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Supplementary Note 1. Materials

Titanium powder, Aluminum powder Iron phthalocyanine (FePc), Phthalocyanine 

cobalt (CoPc), Nickel phthalocyanine (NiPc) and Zinc phthalocyanine (ZnPc) were 

purchased from Shanghai Aladdin, China. Raw CNTs and N-CNTs (diameter = 30-50 

nm, length = 0.5-2 μm) were purchased from Nanjing XFNANO Materials Tech Co. 

Ltd. Ethanol was obtained from Tianjin Chemical Reagent Co. China. N, N-

Dimethylformamide (DMF), Polytetrafluoroethylene (PTFE, 60 wt.%, emulsion) and 

Nafion® (5 wt.%) were purchased from Shanghai Aladdin Reagent Co., Ltd. All other 

reagents, including KHCO3, HCl, D2O and C2H5OH were purchased from Guangzhou 

Chemical Reagent Factory. All reagents were of analytical grade and used without 

further purification. Deionized water was used in all experiments.  
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Supplementary Note 2. Experimental methods

2.1 Synthesis of catalysts

2.1.1 Synthesis of Ti3C2Al (MAX)

CNTs, Ti powder and Al powder were mixed in a ratio of 2:3:1, then ground in 

the glove box for half an hour, after which the powder was heated in a furnace for 2 h 

at 1400 °C in Ar atmosphere. After the furnace is cooled to room temperature, the 

product is taken out and soaked in concentrated hydrochloric acid for 2 h to remove the 

incomplete reaction powder in the product. The slurry was then diluted, centrifuged and 

cleaned, and afterwards dried overnight in a vacuum oven at 60 °C.

2.1.2 Synthesis of Ti3CxN2-xAl (N-MAX)

N-CNTs, Ti powder3and Al powder was first mixed in a ratio of 2:3:1 and then 

ground in the glove box for half an hour. The subsequent processing is the same as 

synthesis of MAX.

2.1.3 Synthesis of Ti3C2 (MXene)

Take 6 ml of H2O, add 12 ml of HCl, 2.5 ml of HF, stir well, then add 1 g of MAX, 

place in an oil bath at 35 °C for 24 h. After heating, take out the slurry, wash with 

deionized water to pH value of neutral, then add 60 ml of deionized water to disperse, 

add 1 g of LiCl, placed in an oil bath at 35 °C for heating and stirring for 4 h, after 

washing and shaking evenly, the MXene solution was obtained.

2.1.4 Synthesis of Ti3C2-xNx (N-MXene)

The same synthesis procedure as for MXene is used to replace MAX with N-

MAX.
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2.1.5 Synthesis of MPc/MXene and MPc/N-MXene) (M-Fe, Co, Ni, Zn)

MPc-MXene hybrid (20 wt. MPc%) was prepared by interacting MPc and MXene 

in N, N-dimethyl formamide (DMF) with the assistance of magnetic stirring and 

sonication for 24 h. The solution is then filtered with suction, and the solid obtained 

after the freeze-drying is the catalyst needed. When MXene is replaced with N-MXene 

and the step above is repeated, we can get MPc/N-Mxene.

2.1.6 Synthesis of MPc/o-N-MXene by in-situ anodic oxidation

MPc/o-N-MXene was obtained by in-situ oxidation of MPc/N-MXene with Cyclic 

voltammetry scan at 10 mV s-1 at various potentials from -1.2 V to 2.48 V (vs RHE) for 

16s in KHCO3 electrolyte. To determine the optimal degree of oxidation, we performed 

different degrees of oxidation in a 2, 8, 16, and 50s Cyclic voltammetry (CV) scan at 

10 mV s-1 at various potentials from -1.2 V to 2.48 V (vs RHE), and performed ERCD 

at -1.0 V for 30 min, then collected the liquid product (DMSO as a yardstick) combined 

with the corresponding current density for comparison, as shown in Fig. S14-15, as the 

degree of oxidation of CoPc/o-N-MXene increases, the current density decreases 

gradually, while the absolute yield of methanol increases gradually, considering the 

influence of the degree of oxidation on the current density and the methanol yield, we 

chose the degree of oxidation in a 16s Cyclic voltammetry scan at 10 mV s-1 at various 

potentials from -1.2 V to 2.48 V (vs RHE).

2.2 Characterization

2.2.1 Catalysts characterization

X-ray diffraction (XRD) measurements were examined with a Bruker ECO D8 
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diffractometer with Cu K radiation (40 kV, 25 mA) at a scan rate of 10°min-1 from 5 to 

75°.  Scanning electron microscope (SEM) tests were performed using a Zeiss (Merlin) 

scanning electron microscope at an accelerating voltage of 5 KV. 

Scanning/transmission electron microscopy (S/TEM) images were taken on an FEI 

Talos F200X operated at an acceleration voltage of 200 kV. Before TEM 

measurements, the catalysts were dispersed in an ethanol solution by an ultrasonic water 

bath, and then dried onto Microgrids. X-ray photoelectron spectroscopy (XPS) tests 

were conducted using a VG Scientific ESCALAB250 instrument equipped with an Al 

Kα X-ray source (1486.6 eV). The obtained spectrograms were analyzed employing the 

Xpspeak 41 software. Extended X-ray absorption fine structure (EXAFS) experiments 

were performed at the Taiwan Photon Source (TPS) operated at 3.0 GeV with a beam 

current of 500mA. The Co K-edge absorbance of the powder catalysts was measured 

in the transmission geometry at room temperature. The energy was scanned from -200 

eV below to 600 eV above the Co K edge (7709 eV).

2.2.2 Electrochemical characterization

Electrochemical evaluations were carried out on a Chenhua electrochemical 

working station (CHI660E) in a conventional three-electrode electrochemical H-type 

cell separated by a proton exchange membrane (Nafion®-117 membrane, DuPont 

Company) at ambient temperature and pressure system. Ag/AgCl electrode (saturated 

KCl) and platinum gauze electrode (1.0 cm * 1.0 cm) were used as the reference and 

counter electrodes, respectively. Both cathode and anode cells were filled with an 

aqueous solution of 10.0 mL of 0.5 M KHCO3 as the electrolyte with CO2 continuously 
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bubbled into the cells at a speed of 20 mL min-1. The pH value of the electrolyte 

saturated with CO2 (99.99%) was 7.20. 

ERCD was also performed in a three-channel flow cell composed of a gas 

diffusion layer (GDL), an anion exchange membrane (Fumasep, FAA-3-PK-130) and 

a carbon paper (1 cm2) anode. 1.0 M KOH aqueous solution was used as anodic 

electrolyte, while 1.0 M KHCO3 (pH = 7.5) aqueous solution was adopted as cathodic 

electrolyte. Both electrolytes were circulated by a two-channel peristaltic pump 

(NKCP-C-S10B) with a flow rate of 20 mL min-1. The gas flow channel behind the 

GDL was constantly purged with CO2 gas at a flow rate of 50 mL min-1. To ensure that 

the potential trapped gas in the electrolyte was collected and thoroughly mixed with the 

exit gas before entering the Gas Chromatography, the electrochemical cell was entirely 

sealed, and a unique buffer cell was created and implemented. The potential is manually 

corrected for the flow cell test by subtracting the IR drop.

The working electrode was prepared as followings: a 500 μL solution of 

isopropanol containing 1 mg of catalyst was combined with 2 mg of carbon black 

(Vulcan XC-72R). Subsequently, 500 μL of deionized water and 20 μL Nafion solution 

(5 wt%) were added and the resulting solution was sonicated in an ice water bath for 

30 min to obtain a well-dispersed catalyst slurry. Then the catalyst slurry was dropped 

on both sides of carbon paper (1.0 cm × 0.5 cm) for H-cell testing or on a single-sided 

carbon paper (2.0 cm × 0.5 cm) for flow cell testing. The area of the working electrode 

was 1.0 cm2 and the catalyst loading (on a gold basis) was 1 mg cm-2. Finally, the 

working electrode was obtained after being dried in a vacuum oven overnight. 
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Linear sweep voltammetry (LSV) was recorded with a scan rate of 10 mV s-1. 

Cyclic voltammograms (CV) with a scan rate of 100 mV s-1 were used to clean the 

electrode surfaces. Controlled-potential electrolysis was performed to quantify the 

activity and selectivity of catalysts toward ERCD. The measurement of Faradaic 

efficiency (FE) was further carried out under the condition that the different electrode 

potentials were maintained for 30 min. It should be noted that, without specification, 

all the potentials reported in this work are iR corrected and converted versus RHE 

(reversible hydrogen electrode) according to the following expression:

𝐸𝑣𝑠. 𝑅𝐻𝐸 =  𝐸
𝑣𝑠.

𝐴𝑔
𝐴𝑔𝐶𝑙

 +  0.197 𝑉 +  0.0591 𝑝𝐻#(1)

2.2.3 Product analysis

The gas products were detected in-situ by gas chromatography (GC). Liquid 

products were collected after each constant potential test and then prepared into a 

nuclear magnetic sample (40 μl DMSO + 60 μl D2O + 500 μl liquid products) for 

nuclear magnetic resonance detection (NMR). 

The Faradaic efficiency of H2 and CO is calculated from the peak area of the GC 

chromatogram at a given potential as follows:

𝑖𝐶𝑂 𝑜𝑟 𝐻2
= 𝑣𝐶𝑂 𝑜𝑟 𝐻2

× 𝑉 ×
2𝐹𝑝0

𝑅𝑇
#(2)

𝐹𝐸𝐶𝑂 𝑜𝑟 𝐻2
=

𝑖𝐶𝑂 𝑜𝑟 𝐻2

𝑖𝑡𝑜𝑡𝑎𝑙
× 100%#(3)

 : Partial current density for CO or H2
𝑖𝐶𝑂 𝑜𝑟 𝐻2

: Volume concentration of CO or H2 based on the calibration of GC
𝑣𝐶𝑂 𝑜𝑟 𝐻2

V: Gas volume flow rate controlled by a mass flow meter at room temperature and 
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under ambient pressure

F: Faradaic constant, 96485 C mol-1

: Pressure, Pa𝑝0

R: Ideal gas constant, 8.314 J (mol × K)-1

T: Temperature, K

: Faradaic efficiency for CO or H2, %
𝐹𝐸𝐶𝑂 𝑜𝑟 𝐻2

 : Total current density, mA cm-2𝑖𝑡𝑜𝑡𝑎𝑙

The Faradaic efficiency of CH3OH is calculated through the standard NMR curve 

(the 1H spectrum was measured with water suppression):

𝐹𝐸𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 =
6𝐹𝑛𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙

𝑄
× 100%#(4)

: Faradaic efficiency for methanol, %𝐹𝐸𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙

F: Faradaic constant, 96485 C mol-1

: Mole of methanol, mol. Here, it should be noted that, in the case of NMR 𝑛𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙

measurements for the standard curve, each methanol sample was tested 3 times.

Q (C): Total charge passing through the electrode during electrolysis.
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Supplementary Note 3. Density functional theory calculations

Theoretical calculations were performed on the basis of density functional theory 

(DFT), as implemented in the Vienna ab initio simulation packages (VASP) [1]. For 

geometric optimizations, we have adopted Perdew-Burke-Ernzerhof [2] functional and 

projector augmented wave (PAW) scheme [3]. All atomic coordinates were allowed to 

relax until calculated Hellmann-Feynman forces smaller than 0.05 eV/Å in geometric 

optimization. The plane wave expansion was chosen and cutoff at the kinetic energy of 

400 eV. The simulated unit cells are constructed periodically, where the vacuum space 

was specified to be 15 Å. In addition, the Brillouin zones were sampled by a (1×1×1) 

grid generated with Monkhorst-Pack scheme [4]. Explicit solvation model with a 

monolayer of water has been considered to calculate the solvation energies. By 

introducing a hydronium in the solvent, the charge was transferred between the water 

layer and electrode, resulting in a local electric field, which was employed to consider 

the electric field effects in experimental measurements.
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Supplementary Figure 1. Structural characterization of MXene and N-MXene. (a) 
XRD, (b) High-resolution N 1s XPS spectra.
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Supplementary Figure 2. Structural and morphological characterizations of the FePc, 
MXene FePc/MXene, and FePc/N-MXene hybrid. (a) XRD spectra; HAADF TEM of 
FePc/N-MXene (b) and (c-f) EDS maps of Ti (c), N (d), C (e) and Fe (f).
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Supplementary Figure 3. Structural and morphological characterizations of the NiPc, 
MXene NiPc/Mxene, and NiPc/N-MXene hybrid. (a) XRD spectra; HAADF TEM of 
NiPc/N-MXene (b) and (c-f) EDS maps of Ti (c), N (d), C (e) and Ni (f).
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Supplementary Figure 4. Structural and morphological characterizations of the ZnPc, 
MXene ZnPc/Mxene, and ZnPc/N-MXene hybrid. (a) XRD spectra; HAADF TEM of 
ZnPc/N-MXene (b) and (c-f) EDS maps of Ti (c), N (d), C (e) and Zn (f).
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Supplementary Figure 5. NMR’s standard curve of methanol.
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Supplementary Figure 6. NMR’s curve of products, which was produced during the 
electrochemical reduction on CoPc/o-N-MXene electrodes in CO2 saturated 0.5 M 
KHCO3.
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Supplementary Figure 7. The partial current density of methanol at the CoPc/o-N-
MXene toward ERCD in a CO2 saturated 0.5 M KHCO3 solution at various potentials 
via from -0.7 V to -1.1 V (vs. RHE) (at an interval of -0.1 V).
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Supplementary Figure 8. NMR’s curve of products, which was produced during the 
electrochemical reduction on CoPc/o-N-MXene electrodes in N2 saturated 0.5 M 
KHCO3.



19

Supplementary Figure 9. Longevity test of CoPc/o-N-MXene toward ERCD in a CO2 
saturated 0.5 M KHCO3 solution at -1.0 V (vs. RHE). 
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Supplementary Figure 10. High-resolutionC 1s spectra of FePc/MXene and FePc/o-
N-MXene. 
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Supplementary Figure 11. High-resolutionC 1s spectra of CoPc/MXene and CoPc/o-
N-MXene. 
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Supplementary Figure 12. High-resolutionC 1s spectra of NiPc/MXene and NiPc/o-
N-MXene. 
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Supplementary Figure 13. High-resolutionC 1s spectra of ZnPc/MXene and ZnPc/o-
N-MXene. 
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 Supplementary Figure 14. The adsorption models of CO2 adsorbed on MPc/o-N-
MXene (M-Fe, Co, Ni, Zn): FePc/o-N-MXene (1.844) (a), CoPc/o-N-MXene (1.763) 
(b), NiPc/o-N-MXene (1.833) (c), ZnPc/o-N-MXene (1.808) (d).
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Supplementary Figure 15. Oxidation of the CoPc/N-MXene: 2 (a), 8 (b), 16 (c), 50s 
(d) of CV at a scan rate of 10 mv/s in CO2 saturated 0.5 M KHCO3 solution via potential 
from -1.2 V to 2.48 V (vs. RHE).
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Supplementary Figure 16. Methanol produced by potentiostatic test at -1.2 V (vs. 
RHE) after 2, 8, 16, 50s of CV at a scan rate of 10 mv/s in CO2 saturated 0.5 M KHCO3 
solution via potential from -1.2 V to 2.48 V (vs. RHE).
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Supplementary Table 1. Quantitative analysis of N-MXene.

Name Area (P) CPS.eV Area (N) Atomic %

C1s 40849.35 0.93 60.92

N1s 6059.13 0.08 5.55

Ti2p 139220.7 0.51 33.54
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Supplementary Table 2. Bader charge for M of MPc/o-N-MXene (M-Fe, Co, Ni, Zn) 

before and after HCO adsorbed.

Name Bader charge before HCO 
adsorbed (|e|)

Bader charge after HCO 
adsorbed (|e|)

Fe 2.3998 2.3766

Co 2.3954 2.7860

Ni 2.3028 2.3017

Zn 2.3615 2.3214
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