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Electrocatalytic CO2-to-CO conversion is crucial for advancing sustainable processes, and providing 
essential feedstocks for the chemical industry. Cobalt phthalocyanine (CoPc) is a well-established molec-
ular catalyst for this conversion; however, maintaining high selectivity at industrially relevant current 
densities remains a significant challenge. Herein, we present a Co–N5 local structure anchored on 
nitrogen-doped carbon nanotubes through axial nitrogen coordination engineering to CoPc (CoPc/N-
CNTs). The catalyst demonstrates near-unity CO selectivity and a high CO turnover frequency, peaking 
at 19.2 s−1 across a wide range of overpotentials. In flow cell tests, CoPc/N-CNTs achieve a CO Faradaic 
efficiency exceeding 95% at a current density of −800 mA cm−2 . When integrated into a membrane elec-
trode assembly, it maintained over 90% CO Faradaic efficiency at an industrial-scale current of −5 A for up 
to 20 h. Mechanistic studies revealed that Co–N5 active sites accelerate *COOH formation and inhibit dee-
per *CO reduction to CH3OH while reducing HER activity by lowering H2O surface coverage. These find-
ings offer a delicate catalyst design that enables the efficient and sustained conversion of CO2 to CO. 
© 2025 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by 

Elsevier B.V. and Science Press. All rights are reserved, including those for text and data mining, AI 
training, and similar technologies. 
1. Introduction 

The urgent need to address rising carbon dioxide (CO2) levels, 
driven by the burning of fossil fuels, has pushed CO2 conversion 
technologies to the forefront of sustainable innovation [1]. Electro-
chemical CO2 reduction (CO2RR), which transforms CO2 into valu-
able products using renewable electricity, offers a direct route to 
mitigate carbon emissions while producing chemicals and fuels 
essential to industry [2,3]. Among these products, carbon monox-
ide (CO) plays a critical role as a key feedstock in the production 
of chemicals, metals, and fertilizers [4]. In particular, CO serves 
as an important precursor for synthesizing hydrocarbons, alcohols, 
and other compounds through processes such as Fischer-Tropsch 
synthesis [5]. The broad industrial relevance of CO positions CO2-
to-CO conversion as a high-impact solution for addressing both 
environmental concerns and industrial demands [6–10]. 

Despite its potential, electrocatalytic CO2-to-CO conversion 
faces significant technical hurdles. The central challenge lies in 
designing efficient catalysts that exhibit high activity, minimize 
energy consumption, and avoid unwanted side reactions [11–14]. 
Generally, CO2-to-CO conversion follows a two-electron, two-
proton transfer mechanism [15,16]. This process starts with the 
formation of a *CO2•- radical anion on the catalyst surface, fol-
lowed by proton transfer to generate a *COOH intermediate. Subse-
quent proton and electron transfers produce *CO and H2O  [16]. 
Since the transformation of *COOH into *CO is energetically favor-
able, optimizing CO production depends on lowering the energy 
barrier for *COOH formation. Additionally, catalysts must interact 
weakly with the CO product to enable its rapid desorption and pre-
vent further reduction [17]. 

Single-atom catalysts (SACs) have attracted considerable atten-
tion because of their maximized atomic efficiency, well-defined 
active sites, and high catalytic selectivity [18]. However, traditional
reserved, 
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synthesis methods, such as high-temperature pyrolysis, often 
encounter issues such as scalability, inconsistent reproducibility, 
and stringent reaction conditions, limiting their broader industrial 
application [19]. Cobalt phthalocyanine (CoPc), which consists of a 
planar framework in which a central cobalt atom is coordinated by 
four pyridine carbonyl groups connected through benzene link-
ages, is one of the promising catalysts with well-defined structure 
for CO2-to-CO conversion. Its well-defined and tunable molecular 
structure allows for the precise optimization of CO2RR pathways 
[20]. Axial coordination engineering is a promising strategy to 
increase the activity of metal phthalocyanine catalysts [20–22], 
utilizing groups such as doped nitrogen, amino, or carboxyl func-
tional groups on carbon supports. However, previous CoPc-based 
systems face low selectivity and degradation at high current densi-
ties, especially those above −400 mA cm−2 [20,23–29]. This high-
lights the pressing need for further advancements in catalyst 
design to improve both selectivity and stability under industrially 
relevant conditions. 

Herein, we present a novel approach to overcoming these limi-
tations by immobilizing CoPc onto nitrogen-functionalized carbon 
nanotubes (N-CNTs), creating a catalyst composed of single Co cen-
ters coordinated with five N atoms (CoPc/N-CNTs). The use of CNTs 
as support for molecular catalysts in the field of CO2RR has appli-
cations that far exceed those of other carbon materials, such as gra-
phene, due to their good conductivity and enhancement of mass 
transfer [23,30–33]. In the Co–N5 structure, four planar N atoms 
originate from the phthalocyanine ligand, whereas the axial nitro-
gen is contributed by the doped N on the CNTs. This axial coordi-
nation forms a stable and active Co–N5 site, significantly 
enhancing the catalytic performance over that of the conventional 
CoPc/CNT system. Through comprehensive kinetic experiments, 
we determined that axial N coordination alters the rate-
determining step (RDS) of the Co single atom in the CO2RR, from 
the protonation of *CO2 

− to the first electron transfer step, thereby 
revealing the intriguing outstanding performance of the Co center. 
The Co–N5 catalyst achieves over 95% Faradaic efficiency (FE) for 
CO at −800 mA cm−2 in a flow cell and demonstrates excellent sta-
bility, operating for over 50 h at a current density of −100 mA cm−2 

without significant degradation. To validate the scalability and 
industrial relevance of this catalyst, we expanded the electrode 
area to 50 cm2 using an anion exchange membrane electrode 
assembly (MEA). Under continuous operation at a total current of 
−5 A, the FE for CO remains stable at approximately 90% over 
20 h, demonstrating the robustness of the catalyst at larger scales. 
By further integrating catalysts into a tandem MEA setup, we 
observe a sustained CO selectivity of approximately 80% even at 
a total current of −15 A, highlighting its potential for industrial-
scale CO2 reduction.
2. Results and discussion 

2.1. Catalysts preparation and characterization 

The CoPc/N-CNTs catalyst was synthesized through a combina-
tion of high-temperature pyrolysis and interactions between 
molecular catalysts and supports (Fig. 1a). First, CNTs were oxi-
dized (O-CNTs) to increase their defect density and enhance their 
N doping capacity during subsequent treatment. X-ray photoelec-
tron spectroscopy (XPS) confirmed this, revealing a higher nitrogen 
content on the pretreated CNTs (Fig. S1a, b). XPS of nitrogen 1s ver-
ified the absence of residual nitrate in the oxidized CNTs (Fig. S1c). 
Then, nitrogen-doped CNTs were prepared via pyrolysis, creating a 
support enriched with nitrogen atoms. XPS revealed that the pre-
dominant forms of nitrogen doping in the N-doped CNTs were gra-
phitic nitrogen, pyridine nitrogen, and nitrogen oxide (Fig. S1c). 
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Finally, the Co–N5 structure was formed by the coordination of 
the Co atom in CoPc with the N on the support. As a control, 
CoPc/CNTs were synthesized using the same method but with 
undoped CNTs as the support. Since the N-doping treatment was 
conducted under harsh reductive conditions, unlike in the MOF-
based system [21], oxygen species were removed (Fig. S1d), and 
only adsorbed oxygen species were detected by XPS in both pris-
tine and N-doped CNTs [34], ruling out the possibility of oxygen 
coordination with Co atoms. The loadings of cobalt (Co) in the 
two samples were quantified using inductively coupled plasma 
optical emission spectroscopy (ICP-OES), which were 0.805 wt% 
for CoPc/N-CNTs and 0.861 wt% for CoPc/CNTs. High-angle annular 
dark-field scanning transmission electron microscopy (HAADF-
STEM) images revealed no significant change in the CNT structure 
after synthesis (Fig. S2), with diameters ranging from 10 to 20 nm. 
X-ray diffraction (XRD) analysis confirmed that there was no cobalt 
metal aggregation or obvious change in the CNTs during synthesis 
(Fig. S3). HAADF-STEM images and electron microscopy energy-
dispersive X-ray spectroscopy (EDS) mapping further demon-
strated the uniform distribution of Co, N, and C atoms in the CNTs, 
with Co atoms appearing monodispersed (Fig. 1b, c). Similarly, 
CoPc/CNTs displayed a uniform distribution of elements and singly 
dispersed Co atoms (Fig. S4). 

To further investigate the interaction between the cobalt atom 
in CoPc and the N on the support, a comprehensive characteriza-
tion was conducted. XPS analysis (Fig. 1d) revealed a significant 
shift in the binding energy (0.7 eV) of Co 2p to a greater value in 
CoPc/N-CNTs than in CoPc/CNTs and pure CoPc, suggesting strong 
Co–N interactions in CoPc/N-CNTs. The Co valence increased after 
N axial coordination due to the high electronegativity of the N 
atoms. The nitrogen XPS signals of CoPc/N-CNTs were attributed 
mainly to CoPc, since the amount of N in the loaded CoPc (6.4 wt 
%) was far greater than that in the doped N determined by XPS 
(2.2 wt%). The results revealed that the CoAN peak area of CoPc/ 
N-CNTs is significantly larger than those of pure CoPc and CoPc/ 
CNTs, likely due to the axial coordination between doped N and 
Co atoms, which increases the number of CoAN bonds (Fig. S5). 
This strong interaction is further supported by the redshift of the 
Q-band in the UV–vis spectrum, indicating potential charge trans-
fer between CoPc and the support (Fig. S6)  [33]. Furthermore, X-ray 
absorption near-edge structure (XANES) analysis of the Co K-edge 
in CoPc/N-CNTs (Fig. 1e) revealed a slight shift towards higher 
energy, implying a higher valence state for the Co atoms than those 
in CoPc/CNTs and CoPc. The Co K-edge XANES spectrum features a 
pronounced peak at 7716 eV, associated with the 1s to 4pz transi-
tion typical of the Co–N4 structure [33]. Notably, the peak intensity 
from CoPc to CoPc/CNTs and CoPc/N-CNTs decreases gradually, 
suggesting that axial nitrogen coordination may reduce the sym-
metry of the CoAN4 structure [33,35]. Extended X-ray absorption 
fine structure (EXAFS) analysis and fitting (Fig. 1f, g and 
Table S1) further confirmed a CoAN coordination number of 5, 
with the axially coordinated CoAN (CoANaxial) bond length (2.32 
Å) being longer than that in CoPc (1.89 Å). These findings collec-
tively suggest that the CoPc/N-CNTs catalyst features a single Co 
atom that is planarly coordinated with four nitrogen atoms and 
axially coordinated with a fifth nitrogen atom on the N-CNTs. 

2.2. CO2RR performance 

The CO2RR performance of the catalysts was initially assessed in 
a three-electrode H-type electrochemical cell using 0.5 M KHCO3 

electrolyte. The catalysts were immobilized on a mirror-polished 
glassy carbon electrode (GCE). The gas products were analyzed 
via gas chromatography (GC), whereas the liquid products were 
examined using H nuclear magnetic resonance (1 H NMR) spec-
troscopy [36]. Control experiments confirmed that neither the
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Fig. 1. (a) Schematic of the synthetic procedure and structure of CoPc/N-CNTs. (b) HAADF-STEM image and corresponding EDS images showing the elemental mapping of C, 
N, and Co in CoPc/N-CNTs. (c) HAADF-STEM image of CoPc/N-CNTs showing the isolated cobalt atoms on the N-CNT surface. (d) XPS of Co 2p for CoPc, CoPc/CNTs, and CoPc/N-
CNTs. (e) XANES Co K-edge spectra of CoPc, CoPc/CNTs, and CoPc/N-CNTs. (f) Fourier transform EXAFS. (g) EXAFS fitting in R space of CoPc/CNTs and CoPc/N-CNTs. 
CNTs nor the N-CNTs support contributed to the CO2RR (Fig. S7). 
On the basis of the combined 1 H NMR and GC results, both CoPc/ 
N-CNTs and CoPc/CNTs exhibited more than 80% FE for CO below 
−0.67 V vs. the reversible hydrogen electrode (RHE). At −0.72 V 
vs. RHE, CoPc/N-CNTs maintained approximately 85% of the FECO, 
whereas the CO FE of CoPc/CNTs decreased to 60%, with a 24% FE 
for CH3OH. When the potential was further increased to −0.81 V 
vs. RHE, CoPc/CNTs presented a greater than 50% FE for H2, 
whereas CoPc/N-CNTs presented a 28% H2 FE, with no CH3OH pro-
duction at any potential (Fig. 2a, b, Figs. S8 and S9). Notably, at 
−0.77 V vs. RHE, CoPc/N-CNTs presented a CO partial current den-
sity three times greater than that of CoPc/CNTs, with nearly 100% 
CO2-to-CO selectivity (Fig. 2c). 

To further evaluate the intrinsic activities of CoPc/N-CNTs 
and CoPc/CNTs for the CO2RR, we calculated the CO production 
254
turnover frequency (TOF) on the basis of the total amount of 
loaded Co atoms (see details in the Experimental Section). The 
maximum TOF of CoPc/N-CNTs (19.2 s−1 ) was found to be twice 
that of CoPc/CNTs (9.1 s−1 )  (Fig. 2d). Measurements of the electro-
chemically active surface area (ECSA) revealed that the two cata-
lysts had similar ECSAs (Fig. S10), also indicating a much higher 
intrinsic activity of CoPc/N-CNTs. To assess the long-term stability 
of CoPc/N-CNTs, a continuous electrocatalytic test was conducted 
at −10 mA cm−2 . After 100 h of operation, the potential was chan-
ged from −0.50 to −0.53 V vs. RHE, an increase of only 30 mV, 
whereas the FE for CO remained at approximately 95% without 
any loss, demonstrating excellent intrinsic stability (Fig. 2e). 

To evaluate the efficacy of the as-prepared catalysts for 
potential industrial application, we tested the catalysts in a 
three-electrode flow cell under identical conditions, eliminating
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Fig. 2. (a–d) CO2 electroreduction performance in an H-cell. (a, b) FEs of all CO2RR products at different potentials of CoPc/N-CNTs and CoPc/CNTs. (c) jCO values of CoPc/N-
CNTs and CoPc/CNTs. (d) CO production TOFs of CoPc/N-CNTs and CoPc/CNTs. The mass loading of both catalysts was ∼0.5 mg cm−2 . (e) CO2RR stability test of CoPc/N-CNTs at 
−10 mA cm−2 . 
CO2 diffusion limitations. No liquid products were detected for 
either CoPc/N-CNTs or CoPc/CNTs (Fig. 3a and Fig. S11), whereas 
CoPc/N-CNTs showed markedly superior CO2-to-CO conversion 
performance. Below −0.78 V vs. RHE, CoPc/CNTs maintained an 
FEco comparable to that of CoPc/N-CNTs but with a significantly 
lower CO partial current density. At −1.18 V vs. RHE, CoPc/N-
CNTs achieved a peak CO partial current density (jCO)  of
−761 mA cm−2 with a 95.1% FE for CO, whereas CoPc/CNTs reached 
only −448 mA cm−2 with a 75.6% FE for CO (Fig. 3b). Concurrently, 
the hydrogen evolution reaction (HER) was suppressed on CoPc/N-
CNTs, with FEH2 reduced to approximately 5%, whereas the FECO 
remained above 95% across all applied current densities. In situ dif-
ferential electrochemical mass spectrometry (DEMS) revealed that 
CoPc/N-CNTs presented a lower onset potential for CO2-to-CO con-
version, approximately 50 mV lower than that of CoPc/CNTs 
(Fig. S12). We concluded that the axial coordination of nitrogen 
atoms to CoPc significantly improved the FE for CO2-to-CO conver-
sion at high current densities while concurrently lowering the 
overpotential. Furthermore, in situ X-ray absorption fine structure 
(XAFS) analysis confirmed that the Co sites in CoPc/N-CNTs and 
CoPc/CNTs remained monodispersed under the reaction conditions 
(Fig. 3c and Fig. S13). 

The stability of CoPc/N-CNTs in the flow cell was also assessed. 
By applying a polytetrafluoroethylene (PTFE) emulsion for the 
hydrophobic treatment of the gas diffusion layer, as previously 
reported methodology [37], we mitigated electrowetting damage 
at the three-phase interface (Fig. S14), achieving stability exceed-
ing 60 h at −100 mA cm−2 (Fig. 3d). This performance is notable 
among reported CoPc-based catalysts for CO2-to-CO conversion 
(Fig. 3e and Table S2). The absence of detectable metal or oxide 
species in the XRD patterns and the unshifted peaks in the XPS 
spectra before and after the reaction of the CoPc/N-CNT catalyst 
255
indicated that the catalyst maintained structural stability during 
the CO2RR process (Fig. S15). 

2.3. Mechanism investigation 

To determine how the axial coordination of nitrogen to Co alters 
the catalytic mechanism, we initiated kinetic analysis. First, we 
measured the hydrogen/deuterium kinetic isotopic effect (KIE). 
As shown in Fig. 4a, the KIE value for CoPc/CNTs is approximately 
1.5, whereas for CoPc/N-CNTs, it remains close to 1 within the 
potential range of −0.36 to −0.46 V vs. RHE. This disparity suggests 
that the rate-determining step (RDS) for CoPc/N-CNTs is indepen-
dent of proton involvement, in contrast to the proton-dependent 
RDS for CoPc/CNTs. Furthermore, we employed gas mixtures with 
different concentrations of CO2 and Ar and analyzed the Tafel slope 
over a kinetic control range at different CO2 partial pressures, rec-
ognizing that different CO2 partial pressures can influence the Tafel 
slope when CO2 is involved in the RDS [38]. We observed that the 
Tafel slope for CoPc/N-CNTs increased from 157 to 206 mV dec−1 as 
the CO2 partial pressure decreased (Fig. 4b), indicating the partici-
pation of CO2 in the RDS for CO2-to-CO conversion. In contrast, the 
Tafel slope for CoPc/CNTs remained at approximately 159 mV 
dec−1 across various CO2 partial pressures, suggesting that CO2 

does not participate in the RDS, which aligns with the KIE results. 
Overall, these findings indicate that the rate-determining step for 
CoPc/N-CNTs likely involves electron transfer to CO2, forming 
*CO2 

− , indicating an electron transfer (ET) step. In contrast, the 
CoPc/CNTs RDS involves the protonation of *CO2 

− (proton transfer, 
PT) rather than an ET step. The axial coordination of nitrogen alters 
the RDS of CoPc/N-CNT for CO2 conversion to CO.

We further conducted in situ attenuated total reflection 
surface-enhanced infrared absorption spectroscopy (ATR-SEIRAS)



Y. Hong, C. Liu, C. Li et al. Journal of Energy Chemistry 107 (2025) 252–259

Fig. 3. (a) FEs of all CO2RR products at different current densities and the corresponding j-V curves of CoPc/N-CNTs in a flow cell. (b) jCO values of CoPc/N-CNTs and CoPc/CNTs. 
(c) In situ EXAFS spectra of CoPc/N-CNTs. (d) CO2RR stability test of CoPc/N-CNTs at −100 mA cm−2 . Refresh the carbon paper with PTFE at the location indicated in the figure. 
(e) Performance metrics of different reported CoPc-based catalysts for CO2-to-CO conversion. 
to detect the adsorption behaviors of different species on the sur-
face of the catalyst (Fig. 4c, d). The spectra revealed a broad peak 
between 1600–1700 cm−1 , corresponding to the OAH bending 
mode of water molecules. Notably, asymmetric peaks in the range 
of 1800–1900 cm−1 were observed, indicative of a linear CoACO 
configuration [39]. Upon increasing the cathodic potential, a Stark 
effect-induced shift from 1838 to 1821 cm−1 was observed, reflect-
ing a decrease in the resonant frequency due to the negative elec-
tric field [40]. The *CO peak was detected in both catalysts, and its 
peak area increased with increasing potential, indicating that it 
was deeply involved in the CO2 electroreduction process. Further-
more, the *OH peak for CoPc/CNTs was larger than that for CoPc/N-
CNTs, implying a lower water molecule coverage on the latter and 
thus a suppressed HER performance for CoPc/N-CNTs. Notably, the 
deviations in the *OH peak frequencies are attributed to the influ-
ence of surface coverage on vibrational band frequencies through 
dynamic dipole coupling [36]. 

To gain further insight into the mechanisms by which axial 
nitrogen coordination enhances CO2RR activity on cobalt atoms, 
we conducted density functional theory (DFT) calculations. As 
illustrated in Fig. S16, models of two catalysts, CoPc/N-CNTs and 
CoPc/CNTs, were analyzed. The projected density of states (PDOS) 
results (Fig. S17) conclusively showed that the d-band center of 
Co atoms in CoPc/N-CNTs is positioned closer to the Fermi level 
than that in CoPc/CNTs is, directly indicating a stronger binding 
affinity for reactants on CoPc/N-CNTs. Moreover, charge density 
difference images (Fig. S18) for the active Co sites reveal significant 
changes, with blue regions indicating a decrease in charge density 
and yellow regions indicating an increase. Bader charge analysis 
further confirmed that Co atoms in CoPc/N-CNTs possess a lower 
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charge density (+1.05 e versus +1.12 e in CoPc/CNTs), indicating 
an elevated electron density that strengthens bonding, in align-
ment with the PDOS findings. The reaction free energy diagrams 
(Fig. 4e, f) definitively illustrate that the energy barrier for CO2 

hydrogenation to *COOH is markedly reduced from 0.72 eV on 
CoPc/CNTs to 0.47 eV after axial N coordination, resulting in a sig-
nificant increase in CO2RR activity to CO on CoPc/N-CNTs. Although 
the merged ET and PT steps in the calculated *COOH hydrogenation 
process did not directly confirm a shift in the reaction’s RDS, they 
demonstrated that axial N coordination significantly enhanced the 
CO yield on Co atoms in the CO2RR. 

In addition, analysis of the *CO reduction side reaction reveals 
that axial N coordination increases the energy required for *CO 
to *CHO (from −0.14 to −0.11 eV) and for *CHO to *CH2O (from 
0.51 to 0.55 eV), confirming that axial N coordination effectively 
hinders the side reaction. These results irrefutably demonstrate 
that axial N coordination to Co atoms not only improves the 
adsorption strength of reactants on Co atoms but also reduces 
the energy for *COOH formation to inhibit side reactions, thus sig-
nificantly optimizing the CO2-to-CO conversion process. 

2.4. Membrane electrode assembly test 

To advance practical applications, expanding the electrode area 
of CO2 electroreduction is crucial for achieving higher CO yields. To 
this end, we employed a membrane electrode assembly (MEA) 
(Fig. S19). Initial evaluations using a 50 cm2 MEA with a single 
piece of catalyst paper (Fig. 5a and Fig. S20) demonstrated the 
robust application potential of our catalyst. Remarkably, at a cur-
rent density of −100 mA cm−2 and a total current of −5 A, the CO
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Fig. 4. (a) KIEs for CO over CoPc/N-CNTs and CoPc/CNTs. (b) Tafel slopes for CoPc/N-CNTs and CoPc/CNTs cathodes at different CO2 partial pressures. (c, d) In situ ATR-SEIRAS 
spectra of CoPc/ CNTs and CoPc/N-CNTs. (e, f) Free energy of the CO2RR for CoPc/CNTs and CoPc/N-CNTs. 

 

FE remained constant at approximately 90% for over 20 h (Fig. 5b). 
To further increase the product yield, by alternating the cathode 
and anode, we configured a set of MEA units with four catalyst 
pieces, called tandem MEA (Fig. S21). Even at a higher current den-
sity of −300 mA cm−2 and a total current of −15 A, the catalyst sus-
tained an impressive CO FE of 80% (Fig. S22). The cumulative CO 
partial current from the four electrodes reached −45.8 A (Fig. 5c), 
further underscoring the significant application potential of the 
CoPc/N-CNT catalyst. These results showed that CoPc/N-CNT cata-
lysts exhibited outstanding performance in gas-phase electro-
chemical reactors, presenting a promising avenue for scaling up 
CO2 reduction. 

3. Conclusions 

In summary, we have developed a Co–N5 single-atom catalyst 
with axial nitrogen coordination that demonstrates exceptional 
257
activity and selectivity for the electrocatalytic reduction of CO2 to 
CO. The obtained CoPc/N-CNT catalyst achieves outstanding per-
formance, maintaining over 95% Faradaic efficiency at a CO partial 
current density of −761 mA cm−2 , significantly outperforming the 
CoPc/CNT catalyst. Mechanistic studies revealed that Co–N5 active 
sites change the RDS, accelerating *COOH formation and increasing 
the free energy barrier for *CO reduction to CH3OH, inhibiting fur-
ther reduction. Additionally, the lower surface coverage of H2O  on
CoPc/N-CNTs reduces the HER activity during the CO2RR. Using an 
MEA reactor, CoPc/N-CNTs maintained 90% CO Faradaic efficiency 
for more than 20 h at −5 A. Scaling further achieved 80% CO effi-
ciency at −15 A, highlighting its industrial potential. This work 
not only introduces a novel catalyst with exceptional CO2-to-CO 
conversion efficiency but also integrates multiple advanced exper-
imental techniques to elucidate the intrinsic mechanisms underly-
ing its superior performance, paving the way for large-scale CO2 

electroreduction applications.
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Fig. 5. (a) Photographs of the MEA device. (b) CO2RR stability test of CoPc/N-CNTs at −100 mA cm−2 in MEA for a single piece of catalyst. (c) FEs of all CO2RR products at 
different cell voltages and the corresponding j-V curves of CoPc/N-CNTs in a tandem MEA with 4 identical catalyst layers after integration. 
Experimental section 

Experimental details can be found in the Supporting 
Information. 
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