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ARTICLE INFO ABSTRACT
Keywords: Electrocatalytic CO2 reduction (ECR) to high value-added chemicals by using renewable electricity presents a
Covalent organic frameworks promising strategy to realize “carbon neutrality”. However, the ECR system is still limited by its low current

Metal nanoclusters

density and poor CO- utilization efficiency. Herein, by using the confinement effect of covalent organic frame-
CO,, electroreduction

works (COFs) to confine the in-situ growth of metal nanoclusters (NCs), we develop a series of Cu NCs encap-
sulated on COF catalysts (Cu-NC@COF) for ECR. Among them, Cu-NC@CuPc-COF as a gas diffusion electrode
(GDE) achieves a maximum COs-to-CH,4 Faradaic efficiency of 74 + 3% (at —1.0 V vs. Reversible Hydrogen
Electrode (RHE)) with a current density of 538 + 31 mA c¢m 2 (at —1.2 V vs. RHE) in a flow cell, making it one of
the best among reported materials. More importantly, the current density is much higher than the relevant in-
dustrial current density (200 mA cm™2), indicating the potential for industrial application. This work opens up
new possibilities for the design of ECR catalysts that utilize synergistic strategy.

1. Introduction problems, such as global warming and rising sea levels [1,2]. Many
countries have proposed “carbon-neutral” strategies to mitigate these

The massive emission of carbon dioxide (CO3) into the atmosphere issues [3]. It is generally recognized that there are mainly two ways to
due to the extensive use of fossil fuels has caused serious environmental reduce atmospheric CO2 concentration: direct capture/storage and
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chemical transformation/utilization [4]. Among these, the conversion of
CO-, into fuels or high value-added chemicals provides a more promising
way to close the carbon cycle [5,6]. Electrocatalytic reduction of CO, is
one of the effective methods to convert CO5 into fuels and thus contribute
to achieving carbon neutrality [7-9]. In recent years, various catalytic
materials have been developed to accomplish this catalytic process, such
as single-atom catalysts (SACs) [10,11], molecular catalysts [12,13],
reticular materials (including metal-organic frameworks (MOFs), cova-
lent organic frameworks (COFs), and so on) [14-16], and nanostructured
materials (include metal nanoclusters (NCs) and nanoparticles (NPs))
[17]. However, it is still a great challenge to achieve high efficiency and
high selectivity simultaneously [5]. Theoretically, an electrocatalyst that
achieves efficient CO5 electroreduction needs to meet the following
features at the same time: 1) high CO, enrichment and diffusion ability;
2) efficient electron conductivity; 3) high catalytic site dis-
persion/utilization; and 4) high stability during the reaction process.
Therefore, the rational design of catalyst materials that meet the above
criteria is the first step toward realizing practical applications for CO,
electroreduction.

Metal clusters, especially copper-based cluster catalysts, have shown
high activity for the electrocatalytic reduction of COy [5,18]. Metal
clusters are promising catalysts for realizing high catalytic CO5 reduction
performance because their nanostructures can be designed and their size
controlled. Furthermore, the multi-electron transfer properties of metal
cluster-based catalysts enable them to accomplish the efficient conver-
sion of COy to various products. However, it is difficult to synthesize
uniform metal nanoclusters, and they have stability issues, such as
tending to aggregate during the catalytic process that greatly limit their
practical application [19]. Using the confinement effect of porous sup-
ports to encapsulate metal NCs has proven to be an effective way of
improving their stability during the reaction and also can suppress their
aggregation or leaching under harsh reaction conditions [20]. Further,
the porous environment of the supports regulates the metal NCs’ geo-
metric and electronic structures, making the catalyst more likely to
exhibit enhanced activity and selectivity [21,22]. However, currently
reported porous platforms, such as carbon materials (graphene, carbon
nanotubes, etc.), inorganic materials (zeolites), and microporous crys-
talline supports (such as MOFs, hydrogen-bonded organic frameworks),
often have difficulty satisfying the stability, uniformity, and porosity
criteria simultaneously [23-25], and they have low designability and
poor adjustability, limiting the applicability of the supported metal
clusters. It is therefore vital to find a suitable porous platform to realize
the above functionality [21,26].

Covalent organic frameworks (COFs) are an emerging class of porous
crystalline materials with high structural stability, designability, and
well-defined regular pore structures, making them promising platforms
for uniformly supporting and encapsulating metal NCs [27-30]. Impor-
tantly, the isolated pores in COFs can prevent the aggregation of sup-
ported NCs and enable their uniform dispersion through the confinement
effect, thus guaranteeing that they remain in their intrinsic active sites
during the catalytic process [31-33]. In addition, strong interactions such
as the coordinate bond between metal NCs and COF pores contribute to
maintaining the structural stability of the confined NCs [32,34]. More
importantly, functionalized COFs can also play a major role in catalytic
CO2 reduction, such as by enhancing CO, adsorption or using their
intrinsic active sites to activate CO5 [35,36]. Furthermore, the conduc-
tivity of two-dimensional (2D) COFs due to n-conjugation interactions
ensures efficient electron transmission when they are used as electro-
catalysts and catalyst supports. Therefore, confining metal NCs in func-
tional COFs allows for synergy between the metal NCs and the functional
sites in the backbones of COFs, thus effectively facilitating CO» utilization
and conversion efficiency.

Based on the above factors, we rationally designed and synthesized a
series of cyano-contained COFs to support ultrafine and highly dispersed
Cu-NCs and used these composites (named Cu-NC@COF) as catalysts for
highly effective ECR to CH4. In the in-situ growth process, the
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coordination in COF pores guides the formation of ultrafine Cu NCs, and
the confinement effect ensures their high dispersion and stability. As a
result, based on porous Cu-phthalocyanine COF (CuPc-COF) as a plat-
form, the Cu-NC@CuPc-COF catalyst achieves the highest FE (CH4) of
~74 + 3% (at —1.0 V vs. RHE) and a maximum current density of 538 +
31 mA cm? (at —1.2 V vs. RHE), making it one of the best among re-
ported catalysts. The conversion current density for CO2 to CH4 was su-
perior to that of a state-of-the-art electrocatalyst and much higher than
the commercially relevant current density (200 mA cm™2), making the
catalyst potentially useful for industrial applications. The in-situ Fourier
transform infrared spectroscopy (FT-IR) and density functional theory
(DFT) results showed that in the Cu-NC@CuPc-COF electrocatalyst, both
Cu single clusters and Cu single sites in CuPc-COF provide highly active
sites for CO-to-CH4 conversion, thus contributing synergistic high ac-
tivity and selectivity.

2. Materials and methods
2.1. Materials and synthetic procedures

All solvents and reagents obtained from commercial sources were
used without further purification. 2,3,9,10,16,17,23,24-octahydroxyph-
thalocyaninato copper (CuPc-80H, 95+%) was purchased from
Shanghai Kylpharm Co., Ltd. Tetrafluorophthalonitrile (99%, TFPN) was
purchased from Macklin/Aladdin (Shanghai). Triethylamine (99%,
TEA), 1,4-dioxane, 1,3,5-trimethylbenzene, N,N-Dimethylformamide
(DMF, AR), N,N-Dimethylacetamide (DMA, AR), and tetrahydrofuran
(THF, 99.5%) were purchased from Sinopharm Chemical Reagent Co.,
Ltd.

2.2. Synthesis of COFs and Cu-NC@COFs

2.2.1. CuPc-COF

A Pyrex tube measuring 19 x 65 mm (o0.d. x length) was charged with
CuPc-80H (35.2 mg, 0.05 mmol), TFPN (20 mg, 0.1 mmol), DMA (1.0
mL), and 1,3,5-trimethylbenzene (1.0 mL). After sonication for about 15
min to disperse evenly, 0.1 mL of TEA was added under shaking, then
sonication was repeated for 5 min. After that, the tube was flash-frozen at
77 K (liquid Ny bath) and degassed through three freeze-pump-thaw
cycles by evacuation through an oil pump, then sealed under vacuum.
After warming to room temperature, the mixture was heated at 150 °C
and left undisturbed for 120 h. A black precipitate was isolated by
filtration in a Buchner funnel through filter paper with an aperture of
0.25 pm and was washed with DMA, DMF, H,0, CH2Cly, and THF until
the filtrate was colorless. The powder sample was then transferred to a
Soxhlet extractor and washed with THF (24 h) and acetone (24 h).
Finally, the product was evacuated at 120 °C under dynamic vacuum
overnight to yield activated samples.

2.2.2. HHTP-COF (COF-316)

HHTP-COF was synthesized via a previously reported method [37].
HHTP (30 mg, 0.09 mmol), TFPN (27.6 mg, 0.138 mmol), 1,4-dioxane (2
mL), and TEA (0.078 mL) were mixed in a 19 x 65 mm Pyrex tube (o.d.
% length). After sonication for about 15 min, the tube was flash-frozen at
77 K (liquid Ny bath), degassed to achieve an internal pressure of ~100
mtorr, and sealed. Once it had warmed to room temperature, the mixture
was heated at 120 °C and left undisturbed for 72 h. After filtration and
washing with DMF, H,0, and THF, the wet sample was transferred to a
Soxhlet extractor and washed with THF (24 h) and acetone (24 h).
Finally, the product was evacuated at 120 °C under dynamic vacuum
overnight to yield activated samples in the form of a yellow powder.

2.2.3. Cu-NC@CuPc-COF

In a typical procedure, the as-prepared CuPc-COF (30 mg) was well
dispersed in Hy0 by sonication for 10 min, then 0.1 mL of 2 M
Cu(ClO4)2-6H,0 was added, and the mixture was sonicated for another
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10 min. It was then heated to 80 °C under an Ar atmosphere and stirred
continuously for 10 h. The resulting solid was collected through centri-
fugation, then redisperse in a mixture of HoO (9 mL) and hydrazine hy-
drate (1 mL) and stirred at 80 °C for 3 h under Ar to reduce Cu (II) to Cu
(0). The Cu-NC@CuPc-COF was obtained by centrifugation, washed with
H»0 (3 x 100 mL), and stored in an Ar atmosphere.

2.2.4. Cu-NC@HHTP-COF

The synthesis of Cui-NC@HHTP-COF was carried out by utilizing the
same protocol for Cu-NC@CuPc-COF but starting with HHTP-COF (30
mg).

3. Results and discussion
3.1. Design and synthesis of COFs and Cu-NC@COFs

As shown in Scheme 1, in the first step of synthesizing the Cu-
NC@COF, an aromatic nucleophilic substitution between o-difluor-

obenzene and catechol under the catalysis of triethylamine (TEA) was
applied to condense 2,3,9,10,16,17,23,24-octahydroxyphthalocyaninato
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copper (CuPc) or triangular 2,3,6,7,10,11-hexahydroxytriphenylene
(HHTP) with tetrafluorophthalonitrile (TFPN) to form two porous 2D
COFs, named CuPc-COF and HHTP-COF (also known as COF-316). After
that, two subnanometric Cu nanocluster confined COF composites
(named Cu-NC@CuPc-COF and Cu-NC@HHTP-COF) were synthesized
by in-situ impregnation-reduction routes. Specifically, the reduction of
Cu (ID) ion to Cu NCs was performed by introducing hydrazine hydrate
(N2H4-xH20) into the mixture through a hydrothermal method, with the
—CN-Cu coordination interaction in the COF pores playing an important
role in guiding the formation of well-defined Cu-NCs. It should be noted
that Cu-NC@COF is sensitive to air and should be stored in Ar.

The crystalline structures of CuPc-COF, HHTP-COF, and Cu-NC@CuPc-
COF/HHTP-COF were first studied by powder X-ray diffraction (PXRD).
The results showed that the PXRD patterns of the as-synthesized COFs were
good matches with the simulated patterns, and the sharp diffraction peaks
demonstrated the samples’ high crystallinity (Figs. 1a and b). The strong
peaks at 4.37° for CuPc-COF and 4.47° for HHTP-COF were related to the
(100) facet of the COFs [37-39]. However, a peak at the (100) facet of two
COFs became relatively weak after the introduction of Cu clusters, which
can be ascribed to the partial loss of a long-range order structure [32].

HO OH

¢
HO QOQ OH

N-¢ =N
F
HO OH - HE i
CuPc IFEN HHTP
I I I
Step 1 COF synthesize l

CuPc-COF

Step 2 In-situ confined

% Cuion

l Step 3 In-situ reduction l

HHTP-COF (COF-316)

Scheme 1. Synthesis and structure illustrations of CuPc-COF, HHTP-COF, and the in situ confined process of Cu-NC in COFs to generate Cu-NC@CuPc-COF and Cu-

NC@HHTP-COF.
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Fig. 1. Characterization of COFs and Cu-NC@COFs. (a) PXRD patterns of CuPc-COF and Cu-NC@CuPc-COF. (b) PXRD patterns of HHTP-COF and Cu-NC@HHTP-
COF. (¢) Nj sorption isotherms and pore size distributions of CuPc-COF and Cu-NC@CuPc-COF. (d) High-resolution Cu 2p XPS spectra of Cu-NC@CuPc-COF.
(e) Normalized Cu K-edge XANES and (f) FT-EXAFS spectra of Cu-NC@CuPc-COF, CuPc, and Cu foil.

Notably, no obvious diffraction peaks of Cu clusters were detected in
Cu-NC@COFs, which is attributed to the ultrasmall sizes and high
dispersion of the Cu clusters embedded in the COF [20].

The chemical structures, especially the formation of dioxin bonds in
the COFs, were confirmed by FT-IR, which showed the characteristic
—-C-0 asymmetric and symmetric stretching vibration bands at 1277 and
1010 cm™}, also found in Cu-NC@COFs (Supporting Information Figs. S1
and S2). The porosity and surface areas of these COFs and Cu-NC@COFs

were studied by nitrogen adsorption/desorption analysis at 77 K, the
results of which showed that Cu-NC@COFs experienced an obvious
reduction in surface area compared to raw COFs, according to Fig. 1c and
Supporting Information Figs. S3-S6. This was due to pore blockage and
the mass contribution of non-porous Cu-NCs. As expected, the pore size
of Cu-NC@COFs was less than that of intrinsic COFs, as seen from the
pore size distribution curves; this was because the slow diffusion kinetics
of the Cu reduction reaction meant the Cu clusters formed in the early
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stage occupied or blocked the entrance of 1D tunnels (pores) in the 2D
COF crystal. This phenomenon is also attributed to the steric hindrance
effect: that is, in a straight channel of the 2D COF, the Cu cluster that
occupied the pores on the near-surface blocked the subsequent reaction,
resulting in a decrease in the tested Ny adsorption, thus causing largely
low pore volume in the microporous region and low overall specific
surface area. These results suggested that the COF pores were success-
fully occupied by Cu NCs of approximately the same size.

We then performed X-ray photoelectron spectroscopy (XPS) and ob-
tained Cu LMM Auger spectra to study the Cu valence states in Cu-
NC@COFs. In the XPS spectrum of Cu 2p for Cu-NC@CuPc-COFs
(Figs. 1d and S7-9), the peaks at 934.7 and 932.5 eV (Cu 2p3,2) and at
954.7 and 952.3 eV (Cu 2p; /2), and the Cu LMM Auger peak at 918.6 eV
correspond to Cu (II) and Cu (0) coexisting in Cu-NC@CuPc-COF. For Cu-
NC@HHTP-COF, only Cu (0) was determined from the XPS and Cu LMM
Auger spectra (Figs. S10-S12). The chemical state and local coordination
environment of the Cu site within Cu-NC@COFs were further studied
using Cu K-edge X-ray absorption fine structure (XAFS). In the normal-
ized Cu K-edge XANES, compared to the standard CuPc and Cu foil
samples (Fig. 1e) with their characteristic peak at ~8980 eV, the Cu-
NC@CuPc-COF showed an obvious shift of the peak toward the lower
energy side. This peak shift possibly suggests the appearance of the lower
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oxidation states Cu (0) or Cu (I) [40]. The Fourier transform (FT)
k3-weighted EXAFS spectra of Cu-NC@CuPc-COF showed obvious peaks
of Cu-N and Cu—Cu coordination, in contrast to the reference CuPc and
Cu foil samples. These results further proved the existence of Cu NCs and
CuPc in Cu-NC@CuPc-COF (Fig. 1f).

We then performed scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) to charac-
terize the morphologies of the COFs and Cu-NC@COFs. The SEM images
show that the surface morphologies of CuPc-COF/HHTP-COF and Cu-
NC@CuPc-COF/Cu-NC@HHTP-COF were almost the same (Figs. S13
and S15). No large nanoparticles were observed on the surface of Cu-
NC@COFs (Figs. 2a, 2b, S14 and S16). Energy-dispersive X-ray map-
ping revealed that Cu element was uniformly distributed on the CuPc-
COF and HHTP COF (Figs. S17 and S18).

To further investigate the form of the Cu NCs, we then performed
high-resolution TEM (HR-TEM) measurements. The images showed that
the as-synthesized Cu-NC@COF possessed ultrasmall Cu NCs uniformly
distributed on the COF supports (black dots at the center of black circles
in Figs. 2c and d). The lattice spacing of Cu-NC was found to be ~0.2 nm,
which could be indexed to the (111) planes of the Cu cluster (insets in
Figs. 2e and f; note that relatively larger Cu clusters were selected to

Fig. 2. Morphology analysis. TEM (a, b) and HR-TEM (c, d) images and HAADF-STEM (e, f) images of Cu-NC@CuPc-COF and Cu-NC@HHTP-COF. Insets in e and f
show the lattice fringe of Cu-NCs. Note: The partial Cu nanoclusters are marked by black or white circles.
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accurately determine the lattice fringes). The HAADF-STEM images also
confirm that most of the Cu species were in ultrafine nanocluster form,
represented as bright dots in the center of white circles. As shown in the
size distribution curves in Fig. S19, the average size of the Cu NCs in Cu-
NC@CuPc-COF and Cu-NC@HHTP-COF was found to be ~1.2 and ~1.7
nm, respectively, which approximately matched the pore sizes of CuPc-
COF and HHTP COF. The content of Cu NCs in Cu-NC@COFs was stud-
ied by inductively coupled plasma (ICP) and thermo-gravimetric (TG)
analysis (Figs. S20 and S21), which showed the overall mass content of
Cu NCs to be ~8.3 and ~6.6 wt% in Cu-NC@CuPc-COF and Cu-
NC@HHTP-COF, respectively.

3.2. ECR activity of COFs and Cu-NC@COFs

Based on the above characterizations of the structures and morphol-
ogies, it can be concluded that both Cu-NC@CuPc-COF and Cu-
NC@HHTP-COF possess very uniformly dispersed Cu nanoclusters in
COFs platforms. We studied their ECR activities as catalysts in a two-
compartment flow-cell reactor (separated by Nafion 117 membrane)
with 1.0 M KOH as the electrolyte. It is recognized that the current
density (j) and Faradaic efficiency (FE) of the CO; reduction products are
the two most important parameters for evaluating the activity of ECR
catalysts [41]. As revealed in the linear sweep voltammetry (LSV) curves
of CuPc-COF, Cu-NC@CuPc-COF, and Cu-NC@HHTP-COF (Fig. 3a), the
Cu-NC@CuPc-COF showed notably enhanced current density as the
applied potential increased, indicating it may have the highest electro-
catalytic activity.

We then investigated in detail the FE of CO5 to CH4 by testing all the
samples under potentials of —0.7 to —1.2 V vs. RHE (Fig. 3b). Interest-
ingly, at all the applied potentials, the Cu-NC@CuPc-COF catalyst dis-
played superior performance to the CuPc-COF and much better
performance than the Cu-NC@HHTP-COF, showing the superiority of the
synergistic tandem action of the Cu NC and CuPc-COF. In the structure of
Cu-NC@CuPc-COF, both the Cu NC and the CuPc acted as active sites for
CO3, electroreduction. However, Cu-NC@HHTP-COF contained only Cu
NGCs as active sites for electrocatalysis. Therefore, from a structural point
of view, Cu-NC@CuPc-COF had a higher catalytic site utilization effi-
ciency than Cu-NC@HHTP-COF and thus may show superior perfor-
mance. In addition, the HHTP monomer in Cu-NC@HHTP-COF would
have tended to engage in side reactions (the most likely competitor being
H, evolution) due to the lack of active sites for CO, activation, thereby
lowering the overall CO,-to-CH4 catalytic efficiency.

The highest FE (CH4) values of Cu-NC@CuPc-COF, Cu-NC@HHTP-
COF, and CuPc-COF were 74 + 3%, 42 + 2%, and 53 + 2%, respectively.
The FEs and ECR product distributions as a function of applied potentials
from —0.7 to —1.2 V (vs. RHE) over COFs and Cu-NC@COFs are dis-
played in Figs. 3c and S22-S24. These show that the major products were
CH4 and the by-product Hy, along with minor amounts of CoH4 and CO.
The source of the electrocatalytic products was analyzed via an isotope
calibration experiment with gas chromatography and mass spectrometry
(GC-MS). As displayed in Fig. 3d, we detected 13CH4 (m/z = 17) and
12CH, (m/z = 16) in operating processes, proving that the produced CHy
came from both the dissolved '3CO, and the HCO5~ electrolyte solution.
We then calculated the Tafel slopes to elucidate the kinetic activity of
these catalysts for ECR (Fig. S25). The slopes were higher than 118 mV
dec™!, demonstrating that the rate-determining step (RDS) for the CO,-
to-CO* process was the adsorbed CO; receiving an electron and
combining with H' from the electrolyte to form *COOH [42]. On the
subsequent pathway to yield CHy, it is generally believed that the RDS is
the hydrogenation of *CO to *CHO [43-45].

The long-term stability of these catalysts was examined under a
constant potential of —1.0 V vs. RHE (Figs. S26-528). We found that Cu-
NC@CuPc-COF could be continuously operated with a well-maintained
high current density of ~236 + 20 mA cm~2 and a stable FE (CHy) of
~74 + 2%, suggesting its stability for long-term operation. We also tested
the long-cycling stability of the other two catalysts, which exhibited
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stable performance, as shown in the Supporting Information. After ECR
testing, the morphology and composition of Cu-NC@CuPc-COF were
intact, as confirmed by PXRD, HR-TEM, FTIR, and XPS results
(Figs. S29-S33). Importantly, the Cu NCs still had their well-defined
original size and high dispersion. All the above results indicate that the
Cu-NC@COF possesses high stability in the reaction process, mainly due
to the robust COF platform and the confinement effect of porous COFs,
which prevent the agglomeration of the uniformly dispersed Cu NCs.
However, the performance was not long enough to verify the stability of
the material [46-48]. The chemical structures of our materials were
intact after electrocatalytic testing, demonstrating the catalysts’ chemical
stability. These results suggested that our catalysts were not the intrinsic
reason for the short durability. After in-depth exploration, we found that
the most likely reason was a flooding phenomenon in our flow cell, which
may have been due to the insufficient hydrophobicity of our catalyst,
resulting in the electrolyte penetrating the active layer and suppressing
contact between CO; and the catalyst [49].

A previously reported techno-economic model shows that a
commercially feasible catalyst should be able to produce an industrially
relevant current density for electrocatalysis to target products of over
200 mA cm 2 [50]. Fig. 3e shows the CO5-to-CH4 partial current den-
sities of Cu-NC@CuPc-COF, Cu-NC@HHTP-COF, and CuPc-COF as cata-
lysts at an applied potential of —0.7 V to —1.2 V vs. RHE. From the above
results, we can conclude that the Cu-NC@CuPc-COF possessed the
highest partial current density of 269 + 24 mA cm™2 at —1.0 V vs. RHE,
391+ 18mAcm 2at—1.1 Vvs. RHE, and 538 + 31 mA em 2at-1.2V
vs. RHE, much larger than the commercially relevant current densities,
and also ranked above the most state-of-the-art catalysts reported for ECR
to CHy4, as shown in a comparison of the partial current density of
Cu-NC@CuPc-COF and many representative electrocatalysts (Fig. 3f).
These results indicate the possibility for industrial application of this CO,
electroreduction method to produce CHy.

We then studied the reactive sites of the ECR reaction. For the cata-
lytic reaction process, CO2 molecules and solvent molecules must come
into contact with active sites. For 2D materials such as those in this work,
most of the catalytic processes take place on the [001] plane. In this
study, the Cu NCs were uniformly distributed on the [001] plane and thus
were used for CO, adsorption and the subsequent catalytic reaction.

An in-situ FT-IR test was then conducted to illustrate the CO5 elec-
troreduction mechanism for Cu-NC@COF catalysts (Figs. 4a, 4b and
S34). According to previous studies, there are two main pathways for the
electrocatalytic reduction of CO, to CHy:

Path I: *=* 4 CO,—*CO,—~*COOH—*CO—*CHO—*OCH,—*OCH3—~CH,4

Path II: *—* 4+ CO, -»*CO, -»*COOH —*CO —»*CHO —*CH,0 (*C + H,0)
—*CH —-*CH,; -»*CHj3 —CH,4 [51,52]

In the in-situ electrochemical attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectra, the peaks at 1367 and 1597 cm !
can be attributed to the symmetric and asymmetric OCO stretching of
*COOH intermediate, and the peaks at 1229 and 1386 cm ™! belong to the
C-OH stretching and the COO™ symmetric stretching, respectively, of
*COOH, which is regarded as the key intermediate of CO, electro-
reduction [53-55]. The peaks at 1021 and 1180 cm™! can be attributed
to *CHO and *OCHgs, respectively, which are the crucial intermediates for
CO9-to-CHy4 Path I [56]. For clearer presentation, we enlarged the in-situ
FT-IR spectrum (Fig. S35). As the electrolysis time increased, a positive
band centered at ~2890 and 2920 cm™! was observed and gradually
increased with time, corresponding to the asymmetric *CH and *CHjy
species, which are the crucial intermediates for CO5-to-CH,4 Path II [53,
54,57].

The above results showed that the two reaction pathways for CO; to
CH4 coexist in the Cu-NC@ CuPc COF catalysts, corresponding to the two
types of catalytic active sites (i.e., Cu atoms and Cu NCs) that result in the
synergistic action of Cu-NC@ CuPc COF in the CO5 reduction process. In
detail, the CuPc in the composite material more efficiently generates
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Fig. 3. Electrocatalytic CO, reduction performances of COFs and Cu-NC@COFs. (a) Linear sweep voltammetry curves. (b) The FE of CH4 calculated over a
potential range from —0.7 to —1.2 V vs RHE. (c) FE and the product distribution at different polarization potentials for Cu-NC@CuPc-COF. (d) The mass spectra of
13CH4 recorded under a13C02 atmosphere. (e) The partial current density distribution as a function of the potential for electroreduction of CO, to CHy. (f) Comparison
of the partial current density of CO, to CH4 among Cu-NC@CuPc-COF and representative electrocatalysts.

*COOH and *CO intermediates (which are the two crucial intermediates
for CO; reduction) and thus will increase the *COOH and *CO coverage
concentration within the Cu-NC@CuPc-COF catalysts. We also calculated
the free energy for the formation of intermediates *CO and *COOH on
Cu-NC and CuPc-COF (Fig. S36). The results showed that the free energy
of *COz to *COOH and *CO was 1.982 and 0.725 eV for Cu clusters.

However, the free energy of *CO4 to *COOH and *CO was only 0.721 and
0.361 eV for CuPc-COF, much smaller than for Cu NCs. Therefore, the
density functional theory (DFT) calculation results confirmed that the
CuPc-COF generated *COOH and *CO more efficiently. The *COOH and
*CO were then used for further steps to finally generate CHy4. This
increased the overall COy utilization and current density for Cu-
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cell. (¢) The free-energy diagrams of CO, reduction to CH4 for Cu NC and CuPc. (d) Proposed mechanism for the electrochemical reduction of CO, to CHy.

NC@CuPc-COF compared to pure Cu NC and CuPc-COF (Figs. 3a and b).
These results also explained why the performance of CuPc-COF with
CuPc as active sites was better than that of Cu-NC@HHTP-COF with Cu
NCs as active sites. Compared with the Cu clusters supported on a defect-
rich carbon (DRC) reported previously [44], the single Cu sites only
achieved the CO,RR with a maximum ~22 mA cm™ ', much smaller than
what the Cu-NC@CuPc-COF catalysts were capable of. These results
proved the superiority of our dual-site synergistic materials.

We then conducted in situ infrared analysis of CuPc-COF samples; the
results are shown in Fig. 4b. Two obvious peaks at 1021 and 1180 cm ™
appeared, corresponding to *CHO and *OCHs, respectively, which are
attributed to the two crucial intermediates for CO»-to-CH4 Path I. In
contrast, the asymmetric *CH and *CH> species were not detected, thus
ruling out Path II on CuPc-COF. We therefore confirmed that CHy gen-
eration occurred mainly through Path I in the CuPc-COF samples.

It is recognized that CH, species tend to form on Cu (111) in Cu
clusters/nanoparticles during the CO; electroreduction process [51]. We
systematically calculated the free energy change of two sites for CO;
reduction to CH4. As shown in Fig. 4c, the key process to determine
which path is taken is *CHO to *OCHy, or to *C intermediate. The results
showed that *CHO to *OCH, (Path I) behaves as an energy reduction
process for CuPc, but *CHO to *C (Path II) needs a large Gibbs free energy
of 2.2 eV, suggesting that CuPc sites are more conducive to Path I. For Cu
clusters, although *CHO to *OCHj; or *C both occurred spontaneously,
the *CHO to *C process tended toward a smaller free energy (black
curve), showing the Cu cluster sites were more conducive to Path II. In
conclusion, all these results indicated that the electrocatalytic process of
Path II occurs on the Cu NC of Cu-NC@CuPc-COF, while the process of
Path I occurs on CuPc (Fig. 4d). These two active sites contribute the
synergistic activity and selectivity for highly efficient CO, electro-
reduction to CHy.

4. Conclusions
In summary, this work rationally designed a series of COF-confined

Cu nanocluster composite catalysts that were used for the electro-
catalytic reduction of CO5 to CH, and yielded high conversion efficiency.

As a result, Cu-NC@CuPc-COF achieved a Faradaic efficiency of ~74 +
3% (at —1.0 V vs. RHE), along with a maximum current density of 538 +
31 mA cm 2 (at —1.2 V vs. RHE) for CO, to CHy in a flow cell. More
importantly, the CO,-to-CH4 conversion current density was much higher
than these of most state-of-the-art electrocatalysts and matched or
exceeded the commercially relevant current densities. The in-situ FT-IR
results showed that in the Cu-NC@COF electrocatalysts, both Cu NCs
and CuPc-COF play the role of active sites for CO,-to-CH4 conversion,
thus contributing synergistic activity and selectivity. This work is a new
example of using the confinement effect of pores to uniformly embed Cu
nanoclusters into COFs for high-activity CO, electrochemical reduction.
It also proves that designing electrocatalysts that utilize synergistic
mechanisms can effectively improve catalytic activity, which opens up
new opportunities in the development of electrocatalyst materials for
practical applications.
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