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Inspired by the success of graphene, a series of single- or few-layer two-dimensional (2D) materials 

have been developed and applied in the past decade. Here, we report the successful preparation of 

monolayer and bilayer (two dimensional) 2D porphyrin-based metal organic frameworks (MOFs)  by 

a facile solvothermal method. The structure transition from monolayer to bilayer drives distinct 

electronic properties and restructuring behaviors, which finally results in distinct catalytic pathways 

towards CO2 electrocatalysis. The monolayer favors CO2-to-C2 pathway due to the restructuring of 

Cu-O4 sites while CO and HCOO- are the major products over the bilayer. In photo-coupled 

electrocatalysis, Faradaic efficiency (FE) of C2 compounds shows a nearly 4-fold increase on the 

monolayer than that under dark condition (FEC2 increases from 11.9% to 41.1% at -1.4 V). For 

comparison, the light field plays a negligible effect on the bilayer. The light-induced selectivity 

optimization is investigated by experimental characterization and density functional theory (DFT) 

calculations. This work opens up a novel possibility to tune the selectivity of carbon products just by 

tailoring the layer number of 2D material.  

 

1. Introduction 

Due to the excessive anthropogenic emissions, the global atmospheric CO2 concentration has 

increased from 353 ppm in 1990 to 409 ppm in 2019.[1] Therefore, developing novel technologies for 

CO2 conversion is highly desired. Although much effort has been devoted to CO2 electrocatalysis or 

photocatalysis in the past decades, the low selectivity, efficiency and production rates of C2 products 

still limit the current systems.[2-6] In order to maximize the reaction rate and energy efficiency, the 

possible alternative way would be introducing external fields into intrinsic catalytic system instead of 

traditional catalysis.[7-11] Nowadays, several studies propose that the light irradiation can easily 

interfere with electronic properties of electrocatalysts, which further alter the pathway of 

electrocatalytic CO2 reduction.[12-15] This technology usually shows much higher energy efficiency and 

product yield than electrocatalysis and photocatalysis.[16] In addition, the design and synthesis of 

photo-coupled electrocatalyst follow two basic principles.[12,15,17-18] Firstly, the catalyst should feature 

highly active catalytic sites for CO2 electrocatalysis, and secondly, the photosensitized structure is 

highly desired.  

Since the discovery of graphene, research towards developping novel monolayer 2D materials has 

exploded.[19] Due to the ultrathin structures and distinct properties, these 2D materials usually 
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display outstangding performances in various applications. In addition to the widely-used 2D 

materials, such as graphene, MoS2, Mxene, h-BN and 2D polymers, 2D MOFs are recently emerging 

as a novel class of single- and few-layer 2D materials.[20-23] Although 2D MOFs present the similar 

structure feature like 2D polymers, their molecular building blocks are interconnected through 

coordination bonds other than covalent bonds.[24-27] Untile now, it remais a sigificant challenge to 

directly obtain single-layer MOFs. The monolayer thickness enables all active atoms of 2D MOFs are 

fully exposed, and periodic arrangement of organic units maxmizes their structural homogeneity. [28-

34] Furthermore, the 18π aromatic macrocyclic structures of organic units, such as 

metallophthalocyanine and metalloporphyrin, guarantee the excellent photosensitive properties.[35-

38] Therefore, monolayer 2D MOFs inherit the above-mentioned merits and show great potentials in 

photo-coupled electrochemical applications. The difference in the atomic layer number also 

contributes to distinct structural, electronic and optical properties owing to the stacking effect and 

structural stability.
[39-42] And these factors can drastically alter the pathways and performance for 

photo-coupled electrocatalysis of CO2. 

In this work, a facile synthesis of monolayer and bilayer 2D porphyrin-based MOFs at the atomic 

scale has been established. Both the optical and electronical properites are dependent on the layer 

number from monolayer to bilayer, which further affect the C2/C1 selectivity for CO2 electrocatalysis. 

The monolayer favors CO2-to-C2 pathway via structure reconstruction while CO and HCOO- are the 

major products over the bilayer. Furthermore, the monolayer exhibits more significant enhancement 

in the selectivity of C2 products (FEC2=41.1% at -1.4 V) when coupled with light field. Density 

functional theory (DFT) calculations and experimental measurements agree with our experimental 

data, demonstrating the layer-number-dependent activity enhancement in photo-coupled 

electroreduction of CO2.  

2. Results and discussion  

 

2.1. Characterization of monolayer and bilayer structure 

 

Both the monolayer and bilayer MOFs are freestanding 2D porphyrin-based materials with thickness 

below 1 nm. As shown in Figure 1a, 5,10,15,20-tetrakis(4-carboxyphenyl) porphyrin (TCPP) 

monomers crosslink each other through Cu2(COO)4 paddle wheels and finally assemble into high-

quality, large-area monolayer 2D Cu-porphyrin MOF at 80 oC. When the solvothermal temperature is 

tuned to 120 oC, the bilayer 2D Cu-porphyrin MOF can be directly obtained. The monolayer shows 

the wrinkled and crumpled morphology owing to the high surface energy (Figure 1b and Figure S1, 

Supporting Information).[43] The ultrathin character makes it difficult to detect the edge from HRTEM 

image (Figure1c).  
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Figure 1. a The chemical structures of monolayer and bilayer 2D MOFs obtained through the 

crosslinking of TCPP building blocks, Cu (orange), N (green), C (gray), O (red) and H (white). b TEM 

image, c HRTEM image, and d STEM image of the monolayer. e TEM image, f HRTEM image, and g 
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STEM image of the bilayer. AFM images of h the monolayer and i bilayer. j Corresponding height 

profiles. 

 

According to STEM image, the surface corrugations and crumples can be clearly observed (Figure 

1d). In addition, the bilayer with A-A stacking structure can be obtained by raising the hydrothermal 

temperature from 80 to 120 oC. Compared with the monolayer, the bilayer shows a planar square 

structure (Figure 1e and Figure S2, Supporting Information). Due to the strong intermolecular π-π 

stacking, the sharp edge of the bilayer can be clearly detected by HRTEM (Figure 1f). And no ripples, 

wrinkles and crumples are formed (Figure 1g). Thickness measurements confirm the average 

thicknesses of the monolayer and bilayer are 0.28 and 0.70 nm, respectively, in good consistent with 

their theoretical thicknesses (Figure 1h-j). According to EDS mapping and line-scanning spectra, both 

the monolayer and bilayer exhibit the homogeneous distribution of C, N, O and Cu elements (Figure 

S3 and S4, Supporting Information). 

The X-ray diffraction (XRD) pattern simulated with the AA style is in better agreement with the 

experimental pattern of the bilayer (Figure 2a). Although the monolayer exhibits a similar XRD 

pattern as the bilayer, the [002] peak assigned to the A-A layer packing  along the c axis is 

disappeared.[44-46] A broad amorphous XRD peak is also observed at 25° because of the ultrathin 

structure. According to the Kr adsorption measurements, both the monolayer and bilayer show the 

type II isotherms without distinct hysteresis loop at the relative pressure of 0.00-1.00. (Figure 2b). 

The multiple point BET plots prove that the specific surface area of the bilayer (529.38 m2 g-1) is 

relatively lower than that of the monolayer (816.54 m2 g-1), however the value is much higher than 

that of the reference bulk Cu-porphyrin MOF (80.03 m2 g-1) (Figure S5 and S6, Supporting 

Information).  The pore-size distributions indicate the existence of micropores and mesopores (1.92 

and 12.4 nm), which can be ascribed to the highly ordered pore structure and superstructures 

formed by agglomerated nanosheets, respecticely (Figure S7, Supporting Information).[47] Raman 

spectroscopy was performed to better investigate their atomic structures (Figure S8, Supporting 

Information). In the Raman spectra, we observe five structure-sensitive bands: 389 cm-1 (the 

frequency of the Cu-O), 1001 cm-1 (δ CPh-H), 1080 cm-1 (δ Cβ-H), 1361 cm-1 and 1583 cm-1 (the 

breathing modes of the pyrrole C-N bonds).[48,49] The strong Raman signal of the monolayer 

compared to the bilayer can be explained by an interference enhancement model.[50] Furthermore, 

both the monolayer and bilayer display four strong characteristic bands at 1614, 1406, 1003 and 772 

cm-1 in the FTIR spectra, respectively, corresponding to v4 of the pyridyl units, v(Cβ-N) of the 

porphyrin ring, vibration of Ca-Cm and Πp of the porphyrin skeleton.[51] It is worth mentioning that no 

characteristic bands from PVP and DMF are detected, suggesting the successful removal of weakly 

adsorbed residues by centrifugal washing (Figure S9, Supporting Information). 
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Figure 2. a XRD curves, b Krypton adsorption-desorption isotherms, c PL spectra of the monolayer 

and bilayer. d UV-vis diffuse reflectance spectra of the monolayer, bilayer and TCPP. 

 

The difference in layer number also contributes to distinct optical properties.[52,53] As shown in Figure 

2c, the bilayer displays a lower photoluminescence (PL) intensity than the monolayer, indicating the 

bilayer structure facilitates efficient charge separation. The UV-vis adsorption spectrum of  TCPP 

molecules shows a broad Soret absorption at 200-450 nm and four Q bands at 500-700 nm (Figure 

2d). When the TCPP monomers assemble into the monolayer structure, an apparent Soret band at 

422 nm and one instead of four Q band at 546 nm have been identified because of the higher 

symmetry of the metalated compound.[54] As for the bilayer, a sharp Soret band with an apparent 

blue shift to 413 nm is also observed, which may be ascribed to the π-π stacking between two 

atomic layers. 

X-ray photoelectron spectroscopy (XPS) confirms that C, N, O and Cu are the main elements (Figure 

S10, Supporting Information). The Cu 2p XPS spectra indicate the oxidation state of Cu site is +2 

(Figure 3a).[55] As shown in Figure 3b, the monolayer and bilayer exhibit N 1s characteristic peak at 

396.8 and 396.3 eV, respectively. According to our knowledge, the π-π stacking between atomic 
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layers may enrich electron around the N atoms at the porphyrin ring edge, thus giving rising to blue 

shift. To further confirm the atomic structure of the monolayer and bilayer, X-ray absorption fine 

structure (XAFS) spectroscopy was conducted. As shown in Figure 3c, the Cu K-edges in the X-ray 

absorption near edge structure (XANES) curves are similar to CuCl2, indicating the valence of Cu is 

around +2. Fourier transform (FT) k3-weighted EXAFS spectra at Cu K-edge were measured to reveal 

the difference in the linkage structure (Figure 3d). In contrast to reference samples (Cu foil and 

CuCl2), both of them display two peaks at 1.0 and 1.5 Å, corresponding to Cu-N bond in porphyrin 

units and Cu-O bond in metal nodes, respectively. Figure 3e shows the fitting curve of copper paddle 

wheel structure, which is almost reproduced by the experimental FT-EXAFS data. Therefore, 

schematic model of the monolayer 2D MOF is reasonably proposed in the inset of Figure 3e. As 

depicted on the left side of Figure 3f, TCPP monomers coordinate with Cu2(COO)4 paddle-wheel sites 

and then crosslink with each other to form the monolayer structure. The monolayer model is 2.7 Å in 

height, almost same as the measured thickness. Based on the above results, top and side views of 

bilayer are also proposed on the right side of Figure 3f. 
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Figure 3. a Cu 2p and b N 1s spectra of the monolayer and bilayer. c The normalized XANES spectra. 

d FT-EXAFS spectra at Cu K-edge. e The FT-EXAFS r space fitting curves. f Top and side view of the 

monolayer and bilayer, Cu (orange), N (green), C (gray), O (red) and H (white). 

 

In order to understand the growth mechanism leading to the different layer number, we 

characterized the size and thickness of MOF nanosheets at different reaction conditions. The MOF 

nanosheets prepared with  0, 3 and 12 mg  PVP are 0.28 nm, 0.70 nm and 2.0 nm in height, 

correspongding to the monolayer, bilayer and multi-layer structures, respectively (Figure S11, 
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Supporting Information). According to TEM observation,  the MOF nanosheets become more flexible 

and ultrathin with the assistance of PVP. The decrease in the layer number suggests that the PVP 

molecules can selectively attach on the monolayer surface and futher restrict their layer stacking.  

We also explored the effect of temperature on the dimensionality. As shown in Figure S12a 

(Supporting Information), the 1.1 nm-thick MOF nanosheet with trilayer structure can be obtained at 

160 oC. And the thickness drastically increases to 30 nm at 200 oC (Figure S12b, Supporting 

Information). Due to the high surface energy and the strong π-π interaction between two 

neighboring monolayers, high temperature will induce faster growth along c axis during the 

assembly process. Based on these results, the facile solvothermal method is capable of achieving the 

precise layer number controllability. 

It is also worth mentioning that the lateral size of the monolayer changed significantly with the 

reaction time. In order to study the growth process, we compared its morphology and size at 

different reaction times (Figure S13, Supporting Information). The monolayers prepared at 2, 4, 16 

and 24 h display an average size of 2, 5, 10 and 20 μm respectively, which indicates the bottom-up 

growth. In the synthesis, TCPP monomers coordinate with Cu2+ ions to form Cu2(COO)4 paddle-wheel 

structure and then crosslink either along the ab plane. The PVP surfactant strictly confines TCPP 

molecules in a monolayer limit while high temperature will diminish its effect. Through the long-time 

bottom-up growth, TCPP monomers are gradually assembled into large-area 2D monolayer MOF. In 

addition, another monolayer MOF can be successfully synthesized when using Au-TCPP as monomer 

under the same reaction condition, thus indicating a general strategy for the synthesis of monolayer 

porphyrin-based MOFs (Figure S14, Supporting Information).  

 

2.2. Photo-coupled electrocatalytic performances of CO2 reduction 

These recently reported metalloporphyrin and metallophthalocyanine MOFs/COFs usually 

display aggregated morphology and nanosheet structure with thickness above 5 nm (Table 

S1, Supporting Information).
 
Some COF films is even 250 nm in thickness. In comparison, 

the monolayer MOF usually shows the following advantages. First, the atomically thin 2D 

nanostructure will maximize the utilization efficiency of metal sites. Second, the completely 

uniform and periodic structure enables the homogeneity in the active sites. Furthermore, the 

restructuring behavior easily occurs on the monolayer structure at high overpotentials, thus 

leading to distinct performance. However, all M-N4 active sites on layered framework 

materials only favor C1 formation due to the single-site structure.  

As illustrated in Figure S15 (Supporting Information), the photoelectrochemical performance for CO2 

reduction was carried out in an H-cell equipped with a 300 W Xe lamp (with > 420 nm cutoff filter, 

67% solar intensity). The gas and liquid products were analyzed by gas chromatography (GC) and 1H 

NMR, respectively. Linear sweep voltammetry (LSV) curves of the monolayer show that the current 

density increases from 8.68 to 11.22 mA cm-2 at -1.2 V vs. RHE (vs reversible hydrogen electrode) 

with the help of visible light (Figure 4a). However, little improvement is observed in that of the 
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bilayer under visible light (Figure 4b). The difference in LSV behaviors implies that the monolsyer is 

more sensitive to light field during the electrocatalytic process. 

As we reported in our previous study, Cu-O4 and Cu-N4 sites contribute to the high selectivity of 

HCOO- and CH4 at low potentials (-0.6 to -1.1 V vs. RHE) for CO2 electrocatalysis, respectively.[56] To 

better evaluate the light field effect, we tested the monolayer and bilayer catalysts under higher 

potential range from -1.1 to -1.5 V vs. RHE, and calculated the corresponding FEs. Apart from C1 

species, the monolayer also generates C2H4 as the major product under dark (12.0% at -1.3 V) (Figure 

4c and Table S2, Supporting Information). The formation of multi-carbon products suggests that the 

restructuring behavior of active site leads to C-C coupling. It is worth mentioning that the light field 

favors the formation of C2 species, especially for CH3CH2OH, which increases the CO2-to-CH3CH2OH 

conversion efficiency nearly 30 fold compared with that under dark (FEethanol are 0.9% and 25.9% at -

1.4 V under dark/visible light, respectively). The total C2 FE can attach a maximum of 41.2% at -1.4 V 

during the photoelectrochemical process, three times higher than that under dark condition. 

Therefore, the photoinduced change in C2 selectivity confirms that visible light can greatly facilitate 

the deep reduction of CO2. 
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Figure 4. a LSV curves of the monolayer scanned at 5 mV s-1 in CO2-saturated 0.1 M KHCO3 under 

dark (black line)/visible light (red line). b LSV curves of the bilayer under dark (black line)/visible light 

(red line). c FE of C2 products on the monolayer at the potentials of -1.1 to -1.5 V under dark/visible 

light. d FE of C1 products on the bilayer under dark/visible light. e Partial CH3CH2OH current density 

on the monolayer and bilayer at -1.5 V under dark (black bar)/visible light (red bar). f Potential 

dependence of C2/C1 ratios for the monolayer and bilayer under dark/visible light. 

 

In contrast to the monolayer, the dominant CO2 electroreduction products on the bilayer are HCOO-, 

CO and CH4 with the FEs being 12.6, 47.0 and 4.8% at -1.3 V, respectively (Figure 4d). A small amount 

of C2H4 was also detected with FE below 10% at all potential range (Table S3, Supporting 
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Information). The high selectivity of C1 species suggests that the Cu-O4 and Cu-N4 sites on bilayer 

structure remain the main active sites at high overpotentials.[57-60] When visible light is introduced, 

the bialyer exhibits a negligible improvement in FEs of C1 and C2 products. Thus, the light field makes 

little differences in the electrocatalytic reduction process on the bilayer. 

As depicted in Figure 4e, the external light field directly promotes the current density of CH3CH2OH 

(Jethanol) from 2.71 to 6.89 mA cm-2 at -1.5 V, which exhibits around a 2.6-fold increase in ethanol 

formation over the monolayer. However, the bilayer shows a lower Jethanol of 0.29 mA cm-2 without 

obvious enhancement under visible light. The difference in the light-induced change suggests that 

the monolayer can transfer more electron for deep reduction of CO2 with the help of light filed. To 

further explore the light field effect on C-C coupling selectivity, we calculated the ratios of C2 to C1 

product as a function of the potential (Figure 4f). The monolayer exhibits a volcano curve of C2/C1 

ratios under dark condition. A maximum C2/C1 ratio of 1.2 is achieved at -1.3 V on the monolayer, 

more than eightfold compared with the bilayer, highlighting the restructuring-induced 

electrocatalytic activity. When visible light is introduced, a clear growth trend in C2/C1 ratios is 

observed at all potential range on the monolayer. For comparison, the curve of C2/C1 ratios under 

dark coincides perfectly with that under visible light, indicating the bilayer is insensitive to light 

irradiation. Taken together, the photo-induced selectivity optimization proves that both visible light 

and applied potential do much to modulate the catalytic pathway over the monolayer, thus resulting 

in completely distinct activity and selectivity. 

During CO2 reduction reaction (CO2RR), many electrocatalysts change their structure as the applied 

potential increased, especially for single-site catalysts.[61-63] The reconstructed active sites are 

responsible for the observed catalytic performance. There are two types of electrocatalytically active 

sites in the monolayer and bilayer: the Cu-N4 site and the Cu-O4 site. According to XPS curve of the 

monolayer after electrocatalysis at -1.5 V, two characteristic Cu(0) peaks appear at 929.3 and 949.1 

eV, respectively, suggesting the formation of Cu cluster. In contrast, the negligible change in 

oxidation state of the bilayer demonstrates the good structure stability during CO2RR (Figure S16, 

Supporting Information).  

In order to understand the detail restructuring behavior of Cu sites, the local bond nature was 

analyzed by FT Cu K-edge EXAFS (Figure S17, Supporting Information). After 0.5 h of electrocatalysis 

at -1.2 V, the intensitiy of Cu-N bond peak is unchanged compared to that of the initial sample, 

indicating Cu-N4 active sites of the monolayer enable splendid stability during CO2RR. However, 

CO2RR operations bring about the decrease in the intensity of Cu-O bond and the appearance of Cu-

Cu bond. Therefore, long-term electrolysis running only can reconstruct the Cu-O4 sites to the Cu 

cluster. The stability measurements (i-t) were operated for 7 h at -1.1 V under visible light. Both the 

monolayer and bilayer show negligible decay in activity and stable FEs of corresponding gaseous 

product, thus demonstrating their excellent CO2RR stability (Figure S18, Supporting Information).  

Combing the high activities of metallic Cu for electrochemically reducing CO2 to hydrocarbons, it is 

reasonable to infer that the Cu nanoclusters formed on the monolayer are mainly responsible for C2 

generation. When the Cu-O4 active site of the monolayer is irreversibly transformed into Cu cluster, 
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it is easy for the *CO intermediate to dimerize with the *CHO intermediate adsorbed on the 

adjacent Cu atom. Then, the *OCCOH intermediate is generated via C-C dimerization. And further 

hydrogenation of *OCCOH intermediate can yield C2H5OH and C2H4 as the final product (Figure S19, 

Supporting Information).[64,65] The Cu clusters anchored with porphyrin unit becomes the true active 

sites for electrochemical CO2 conversion to C2H4 and C2H5OH (Figure 5a). In addition, no obvious 

restructuring phenomena is observed in the bilayer, suggesting that the bilayer structure and π-π 

stacking may exert a moderating influence, which protect the intrinsic structure form external 

voltage. Therefore, the Cu-O4 and Cu-N4 sites remain the major contributor to the high selectivity of 

the bilayer for CO and HCOO- formation. To gain deep insight into the reconstructing effect on 

catalytic performance, the linear relationship between the atomic ratios of Cu0/Cu2+ and the 

selectivity of C2/C1 is analyzed in Figure 5b. The Cu0/Cu2+ ratios of the monolayer and bilayer are 2 

and 0.3, respectively, corresponding to the C2/C1 product ratios of 4.25 and 0.21. Therefore, the 

difference in the monolayer and bilayer structures will result in distinct active sites during catalytic 

process, thus making a tremendous performance difference. 

The photo-current responses of the monolayer and bilayer at -1.4 V were also conducted to better 

understand the light field effect (Figure 5c). The experiment results reveal that the bilayer displays a 

small photo-current response while the current density of the monolayer increases apparently under 

the light excitation. This difference in photo-sensitized properties demonstrates that the porphyrin 

unit can utilize visible light to transfer more electron to coordinated Cu cluster than Cu-O4 site. The 

light-induced catalytic kinetics was also investigated from Tafel analysis based on the overpotential 

versus the logarithm of steady-state C2 partial current density, log(jC2) (Figure 5d). The Tafel slope of 

the monolayer drastically drops from 0.35 to 0.28 V dec-1 under the trigger of light excitation. The 

light-induced deviation suggests that external light field can improve dynamic activity and accelerate 

charge transfer for C-C coupling.[12,66]  

 

2.3. Photo-coupled electrocatalytic mechanism 

To illustrate the mechanism of light field effect and photoelectrocatalytic process, the electronic 

properties of S1 and T1 excited states of the monolayer and bilayer were respectively studied by DFT 

calculation. Due to the ligand-to-metal charge-transfer excitation characteristic, both S1 and T1 states 

facilitates the electron-flow and CO2 activation occurring on the Cu sites (Figure 5e). As for the 

bilayer, porphyrin unit is excited from the S0 ground state to the S1 state with visible-light assistance, 

and then undergoes electronic relaxations to the T1 triplet state or even the ground state via the 

process of intersystem crossing. Although the strong spin-orbital coupling in Cu element can 

dominate the long-lived T1 state after optical excitation, the energy (2.91 eV) for T1 state is so high 

that the bilayer is not an active catalyst for CO2 photoelectrocatalysis. The DFT calculation is 

consistent with the experimental result.  
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Figure 5. a The detail catalytic mechanisms for CO2 electrocatalysis on the monolayer and bilayer. b 

The relative intensity ratios of Cu0/Cu2+ and the selectivity of C2/C1 on catalysts. c Photocurrent 

response at -1.4 V. d Tafel plots of the monolayer under visible light (red line)/dark (black line). e 

Transition orbital of T1 state under visible light and corresponding calculated electron density 

distribution. White, hydrogen; grey, carbon; green, nitrogen; red, oxygen; orange, copper.  

 

As the Cu-O4 sites of the monolayer is transformed to Cu clusters, we expect the photo-coupled 

electrocatalysis of CO2 mainly occurs over the anchored Cu clusters instead of the Cu centers, with 

the same mechanism proposed above. Notably, the energy gap drastically decreases to 0.02 eV due 

to the well-matched band structure between Cu cluster and porphyrin unit.[67] Accordingly, the 

external light field can easily excite the monolayer to T1 state and then work together with 
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electrocatalysis. In addition, light-induced downward band-bending facilitates electron transfer 

pathway from porphyrin unit to Cu cluster.[68] Finally, the monolayer in the T1 excited state 

remarkably boosts the deep reduction of CO2 to C2 products due to the lower free energy change 

compared to the S0 state. 

 

3. Conclusions 

In summary, both monolayer and bilayer 2D porphyrin-based MOFs can be precisely synthesized via 

a facile solvothermal method. The difference in the atomic layer number leads to distinct catalytic 

performance for CO2 electrocatalysis. The monolayer displays a high selectivity of C2 species due to 

the restructuring behavior while the major products over the bilayer are C1 species. More 

importantly, a dramatic increase in FEC2 of the monolayer is observed when coupled with light 

irradiation. On the contrary, the bilayer is insensitive to external light field during CO2 

electrocatalysis. DFT calculations suggest the energy gaps of the monolayer and bilayer are 0.02 and 

2.91 eV, respectively. Thus, the monolayer can be easily motivated from S0 state to T1 state under 

light irradiation and further reduce free energy change for C-C coupling reactions. This work proves 

layer number-dependent performance for CO2 electroreduction, and offers a novel possibility to 

optimize the C2/C1 selectivity via introducing visible-light irradiation. 

 

4. Experimental Methods  

Synthesis of the monolayer and bilayer porphyrin-based MOFs: Experimental Details. In a typical 

procedure, 24 mg Cu(NO3)2·3H2O, 44 mg TCPP, 200 μL formic acid and 100 mg PVP were dissolved in 

160 ml DMF-ethanol solution with a volume ratio of 3:1 under stirring. After that, 10 ml DMF-

ethanol solution was added into the autoclave at room temperature. Next, the mixture was heated 

for 8 h. The monolayer and bilayer are formed at 80 and 120 °C, respectively. Finally, the products 

were collected via centrifugation at 8000 rpm for 3 minutes and further washed by ethanol for three 

times. The solid product was obtained after drying at 60 °C for 4 h. The monolayer with Au-N4 

centers was also prepared by using Au-TCPP as monomer.  

Electrochemical measurements: Electrochemical measurements were performed in an H-cell (0.1 M 

KHCO3) equipped with an electrochemical station (CHI 660E). The gas diffusion electrode, Pt wire 

and Ag/AgCl electrode were used as working electrode, the counter electrode and reference 

electrode, respectively. The working electrode was prepared by the following steps: Firstly, 5 mg 

catalyst, 5 mg Vulcan XC-72 and 100 μL Nafion (5 wt%) were added into 2 ml water-isopropanol 

solution (a volume ratio of 1:1), respectively. The mixture was sonicated for 30 min to form a 

homogeneous ink. Then, 200 μL link was uniformly dropped onto the gas diffusion electrode (area: 1 

cm×1 cm) at room temperature (a catalyst loading of 0.5 mg cm-2). RHE potentials were calculated 

by the Nernst equation, ERHE = EAg/AgCl + 0.197 V + 0.0591 × pH. 
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Before measurements, CO2 gas (99.999%) was purged into the cathodic electrolyte at a rate of 20 

sccm for 10 min. During electrochemical measurement, the flow rate of CO2 was controlled at 8 

sccm. The linear sweep voltammograms (LSVs) were recorded at a scan rate of 5 mV s-1 in CO2-

saturared 0.1 M KHCO3. The mole number of gas products were calculated from gas chromatography 

peak areas based on standard curves of pure samples. The liquid products were qualitatively and 

quantitatively analyzed by 1H NMR. The Faradaic efficiency was calculated as follows:  

F (%) 
  485( C      )   (mol     )    8(ml      )  30(min )

 
 100% 

Where 96485 is faraday constant (C mol-1), n is the amount of products per milliliter (mol ml-1), N is 

the electron transfer number (HCOOH, CH4, CO and H2), 8 is the flow rate of CO2 (mL min-1), 30 is 

reaction time (min) and Q is total charge obtained from chronoamperometry. 

Photoelectrochemical measurements: Photoelectrochemical measurements were performed in the 

above-mentioned electrochemical system equipped with a 300 W Xe lamp (with > 420 nm cutoff 

filter, 67% solar intensity). The distance between the light source and H-cell was about 30 cm to 

keep electrolyte (0.1 M KHCO3 without a sacrificial regent) temperature stable at 25 °C. Before 

measurements, CO2 gas (99.99%) was purged into the cathodic electrolyte at a rate of 20 sccm for 10 

min. During photoelectrochemical process, the flow rate of CO2 was controlled at 8 sccm. Collected 

gas products and liquid products were qualitatively and quantitatively analyzed by gas 

chromatography (GC) and 1H NMR. The mole number of gas products and liquid products were 

calculated from gas chromatography peak areas and 1H NMR peak areas based on standard curves of 

pure samples, respectively. The stability measurements (i-t) were recorded for 7 h at -1.1 V vs. RHE 

under visible light. 

DFT calculations: All the calculations including structural optimization and vibrational were carried 

out using DFT with the Gaussian 16 package. The B31YP functional was used to treat the exchange-

correlation energy. The 6-31 G basis set was applied for the light elements including H, C, N, and O, 

and the LANL2DZ basis set and pseudopotential were used for Cu. All the metal porphyrin complex 

structures were fully optimized. 
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