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Abstract

Metallic phthalocyanines are promising electrocatalysts for CO, reduction
reaction (CO,RR). However, their catalytic activity and stability (especially
under high potential) are still unsatisfactory. Herein, we synthesized a
covalent organic polymer (COP-CoPc) by introducing charge-switchable
viologen ligands into cobalt phthalocyanine (CoPc). The COP-CoPc exhibits
great activity for CO,RR, including a high Faradaic efficiency over a wide
potential window and the highest CO partial current density among all ligand-
tuned phthalocyanine catalysts reported in the H-type cell. Particularly,
COP-CoPc also shows great potential for practical applications, for example, a
FEco of >95% is realized at a large current density of 150 mA/cm? in a two-
electrode membrane electrode assembly reactor. Ex situ and in situ X-ray
absorption fine structure spectroscopy measurements and theory calculations
reveal that when the charge-switchable viologen ligands switch to neutral-
state ones, they can act as electron donors to enrich the electron density of Co
centers in COP-CoPc and enhance the desorption of *CO, thus improving the
CO selectivity. Moreover, the excellent reversible redox capability of viologen
ligands and the increased Co-N bonding strength in the Co-N, sites enable
COP-CoPc to possess outstanding stability under elevated potentials and
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1 | INTRODUCTION

The electrochemical reduction of CO, is one of the most
promising approaches for carbon capture and utilization,
in which with CO, as the feedstock, high-value-added
chemicals and fuels, such as carbon monoxide, methane,
methanol, formic acid, and ethanol, can be synthesized at
ambient pressure and room temperature. The electro-
chemical reduction of CO, provides an attractive path-
way for achieving a sustainable carbon cycle and the goal
of carbon neutrality.'> However, electrochemical CO,
reduction reaction (CO,RR) suffers from sluggish
reaction kinetics due to the chemical inertness of CO,
molecules and complex reaction pathways with the
multielectron transfer. Adding to that, the redox poten-
tials for different CO,RR products are close to that for
hydrogen evolution reaction (HER) in aqueous electro-
lyte, and the electrocatalytic CO,RR processes are thus
accompanied by competitive HER, which results in low
efficiency and poor selectivity of the CO, conversion.®™®
To promote the efficiency of CO,RR to meet the
requirement of practical applications, developing electro-
catalysts with high catalytic activity and selectivity,
admirable stability, and low cost is essential.
Phthalocyanine-based metal complexes (PcMCs),
such as cobalt phthalocyanine (CoPc) and nickel
phthalocyanine (NiPc), have been demonstrated to be
potential electrocatalysts for CO, reduction.”'® Com-
pared with other catalysts, such catalysts have well-
defined active centers and easily tunable structures,
which are favorable for understanding their catalytic
mechanisms, thus modulating their catalytic activity and
selectivity.>'*"** However, in the CO,RR applications,
the PcMCs usually exhibit limited intrinsic activity and
poor electrical conductivity, leading to a high over-
potential and a low current density. Moreover, their
stability is poor under elevated potentials and cur-
rents."* 7 In this context, modifying the metal phthalo-
cyanines with other functional substituents has been
revealed to be a promising approach to enhancing their
catalytic performance."*'® For example, Ren et al.'®
reported that incorporating a nitro or amino ligand next
to a single Co atom catalytic center in CoPc could favor
or hinder the electrocatalytic CO, reduction due to the

CO,RR performance.

currents, enriching the knowledge of charge-switchable ligands tailored

charge-switchable ligand, cobalt phthalocyanine, electrochemical CO, reduction reaction,

respective electron-withdrawing or electron-donating
capability of the ligand. Choi et al.'"® immobilized Co
(IT) phthalocyanine (CoPc-A) onto chemically converted
graphene (CCG) via m-m stacking, and CCG/CoPc-A
demonstrated an enhanced catalytic activity as a result of
reduced aggregation due to long alkoxy chains. These
approaches are able to improve the catalytic activity of
CoPc molecules. However, their CO Faradaic efficiency
(FEco) and CO current density (Jco) are still low as
compared with other inorganic cobalt-based catalysts.
Additionally, undesirable reduction of Pc ligands in
reductive conditions deteriorates the long-term stability
of PcMCs catalysts, especially under high-overpotential
conditions, which is also a fundamental problem to be
solved.?

In this work, we synthesize a covalent organic
polymer by introducing viologen ligands into CoPc
(termed COP-CoPc). It has been revealed that viologen
has three distinct redox states during reversible redox
reactions, that is, dicationic state with positive charges,
radical-cationic state, and neutral state,’’ as shown in
Figure 1A. When the charge-switchable viologen is
introduced in the CoPc molecule, the local electronic
environment of the CoPc center will be modulated.
Particularly, the viologen in the neutral state has lone
pair electrons and extended m-m conjugation, which
enables it to function as an electron donor to enrich the
electron density of the Co center (Figure 1B).'®*
Meanwhile, the delocalization of 7 electrons in the
extended 7-1 conjugation of COP-CoPc may reduce the
negative charges of the ring ligands and thus further
increase the electron density of Co centers.”> Moreover,
viologen's excellent reversible redox capability is ex-
pected to endow viologen-modified CoPc with good
catalytic stability during the CO,RR process.”” In the
electrochemical CO, reduction experiments, the synthe-
sized COP-CoPc exhibits a high FEco over a wide
potential window. Notably, the COP-CoPc also shows a
high selectivity and outstanding stability at an elevated
current density in a scale-up anion membrane electrode
assembly (MEA) reactor. This work demonstrates an
effective approach to boost the catalytic activity, selectiv-
ity, and stability of CoPc molecules for CO,RR via
charge-switchable ligand modification. It would pave a
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FIGURE 1 (A) Viologen ligands with three distinct redox states during reversible redox reactions: dicationic state, radical-cationic state,
and neutral state with lone pair electrons. (B) Top view of the charge density difference of covalent organic polymer (COP-CoPc). The
depletion and accumulation spaces of charge are revealed in cyan and green, respectively. (C) Schematic illustration of the synthesis

reaction of COP-CoPc.

new avenue for large-scale CO production using molecu-
lar electrocatalysts.

2 | RESULTS AND DISCUSSION

2.1 | Synthesis and characterization of
COP-CoPc

COP-CoPc was synthesized through a Zincke reaction
between an amino derivative of cobalt polyphthalocya-
nine (CoPc-NH,) and viologen ligands (C,,H;4C1,N¢Os),
as shown in Figure 1C.** The synthesized COP-CoPc is
irregularly shaped nanoparticles similar to other control
samples of CoPc-NH, and CoPc, as shown in Supporting
Information S1: Figure S1. The EDX mapping images in
Supporting Information S1: Figure S2 confirm the
homogeneous distributions of C, Co, N, and O in
COP-CoPc nanoparticles. The XRD patterns in Support-
ing Information S1: Figure S3 reveal that in contrast to
the crystalline form of CoPc and CoPc-NH,, the
synthesized COP-CoPc shows a broad hump at 25-30°,
indicating its amorphous nature. To understand the
structure of COP-CoPc, the Fourier-transform infrared
(FTIR) spectra and Raman spectra of the viologen ligand,
CoPc, CoPc-NH,, and COP-CoPc were obtained
(Figure 2A,B). For the FTIR spectrum of CoPc-COP,
the characteristic absorptions of amino-derivative Pc

macrocycles appear at 3324 and 3204cm”' (N-H
stretching of amino groups), 1609 cm™" (C=C of phenyl
rings), and 1488cm™' (C=N stretching of Pc macro-
cycles).!” The characteristic absorptions of viologen
ligand at 1549 cm™' is assigned to the -NO, stretching
vibration peak; and this peak disappears in COP-CoPc,
which is due to the reaction between -NO, of viologen
and -NH, of CoPc-NH, during the formation of COP-
CoPc by Zincke reaction (Figure 2A).'7**** In addition,
the peaks in the range of 3200-3400 cm ™' of COP-CoPc
are weaker than those of CoPc-NH, because of the
consumed NH, groups during the Zincke condensation
reaction.'”* In the Raman spectrum of COP-CoPc
(Figure 2B), a band at 1538cm™" is observed, which is
attributed to the interaction of Co with the phthalo-
cyanine ring and is consistent with those of CoPc and
CoPc-NH,. The observation demonstrates that the
phthalocyanine structure remains unchanged after the
introduction of viologen ligands.'®'® Moreover, in the
UV-Vis spectra of COP-CoPc, CoPc-NH,, and CoPc
(Figure 2C), the location of the B band (Soret band,
corresponding to the transition from the deeper a,,(m) to
LUMO."'%) at 300-350nm and Q band (corresponding
to the a;,(m)-ey(n*) electron transition from the highest
occupied molecular orbital [HOMO] to the lowest
unoccupied molecular orbital [LUMO]) at 600-700 nm
is different, the Q band of COP-CoPc displays a redshift
concerning those of both CoPc-NH, and CoPc, and the
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FIGURE 2 (A) Fourier-transform infrared spectra of covalent organic polymer (COP-CoPc), viologen ligand, CoPc-NH,, and CoPc.
(B) Raman spectra of COP-CoPc, CoPc-NH,, and CoPc. (C) UV-Vis spectra of COP-CoPc, CoPc-NH,, and CoPc in dimethylformamide
(DMF) solutions. High-resolution X-ray photoelectron spectroscopy (XPS) spectra of (D) N 1s and (E) Co 2p of COP-CoPc and CoPc-NH,,
and (F) deconvolution of high-resolution XPS N 1s spectrum of COP-CoPc.

modification of the functional groups resulted in differ-
ent absorption peak shifts, which suggests the difference
of electron states among the samples.'®'”*

X-ray photoelectron spectroscopy (XPS) was per-
formed to investigate the surface chemical compositions
and states of COP-CoPc. In the high-resolution N 1s XPS
spectrum of COP-CoPc (Figure 2D), a significant shift
towards a higher binding energy by ~0.3 eV is observed
compared to that of CoPc-NH,. Correspondingly, the Co
2p peak of COP-CoPc also upshifts by ~0.5 eV concerning
that of CoPc-NH, (Figure 2E). The electron-withdrawing
effect of the positive charge of dicationic viologen ligands

causes such deviations in the binding energies of the Co
and N peaks.”’ Noticeably, in the deconvoluted high-
resolution N 1s XPS spectrum of COP-CoPc (Figure 2F),
in addition to the peaks at 398.5 and 399.6eV for
pyridinic and pyrrolic N, respectively,”®*’ the peaks
centered at 402.0 and 406.0 eV for the positively charged
nitrogen (-N*) in viologen®**° and m-m* satellite
(characteristic signal of nitrogen-containing aromatic
polymers®'), respectively, are also observed, which
further verifies the successful synthesis of COP-CoPc.
To further understand the local coordination of
COP-CoPc, the Co K-edge X-ray absorption near-edge
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structure (XANES) spectra of CoPc and COP-CoPc are
shown in Figure 3A. It is noted that the absorption edge
of COP-CoPc shifts to a higher energy versus that of
CoPc, indicating a reduced electron density of Co atoms
in COP-CoPc, probably due to the incorporation of
dicationic viologen ligands with positive charges. The
Fourier transformation (FT) of the extended X-ray
absorption fine structure (EXAFS) spectra reveals the
coordination environments of Co sites (Figure 3B and
Supporting Information S1: Figure S4). The coordination
numbers (N) of the first Co—N shell of COP-CoPc and
CoPc are calculated to be 3.9 and 3.8 (Supporting
Information S1: Table S1), respectively, which are close
to the theoretical value of 4, suggesting the similar Co-N
coordination structures of the two samples. However,
compared with CoPc, the neutral viologen ligands in
COP-CoPc serve as electron-donating groups, increasing
the electron density around the central cobalt atom,
making it more electron-rich. The increased electron
density on the cobalt atom enhances its interaction with
the nitrogen atoms of the ligand, leading to a reduced
Co-N bond length from 1.92 to 1.89 A (Supporting
Information S1: Table S1). Figure 3C,D present the
Morlet wavelet transform (WT) contour plots of CoPc
and COP-CoPc, in which the intensity maxima are
mainly related to the bond length R (R direction) and
atomic number Z (k direction). It is noted that the
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intensity maximum corresponding to the Co-N coordi-
nation in COP-CoPc slightly shifts toward smaller R + AR
compared to that in CoPc, which is consistent with the
altered local environments of the Co sites in the two
samples.

2.2 | Influence of functional ligands on
the electrocatalytic CO,RR performance of
COP-CoPc

The electrocatalytic CO,RR performances of COP-CoPc,
CoPc-NH,, and CoPc were evaluated in a CO,-saturated
KHCO; solution (0.5mol/L) using a three-electrode
H-type cell. As presented in Figure 4A, the linear sweep
voltammetry (LSV) curve of COP-CoPc shows better
CO,RR activity as compared with CoPc-NH, and CoPc.
The gas reduction products were detected to be
dominantly CO and H, at the investigated potentials by
using gas chromatography (GC). The FEsco of these
three samples under different potentials are shown in
Figure 4B. Among them, the COP-CoPc delivers a
maximum FEqq of 97.3% at —-0.88V versus reversible
hydrogen electrode (RHE), superior to CoPc-NH, (89.0%)
and CoPc (87.3%). Such a high FEco empowers
COP-CoPc to outperform most of the phthalocyanine-
based COP catalysts reported thus far, such as the

(B) — —— Co foil
; i ——Co,0,
R/ RN —— CoPc
" 8N o000 Gdplcope

FT (62(6)

6 8 10 12
k (A7)

FIGURE 3 (A) Co K-edge X-ray absorption near-edge structure spectra of CoPc and covalent organic polymer (COP-CoPc), and (B) the
corresponding Fourier transforms of Co K-edge extended X-ray absorption fine structure spectra, wavelet transform contour plots of

k*-weighted (k) signals of (C) CoPc and (D) COP-CoPc.
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electrode.

CoPc-imidazole (FEco=71% at -1.25V vs. SCE),**
amino-CoPc/G (FEco =67.5% at -0.88V vs. RHE),"
squaraine-bridged cobalt tetraamino phthalocyanine
COP-SA (FEco=96.5% at 0.65V vs. RHE), and 1,4-
benzenedicarboxaldehyde-bridged cobalt tetraamino
phthalocyanine BDA (FEco=85% at -0.65V vs.
RHE).'” Particularly, COP-CoPc maintains a high FEco
(>90%) over a wide potential range from -0.68 to -1.28 V
versus RHE. As references, CoPc-NH, and CoPc have
severe hydrogen evolution at increased potentials and
thus dramatically decreased FEcq, for example, 64.5%
and 34.5% at -1.28 V for CoPc-NH, and CoPc, respec-
tively. The above results demonstrate the superior
selectivity of COP-CoPc in CO,RR, which is attributed
to the incorporation of a charge-switchable viologen
ligand that induces electron localization of Co sites, as
verified by the DFT analysis below."®

According to the chronoamperometric responses of
COP-CoPc, CoPc-NH,, and CoPc (Supporting Informa-
tion S1: Figure S5-S7), their CO partial current densities
(Jco) were calculated, as depicted in Figure 4C. Notably,
COP-CoPc delivers much enlarged Jco than the control
samples, in particular at elevated potentials, for example,

90 mA/cm? for COP-CoPc versus 45mA/cm? for CoPc
and 57 mA/cm? for CoPC-NH, at -1.4 V versus RHE. It is
also worth noting that this current density is the highest
among all ligand-tuned phthalocyanine molecule cata-
lysts reported for the CO,RR in the H-type cell. Together
with the extraordinarily high FEco, COP-CoPc is one of
the best electrocatalysts for CO,RR reported thus far, as
shown in Supporting Information S1: Table $2."*"'"'* To
further evaluate the intrinsic activity of the catalysts, the
TOFsco of the samples are calculated as shown in
Supporting Information S1: Figure S8. It is revealed that
COP-CoPc has a TOF ¢ of 0.67 ™%, which is much larger
than that of CoPc-NH, (0.19s™%) and CoPc (0.13s™%),
indicating the superior intrinsic activity of COP-CoPc for
CO,RR. Apart from activity, the long-term durability of
the COP-CoPc catalyst for CO,RR was also investigated.
As shown in Figure 4D, the Jco remains almost stable,
and the FEco of COP-CoPc maintains within the range of
97.6%-91.6% for 10 h electrolysis at —0.88 V versus RHE,
suggesting that COP-CoPc has outstanding stability. To
evaluate the durability of COP-CoPc, the STEM-HAADF
images of COP-CoPc before and after electrocatalysis are
performed in Supporting Information S1: Figure S9. The
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result indicates that COP-CoPc maintains its pristine
structure, and no metal clusters are observed after the
stability test.

2.3 | Insight into the CO,RR process on
COP-CoPc catalyst with in situ/operando
XAS characterization and DFT
calculations

We performed the in situ XAS to probe the valence states
of COP-CoPc under real electrocatalytic CO,RR condi-
tions. As is shown in Figure 5A, in comparison with that
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at open-circuit voltage (OCV), no significant change is
detected in the in situ XANES Co K-edge spectra of COP-
CoPc at —0.1V versus RHE, indicating that COP-CoPc
remains unchanged under such a potential, that is,
CO,RR is not catalyzed by COP-CoPc. When the
potential is elevated to —0.4 and —0.6 V, the absorption
edge shifts increasingly toward lower energy, suggesting
a partial reduction of the Co centers in COP-CoPc.
Correspondingly, the current density increases from null
at OCV or —0.1V to 1.2mA/cm® in the LSV curve
(Figure 4A). Based on the above results and previous
reports, a possible electrocatalytic pathway for the
CO,RR on COP-CoPc is proposed, as illustrated in
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FIGURE 5 (A)Normalized in situ cobalt K-edge X-ray absorption near-edge structure spectra of CoP-CoPc at open-circuit voltage, —0.1,
—0.4, —0.6 V versus RHE in CO,-saturated 0.5 mol/L KHCOs. (B) Schematic diagram showing the electrocatalytic pathways for CO,RR on
covalent organic polymer (COP-CoPc). (C) Calculated energy levels and electron density distributions of alpha-doubly degenerated HOMO/
HOMO —1 and LUMO/LUMO + 1 of CoPc, CoPc-NH, and COP-CoPc. (D) The Hirshfeld charge of Co sites in CoPc, CoPc-NH,, and COP-
CoPc. (E) Free energy variations for the reaction steps in the reduction of CO, to CO on CoPc, CoPc-NH,, and COP-CoPc. The Co-N bond
length in (F) CoPc, (G) CoPc-NH,, and () COP-CoPc. RHE, reversible hydrogen electrode.
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Figure 5B. First, the Co?* centers are reduced to a lower-
valence state, for example, Co’*t (6< 2) under the
assistance of an external bias, and CO, molecules are
adsorbed on the Co* sites and reduced to *CO,,
accompanied by the oxidation of Co’". Then, *COOH is
formed due to hydrogenation of *CO, . Finally, *COOH
is converted to *CO via the second proton-coupled
electron transfer process, followed by the desorption of
CO molecules from the Co centers on COP-CoPc.*?

Density functional theory (DFT) calculations were
performed to elucidate the origin of the excellent CO,RR
activity of COP-CoPc. Under the condition of electro-
catalytic CO,RR, dicationic viologen will be reduced to
neutral-state viologen.”’ As a result, the neutral-state
viologen ligands were used to construct the DFT model
of COP-CoPc. Alpha-doubly degenerated HOMO/
HOMO -1 and LUMO/LUMO +1 electron density
distributions and energy levels were derived, as shown
in Figure 5C. It is revealed that CoPc-NH, and CoPc have
similar electronic structures. However, with the incorpo-
ration of neutral-state viologen ligands, the electron
density distributions of the highest occupied molecular
orbital (HOMO/HOMO —1) and lowest unoccupied
molecular orbital (LUMO/LUMO +1) of COP-CoPc
change significantly. Specifically, the HOMO electrons
of COP-CoPc are mainly located on the neutral-state
viologen ligands, while the LUMO electrons are mainly
gathered around the Co centers (Figure 5C). The
calculations suggest that the electrons of neutral-state
viologen ligands are transferred to the Co centers, which
leads to more electrons located at the Co sites and makes
them catalytically more active.”> These results are
consistent with the Hirshfeld population analysis, which
also reveals the creation of electron-rich cobalt environ-
ments in COP-CoPc compared to those in CoPc and
CoPc-NH, (Figure 5D). In addition, the HOMO energy
level of COP-CoPc upshifts from -5.02eV of CoPc to
-4.00eV due to the incorporation of stronger electron-
donating neutral-state viologen ligands, which endows
COP-CoPc with enhanced reducibility.” Meanwhile,
COP-CoPc has a much smaller energy gap between
LUMO and HOMO (1.80eV) in comparison with CoPc
(2.34eV) and CoPc-NH, (2.25eV), which facilitates the
electron transport in COP-CoPc during the CO,RR
progress.”® The similar variation of beta-doubly degener-
ated LUMO/HOMO energy levels is also observed due to
the introduction of viologen ligands in COP-CoPc
(Supporting Information S1: Figure S10).

Gibbs free energy changes (AG) of the reactions were
calculated according to the reaction pathway at different
sites (The schematic configurations of the adsorbed
species on the surfaces of CoPc, CoPc-NH, and COP-
CoPc during CO,RR are presented in Supporting

Mat
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Information S1: Figure S11). The free energy variations
for the reaction steps during the reduction of CO, to CO
on CoPc, CoPc-NH, and COP-CoPc are shown in
Figure 5E. It is revealed that the *CO desorption on the
active Co centers is the rate-determining step. The AG for
the release of adsorbed CO is 0.76eV on COP-CoPc,
which is lower than those on CoPc-NH, (1.14 eV) and on
CoPc (1.38 eV). The results indicate that *CO species are
more easily desorbed on COP-CoPc, and thus, more
active sites are exposed for the subsequent reactions.
Furthermore, considering that HER is a competing
reaction in CO,RR, the free energy diagrams of HER
were calculated. It is revealed that COP-CoPc has a high
positive free energy change for adsorbed hydrogen
intermediates during HER (Supporting Information SI:
Figure S12), which is conducive to HER suppression.
This agrees well with the experimental observations of its
excellent selectivity towards CO,RR (a high FEco over a
wide potential). More importantly, as shown in
Figure 5F-H, the Co-N bond length is calculated to be
1.909 A in COP-CoPc, being smaller than those of CoPc-
NH, (1.928 A) and CoPc (1.928 A). The shortened Co-N
bond length induced by the neutral-state viologen ligands
enhances the bond strength of Co-Nj sites. As a result,
the severe deactivation of CoPc caused by Co-N bond
breakage during irreversible Co(II)/Co(I) redox at high
potentials can be effectively reduced, and the stability of
COP-CoPc electrocatalyst under high potentials is
enhanced.***

24 | Two-electrode MEA tests of the
CO,RR performance of COP-CoPc

The MEA device was further adopted to test the CO,RR
performance of COP-CoPc at large current density. The
schematic diagram of the MEA system is shown in
Figure 6A, and the valid areas of both cathodes loaded
with COP-CoPc and anode loaded with IrO, are 5cm?.
The electrolyte of 0.5mol/L KHCO; was used to
minimize the effect of possible salt accumulation at high
current densities. Figure 6B presents the FEco of COP-
CoPc at different current densities. A high FEco over 95%
is achieved even at a high current density of 150 mA/cm?,
Moreover, the stability test was also conducted without
flushing the electrode or refreshing the electrolyte to
evaluate the durability of the device without mainte-
nance. As shown in the time-dependent voltage curve at
a constant current of 0.25 A (Figure 6C), the COP-CoPc
assembled MEA retains a high FEqo of over 90% for no
less than 48 h with a slight increase of full-cell voltage
from 2.7 to 2.9V. Note that the electrodes were not
flushed and the electrolyte was not refreshed during the
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FIGURE 6 (A) Schematic diagram of the 5cm?® membrane electrode assembly (MEA) reactor. (B) FEcq of covalent organic polymer
(COP-CoPc) assembled MEA in 0.5 mol/L KHCO; electrolyte at various current densities. (C) Time-dependent voltage and FEco of COP-

CoPc assembled MEA device at a current of 0.25 A in 0.5 mol/L KHCOj electrolyte.

test, which highlights the excellent stability of COP-CoPc
for future practical applications.

3 | CONCLUSION

In summary, we have designed and synthesized
COP-CoPc for CO, electroreduction to CO using the
charge-switchable viologen ligands to ameliorate CoPc.
The COP-CoPc exhibits a superior CO,RR performance,
for example, a high FEco (>90%) over a wide potential
window (-0.68 to -1.28 V), a maximum FEcg of 97.3% at
-0.88V versus RHE, and a large current density of
101 mA/cm? at —1.38 V versus RHE in an H-type setup,
which makes it the best among all developed ligand-
tuned phthalocyanine molecule catalysts for CO,RR,
and as well as one of the best electrocatalysts for CO,RR
reported thus far. Impressively, COP-CoPc also demon-
strates its potential for practical applications, for
example, a FEco of over 95% is realized at a large
current density of 150 mA/cm? in a 5 cm® scale-up MEA
system. The neutral-state viologen ligands in situ
formed during CO,RR are illustrated to enrich the

electron density of single-atom Co sites in COP-CoPc
and enhance the desorption of *CO intermediates,
leading to an increased catalytic activity of COP-CoPc
for CO,RR. Moreover, the excellent reversible redox
capability of viologen ligands and the strong Co-N
bonding strength in the Co-N, sites enable COP-CoPc
to possess outstanding stability under elevated poten-
tials and currents. Incorporating charge-switchable
ligand coordination to modulate the activity and
stability of CoPc-based electrocatalysts may provide a
useful approach for designing highly active MePc-based
electrocatalysts for industrial CO,RR applications.
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