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ABSTRACT The porphyrin-based MOFs formed by combining Zr6 clusters and porphyrin car-
boxylic acids with clear M-N4 active centers show unique advantages in electrocatalytic reduction 
of CO2 (CO2RR). However, its conductivity is still the bottleneck that limits its catalytic activity due 
to the electrical insulation of the Zr cluster. Therefore, the porphyrin-based MOFs of PCN-222(M) 
(M = Mn, Co, Ni, Zn) with explicit M-N4 coordination were combined with the highly conductive 
material carbon nanotube (CNT) for discussing the influence of metal centers on the CO2RR 
performance based on theoretical calculations and experimental observations. The results show 
that the PCN-222(Mn)/CNT, PCN-222(Co)/CNT, and PCN-222(Zn)/CNT all exhibit high selectivity 
to CO (FECO > 80%) in the range of -0.60 to -0.70 V vs. RHE. The FECOmax of PCN-222(Mn)/CNT 
(-0.60 V vs. RHE), PCN-222(Co)/CNT (-0.65 V vs. RHE), and PCN-222(Zn)/CNT (-0.70 V vs. 
RHE) are 88.5%, 89.3% and 92.5%, respectively. The high catalytic activity of PCN-222(Mn)/CNT and PCN-222(Co)/CNT comes from the 
excellent electron mobility of their porphyrin rings and their low ΔG*COOH (0.87 and 0.58 eV). It reveals that the strength of backbonding π of the 
transition metal and its influence on the electron mobility in the porphyrin ring can affect its CO2RR activity. 
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n INTRODUCTION 
The rapid economic development has increased the global de-
mand for fossil fuels and produced excessive CO2, which has led 
to problems such as energy crisis, global warming, etc.[1] To solve 
these problems, many methods have been explored to capture 
and utilize CO2.[2-4] The electrocatalytic reduction of CO2 (CO2RR) 
has a potential application prospect due to its simple device and 
mild conditions.[5] A variety of electrocatalysts, including metal/ 
metal oxide, molecular-based catalysts, carbon-based materials 
and so on for CO2RR have been developed.[6-8] Among them, 
metal-doped nitrogen-carbon (M-N-C) materials are currently one 
of the most promising catalysts which were usually obtained 
through the pyrolysis process.[9,10] The combination of nitrogen at-
oms and carbon structures can form different chemical functional 
groups, including pyrrole N, graphite N, pyridine N, etc., and metal 
atoms can coordinate with them, creating potential M-Nx sites for 
CO2RR.[11] However, their chemical structure needs to be charac-
terized by X-ray absorption fine structure (XAFS), and the influ-
ence of other types of functional N and inorganic metal impurities 
cannot be excluded, which is not conducive to the study of the 
reaction mechanism.[12] 

Metalloporphyrins, as molecular catalysts with definite M-N4 
structure, are extensively used in CO2RR because their macrocy-
clic conjugated electron system is beneficial to electron migra-
tion.[13-15] It is revealed that M-N4 is the most likely active site. 
However, this kind of catalyst is usually used in a homogeneous 
system, and its catalytic activity is often limited by its solubility in 
the solution.[16] Since the heterogeneous system can better con-
trol the chemical environment of the catalyst's active site, it is a 
meaningful subject to explore the application of porphyrin-based 
molecular catalysts in the heterogeneous system.[17-19] 

Metal-organic framework (MOF) is a kind of porous material 
assembled by metal nodes and organic ligands, with the ad-
vantages of adjustable pore size and functionality, high specific 
surface, which may provide a suitable catalytic environment for 
the CO2RR.[20] Porphyrin-based MOFs formed by connecting me- 
talloporphyrin-based carboxylate with Zr6/Zr8 clusters in a high oxi- 
dation state have become an ideal choice for discussing CO2RR 
activity with M-N4 center, which also brings out a high hydro-sta-
bility,[21-28] such as PCN-222,[22] PCN-221,[23] PCN-224,[24] and so 
forth. In our previous work, we have proved that PCN-222(Fe) has 
a high selectivity of 91% for transforming CO2 to CO.[29] In addition, 
we also discussed the influence of topological structure on the 
CO2RR activity with PCN-222 (Cu) and PCN-224 (Cu) as mod-
els.[30] We found that PCN-222(Cu) with a tubular structure and a 
diameter of 3.2 nm showed a higher mass transfer rate and higher 
current density, achieving electron transfer more quickly. 

As established by Hod et al., the redox jump on these periodically 
arranged and chemically equivalent sites—metalloporphyrins is 
the way of electron conduction in porphyrin-based MOFs.[31] Re-
cently, they have investigated iron porphyrin-based MOFs formed 
by the same Zr6 node and free TCPP(FeIII) ligand (tetrakis (4-car-
boxyphenyl) porphyrinato iron(III)) with different topological struc-
tures, that is, PCN-222(Fe) (csq), MOF-525(Fe) (ftw), NU-902(Fe) 
(scu), and PCN-225(Fe) (sqc), on the redox jump rate (khop).[32] 
The results showed that in PCN-222(Fe), the redox jump path is 
in the direction of the hexagonal tubular channel along the c-axis. 
When the metal center of Fe coordinates with 1-methylimidazole 
(MIM) to form a six-coordinated low spin TCPP(Fe)/MIM complex, 
the khop in the redox jump process and the current density in-
crease significantly, indicating that the charge transport is im-
proved. Given this, in the same topological structure, changing 
the active metal center would have an impact on the redox jump 
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Figure 1. (a) PXRD patterns of CNT, PCN-222/CNT, and PCN-
222(M)/CNT; SEM images of PCN-222(Co) (b) and PCN-222(Co)/ 
CNT (c); (d) HAADF-STEM and EDS elemental mappings of PCN-
222(Co)/CNT. 
 
rate and even the catalytic activity of the extended system.  

Nevertheless, the conductivity and catalytic activity of porphy-
rin-based MOFs are limited by the electrically insulated Zr clusters. 
Herein, the highly conductive material of carbon nanotube (CNT) 
was employed to combine with PCN-222(M) (M = Mn, Co, Ni, Zn) 
and PCN-222 (without metal center). With the aid of density func-
tional theory (DFT) calculation and electrocatalytic measurement, 
we will reveal the CO2RR mechanism and clarify the relationship 
between structure and catalytic activity. 

n RESULTS AND DISCUSSION 
Characterizations of PCN-222(M). The series of porphyrin-
based MOFs were structurally characterized by IR, PXRD, and 
XPS (Figure S1-S4, ESI). The PXRD shows that the diffraction 
peak of the as-synthesized sample is consistent with the simu-
lated one on the basis of the reported single-crystal diffractions, 
indicating that the prepared material is the target product and has 
good crystallinity. XPS results indicate that the corresponding 
metal center's oxidation states are Mn3+, Co2+, Ni2+ and Zn2+, re-
spectively (Figure S3, ESI). The fitted high-resolution N1s spectra 
further prove the existence of N-H (397.7 eV) and M-N group 
(397.9-398.8 eV, Figure S4, ESI).[11,33,34] The porosity and speci- 
fic surface area were evaluated by N2 adsorption-desorption iso-
therms (Figure S5, Table S1, ESI). Triangular micropore and hexa- 
gonal mesopore are exhibited, consistent with the reported ones 
in the literature.[22] The existence of mesopores is verified to facili-
tate the transfer of reactant and product during the electrocataly-
sis process.   

The UV spectra of the free ligands (H2-TCPP and M-TCPP) and 
the corresponding MOFs were investigated to clarify the elec-
tronic structure of each catalyst (Figure S6, ESI). As for the strong 
absorption of the Soret band (320-480 nm) in each free ligand, 
the ones in the extended frameworks are all blue-shifted, except 
that of PCN-222(Mn), which is red-shifted (Figure S6a-e). In ge- 
neral, the metal center accepts lone-pair electrons from the por-
phyrin ring (forming σ bonding M←N). At the same time, orbital 
overlapping happens between the metal center (3d) and the por-
phyrin ring (forming backbonding π). Therefore, electron flows 
easily within the delocalized π system.[35,36] If the σ bonding exerts 
a more potent influence than that of the backbonding π, the elec-
tronic transition on the porphyrin ring will require higher energy, 
which leads to a blue-shift of the Soret band and vice versa. 

The formation of the extended MOF structure facilitates the 

enhancement of symmetry. The Soret bands in PCN-222(M) and 
PCN-222 exhibit blue-shift (λ = 387, 366, 347, and 353 nm, re-
spectively for Co, Ni, Zn, and metal-free) compared with the free 
ligand except for PCN-222(Mn) (λ = 463 nm), which exhibits a little 
red-shift. When compared with the metal-free PCN-222, they are 
all red-shifted in PCN-222(Mn), PCN-222(Co), and PCN-222(Ni), 
among which it shifts the most for Mn-center. This fact is probably 
due to the big radius of Mn3+ (0.58 Å) and the ligand axial coordi-
nation role of Cl, resulting in a weaker ability of binding with elec-
trons and a high tendency of electron transport from Mn 3d to the 
porphyrin ring. As a result, increasing electron-cloudy in the latter 
would reduce the required energy for electronic transition (Figure 
S6f, ESI). The Zn metal insertion into the core of PCN-222 (λ = 
353 nm) displays a blue-shifted Soret band (λ = 347 nm). These 
results hint that the metal center has a specific effect on the elec-
tronic transition in each MOF and, therefore, would cause diffe-
rent CO2RR catalytic activities.  

Characterizations of PCN-222/CNT and PCN-222(M)/CNT. Ac-
cording to our previous investigation, the composite catalysts 
were prepared at a ratio of PCN-222/PCN-222(M):CNT = 1:30. 
The PXRD for the composite was examined, as shown in Figure 
1a, indicating the main contribution of CNT. A faint diffraction peak 
belonging to MOFs at 7.1° can be detected. The pristine MOFs 
show rod-like morphology, and the composite displays the fibrous 
character of CNT (taking the PCN-222(Co) and PCN-222(Co)/CNT 
as examples, Figure 1b-1c). The element mapping result of PCN-

Figure 2. Chronoamperograms recorded for 2 h at various potentials 
in 0.5 M KHCO3 aqueous solution: (a) PCN-222/CNT; (b) PCN-
222(Mn)/CNT; (c) PCN-222(Co)/CNT; (d) PCN-222(Ni)/CNT; (e) 
PCN-222(Zn)/CNT; (f) Plotting of the average current density versus 
potential for each catalyst. 
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222(Co)/CNT (Figure 1d) shows that C, N, and O elements are 
evenly distributed on the surface of CNT. The Co element is al-
most unobservable (Figure S7, ESI), indicating that the low con-
tent of PCN-222(Co) is loaded on the surface of CNT. The suc-
cessful loading of extended molecular catalyst on CNT is also 
supported by the IR spectra characterization, on which both of the 
characteristic peaks of -OH (from CNT) and carboxylic groups 
(from MOF) are exhibited (Figure S8, ESI). 

Electrochemical Performance Test. The PCN-222/CNT and 
PCN-222(M)/CNT modified electrodes were tested by linear 
sweep voltammetry (LSV) in the N2- or CO2-saturated 0.5 M 
KHCO3 solution, respectively (Figure S9, ESI). The reduction po-
tential appears earlier in the CO2-saturated solution than in the 
N2-saturated one for all catalysts. Taking PCN-222/CNT as an ex-
ample, a higher current density of 37.7 mA cm-2 is shown at the 
same potential (-1.80 V vs. Ag/AgCl) in the former, and 27.5 mA 
cm-2 is observed in the latter, indicating that CO2 is catalyzed.[37] 
Moreover, the combination with CNT can significantly improve the 
conductivity of the catalyst and generate considerable catalytic 
effects even with low catalyst loading, which is proved by compar-
ing CV curves to the electrodes made by mixing with active car-
bon in 1:2 (Figure S10, ESI). The composite catalysts (PCN-
222(M)/CNT and PCN-222/CNT) also show a more positive re-
duction potential and higher current density than CNT alone (Fig-
ure S11, ESI).[38]  

The electrolysis experiments were performed at various poten-
tials for 2 h from -0.50 to -0.75 V vs. RHE (Figure 2), showing a 
noticeable difference in the current density at different metal-por- 

phyrin centers. The average density versus potential is plotted in 
Figure 2f. The PCN-222(Co)/CNT composite shows the highest 
current density, while PCN-222(Mn)/CNT and PCN-222(Zn)/CNT 
are slightly inferior but considerably higher than that of PCN-
222/CNT at higher potential. The PCN-222(Ni)/CNT composite 
exhibits a much lower current density than the others in the same 
potential range of -0.50 to -0.75 V vs. RHE. The Faraday efficien-
cies (FE) of the gas products for each catalyst electrolyzed at dif-
ferent potentials are shown in Figure 3. Hydrogen and carbon 
monoxide are the main products with all the catalysts, but CO2RR 
activity is dependent on the metal center in each one (Table S2-
S6, ESI). As for PCN-222/CNT composite, it exhibits moderate 
CO2RR activity that FECO maintains at 60%-80%, and FEH2 lies in 
20%-35% (FECOmax = 80.7%, j = 0.9 mA cm-2, -0.65 V vs. RHE). 
PCN-222(M)/CNT (M = Mn, Co, Zn) displays much higher catalytic 
activity (FECO > 80%) than PCN-222/CNT from -0.60 to -0.70 V vs. 
RHE. Especially for PCN-222(Mn)/CNT (FECOmax = 88.5%, j = 1.1 
mA cm-2, -0.60 V vs. RHE, η = 494 mV) and PCN-222(Co)/ CNT 
(FECOmax = 89.3%, j = 3.8 mA cm-2, -0.65 V vs. RHE, η = 544 mV), 
they are featured with low overpotential and high current density, 
respectively, for reaching a high CO2→CO conversion efficiency. 
PCN-222(Zn)/CNT presents a higher selectivity to CO, with 92.5% 
of FECOmax (j = 1.8 mA cm-2, -0.70 V vs. RHE) with a bigger overpo-
tential 594 mV. To our surprise, PCN-222(Ni)/CNT exhibits better 
activity towards the hydrogen evolution reaction (HER), while the 

Figure 3. Faradaic efficiencies of (a) PCN-222/CNT; (b) PCN-
222(Mn)/CNT; (c) PCN-222(Co)/CNT; (d) PCN-222(Ni)/CNT; (e) 
PCN-222(Zn)/CNT; (f) Faradaic efficiencies of each catalyst at the 
optimal potential. 

Figure 4. (a) Nyquist plot at -0.6 V vs. RHE and (b) Tafel plot for CO 
of each catalyst. 

Figure 5. Long-term chronoamperometry test (20 h) and Faradaic 
efficiency for CO as a function of time for each catalyst: (a) PCN-
222/CNT; (b) PCN-222(Mn)/CNT; (c) PCN-222(Co)/CNT; (d) PCN-
222(Zn)/CNT. 
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FECOmax (52.0%) is even less than that of PCN-222/CNT at -0.80 
V vs. RHE (j = 0.8 mA cm-2). Moreover, under low overpotential, 
it displays almost 100% FEH2 but much slight current density (j < 
0.1 mA cm-2). The blank experiment for pure CNT was also per-
formed, exhibiting the entire H2 product (-0.60 V vs. RHE, FEH2 = 
96.2%, Table S7, ESI). 

The CO2RR activity-metal center correlation hints that the cur-
rent density plays an essential role in the highly efficient transfor-
mation of CO2 to CO. Therefore, we investigated the electrochemi-
cally active area (ECSA, Figure S12, ESI) and electrochemical 
impedance spectroscopy (EIS) of each catalyst (Figure 4a). PCN-
222(M)/CNT (M = Mn, Co, Zn) all behave with higher ECSA (763.5, 
740.0, and 775.5 cm2, respectively, Table S8, ESI), and lower 
charge transfer resistance (Rct = 37.2, 10.4 and 39.6 Ω, Table S9, 
ESI), indicating their effective electrochemical area for electroca-
talysis[27,38] and faster charge transfer rate,[37,39] which are superior 
to that of PCN-222/CNT (628.5 cm2, 44.0 Ω). In contrast, PCN-
222(Ni)/CNT presents a flawed character (647.0 cm2, 61.3 Ω). 

The reaction kinetics for the CO formation is elucidated by the 
Tafel slopes based on j-η data (Figure 5b). Remarkably, the 
slopes for PCN-222(Mn)/CNT, PCN-222(Co)/CNT, and PCN-
222(Zn)/CNT are 159.85, 174.93, and 184.54 mV decade-1, re-
spectively, suggesting the faster kinetics for the CO formation,[27,40] 
which are significantly lower than that of PCN-222/CNT (336.20 
mV decade-1) and PCN-222(Ni)/CNT (386.68 mV decade-1). 

We also performed the long-time durability tests (20 h) for each 
catalyst at its optimal potential to evaluate the stability (Figure 5, 
Figure S13, ESI). The corresponding FECO can be retained at >70% 
within 10 h for PCN-222(Mn)/CNT, PCN-222(Co)/CNT, and PCN-

222(Zn)/CNT (Table S10, ESI). In contrast, the FECO of PCN-
222/CNT drops to 59.5%. The substantial stability of PCN-
222(M)/CNT (M = Mn, Co, Zn) guarantees their efficient electro-
catalytic transformation of CO2 to CO. In comparison to some hete- 
rogeneous catalysts with M-Nx centers, the composites of PCN-
222(M)/CNT (M = Mn, Co, Zn) behave remarkable advantages in 
both CO2→CO efficiency and overpotential (Table S11, ESI). 

DFT Calculation of PCN-222 and PCN-222(M). To clarify the 
role of metal centers in PCN-222(M) for CO2RR, we chose the 
free ligands of H2-TCPP and M-TCPP (M = MnIII, CoII, NiII, ZnII), 
as the models to perform density functional theoretical (DFT) cal-
culations (the detailed calculation process is listed in ESI). In general, 
three steps are involved during the CO2→CO process: the for-
mation of *COOH and *CO, and the final CO desorption.[41] Based 
on the calculated free energy result, for CO2RR in each model, 
the initial proton-coupled electron transfer of CO2 to form the 
*COOH intermediate is sluggish, indicating the rate-determining 
step (RDS) is the formation of *COOH (Figure 6). Mn-TCPP and 
Co-TCPP possess a much smaller free energy of ΔG*COOH (0.87 
and 0.58 eV, respectively), being consistent with the high catalytic 
activity and selectivity of PCN-222(Mn)/CNT and PCN-
222(Co)/CNT. H2-TCPP and Zn-TCPP possess similar ΔG*COOH 
of 2.35 and 2.34 eV, respectively, slightly higher than Ni-TCPP 
(2.15 eV).  

Since the CO2RR process involves the electron transfer and the 
central metal ions would affect the distribution of frontier molecu-
lar orbital, we further investigated each catalyst's HOMO and 
LUMO orbital energies and its 1e- reduced form (Table S12-13, 

Figure 6. The free energy diagrams of CO2 reduction to CO for (a) 
PCN-222/CNT; (b) PCN-222(Mn)/CNT; (c) PCN-222(Co)/CNT; (d) 
PCN-222(Ni)/CNT; (e) PCN-222(Zn)/CNT; (f) Comparisons of free 
energy for each catalyst. 

Figure 7. (a) Illustration of the configuration of A-TCPP (A = H2, Mn, 
Co, Ni, Zn) with different N, O environments; the PDOS of (b) H2-
TCPP; (c) Mn-TCPP; (d) Co-TCPP; (e) Ni-TCPP; (f) Zn-TCPP. 
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ESI). As reported, the frontier molecular orbital is closely related 
to the redox potential of each catalyst, and the HOMO-LUMO gap 
(ΔEL-H) should account for the electrocatalytic reduction ability. 
Mn-TCPP and Co-TCPP display lower ΔEL-H of 0.036 and 0.057 
eV, respectively, further decreasing to 0.023 and 0.024 eV, re-
spectively, after another electron acquisition. They also exhibit 
good conductivity and efficient internal electron transfer, con-
firmed by the partial density of states (PDOS) result (Figure 7c, 
d).[25] The PDOS near the Fermi level of their reduced form is 
dominated by Mn/Co 3d and N1-2p states, with gaps of 0.01 and 
0.09 eV, respectively, indicating the high density of carriers near 
the Fermi level.[42,43] However, although Ni-TCPP exhibits a small 
band peak gap of 0.02 eV, the contribution of the Ni-3d state is 
much less than that of Mn-TCPP/Co-TCPP, hinting at the low den-
sity of carriers near the Fermi level and low conductivity (Figure 
7e). Such electronic structural feature, together with the higher 
ΔEL-H value of 0.060 eV (0.055 eV for 1e- reduction), should ac-
count for the insufficient CO2RR activity of PCN-222(Ni)/CNT. 

As for H2-TCPP and Zn-TCPP, they display similar ΔEL-H gaps 
of 0.062 and 0.066 eV (0.060 and 0.063 eV for 1e- reduction), but 
the Zn insertion contributes to decreasing the band peak gap. Dif-
ferent from those of Mn-TCPP/Co-TCPP/Ni-TCPP, the PDOS 
near the Fermi level of H2-TCPP and Zn-TCPP is determined by 
the contribution of two types of N-2p states (N1, N2) in the por-
phyrins, with the gaps of 0.05 eV and close to zero, respectively 
(Figure 7b, f). This fact indicates that the active sites are concen-
trated on the N atoms in the porphyrin ring in each model, while 
the Zn center is essential for increasing electron mobility in the 
porphyrin ring.[44-46] Therefore, the maximum FECO for PCN-
222(Zn)/CNT is significantly higher than PCN-222/CNT.  

Based on the experimental results and theoretical calculations, 
we seem to get the correlation between structure and perfor-
mance. The strength of the backbonding π of the transition metal 
and its influence on the electron mobility in the porphyrin ring can 
affect its CO2RR activity. The high electron-cloud density and 
good electron mobility of the porphyrin ring would help improve its 
activity (CO2→CO), such as Mn-TCPP, Co-TCPP, and Zn-TCPP. 
It should be stressed that the coordination environment around 
the metal center (MnIIIN4Cl) would also have an influence on the 
CO2RR activity.[47]  

n CONCLUSION   
In summary, this work employed PCN-222(M)/CNT (M = Mn, Co, 
Ni, Zn) with a clear M-N4 structure as model catalysts and ex-
plored the structure-activity relationship between the metal center 
and CO2RR through the combination of theoretical calculation and 
experimental results. We found that PCN-222(Mn)/CNT, PCN-
222(Co)/CNT, and PCN-222(Zn)/CNT composite materials ex-
hibit high catalytic activity for CO2RR, with the FECOmax of 88.5%, 
89.3%, and 92.5%, respectively. They display fast kinetics for the 
CO formation, with the Tafel slopes of 159.85, 174.93, and 184.54 
mV decade-1, respectively. The metal center in M-N4 with stronger 
backbonding π strength and higher electron-cloud density is more 
conducive to improving the CO2→CO activity. This work provides 
new ideas for exploring catalysts with high catalytic activity, which 
would be suggestive for further research. 

n EXPERIMENTAL  
Synthesis of PCN-222 and PCN-222(M). PCN-222 and PCN-
222(M) were synthesized according to a process described in the 
literature.[22]  

Synthesis of PCN-222/CNT and PCN-222(M)/CNT. Take the 
synthesis of PCN-222/CNT as an example. ZrCl4 (70.0 mg), 
tetrakis(4-carboxyphenyl)-porphyrin (H2-TCPP, 50.0 mg), benzoic 
acid (2.7 g), and hydroxylated CNTs (1.5 g) were dissolved in 8.0 
mL DMF and were placed in a polytetrafluoroethylene autoclave. 
The mixture was maintained at 120 ºC for 48 h. Then, the dark 
sample was harvested by filtration, followed by acid treatment for 
12 h (8.0 M HCl). The obtained material was washed with DMF 
and acetone, respectively. According to the above-mentioned 
method, PCN-222(M)/CNT composite materials were synthesized 
when replacing H2-TCPP with M-TCPP in each process. 
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