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Metal-organic frameworks (MOFs) have showed high promise in CO,-electroreduction, yet their gener-
ally insufficient conductivity or low electron-transfer efficiency have largely restricted the wide-spread
applications. Herein, fullerene molecules (i.e., Cso and Czo) have been successfully introduced into the
pore-channels of a Co-porphyrin based MOF through a facile strategy. Thus-obtained hybrid materials
present higher electron-transfer ability, enhanced CO, adsorption-enthalpy and CO, electroreduction ac-
tivity. Notably, the charge transfer resistance (R.) of Ceo@MOF-545-Co is almost 5 times lower of than
that of MOF-545-Co, as well as 1.5 times increased for the CO, adsorption enthalpy. As expect, the FEcg
of Cgo@MOF-545-Co (97.0%) is largely higher than MOF-545-Co (70.2%), Cso@MOF-545 (19.4%), Cgo (11.5%)
and physical mixture (70.3%) and presented as one of the best CO, electroreduction catalysts reported in
H-cell system. The facile strategy would give rise to new insight into the exploration of powerful MOF-
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In recent years, more and more attention has been attracted to
environmental issues all around the world. The waste gas emitted
by factories increases the concentration of carbon dioxide, exacer-
bated the greenhouse effect [1-3]. Many efforts have been devoted
to resolve this problem, such as storing CO, by biological or min-
eral means, converting CO, into useful chemicals etc. Among them,
reducing CO, into useful fuels through electrochemical methods is
a promising approach. Recently, researchers have developed nu-
merous materials [4-6] that could serve as electrocatalysts for
electrocatalytic carbon dioxide reduction reaction (CO,RR) [7-10],
such as noble metals [11], metal oxides [12], metal chalcogenides
[13-15], metal-free materials [16-19], and porous crystalline mate-
rials (e.g.,, MOFs or COFs) [20-25]. Among these various catalysts,
MOFs with sufficient active metal sites, plenty of porosity and ef-
ficient mass-transfer ability make them ideal platforms for elec-
trocatalytic CO,RR, while the low electron transfer ability restricts
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the catalytic application in CO,RR for most of MOFs. In order to
further develop the catalytic potential of MOFs, many efforts have
been devoted to increase the electron transfer rate in CO,RR pro-
cess, such as introducing functional ligands or metal clusters with
plenty of delocalized electrons, loading conductive polymers in the
channels of MOFs [4,26-29], and so forth. However, the compli-
cated processes of material design and loading methods also limit
the wide applications of MOFs in the catalytic CO,RR [30-33].

Fullerenes have been created great interest in material chem-
istry owing to their unique cage structure and every carbon atom
links with three adjacent carbon atoms through sp2-hybridization
[36]. For example, the Cgy molecule has a symmetric structure
with the diameter of 0.71 nm. In the cage structure, 7 orbital of
fullerene is more out of the cage and the electronic structure has
naturally focused on the surface. This highly conjugated m-electron
system of hollow carbon cage affords it with electron-acceptor ca-
pacities [34-36], and the special structure is beneficial for efficient
electron transfer in catalytic process [37,38]. Thus, it would be de-
duced that the addition of fullerene molecules into MOFs could
greatly enhance the electron migration efficiency in the catalytic
process [39,40], and interacted with MOF structure with -7 inter-
actions.
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Fig. 1. The schematic illustration of fullerenes loaded MOF composites for elec-
troreduction of CO,.

Herein, Cgp has been introduced into MOFs structure by a one-
pot impregnation method. In the structure of Cqo@MOF-545-Co
composite material, the m-electron system of Cgy might overlap
with m-electron system of porphyrin, which would endow MOFs
composites with higher electron transfer ability, CO, adsorption
capability and enhanced catalytic selectivity for CO,RR (Fig. 1).
Specifically, C50@MOF-545-Co can selectively convert CO, to CO
with Faradaic efficiency (FEcg) of 97.0% at —0.7 V. The FEg can
also maintain above 90.0% during the electrolysis process in 10 h
and the current density of Cgo@MOF-545-Co remains almost con-
stant. This work might extend the application scope of MOFs as
powerful hybrid materials in efficient CO, electroreduction.

The detailed synthesis procedures of Cg@MOF-545-M and
C70@MOF-545-M are list in the following: In a 50 mL Schlenk tube,
50 mg activated MOF-545-Co is added. A solution of Cgy (8 mg) in
1 mL carbon bisulfide (CS,) is dropped on the MOF-545-Co powder
until the solution just submerges the powder. Subsequently, the
Schlenk tube is sonicating in ice bath for 1 h, collect the powder
and washed with CS, until the filter become colorless, after drying
under vacuum at 60 °C for 8 h, about 54 mg powder is collected.
The preparation of Cgo@MOF-545-Fe or Cqo@MOF-545-Ni is similar
to the procedure Cgo@MOF-545-Co, except MOF-545-Fe or MOF-
545-Ni is used instead of MOF-545-Co, respectively. Simultane-
ously, C;o@MOF-545-Co is also prepared by the similar method us-
ing C7g as a doping reagent. The hybrid MOF materials with differ-
ent loading amounts of Cgg (denoted as Cgy:CoTCPP =1:2, Cgo:Co-
TCPP=1:3 and Cgy:Co-TCPP=1:6) are obtained by controlling the
concentration of Cg in CS, solution.

A new class of Cgg-doped MOF-545 with enhanced catalytic ef-
ficiency is synthesized by a one-pot immersion method [41,42].
In the structure of Cgo@MOF-545-Co, ZrgOg clusters were linked
by Co-TCPP ligand to assemble the porous MOF structure [30,43].
Powder X-ray diffraction (PXRD) tests confirm that the structure of
Cgo@MOF-545-Co is consistent with MOF-545-Co, indicating that
the implantation of Cgy have not changed the structure of MOF
(Fig. 2a). Nevertheless, the Cgg peaks are not observed in the PXRD
pattern of Cqo@MOF-545-M, it probably attributed to the uniform
dispersion and low loading amount of Cgy in MOF structure, and
no corresponding diffraction peak is formed [44]. To investigate
the catalytic performance of Cgy in MOF with different transition
metals, Cgg molecule is also introduced into both MOF-545-Fe and
MOF-545-Ni by the similar procedures. The PXRD patterns (Fig.
S1 in Supporting information) demonstrate that Cgo@MOF-545-Fe
and Cgo@MOF-545-Ni show the similar phase structure of MOF-
545. Scanning electron microscope (SEM) tests show that the as-
prepared Cqo@MOF-545-Co displays rod-like morphology [45]. The
smooth surface of the rods implies that Cgg is not loaded on the
surface of MOF-545-Co. Specifically, the morphology of Cgo@MOF-
545-Co (Fig. 2d) remained unchanged during the loading process
of Cgp based on MOF-545 (Fig. 2b) and MOF-545-Co (Fig. 2c) [28].
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Fig. 2. Characterization of Cgo@MOF-545-Co. (a) PXRD patterns of Cgo@MOF-545-
Co, MOF-545-Co, Cgo@MOF-545, MOF-545 and simulated MOF-545. SEM image of
(b) MOF-545, (c) MOF-545-Co and (d) Cgy@MOF-545-Co. (e) Raman spectra of
Ceo@MOF-545-Co, MOF-545-Co and Cg. (f) N, sorption isotherms of Cgo@MOF-545-
Co, MOF-545-Co, Cgo@MOF-545 and MOF-545.

Raman spectroscopy is utilized to determine the presence of
Cgp in Cgo@MOF-545-Co structure (Fig. 2e). Raman spectra display
the characteristic peaks of Cgy corresponding to the typical Ag and
Hg vibration modes. For the spectrum of Cgp, the major bands at
500 and 1471 cm~! correspond to the Ag vibration modes of Cgp.
Other distinct vibration peaks at 271, 712, 770 and 1569 cm~! are
ascribed to the active Hg vibration modes [46]. Specifically, the Ra-
man spectrum of Cgn@MOF-545-Co shows obvious peaks at 770
cm~! and 1467 cm~!, which may be attributed to the Hg and Ag
vibration modes of Cgg, respectively. The above result indicates that
Cgp is successfully integrated in Cgo@MOF-545-Co.

In addition, N, sorption tests are conducted to evaluate the
porosity of the obtained materials. The Brunauer-Emmett-Teller
surface areas (Sggr) of MOF-545, Cgo@MOF-545, MOF-545-Co and
Cg0@MOF-545-Co are calculated to be 2307 m?/g, 1327 m?/g, 1957
m?/g and 1106 m?/g, respectively (Fig. 2f and Table S1 in Support-
ing information). The Sggr and total pore volume (V;) of C5o@MOF-
545-Co is decreased when compared with that of MOF-545-Co ow-
ing to the loading of Cgg would occupy a part of the pore (Fig. S2
in Supporting information). To further understand the properties of
pore structure for the obtained samples, CO, adsorption measure-
ments are performed. According to the CO, uptake curves (Fig. S4
in Supporting information), the CO, adsorption capacities of MOF-
545-Co and Cgo@MOF-545-Co are calculated to be 36 cm3/g and 26
cm3/g at 298 K and 1 atm, respectively. The decrease of CO, uptake
would also be attributed to the loading of Cgg that occupies part
of the pore. After calculation, C5o@MOF-545-Co can absorb about
9 CO, molecules per unit cell at 1 atm and 298 K, which would be
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Fig. 3. Electrocatalytic CO,RR performances: (a) LSV curves of Cso@MOF-545-Co and comparison sample. (b) LSV curves of Cgo@MOF-545-Co in Ar and CO, saturated 0.5
mol/L KHCO3; aqueous solution. (c) Faradaic efficiencies for CO at different potentials. (d) Partial CO current density. (e) FEco of Cso@MOF-545-Co with different Cgo loading
capacity. (f) FEco of Coo@MOF-545-Co, MOF-545-Co and physical mixture (Cgo-+MOF-545-Co).

beneficial for efficient electrocatalytic CO,RR. In addition, the ad-
sorption enthalpy of Cgo@MOF-545-Co and MOF-545-Co (Figs. S3
and S4 in Supporting information) are calculated based on the CO,
adsorption curves obtained at 273 K, 283 K and 298 K. The CO,
adsorption enthalpy of Cgo@MOF-545-Co (32 kJ/mol) is obviously
higher than that of MOF-545-Co (23 kJ/mol). The results indicate
that the introduction of Cgg is beneficial for the enhanced adsorp-
tion of CO,.

The electrocatalytic performance of Cgo@MOF-545-Co for CO,RR
is measured using three-electrode system in an H-type cell con-
taining CO,-saturated 0.5 mol/L KHCO3; (pH 7.2) aqueous solution.
Firstly, catalytic selectivity of MOF-545-Co, MOF-545-Fe and MOF-
545-Ni is carried out and the corresponding FEqq is evaluated over
a wide potential range (from —0.4 V to —1.2 V). MOF-545-Co has a
higher FEcg value (70.2%, —0.9 V) than MOF-545-Fe (53.0%, —0.7 V)
and MOF-545-Ni (46.4%, —1.0 V), which is similar to the previous
reported result (Fig. S5 in Supporting information) [28]. In addi-
tion, we also select MOF-545-Co, MOF-545-Ni and MOF-545-Fe to
load Cgp and further test their catalytic performances. The result
indicates that Cgg@MOF-545-Co (97.0%, —0.7 V) shows higher FEcq
value than Cgo@MOF-545-Fe (68.0%, —0.8 V) and Cqo@MOF-545-Ni
(53.5%, —0.9 V) (Fig. S1 in Supporting information). Therefore, we
choose Cgg loaded MOF-545-Co as the desired platform for further
CO,RR investigation.

To detailly study the electrocatalytic activity of Cgo@MOF-545-
Co for CO,RR, a series of contrast samples (i.e., MOF-545-Co, Cgg
and Cgo@MOF-545) are prepared to test their specific electro-
catalytic performances for comparation. The catalytic activity of
Ceo@MOF-545-Co is preliminarily evaluated using linear sweep
voltammetry (LSV) in 0.5 mol/L KHCO;3 electrolyte. LSV curves
show that the variation trend of current with the increase of volt-
age. The largest current density of Cgo@MOF-545-Co in LSV curve
is 37 mA/cm? at —1.37 V, which is obviously higher than that of
contrast samples (Fig. 3a). The current density of Cgo@MOF-545-
Co in CO,-saturated KHCO3 solution is much higher than that in
Ar-saturated KHCO3 solution, which indicates that the high cur-
rent density of Cqo@MOF-545-Co mainly comes from CO,RR (Fig.
3b) [47]. Coo@MOF-545-Co exhibits a smaller onset potential and a
larger total current density than MOF-545-Co, Cgy and Cgo@MOF-
545, which indicates the high catalytic activity of Cqo@MOF-545-
Co. To study the effect of the Cgy introduction on the electron
transfer performance, we further test the electronic conductivity

of MOF-545-Co, Cgo@MOF-545-Co (Fig. S6 in Supporting informa-
tion). The results show that the electronic conductivity Cgo@MOF-
545-Co is only slightly higher than that of MOF-545-Co, which can
be concluded that introducing of Cgy can improve the electron con-
ductivity of MOF to some extent and can largely improve the elec-
tron transfer efficiency from the catalyst surface to the reactant
molecules in the electrocatalysis process. The gaseous and liquid
products are detected by gas chromatography (GC) and 'H nuclear
magnetic resonance (NMR) spectroscopy, respectively (Fig. S7 in
Supporting information). The result of NMR exhibits that no liquid
product has been detected, and the result of GC shows that CO is
the main gas product [28,48,49]. Moreover, the FEcg of Cgo@MOF-
545-Co can reach up to 97.0% at —0.7 V, which is largely higher
than MOF-545-Co (70.2%), Cgo@MOF-545 (19.4%) and Cgg (11.5%)
(Fig. 3c and Fig. S7). This can be concluded that the high catalytic
selectivity is originated from the combination of Cgy molecules and
MOF-545-Co. The CO partial current density of Cqo@MOF-545-Co
(12.7 mA/cm? at —1.1 V) is largely higher than the contrast sam-
ples, indicating the better electron transfer ability in the process of
CO,RR (Fig. 3d).

To further study the effect of Cgyg on the catalytic perfor-
mance, Cgo@MOF-545-Co with different Cgy loading amounts (e.g.,
Cgo:TCPP-Co=1:2, 1:3 and 1:6, respectively) have been prepared
and characterized by PXRD and SEM (Figs. S8 and S9 in Sup-
porting information). The results of PXRD and SEM displayed that
loading of Cgy and the loading amount have not change the
crystal structure and morphology of MOF particles. The loading
amount of Cgg is calculated from the standard curve of UV ab-
sorption spectrum [50,51]. The detailed steps are listed in the
supporting information (Fig. S10 in Supporting information). Fig.
3e shows the FEcg of Cgo@MOF-545-Co (1:2) is higher than that
of Cgg@MOF-545-Co (1:3) and Cgo@MOF-545-Co (1:6), indicating
that the higher loading of Cgy is benefit for increasing the cat-
alytic performance for CO,RR. In detail, the FE¢y values of them
are 97.0% (Cgo:Co-TCPP=1:2), 84.5% (Cgg:Co-TCPP=1:3) and 80.2%
(Cgp:Co-TCPP = 1:6), respectively. This might be concluded that the
loading of Cgp in MOF channel can enhance the catalytic effi-
ciency and the optimized Cgg loading (Cgg:Co-TCPP = 1:2) with the
best performance will serve as be the representative to investigate
other properties. To further support the vital role of Cgy molecule,
we have prepared the physical mixture of MOF-545-Co and Cgg
(Cg0+MOF-545-Co with the ratio of Cgy:Co-TCPP = 1:2) (Fig. 3f) and
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Fig. 4. (a) Nyquist plots, (b) Tafel plots and (c) Cy4 of Co@MOF-545-Co and MOF-
545-Co. (d) Long-term stability of Cqo@MOF-545-Co at -0.7 V for 10 h.

tested their electrocatalytic performances for CO,RR. The result
shows the lower catalytic performance of physical mixture (70.3%,
—0.7 V) than that of Cgo@MOF-545-Co (97.0%, —0.7 V), which can
be concluded that Cgg can enhance the electron transfer efficiency
for CO,RR in the channel of MOF. Furthermore, the correspond-
ing maximum FE¢g of Cgo@MOF-545-Co, MOF-545-Co, Cgo@MOF-
545 and Cgg is 97.0%, 70.2%, 19.4% and 11.5%, respectively, prov-
ing the vital role of Cgg in the electrocatalytic CO,RR (Fig. S11 in
Supporting information). In electrocatalysis process, electrochemi-
cal impedance spectroscopy (EIS) is usually used to study the hin-
drance received during the transfer of electrons from the catalyst
surface to CO, molecules. Nyquist plots are obtained via EIS. Based
on the fitted data via Zview software (Fig. 4a), the charge trans-
fer resistance (R¢t) of Cgo@MOF-545-Co (1.14 Q) is five times de-
creased when compared with that of MOF-545-Co (6.50 2), prov-
ing that the introduction of Cgy can largely reduce the charge
transfer barrier during the electrolysis process.

In the electrochemical process, the polarization of the electrode
reflects the obstruction of the electrode process. The Tafel slope
is usually used to characterize the performance of electrochem-
ical catalysts because it quantifies the amount of additional ap-
plied potential required to observe the logarithmic increase in the
measured current. Besides, Tafel slope for Cgo@MOF-545-Co (105.6
mV/dec) is also largely decreased compared to that of MOF-545-Co
(217.8 mV/dec), implying the more favorable kinetics of Cga@MOF-
545-Co for the CO formation (Fig. 4b).

To further investigate the intrinsic activity of Cgo@MOF-545-Co
and MOF-545-Co, cyclic voltammetry (CV) measurements at differ-
ent scan rates (Fig. S12 in Supporting information) are applied to
evaluate their electrochemical active surface area (ECSA) according
to the double-layer capacitance (Cy;). The ECSA of Cgo@MOF-545-
Co and MOF-545-Co is calculated to be 275 and 417.5 cm?, respec-
tively, based on the value of double-layer capacitance (Cy) (Fig. 4c).
Besides, the measured ECSA corrected CO partial current density
for Cgo@MOF-545-Co is 2 times increased after the loading of Cg
(Fig. S13 in Supporting information), implying that the addition of
Ceo can largely improve the catalytic activity of MOF-545-Co for
CO,RR [52].

The excellent electrocatalytic performance of Cgo@MOF-545-
Co for CO,RR encourages us to evaluate its stability. The dura-
bility test of Cqo@MOF-545-Co is carried out at —0.7 V in CO,-
saturated KHCO3 aqueous solution. The FEcg can also maintain
above 90.0% during the electrolysis process in 10 h and the current
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density of Cgo@MOF-545-Co remains almost constant (Fig. 4d). The
resulting PXRD pattern shows that Cgo@MOF-545-Co still main-
tains the origin structure after electrocatalysis for 10 h. Besides,
SEM test demonstrates that the morphology of Cgo@MOF-545-Co
keeps unchanged after the CO, electrocatalytic reaction. Therefore,
Ceo@MOF-545-Co shows high stability in the process of electrocat-
alytic reaction (Fig. S14 in Supporting information).

Except for Cgg, other fullerene like C;¢ has also been studied
to explore the versatility of this strategy. C;o is also one of the
most famous members the family of closed-cage molecules [53-
55], and there are similar chemical bonds in Cgy and Cyq. In view
of the above Cgy loaded in the pore channel of MOF-545-Co ex-
hibits superior catalytic properties in CO,RR, C;0@MOF-545-Co has
been prepared following the similar methods. The PXRD tests con-
firm that the structure of MOF-545-Co remains unchanged after
the loading of C; (Fig. S16a in Supporting information). The SEM
image displays the rod-like morphology (Fig. S15a in Supporting
information), which is similar to that of Cgo@MOF-545-Co. In addi-
tion, Raman spectroscopy has been utilized to determine the pres-
ence of Cyq in the structure of MOF-545-Co and two obvious peaks
detected at 258 cm~! and 768 cm~! can be ascribed to the A;” and
E,’" or E;” vibration modes of C;q, respectively (Fig. S15b in Sup-
porting information). Compared with the Raman spectroscopy of
MOF-545-Co, the Raman spectroscopy of C;9@MOF-545-Co shows
not only the character peaks of MOF-545-Co but also the peaks of
C70, two obvious peaks at 258 cm~! and 768 cm~! correspond to
the A;" and E,’ or E;” vibration modes of Cyq, respectively [56,57].
To further detect the CO,RR selectivity of C;0@MOF-545-Co, the
FEo tests are carried out. As shown in (Fig. S16b (Supporting in-
formation), the FEcq for C;@MOF-545-Co (91.1%, —0.8 V) is lower
than Cgo@MOF-545-Co (97.0%, —0.7 V). As we can see from the
LSV comparison curves (Fig. S16c in Supporting information), the
total current density of C7o@MOF-545-Co (35.6 mA/cm?2) is also
slightly lower than Cgo@MOF-545-Co (37 mA/cm?2). EIS measure-
ment further validates this fact, because Cqo@MOF-545-Co (1.14 2)
has smaller charge transfer resistance than C;o@MOF-545-Co (1.21
2) (Fig. S16d in Supporting information). According to the above
results, Cgo@MOF-545-Co exhibits better catalytic performance for
CO,RR than that of C7q@MOF-545-Co.

In summary, fullerene molecules (i.e., Cgg and C7q) have been
successfully introduced into the pore-channels of Co-porphyrin
based MOF utilizing direct impregnation method. Thus-obtained
hybrid materials present higher electron-transfer ability, CO,
adsorption-enthalpy and enhanced CO, electroreduction activity
owing to the possibly overlapped m-electron systems of fullerene
molecules with Co-porphyrin. Notably, the R of Cqo@MOF-545-Co
is almost 5 times lower of than that of MOF-545-Co, as well as
1.5 times increased for the CO, adsorption enthalpy. Specifically,
Cso@MOF-545-Co can selectively convert CO, to CO with a high
FEco of 97.0% at —0.7 V, which is largely higher than MOF-545-
Co (70.2%), Ceo@MOF-545 (19.4%), Cgo (11.5%) and physical mixture
(70.3%) and presented as one of the best CO, electroreduction cat-
alysts reported in H-cell system. This work would shed light on the
exploration of the hybridization of fullerenes and MOFs as power-
ful hybrid materials in efficient CO, electroreduction.
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