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Metal organic frameworks (MOFs) with tunable porosity and metal sites have been considered as excellent
candidates for electrochemical CO2 reduction reaction (CO2RR). However, the poor electron conductivity and
electron-donating capability of MOFs constrain the improvement of catalytic efficiency. Herein, we implant
metallocene in MOFs through a facile chemical vapor deposition method and thus-obtained catalysts present
excellent CO2RR electrocatalysis performances. For instance, the FECO of CoCp2@MOF-545-Co can be as high as
97% at 0.7 V. The high performances might be attributed to the strong binding-interaction between metal
locene and metalloporphyrin that can largely reduce the adsorption energy of CO2 as revealed by density
functional theory calculations. The introduction of metallocene can serve as electron donator and carrier to
create continuous electron transfer channel in MOFs and provide strong binding-interaction with metal
loporphyrin during CO2RR process to enhance the CO2RR activity. This method might shed light on development
of highly-selective CO2RR electrocatalysts.

1. Introduction
The excessive emission of carbon dioxide (CO2) has arisen to be a
serious environmental problem in the world [1]. Diverse techniques
have been proposed to efficiently store or convert CO2 [2]. Concerning
the economy and energy consumption, the conversion of carbon dioxide
into fuels or other useful chemicals is considered as the most promising
approach to solve the problem [3]. Electrocatalytic CO2 reduction re
action (CO2RR) as a kind of controllable, environmental-friendly and
high efficiency approach has been regarded as one of the most powerful
way to transform CO2 into serviceable high-valued energy products (e.
g., CO, CH4, HCOOH and C2H5OH, etc.) and might simultaneously
mitigate the green-house effect or energy crisis [4–8]. However, it is still
hard to meet the demand of practical applications and the exploration of
efficient CO2RR electrocatalysts is highly desirable.
In recent years, many researchers have focused on the exploration of
catalysts for electrocatalytic CO2RR [9–11] and diverse materials such

as metals [12,13], transition metal oxides [14], transition metal chal
cogenides [15], metal-free 2D materials [16–18] and metal-organic
frameworks (MOFs) [19–21] have been developed. There are some
basic principles for the design of target CO2RR electrocatalysts: 1) active
catalysis sites; 2) high selectivity and 3) efficient electron transfer
channel, etc. However, despite the interesting and intriguing field in
exploring fantastic materials, obstacles like low selectivity, instability
and complicated processes in material fabrication have largely impaired
the development of electrocatalytic CO2RR.
MOFs, assembling from inorganic metal ions or clusters and organic
ligands have been regarded as ideal platforms for electrocatalytic CO2RR
[22–25]. The tunable porosity and functional metal sites imparting
MOFs with favorable capability for CO2 adsorbing and efficient catalysis
centers might create catalytic environments suitable for CO2RR [26,27].
Yet, the poor electrical conductivity and electron donating capability set
obstacles for MOFs being as efficient CO2RR electrocatalysts, concerning
the necessary multiple electron transfer processes for achieving any
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Fig. 1. The schematic presentation for the advantages of MCp2@MOF in electrocatalytic CO2RR. (a) The schematic presentation of introducing MCp2 in MOF
structure to improve the electron transfer ability for electrocatalyticCO2RR. (b) The comparison of MCp2@MOF and MOF in electrocatalytic CO2RR.

highly-selective products. To conquer it, diverse strategies have been
proposed and can be mainly divided into two categories: in-situ growth
of novel MOF structures and integration of multi-functional units in
MOF based composites. For in-situ growth, MOFs such as ZIF-8,
HKUST-1, Al2(OH)2-TCPP-Co and Re-SURMOF have been investigated
for the generation of diverse CO2RR products like CO, CH4, HCOOH or
C2H4, etc [28–30]. However, the poor electrical conductivity or insuf
ficient electron donating capability impairs most of MOFs to be efficient
electrocatalysts, resulting in low selectivity unmet for practical appli
cations. Some pioneering reports have integrated electron-rich units (e.
g., [PMoV8 MoVI
4 O35Zn4] cluster) into MOFs to largely improve the
selectivity of CO2RR [29]. However, it is still challenging to select
proper ligands and electron-rich units to construct novel MOFs with high
selectivity and efficiency. Despite the in-situ growth of MOFs, integra
tion of multi-functional units (e.g., nanoparticles) in MOFs with the
advantages like ease of processing, versatile in material selection and
potential in generation of highly selective products is another promising
method to achieve efficient MOF based CO2RR electrocatalysts. For
example, the introducing of functional units like copper nanoparticle or
1,10-phenanthroline can increase the selectivity of MOFs to generate
HCOOH or CO [31,32]. However, the selection of desired materials or
MOFs and the exploration of powerful methods to integrate
multi-functionality in MOFs for the efficient generation of high-valued
products are still challenging and long-sought-after.
Therefore, the strategy is highly important to construct novel MOF
based materials with target functionalities like numerous active sites or
continuous electron transfer channels to facilitate the process of elec
trocatalytic CO2RR. Metallocene (MCp2, Cp stands for cyclopentadienyl)
is an electron-rich system with high stability and aromaticity [33]. In
MCp2 electron orbits, the participation of d-orbits enlarges the π-elec
tron system of cyclopentadienyl ring, thus making MCp2 to be perfect
electron-donating or carrying unit. When the metallocene is implanted
into the structure of MOFs, MCp2 can serve as potential electron donator

and carrier to enrich the electron density of MOF structure. The selected
MOFs are quite important, to be cooperated with the properties of
metallocene, the target ones would be better to have the functionality of
carrying or accepting electrons. Metalloporphyrin based MOFs (e.g.,
MOF-545-Co) are promising alternatives, in which porphyrin ring is
ideal charge transfer carrier and metal in the center of porphyrin ring
might serve as efficient electron acceptor and active catalysis center
[34]. The incorporation of metallocene with metalloporphyrin in MOF
structure will presumably create electron transfer channel and might
largely enhance the electron transfer ability or catalytic activity.
Herein a facile and versatile chemical vapor deposition protocol is
proposed to introduce MCp2 into MOF structure (Fig. 1) [35,36]. In this
method, MCp2 (M ¼ Fe, Co, Ni) with diverse metal centers can be
implanted into the pores of metalloporphyrin based MOF-545. MOF-545
imparting with high porosity, large pore size (3.6 nm) and excellent
chemical and thermal stability can serve as ideal platform to interact
with MCp2. In the obtained MCp2@MOF-545 composites, the π-electron
system of cyclopentadienyl ring might overlap with π-electron system of
porphyrin, which would endow MOF-545 with higher CO2 adsorption
capability, larger amount of active sites and more favorable electron
transfer property to largely enhance the electrocatalytic CO2RR activity
(Fig. 1). As a proof-of-concept, MCp2@MOF-545-Co exhibit excellent
catalysis performances for CO2RR. Specifically, CoCp2@MOF-545-Co
can selectively convert CO2 to CO with 97% Faradaic efficiency for CO
(FECO) and a detailed MCp2 bonding mechanism is intensively discussed
and revealed by density functional theory (DFT) calculation.
2. Experimental section
2.1. Syntheses of samples
Synthesis of MOF-545: MOF-545 was synthesized according to a
referenced procedure [37]. ZrOCl2⋅8H2O (650 mg, 2.0 mmol) and
2
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Fig. 2. Characterization of CoCp2@MOF-545-Co. (a) PXRD patterns of CoCp2@MOF-545-Co, MOF-545-Co and simulated MOF-545. (b) SEM image of CoCp2@MOF545-Co. (c) TEM image of CoCp2@MOF-545-Co. (d) EDS elemental mapping of CoCp2@MOF-545-Co. (e) N2 sorption isotherms of CoCp2@MOF-545-Co, MOF-545-Co
and MOF-545. (f) CO2 adsorption curves of CoCp2@MOF-545-Co, MOF-545-Co and MOF-545 at 298 K. The scale bar presented in the figure is 200 nm.

tetrakis(4-carboxyphenyl)porphyrin (TCPP-H2, 130 mg, 0.192 mmol)
were dissolved in 160 mL of DMF and 5 mL of dichloroacetic acid in a
250 mL round-bottomed flask. The mixture was heated to 130 � C for
15 h with stirring, and allowed to cool to room temperature. The solid
was collected by centrifugation, and washed with DMF until the liquid
become colorless. And then the resulting powder was dispersed in a
solution containing 50 mL of DMF and 5 mL of 1 M HCl and refluxed for
2 h. After centrifugation, the solid was washed with DMF and acetone for
several times and then soaked in acetone overnight. The powder was
washed with acetone and dried at 60 � C under vacuum. After drying,
about 200 mg purple powder was collected (yield 85% based on
TCPP-H2).
Syntheses of various MOF-545-M: MOF-545 (50 mg) was dispersed in
10 mL DMF solution of CoCl2⋅6H2O (100 mg, 0.42 mmol). After soni
cating for 10 min, the solution was heated at 100 � C for 20 h. After
heating, purple powder was collected by centrifugation and washed
with DMF for several times until the liquid become colorless. The DMF
was replaced with acetone (5 � 30 mL) over a three-day period. Finally,
the powder was dried in vacuum at 60 � C overnight. The preparation
processes of MOF-545-Fe and MOF-545-Ni were similar to that of MOF-

545-Co except that CoCl2⋅6H2O was replaced by FeCl2 (100 mg) and
NiCl2⋅6H2O (100 mg), respectively [30].
Syntheses of various MCp2@MOF-545-Co: CoCp2@MOF-545-Co was
synthesized by a modified chemical vapor deposition method [35,36].
CoCp2 (20 mg) was placed in a round bottom flask and pre-activated
MOF-545-Co (50 mg) in another round bottom flask with a suction
valve, and then the two flack was connected with a glass elbow. The
reaction system was placed in an oven at 40 � C and evacuated for
30 min. Then close the valve and keep the vacuum and temperature for
2 h. After cooling to room temperature, the reactor was filled with N2
and then the sample was washed with N, N0 -dimethylformamide (DMF)
and acetone for three times. After drying under vacuum at 50 � C for 4 h,
about 55 mg dark red powder was obtained. The preparation processes
of FeCp2@MOF-545-Co and NiCp2@MOF-545-Co were similar to that of
CoCp2@MOF-545-Co except that FeCp2 and NiCp2 were used,
respectively.
2.2. Material characterization
Powder X-ray diffraction (PXRD) experiments were recorded on a
3
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Bruker D8 Advance (operating at 40 kV and 20 mA) with Ni-filtered Cu
Ka radiation at 1.5406 (Å) with a speed of 5� min 1. The thermogravimetric analysis (TGA) was carried out on a Shimadzu DTG-60H
thermo-gravimetric analyzer in the air flow of 30 mL min 1 and the
heating rate of 10 � C min 1. SEM images and EDS were obtained from a
FEI NOVA NANO 430 Field Emission Scanning Electron Microscope
equipped with an Oxford Energy Dispersive X-ray spectroscopy. TEM
images and STEM-HAADF images coupled to EDS elemental mapping
were collected on a JEOL JEM-2100 electron microscope at 200 kV
equipped with an Oxford Energy Dispersive X-ray spectroscopy. N2 and
CO2 sorption measurements were carried out on a Micromeritics ASAP
2460 system at 77 K and 298 K, respectively, after the samples were first
degassed at 120 � C for 8 h. X-ray Photoelectron Spectroscopy (XPS) was
carried out on a Thermo ESCALAB 250XI multifunctional imaging
electron spectrometer using the binding energy of C as the internal
standard. The model for CoCp2@MOF-545-Co, including CoCp2 posi
tion, was generated using Materials Studio chemical structure-modeling
software.

Powder X-ray diffraction (PXRD) tests confirm that the structure of
MOF-545-Co remains intact after implantation of CoCp2 (Fig. 2a).
Scanning electron microscope (SEM) tests show that the as-prepared
CoCp2@MOF-545-Co displays rod-like morphology, and the average
diameter calculated through a Nano-measurer software is about 92 nm
(Fig. 2b). The smooth surface of the rods can get rid of the possibility of
the recrystallization of CoCp2 on the surface of MOF-545-Co. Similar
results are also detected in transmission electron microscope (TEM) tests
(Fig. 2c). Moreover, C, N, Zr and Co are uniformly dispersed in rod-like
crystals of MOF-545-Co as presented in the energy dispersive X-ray
spectroscopy (EDS) elemental mapping characterization (Fig. 2d). The
composition of CoCp2@MOF-545-Co is further detected and the Zr/Co
ratio in CoCp2@MOF-545-Co is about 3:2, which is higher than that of
MOF-545-Co (3:1) (Fig. S1). It can be calculated that about 6 CoCp2
molecules are loaded in each unit cell of MOF-545-Co and the mole ratio
of CoCp2 and Co-TCPP is about 1:1. The Co contents in CoCp2@MOF545-Co and MOF-545-Co are calculated based on XPS data. The Co
contents in MOF-545-Co and CoCp2@MOF-545-Co are detected to be
1.22% and 2.52%, respectively (Fig. S11). The value of CoCp2@MOF545-Co is about twice than that of MOF-545-Co. Besides, the mole ratio
of CoCp2 and Co-TCPP in CoCp2@MOF-545-Co is about 1 : 1, which is
consistent with EDS results. To investigate the versatility of the strategy,
NiCp2@MOF-545-Co and FeCp2@MOF-545-Co are also successfully
prepared following the same procedures and proved by PXRD, SEM,
TEM and EDS mapping tests (Figs. S2–6). The average diameters of
MOF-545-Co, FeCp2@MOF-545-Co and NiCp2@MOF-545-Co are
calculated to be about 90, 91 and 92 nm, respectively.
To investigate elemental states of MCp2 compounds in the pore of
MOF-545-Co, X-ray photoelectron spectra (XPS) of MCp2@MOF-545-Co
is performed to determine its surface electronic states and elemental
compositions (Fig. S7). As depicted in Fig. S8, XPS spectra of CoCp2@
MOF-545-Co suggest the existence of C, N, O, Zr and Co. The highresolution Co 2p spectra are fitted into two peaks at 781.3 and 796 eV,
which are attributed to Co 2p3/2 for CoCp2 and Co 2p1/2 for Co2þ,
respectively [38,39]. For FeCp2@MOF-545-Co, the peaks at 707.8 and
707.4 eV are fitted into Fe 2p3/2 for FeCp2 and Fe 2p1/2 for Fe2þ,
respectively (Fig. S9) [40,41]. Similarly, the peaks of NiCp2@
MOF-545-Co located at 856.10 and 873.70 eV are attributed to the Ni
2p3/2 for NiCp2 and Ni 2p1/2 for Ni2þ, respectively (Fig. S10) [42–44].
N2 sorption tests are conducted to evaluate the porosity of obtained
materials. Brunauer-Emmett-Teller (BET) surface areas of MOF-545,
MOF-545-Co and CoCp2@MOF-545-Co are calculated to be 2204,
2126 and 663 m2 g 1, respectively (Fig. 2e). The BET value of
CoCp2@MOF-545-Co is decreased coupling with the weaker peak in
tensity in the pore size distribution after the loading of CoCp2 (Fig. S12,
Table S1). To further support the porosity of the obtained samples, CO2
adsorption measurements are performed. The CO2 adsorption values are
39, 48 and 16 cm3 g 1 for MOF-545, MOF-545-Co, and CoCp2@MOF545-Co at 298 K, respectively (Fig. 2f). CoCp2@MOF-545-Co can absorb
6 CO2 molecules per unit cell at 1 atm and 298 K, which would be
beneficial for efficient electrocatalytic CO2RR. Besides, CoCp2@MOF545-Co presents CO2 adsorption capacity of 23.9 cm3 g 1 at 273 K and
19.3 cm3 g 1 at 283 K, respectively. The adsorption enthalpy of
CoCp2@MOF-545-Co is calculated to be 30.1 kJ mol 1 (Fig. S13).
Stability is a crucial factor for materials to be evaluated for further
applications. To investigate the chemical stability of CoCp2@MOF-545Co, the sample is soaked in KHCO3 aqueous solution (0.5 M) for more
than 24 h. PXRD pattern shows that the structure of CoCp2@MOF-545Co remains intact before and after soaking in KHCO3 aqueous solution
(Fig. S14). As proved by the EDS analysis, the ratio of Zr/Co after
soaking in KHCO3 aqueous solution for 24 h is similar as that of sample
before test, revealing the high chemical stability of CoCp2@MOF-545-Co
(Table S2).
The thermal stability of CoCp2@MOF-545-Co is further studied by
thermogravimetric analysis (TGA) in air with a heating rate of 10 � C
min 1. CoCp2@MOF-545-Co can be stable at temperature up to 350 � C

2.3. Electrochemical measurements
All electrochemical tests were performed in a standard threeelectrode configuration in 0.5 M KHCO3 solution using the electro
chemical workstation (Bio-Logic). Carbon rod and Ag/AgCl were used as
reference electrode and counter electrode, respectively, and modified
carbon paper (1 cm � 1 cm) was used as work electrode. The electro
chemical CO2RR performance was carried out in an airtight electro
chemical H-type cell, in which, two compartments were separated by a
Nafion®117 proton exchange membrane to prevent the oxidation of CO2
reduction products.
The catalyst-modified carbon paper electrode (denoted as CPE,
1 cm � 2 cm) was prepared as follows. 10 mg modified MOFs, 10 mg
acetylene black (AB) were grounded together to form the uniform black
powder. This black powder was dispersed into 1 mL 0.5% Nafion solu
tion and sonication for 30 min to form uniform catalyst ink. Then, the
ink was dropped directly onto a carbon paper (1 cm � 1 cm) with a
catalyst loading density of ~1 mg cm 2 and dried at ambient
temperature.
The polarization curves were performed by linear sweep voltam
metry (LSV) mode at a scan rate of 5 mV s 1. In this experiment, po
larization curves were recorded successively in Ar-saturated and CO2saturated KHCO3 solution.
The measurement of electrochemical impedance spectroscopy (EIS)
is carried out under the overpotential of 0.7 V (relative to RHE).
During the measurement process, 10 mV amplitude AC voltage is
applied in the frequency range of 1000 kHz to 100 mHz. To estimate the
electrochemical active surface area (ECSA), cyclic voltammograms (CV)
were tested by measuring double-layer capacitance (Cdl) under the
potential window of 0 V–0.1 V (vs. Ag/AgCl) with various scan rates
from 100 to 200 mV s 1. In this work, all the potentials are measured vs.
Ag/AgCl electrode and the results are reported vs. reversible hydrogen
electrode (RHE) based on the Nernst equation: E (vs. RHE) ¼ E (vs. Ag/
AgCl) þ 0.1989 V þ 0.059 � pH (without iR compensation).
3. Results and discussion
MCp2@MOF-545-Co samples are prepared by chemical vapor
deposition (CVD) method. In the structure of MOF-545-Co, Zr6O8 clus
ters are linked by Co-TCPP ligands to generate two kind of pores with
diameters about 16 Å and 36 Å [34,37], which is large enough to
encapsulate MCp2 molecules (about 3.5 Å � 4.5 Å) [35]. Taking the
preparation of CoCp2@MOF-545-Co for example, the CoCp2 can be
evaporated into the pre-evacuated pores of MOF-545-Co under vacuum
condition at 40 � C. After the CVD process, the sample is washed with N,
N0 -dimethylformamide (DMF) and acetone for several times and dried
under vacuum for further characterization.
4
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Fig. 3. Electrocatalytic CO2RR performances of MCp2@MOF-545-Co.(a) Linear sweep voltammetric curves. (b) Faradaic efficiencies for CO at different potentials. (c)
Partial CO current density. (d) TOFs. (e) Electrocatalytic CO2RR performances of MCp2@MOF-545-Co and other electrocatalysts.

(Fig. S15). The high chemical and thermal stability of CoCp2@MOF-545Co set fundamental basis for its future investigations in electrocatalytic
CO2RR.The electrocatalytic CO2RR is evaluated in a three-electrode
system in CO2-saturated 0.5 M KHCO3 (pH ¼ 7.2) solution. The cata
lytic performances of MOF-545-Co, MOF-545-Fe and MOF-545-Ni are
evaluated and corresponding FECO or FEH2 over the entire potential
range are calculated. MOF-545-Co has a smaller onset potential and a
higher FECO value ( 0.32 V, 54.6%) than MOF-545-Fe ( 0.35 V, 9.4%)
and MOF-545-Ni ( 0.61 V, 14.1%). The higher CO2RR performance of
MOF-545-Co than MOF-545-Fe/Ni is similar to previous reports
(Fig. S16) [29]. Therefore, we select MOF-545-Co as the desired sub
strate to load MCp2.
After loading of CoCp2, CoCp2@MOF-545-Co presents a low onset
potential of 0.27 V and a large total current density of 56.2 mA cm 2 at
1.1 V in the linear sweep voltammetry (LSV) curves (Fig. 3a). In Arsaturated KHCO3 solution, CoCp2@MOF-545-Co shows a much smaller
current density than that in CO2-saturated KHCO3 solution, indicating
the high electrochemical performance of CoCp2@MOF-545-Co indeed
come from CO2RR (Fig. S17). To further detect the CO2RR selectivity of
these samples, the FE tests are carried out. CO and H2 are the main gas
products monitored by the GC test and there is no liquid product
detected in the 1H NMR spectroscopy (Fig. S18). CoCp2@MOF-545-Co

maintains excellent FECO (>80%) in a wide potential range (from 0.6
to 0.9 V) and can reach up to a maximum value of 97% at 0.7 V
(Fig. 3b). Moreover, CoCp2@MOF-545-Co with diverse CoCp2 loadings
are synthesized and present FECO values of 54% (CoCp2@MOF-545-Co0.5, the mole ratio of CoCp2 and Co-TCPP is 0.5) and 59% (CoCp2@
MOF-545-Co-2, the mole ratio of CoCp2 and Co-TCPP is 2) at 0.7 V,
respectively (Fig. S19). To modify the conductivity of the materials, we
have applied diverse loadings of acetylene black to test the best per
formance. With the ratio of catalyst to acetylene black tuned from 2 : 1 to
1 : 2, the FECO values and potential range of the materials change
accordingly (Fig. S20). The best ratio of catalyst to acetylene black is 1 :
1.
As comparison, FeCp2@MOF-545-Co and NiCp2@MOF-545-Co have
a maximum FECO value of 94.1 and 82.6% at 0.8 V, respectively
(Fig. 3b). The catalytic performance of CoCp2@MOF-545-Co is higher
than comparisons and outperforms most of MOF based catalysts (Fig. 3e;
Table S3). The partial CO current density is performed to reveal the
activity of the samples. CoCp2@MOF-545-Co exhibits a high value of
25.63 mA cm 2 at 0.9 V, almost twice higher than FeCp2@MOF-545Co
( 13.32 mA cm 2,
-0.9 V)
and
NiCp2@MOF-545-Co
( 5.85 mA cm 2, -0.9 V) (Fig. 3c). Besides, the turnover frequency
(TOF) of CoCp2@MOF-545-Co is calculated to be 777 h 1 at 0.9 V,
5
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Fig. 4. Fig. 4 Electrocatalytic CO2RR performances of contrast samples for CoCp2@MOF-545-Co.(a) Linear sweep voltammetric curves. (b) Faradaic efficiencies for
CO and H2. (c) Partial CO current density. (d) Tafel plots. These tests are performed in 0.5 M KHCO3 electrolyte with a scan rate of 5 mV s 1.

which is superior to FeCp2@MOF-545-Co (377.9 h 1, -0.8 V) and
NiCp2@MOF-545-Co (170.4 h 1, -0.8 V) (Fig. 3d).
To study the accurate catalytic site for CoCp2@MOF-545-Co in
electrocatalytic CO2RR, a series of contrast samples (i.e. MOF-545-Co,
CoCp2 and CoCp2@MOF-545) are prepared to test their electro
catalysis performances for CO2RR. CoCp2MOF-545-Co exhibits a smaller
onset potential and a larger total current density than CoCp2@MOF-545,
MOF-545-Co and CoCp2 (Fig. 4a, c). Furthermore, the corresponding
maximum FECO values for CoCp2@MOF-545-Co, MOF-545-Co,
CoCp2@MOF-545 and CoCp2 are 97%, 54.6%, 19.8% and 1%, respec
tively (Fig. 4b; S21). As revealed, MOF-545-Co shows poorer CO2
reduction performance than CoCp2@MOF-545-Co, which might be
ascribed to the lower electron transfer efficiency. In contrast, CoCp2@
MOF-545 has negligible CO2 reduction activity and CoCp2 shows almost
no activity for CO2RR but predominantly hydrogen evolution reaction
(HER), implying the excellent CO2 reduction performance of CoCp2@
MOF-545-Co originates from the synergy effect of MOF-545-Co and
CoCp2. To further support the catalytic mechanism, FeCp2 and NiCp2 are
tested as contrast samples for FeCp2@MOF-545-Co and NiCp2@MOF545-Co, respectively. As expected, FeCp2 and NiCp2 display negligible
electrocatalytic CO2RR activity (Fig. S22).
The reaction kinetics for the CO formation is elucidated by the Tafel
slopes (Fig. 4d). Remarkably, the Tafel slope for CoCp2@MOF-545-Co is
201 mV dec 1, which is lower than that of MOF-545-Co (283 mV dec 1)
and CoCp2@MOF-545 (263 mV dec 1), demonstrating more favorable
kinetics of CoCp2@MOF-545-Co for the generation of CO. The Tafel
slope of CoCp2@MOF-545-Co is reasonable and among the values re
ported for porphyrin based coordination polymers (e.g., MOFs or COFs)
for CO2RR [29,45].
To further probe the potential influence factors for the excellent
performance of CoCp2@MOF-545-Co, the electrochemical double layer
capacitance (Cdl) is also calculated to estimate the electrochemical
active surface area (ECSA) (Fig. S23). Specifically, CoCp2@MOF-545-Co
exhibits larger Cdl value (7.26 mF cm 2) than MOF-545-Co
(6.28 mF cm 2), CoCp2@MOF-545 (6.83 mF cm 2) and CoCp2

(2.17 mF cm 2), indicating its larger effective electrochemical area for
electrocatalysis among these samples, which might provide more active
sites to contact with the reactant to accelerate the electrocatalytic
CO2RR process. Moreover, electrochemical impedance spectroscopy
(EIS) is performed to study the electrode reaction kinetics in the elec
trocatalysis process. As revealed by the Nyquist plots, the charge transfer
resistance (Rct) of CoCp2@MOF-545-Co (7.48 Ω) is significantly lower
than that of MOF-545-Co (23.23 Ω), CoCp2@MOF-545 (22.82 Ω) and
CoCp2 (31.59 Ω), implying the faster charge transfer rate for CoCp2@
MOF-545-Co (Fig. S24). Besides, the current density of CoCp2@MOF545-Co ( 25.63 mA cm 2 at 0.9 V) is largely increased compared with
MOF-545-Co ( 6.94 mA cm 2 at 0.9 V), which indicates that the
introduction of CoCp2 indeed improves the conductivity of the MOF
material (Fig. 4c). Further proved by the conductivity test, the implan
tation of CoCp2 can enhance the conductivity of MOF-545-Co (Fig. S25).
To evaluate the electrocatalysis stability, PXRD and SEM tests of
CoCp2@MOF-545-Co after electrocatalytic reaction are performed. The
remained intact topology and almost unchanged morphology suggest
that CoCp2@MOF-545-Co exhibits high stability during electrocatalytic
reaction (Figs. S26 and S27).
To further investigate the electrocatalytic CO2RR mechanism of
CoCp2@MOF-545-Co, DFT calculations are performed. Generally, the
equilibrium of 6 CoCp2 molecules in one unit cell of MOF-545-Co
(42.68 � 42.68 � 16.66 Å3) is obtained by 108 steps of Monte Carlo
simulations in NVT ensemble (the isothermal-isasteric ensemble) using
Music code (the detailed information of the simulated structure see
Fig. S26 [46,47]. The van der Waals interaction is described by
Lennard-Jones (LJ) potential using UFF force field [48], and the elec
trostatic interaction is calculated based on ESP charge [49] for CoCp2
and QEq charge [50] for the framework. The Lennard-Jones (LJ) pa
rameters are listed in Table S4 and the charge of CoCp2 is presented in
Fig. S26b. CoCp2 tends to be adsorbed in the triangle channel, as well as
beside the zircon-oxygen clusters. Furthermore, the mechanism of
CoCp2 adsorbed on Co-TCPP is studied to model the possible interaction
in MOF-545-Co. Interestingly, strong chemical bond is found between C
6
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Fig. 5. Fig. 5 The DFT calculation and proposed catalysis mechanism of CoCp2@MOF-545-Co. (a) The free energy diagrams of CO2 reduction to CO for Co-TCPP (red
line) and CoCp2 decorated Co-TCPP (blue line). (b) Proposed reaction mechanism of electrocatalytic CO2RR on CoCp2@MOF-545-Co.

of CoCp2 and Co of Co-TCPP during electrocatalytic CO2RR in
CoCp2@MOF-545-Co (Fig. 5 and S28a).
To reveal the specific effects of CoCp2 and Co-TCPP for electro
catalytic CO2RR, we adopt finite cluster calculations for the MOF
framework to reduce the computation time effectively, as we assume the
long range interaction for each local center is trivial. In the case of
CO2RR on a single porphyrin structure as presented in Fig. 5, the
interaction between CO2 and Co center is rather weak, and the binding
energy is calculated to be 0.24 eV, which is in the range of weak van
der Walls interaction (Fig. 5a). The first hydrogenation process (from
*CO2 to *COOH) after the adsorption of CO2 serves as the potentialdetermining step and the free energy of 0.75 eV is obtained. As the
second electron and proton inject into the unit, *COOH finally turns into
CO molecules and desorbs into the environment. With the adsorption of
CoCp2 on Co-TCPP, the adsorption energy of CO2 can be largely reduced
to 0.92 eV. Although the potential-determining step from *CO2 to
*COOH remains as 0.78 eV, the strong interaction between the reactant
and substrate can lead to much improved efficiency and selectivity for
the generation of CO. Further supported by the better electrocatalytic
performance of CoCp2@MOF-545-Co (FECO, 97%) compared with MOF545-Co (FECO, 54.6%), the strong interaction between the reactant and
substrate (almost four times increase in CO2 adsorption energy) indeed
has positive effect on the performance. Above all, the introduction of
CoCp2 can: 1) serve as electron donator and carrier to enrich the electron
density of MOF structure; 2) form C–Co bond with Co-TCPP during
CO2RR electrocatalysis to largely reduce the adsorption energy of CO2;
3) create continuous electron transfer channel to improve the electron
migration of MOFs and increase the CO2RR efficiency.
Except for CoCp2@MOF-545-Co, the free energy diagrams of
FeCp2@MOF-545-Co and NiCp2@MOF-545-Co are also evaluated by
DFT calculations (Fig. S29). The adsorption energy values of FeCp2@
MOF-545-Co ( 0.72 eV) and NiCp2@MOF-545-Co ( 0.71 eV) for car
bon dioxide are lower than CoCp2@MOF-545-Co ( 0.92 eV). The more
negative adsorption free energy makes CO2 more likely to be adsorbed
on CoCp2@MOF-545-Co to exhibit higher electron transfer efficiency
and better performance in electrocatalytic CO2RR. Further supported by
the electrocatalytic CO2RR performances, CoCp2@MOF-545-Co (FECO
97%, 0.7 V; 25.63 mA cm 2, -0.9 V) presents higher FECO and current
density
than
FeCp2@MOF-545-Co
(FECO
94.1%,
0.8 V;
13.32 mA cm 2, -0.9 V) and NiCp2@MOF-545-Co (FECO 82.6%,
0.8 V; 5.85 mA cm 2, -0.9 V) (Fig. 3c).

MCp2@MOF-545-Co (M ¼ Fe, Co, Ni) composites can efficiently
combine the advantages of MCp2 and MOF-545-Co to present excellent
catalysis performance in electrocatalytic CO2RR. Specifically,
CoCp2@MOF-545-Co can selectively convert CO2 to CO with a high
FECO of 97% and the result is superior to most of reported MOFs. The
high performances might be attributed to the strong binding-interaction
between metallocene and metalloporphyrin (e.g., C–Co between CoCp2
and Co-TCPP in CoCp2@MOF-545-Co) as revealed by DFT calculations.
The introduction of metallocene can serve as electron donator and car
rier to create continuous electron transfer channel in MOFs and the
strong binding-interaction with metalloporphyrin during CO2RR process
can largely reduce the adsorption energy of CO2 to enhance the activity.
This strategy paves a new way to improve the CO2RR efficiency of MOFs
and might shed light on the development of highly selective CO2RR
electrocatalysts.
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