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Building a stable cationic molecule/electrode interface for highly 
efficient and durable CO2 reduction at an industrial-relevance 
current 
Jianjun Su,a Jun-Jie Zhang,b Jiacheng Chen,c Yun Song,a Libei Huang,a Minghui Zhu,*c Boris I. 
Yakobson,b Benzhong Tangd,e,f and Ruquan Ye*a,g

Aggregation and leaching are two major obstacles to the synthesis of efficient and durable heterogeneous molecular 
catalysts. These problems are even more severe for charged molecules, which not only result in unsatisfactory performance, 
but also lead to a misleading evaluation of charged functionalities. In this work, methylation of cobalt (II) tetraamino 
phthalocyanine (CoTAPc) transforms the electron-donating amino groups into electron-withdrawing quaternary ammonium 
cations, which favor the formation of *COOH intermediate and the desorption of *CO, conducive to 130% increase of current 
density for CO2 reduction reaction (CO2RR). However, the catalysts leach severely and consequently the current density 
decays rapidly. To resolve the dilemma, we develop an in situ functionalization strategy by first covalently grafting CoTAPc 
onto carbon nanotube via a diazo-reaction, followed by a complete methylation reaction. This conduces to 700% increase 
in CO partial current density compared to that of physically mixed sample at -0.72 V vs. RHE with highly stable currents. In a 
flow cell, this covalently immobilized structure delivers an industrial-relevance current density of 239 mA/cm2, CO selectivity 
of 95.6 % at 590 mV overpotential and a very low molecular loading of 0.069 mg/cm2. This work provides mechanistic insight 
and design strategy of charged molecular catalysts for high-performance and stable heterogeneous electrolysis. 

Introduction 
Electrochemical reduction of carbon dioxide (CO2) using 
renewable electricity is an effective process for the production 
of useful fuel and chemical commodities.1,2 This attractive 
process could not only mitigate the global warming by fixing 
CO2, but also provide a pathway to store electricity into 
chemical energy.3,4 Many efforts have been devoted to 
achieving efficient electrochemical CO2 reduction reaction 
(CO2RR) with high activity, selectivity and stability at low 
overpotential.5,6 Among numerous, molecular complexes for 
the production of CO have attracted significant research 
attention as CO is an important precursor for diverse 

commodity chemicals synthesized by the Fischer–Tropsch 
process.7,8 One advantage of molecular catalysts lies in their 
well-defined active sites and tunable property, which will be 
conducive to the understanding of structure-activity 
relationships and the rational design of high-performance 
catalysts.9,10

Peripheral functionalization with different substituents has 
been proved to be an effective method to enhance the 
electrocatalytic performance of molecular catalysts.11,12 The 
functional groups can tune the electronic properties of metal 
center by inductive effect. For example, cobalt phthalocyanine 
with eight cyano substituents CoPc(CN)8 shows a higher activity 
and selectivity than CoPc by facilitating the formation of active 
sites Co(I) and the CO desorption.13 In our previous work, 
electron-donating groups on cobalt tetraphenylporphyrin 
(CoTPP) were found to improve the CO2RR by increasing the 
electron density of the cobalt center and promoting the 
electrosorption of CO2.14 Another effect of peripheral 
functionalities is the electrostatic interactions. It was suggested 
that cationic groups favor the formation of intermediate in the 
rate-determining step by electrostatic stabilization. Both 
enhancements have been observed on CoPc and CoTPP with 
quaternary ammonium cation compared to their unsubstituted 
ones.14,15

Heterogenization of molecular catalysts can achieve a great 
improvement of current densities and stability by facilitating 
the charge transfer.13,16,17 However, the existence of positive 
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charge, such as pyridinium and quaternary ammonium groups, 
will increase the water solubility of the molecules, resulting in 
poor stability.18,19 The solubility issue might be mitigated by 
using an oppositely charged conductive substrate. For example, 
by using reduced graphene oxide (rGO) and nitrogen-doped 
reduced graphene oxide, both iron tetra-(4-N,N,N-
trimethylanilinium)porphyrin (FeTMAP)20 and cobalt tetra-(4-
N,N,N-trimethylanilinium)porphyrin (CoTMAP)21 can be 
immobilized through the π-π stacking and electrostatic 
interactions. These strategies improve the durability, yet the 
turnover frequency (TOF) values are very small. We hypothesize 
that the strong electrostatic interactions between the 
molecular catalysts and rGO result in a sandwich structure and 
decrease the accessibility of CO2 to the metal center.22,23 In 
addition, the hydrothermal reaction for the catalyst synthesis 
might decompose the quaternary ammonium groups.21

To this end, there is a dilemma between the stability and 
activity of molecular catalysts in improving its CO2RR activity via 
charge engineering. Herein, combining the experimental data 
and theoretical prediction, we first study the cationic effect in 
boosting the CO2RR of molecular catalysts. Three model 
samples are used, which include CoPc, cobalt (II) tetraamino 
phthalocyanine (CoTAPc), and cobalt (II) tetra-(4-N,N,N-
trimethylanilinium) phthalocyanine (CoTMAPc). As expected, 
CoTMAPc shows the highest CO2RR activity, yet the four 
quaternary ammonium groups significantly increase the water 
solubility and the current densities decay quickly. To resolve the 
dilemma, we covalently immobilize CoTMAPc onto carbon 
nanotube (CNT) through a diazo-reaction between CoTAPc and 
CNT, followed by a methylation reaction. This strategy conduces 
to a high current density of 239 mA/cm2 and FECO of 95.6 % at -
0.7 V vs. RHE with excellent stability in a flow cell configuration. 

Results and discussion

Characterization and electrocatalytic performance of CoPc, 
CoTAPc and CoTMAPc Catalysts. 

The cationically charged CoTMAPc was synthesized by 
methylation of CoTAPc with excess CH3I to transform the four 
amino groups into quaternary ammonium cations.24 Fig. 1a 
shows the chemical structure and the photos of the three 
molecules in water (left to right: CoPc, CoTAPc and CoTMAPc). 
The introduction of charged functional groups also greatly 
increases the water solubility (Fig. 1a). The transformation of 
amino group in CoTAPc into trimethylamino group of CoTMAPc 
was confirmed by Fourier transform infrared (FT-IR) (Fig. S1) 
and 1H nuclear magnetic resonance (1H NMR) (Fig. S2) 
spectroscopy. The N-H stretching peaks at 3333 and 3208 cm-1 
of CoTAPc disappeared in CoTMAPc.25 The prominent -CH3 
stretching vibration in -N+(CH3)3 group at 1484 cm-1 and C-N 
bending vibration in -N+-(CH3)3 at 944 cm-1 appear in 
CoTMAPc.26 The 1H NMR spectrum of CoTMAPc also shows a 
strong signal at 3.18 ppm from the methyl proton.27 Raman 
spectra (Fig. S3) of CoTAPc and as-prepared CoTMAPc show a 
characteristic absorption peak at about 1000-1600 cm-1.28 In the 

UV-visible (UV-vis) spectra (Fig. S4), the Q band absorbance 
peak of CoTMAPc is blue-shifted to 669.8 nm after methylation, 
which is attributed to the strong electron withdrawing of 
trimethylamino group.29 Therefore, the above characterization 
confirmed the successful synthesis of the positively charged 
CoTMAPc molecule.

The CO2RR activity of molecular catalysts was evaluated in a 
home-made three-compartment cell21,36 in CO2-saturated 0.5 M 
KHCO3 with a molecular loading of 7×10-9 mol/cm2. The working 
electrode was prepared by dispersing 4.5 μmol of molecular 
catalysts in 10 mL DMF with 200 μL Nafion and dropping 20 μL 
catalyst ink on the carbon paper (0.5-inch diameter). Compared 
with CoPc, CoTAPc has a more negative redox potential, while 
CoTMAPc has a more positive redox potential in CO2 and N2 
saturated electrolyte (Fig. S5) which further demonstrates the 
electron-withdrawing effect of peripheral cationic functional 
groups on the CoPc molecule. Linear sweep voltammetry (LSV) 
shows that all catalysts exhibited similar onset potentials at ~ -
0.4 V vs RHE (Fig. 1b). The CO partial current densities (jCO) and 
turnover frequency (TOFCO) exhibited similar trends (Fig. S6). 
CoTMAPc shows much higher initial jCO (1.87 mA/cm2) and TOF 
(1.39 s-1) at -0.72 V than those of CoPc (jCO = 1.42 mA/cm2, TOF 
= 1.05 s-1) and CoTAPc (jCO = 1.19 mA/cm2, TOF = 0.88 s-1). As 
depicted in Fig. 1c, the Faradaic efficiencies for CO (FECO) of 
these three molecules have the roughly same trend, which 
increases from 70 % at their onset overpotentials to 85 % at -
0.57 V vs. RHE, and levels to ~87 % at potentials more negative 
than -0.57 V. The ~120 mV/dec Tafel slope (Fig. S7) of both three 
molecules indicate a one-electron transfer rate-limiting step 
without mass-transport limit.30,31 

The variation of Gibbs free energy of the reaction pathway 
was calculated to provide mechanistic insight into the CO2RR 
activity. The top and side views of CoTAPc and CoTMAPc and 
their intermediate steps of CO2RR are listed in Table S1. As 
shown in 

Fig. 1 Electrocatalytic performance of CoPc, CoTAPc and 
CoTMAPc in CO2 saturated 0.5 M KHCO3. (a) Chemical structure 
and photos of CoPc, CoTAPc and CoTMAPc in water (0.7 
μmol/mL). (b) Linear sweep voltammograms curves at a sweep 
rate of 10 mV/s. (c) Faradaic efficiencies at different potentials. 
(d) CO2 free energy profiles for CO2RR to CO catalyzed by 
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CoTAPc and CoTMAPc and (e) Long-term electrolysis at -0.62 V 
versus RHE. 

Fig. 2 Strategy for heterogenizing CoTMAPc onto CNT. (a) Scheme for the synthesis of CoTMAPc@CNT. (b) Zeta potentials of 
CoTMAPc@CNT as a function of CH3I equivalent. High-resolution XPS spectra of the (c) Co 2p and (d) N 1s of CoTAPc@CNT and 
CoTMAPc@CNT. (e) Raman spectra of pristine CNT, CoTAPc@CNT and CoTMAPc@CNT. (f) A typical TEM image and (g) HADDF-
STEM image of CoTMAPc@CNT. The circled bright spots highlight the dispersed Co centers. (h) N and Co EDS elemental mapping 
of CoTMAPc@CNT.

Fig. 1d, the change of variation of free energy, Δ(ΔG),  for the 
rate-determining step (the conversion of CO2 to *COOH, where 
* indicates adsorbed species)30 is 1.46 eV on CoTMAPc, which is 
lower than CoTAPc by 0.37 eV. Moreover, the Δ(ΔG) for the CO 
desorption on CoTMAPc is only 0.62 eV, significantly lower than 
that of CoTAPc (0.97 eV). The variation of Gibbs free energy 
diagram for hydrogen evolution reaction (HER) process of 
CoTAPc and CoTMAP is shown in Fig. S8. The Δ(ΔGH) of 
CoTMAPc was calculated to be 0.79 eV, which is higher than 
that of CoTAPc (0.77 eV), indicating that HER reaction is more 
difficult to occur for CoTMAPc. The computation result indicates 
that compared to the electron-donating amino groups, the 
electron-withdrawing quaternary ammonium groups on 
CoTMAPc favor the formation of *COOH and the desorption of 
CO, which collectively benefit the CO2RR to CO and is consistent 
with our experimental data. 

However, the improved solubility of charged molecular 
catalysts results in very poor stability of CO2RR performance. 

During the stability measurement at -0.62 V in Fig. 1e, the CoPc 
shows a good stability in 30 min with almost no current 
decrease. However, the current densities of CoTAPc and 
CoTMAPc samples decreased quickly by 20.9 % and 30 % after 
30 min, respectively. This is because of the introduction of 
water-soluble amino and trimethylamino group in CoTAPc and 
CoTMAPc, resulting in catalysts leaching during continuous 
electrolysis.

Synthesis and Characterization of CoTMAPc@CNT. 

In order to solve the leaching problem of CoTMAPc molecule 
for CO2RR, we further developed a strategy to covalently 
immobilize the CoTMAPc on CNT. The CoTAPc was firstly 
anchored on the CNT by diazonium reaction and the amino 
groups were then transformed to quaternary ammonium 
groups by methylation reaction (Fig. 2a). To control the 
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selectivity, there are two important steps in the synthesis. First, 
the ratio of isoamyl nitrite to CoTAPc was 1:1, so that not all the 
four amino groups of CoTAPc were converted to diazonium. 
Second, the isoamyl nitrite was slowly added to the dispersed 
CoTAPc, so that the amino groups were in great excess. Fig. 2b 
shows the change of zeta potential of CoTAPc@CNT with CH3I 
equivalent in methylation reaction. The zeta potential value of 
CoTAPc@CNT greatly increases from -22.8 mV to 20.2 mV when 
the CH3I equivalent increases from 6 to 10, and then levels off 
at ~ 40 mV when the CH3I equivalent further increases from 20 
to 50, which suggests the complete methylation. The 
methylation can also be inferred from the XPS data. As shown 
in Fig. 2c, CoTMAPc@CNT has a Co 2p3/2 and Co 2p1/2 signal at 
781.1 eV and 796.1 eV, respectively, which are higher than that 
of CoTAPc@CNT at 780.0 eV and 795.2 eV. The variation is due 
to the transformation of electron-donating amino groups into 
electron-withdrawing quaternary ammonium groups, leading 
to a decrease in the electron density of Co. Similarly, the N 1s 
peaks (Fig. 2d) of N atoms in phthalocyanine increase from 
398.3 eV in CoTAPc@CNT to 398.4 eV in CoTMAPc@CNT.32 
Moreover, the appearance of N 1s peak at 401.9 eV in 
CoTMAPc@CNT further demonstrates the formation of 
quaternary ammonium.33 The N:Co atomic ratios of 
CoTAPc@CNT and CoTMAPc@CNT from XPS (Table S2.) are 
11.06 and 11.00, respectively, which suggests the tethering and 
functionalization occurs in accordance with figure 2a. The UV-
vis spectra (Fig. S9) of CoTMAPc@CNT show an absorption peak 
at 684.2 nm, which slightly blue shifts compared to that of 
CoTAPc@CNT (687.8 nm). This trend agrees with the peak shift 
of molecular catalysts in Fig. S4. Additionally, the Q band 
absorbance peak of CoTMAPc@CNT (684.2 nm) was red-shifted 
when compared to that of CoTMAPc (669.8 nm), while the Q 
band of CoTAPc@CNT (687.8 nm) was blue-shifted to that of 
CoTAPc (701.7 nm). This is because the grafted molecules lose 
an electron-donating NH2 group in CoTAPc@CNT and an electro

Fig. 3 CO2RR activities of CoTAPc@CNT, CoTMAPc@CNT, 
CoTAPc/CNT and CoTMAPc/CNT in CO2 saturated 0.5 M KHCO3. 
(a) LSV curves acquired at a scan rate of 10 mv/s. The catalyst 
loading is ~ 7×10-9 mol/cm2. (b) FE of CO and H2. (c) CO partial 
current densities. (d) Tafel slopes of CoTAPc@CNT and 
CoTMAPc@CNT. (e) Long-term stability of CoTMAPc@CNT at -
0.62 V vs. RHE and (f) TOFCO at -0.62 V with different catalyst 
loadings. 

n-withdrawing N+(CH3)3 group in CoTMAPc@CNT. Fig. 2e 
presents the Raman spectra of pristine CNT, CoTAPc@CNT and 
CoTMAPc@CNT. CNT has two signature peaks at 1357 and 1582 
cm-1, which correspond to the D and G bands. The CoTAPc@CNT 
and CoTMAPc@CNT exhibit some fine signals from molecular 
catalysts at 1000-1500 cm-1.34 The ratio of the D to G peak 
intensity (ID/IG) reflects the degree of disorder of carbon 
materials. The molecule modified CNT samples have a higher 
ID/IG ratio (~0.3) than pristine CNT (0.27), which likely comes 
from the disturbance of surface lattice after the covalent 
grafting.35

Transmission electron microscopy (TEM) reveals that 
CoTAPc@CNT and CoTMAPc@CNT possess a similar smooth 
outer surface morphology to that of pristine CNT without 
obvious aggregation of molecular catalysts (Fig. 2f and S10). Z-
contrast high-angle annular dark field of high-resolution 
aberration-corrected scanning transmission electron 
microscopy (HADDF-STEM) image (Fig. 3g) of CoTMAPc@CNT 
shows the high dispersion of Co sites on CNT surface, as 
indicated by the circled bright spots. The energy dispersive X-
ray spectroscopy (EDS) maps (Fig. 2h) also show the uniform 
distribution of N and Co elements alongside the CNT. 
Inductively coupled plasma mass spectrometry (ICP-MS) was 
carried out to determine the Co content in the as-prepared 
composite material. The Co content in CoTAPc@CNT and 
CoTMAPc@CNT were found approximately 0.55 wt %, 
corresponding to 5.7 wt% and 6.9 wt% of CoTAPc and CoTMAPc 
in the hybrid. 

Electrocatalytic CO2RR Performance of CoTMAPc@CNT. 

The CO2RR electrochemical performance of CoTAPc@CNT 
and CoTMAPc@CNT was tested with a total mass loading of 75 
μg/cm2, corresponding to a molecule catalyst loading of ~ 7×10-

9 mol/cm2. We also took the physically mixed samples, 
CoTAPc/CNT and CoTMAPc/CNT, with the same molecule 
catalyst loading for comparison. We first estimate the number 
of electrochemically active sites by measuring the cyclic 
voltammogram (CV) of the catalyst (Fig. S11a,c). The surface-
active Co sites of CoTAPc@CNT and CoTMAPc@CNT are 
6.87×10-9 and 6.72×10-9 mol/cm2, which are very close to 
theoretical content (7×10-9 mol/cm2), indicating all the 
molecular catalysts are almost accessible and electrochemically 
active on the CNT surface. Moreover, after 30 min 
chronoamperometric test, the number of electrochemically 
active sites of CoTMAPc@CNT and CoTAPc@CNT were 6.91×10-

9 and 6.84×10-9 mol/cm2
, which are almost the same as the 

values before the stability test (Fig. S11b,d). However, for the 
physically mixed samples, the initial amount of the 
electrochemically active species of CoTMAPc/CNT and 
CoTAPc/CNT were only 1.72×10-9 and 1.63×10-9 mol/cm2 (Fig. 
S12a,d). These values were about four times smaller than the 
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theoretical loading (7×10-9 mol/cm2). The low electrochemical 
active sites of the physically mixed samples were due to the 
molecular stacking in physical mixing composites and some 
initial leaching. Similar to the data in Fig. 1e, the current 
densities of CoTMAPc/CNT and CoTAPc/CNT also decreased 
after 30 min stability test (Fig. S12b,e) and the number of 
electrochemically active site also reduced to 1.48×10-9 and 
1.01×10-9 mol/cm2, respectively. (Fig. S12c,f). In order to 
quantify the Co leaching, we further conducted ICP analysis on 
the post-reaction electrolyte solution at 1 mg/cm2 catalyst 
loading. As shown in Table S3, no Co content was detected in 
the post-reaction electrolyte of CoTAPc@CNT and 
CoTMAPc@CNT. However, the CoTAPc/CNT and CoTMAPc/CNT 
showed 11.6 and 43.0 % Co leaching after 30 min electrocatalyst 
respectively, which was consistent with the current attenuation 
in Fig. S12 b,e. These results further proved the stability 
promotion of the covalent bond. The stability of both grafted 
samples was further evaluated at different applied potentials 
(Fig. S13). Notably, unlike the rapid attenuation of physically 
mixed samples, both CoTMAPc@CNT and CoTAPc@CNT have a 
very stable current density at different potentials for 60 min. 
The long-term potentiostatic electrolysis of CoTMAPc@CNT 
was further undertaken at -0.62 V for 12 hours in Fig. 3e. The 
catalyst achieved a current density of 11.9 mA/cm2 and a FECO 
of 98 % with negligible decay, which amounts to an excellent 
turnover number (TON) of 373000 over the 12 h 
electrocatalysis. The excellent stability of CoTMAPc@CNT 
signifies the effective role of covalent bond in stabilizing the 
molecular catalysts. 

As shown in the LSV curves (Fig. 3a), after covalently grafting 
on the CNT surface, CoTMAPc@CNT and CoTAPc@CNT presents

Fig. 4 CO2RR performance in a flow cell. (a) Graphic illustration 
of the CO2 flow cell. (b) Current density and selectivity of CO 
production at various potentials of CoTAPc@CNT and 
CoTMAPc@CNT. (c) Long-term electrolysis of CoTMAPc@CNT 
at -0.4 V vs. RHE. (d)   Comparison of the CO2RR performance of 
CoTMAPc@CNT to literature data. The catalyst loadings are also 
listed for comparison.
a low onset potential of -0.28 V and a large total current density 
of 30.7 mA/cm2 and 18.4 mA/cm2 at -0.82 V, respectively. All 
four samples exhibit similar trends of FECO, which increase from 
-0.42 to -0.52 V and keep stable at higher overpotentials (Fig. 
3b). The FECO of CoTMAPc@CNT and CoTAPc@CNT could reach 
99 % and 98 % at -0.72 V, while the CoTMAPc/CNT and 
CoTAPc/CNT only attain 92 % and 90 % at the same potential. 
Static state measurement shows that CoTMAPc@CNT and 

CoTAPc@CNT exhibit a high jCO of -21.0 mA/cm-2 and -10.9 
mA/cm-2 at -0.72 V, almost 700% of the CoTMAPc/CNT (-3.1 
mA/cm2) and CoTAPc/CNT (-1.7 mA/cm2), respectively (Fig. 3c). 
The 1H NMR spectrum (Fig. S14) shows no liquid products in the 
post-reaction electrolyte.  Two control experiments were 
conducted: (1) The carbon paper (CP) without deposited 
catalyst tested in CO2 saturated 0.5 M KHCO3, and (2) 
CoTMAPc@CNT with a molecular loading of 7×10-9 mol/cm2 
tested in N2 saturated 0.5 M KHCO3. The CO partial current 
density (jCO) at different potentials are shown in Table S4. The 
small jCO confirms that the negligible CO production without CO2 
or with CO2 but in the absence of catalyst. The reaction kinetics 
for the CO formation is analyzed by Tafel slope (Fig. 3d). A Tafel 
slope of 122.6 and 121.4 mV/dec for CoTMAPc@CNT and 
CoTAPc@CNT indicates no transport limitation and is consistent 
with the values for a rate-limiting single-electron transfer 
step.30

TOF is defined as the number of reduction products 
generated per electrocatalytic active site per unit time, 
representing the intrinsic activity of the catalyst.35 Here, the 
TOF values of different samples were calculated from the partial 
CO current density (Fig. S15) with different molecular catalyst 
loading (1×10-11 to 4×10-9 mol/cm2) at -0.62 V (Fig. 3f). At a 
loading of 1×10-11 mol/cm2, CoTMAPc@CNT exhibits a 
maximum TOFCO of 102.9 s-1, far greater than the 68.3 s-1 of 
CoTAPc@CNT, which indicate a higher CO2RR activity of 
CoTMAPc molecule. However, the physically mixed samples, 
CoTMAPc/CNT and CoTAPc/CNT, only show a relatively low 
TOFCO of 49.3 and 32.8 s-1. In general, the TOFs decrease at 
higher catalyst loadings, which is because the current densities 
could be limited by mass transport. When the catalyst loading 
increases exponentially, TOFCO of CoTMAPc/CNT and 
CoTAPc/CNT descends much more rapidly to 1.05 and 1.38 s-1 
at a loading of 4×10-9 mol/cm2, which could result from the 
molecular catalysts aggregation during electrode preparation 
and leaching during electrolysis. 

The current density of CO2RR in H-type cells is limited by the 
slow diffusion and low solubility of CO2 in aqueous media, which 
could be resolved by using a flow cell design.8  Here we further 
demonstrate that CoTAPc@CNT and CoTMAPc@CNT can 
deliver commercially relevant current densities in a flow cell 
configuration. The flow cell was assembled as shown in Fig. 4a. 
Both the CoTAPc@CNT and CoTMAPc@CNT composites show 
much higher current densities than those collected in 
customized three-compartment cell (Fig. S16). The 
CoTMAPc@CNT shows a high current density of 31.0 mA/cm2 
and FECO of 94.5 % at a low overpotential of 290 mV (Fig. 4b) 
with negligible performance decay for 15 h (Fig. 4c). At -0.7 V 
vs. RHE (η = 590 mV), an outstanding current density of 239 
mA/cm2 and FECO of 95.6 % was achieved. Salts segregation on 
the cathode (gas channel) was observed at -0.6 V, which comes 
from the rapid consumption of water (CO2 + 2e- + H2O  CO + 
2OH-) and leads to the fluctuation of current density. The 
excellent CO2RR activities of CoTMAPc@CNT are comparable to 
those of other reported catalysts for the conversion of CO2 to 
CO (Fig. 4d and Table S5).8,37-41 For example, compared to other 
complexes including CoPc, CoPc-CN/CNT and Ni single-atom 
catalysts (SAC), CoTMAPc@CNT, at a much lower molecular 
loading of 0.069 mg/cm2, delivers a much higher current 
densities than other systems with smaller total cell voltage. 
Even in comparison to performance of precious metal Au and 
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silver, the current density and selectivity of CoTMAPc@CNT 
remains standout.

Conclusions
In conclusion, quaternary ammonium cation can improve the 
CO2RR activity of CoPc by decreasing the reaction barriers of 
intermediate formation and product desorption. However, the 
enhanced solubility of molecular catalysts due to the charged 
functional groups hampers the long-term electrolysis and 
underestimates its function. A strategy for in situ 
functionalization of immobilized molecular complex on CNT 
surface is developed by diazo-reaction and methylation 
reaction. With this design, our cationic catalyst CoTMAPc@CNT 
achieve a TOF of ~100 s-1 at -0.62 V with negligible decay in 
current density. In a flow cell configuration, it delivers an 
industrially relevant current density of 239 mA/cm2 and 
selectivity of 95.6 % at a cell voltage of 2.3 V and a molecule 
loading of 0.069 mg/cm2. This study provides an approach for 
rational design of molecular catalysts for high-performance CO2 
electroreduction and might have implications for other 
molecular catalysts in wide applications. It might also call on a 
revisit of the effect of charged functionalities in heterogeneous 
molecular electrochemistry. 

Experimental

Materials.

All chemicals were used as received without any further 
treatment. Cobalt phthalocyanine (CoPc, 92%), potassium 
bicarbonate (KHCO3, 99.5%), iodomethane (CH3I), 2,6-Lutidine 
(99 %), isoamyl nitrite and dimethyl sulfoxide (DMSO) were 
purchased from J&K Scientific LTD. Cobalt 
tetraamineophthalocyanine (CoTAPc, 95%) was purchased from 
PorphyChem SAS. Multiwalled carbon nanotube (OD: 10-20 nm 
L: 5-30 μm) were bought from XFNANO. N, N-
Dimethylformamide (DMF), diethyl ether, and ethanol were 
purchased from LabScan. Deionized water (Millipore Milli-Q 
grade) with a resistivity of 18.2 MΩ·cm was used in all 
experiments.

Synthesis of CoTMAPc. 

CoTAPc (30 mg, 0.048 mmol) was dissolved in DMF (5 mL) and 
sonicated for 10 min. Then, 2,6-lutidine (100 μL) and 
iodomethane (100 μL) was added into the CoTAPc suspension 
and sonicated for another 10 min. Subsequently, the mixture 
was stirred at 70 ℃ for 24 h. After the reaction, the solution was 
poured into diethyl ether (25 mL) and the precipitate was 
centrifuged and repeatedly washed with diethyl ether and 
acetone. Finally, the green CoTMAPc product was vacuum dried 
at 60 oC.

Synthesis of CoTAPc@CNT. 

CNT (100 mg) and CoTAPc (34.5 mg, 0.055 mmol) was added 
into DMSO (50 mL) solution and sonicated for 30 min. The 
isoamyl nitrite (7.4 μL, 0.055 mmol) was slowly added into 
DMSO solution under magnetic stirring. Then, the solution was 
kept at 85 ℃ for 18 h in N2 atmosphere. After the solution was 
cooled down to room temperature, the product was collected 
by centrifugation and washed with DMF and water until the 
solvent became colorless. Finally, the CoTAPc@CNT composite 
was vacuum dried at 60 oC.

Synthesis of CoTMAPc@CNT. 

CoTAPc@CNT (100 mg) was dispersed in DMF (50 mL). CH3I 
(1 mL) and 2,6-lutidine (1 mL) was added and the mixture was 
stirred at 70 ℃  for 24 h. The final product was collected by 
centrifugation, washed with DMF (50 mL×3) and DI water (50 
mL×3) and vacuum dried.

Material characterization. 

The morphology of samples was characterized using 
transmission electron microscopy (TEM, Philips Technai 12) 
equipped with energy dispersive X-ray spectroscopy. Zeta-
potentials were conducted on Daynamic Light Scattering 
Particle Size Analyzer (Malvem Zetasizer Nano ZS). Samples 
were dispersed in DI water and sonicated for 1 h before the test. 
ICP-atomic emission spectroscopy (ICP-OED) measurements 
were conducted on Optima 8000 spectrometer. Samples were 
digested in hot concentrated HNO3 for 1 h and diluted to 
desired concentrations. FT-IR spectra were taken on Perkin 
Elmer Spectrum 100 FT-IR spectrometer. UV-vis spectrum was 
performed on a Shimadzu 1700 spectrophotometer in DMF 
solution with a concentration of 1×10-5 mol/mL. Raman spectra 
were collected using a LabRAM HR800 laser confocal micro-
Raman spectrometer with a laser wavelength of 514.5 nm. 1H 
NMR spectra were recorded at Bruker 600MHz ASCEND 
AVANCE III HD Nuclear Magnetic Resonance System (NMR-600). 
The X-ray photoelectron spectroscopy data were collected on a 
Thermo ESCALAB 250Xi spectrometer equipped with a 
monochromatic AlK radiation source (1486.6 eV, pass energy 
20.0 eV). The data were calibrated with C1s 284.8 eV. Scanning 
transmission electron microscopy was characterized on a 
double spherical-aberration-corrected FEI Themis Z microscope 
at 60 kV.

Working electrode preparation. 

The carbon paper (Toray, TGP-H-060, Fuel Cell Store) was 
punched to discs with a diameter of 0.5 inch. For the 
CoTMAPc@CNT and CoTAPc@CNT working electrodes 
preparation, catalyst ink was prepared by dispersing 5 mg of 
catalyst in 1 mL of DMF with 20 μL 5 wt.% Nafion solution (Sigma 
Aldrich, Nafion 117, 5 wt.%) and sonicated for 1 h. Then 20 μL 
of the ink was drop-casted on the carbon paper and 
subsequently dried naturally overnight. The loading on of the 
electrode was 75 μg/cm2 (or 7×10-9 mol/cm2 for molecular 
catalysts loading). For the preparation of CoPc, CoTAPc and 
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CoTMAPc working electrodes, 4.5 μmol of molecular catalysts 
were dispersing in 10 mL DMF with 200 μL Nafion. After 
sonication, 20 μL catalyst ink was drop-casted on the carbon 
paper and dried naturally overnight. The catalyst loading is ~ 
7×10-9 mol/cm2. For the preparation of physically mixed 
samples, CoTAPc/CNT and CoTMAPc/CNT, 4.5 μmol of 
molecular catalysts, 50 mg CNT and 200 μL Nafion were 
dissolved in DMF and sonicated. Then, 20 μL catalyst ink was 
dropped on the carbon paper and dried naturally overnight.

Electrochemical measurements. 

The electrochemical performance was carried out in a 
customized three-compartment cell as previously reported.21,36 
A platinum foil and Ag/AgCl leak-free reference (LF-2, 
Innovative Instrument Inc.) were used as the counter and 
reference electrode, respectively. The working electrode was 
separate from the counter electrode by the Nafion-117 
membrane (Fuel Cell Store). Before using, the leak-free 
reference was calibrated as reported.42 The reference electrode 
was calibrated with respect to the reversible hydrogen 
electrode. The calibrations were conducted in high-purity 
hydrogen-saturated 0.5 M H2SO4 electrolyte with a Pt wire as 
the working and counter electrode at a scan rate of 1 mV/s. The 
average of the two potentials of each CV curve where the 
current crossed zero was taken to be the thermodynamic 
potential. All potentials in this study were converted to the 
reversible hydrogen electrode (RHE) according to the Nernst 
equation (Evs.RHE = Evs.Ag/AgCl + 0.251+0.0592×pH). The 1.75 mL 
of 0.5 M KHCO3 solution electrolyte was added into the working 
and counter compartment, respectively. The cell was purged 
with high-purity CO2 gas (Linde, 99.999 %, 10 sccm) for 10 min 
prior to and throughout the duration of all electrochemical 
measurements. The electrochemical measurements were 
controlled and recorded with a CHI 650E potentiostat. The 
automatic iR (95%) compensation was used. The pH values of 
CO2 and N2 saturated 0.5 M KHCO3 electrolyte were 7.25 and 
8.36, which was detected by a pH meter (HI 2211, Hanna 
instruments). Gas-phase products were quantified by an on-line 
gas chromatograph (Ruimin GC 2060, Shanghai) equipped with 
a methanizer, a Hayesep-D capillary column, flame ionization 
detector (FID) for CO and thermal conductivity detector (TCD) 
for H2. The CO2 flow rate was controlled at 10 sccm using a 
standard series mass flow controller (Alicat Scientific mc-50 
sccm). Each run was 8 min long. GC was calibrated using 
standard mixture gas (Linde) and diluted with nitrogen (Linde 
99.999 %).

For flow cell, it contains a gas-diffusion layer (GDL), an anion 
exchange membrane (Fumasep FAA-3-PK-130), a nickel foam 
anode and a leak-free Ag/AgCl electrode. The working 
electrodes were prepared by drop-casting 200 uL of catalyst ink 
(5 mg/mL) onto the microporous side of the GDL to reach a total 
mass loading of ~ 1 mg/cm2, or a molecular loading of ~0.069 
mg/cm2. Prior to electrochemical tests, the electrolytes (1 M 
KOH, 100 mL) were separately circulated in both the working 
and counter compartment using peristaltic pumps (Longer, 
BT100-2J) at a flow rate of 5 mL/min and 100 mL/min, 

respectively. The CO2 flow was kept constant at 50 sccm using a 
mass flow controller. A CHI650E potentiostat was employed to 
record the electrochemical responses. The electrolyte 
resistance between reference electrode and working electrode 
was determined to be approximately 4 Ω using the Potential 
Electrochemical Impedance Spectroscopy (PEIS) analysis and 
manually compensated. The gas products were analyzed by an 
online gas chromatograph. 

Computation. 

The density functional theoretical (DFT) calculations were 
carried out with the Gaussian 16.43 The Becke exchange 
functional (B) and the Lee–Yang–Parr (LYP) correlation 
functional within a generalized gradient approximation (GGA) 
was used to describe the interaction between the ionic cores 
and electrons.44,45 The hybrid basic set was employed to 
optimize all structures and calculate Gibbs free energy. For H, C, 
N, and O atoms, the basis set b3lyp/6-311+g(d,p) was adopted 
here. For the metal atom Co, the outer and inner shell valence 
electrons are described by the effective pseudopotential 
double-ζ (LANL2DZ) basis set, separately from the core 
electrons, which were described by the LANL2 effective core 
potential (ECP). For reaction of CO2RR, the gas-phase errors was 
corrected as previously reported.46 For reaction steps involving 
transfer of a H+/e− pair, the free energy of the pair was set as 
half the free energy of gaseous H2 (H+ + e- ↔ 1/2H2).47
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