product was formed. A part of bright yellow products was obtained by filtration. The filtrates were 

concentrated under reduced pressure to about 30 mL, then, ice water (100 mL) was added to further precipitate 

the product, filtered and washed with water to obtain a part of dark yellow product, dried under vacuum. The 

crude product was purified by column chromatography and eluted with dichloromethane to obtain diethyl 2-

aminoaza-1,3-dicarboxylate 3 (3.50g, 75%) as a bright orange solid.

3.3 Synthesis of compound 4

Diethyl 2-aminoazulene-1,3-dicarboxylate 3 (1.00 g, 3.48 mmol, 1.0 eqv) was dissolved in anhydrous CH2Cl2 (20 

mL) and cooled to 0°C, and the bromine (0.20 mL, 3.83 mmol, 1.1 eqv) was slowly added dropwise. The solution 

was warmed to room temperature and stirred for 1 hour, then water (150 mL) was added and stirred for 1 to 2 

hours to quench the reaction. The organic layer was separated by extraction, and then the aqueous layer was 

extracted with CH2Cl2 (2×50 mL). The collected organic extracts were dried with MgSO4, filtered and concentrated 

under reduced pressure. The crude product was purified by column chromatography and eluted with 

dichloromethane to obtain diethyl 2-amino-6-bromoaza-1,3-dicarboxylate 4 as a brown crystalline solid (1.2 g, 

95%).



3.4 Synthesis of compound 5

Under nitrogen atmosphere, 2-amino-6-bromoaza-1,3-dicarboxylic acid xylene 4 (6.50 g, 17.75 mmol, 1.00 eqv), 

[1,1′-bis (diphenylphosphino) ferrocene] dichloropalladium (II) (0.65 g, 0.89 mmol, 0.05 eqv), bis(pinacol) diboron 

(4.96 g, 19.53 mmol, 1.10 eqv) and potassium acetate (5.23 g, 52.25 mmol), 3.00 eqv) were added to a 250mL 

three-necked flask, and then anhydrous DMSO (60 mL) was added. The mixture was heated at 80°C for 18 hours. 

After cool to room temperature, the mixture was diluted with water (100 mL) then extracted with CH2Cl2 (4 × 50 

mL). The combined organic extracts were washed with water (200 mL), dried over MgSO4, filtered and 

concentrated under reduced pressure. Anion to obtain 2-amino-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)azulene-1,3dicarboxylate (5.2 g, 71%) 5 was obtained as a bright orange solid.

3.5 Synthesis of Brpor

Dissolve p-bromobenzaldehyde (3.72g, 20mmol) in nitrobenzene (100mL) and acetic acid (150mL), heated the 

solution to 120 °C and added freshly distilled pyrrole (1.4mL, 20mmol) into the mixture. The reaction mixture was 

stirred at 120 °C for 1 h and then cooled to room temperature. The resulting dark purple precipitate was collected 

by filtration and washed with methanol (50 mL×3). The crude product was purified by column chromatography and 

eluted with dichloromethane to obtain 5,10,15,20-tetra (4'-bromophenyl) porphyrin (BrTPP) as a purple crystalline 

powder (1.92g) with a yield of 42%.



3.6 Synthesis of TAPP

5,10,15,20-tetra(4'-bromophenyl) porphyrin (0.2 g, 0.21 mmol, 1.00 eqv), compound 5 (0.44 g, 1.07 mmol, 5.00 

eqv) and tetrakis (triphenylphosphine) palladium [Pd(PPh3)4] (12.42 mg, 0.01 mmol, 0.05 eqv) were added into a 

50 mL double-necked round flask. Anhydrous toluene (16 mL), anhydrous THF (8 mL) and 4 M K2CO3 aqueous 

solution (4 mL) were added to the flask under N2 atmosphere. The solution was heated at 80°C and stirred under 

N2 for 48 hours. After the mixture was cooled to room temperature, filtered with suction, and the filter residue 

was washed with dichloromethane to obtain 5,10,15,20-tetrakis (4'-(1,3-diesteryl, 6-amino) azulenylphenyl) 

porphyrin (TAPP) as a reddish brown powder without further purification. The yield was: 141mg, 37.4%.

3.7 Synthesis of FeTAPP

TAPP (50 mg, 28.47 mmol, 1.00 eqv) and excess iron (II) chloride tetrahydrate (33.97 mg, 170.85 mmol, 6.00 eqv) 

were added into a 500 mL double-necked round bottle. Then, added 200 mL of N,N-dimethylformamide to the 

flask under nitrogen atmosphere, heated and stirred at 140°C. After distillation under reduced pressure, the 

dissolved solids were added, extracted and washed, the organic layer was separated, dried with anhydrous MgSO4, 

filtered, and concentrated under reduced pressure without further purification to obtain Fe centered TAPP 

(FeTAPP) powder. Yield: 41 mg, 79%.



3.8. CO2 electroreduction measurement

3.8.1 Working electrode preparation

To improve the conductivity, the materials were mixed with carbon nanotubes (FB9110) to prepare the catalysis 

ink. Typically, 1 mg of FeTAPP and 9 mg of carbon nanotubes were dispersed in 1 mL of 0.5 wt.% Nafion solution 

and sonicated for 1 hour and then stirred overnight to form a uniform catalyst ink. Then drop 100 µL of catalyst ink 

on carbon paper (1 cm-2) to achieve a catalyst loading of 1 mg-2. It is prepared in the same ratio and procedure for 

FeTPP, CoTAPP and CoTPP.

3.8.2 Electrochemical measurements

The electrocatalytic CO2 reduction performance test was carried out in a three-electrode H-type cell, in which 

Ag/AgCl was used as the reference electrode, Pt sheet was used as the counter electrode, and the catalyst loaded 

on carbon paper was used as the working electrode. The electrolyte was 0.5 M KHCO3 saturated with CO2. All 

potentials reported in this work were versus to the reversible hydrogen electrode (RHE) as following formula:

ERHE (V) = EAg / AgCl (V) + 0.197 V + 0.0591V * pH

Before electrochemical polarization, CO2 was continuously purged (20 mL min-1) for 30 minutes and continued for 

the whole electrolysis process. The LSV curves were obtained at a scan rate of 5 mV s-1, and all potentials in this 

study were without iR compensated.

The gaseous products were monitored by an online gas chromatograph (GC, Shimadzu GC2014C) equipped with a 

thermal conductivity detector (TCD) for H2 and a flame ionization detector (FID) detector for CO quantification. The 

GC run Repeats every 18 minutes. Before product measurement, the GC is calibrated using standard gas mixtures 

(air liquid, CO, H2, CH4, C2H4, C2H6, C2H2 in N2).

The liquid products in the KHCO3 solution was analyzed and quantified through a Bruker 500 MHZ (AVANCE Ⅲ) 

NMR spectroscope with water suppression. After electrolysis, KHCO3 electrolyte (0.5 mL) was collected and mixed 

with D2O (0.1 mL) in an NMR tube and dimethyl sulfoxide (DMSO, 0.05 μL) as an internal standard.

3.8.3 Calculation

Faraday efficiency calculation (FE)

The Faraday efficiency of CO and H2 is calculated by the following formula:

       equation 
𝐹𝐸 =

𝑄𝑖

𝑄𝑡𝑜𝑡𝑎𝑙
=

2 × 𝑃0 × 𝐹 × 𝜐 × 𝜐𝑖

𝑅 × 𝑇 × 𝐼

S1

where  is the amount of charge required to generate the corresponding product i.  is the amount of charge 𝑄𝑖 𝑄𝑡𝑜𝑡𝑎𝑙

required to generate all products. 2 is the number of electrons transferred per mole of CO2 to CO or per mole of 

H2O transferred to H2.  is the atmospheric pressure (1.01×105 Pa), F is the Faraday constant (96485 C mol-1), v  𝑃0

is the gas flow rate measured by a flow meter, and vi is the volume concentration of gas products in the waste gas 

of the electrolytic cell, determined by online GC. T is the reaction temperature (298.15 K), R is the target gas 

constant (8.314 J mol-1 K-1), and I is the current at each potential.

Turnover frequency calculation (TOF)

The turnover frequency of product CO is calculated by the following formula:

                                               equation S2
𝑇𝑂𝐹 =

𝐹𝐸𝐶𝑂 × 𝑗𝑡𝑜𝑡𝑎𝑙 × 𝐴 × 𝑀𝐹𝑒 × 𝑡

𝑛 × 𝐹 × 𝜔𝐹𝑒 × 𝑚



where FE is the Faraday efficiency of CO, j_total is the total current density, A (1 cm2) is the geometric area of the 

electrode,  is the mass fraction of iron on the catalyst, m is the mass of the catalyst supported on the working 𝜔𝐹𝑒

electrode, and  is the cobalt The atomic mass of (56 g mol-1). F is the Faraday constant (96485 C mol-1), t is the 𝑀𝐹𝑒

reaction time (1 h / 3600 s), n is the number of electrons transferred to form the product, which is 2 for CO. 



4. Analytical Data

Fig. S1. 1H NMR spectrum of compound 2 in DMSO-d6 at 298K.

Fig. S2. 1H NMR spectrum of compound 3 in DMSO-d6 at 298K.



Fig. S3. 1H NMR spectrum of compound 4 in DMSO-d6 at 298K.

Fig. S4. 1H NMR spectrum of compound 5 in CDCl3 at 298K.



Fig. S5. 13C NMR spectrum of compound 5 in CDCl3 at 298K.

Fig. S6. 1H NMR spectrum of BrTPP in CDCl3 at 298K.



Fig. S7. 1H NMR spectrum of TAPP in CDCl3 at 298K.

Fig. S8. Matrix–assisted laser desorption ionization time–of–flight mass spectrum of TAPP



Fig. S9. Matrix–assisted laser desorption ionization time–of–flight mass spectrum of FeTAPP

Fig. S10. a) XPS spectra of FeTAPP and FeTPP. The results reveal the existence of C, N, O and Fe elements. b) High-

resolution C 1s spectra of FeTAPP and FeTPP. c) High-resolution O 1s spectra of FeTAPP and FeTPP. For C 1s 

spectra, the peaks at ~284.82, 286.08 and ~288.31 eV for FeTAPP, can be attributed to the C=C/C-C, C-O/C-N, and 

C=O, respectively. Two peaks presented at ~284.82 and 286.08 eV for FeTPP, corresponding to the C=C/C-C and 

C-N. For O 1s spectra, two peaks presented at ~531.51 and 533.01 eV for FeTAPP, corresponding to the C=O and 

C-O. The additional C–O and C=O bonds in FeTAPP come from the ester group. 



Fig. S11. FTIR spectra of FeTAPP and FeTPP. The peaks at 2841~2,982 cm-1 can be attributed to the C-H bond of the 

benzene ring, pyrrole ring and the ester group. The peaks at 1676 cm-1 belongs to C=O stretching vibration. The 

peaks at 1,504~1,586 cm-1 and 1,430 cm-1 belong to C=C stretching vibration and C=N stretching vibration, 

respectively. The peaks at 1,504~1,586 cm-1 belong to the C-O stretching vibration. The peaks 3300~3500 cm-1 

belong to NH2 stretching vibration.

Fig. S12. a) HOMO and LUMO levels of FeTAPP and FeTPP based on CV curves. b) Optical gap of FeTAPP and 

FeTPP. c and d) Calculated HOMO and LUMO levels of FeTPP. e) and f) Calculated HOMO and LUMO levels of 

FeTAPP.



Fig. S13. The liner sweep voltammetry (LSV) curves obtained in Ar and CO2-saturated solution (a) FeTAPP; (b) 

FeTPP. The current density obtained in CO2-saturated electrolyte is larger than that in Ar-saturated electrolyte, 

suggesting the promising catalytic activity. c) partial current density values. d) Tafel slopes for FeTAPP and 

FeTPP.

Fig. S14. 1H nuclear magnetic resonance (NMR) spectroscopy for products after reaction. In addition to the water 

and solvent signal no additional was detected, indicating that no liquid products formation during CO2RR.



Fig. S15. a) Nyquist plots for FeTPP and FeTAPP. b) Equivalent circuit used for fitting of EIS data.

Fig. S16. a) CV curves of FeTAPP, b) CV curves of FeTPP at different scan rates (10-50 mV s-1). c) Capacitive current 

at 0.19 V as a function of scan rate for FeTPP and FeTAPP. The double–layer capacitance of FeTAPP and FeTPP are 

12.94 and 12.07 mF cm–2, respectively.  



Fig. S17. MALDI-MS spectrum of CoTAPP.

Fig. S18. FTIR spectra of CoTAPP and CoTPP. Comparing to the CoTPP result, additional -NH2 and C=O stretching 

come from the side azulene group. 



Fig. S19. UV-Vis absorption of CoTAPP and CoTPP. The spectrum of CoTPP shows two absorption peaks at 

approximately 416 nm and 332 nm, which can be attributed to the Soret band. In the absorption spectrum of 

CoTAPP, two Soret bands are observed at 337 nm and 437 nm. The band display at 337nm can be attributed to the 

porphyrin part, the band display at 437nm can be attributed to the azulene part. In addition, the Q band red–shift 

to 521 nm, suggesting a narrower HOMO/LUMO gap.

Fig. S20. Cyclic voltammetry curves of CoTAPP and CoTPP. The LUMO energy levels of CoTAPP and CoTPP are 

calculated to be -4.14 and -3.61 eV, respectively, and the HOMO energy levels of CoTAPP and CoTPP are calculated 

to be -5.50 and -5.16 eV, respectively. The HOMO/LUMO gap of CoTAPP and CoTPP are 1.36 and 1.55 eV, 

respectively, CoTAPP exhibits the narrower HOMO/LUMO gap than CoTPP.



Fig. S21. a, d) (hvα)2 versus hv curves. The value at the intersection baseline and the tangent of the curve is the 

optical gap. b, e) UPS spectra of CoTAPP and CoTPP. c, f) HOMO and LUMO levels of CoTAPP and CoTPP. The optical 

gaps of CoTAPP and CoTPP are 1.20 and 1.35 eV, respectively. The HOMO of CoTAPP and CoTPP are -3.45 and -

2.79 eV, respectively. The LUMO of CoTAPP and CoTPP are-4.05 and -4.14 eV, respectively.

Fig. S22. The liner sweep voltammetry (LSV) curves obtained in Ar and CO2-saturated solution (a) CoTAPP; (b) 

CoTPP. The current density obtained in CO2-saturated electrolyte is larger than that in Ar-saturated electrolyte, 

suggesting the promising catalytic activity



Fig. S23. CO2RR performance of CoTAPP and CoTPP in 0.5 M KHCO3. a) LSV curves for CoTAPP and CoTPP. b) CO 

Faradaic efficiency at various specific potentials, c) partial current density values. CoTAPP exhibits higher catalytic 

activity than CoTPP. d) Tafel slopes for CoTAPP and CoTPP. e) Turnover frequencies (TOF) of CoTAPP and CoTPP. 

The maxmum TOF of CoTAPP reaches to 35047.36 h-1 at -0.9V, and the TOF of CoTPP at -0.9V is 13049.07 h-1. f) 

Long-term stability CoTAPP. CoTAPP exhibits good stability with a slight decrease in current, and the FE of CO 

remained about 80% after 15 hours continuous reaction.

Fig. S24. a) CV curves of CoTAPP, b) CV curves of CoTPP at different scan rates (10-50 mV s-1). c) Capacitive current 

at 0.19 V as a function of scan rate for CoTPP and CoTAPP. The double–layer capacitance of CoTAPP and CoTPP are 

3.61 and 2.49 mF cm–2, respectively. 



Fig. S25. a) Nyquist plots for CoTPP and CoTAPP. CoTAPP exhibits the better conductivity than CoTPP. b) Equivalent 

circuit used for fitting of EIS data.

Fig. S26. a) Gibbs free energy for CO2RR on FeTAPP and FeTPP. b) DOS and PDOS of FeTAPP and FeTPP.



Table S1. Element contents of C, O, N, and Fe for FeTAPP and FeTPP based on the XPS analysis.

C N Fe O

FeTAPP 79.59 5.36 0.53 14.52

FeTPP 79.48 6.43 1.75 12.34

Table S2. The HOMO/LUMO gap of FeTAPP and FeTPP.

HOMO (eV) LUMO (eV) Eg (eV)

FeTAPP -4.70 -3.94 0.77
CV

FeTPP -4.58 -3.38 1.20

FeTAPP -3.38 -2.29 1.09
UPS, UV

FeTPP -3.94 -2.75 1.19

FeTAPP -5.41 -2.77 2.64
Calculated

FeTPP -5.35 -2.58 2.77

Table S3. Comparison CO2 reduction activity with reported molecular catalysts.

Catalysts Electrolyte j/mA cm-2 V vs RHE
Main 

products (FE)
Ref.

FeTAPP 0.5 M KHCO3 -12.9 -0.6 V
CO

99.9%
This work

FeTPP 0.5 M KHCO3 -7.7 -0.6 V
CO

59.4%
This work

FePGH 0.1 M KHCO3 2.3 -0.39 V
CO 

96.2%
1

FePGF 0.1 M KCl 1.68 −0.59 V
CO 

98.7%
2

FeTEsP 1 M H2O in DMF
−1.55 V vs 

Fc+/0

HCOOH

97%
3

Fe-p-TMA
0.2M NEt4CH3CO2 + 0.1 

M NBu4PF6 in DMF

−0.944 V vs 

SHE

CO 

100%
4

FeTPP-Cl
0.1 MTBAP/DMF,1.0 

MTFE


2.35 Vvs. 

Fc/Fc+

CO 

23%
5

FeTPP-Ur 5.5 M H2O in DMF 0.70 -1.076 V
CO 

91%
6

FeF20TPP 0.5 M NaHCO3 ~9.6 −0.5 V
CO 

95%
7

Fe-BPPy 0.5 M NaHCO3
−1.2V (vsAg/

AgCl)

CO 

67.5%
8



Catalysts Electrolyte j/mA cm-2 V vs RHE
Main 

products (FE)
Ref.

FeFc4
−0.80 V vs Fc/ 

Fc+
CO 92% 9

P1-AuNP 0.5 M KHCO3 2 -0.45 V CO 93% 10

Fe (0)TPP 0.1 M PhOH in DMF -1.46 V CO 100% 11

FeTDHPP 2 M PhOH in DMF -0.69 V CO 95% 12

WSCAT
DMF, 0.1 M H2O, 3 M 

PhOH
-1.2 vs. SCE CO 100% 13

FCAT DMF, 3 M PhOH -1.28 V CO 95% 14

Fe(0)TPP
DMF,40mM PrOH,

40mM NEt3

- 2.4 V vs. 

Fc+/Fc
Formate 72% 15

Fe-PB 0.5 M KHCO3 ~1.6 -0.63 V
CO 98%-

100%
16

CoPc-CN/CNT 0.5 M KHCO3 5.6 -0.46 V CO 88% 17

CoFPc 0.5 M KHCO3 4.4 −0.8 V CO 93% 18

CoPc-P4VP 0.1M NaH2PO4 2.0 -0.73 V CO 89% 19

CoPc-P4VP 0.5 M NaHCO3 50 -0.6 V CO 90% 20

NiPcP 1 M KOH 236 -0.6 V CO 98% 21

CoPc/GDY/G 0. 1 M KHCO3 12 -0.9 V CO 96% 22
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