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CO, electroreduction (CO,RR) to generate valuable chemicals in
acidic electrolytes can improve the carbon utilization rate in comparison to that
under alkaline conditions. However, the thermodynamically more favorable
hydrogen evolution reaction under an acidic electrolyte makes the CO,RR a big
challenge. Herein, robust metal phthalocyanine(Pc)-based (M = Ni, Co)
conductive metal-covalent organic frameworks (MCOFs) connected by strong
metal tetraaza[14]annulene (TAA) linkage, named NiPc—NiTAA and NiPc—
CoTAA, are designed and synthesized to apply in the CO,RR in acidic
electrolytes for the first time. The optimal NiPc—NiTAA exhibited an excellent
Faradaic efficiency (FE¢o) of 95.1% and a CO partial current density of 143.0
mA cm™> at —1.5 V versus the reversible hydrogen electrode in an acidic
electrolyte, which is 3.1 times that of the corresponding metal—organic
framework NiPc—NiN,. The comparison tests and theoretical calculations reveal
that in-plane full 7—d conjugation MCOF with a good conductivity of 3.01 X 10™* S m™" accelerates migration of the electrons. The
NiTAA linkage can tune the electron distribution in the d orbit of metal centers, making the d-band center close to the Fermi level
and then activating CO,. Thus, the active sites of NiPc and NiTAA collaborate to reduce the *COOH formation energy barrier,
favoring CO production in an acid electrolyte. It is a helpful route for designing outstanding conductive MCOF materials to enhance
CO, electrocatalysis under an acidic electrolyte.
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electrolytes, including electronic structure modulation, surface

The electrochemical CO, electroreduction reaction can decoration, nanostructuring, and adding alkali cations. In

convert CO, into valuable chemicals by renewable energy, particular, the single-atom catalysts (SACs) get more attention
which is a potential route to realize a carbon-neutral cycle."”” thanks to maximum atomic efficiency and tunable electronic
Although CO, has strong thermodynamic stability and structure, especially the Ni-based materials. The Ni-SACs
chemical inertness, the CO,RR toward the production of exhibit favored kinetics and excellent activity for CO, toward

CO has achieved great progress recently with high selectivity
and industrial-level current density in alkaline or neutral
electrolytes.”™'* However, CO, can easily react with local OH~
species in alkaline or neutral electrolytes and cause a serious

CO in acidic electrolytes because of the unique structure and
coordination environment.”****%*! Moreover, Bondue et al.
found that HER could be restrained in acidic electrolytes when

salting-out effect, which reduces carbon utilization efficiency the rate of CO,RR was high enough to compensate protons
and greatly impedes the practical viability of alkaline CO, around the catalyst surface.’” Additionally, Hu et al. reported
electrolysis."* ™' that adding K' ions can suppress HER in an acidic

In contrast, the CO,RR in acidic electrolytes can suppress electrolyte.” Nevertheless, significant challenges currently

the formation of carbonates to handle the above chal-
lenges."” ™ In acidic electrolytes, hydronium participates in
the CO,RR and hydrogen evolution reaction (HER) rather
than H*, which can inhibit the formation of OH~ and
carbonate.”® Once carbonate is produced locally, it could be
converted back into CO, molecules when diffused into the
bulk acid electrolyte.’*™** However, the HER at low pH
outcompetes the CO, electroreduction. Recently, strategies
have been designed to boost CO,RR performance in acidic

remain in achieving favorable levels of current density and
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Figure 1. Design and synthesis of the MCOFs NiPc—MTAA (M = Nj, Co) and the MOFs NiPc—NiN, and NiPc—CoN,. (a) Schematic
representation for the synthesis of NiPc—MTAA and NiPc—MN, under typical solvothermal conditions. (b) Top and side views for 2D crystalline
NiPc—MTAA with eclipsed AA stacking patterns. (c) Top and side views of NiPc—MN, in AA stacking patterns (C, cyan; N, blue; M, yellow; Ni,

purple; H, white).

selectivity. Thus, development of catalysts that can adapt to
acidic electrolysis is urgent.

Recently, porous crystalline materials, including metal—
organic frameworks (MOFs) and covalent organic frameworks
(COFs) linked by periodically arranged functional building
blocks, have garnered considerable interest as suitable catalysts
for CO,RR thanks to their high surface areas, high CO,
adsorption, and tunable active sites.”' > Nevertheless, despite
MOFs being able to obtain ideal structures and functionalities
because of different metal nodes/clusters and organic
monomers, their practical implementations are often restricted
by the relative weak strength of the coordination bond,
particularly in acidic electrolytes for CO,RR. Meanwhile,
although COFs linked by covalent bonds possess more
chemical stability in harsh conditions compared with most of
MOFs, their poor electron-transfer ability and lack of metal
sites usually lead to low current density that cannot meet the
requirements of commercial applications.**™>° Interestingly,
metal-covalent organic frameworks combine the advantages of
MOFs and COFs to against harsh chemical environments,
such as strong acids and bases.”” Thus, we believe that metal-
covalent organic frameworks (MCOFs) can be applied in
electrocatalytic CO, under acidic electrolytes but not been
reported up to now.

Herein, active Ni-phthalocyanine (NiPc) as building block
was embedded into two porous conductive MCOFs (NiPc—
MTAA, M = Nj, Co, Figure 1) connected by nickel or cobalt
tetraaza[14]annulene linkage for the efficient CO,RR toward
the CO,-to-CO conversion in acidic electrolyte. Due to the
high delocalized in-plane d—z conjugation and macrocyclic 7
conjugation with coordination and covalent bonds, the robust
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NiPc—MTAA with two types of active sites (NiPc and M-
TAA) have better electron-transfer capability and chemical
stability than their corresponding MOFs, NiPc—MN, (M = Nij,
Co, Figure 1) that link with Ni/Co-o-phenylenediamine. Thus,
the optimal MCOF, NiPc—NiTAA, exhibits an outstanding
CO Faradaic efficiency (FEcg) of 98.3% at —1.1 V and an
industrial-level CO partial current density (jco) of 143.0 mA
cm™? at —1.5 V in acidic electrolyte, which are greater than that
for the corresponding MOF, NiPc—NiN, with FEco = 88.5%
and joo = 46 mA cm™2 Moreover, the MCOF, NiPc—CoTAA,
also displays superior FEco (FEco = 94.7% at —1.3 V and jco
= 89.0 mA cm™? at —1.5 V) over NiPc—CoN, (FE¢q = 93.6%
at =13V, joo = 64 mA cm™> at —1.5 V). All these results
indicate that the MCOFs, NiPc—MTAA with in-plane 7—d
conjugation, show better CO,RR performance in acidic
electrolyte compared to the corresponding MOF, NiPc—
MN,. The comparison tests and DFT calculations prove that
NiTAA linkage endows the MCOFs with good conductivity
due to high d—7 orbital overlap between metal sites and TAA,
which makes electron transfer continuous along the bonds.
Moreover, the d-band center of Ni sites in NiPc—NiTAA is
closer to the Fermi level, indicating that the Ni sites have a
strong ability to activate CO,, thereby enhancing the reactivity
of Ni sites in acidic electrolytes.

The two MCOFs, NiPc—MTAA (M Ni, Co), were
synthesized using 2,3,9,10,16,17,23,24-octaaminophthalocyani-
nato nickel(Il) (NiPc—(NH,);) with tetramethoxypropane
(TMP) and metal acetate tetrahydrate under typical
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Figure 2. Tested (red), Rietveld-refined (blue), and simulated (gray) PXRD patterns of (a) NiPc—NiTAA and (b) NiPc—NiN,. (c) FT-IR spectra
for NiPc—CoN,, NiPc—CoTAA, NiPc—NiN,, NiPc—NiTAA, and the NiPc—(NH,); monomer. (d) UV—vis absorption spectra of NiPc—NiTAA

and NiPc—NiN,.

solvothermal vacuum conditions at 120 °C for S days (Figure
1). Additionally, the two corresponding MOFs, NiPc—MN,
(M = Nj, Co), were also synthesized according to the literature
(Figure 1).>® The formation of these NiPc-based MCOFs
(NiPc—NiTAA) and MOFs (NiPc—NiN,) were confirmed by
powder X-ray diffraction (PXRD, Figure 2a,b). The PXRD
pattern (Figure 2a) for NiPc—NiTAA was consistent with the
simulated slipped AA-stacking model built by Materials Studio
8.0 with the P,/mmm space group where a = 18.0 A, b = 18.0
A, c =348 A, and @ = f = y = 90°. Moreover, NiPc—CoTAA
and NiPc—CoN, have the same topology and PXRD patterns
as NiPc—NiTAA and NiPc—NiN, (Figure S1). The Rietveld
refinements for NiPc—NiTAA had validity differences (R, =
2.59% and R,, = 3.96%), indicating that the slipped AA-
stacking model was reliable. In Figure 2a, two obvious
diffraction peaks are shown at 4.9 and 10.0°, which were
assigned to the (100) and (200) facets, respectively. Addi-
tionally, a peak appeared at 28.0°, which could be attributed to
the (001) facet. The space-filling structural model of NiPc—
MTAA in Figure 1b shows a one-dimensional tetragonal
channel with ca. 1.0 nm theoretical pore sizes and a 3.4 A layer
stacking distance (Figure 1b, right side). The experimentally
observed PXRD results matched with the simulated pattern,
suggesting successful construction of NiPc—MTAA with the
metal tetraaza[14]annulene linkage. The MOF NiPc—NiN,
showed similar PXRD patterns (Figure 2b) as those of NiPc—
NiTAA (Figure 2a), which possessed a 1.8 nm pore size and a
3.6 A interlayer spacing.

The successful syntheses of NiPc—MTAA and NiPc—MN,
were further validated by Fourier transform infrared (FT-IR)
and ultraviolet—visible (UV—vis) spectra. As shown by FT-IR
in Figure 2c, the absence of the N—H vibrations located at
3330 and 3208 cm™' in both NiPc—MTAA and NiPc—MN,
suggested that the amino groups in NiPc—(NH,); were
coordinated with the metal ions. Moreover, the spectra of both
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NiPc—NiTAA and NiPc—CoTAA showed a typical M—C=N
peak centered at 1562 cm™', implying the existence of
MTAA.* Besides, the UV—vis spectra in Figure 2d showed
distinct red shifts for B and Q bands in NiPc—NiTAA
compared with NiPc—NiN,, which suggested that the
introduction of the metal-tetraaza[14]annulene linkage en-
dowed MCOF with stronger conjugation.”” The extended in-
plane d—z and macrocyclic 7-conjugation across the frame-
work could improve the electron transport capability of NiPc—
NiTAA (Figure S2 and Table S1), resulting in high electrical
conductivity (3.01 X 107* S m™"), which was much higher than
for the corresponding MOF NiPc—NiN, (2.27 X 107° S m™).
The conductivity proved that the MCOFs exhibited better
electron transport ability than the corresponding MOFs.
Furthermore, electron conductivity of the MCOFs and
MOFs was tested by electrochemical impedance spectroscopy
(EIS). As per the EIS Nyquist plots shown in Figure S3, NiPc—
NiTAA exhibited a smaller semicircle than NiPc—NiN,.
Additionally, NiPc—CoTAA also showed lower charge-transfer
resistance (R,,) than NiPc—CoN,, which could explain the fast
electron transfer in MCOFs. Such superior electron con-
ductivity for NiPc—MTAA could facilitate electron transfer to
electrodes and CO,, hence promoting current density for the
CO,RR compared with those of conventional insulating MOFs
and COFs. Inductively coupled plasma-optical emission
spectrometry proved that NiPc—NiTAA and NiPc—NiN,
have high densities of active Ni sites with 13.21 and 14.32
wt %, respectively, which would be favorable for the
enhancement of current density (Table S2). Elemental analysis
demonstrated that carbon, hydrogen, and nitrogen were
present in NiPc—MTAA and NiPc—MN, (Table S2).
Chemical stability of NiPc—MTAA and NiPc—MN, was
examined by immersing them into 2 M H,SO, solutions.
According to the PXRD patterns from Figure S4, NiPc—
NiTAA and NiPc—CoTAA still possessed crystallinity under
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Figure 3. (a) Ni K-edge XANES spectra for Ni-based samples. (b) Ni K-edge of EXAFS spectra for Ni-based samples. (c) EXAFS fitting curve for
NiPc—NiTAA [inset diagram for coordination mode: Ni (lilac), O (red)]. (d) WT EXAFS spectra for Ni-based samples.

the strong acidic solution, while the MOF NiPc—MN, became
amorphous after immersion under the same conditions. These
results indicated that the MTAA linkage could enhance the
chemical stability of MCOFs. Additionally, thermogravimetric
analysis (TGA) indicated that NiPc—NiTAA could be stable
up to 400 °C (Figure S5), which was higher than NiPc—NiN,
(260 °C) and NiPc—CoN, (270 °C). Based on the above
results, the thermal and chemical stabilities of MCOFs were
enhanced by implanting tetraaza[14]annulene into the porous
frameworks. Thus, NiPc—NiTAA and NiPc—CoTAA with
high chemical and thermal stabilities have great potential to
perform electrocatalytic CO,RR under acidic electrolytes.

Scanning electron microscopy (SEM) images of NiPc—
MTAA and NiPc—MN, in Figure S6 show irregular stacked
layer structures, which were supported by transmission
electron microscopy (TEM) in Figure S7a. The MCOFs and
their corresponding MOFs had similar morphologies (Figures
S6—S8). High-resolution TEM showed no obvious metal
nanoparticles (NPs) in NiPc—NiTAA (Figure S7b), which
agreed well with the PXRD result. The EDS elemental
mapping (Figure S7c) proved that carbon, nitrogen, and nickel
elements were uniformly distributed in NiPc—NiTAA. To
investigate the CO, affinity of the materials, CO, adsorption
tests were performed at 298 K. In Figure S9, NiPc—NiTAA
displayed the highest CO, adsorption value of 15.2 cm® g™
over NiPc—NiN, (11.1 cm® g_l), NiPc—CoTAA (12.1 cm?®
g™"), and NiPc—CoN, (6.90 cm® g!). The good CO, affinity
made NiPc—NiTAA a promising platform for the CO,RR via
enhancing the uptake of CO,.

To investigate the coordination environments and electronic
structure of Ni atoms in NiPc—NiTAA, X-ray absorption
spectra were obtained. As shown in Figure 3a, the Ni K-edge
XANES spectra in NiPc—NiTAA, NiPc—NiN,, and NiPc
exhibited a pre-edge peak at 8333 eV, which was assigned to
the dipole forbidden 1s to 3d transition. Moreover, the
shoulder peak located at 8339 eV was associated with the 1s to
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4p, electronic transition in NiPc—NiTAA, NiPc—NiN,, and
the NiPc molecule.’®°" It indicated that a NiN, symmetrical
structure existed in NiPc—NiTAA and NiPc—NiN,. Mean-
while, the Ni XANES curves of NiPc—NiTAA and NiPc—NiN,
was close to that of NiP¢, indicating the same bivalent Ni in
NiPc—NiTAA, NiPc—NiN,, and NiPc. The coordination
structure of Ni in NiPc—NiTAA was confirmed by EXAFS.

As shown in Figure 3b, the peak at 1.34 A in NiPc—NiTAA
and NiPc—NiN, indexed to the characteristic Ni—N. More-
over, the corresponding R values were slightly shifted in NiPc—
NiTAA and NiPc—NiN, in comparison with Ni—N (1.45 A)
in NiPc, attributing to shorter Ni—N bond in the NiTAA node
and NiN, node. Furthermore, no signal at 2.17 A from Ni—Ni
showed in NiPc—NiTAA and NiPc—NiN,, suggesting that Ni
was not in nanoparticle aggregates. Additionally, based on the
EXAFS fitting spectra in Figure 3c and Table S3, the Ni in
NiPc—NiTAA was coordinated with four N and one O (Ni—
N,—O). As shown in Figure 3d, the Ni—N/O bonding was
observed at 3.5 A™! and no Ni—Ni at 7.6 A~ existed in NiPc—
NiTAA from wave transform-extended X-ray absorption fine
structure (WT-EXAFS), further illustrating the isolated
atomic-level dispersion of Ni in the porous framework.

X-ray photoelectron spectroscopy (XPS) was used to
illustrate surface compositions and chemical states for NiPc—
NiTAA and NiPc—NiN,. As shown in Figure S10a, the XPS
survey spectra of NiPc—NiTAA and NiPc—NiN, displayed the
peaks of carbon, nitrogen, oxygen, and nickel, which were in
accordance with the TEM EDS results. The existence of the O
signal came from the coordinated H,O to the framework. The
Ni 2p spectrum of NiPc—NiTAA displayed two main peaks
centered at 855.3 eV (Ni 2p;/,) and 872.6 eV (Ni 2p,,),
indicating the nickel divalent. Similarly, the Ni 2p spectrum
curve for NiPc—NiN, showed two peaks at 855.2 and 872.7 eV
belonging to Ni 2p;/, and Ni 2p, /,, suggesting a valence of +2
instead of other valence states in the framework (Figure S10b).
The N 1s XPS spectrum of NiPc—NiTAA showed that C—
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Figure 4. Electrocatalytic CO,RR performance under acidic media (pH = 2) in the flow-cell: (a) schematic for flow-cell configuration. (b) LSV
curves of NiPc—NiTAA, NiPc—NiN,, NiPc—CoTAA, and NiPc—CoNj in sulfuric acid electrolyte (0.5 M K,SO, with H,SO, additives, pH = 2).
(c) FE¢o for NiPc—NiTAA, NiPc—NiN,, NiPc—CoTAA, and NiPc—CoN,, and (d) jco for NiPc—NiTAA, NiPc—NiN,, NiPc—CoTAA, and

NiPc—CoN,.

N=C and Ni—N dominated at 398.8 and 400.0 eV,
respectively (Figure $10¢).°** These results indicated that
Ni tetraaza[14]annulene was introduced into the framework
successfully.

To explore the effect of tetraaza[14]annulene on CO,RR
performances in MCOFs, the CO,RR activities of NiPc—
NiTAA and the corresponding MOF NiPc—NiN, were first
investigated in an acidic electrolyte including 0.5 M K,SO,
solution at pH = 2. A gas diffusion electrode was utilized to
investigate the performance (Figure 4a and Figure S11). The
potentials mentioned in this work were corrected by a
reversible hydrogen electrode (RHE). The gaseous products
and liquid products were confirmed by gas chromatography
(GC) and 'H nuclear magnetic resonance ('‘H NMR),
respectively. The GC and 'H NMR results revealed that no
liquid product was produced except CO and H, (Figure S12).
The CO origination was from the CO, reduction rather than
decomposition of the catalyst, which was proved by "C-
labeling CO, isotope experiments (Figure S13). From linear
sweep voltammetry (LSV) results in Figure 4b, NiPc—NiTAA
and NiPc—CoTAA exhibited current densities higher than
those of the corresponding NiPc—NiN, and NiPc—CoN, at an
applied potential from —1.1 to —1.8 V, implying superior
CO,RR performance for MCOFs. Among them, NiPc—NiTAA
has the largest total current density of 273.8 mA cm™> at —1.8
V. Meanwhile, excellent FE-q over 95% was achieved for
NiPc—NiTAA in the potentials window from —1.1 V to —1.5
V, reaching the maximum FEcq of 98.3% at —1.1 V (Figure
4c). Interestingly, thanks to the strong conjugation in NiPc—
NiTAA, the industrial-level joo of 143.0 mA cm™> was
obtained, which was about 3.1 and 2.2 times larger than for
NiPc—NiN, and NiPc—CoN,, respectively (Figure 4d). To
further determine that the activity of the CO,RR is originated
from the NiPc unit or NiTAA node or NiN, node, NiTAA was
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prepared by tetramethoxypropane (TMP) and o-phenylendi-
amine dihydrochloride (Figure $14).°° In addition, the 2D
MOF Ni;(HITP),, containing the NiN, nodes, was also
synthesized by 2,3,6,7,10,11-hexaaminotriphentlene hexahy-
drochloride and NiCl,-6H,0 (Figure S15).°* The CO,RR
experiments were conducted under the same conditions. As
shown in Figure S16a, NiPc achieved the maximum FEy of
97.2% at —1.4 V and a jco of 63.5 mA cm > at —1.5 V.
Moreover, NiTAA obtained a FE of 86.1% at —1.3 V and a
jco of =140 mA cm™* at —1.5 V. The Niy(HITP), had no
activity for CO,RR and yielded H, nearly 100% (Figure S17).
The above results indicated that the NiPc units and NiTAA
nodes collaborated to polish up the CO,RR performance in
acidic electrolyte for NiPc—NiTAA. As shown in Table S4, the
excellent NiPc—NiTAA surpassed most of the catalysts in
acidic reaction systems. In addition, electrocatalytic stability for
MCOFs and MOFs was tested under a constant potential
electrolysis at —1.1 V. As shown in Figure S18, NiPc—NiTAA
showed no significant decay in FE.q, which was around 92%
after 6 h electrolysis, while NiPc—NiN, showed an obvious
decline in current density and selectivity after only 2 h
electrolysis. The excellent performances in selectivity, current
density, and stability could reasonably be attributed to the
extended in-plane d—7z and macrocyclic 7-conjugation in the
robust NiPc—NiTAA. Furthermore, XPS, TEM, Ni K-edge
EXANE and EXAFS, and PXRD for NiPc—NiTAA after the
CO,RR measurement showed no obvious changes (Figures
S19—S21). The ICP value of Ni in the electrolyte after CO,RR
catalysis (Table SS) demonstrated that there was no leaching
of Ni(Il) ions from NiPc—NiTAA during electrocatalysis. All
these results demonstrated that the introduction of nickel
tetraaza[ 14 ]annulene into NiPc—MTAA could enhance the
framework structure stability and thus promote the CO,RR in
an acidic electrolyte.
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The feasibility of the CO,RR for NiPc—NiTAA in acidic
electrolyte with different pHs (1, 2, 4, and 6) and different
cations (Li*, Na*, K*, and Cs*) were also investigated. As
shown in Figure S22, as the pH increases from 1 to 2 to 4 and
6 at —1.1 V, the CO,RR performance (FEco and jco)
increased. Obviously, an excellent FEc, up to 95% was
achieved at the low pH of 2 from —1.1 to —1.5 V. The good
CO,RR performance in acidic electrolyte may be attributed to
the formation of a chemically inert hydrated alkali metal ions
layer at the outer Helmholtz plane, inhibiting HER and
enhancing CO, adsorption.”””* However, the proton source
was H rather than H;0" under a lower pH (pH = 1), which
facilitates HER. These results indicated that the CO,RR
performance would be significantly influenced by the local pH
environment (H* concentration). Moreover, apart from the
pH, the influence of alkali metal cations was then performed.
As shown in Figures S23 and S24, CO, electrolysis was
conducted in an acidic catholyte with different 0.5 M M,SO,
and H,SO, (M* = Li, Na, K, and Cs) at pH = 2. The changing
trend for FEcq and jcoo with the variation of different alkali
metal ions is shown in Figure S24. As the metal ions change
from Li* to Na*, K¥, and Cs*, FEq and jcq increase first and a
maximum value was achieved in the K'-containing electrolyte
at —1.5 V. The superior performance with K,SO, solution and
the poor activity in Li,SO, electrolyte indicated that K™ could
enhance the CO,RR performance in a strong acidic electrolyte
with pH = 2. The result may be ascribed to a high
concentration of a weak hydration shell of K" near the
electrode surface, which endowed the hydrated K* with a high
capability to coordinate with *CO,~ and thus more CO, and
hydrated K* accumulated around the catalyst surface, thus
promoting CO production.””® These findings highlight that
the choice of cation and pH that favored the electrolysis of
CO, in acidic electrolyte is crucial.

For understanding the intrinsic catalytic features of MCOFs
and MOFs, the electrochemical surface area and Tafel slope
measurements were conducted. As shown in Figure S25, cyclic
voltammetry was performed to obtain the double-layer
capacitance (Cy). NiPc—NiTAA presented a larger Cy (8.3
mF cm™2) than NiPc—NiN, (7.2 mF cm™2). It indicated that
NiPc—NiTAA had more active sites than NiPc—NiN, and thus
larger increase in the current density for NiPc—NiTAA.
Moreover, faster kinetics occurred in NiPc—NiTAA, which was
proved by the Tafel slope. The Tafel slope values of NiPc—
MTAA and NiPc—MN, were larger than 118 mV dec™’
(Figure S26), manifesting that *COOH generation through a
proton-coupled electron transfer process (PCET) was the rate-
determining steps (RDS). Both NiPc—NiTAA (1254 mV
dec™") and NiPc—CoTAA (177.6 mV dec™") presented much
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lower Tafel slopes in comparison with NiPc—NiN, (172.8 mV
dec™') and NiPc—CoN, (182.1 mV dec™"), manifesting faster
kinetics for MCOFs in CO, conversion. This superiority might
be ascribed to more electron transfer and higher conductivity
of the fully m-conjugation structure of MCOFs with M-
tetraaza[ 14 ]Jannulenes.

To detect possible reaction intermediates and investigate the
mechanism during CO,RR over NiPc—NiTAA, in situ FT-IR
for NiPc—NiTAA was performed in a homemade cell (Figure
S27). Figure S28 shows the strong peak centered at 1396 cm™
indexed to *COOH.”>* Additionally, a small peak at 1982
cm™" is shown, which belonged to the *CO intermediate.®

To further investigate the catalytic mechanism of NiPc—
MTAA and NiPc—MN,, DFT calculations were done for the
free energy of the CO,RR and HER. The RDS in the CO,RR
and HRE over MCOFs and MOFs is the formation of
*COOH and *H, respectively. In Figure Sa, the*COOH
formation free energies over NiPc sites and NiTAA sites in
NiPc—NiTAA were 1.96 and 1.71 eV, respectively, which were
lower than the corresponding free energy of formation of *H
(2.07 eV for NiPc site, 1.75 eV for NiTAA site). This result
indicated that NiPc—NiTAA was beneficial for the CO,RR
rather than the HER. Meanwhile, U;(CO,)—U,(H,) repre-
sents the limiting potential difference of CO,RR and HER,
which was further used as an indicator and a more positive
U.(CO,)—U.(H,) indicated better selectivity to CO.° As
shown in Figure Sb, the NiPc site in NiPc—NiTAA presented
the most positive value (0.11 eV) among all calculated sites,
further supporting the higher CO selectivity of NiPc—NiTAA.
The electronic structure calculation was also performed to
demonstrate the electronic structure of the metal atoms and
the adsorbate. According to the projected density of states for
Ni 3d orbitals and the CO, 2p orbitals, the electronic energies
became closer to the Fermi level,” indicating that the Ni center
in the NiPc site of NiPc—NiTAA had the capability to activate
CO,, thus favoring the reactivity of Ni sites (Figure S29).
Apparently, the excellent performance of NiPc—NiTAA in
acidic electrolyte was mainly due to the collaboration of NiPc
and NiTAA sites to reduce the energy barrier of formation of
*COOH and then promote the activity.

In conclusion, conductive 2D NiPc-based MCOFs (NiPc—
MTAA) frameworks connected with the metal tetraaza[14]-
annulene linkage were constructed and employed as a highly
efficient electrocatalyst for CO, reduction under acidic
electrolyte. Compared with 2D NiPc—based MOFs (NiPc—
MN,), MCOFs exhibit good electrical conductivity and
stability thanks to full in-plane z-delocalization. Thus, the

https://doi.org/10.1021/jacsau.4c00246
JACS Au 2024, 4, 2514-2522


https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00246/suppl_file/au4c00246_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00246/suppl_file/au4c00246_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00246/suppl_file/au4c00246_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00246/suppl_file/au4c00246_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00246/suppl_file/au4c00246_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00246/suppl_file/au4c00246_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00246/suppl_file/au4c00246_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00246/suppl_file/au4c00246_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00246/suppl_file/au4c00246_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00246?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00246?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00246?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00246?fig=fig5&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00246?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

optimal NiPc—NiTAA exhibits high selectivity toward the CO
product with an excellent FEcg of 95.1% and a large jco of
143.0 mA cm™ at —1.5 V vs RHE and maintains its CO,RR
activity for 6 h in an acidic electrolyte, which is 3.1 times
higher than for the corresponding MOF NiPc—NiN,. The
comparison tests and DFT analysis revealed that metal
tetraaza[14]annulene linkage extends in-plane d—z and
macrocyclic z-conjugation in NiPc—NiTAA, which facilitates
the electron transfer along the bonds and thus enhances the
CO,RR performance. The NiTAA node optimizes the electron
distribution of 3d orbitals, making the d-band center close to
the Fermi level, and then activating CO, easily. This work
offers a feasible way to design excellent electrocatalytic
behavior of extended in-plane d—7 conjugation 2D MCOFs
and gives a direction to enhance the activity of electrocatalysts
under acidic electrolytes.

Nickel octaminophthalocyanine (1 equiv), tetramethoxypropane (4
equiv), and Ni(II) acetate tetrahydrate (2 equiv) were put together
into a glass tube with dimethylformamide/triethylamine (DMF/
Et3N) solution. Then the tube was sonicated for 2 min. The mixture
was heated to 120 °C for S days. The precipitated solid was collected
by centrifugation. The obtained powder was dried for 12 h.

NiCI2-6H20 and NH;-H,O were added together with NiPc—(NH2),
into degassed DMSO. The mixture was reacted at 60 °C for 12 h.
After the reaction, the solid was collected as a black powder.

A mixture of nickel octaminophthalocyanine (1 equiv), tetramethox-
ypropane (4 equiv), and Co(II) acetate tetrahydrate (2 equiv) was
put together into a glass tube with DMF/Et3N solution. Then the
tube was sonicated for 2 min. The mixture was heated at 120 °C for §
days. The precipitated solid was collected by centrifugation. The
obtained powder was dried for 12 h.

NiPc—(NH2); and Co(Il) acetate tetrahydrate (2.5 equiv) were
added into DMSO. The mixture was sonicated and then reacted at 65
°C for 48 h with the flask loosely capped. Finally, the dark green to
black precipitate was filtered.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00246.
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