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            Abstract
Electrochemical carbon dioxide (CO2) reduction can in principle convert carbon emissions to fuels and value-added chemicals, such as hydrocarbons and alcohols, using renewable energy, but the efficiency of the process is limited by its sluggish kinetics1,2. Molecular catalysts have well defined active sites and accurately tailorable structures that allow mechanism-based performance optimization, and transition-metal complexes have been extensively explored in this regard. However, these catalysts generally lack the ability to promote CO2 reduction beyond the two-electron process to generate more valuable products1,3. Here we show that when immobilized on carbon nanotubes, cobalt phthalocyanineâ€”used previously to reduce CO2 to primarily COâ€”catalyses the six-electron reduction of CO2 to methanol with appreciable activity and selectivity. We find that the conversion, which proceeds via a distinct domino process with CO as an intermediate, generates methanol with a Faradaic efficiency higher than 40 per cent and a partial current density greater than 10 milliamperes per square centimetre at âˆ’0.94 volts with respect to the reversible hydrogen electrode in a near-neutral electrolyte. The catalytic activity decreases over time owing to the detrimental reduction of the phthalocyanine ligand, which can be suppressed by appending electron-donating amino substituents to the phthalocyanine ring. The improved molecule-based electrocatalyst converts CO2 to methanol with considerable activity and selectivity and with stable performance over at least 12 hours.
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                    Fig. 1: A domino electrocatalytic process of CO2-to-MeOH conversion on CoPc/CNT, discovered through a catalyst search guided by the Sabatier principle.[image: ]


Fig. 2: Catalytic performance of CoPc molecules supported on CNTs for CO2 and CO reduction.[image: ]


Fig. 3: Deactivation of CoPc/CNT in long-term electrolysis.[image: ]


Fig. 4: Electrocatalytic performance of CoPcâ€“NH2/CNT for CO2 reduction to methanol.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Catalytic properties of FePc/CNT and NiPc/CNT.
aâ€“d, Potential-dependent catalytic performance of CO2 electroreduction by FePc/CNT (a, b) and NiPc/CNT (c, d).


Extended Data Fig. 2 Product identification and quantification.
a, b, Typical gas chromatography diagrams from the flame ionization detector (a) and the thermal conductivity detector (b),showing the presence of CO and H2 (marked in red) and the absence of other common gas products (marked in grey). c, d, Typical 1H NMR (c) and 13C NMR (d) spectra of a liquid sample after CO2 electroreduction electrolysis (green traces) versus a blank 0.1Â M KHCO3 solution (red traces). e, f, Representative 1H NMR spectra of liquid samples after 1Â h of CO2 reduction electrolysis catalysed by CoPc/CNT at âˆ’0.94Â V versus RHE (e) and 1Â h of CO reduction electrolysis catalysed by CoPcâ€“NH2/CNT at âˆ’0.95Â V versus RHE (f). The detailed information used to determine the FE of MeOH production is given in the diagrams.


Extended Data Fig. 3 Catalytic performance of CoPc/CNT under N2.
a, b, Potential-dependent product selectivity (a) and partial current density (b) for CO2 electroreduction catalysed by CoPc/CNT under N2.


Extended Data Fig. 4 Effects of carbon support on CO2-to-MeOH conversion.
a, b, Potential-dependent product selectivity (a) and partial current density (b) for the electroreduction of CO2 by bare CoPc aggregates on carbon paper. c, Nyquist plots of bare CoPc, a physical mixture of CoPc and CNTs and the CoPc/CNT hybrid, measured at âˆ’0.94Â V versus RHE in a 0.1Â M aqueous KHCO3 solution saturated with CO2 with a scanning frequency range from 200Â kHz to 100Â Hz and an a.c. amplitude of 5Â mV. Zâ€² and Zâ€³ refer to the real and imaginary parts of impedance, respectively. The inset shows the enlarged area where the traces for the CoPc/CNT hybrid and the mixture of CoPc and CNTs are clearer. d, Selectivity (FEMeOH) and partial current density (jMeOH) for CO2 reduction to MeOH catalysed by bare CoPc (â€˜Bareâ€™), the CoPc/CNT physical mixture (â€˜CNT Mixâ€™), the CoPc/Vulcan XC72 mixture (â€˜VXC72 Mixâ€™), the CoPc/Ketjenblack mixture (â€˜KB Mixâ€™) and the CoPc/CNT hybrid (â€˜CNT Hybridâ€™) at âˆ’0.94Â V versus RHE.


Extended Data Fig. 5 Long-term electrocatalytic performance of CoPc/CNT.
a, Gas product selectivity and total current density in a 12-h electrolysis of CO2 reduction catalysed by CoPc/CNT at âˆ’0.94Â V versus RHE. b, c, SEM images of an as-deposited CoPc/CNT electrode before (b) and after (c) catalysing CO2 reduction electrolysis at âˆ’0.94Â V versus RHE for 12Â h.


Extended Data Fig. 6
UV-Vis spectra of post-electrolysis CoPc and free-base phthalocyanine (H2Pc) in DMF.


Extended Data Fig. 7 Cyclic voltammograms of CoPc/CNT and CoPcâ€“NH2/CNT.
a, b, The curves were recorded at a scan rate of 400Â mVÂ sâˆ’1 in a 0.1Â M aqueous KHCO3 solution under N2 (a) and CO2 (b). The most prominent cathodic (ic) and anodic (ia) features of the molecules are labelled. The redox potential of CoPcâ€“NH2/CNT is more negative than that of CoPc/CNT.


Extended Data Fig. 8
Catalytic performance of CoPcâ€“NH2/CNT for electroreduction of CO to MeOH.


Extended Data Fig. 9 Spectroscopic characterization of CoPcâ€“NH2.
a, High-resolution mass spectrometry results for CoPcâ€“NH2. Calculated for CoC32H20N12: 631.12604; found: 631.12435. b, UV-Vis spectrum of CoPcâ€“NH2 in 15Â M H2SO4. Î»maxÂ =Â 210Â nm, 299Â nm, 380Â nm and 739Â nm.


Extended Data Table 1 Electronic binding energy of CO to the metal centre of Mâ€“N4 motifs (where MÂ =Â Ni, Co or Fe)Full size table


Extended Data Table 2 Performance comparison between our catalyst system and previously reported transition-metal complex electrocatalysts for CO2-to-MeOH conversionFull size table
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