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The electrocatalytic reduction of CO, to CO and other sustainable fuels presents an attractive approach
for alleviating the energy crisis and environmental problems. Carbon nanotube (CNT) hybridization and
the incorporation of dual catalytic sites into a polymeric organic framework (POF) are promising strategies
for boosting the electrocatalytic performance of POF-tailored electrocatalysts. Herein, we demonstrate a
combined nanoscale and molecular-level strategy to construct an organic—inorganic hybrid material by
the template-directed in situ polymerization of ultrathin POF layers with isolated Co(i) porphyrin (Por-)
and Cof(i) bipyridine sites on the CNT scaffold. As an electrocatalyst for CO,-to-CO conversion in an
aqueous solution, the resultant POFQCNT shows higher electrocatalytic activity and selectivity compared
to other comparative materials. Specifically, it exhibits the highest faradaic efficiency for CO production
(FEco) of 97.5% at the overpotential of 600 mV, a superior turnover frequency (TOF) of 36.6 s~ at —1.0 V
vs. the reversible hydrogen electrode (RHE), and remarkable long-term stability. These metrics are
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superior to or at least comparable to most of its organic or inorganic competitors. The remarkable cata-
lytic performance of POFQCNT can be attributed to the combined effects of CNT hybridization and the
dual active sites in the POF structure, which facilitates interfacial electron transfer and enables a high
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1. Introduction

The undue use of fossil fuels leads to an increase in anthropo-
genic CO, emission and results in serious climate change and
other environmental problems, such as ocean acidification
and land desertification. The above issues have inspired exten-
sive research on sustainable technologies that enable efficient
conversion of CO, into some high-value-added carbon-based
fuels and chemicals. Among them, the electrocatalytic CO,
reduction reaction (CO,RR), particularly when the electric
energy is generated from renewable sources such as solar
power and wind energy in a mode parallel to natural photosyn-
thesis, is an attractive strategy to capture and utilize CO,."™**
Nevertheless, owing to the high thermodynamic robustness of
CO, and the kinetically favorable hydrogen evolution reaction
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degree of catalytically active site exposure.

(HER), electrocatalytic CO,RR has poor activity and product
selectivity, and the primary hurdle for CO,RR remains the
shortage of high-performance electrocatalysts."”™° Tremendous
efforts have been made over the past several decades to
develop different types of transition metal-based electrocata-
lysts 2021 inorganic
nanomaterials, and organic-inorganic hybrid
nanomaterials. Among them, transition-metal complexes
such as Por-, phthalocyanine, and other N,~ macrocyclic com-

such as transition-metal
22-24

complexes,

25-27

pounds have drawn more attention due to the good establish-
ment of mechanisms for transition-metal complexes, which
offers well-defined blueprints for an efficient CO,RR.**7*
Additionally, the key catalytic performance such as activity and
selectivity can be rationally modulated by changing metals and
organic ligands via direct synthesis or post-synthetic modifi-
cation. However, the poor durability and the difficulties in syn-
thesis and recycling associated with these transition-metal
complexe-based electrocatalysts limit their practical appli-
cation. In this context, the heterogenization of transition-
metal complexes by forming cross-linked frameworks has been
proven as an effective strategy to solve the above issues.>*°
POFs including covalent organic frameworks (COFs) are
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classes of crystalline porous materials fabricated by covalent
bonding with organic monomers in a periodic arrangement.*”"*®
Due to the large accessible surface area, programmable topolo-
gical designability, and high structural and chemical stability,
the rational design of COFs brings much more possibilities for
developing different kinds of electrocatalysts with enhanced
performance.’**°"*> Furthermore, the permanent porosity of
COFs can also offer an increasing local CO, concentration near
the active centers and rich transport channels for carriers. In
the past few years, several investigations have revealed the
strengths of COF-based CO,RR electrocatalysts.”>**
Particularly, the high activity and selectivity of some Por-based
COFs have been confirmed in aqueous electrolytes since the
pioneering work from Yaghi and coworkers.>** Despite this
encouraging progress, pristine COFs have relatively lower
electrocatalytic activity when compared with traditional metal-
lic electrocatalysts, and the fundamental reasons are as
follows: (i) pristine COFs generally have poor electronic con-
ductivity, which results in undesired electron transmission
efficiency between COF layers; (ii) the high polarization of
heteroatom-containing linkages including imine, imide, and
hydrazone in Por-based COFs is inefficient in supporting
n-electron delocalization between the organic monomers, thus
leading to a low intramolecular electron migration rate.***

To address the above challenges, rationally integrating Por-
based COFs with a conductive matrix to construct COF-based
hybrid electrocatalysts with an effective electron transfer
ability represents a universal strategy to boost the electro-
catalytic performance of COF-based electrocatalysts.>®3%6748
Beyond that, the incorporation of metalloporphyrin sites with
other metal nodes in COFs can afford dual active sites to
enhance the electrocatalytic activity or induce the synergistic
electrocatalysis functionality. Recently, some newly designed
COFs with metallopyridine units have been reported as a new
kind of electro-/photocatalytic platform for CO,RR.>**°7! In
this direction, COFs with dual distinct active sites can be pre-
pared by connecting metalloporphyrin sites and metallopyri-
dine units, which would be favorable for formulating design
principles for the development of electroactive COFs. However,
this strategy has not been systematically explored.

Based on the above consideration, herein, we demonstrate
a combined nanoscale and molecular-level strategy for enhan-
cing the intrinsic activity of Por-based POFs by constructing a
POF@CNT hybrid electrocatalyst, which was prepared through
a simple one-pot reaction of pyrrole and 2,2-bipyridine-5,5"-
diformaldehyde (Bpy) on the surface of CNTs. Post-synthetic
modification with CoCl, leads to the coordination of Co(u)
ions into Por- and Bpy building blocks, forming a POF with
dual electrocatalytic active sites. The in situ polymerization of
pyrrole and Bpy provides an ultrathin POF nanolayer around
CNTs, and the ultrathin thickness of the POF nanolayer not
only greatly reduces the electron transfer distance from CNTs
to active sites and maximizes the catalytically active surface
area, but also enhances the mechanical and catalytic stability.
Accordingly, the resultant hybrid electrocatalyst can selectively
catalyze CO,RR with the highest CO,-to-CO conversion FEqo of
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97.5% at the overpotential of 600 mV, the highest TOF of 36.6
s~' at —1.0 V vs. RHE, and excellent stability in a CO,-saturated
0.5 M KHCOj; solution.

2. Experimental section
2.1. Chemicals and materials

All the chemicals and solvents were commercially available
and used directly without further purification. Pyrrole,
benzene-1,4-dialdehyde (Bda), biphenyl-4,4'-dicarboxaldehyde
(Bpda), nitrobenzene (NBZ), and Bpy were purchased from
Macklin Co., Ltd.

2.2. Preparation of COPOF@CNT

CoPOF@CNT composites were prepared according to the
reported methods.”>>* For the preparation of COPOF-Bpy@CNT,
CNTs (50 mg) were added into a round-bottom flask with
100 mL of acetic acid (AcOH) and sonicated for 30 min. And
then, 100 pL of trifluoroacetic acid (TFA), 18.2 uL of pyrrole,
0.9 mL of NBZ, and Bpy (27.6 mg) were added into the above
suspension and sonicated for another 30 min. The resulting
suspension was stirred at 80 °C for 24 h. After the reaction
cooled down to room temperature, the obtained black powder
was filtered and washed three times with water and ethanol,
respectively. Finally, it was dried under vacuum at 60 °C over-
night. To introduce Co(u) ions inside the POF structure, 50 mg
of the obtained black powder was dispersed in 15 mL of N,N-
dimethylformamide (DMF) and heated at 100 °C. Then,
129.8 mg of CoCl, was added into the suspension and heated
at 160 °C for 6 h under stirring conditions. After cooling to
room temperature, the product was filtered and washed with
water and methanol, respectively. At last, the product was
dried under vacuum at 60 °C overnight.

The pure CoPOF-Bpy sample was prepared through the
same method without the addition of CNTs.

The synthesis of COPOF-Bda@CNT and CoPOF-Bpda@CNT
followed the synthetic procedure of CoPOF-Bpy@CNT with Bda
(17.4 mg) and Bpda (27.3 mg) as the starting materials,
respectively.

2.3. Instrumentation and characterization

X-ray diffraction (XRD) patterns of the products were recorded
using an X-ray diffractometer (Bruker D8 Advance) with a Cu
Ko radiation source at 1600 W (40 kV voltage, 40 mA) power.
Fourier transform infrared (FT-IR) spectroscopy was performed
using an FT-IR spectrometer (Thermo Scientific Nicolet iS20)
in a frequency range of 4000-450 cm '. The Co content of
CoPOF@CNT was determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES, Thermo Fisher iCAP
PRO). Scanning electron microscopy (SEM) was carried out
using a Hitachi S-4800 II field emission scanning electron
microscope with an accelerating voltage of 20 kV.
Transmission electron microscopy (TEM) and high-resolution
TEM (HR-TEM) were performed using an FEI Tecnai G2 F20
electron microscope equipped with an elemental mapping and
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energy dispersive spectroscopy (EDS) detector and operated at
an accelerating voltage of 200 kV. CO, adsorption isotherms
were recorded at 298 K using an adsorption apparatus (ASAP
2020). X-ray photoelectron spectroscopy (XPS) measurement
was recorded on a Thermo Scientific K-Alpha XPS system
using C 1s (284.8 eV) as the reference binding energy. To
analyze the liquid products, 'H nuclear magnetic resonance
(NMR) spectra were obtained using a Bruker Ascend spectro-
meter operating at 500 MHz. The generated gaseous products
were successively analyzed using a gas chromatography (GC)
instrument equipped with a thermal conductivity detector
(TCD) and a hydrogen flame ionization detector (FID).

2.4. Electrochemical measurements

All the electrochemical measurements were carried out using
an electrochemical workstation (CHI 660E) with a three-elec-
trode configuration. A gas-tight two-compartment electrolytic
cell with a piece of Nafion membrane as the separator was
used. 2 mg of CoOPOF@CNT was added into 2 mL of isopro-
panol with 10 pL of 5 wt% Nafion solution. Then, the suspen-
sion was sonicated for 30 min to obtain a homogeneous cata-
lyst ink. The catalyst ink was dropped onto a glassy carbon
electrode (GCE) and dried at room temperature to obtain the
working electrode with a catalyst loading of 50 pg cm™>. An Ag/
AgCl electrode and a Pt wire were utilized as the reference and
the counter electrode, respectively. Unless otherwise noted, 0.5
M KHCO; solution saturated with CO, was used as the electro-
lyte. The reported potentials in this work were converted into
the RHE scale based on the Nernst equation. Linear sweep vol-
tammetric (LSV) measurement was conducted in a potential
range from 0 to —1.1 V vs. RHE with a scan rate of 5 mV s,
and all the LSV plots were displayed without iR correction.
Electrochemical surface area (ECSA) was calculated from the
electrical double layer capacitance (Cq;) data, and the cyclic
voltammetric (CV) measurements were conducted by measur-
ing Cq with various scan rates in a non-faradaic potential
range from —0.1 to —0.2 V vs. RHE with different scan rates.
Electrochemical impedance spectroscopy (EIS) measurement
was conducted in a frequency range from 100 kHz to 0.1 kHz
with an AC amplitude of 5 mV.

2.5. Calculation of faradaic efficiency and TOF

Faradaic efficiency was calculated as follows:

ZX Ny XF
pE, — QXM
Qtotal Qtotal

FE,: faradaic efficiency for x production; Q,: charge for x pro-
duction; Qqoar: total charge; z: the number of electrons trans-
ferred for production formation; n,: the moles of produced
CO; F: faradaic constant (96 485 C mol™"); x: CO or H,.

The TOF for CO production was calculated as follows:

(1)

Ico

_ _ZXF

MCo
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Ico: partial CO current; z: the number of electrons transferred
for production formation; m.,: catalyst mass (g); w: Co weight
ratio loading in the catalyst (ICP result); M¢,: atomic mass of
Co (58.93 g mol ™).

3. Results and discussion
3.1. Characterization of COPOF-Bpy@CNT

Due to the high conductivity, to determine the electron trans-
fer pathways and to strengthen ion transportation, a CNT was
used as the scaffold. The synthesis process of
CoPOF-Bpy@CNT is schematically illustrated in Scheme 1.
Specifically, through an acid-catalyzed dehydration conden-
sation reaction, POF-Bpy was constructed and in situ coaxially
coated onto the CNT scaffold to obtain POF-Bpy@CNT, and
then POF-Bpy@CNT was coordinated with Co(u) ions in DMF
solution to afford CoPOF-Bpy@CNT. During the coordination
reaction, both the Por- and Bpy moieties prefer to coordinate
with Co(u) ions, giving rise to COPOF-Bpy@CNT composed of
both Co(u) Por- and Co(u)N,Cl, sites. It has been reported that
Por- and Bpy sites are the well-defined platform for confining
metal sites, which would enable us to investigate the dual
active catalytic sites for CO,RR.

The structural morphologies of CoPOF-Bpy@CNT and
CoPOF-Bpy were investigated by SEM and TEM. In the SEM
image of CoPOF-Bpy@CNT (Fig. Slat), the hybrid sample
retains the tubular morphology, in which the surfaces of these
CNTs become roughened and the diameters are larger than
those of the pure CNTs, suggesting the uniform dispersion of
the CoPOF-Bpy film on the CNT scaffold. There was no sign of
pure CoPOF-Bpy generation. In contrast, pure CoPOF-Bpy has
a spherical morphology with a diameter of ca. 500 nm and
aggregated together in the absence of the CNT scaffold
(Fig. S1bt); the dense morphology with few exposed active
sites of pure CoPOF-Bpy signifies it is not suitable as the
CO,RR electrocatalyst alone. Due to the strong intermolecular
n-n interactions between CNTs and CoPOF-Bpy, CoPOF-Bpy
tends to uniformly coat on the CNT scaffold, which is verified
by TEM. Compared with pure CNTs, the morphology of
CoPOF-Bpy@CNT does not undergo great change after hybrid-
ization (Fig. 1a). The HR-TEM figure of CoPOF-Bpy@CNT
shown in Fig. 1b and its inset display that the crystalline walls
of the CNTs are coaxially wrapped by smooth CoPOF-Bpy
layers with an average thickness of 2.6 nm, the thin conformal
polymer coating layer of CoPOF-Bpy around the CNT scaffold
guarantees the high conductivity of this hybrid material.
Moreover, the EDS elemental mapping of CoPOF-Bpy@CNT
shown in Fig. 1c discloses the corroborated cylindrical element
distribution of C, N, and Co without aggregation, indicative of
an even morphology of CoPOF-Bpy on the surface of CNTs.
The aberration-corrected high-angle annular dark-field scan-
ning TEM (AC HAADF-STEM) image shown in Fig. S2} exhibits
that the supported CoPOF-Bpy layer has various individual
bright spots, which are responsible for the atomically dis-
persed Co metal. The amount of Co in CoPOF-Bpy@CNT was
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CoPOF-Bda

Scheme 1 (a) Schematic illustration of the synthetic process of CoPOF-Bpy@CNT; (b) molecular structures of CoPOF-Bda and CoPOF-Bpda.
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Fig. 1 (a) TEM image of CoPOF-Bpy@CNT; (b) HR-TEM image of CoPOF-Bpy@CNT, and the inset is the enlarged view; (c) the corresponding EDX
mapping of CoPOF-Bpy@CNT; (d) FT-IR spectra and (e) XRD patterns of CoPOF-Bpy@CNT and CoPOF-Bpy.

determined to be 3.7 wt% based on the ICP-OES result
(Table S1t), which is almost twice as high as that in
CoPOF-Bpda@CNT (1.8 wt%), further indicating the gene-
ration of Co(r) Bpy sites in COPOF-Bpy@CNT.

FT-IR spectroscopy was used to make a comprehensive diag-
nosis of the molecular structures. In the FT-IR spectra of
CoPOF-Bpy@CNT and CoPOF-Bpy (Fig. 1d), no band from
1740 to 1700 cm™" was observed, indicative of the thorough

3966 | /norg. Chem. Front,, 2023, 10, 3963-3973

conversion of carbonyl groups in Bpy. The band at 1600 cm ™

can be attributed to the C=N bond, and the peaks at 1250 and
1100 cm™" are related to the C-N and C-H stretching,
respectively.”>>* Additionally, the absorption bands between
800 and 700 cm™' are assigned to Por-deformation modes,
implying that pyrrole is successfully combined with aromatic
aldehydes to generate Por-structures.” Furthermore, the struc-
ture of CoPOF-Bpy@CNT was studied using the XRD tech-
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nique. As displayed in Fig. 1e, CNTs exhibit an intensive diffr-
action peak at 26° and a weak peak at 43°, which correspond
to the (002) and (100) lattice planes, respectively.>'*° Except
for the characteristic peaks originating from pure CNTs, the
XRD pattern of CoOPOF-Bpy@CNT shows another broad diffrac-
tion peak at 22°, suggesting the intrinsically ordered frame-
work structure of CoPOF-Bpy.>>*?

XPS measurements were conducted to reveal the coordi-
nation environment and the valence states of the cobalt sites
in CoPOF-Bpy@CNT and CoPOF-Bpy. The XPS survey spectrum
of CoPOF-Bpy@CNT shows that the hybrid material contains
C, N, Co, and CI elements, which is in accordance with the
theoretical elemental composition of CoPOF-Bpy@CNT, and
the additional O element can be assigned to the absorbed H,0
molecules (Fig. S31). The HR-XPS spectrum of Co 2p in
CoPOF-Bpy@CNT is shown in Fig. 2a, the chemical shift
signals at 780.9 and 796.8 eV are assigned to the Co 2p;/, and
Co 2p,, spin-orbit peaks, respectively, suggesting the Co>" oxi-
dation state in this hybrid material.>*>>>® It should be pointed
out that the Co 2p peaks in CoPOF-Bpy@CNT shift to higher
binding energies compared to those in CoPOF-Bpy, revealing
that the electronic structure of Co(u) centers has been modu-
lated due to the interfacial electron transfer from CNTs to Co
() centers via strong n-n interactions between the CoPOF-Bpy
layer and CNTs. Also, the N 1s XPS spectrum of CoPOF-Bpy@CNT
is deconvoluted into two peaks, the peaks with binding ener-
gies of 399.8 and 398.7 eV belong to pyrrolic N (originating
from the pyrrole moiety) and pyridinic N (originating from the
Bpy moiety), respectively (Fig. 2b).>>*”> Additionally, accord-
ing to the XPS result, the molar ratio of nitrogen to cobalt in
CoPOF-Bpy@CNT is about 3: 1, matching well with the theore-
tical value. Based on the above characterization studies, it can
be concluded that the pre-designed framework structure of
CoPOF-Bpy@CNT with both Co(u) Por- and Co(u) Bpy sites
has been precisely constructed. The Raman spectra of
CNTs and CoPOF-Bpy@CNT were recorded for comparison.
The Ip/I; intensity ratios in CNTs (1.19) and CoPOF-Bpy@CNT
(1.21) are almost the same, suggesting that CoOPOF-Bpy@CNT

a Co2p
Co 2p,,
= i
S’ (8 "
z CoPOF-Bpy@CNT i
o i! Il
g Co 2p;,
<
=
~ <SSl
CoPOF-Bpy '
1 1 1
804 792 780
Binding Energy (eV)
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can well retain the high conductivity of the CNT scaffold
(Fig. S47).

The CO, uptake amounts of CNTs, CoPOF-Bpy@CNT,
CoPOF-Bda@CNT, and CoPOF-Bpda@CNT were measured at
298 K. The CO, uptake amount of pure CNTs is the lowest
among the four samples, indicating that CO, adsorption is
mainly located on the CoPOF layers. With a larger linker
between Por-moieties and the extended n-conjugate chain, the
CO, adsorption capacity of CoPOF-Bpda@CNT (52.8 cm® g™)
is higher than that of COPOF-Bda@CNT (26.8 cm® g™ ). As for
CoPOF-Bpy@CNT, it shows the highest CO, uptake amount
(77.4 ecm® g"), which might be attributed to the synergy
between accessible Co(u) Por- and Co(u)N,Cl, sites (Fig. S57).
The highest CO, adsorption capacity of CoPOF-Bpy@CNT is
beneficial for the electrocatalytic CO,RR.

3.2. Electrocatalytic performance of COPOF-Bpy@CNT

Evidenced by the comprehensive characterization studies per-
formed above, the in situ polymerization of pyrrole and Bpy
provides a thin conformal polymeric layer around CNTs.
CoPOF-Bpy@CNT reveals well-defined Co(u) Por- and Co(u)
N,Cl, sites to be under precise control, and it not only offers
highly exposed active sites and abundant mass channels for
electrocatalysis but also boosts the mechanical and chemical
robustness attributed to the CNT scaffold and the covalently
constructed CoPOF-Bpy. Considering these unique features,
CoPOF-Bpy@CNT inspires subsequent application as a prom-
ising electrocatalyst for the CO,RR. To verify the conjecture, we
assessed the electrocatalytic performance of CoPOF-Bpy@CNT.
The powder of COPOF-Bpy@CNT was coated on a GCE with the
assistance of a Nafion binder to prepare the working electrode
for testing the CO,RR activity in an H-type electrolytic cell with
two compartments. LSV tests were performed in a 0.5 M
KHCO; aqueous solution saturated with CO,. To highlight the
superiority of dual electrocatalytic active sites in
CoPOF-Bpy@CNT, CoPOF-Bda@CNT and CoPOF-Bpda@CNT
were selected as the comparative materials, and their electro-
catalytic activities were assessed under the same conditions.

Nl1s

Pyrrolic N f\
\

\
/ \| Pyridinic N

Intensity (a.u.)

1 1 1
404 400 396
Binding Energy (eV)

Fig. 2 (a) Co 2p XPS spectra of CoOPOF-Bpy@CNT and CoPOF-Bpy; (b) the N 1s XPS spectrum of CoPOF-Bpy@CNT.
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Compared with CoPOF-Bpy@CNT, CoPOF-Bda@CNT and
CoPOF-Bpda@CNT were synthesized according to a similar
procedure and characterized by FT-IR spectroscopy, XRD,
TEM, and XPS (Fig. S6-514}). TEM images of CoOPOF-Bda@CNT
and CoPOF-Bpda@CNT indicate that there is no agglomera-
tion, and further verify the successful wrapping of POF nano-
layers on the CNTs (Fig. S101). To quantify the CO, reduction
product, the evolved gaseous and liquid products were ana-
lyzed by GC and 'H NMR spectroscopy, respectively. For the
sake of avoiding the measuring error, three parallel measure-
ments were carried out. As shown in Fig. 3a, for
CoPOF-Bpy@CNT, a negative sweep beyond —0.5 V vs. RHE
triggers a significant increase in the reduction current density
caused by the CO,RR. At —0.8 V vs. RHE, the cathodic current
density reaches —20 mA cm™>. In comparison, the LSV plots of
CoPOF-Bda@CNT and CoPOF-Bpda@CNT show smaller and
cathodically shifted current densities. This result demonstrates
that CoPOF-Bpy@CNT is more favorable for the CO,RR than
other samples. Furthermore, we quantified the mass activities
of these electrocatalysts by normalizing the current densities
in Fig. 3a with respect to the Co contents. As shown in
Fig. S15,F the mass activity of CoOPOF-Bpy@CNT is larger than
the other two beyond —0.85 V vs. RHE. Pure CNT shows negli-
gible catalytic current density in the CO,-saturated electrolyte,
excluding the possibility of catalytic activity originating from
the CNT scaffold (Fig. S16t). Additionally, the control experi-
ment shows metal-free POF-Bpy@CNT is non-CO,RR active
(Fig. S177), further confirming that the electrocatalytic activity
of CoPOF-Bpy@CNT originates from Co centered active sites.
We further optimized the CoPOF-Bpy loading on CNTs by pre-
paring CoPOF-Bpy@CNT(X) with the addition of various
amounts (X represents the mass of CNTs) of CNTs. The LSV
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plots manifest that the catalytic current density increases with
the CNT percentage and starts to saturate when the mass of
CNTs is 50 mg for synthesis, whereas a further increase in the
mass of CNTs brings a negative effect on the electrocatalytic
activity (Fig. S181). We suspected that the incomplete coverage
of CoPOF-Bpy on CNTs with a high mass of CNTs may provide
limited active sites. However, the addition of a low mass of
CNTs results in thicker layers of CoPOF-Bpy wrapped on CNTs
and even the generation of CoPOF-Bpy aggregates, which is
confirmed by SEM. The SEM image of CoPOF-Bpy@CNT(30) in
Fig. S19t shows that the diameter of CNTs become thicker and
some aggregates are observed, which is harmful to the conduc-
tivity of this hybrid material and leads to a decrease in the
mass/charge transfer ability. Consequently, we focused on
CoPOF-Bpy@CNT(50) (the Co content is 3.7 wt%) in the follow-
ing studies. As a control, we loaded CoPOF-Bpy on CNTs by
physical mixing to prepare CoPOF-Bpy/CNT with the same Co
content, and the obtained CoPOF-Bpy/CNT exhibits an inferior
catalytic current (Fig. S207). It is noteworthy that the solution-
phase polymerization strategy in our work distinguishes itself
from the former strategy where molecular electrocatalysts are
dip-coated or physically mixed with CNTs. Such a direct strat-
egy may form less-conductive molecular aggregates, which
limits the exposure of active sites.

Then, we performed chronoamperometry at different poten-
tials to determine the FE values of the CO,RR. Fig. 3b displays
the time-dependent total catalytic current densities (jiotal ~ )
of CoPOF-Bpy@CNT in a wide potential range from —0.5 V to
—1.0 V vs. RHE. All of the jiow1 ~ ¢ plots remain stable for 600
s, which suggests a good short-term stability of
CoPOF-Bpy@CNT. CoPOF-Bda@CNT and CoPOF-Bpda@CNT
also show short-term stabilities, but the ji, are lower than
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Fig. 3 (a) LSV plots of CoPOF-Bpy@CNT, CoPOF-Bpda@CNT, and CoPOF-Bda@CNT in a CO,-saturated 0.5 M KHCOs3 solution; (b) time-dependent
total catalytic current densities (jioral ~ t) of COPOF-Bpy@CNT in a wide potential range from —0.5 V to —=1.0 V vs. RHE; (c) FEco and FEy, of
CoPOF-Bpy@CNT at different applied potentials; (d) partial current densities of CO production; (e) Tafel plots, and (f) TOF values of

CoPOF-Bpy@CNT, CoPOF-Bpda@CNT, and CoPOF-Bda@CNT.
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those of CoPOF-Bpy@CNT (Fig. S21 and S22t). FEgo over the
entire potential range was also determined. As shown in
Fig. 3c, with an applied potential of —0.7 V vs. RHE, the FEco
of CoPOF-Bpy@CNT is 97.5%, accompanied by a minor
amount of H, as the byproduct originating from water
reduction, and no liquid product could be detected (Fig. S23+),
which suggests the excellent selectivity of CoOPOF-Bpy@CNT for
electrocatalytic CO,-to-CO conversion. Comparatively, FEqo of
CoPOF-Bda@CNT and CoPOF-Bpda@CNT are inferior, particu-
larly in the low potential region (Fig. S247). These results indi-
cate that in addition to the CO,RR activity, the electrocatalytic
selectivity of CoPOF can likewise be effective by introducing
dual active sites. Furthermore, to deeply understand the
efficiency of each sample for electrocatalytic CO,RR, the partial
catalytic current density for CO production (jco) was calcu-
lated by multiplying the ji,w1 Wwith the relevant FEco. As dis-
played in Fig. 3d, due to the larger ji,.; and higher FEqq value,
the jco of CoPOF-Bpy@CNT far surpasses those of
CoPOF-Bda@CNT and CoPOF-Bpda@CNT over the entire
potential range. Specifically, COPOF-Bpy@CNT exhibits a jco of
—42.4 mA cm™? at —1.0 V vs. RHE, much higher than those of
CoPOF-Bda@CNT (-13.2 mA cm™?) and CoPOF-Bpda@CNT
(=22.0 mA cm™?). Tafel analysis was further performed to
reveal the reaction kinetic activity of these electrocatalysts for
the CO,RR. Tafel slope was determined by plotting the applied
potentials vs. the logarithm of j.o. As presented in Fig. 3e, the
Tafel slope of CoOPOF-Bpy@CNT was determined to be 193 mV
dec™", much smaller than those of COPOF-Bda@CNT (223 mV
dec™) and CoPOF-Bpda@CNT (218 mV dec™ "), suggesting the
faster kinetics of electrocatalytic CO,-to-CO conversion over
CoPOF-Bpy@CNT attributed to its higher activity of the sites.
We assessed the specific activities of these electrocatalysts
based on the TOF under the hypothesis that all the cobalt-cen-
tered sites participate in the CO,RR. Notably,
CoPOF-Bpy@CNT shows a remarkable TOF value of 36.6 s~ at
-1.0 V wvs. RHE (Fig. 3f), higher than those of
CoPOF-Bda@CNT (13.7 s~') and CoPOF-Bpda@CNT (26.0 s~ ).
Table S2f summarizes the dependence of the TOF values of
CoPor-based COFs collected from recent literature.
Remarkably, CoPOF-Bpy@CNT is superior to the majority of
them in activity, which places it as one of the best candidates
for electrocatalysts. Furthermore, the electrocatalytic activities
of CoPOF-Bpy and CoPOF-Bpy/CNT in terms of FEco, jco, Tafel
slope, and TOF were determined.  Specifically,
CoPOF-Bpy@CNT exhibits a remarkable improvement in the
formation of CO (Fig. S25%), which is consistent with its
superior catalytic current density response (Fig. S267).

The above electrocatalytic results reveal a high CO,RR
activity and selectivity of CoPOF-Bpy@CNT. To deeply reveal
the origin of its excellence, we first investigated the redox prop-
erty of CoOPOF-Bpy@CNT via CV. The CV plot displays a redox
couple of E;, = —0.78 V vs. Ag/AgCl in DMF, and this redox
event belongs to the Co(u/1) couple (Fig. $271).°>®" The Co(u/1)
redox potential of CoPOF-Bpy is identical to that of
CoPOF-Bpy@CNT, which strongly supports the maintenance of
the molecular structure after loading on the CNT scaffold.
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Importantly, compared with CoPOF-Bpy@CNT, the Co(u/1)
redox potential of CoPOF-Bda@CNT negatively shifted by
50 mV, suggesting the tuning of the electronic structure in
CoPOF-Bpy@CNT, due to the interaction between Co(u) Por-
and Co(u)N,Cl, sites (Fig. S287). Additionally, the Co(u/1) redox
event of CoOPOF-Bpy@CNT at a more positive potential renders
a higher fraction of Co(1) sites than in the CoPOF-Bda@CNT,
indicating that dual active sites in CoOPOF-Bpy@CNT can facili-
tate the generation of Co(1) species, and Co(i) species are gener-
ally considered as active sites for reducing CO,.®> And then,
Cq of each electrocatalyst was determined by analyzing the CV
plots in the non-faradaic region with various scan rates
(10-100 mV s7") to calculate the ECSA (Fig. $29-S317). As illus-
trated in Fig. 4a, CoPOF-Bpy@CNT shows a larger Cy; value
(2.38 mF cm™2) than those of CoPOF-Bda@CNT (0.71 mF
em™?) and CoPOF-Bpda@CNT (0.77 mF cm™>). As ECSA is in
proportion with Cy, it reveals that CoOPOF-Bpy@CNT offers a
larger electrochemical area and more efficient active sites for
CO,RR. EIS tests were performed to study the electrocatalytic
kinetics of the electrode-electrolyte interface during the
CO,RR. As revealed by the Nyquist plots in Fig. 4b and the
corresponding equivalent circuit, CoPOF-Bpy@CNT has the
smallest charge-transfer resistance compared to others, indi-
cating more efficient electron transfer from the surface active
sites of CoPOF-Bpy@CNT to the absorbed CO, molecules,
which is favorable for the CO,RR performance.

To evaluate the long-term stability of CoPOF-Bpy@CNT, an
electrocatalytic experiment was conducted at —0.7 V vs. RHE.
The jiowr Of =14 mA cm™2 was maintained for 12 h (Fig. 4c).
Moreover, the gaseous product was periodically sampled and
analyzed by GC every 1 h. Notably, the FEco, was over 95%
during the entire course of the measurement, which afforded
an impressive turnover number of 2.8 x 10* for CO, reduction
to CO based on the amount of overall Co(u) sites. To ensure
the component integrity of CoPOF-Bpy@CNT after long-term
electrocatalysis, it was characterized by FT-IR, XRD, and XPS. A
comparison of the sample before and after the reaction using
FT-IR spectra shows that CoPOF-Bpy@CNT maintains the
initial molecular structure (Fig. S321). The recorded XRD
pattern of CoPOF-Bpy@CNT is also in accordance with that of
a fresh sample (Fig. S33t). As for the XPS measurement, the
Co 2p XPS spectrum (Fig. S34t) shows that the binding ener-
gies of Co 2py/, and Co 2p;/, remain unchanged after the reac-
tion, indicating the molecular integrity of CoPOF-Bpy. The
excellent long-term stability of CoPOF-Bpy is believed to be a
consequence of the homogeneous polymerization of
CoPOF-Bpy on the CNT scaffold, which enhances the mechani-
cal and chemical stability of the electrochemically active
species.

The exceptional catalytic performance including activity,
selectivity, and long-term stability of CoOPOF-Bpy@CNT can be
ascribed to the following reasons: (1) the combined nanoscale
and molecular strategy by hybridization of CNTs on the nano-
scale and the introduction of dual active sites on the mole-
cular-level allows the homogeneous coverage of CoPOF-Bpy
composed of both Co(u) Por- and Co(u)N,Cl, sites on the CNT
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Fig. 4

(@) Cq values of CoPOF-Bpy@CNT, CoPOF-Bda@CNT, and CoPOF-Bpda@CNT in the non-faradaic region with various scan rates

(10-100 mV s7%); (b) Nyquist plots by EIS; (c) measurements for assessing the long-term stability of CoPOF-Bpy@CNT at —0.7 V vs. RHE in a CO,-

saturated 0.5 M KHCOg solution for 12 h.

scaffold, and thus enables a high degree of catalytically active
site exposure; (2) strong interactions between the CoPOF-Bpy
layer and CNTs can lead to the electron transfer from the elec-
trode to the CoPOF-Bpy layer immobilized on CNTs, and also
facilitate rapid repetitive cycling of Co(u) to Co(i) to promote
CO, reduction to CO; (3) the homogeneous coverage of
CoPOF-Bpy on CNTs is beneficial for limiting the exposure of
CNTs, which is kinetically favorable for hydrogen evolution.

4. Conclusions

In conclusion, we have demonstrated a combined nanoscale
and molecular strategy for enhancing the intrinsic activity of
POF-based electrocatalysts by constructing a CoPOF-Bpy@CNT
composite material, which is synthesized by the template-
directed in situ polymerization of ultrathin POF layers with iso-
lated Co(u) Por- and Co(u)N,Cl, sites on the CNT scaffold via
n-7 interactions. As a result, the resultant CoPOF-Bpy@CNT
electrocatalyst displays remarkable electrocatalytic CO,-to-CO
activity and selectivity, as well as excellent long-term stability
in an aqueous electrolyte. At the nanoscale, Por-based POF
layers were homogeneously anchored on the CNT scaffold to
allow strengthened interfacial electron transfer from CNTSs to

3970 | Inorg. Chem. Front, 2023, 10, 3963-3973

Co(u) centers and enhanced long-term stability. At the mole-
cular level, the electrocatalytic performance was boosted by
incorporating dual catalytic sites into the molecular structure,
which enables a high degree of catalytically active site
exposure. The strategy reported herein introduces a facile and
versatile approach for introducing dual active sites within a
POF to construct an attractive type of electrocatalyst for con-
verting CO, to sustainable fuels.
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