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Viologen linker as a strong electron-transfer
mediator in the covalent organic framework
to enhance electrocatalytic CO, reductiont

Xin Zhang,®® Yin-Zong Yuan,?® Hong-Fang Li,*° Qiu-Jin Wu,* Hong-Jing Zhu,*
Yu-Liang Dong,?® Qiao Wu,*® Yuan-Biao Huang 2 *°¢ and Rong Cao () *°<d

Covalent organic frameworks (COFs) are promising candidates for the CO, electroreduction reaction
(CO2RR) due to their advantages of tunable structures, abundant active sites, and strong CO, adsorption
enrichment. However, the poor conductivities of the traditional COFs usually result in a low current
density in the CO,RR and limits their use in industrial applications. Herein, viologen units as strong
electron-transfer mediators (ETMs) were inserted into the backbones of Co-porphyrin-based COF
(Por(Co)-Vg-COF) nanosheets to enhance the electronic conductivity and improve the CO,RR activity.
The obtained Por(Co)-Vg-COF displayed a good conductivity of 3.7 x 1077 S m~* and thus exhibited
a very high selectivity towards CO production (>98%) in a wide range of applied potentials from —0.6 V
to —0.9 V versus the reversible hydrogen electrode (RHE) in neutral aqueous solution, which surpassed
all the conventional COF electrocatalysts. Moreover, Por(Co)-Vg-COF was employed as the first COF
electrode in an acidic/alkaline system, and achieved a high FEco of up to 91% at —0.9 V versus RHE
in acidic electrolyte and a current density of 251 mA cm~2 at —1.3 V versus RHE in 1 M KOH aqueous
electrolyte. This work provides a facile strategy to enhance the CO,RR performance by improving the
electronic conductivity of porous framework materials via the introduction of an ETM in their backbone.

Introduction

Clean and sustainable energy-conversion technologies are highly
demanded due to the environmental and energy problems caused
by large emissions of the greenhouse gas carbon dioxide (CO,)
from conventional fossil fuel-based technologies." Among the
clean technologies, the electrocatalytic reduction of CO, for
value-added products using clean electric energy stands out
as a particularly attractive and promising solution to reduce
carbon emissions.””™® To date, many Au-, Ag-, and Cu-based
nanostructured materials, metal-organic frameworks, and
single-atom catalysts have been developed to apply in the CO,
electroreduction reaction (CO,RR).**>> However, the CO,RR
generally faces challenges in achieving high selectivity and a
high current density due to the intrinsic thermodynamic
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stability of CO, and the competitive hydrogen evolution
reaction (HER), hindering its practical application. Therefore,
the development of highly efficient electrode materials that can
overcome these problems is desirable.

Covalent organic frameworks (COFs) linked by organic
building blocks with strong covalent bonds are regarded as
promising candidates for the CO,RR due to their robust frame-
works, tuneable functional groups and active sites, and strong
CO, adsorption enrichment ability.>*"*! The enriched CO, can
easily diffuse to the exposed abundant active sites in porous
COFs via channels. Thus, some metal porphyrin and metal
phthalocyanine-based COFs have been synthesized and applied
to the CO,RR to produce CO."*” However, the poor conductivity
of the COFs is one of the most challenging issues still to
overcome, limiting the current density and the efficiency of
the energy conversion in the CO,RR. Therefore, in order to
generate high current densities, it is highly desirable to create
conductive 2D COFs with efficient electron-transfer abilities for
the CO,RR. In addition, most of the COF electrocatalysts
reported to date have been constructed by metastable imine
bonds, which means they can be used only in H-type cells with
neutral electrolytes and thus cannot afford large current den-
sities (up to 100 mA cm™?) due to the limited CO, concentration
in neutral aqueous solutions (0.034 mol L™").>*8??7 n contrast,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023 Mater. Chem. Front., 2023, 7, 2661-2670 | 2661


https://orcid.org/0000-0003-4680-2976
https://orcid.org/0000-0002-2398-399X
http://crossmark.crossref.org/dialog/?doi=10.1039/d3qm00218g&domain=pdf&date_stamp=2023-04-18
https://doi.org/10.1039/d3qm00218g
https://doi.org/10.1039/d3qm00218g
https://rsc.li/frontiers-materials
https://doi.org/10.1039/d3qm00218g
https://pubs.rsc.org/en/journals/journal/QM
https://pubs.rsc.org/en/journals/journal/QM?issueid=QM007013

Published on 06 April 2023. Downloaded on 10/26/2025 4:33:26 AM.

Research Article

when the CO,RR* is operated in a flow cell with a gas-diffusion
electrode in acidic/alkaline aqueous electrolyte, it can effectively
tackle the above challenges through the faster CO, diffusion to
the catalyst surface.>*™*> However, the majority of COFs with an
imine bond connected usually show poor stability in acidic/
alkaline systems. Thus, it is highly desirable to construct ultra-
stable COFs in acidic/alkaline aqueous solutions for the CO,RR
with an appropriate industrial-current level density to meet the
needs of commercial applications.

To address the above-mentioned problems, we turned our
attention to the introduction of an electron-transport mediator
(ETM) into chemically stable COFs to increase the electron-
transfer ability and enhance the CO,RR in alkaline and acidic
conditions. It is well known that viologens are a unique class
of ETM molecules, which can undergo two- or one-electron
reduction in steps.*®™*® Dicationic 4,4’-bipyridinium core (V")
is reversibly reducible to the corresponding radical cationic
intermediate (Vg**) or to neutral (Vg°).*® Such redox properties
have been used to enhance electrocatalysis by improving the
charge-transfer ability when combined with electron-deficient
molecules.*®*°? On the other hand, cobalt porphyrin is also
considered to be an active site for CO,RR towards the produc-
tion of CO.">***” Moreover, cobalt porphyrin molecules are
excellent electron acceptors or electron-transfer -carriers
because of their conjugated electron system. So, introducing
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viologens into the backbones of cobalt porphyrin-based COFs
would be an effective strategy to improve the electronic
conductivity and ultimately enhance the energy-conversion
efficiency of the CO,RR.****°° In addition, compared with
most the COFs linked by imine bonds, the C-N bond is more
stable in harsh conditions, which could make the COF materi-
als constructed by C-N bonds applicable in acidic or alkaline
electrolytes and thus improve the CO,RR activity.

Herein, we introduced viologen building blocks into a C-N
bond-connected robust conductive Co-porphyrin-based COF
(Por(Co)-Vg-COF) to enhance the CO,RR performance (Fig. 1(a)).
The viologen groups served as ETMs to transfer the abundant
electrons to the adjacent Co-porphyrin site in the Por(Co)-Vg-COF,
and thus a highly efficient electrocatalytic porous material system
was constructed for the CO,RR. The obtained Por(Co)-Vg-COF
displayed a one order of magnitude higher electron-conduction
value (3.7 x 1077 S m ') than that of the traditional COF-366-Co
(2.08 x 107® S m™"). Thus, the Por(Co)-Vg-COF nanosheets
exhibited high CO selectivity with 98.5% Faraday efficiency at
—0.6 V versus the reversible hydrogen electrode (RHE, all the
potentials quoted in this paper are with reference to the RHE)
tested using the H-cell in KHCO; electrolyte. Moreover, the robust
Por(Co)-Vg-COF also showed excellent CO,RR performance in an
acidic/alkaline system. It showed excellent CO selectivity above
90% in the wider potential range of —1.2 to —1.5 V and the CO
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Fig. 1
(b) PXRD patterns of Por(Co)-Vg-COF. (c) FT-IR spectra of Por(Co) (black
1C NMR spectrum of Por(Co)-Vg-COF.
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(a) Illustration of the preparation of Por(Co)-Vg-COF and top and side views of their structure with 2 x 2 square grids in an AA-stacking mode.

curve), Por(Co)-Vg-COF (red curve), and Vg (blue curve). (d) Solid-state
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partial current density reached —82 mA cm ™2 at —1.5 V in 0.06 M
H,S0, with 0.5 M K,SO, addictive. More impressively, the Por(Co)-
Vg-COF achieved a nearly 100% FEc over a wide potential range
from —0.3 V to —1.2 V and achieved an industrial CO current
density of up to 251 mA cm ™~ in a flow cell in 1 M KOH electrolyte.

Results and discussion

The conjugated 2D COF Por(Co)-Vg-COF was prepared by the
solvothermal Zincke reaction of 1,1’-bis(2,4-dinitrophenyl)-
[4,4'-bipyridine]-1,1’-dium dichloride (TNV) and 5,10,15,20-
tetrakis(4-aminophenyl)porphinatocobalt (Co-TAPP) in a 1:2
molar ratio in a mixed solvent of ethanol and water (4:1, v:v)
for 72 h (Fig. 1(a)). In the process of the Zincke reaction, the Co-
TAPP (Por(Co)) and 4-4-bipyridine cationic salt (Vg) building
blocks of the Por(Co)-Vg-COF were connected by C-N bonds.
Notably, the structure of viologen moieties in Por(Co)-Vg-COF
was retained and was quite similar to the methyl viologen (MV)
molecules, which can serve as ETMs to provide abundant
electrons to the nearby Por(Co) sites. For comparison, the
metal-free Por(H)-Vg-COF was also prepared using 5,10,15,20-
tetrakis(4-cyanophenyl)porphyrin (TAPP) monomer instead of
Por(Co) under similar conditions (Scheme S4, ESIT). To study
the role of viologen in Por(Co)-Vg-COF, viologen-free COF-366-
Co containing Por(Co) and 1,4-benzenedicarboxaldehyde (BDA)
linked by typical imine bonds was also produced by the
reported method. It should be noted that although the for-
mation of Por(Co)-Vg-COF was driven by the irreversible Zincke
reaction, only weak peaks were observed in the powder X-ray
diffraction (PXRD) pattern. Thus, we simulated the Por(Co)-Vg-
COF crystal structure using PXRD analysis and Pawley refine-
ments in Materials Studio software. The peaks at the low 260
angles of 3.70° and 7.46° were assigned to (100) and (200)
facets, respectively (Fig. 1(b)), and were in good agreement
with the simulated AA-stacking model.®* The Por(Co)-Vg-COF
crystallized in the triclinic P1 space group with a unit cell
parameter of a = 25.25 A, b=25254, c=4.03 A, and o = 90°,
f =90° v = 90°. The refinements showed a 1D channel along
c-axis with theoretical pore sizes of 2.5 nm, and a distance
between adjacent stacked 2D sheets of 4.03 A. The Fourier-
transform infrared (FT-IR) spectrum of Por(Co)-Vg-COF
(Fig. 1(c)) showed that the -N-O vibrations bands at 1340 and
1530 cm ™' belonging to the TNV and the -NH, vibrations
bands at ~3100 cm ' attributed to the Por(Co) disappeared
after the reaction. Moreover, -C-N- bonds that connected the
Por(Co) and Vg stretching vibration band at ~966 cm™*
appeared. In addition, a -C=N- stretching vibration band
could be observed at ~1603 and 1630 cm™ ', belonging to the
porphyrin and bipyridinium subunits, respectively.®> The '*C
cross-polarization magic angle spinning (CP-MAS) solid-state
NMR (Fig. 1(d)) spectrum exhibited a strong peak at 139.91 ppm,
corresponding to the pyridyl carbon atoms connecting Por(Co)
and Vg. Therefore, these results suggested that Por(Co)-Vg-COF
had been successfully synthesized through the Zincke reaction.
Por(Co)-Vg-COF was found to have a high Co content of 2.43 wt%
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by inductively coupled plasma (ICP) optical emission spectro-
metry (Table S1, ESIt). The CO, sorption isotherms showed that
the CO, uptake value for Por(Co)-Vg-COF was 45 cm® g~ * (Fig. S5,
ESIT), which would be beneficial for promoting the CO,RR
performance.

Scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) were used to characterize the morphol-
ogy of the as-prepared Por(Co)-Vg-COF.** The SEM images
showed that the Por(Co)-Vg-COF was composed of spherical
particles (Fig. S6, ESIT). No aggregated Co or CoO particles were
observed in the TEM (Fig. 2(a)) or high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
images (Fig. 2(b)). In addition, elemental mapping by energy
dispersive X-ray spectroscopy (EDS) showed that the elements
C, N, O, Cl, and Co were uniformly distributed in Por(Co)-Vg-
COF (Fig. 2(e)). To guarantee the accessibility of the cobalt
porphyrin active sites for the electrolytes and CO,, ultrathin 2D
Por(Co)-Vg-COF nanosheets were successfully exfoliated from
its bulk via high-frequency sonication at room temperature.
The atomic force microscopy (AFM) images in Fig. 2(c) and (d)
clearly show nanosheets with a thickness of ca. 5.5 nm, which
was close to thirteen layers of Por(Co)-Vg-COF. Such thin 2D
Por(Co)-Vg-COF nanosheets would make the Co active sites
highly exposed to the electrolytes and CO, in the CO,RR.

The X-ray photoelectron spectroscopy (XPS) survey spectrum
of Por(Co)-Vg-COF (Fig. S7, ESIt) confirmed the presence of C,
N, Cl, and Co elements in Por(Co)-Vg-COF, which well matched
with the EDS result (Fig. 2(e)). The O resonance peak might
have originated from the adsorbed water guest molecules or the
residual unreacted nitro groups in the edges of Por(Co)-Vg-COF.

Height (nm)

Dlstance (pm

Fig. 2 (a) TEM, (b) HAADF-STEM, and (c) AFM images of Por(Co)-Vg-COF.
(d) The height profile along the white line in (c). (e) The elemental mapping
of C, Co, N, and Cl for Por(Co)-Vg-COF.
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Fig. 3 (a) High-resolution XPS spectra of C 1s for Por(Co)-Vg-COF;
(b) Normalized Co K-edge XANES spectra of Por(Co)-Vg-COF, Co foil,
CoO, and Por(Co); (c) Fourier-transform EXAFS spectra of Por(Co)-
Vg-COF, Co foil, CoO, and Por(Co). (d) EXAFS fitting curves of Por(Co)-
Vg-COF (inset: the Ni—Ng4 architecture). (e) Wavelet transforms for the
k?-weighted EXAFS signals of different samples.

The C 1s region (Fig. 3(a)) displayed three sets of peaks located
at 284.82, 285.6, and 286.4 eV, assignable to C—=C/C-C, C-N",
and C=N, respectively, which proved the viologen in the as-
synthesized fresh Por(Co)-Vg-COF was in a dicationic state.*?
The N 1s spectrum (Fig. S8(a), ESIT) of Por(Co)-Vg-COF was
fitted with three sets of peaks: cationic pyridinic (398.51 eV),
Co-porphyrin (399.13 eV), and N-oxide (401.31 eV), respectively,
in which the N-Co bond further verified the Co species
was coordinated by N atoms.®* To investigate the effects of
the Vg changes during the electrocatalysis, XPS tests of the
Por(Co)-Vg-COF after the CO,RR were conducted. As shown in
Fig. S8(b), ESL,t the N 1s spectrum of Por(Co)-Vg-COF displayed
one more peak at 400.9 eV after catalysis, which was ascribed
to the neutral pyridinic species, and the Cl 2p spectrum of
Por(Co)-Vg-COF disappeared after the catalysis, which proved
vg" had changed to Vg° during the electrocatalysis (Fig. S9,
ESIT). The spectra of the Por(Co)-Vg-COF catalyst before and
after the CO,RR displayed one pair of peaks arising from the
spin-orbit doublet of Co 2p (Fig. S10, ESIt), which could be
assigned to the Co 2p3,, and Co 2p,,, with the Co(u) state. The
Co 2p3/, and Co 2py), peaks of after catalyst were located at
780.34 and 795.35 eV, which represented an apparent positive
shift of ~0.41 eV and ~0.16 eV compared with the pristine
Por(Co)-Vg-COF (Co 2ps/,, 780.75 eV and Co 2p;,5, 795.51 eV).
These changes in binding energies provided direct evidence
that the charge-carrier migration pathway might be from Vg to
Por(Co).
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X-Ray absorption spectroscopy was used to determine the
electronic and coordination structures of cobalt in Por(Co)-Vg-
COF. The Co K-edge XANES spectra of Por(Co)-Vg-COF showed
obvious pre-edge peaks at 7710 eV, which were assigned to a
dipole-forbidden 1s — 3d transition (Fig. 3(b)), and a Co K-edge
located between those of CoO and Co foil, close to Por(Co),
suggesting that the positively charged cobalt in Por(Co)-Vg-COF
lay between Co(0) and Co(u).>® The Co-K edge of the extended
X-ray absorption fine structure (EXAFS) appeared as the main
signal at 1.50 A, assigned to the Co-N scattering path (Fig. 3(c)).
This was similar to that of Por(Co) (1.47 A). No obvious signals
ascribed to Co-Co (2.17 A) and Co-O (2.57 A) were observed,
revealing that atomic Co-Nx species predominated and Co or
CoO particles were not present in Por(Co)-Vg-COF. In order to
determine the Co coordination environment, the EXAFS fitting
results were obtained and showed that the coordination
number of the Co species within the Por(Co)-Vg-COF was 4.5
(Fig. 3(d) and Table S2, ESIT), suggesting that the Co porphyrin
structure was retained after the Zincke reaction. The EXAFS
wavelet transform (WT) was further analyzed based on the
radial distance resolution and k-space resolution to discrimi-
nate the backscattering atoms in R-space. An intensity maxi-
mum attributed to the Co—Co bond was observed in the EXAFS
WT contour plots of the Co foil (Fig. 3(e)). While one intensity
maximum was observed in the Por(Co) standard sample, which
could be ascribed to the Co-N bond. Notably, only one intensity
maximum at 5.7 A~! was observed, which was attributed to
Co-N bonding, and no intensity maximum corresponding to
Co-Co bonding was present in Por(Co)-Vg-COF, further demon-
strating that atomic Co-Nx species predominated and Co
particles were not rendered in Por(Co)-Vg-COF.*

To further prove the Vg° state of the viologen moiety in
Por(Co)-Vg-COF had been created during electrocatalysis, the
electrochemical behaviour of the Por(Co)-Vg-COF electrode was
evaluated by cyclic voltammetry (CV) measurements in 0.2 M
Na,S0, aqueous electrolyte.’® As shown by the CV curves in Fig.
S11a, ESL ¥ two pairs of redox peaks were observed in Por(Co)-
Vg-COF, which corresponded to the two-electron redox reaction
of the viologen moieties (Fig. S11b, ESI{). Compared with the
Vg, a more positive direction shift of the redox potential in
Por(Co)-Vg-COF was observed, which may be because the
electron-withdrawing group Por(Co) in the framework was
more conducive to the redox reaction of Vg. Notably, the redox
potential peaks were different from those of the Por(Co)
(Fig. S1ic, ESIt). So, it is believed that the viologen moieties
in Por(Co)-Vg-COF could be reduced to Vg° through a two-
electron redox reaction under the applied potentials (Scheme
S5, ESIt), which was well in accordance with the XPS results.
To further reveal the valence change of viologen moieties in
Por(Co)-Vg-COF under the negative potentials applied, the UV-
vis spectra were recorded in real time during the charging/
discharging procedure (Fig. $12, ESIt).*® During the reduction
reaction process of the Por(Co)-Vg-COF electrode, upon the two-
electron reduction of the viologen moiety, the absorption band
at 411 nm increased proportionally, and in which the position
change of the UV absorption peak was consistent with Vg
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changing to Vg°. These further proved Vg° of the viologen
moiety in Por(Co)-Vg-COF had been produced. Such a change
of the viologen moiety from a cationic state to neutral form
could improve the electronic conductivity of Por(Co)-Vg-COF, as
verified by electrochemical impedance spectroscopy (EIS).
As shown in Fig. S13a, ESI,T the semicircle values of Por(Co)-
Vg-COF decreased with more negative potentials applied. This
indicated that the electron-transfer ability had been signifi-
cantly enhanced after the Vg*>* has changed to Vg° in Por(Co)-
Vg-COF, which might be ascribed to the formation of the large
n conjugation plane including the Vg and Por(Co) parts via the
C=C bond of Vg°. In addition, the Por(Co)-Vg-COF displayed a
smaller semicircle than the COF-366-Co (Fig. S13b, ESIT). This
suggests that the viologen mediator played an important role in
the transfer of electrons.

To confirm the charge transfer from the viologen moieties to
the electron-acceptor Co-porphyrin in Por(Co)-Vg-COF, differ-
ential pulse voltammetry (DPV) tests and solid-state UV spectra
measurements of its monomers were conducted.®” As shown in
Fig. S14, ESL the first oxidation wave for the Por(Co) was at
E°* =0.91 V and the oxidation wave of the neutral form of Vg
was at E°* = —0.37 V. Based on the Tauc plots of the solid-state
UV spectra (Fig. S15, ESI{), the band gap (E,) for Por(Co) was
calculated to be 1.84 eV and for Vg° was 3.67 eV.** The relative
positions of the highest occupied molecular orbital and the
lowest unoccupied molecular orbital (HOMO-LUMO) were
obtained according to the formula: HOMO = [(eE®* —
eE(Fc/Fc*) + 4.8 V)] eV, and LUMO = HOMO — E,. The LUMO
of Vg with the Vg° form possessed a higher potential of
—0.31 eV than that of Por(Co) —3.2 eV, which meant it could
more easily realize electron transfer from the viologen moieties
to Por(Co) (Fig. S16, ESIT). The electrical conductivity in air was
measured by the powder particle double electrode method to
investigate the superiority of Por(Co)-Vg-COF over COF-366-Co.
(Fig. S17 and $18, ESI{).°® Interestingly, the Por(Co)-Vg-COF
had a one order of magnitude higher electron-conduction value
(3.7 x 1077 S m ") than that of COF-366-Co (2.08 x 10" ¥Sm ™),
which further revealed that the viologen building blocks as
ETMs played an important role in promoting the electron
transfer and electronic conductivity.

The CO,RR performances of the Por(Co)-Vg-COF nanosheets
were first evaluated in a typical three-electrode system using
a gas-tight H-type electrolysis cell with two compartments
separated by a proton exchange membrane in 0.5 M KHCO;
aqueous solution.” As shown in Fig. 4(a), a more positive onset
potential (ca. —0.50 V) and significantly higher current densi-
ties were obtained in CO,-saturated electrolyte compared to in
the N,-saturated electrolyte, suggesting a higher CO, reactivity
than for the HER for the Por(Co)-Vg-COF. To further confirm
that the activity was derived from the CO,RR, the gas and liquid
products at different applied potentials from —0.6 to —1.1 V
were analyzed by gas chromatography and off-line '"H NMR
spectroscopy, respectively. In particular, only CO and H,
were detected as gaseous products over the entire range of
potentials applied, and no liquid product was found in the
electrolyte solution (Fig. S19, ESIt). As shown in Fig. 4(b), the
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Fig. 4 (a) LSV curves of Por(Co)-Vg-COF in CO,-saturated and Nj-
saturated 0.5 M KHCOs electrolyte at a scan rate of 10 mV S™%. (b) FEco
from —0.6 to —0.9 V versus RHE of Por(Co)-Vg-COF and COF-366-Co.
(c) Jco from —0.6 to —0.9 V versus RHE of Por(Co)-Vg-COF and COF-
366-Co. (d) Comparison of the optimal FEco among the 2D conductive
Por(Co)-Vg-COF and the reported COF electrocatalysts evaluated in a
H-type electrochemical cell. (e) Stability test (total current density and FE
for CO) at —0.6 V for 10 h. (f) In situ ATR-IR of Por(Co)-Vg-COF at —0.9 V.

Por(Co)-Vg-COF exhibited a very high selectivity towards CO
production (>98%) in a wide range of the applied potentials of
—0.6 V to —1.1 V, which was found to be higher than that of
COF-366-Co at the same potential and of other COFs that have
been reported (Fig. 4(c), (d) and Table S3, ESIt). In addition, the
CO partial current density continuously increased with the
increase in potential, reaching —11.2 mA cm™~? at —0.9 V, which
was higher than for COF-366-Co (Fig. 4(c)). The superior CO,RR
performance for Por(Co)-Vg-COF highlighted the effectiveness
of the viologen moiety with the neutral state could as an ETM to
deliver electrons fast to Co centres. Moreover, the Por(Co)-Vg-
COF displayed long-term stability and the FEco could retain
over 90% after 10 h chronoamperometric test at a fixed
potential of —0.6 V in CO,-saturated 0.5 M KHCO; solution
(Fig. 4(e)). The TEM images (Fig. S20, ESIt) of the Por(Co)-Vg-
COF after the CO,RR revealed that its morphology was
unchanged. Furthermore, no significant Co NPs were observed
in the TEM images, indicating that the Por(Co) active sites were
not reduced to Co(0). XPS analysis (Fig. S21, ESIt) showed no
change in the valence state of Co(u) after electrocatalysis. The
above results indicated that the Por(Co)-Vg-COF linked by
viologen units was a robust framework.

To confirm the active sites of Por(Co)-Vg-COF, we tested the
catalytic CO,RR of Por(H)-Vg-COF without cobalt species under
the same conditions. As shown in Fig. S22, ESI,} Por(H)-Vg-COF
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showed negligible catalytic activity for the CO,RR and only the
HER happened at various applied potentials. This result indi-
cated that the cobalt centre in Por(Co)-Vg-COF was the active
centre for CO,-to-CO conversion. In addition, the Por(Co)-Vg-
COF exhibited a higher FE¢o of 98.5% at —0.6 V compared with
COF-366-Co without viologen groups. So the efficient electron
transfer from viologen to the porphyrin cobalt centre in
Por(Co)-Vg-COF promoted the conversion from CO, to CO.
To confirm that the CO produced was indeed from the
reduction of CO,, *C isotope labelling experiments were car-
ried out. When "*CO, was used as a substrate, **CO (m/z = 29)
was finally detected by means of mass spectrometry, which
confirmed that the CO produced came from the reactant CO,
and not from the decomposition of the catalysts (Fig. S23,
ESIY).

Operando electrochemical attenuated total reflection Fourier-
transform infrared spectroscopy (ATR-FTIR) measurements were
performed at —0.6 V in CO,-saturated 0.5 M KHCO; to verify the
possible reaction intermediates in the CO,RR. The band at
~1400 cm ™" in the Por(Co)-Vg-COF spectrum was assigned to
the C-O stretching of *COOH, as seen in the ATR-IR spectra
(Fig. 4(f)). The intensity of this *COOH signal gradually increased
with the time taken to respond, reaching a maximum after 120 s
and then reaching dynamic equilibrium. Therefore, for the CO,RR
catalyzed by Por(Co)-Vg-COF, we propose that the formation of the
*COOH intermediate was the rate-determining step (RDS).>® This
speculation was consistent with the Tafel slope results (Fig. S24,
ESIt), where the values of Por(Co)-Vg-COF were greater than the
theoretical value of 118 mV dec™ . This suggests that the formation
of *COOH from the adsorbed CO, via a proton-coupled electron-
transfer (PCET) process was the RDS.>®

To meet the requirements for commercial applications, the
excellent CO,RR performance of Por(Co)-Vg-COF in neutral
electrolyte encouraged us to further improve its electrocatalytic
performance with a large current density using a gas-diffusion
electrode (GDE) in acidic media, which could offer an avenue to
reduce carbonate formation and eliminate CO, crossover, and
this was the first COF catalyst reported for CO,RR in acidic/
alkaline conditions.?””*>””® The CO,RR of Por(Co)-Vg-COF in
0.06 M H,SO, with a 0.5 M K,SO, additive was first tested.
As shown in Fig. 5(a), a more positive onset potential (—0.75 V)
and significantly higher current densities were obtained in
CO,-saturated electrolyte compared to COF-366-Co, suggesting
a higher CO, reactivity than COF-366-Co for the Por(Co)-Vg-COF
in acidic electrolyte. As shown in Fig. 5(b), with the increase in
potential, the CO partial current density continuously increased
and reached —82 mA cm 2 at —1.5 V, which was much higher
than that of COF-366-Co. Furthermore, the Por(Co)-Vg-COF
exhibited a high selectivity towards CO production (>90%) in
the range of the applied potentials of —1.3 Vto —1.5V, and a
high FE¢o of 91% at —1.3 V (Fig. 5(c)). However, the COF-366-
Co only had 20% selectivity towards CO production at the same
potential. These results indicated the superior CO,RR perfor-
mance for Por(Co)-Vg-COF than COF-366-Co in strong acidic
electrolyte and proved that the Por(Co)-Vg-COF was stable in
acidic conditions. Besides, we also tested the CO,RR
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Fig. 5 (a) LSV curves for Por(Co)-Vg-COF and COF-366-Co in 0.06 M
H,SO4 with a 0.5 M K,SO4 additive electrolyte at a scan rate of 10 mV s
(b) Jco and (c) FEco from —1.0 to —1.5 V versus RHE of Por(Co)-Vg-COF
and COF-366-Co in 0.06 M H,SO4 with a 0.5 M K,SO4. (d) LSV curves for
Por(Co)-Vg-COF in 1 M KOH under CO; flow. (e) Jco and (f) FEco and FE»
from —0.3 to —1.5 V of Por(Co)-Vg-COF in 1 M KOH under CO flow.

performance of Por(Co)-Vg-COF in 1 M KOH aqueous electro-
Iyte. As shown in Fig. 5(d), the total current density reached
—251 mA em > at —1.3 V and the CO partial current density
reached —172 mA cm™? at —1.3 V (Fig. 5(e)). The FE¢o was as
high as 95% at the wide potential at —0.3 V to —1.2 V (Fig. 5(f)).
Compared with the H-cell, the current density of the CO,RR
was significantly improved in the GDE by the faster CO,
diffusion to the catalyst surface. ICP optical emission spectro-
metry demonstrated that it had a low Co content of 0.032 mg L™*
and 0.0106 mg L' in acidic and alkaline aqueous electrolytes,
respectively (Table S4, ESIT). Moreover, the Por(Co)-Vg-COF dis-
played long-term stability in 6 h chronoamperometric tests at a
fixed potential of —1.3 V in 0.06 M H,SO, with a 0.5 M K,SO,
solution and in 9 h chronoamperometric test at a fixed potential
of —0.9 Vin 1 M KOH solution (Fig. S25 and S26, ESIt). As shown
in Fig. S27, ESI, T we obtained the FT-IR spectra of Por(Co)-Vg-COF
after soaking in acid and alkali for 4 h respectively, and found that
the spectrum did not change. These results suggest that the C-N
was more stable in acidic/alkaline aqueous electrolyte and proved
the Por(Co)-Vg-COF had excellent CO,RR performance under
harsh conditions.

Conclusions

In summary, strong ETM viologen units were introduced into
cobalt porphyrin-based COF (Por(Co)-Vg-COF) through a Zincke
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reaction to enhance the electrocatalytic performance of the
CO,RR. As the viologens could undergo a two-electron reduction
to achieve an excellent electron-transfer ability, the obtained
Por(Co)-Vg-COF nanosheets showed a very high selectivity of
98.5% towards CO production and a large CO partial current
density of 9.04 mA cm™> at —0.8 V, which was superior to the
insulating COF electrocatalysts. This Por(Co)-Vg-COF material
constructed by C-N bond was very stable and is the first COF
catalyst reported for the CO,RR in acidic/alkaline conditions,
which could achieve a high FEco of up to 91% at —1.3 V, and a
large CO partial current density up to —82 mA cm™ > at —1.5 V in
0.06 M H,SO, with a 0.5 M K,SO, electrolyte. At the same time, the
Por(Co)-Vg-COF achieved a nearly 100% FE¢, over a wide potential
range of —0.3 V to —1.2 V and reached an industrial level CO
current density as high as 251 mA cm ™2 in a flow cell in 1 M KOH
electrolyte. This study provides a theoretical basis for the rational
design of high-conductivity porous skeleton electrocatalytic mate-
rials, as well as an effective strategy for improving the current
density and product selectivity of the CO,RR.
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