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Supplemental Experimental Procedures 

S1. Electronic structure of porphyrin or phthalocyanine complexes with embedded Co 

or Fe center 

 

Figure S1. Mulliken spin densities (surfaces with 0.006 au isovalue) for different oxidation 

states of Fe and Co complexes. a) FeTPP, b) FePc, c) CoTPP and CoPc. 

  



Table S1. Mulliken spin density values for different oxidation states of Fe and Co complexes 

[ML] FeTPP FePc CoTPP CoPc 

ρFe ρTPP ρFe ρPc ρCo ρTPP ρCo ρPc 

[M(III)L] 3.04 −0.44 2.09 0.9 1.08 −1.08 1.12 −1.11 

[M(II)L]0 2.12 −0.12 2.16 −0.15 1.08 −0.08 1.09 −0.09 

[M(II)L•] 2.03 −1.02 2.05 −1.05 −0.92 0.92 0.87 −0.87 

[M(II)L••] 1.98 −1.96 1.83 −1.82 0.92 0.08 0.87 0.13 

 

Table S2. Relative spin-state energies (eV) of Fe complexes. 

 

TPP S = 1/2 S = 3/2 S = 0 S = 1 S = 2 

Fe(III) 0.0 0.64    

Fe(II)   1.53 0.0 0.18 

‘Fe(I)’ 0.0 0.20    

‘Fe(0)’   0.0 0.22 0.49 

Pc S = 1/2 S = 3/2 S = 0 S = 1 S = 2 

Fe(III) 0.0 0.03    

Co(II)   0.88 0.0 1.23 

‘Fe(I)’ 0.0 0.29    

‘Fe(0)’   0.0 0.16 0.45 

 

 

Table S3. Relative spin-state energies (eV) of Co complexes. 

 

TPP S = 1/2 S = 3/2 S = 0 S = 1 S = 2 

Co(III)   0.0 0.01 0.10 

Co(II) 0.0 1.67    

‘Co(I)’   0.0 1.67 1.57 

‘Co(0)’ 0.0 0.14    

Pc S = 1/2 S = 3/2 S = 0 S = 1 S = 2 

Co(III)   0.0 0.02 0.67 

Co(II) 0.0 1.24    

‘Co(I)’   0.0 0.29 1.54 

‘Co(0)’ 0.0 0.16    

 

 

 



 

                                                                                 

 

Figure S2. Different orientations of optimized CoPc on a graphene surface. a) parallel oriention, 

b) perpendicular orientation, c) CoPc-CO complex on parallel orientation.  

 

Support effects have been reported for cobalt porphyrin complex by Chen et al, showing the 

influence of π- π interactions between porphyrin and carbon nanotubes1. Another study by 

Basiuk et al, including DFT and XPS analysis, suggests strong interactions between 

phthalocyanine complexes and carbon nanotube sidewalls2. In addition to these reports, Kallio 

and coworkers highlighted the important role of support in the product selectivity for CO2R 3,4. 

Therefore, we follow a similar protocol and focus on the support effect on CoPc complex to 

elucidate the electronic structure of metal complex in the presence of graphene support. We 

address the structural stability of CoPc adsorption geometries onto the pristine graphene 

surface employing spin-polarized periodic DFT calculations as implemented in Vienna Ab Initio 

Simulation Package (VASP 5.4.4). We initially constructed and optimized a (9×9×1) supercell 

for graphene and next placed the CoPc and CoPc-CO species onto the graphene surface. Two 

different orientations of CoPc were considered as presented in Figure S3. In both simulations, 

a vacuum region of 20 Å was created to prevent interaction between images in neighboring 

cells. Projector augmented wave (PAW) potentials were used to describe the core electrons 

with the generalized gradient approximation (GGA) using PBE functional, including the Becke-

Johson damped D3 dispersion correction, as implemented in VASP. The Kohn–Sham one-

electron wave functions were expanded by using a plane wave basis set with a kinetic energy 



cutoff of 500 eV. The Brillouin zone of the structures was sampled using the 3×3×1 Monkhorst 

Pack automatic meshing. An energy convergence criteria of 10−6 eV and a force convergence 

criteria 0.05 eV Å−1 were used. The binding energy of CoPc is calculated as Eb = E [CoPc@C] 

– E [CoPc] – E [C] where E [CoPc@C] is the computed energy of CoPc complex adsorbed on 

graphene surface, E [CoPc] is the computed energy of isolated CoPc in a unit cell and E [C] is 

the energy of pristine graphene surface. Binding energy of CoPc-CO is calculated as Eb = E 

[CoPc-CO@C] – E [CoPc-CO] – E [C] taking into account the CO-bound CoPc species.  

 

Adsorption energies of CoPc on the graphene surface were predicted as -2.4 eV and -0.6 eV 

for the parallel and perpendicular orientations, clearly related to stabilizing π-πstacking 

interactions between the Pc ligand and the graphene surface in the parallel geometry. For this 

reason, all the following calculations will only consider parallel geometries. The adsorption 

energy of the CO-bound CoPc species, CoPc-CO, on the graphene surface was predicted -2.4 

eV indicating that there is no influence of CO binding on the CoPc-paraphene interactions. 

Finally, the electronic energy of binding of CO to the CoPc complex calculated with VASP, 0.13 

eV, compares well with the binding electronic energy calculated with Gaussian on the isolated 

cluster, 0.33 eV, considering the remarkably different theoretical approach, periodic calculations 

with plane waves on one side, versus cluster calculations with atom centered orbitals on the 

other side. This consistency indicates that the reactivity behavior is dominated by the intrinsic 

properties of the Co cluster, with negligible impact of the graphene support. 

 

We further generated cluster models from the optimized periodic structures to scrutinize the 

electronic structure and spin density distribution of CoPc species at the interface, using a 

broken symmetry approach. Truncated C atoms of graphene are saturated with H atoms and 

all atoms except the graphene carbons were fully optimized. All geometry optimizations were 

performed using the same methodology as described in the main text. It is worth noting that the 

spin density appearing on the edges of the graphene cluster is due to internal spin polarization 

of the graphene, and it is not due to transfer of electronic density from the Co-complex to the 

graphene. Indeed, the total spin density on graphene in the three structures of Figure R6 are:  

Co(II)PC 1.5 10−5; [Co(II)Pc•]– 5.2 10−2; and [Co(II)Pc••]2– 3.6 10−4. This is consistent with our 

remark above, where we were affirming that the graphene does not affect the electronic 

structure and spin density of the Co-complex. 

 

                                         



S2. Electrochemical characterization 

 

Figure S3. Electrochemical characterization of molecular-based catalysts. Cyclic 

voltammograms (CVs) over CoTPP, CoPc, FeTPP, and FePc supported on the carbon black 

were recorded at a scan rate of 50 mV s–1 and a temperature of 25 °C in CO2-saturated 1 M 

NaHCO3 aqueous solution (pH = 7.5). In panels, “w/o” indicates CVs obtained in the absence 

of electrocatalysts with pristine substrates. 

 

 

  



 

Figure S4. Electrochemical characterization of molecular-based catalysts. Cyclic 

voltammograms (CVs) using a GC electrode in Ar-saturated 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAPF6) solute in DMF solvent with 1 mM of CoTPP and FeTPP and 

tetrabutylammonium perchlorate (TBAP) solute in DMSO solvent with 1 mM of CoPc and FePc 

were recorded in the solutions. In panels, “w/o” indicates CVs obtained in the absence of 

electrocatalysts with pristine substrates. E0 means [Fe(III)TPP]/[Fe(II)TPP], E1 is associated 

with [M(II)L]/[M(II)L•]−, E2 is associated with  [M(II)L•]−/[M(II)L••]2− redox couple (M = Fe. Co, L 

= TPP, Pc) 

 

 

Table S4. Comparison between the predicted redox potentials for molecular complexes species 

and obtained redox potentials of molecular complexes in homogeneous solution 

 

Redox event CoTPP(a) FeTPP(a) FePc(b) CoPc(b) 

ΔE0 / V 0.7 0.68 0.48 0.34 

ΔE0
exp. / V 1.1 0.7 0.5 0.6 

 

(a) The redox potentials of CoTPP and FeTPP was obtained in Ar saturated 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAPF6) solute in DMF solvent 

(b) The redox potentials of FePc was obtain in Ar saturated 0.1 M tetrabutylammonium perchlorate (TBAP) 

solute in DMSO solvent 

(c) ΔE0 = E1 – E2 (DFT data), ΔE0
exp.

 = E1 – E2 (experiment data) 

 



 

Figure S5. Molecular orbitals of [M(II)(L•)]− complexes. a) [Fe(II)(TPP•)]−, b) [Fe(II)(Pc•)]−, c) 

[Co(II)(TPP•)]−, and d) [Co(II)(Pc•)]−. 

 

  



S3. Ex-situ characterization of electrodes. 

 

 

Figure S6. Ex-situ characterization of cobalt phthalocyanine (CoPc) after immobilization. UV-

vis absorption spectra for pristine Pc and CoPc after immobilization. For the sample after 

immobilization, the molecules were extracted in dimethylformamide (DMF) from the electrode. 

 

 

 

 

Figure S7. Ex-situ characterization of cobalt tetraphenylporphyrin (CoTPP) after immobilization 

and electrocatalysis. (a) Raman spectra of the pristine carbon nanotube(CNT), carbon fiber 

(CF), CoTPP, and hybrid CoTPP/CNT-CF. (b)UV-vis absorption spectra for pristine TPP, CoTPP 

after immobilization, and CoTPP after electrocatalyzing CO2 reduction. For the sample after 

electrolysis, the molecules were extracted in DMF from the electrode. 

  



 

Figure S8. Ex-situ characterization of iron phthalocyanine (FePc) after immobilization and 

electrocatalysis. (a) Raman spectra of the pristine CNT, CF, FePc, and hybrid FePc/CNT-CF. 

(b)UV-Vis absorption spectra for pristine Pc, FePc after immobilization, and FePc after 

electrocatalyzing CO2 reduction. For the sample after electrolysis, the molecules were extracted 

in DMF from the electrode. 

 

 

 

 

 

Figure S9. Ex-situ characterization of iron tetraphenylporphyrin (FeTPP) after immobilization 

and electrocatalysis. (a) Raman spectra of the pristine CNT, CF, FeTPP, and hybrid 

FeTPP/CNT-CF. (b)UV-Vis absorption spectra for pristine TPP, FeTPP after immobilization, and 

FeTPP after electrocatalyzing CO2 reduction. For the sample after electrolysis, the molecules 

were extracted in DMF from the electrode. 

  



S4. Scheme of setup 

 

Figure S10. Schematic illustration of three-compartment gas-fed flow cell.  

  



S5. Electrocatalytic CO2 reduction to CO over molecular complexes  

 

Figure S11. Electrocatalytic CO2 reduction to CO over supports. The catalytic performance of 

pure CNT-CF supported on gas diffusion layer(GDL) in CO2-saturated aqueous solution of 1 M 

NaHCO3. 

 

 

 

Figure S12. Loading dependences of Co based molecular catalysts (CoPc and CoTPP) for 

electrocatalytic CO2 reduction reaction. The electrocatalytic performance of various loadings of 

(a) CoPc and (b) CoTPP supported on GDL was assessed by chronoamperometry (CA) at the 

denoted potential for 30 min in CO2-saturated aqueous solution of 1 M NaHCO3 at pH 7.5 at 

25 °C. 



 

Figure S13. Electrocatalytic CO2 reduction reaction over molecular-based electrocatalysts. (a) 

Current densities and (b)Faradaic efficiencies of electrocatalytic CO2 reduction reaction of 

FePc/CNT-CF/GDL and FeTPP/CNT-CF/GDL using gas-fed flow cell at the denoted potential 

for 30 min in CO2-saturated aqueous solution of 1 M NaHCO3 at pH 7.5 at 25 °C. 

 

 

Figure S14. Electrocatalytic CO2 reduction reaction over FePc in gas-fed flow cell. 

Representative chronoamperometry (CA) profiles over 10 wt.% FePc/CNT-CF deposited on 

GDL were recorded in the potential range from −0.36 to −0.75 V vs. reversible hydrogen 

electrode (RHE) in CO2-saturated aqueous solution of 1 M NaHCO3 at pH 7.5 at 25 °C. 



 

Figure S15. Electrocatalytic CO2 reduction reaction over molecular-based electrocatalysts. (a) 

Current densities and (b) Faradaic efficiencies of electrocatalytic CO2 reduction reaction of 

CoPc/CNT-CF/GDL and CoTPP/CNT-CF/GDL using gas-fed flow cell at the denoted potential 

for 30 min in CO2-saturated aqueous solution of 1 M NaHCO3 at pH 7.5 at 25 °C. 

 

 

 

Figure S16. Electrocatalytic CO2 reduction reaction over CoPc in gas-fed flow cell. 

Representative CA profiles over 10 wt.% CoPc/CNT-CF/GDL were recorded in the potential 

range from −0.44 to −0.9 V vs. RHE in CO2-saturated aqueous solution of 1 M NaHCO3 at pH 

7.5 at 25 °C.  

 

  



 

Figure S17. Long-term stability testing of CoPc/CNT-CF/GDL for electrocatalytic CO2 reduction 

reaction. The CA profile and product distributions over 10 wt.% CoPc/CNT-CF/GDL for 

electrocatalytic CO2 reduction reaction was recorded at −0.73 V vs. RHE in CO2-saturated 

aqueous solution of 1 M NaHCO3 at pH 7.5 at 25 °C using gas-fed flow cell. In the panel, “off” 

indicates that the electrode was placed and dried at ambient condition overnight (ca. 12 h). 

 

  



 

Figure S18. Ex-situ characterization of working electrodes. (a) SEM image and (b) TEM image 

of the CoPc/CNT-CF/GDL after electrocatalysis. (c) SEM image of the CoPc/CNT-CF/GDL 

treated by electrolyte without electrocatalysis. (d) Comparisons of water contact angle of 

various electrodes. 

 



 

Figure S19. Ex-situ characterization of working electrodes. (a) Co 2p and (b) N 1s XPS spectra 

of fresh CoPc/CNT-CF/GDL and CoPc/CNT-CF/GDL after long-term electrocatalysis. (c) UV-

vis absorption spectra for pristine Pc, CoPc after immobilization, and CoPc after electro 

catalyzing CO2 reduction. (d) ICP measurements of fresh electrolyte, electrolyte immersed 

using CoPc/CNT-CF/GDL, and the cathodic electrolyte after electrocatalysis. 

 

The morphology of used electrode was examined using SEM in Figure S18a, where the cracks 

of catalyst layer and agglomeration of CNT were observed after long-term stability test. TEM in 

Figure S18b was utilized to examine the morphology of the CoPc/CNT. The nanotubular 

structures with an average diameter of ∼20 nm was observed, resembling that of the pristine 

CNTs, and no aggregated CoPc particles were found. To isolate the effect of electrolyte, a 

control CoPc/CNT-CF/GDL electrode was prepared by immersing it in 1 M NaHCO3 for 30 h 

without performing electrolysis and then washed with copious of deionized water. The SEM 

results of the control electrode in Figures S18a and c evidenced that the electrocatalysis 

resulted in the cracks of the catalysts layer.  

Additionally, the gas/electrolyte/catalyst three-phase interface is essential to electro catalyze 

CO2 reduction towards CO in gas-fed flow cell. The wettability of the electrode was examined, 

and the obtained data are shown in in Figure S18d. Clearly, a larger water contact angel (145°) 

was observed for the as-made electrode, suggestive of the highly hydrophobic surface on fresh 

electrode. The electrode treated by electrolyte retained its hydrophobic property and presented 

a similar water contact angel (140°). However, the hydrophobicity of the used electrode 



weakened significantly, showing the water contact angel of ca. 55°. The loss of hydrophobicity 

would likely decrease the three-phase interface in the GDE and suppress the diffusion of CO2 

into the catalytic sites, which likely induces the degradation of catalytic performance observed 

in Figure S17, in consistent with the previous report5.  

Furthermore, the molecular structure of CoPc was also assessed by XPS and UV-vis spectra. 

Figure S19a displays the XPS spectra of CoPc before and after electrocatalysis, revealing the 

characteristic peaks assigned to Co 2p1/2 and Co 2p3/2 of Co(II) oxidation state. However, the 

surface atomic ratio of Co calculated from XPS data was decreased from ca. 0.43% to ca. 0.28% 

before and after electrocatalysis, which accompanied the lessened N quantity from 1.85 to 1.2% 

in Figure S19b, likely indicating the detachment of CoPc from working electrode. Figure S19c 

disclosed the persistence of characteristic absorption of molecular complex on the electrode, 

indicating the surviving molecular structure of CoPc after electrocatalysis. Furthermore, ICP 

was performed to determine the dissolved Co concentration in the electrolyte. Due to the 

chemical stability, the molecular structure of CoPc is so stable that putting it in acid would not 

ensure its complete dissolution to prepare the specimen, and therefore we instead analyzed 

the electrolyte. Figure S19d presents a slightly increased concentration of Co in the electrolyte 

from ca. 0.15 to ca. 2 ppb, accounting for only ca. 2% demetallation of CoPc. By integration of 

physical and chemical characterizations of CoPc/CNT-CF/GDL after electrocatalysis, the loss 

hydrophobicity of electrode and detachment of CoPc from the electrode seemed to occur after 

electrocatalysis. 

  



S6. Electrokinetic data for CO evolution catalysis. 

 

 
Figure S20. Electrokinetic data for electrochemical CO2 reduction on (a) CoPc/CNT-CF/GDL 

and (b) CoTPP/CNT-CF/GDL. The CO partial current density (jCO) on (a) CoPc/CNT-CF/GDL 

and (b) CoTPP/CNT-CF/GDL recorded at various applied potentials in 1 M NaHCO3, 0.5 M 

Na2CO3, and 1 M NaOH; 

 

The CO partial current densities (jCO) was plotted in Figure S20 versus the reversible hydrogen 

electrode (RHE) scale. The figure demonstrates that the jCO vs. E (RHE) relationship clearly 

shifted by approximately 60 mV pH−1, thus being different from ones in Figures 6a and d 

according to the bulk pH values of the electrolyte. More precisely, Figures 6a and d revealed 

that the jCO at a given potential on the standard hydrogen electrode (SHE) scale overlapped 

and did not depend on the pH of the electrolytes. This observation suggests that the rate-

determining step (RDS) does not involve the proton transfer, for example 

2 2CO  + * + e *CO− −→ . Similar interpretation is reported in the previous work by Hori,6 where 

the rates of C2+ production via CO2 reduction at a given potential vs. SHE were independent of 

pH of electrolytes and the RDS was concluded not to involve proton transfer.  

  



 

Figure S21. Electrokinetic data for electrochemical CO2 reduction to CO under dilute CO2 

atmosphere (10% CO2/Ar) on CoPc/CNT-CF/GDL. (a) pH dependence of the CO partial current 

density at constant potentials recorded in 1 M NaHCO3, 0.5 M Na2CO3 and 1 M NaOH, (b) 

bicarbonate concentration dependence of the CO partial current density at constant potentials 

recorded in NaClO4/NaHCO3 (c K+ =1 M) mixed electrolytes. 

 

Table S5. The summary of slopes of PCO2, pH, and bicarbonate concentration dependences of 

the CO partial current density at different constant potentials over Co-based molecular 

catalysts . 

 E 

V vs. SHE 

Slope 

PCO2 

Slope 

pH 

Slope 

cHCO3− 

CoPc 

−1.07 0.86 ± 0.11 0.01 0.01 

−1.14 0.87±0.09 0.02 0.01 

CoTPP 

−1.15 0.91 ± 0.03 0.01 0.03 

−1.20 0.85 ± 0.14 0.03 0.01 

 

  



 

 

Figure S22. Electrokinetic data for electrochemical CO2 reduction on (a) CoPc/CNT-CF/GDL 

and (b) CoTPP/CNT-CF/GDL. CO partial current density-voltage (Tafel) behavior of (a) 

CoPc/CNT-CF/GDL and (b) CoTPP/CNT-CF/GDL in CO2 saturated 1 M NaHCO3 electrolyte. 

 

  



 

S7. DFT Calculations 

Figure S23. Operative reaction mechanisms for TPP and Pc ligands (M = Fe or Co). 

 

  



 

 

Figure S24. Density functional theory catalytic cycle for electrocatalytic CO2 reduction by 

FeTPP. The associated oxidation states and electron distributions are explained in the main 

text. Free energies are given in eV, and redox potentials are in volts (V vs. RHE). 

 



 

Figure S25. Density functional theory catalytic cycle for electrocatalytic CO2 reduction by FePc. 

The associated oxidation states and electron distributions are explained in the main text. Free 

energies are given in eV, and redox potentials are in volts (V vs. RHE). 

  



 

Figure S26. Density functional theory catalytic cycle for electrocatalytic CO2 reduction by 

CoTPP. The associated oxidation states and electron distributions are explained in the main 

text. Free energies are given in eV, and redox potentials are in volts (V vs. RHE). 

 

 

 

 

 



 

Figure S27. Density functional theory catalytic cycle for electrocatalytic CO2 reduction by CoPc. 

The associated oxidation states and electron distributions are explained in the main text. Free 

energies are given in eV, and redox potentials are in volts (V vs. RHE).  
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