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ABSTRACT:Developing e� cient catalysts for steering the electro-
chemical CO2 reduction reaction (CO2RR) toward high-value chemicals
beyond CO and formic acid is highly desirable. Herein, we have developed
copper-based catalysts con� ned within a rationally designed covalent
triazine framework (CTF-B), featuring a CuN2Cl2 structure, for selective
CO2RR to hydrocarbons with a maximum Faradaic e� ciency (FE) of
81.3% and an FE of C2H4 up to 30.6%. Operando X-ray adsorption� ne
structure analyses reveal the potential-driven dynamic formation of Cu
atomic clusters, together with the time-dependent and Cu-content-
dependent CO2RR performance associated with the catalyst activation,
de� nitively uncovering that the aggregated Cu clusters con� ned within
CTF-B are the active sites. A further probing experiment of CO
electroreduction not only veri� es that CO is one of the key intermediates
for the CO2RR but also demonstrates the improved selectivity to C2 chemicals, with a maximum FE of 68.4% (C2H4, 35.0%; acetate,
33.4%), possibly originating from the accelerative C� C coupling reaction due to the increased CO coverage and enhanced local pH
in CO-saturated electrolyte. Interestingly, acetate is identi� ed as the only liquid product, mostly likely bene� ting from the dominant
low-coordination active sites of con� ned Cu aggregation and favorable chemical con� nement environment of CTF-B. The strategy
of constructing e� cient metalloelectrocatalysts by means of con� nement in a covalent organic framework along with operando
identi� cation of active sites sheds light on the rational catalyst design and structure� property relationship.
KEYWORDS:electrochemical CO2 reduction, operando characterization, covalent triazine framework, con� ned Cu catalysts,
CO electroreduction, hydrocarbon, acetate

1. INTRODUCTION

The electrochemical reduction of CO2 to high-value chemicals
powered by renewable and excess electricity has emerged as a
promising approach to implement energy conversion and
storage.1� 3 To date, a large number of materials have been
demonstrated as e� cient catalysts for the production of CO
and formic acid from the electrochemical CO2 reduction
reaction (CO2RR),4� 10 but it still remains a big challenge for
the CO2RR to produce multielectron products, such as
hydrocarbons and multicarbon oxygenated chemicals.11� 14

Among the metal catalysts, copper (Cu)-based materials have
been demonstrated as the only e� cient electrocatalysts for
deep catalytic reduction of CO2.

15� 20 Nevertheless, inorganic
Cu compounds usually su� er from low selectivity and
insu� cient stability for the CO2RR due to the competitive
hydrogen evolution reaction (HER) and irreversible structural
transformation.21� 23 Therefore, searching for a novel strategy
for rational catalyst design and gaining new insight into the

structure� property relationship for the CO2RR are highly
desirable.

Covalent organic frameworks (COFs), especially covalent
triazine frameworks (CTFs) with adjustable building blocks,
rationally designed ligand units, and superior chemical stability,
have been identi� ed as robust platforms to prepare well-
de� ned catalysts by precisely anchoring metal ions.24� 26 At
present, CTF-anchored metals have been applied to many
electrocatalytic reactions,such as the oxygen reduction
reaction,27 the hydrogen oxidation reaction,28 and
CO2RR.29,30 Although the metal sites (nickel, cobalt, etc.)
anchored on CTF only exhibited the CO2RR selectivity toward
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two-electron products, the advantages in terms of activity and
selectivity over molecular catalysts were observed.29 Theoret-
ically, CTFs featuring rationally designed organic ligands and
porous framework structures might o� er a unique chemical
environment for con� ning and stabilizing active metal species,
consequently promoting the formation of the desirable
products.24,26 Thus, it might be a novel strategy to tailor Cu
catalysts for the CO2RR to value-added chemicals by taking
advantage of the tunable chemical and spatially con� ned
environments of porous organic frameworks. To the best of
our knowledge, reports related to rationally designed Cu
catalysts con� ned in CTFs or other COF materials for e� cient
CO2RR are rare.

The electrocatalytic CO2 reduction reaction normally occurs
at large overpotentials, where most of the catalysts prefer to
self-reconstruct.22,31� 34 Although the active sites were often
identi� ed from the postelectrolysis catalysts, sometimes this
would lead to an imprecise or even misleading conclusion
regarding the structure� property relationship because the true
active sites under applied potentials might be di� erent.31,32,35

For example, Weng et al. reported that the commercial Cu
phthalocyanine underwent a structural change to form Cu
clusters at the working potential of CO2RR.31 The
reconstruction of Cu sites was also observed on a Cu/N-
codoped carbon material by operando X-ray absorption
spectroscopy (XAS).32 Both of the operando measurements
a� rmed that the in situ formed Cu aggregation rather than
single-atom sites before and after the reaction should be
responsible for the CO2RR toward multielectron chemicals,
although a decided conclusion about active sites failed to be
drawn due to the coexistence of Cu aggregation and single-
atom sites under the reaction conditions.31,32 Undoubtedly, it
is still extremely important to employ operando structural
identi� cation for an accurate understanding of the correlation
between the catalytic behavior and active sites.36,37

Herein, a newly designed CTF with the bipyridine unit was
prepared as a well-de� ned platform for con� ning Cu sites,
which would enable us to diagnose the active site during the
CO2RR. Both aberration-corrected high-angle annular dark-
� eld scanning transmission electron microscopy (HAADF-
STEM) and XAS measurements con� rm that Cu exists in the
form of a single-atom state within the prepared complex (CTF-
Cu), featuring its initial CuN2Cl2 structure. Such a CTF-Cu
material exhibits a maximum Faradaic e� ciency (FE) of 81.3%
for producing hydrocarbons during the CO2RR. Operando X-
ray absorption� ne structure (XAFS) analyses reveal the
potential-driven dynamic formation of Cu atomic clusters (Cu-
ACs), along with the time-dependent and Cu-content-
dependent CO2RR performance associated with the catalyst
activation, de� nitively con� rming that in situ formed Cu-ACs
are the active sites of the CO2RR. A further probing
experiment of CO electroreduction not only veri� es that CO
is one of the key intermediates during the CO2RR but also
demonstrates the notably improved C2 product selectivity and
the exclusive formation of acetate in liquid products. The
strategy of constructing con� ned Cu catalysts within the CTF
together with operando identi� cation of active sites paves the
way for rational catalyst design and for a structure� property
investigation for a highly e� cient CO2RR.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterization of CTFs and CTF-

Cu. The CTFs were prepared using an in situ oxidation

method.38 As shown inFigure 1a, [1,1�-biphenyl]-4,4�-
bis(carboximidamide) (PCM) and [2,2�-bipyridine]-5,5�-di-

methanol (BPM) were used as the unit blocks with a molar
ratio of 2/1 to prepare the CTF with a bipyridine unit (CTF-
B). For a comparison, a CTF without the bipyridine unit was
also prepared (CTF-R; see theSupporting Informationfor the
detailed procedure). The formation of triazine rings can be
veri� ed by Fourier transform infrared (FTIR) spectra (Figure
S3), in which two characteristic absorption bands at 1373 and
1508 cm� 1 indicate the aromatic C� N stretching and
breathing vibrations of the triazine unit, respectively.38,39

Powder X-ray di� raction (PXRD) patterns (Figure 1b and
Figure S4) of the CTFs show certain intense peaks, revealing
that the as-prepared CTFs exhibit good crystallinity.40 CTF-B
exhibits� ve features at approximately 4.7, 8.3, 13.2, 18.1, and
25.1° (Figure 1b). However, the PXRD is hard to match with a
speci� c structural model (AA or AB), indicating that CTF-B
might be a mixture of AA and AB stacking. Nitrogen sorption
experiments indicate that CTF-B has a surface area of 488 m2

g� 1 with a total pore volume of 0.28 cm3 g� 1. From the pore
distribution (Figure 1c), it can be found that two kinds of pore
widths (12.6 and 21.6 Å) exist within CTF-B, which are close
to the theoretical value of the pores of AB and AA staking
models, respectively. The result is in agreement with the PXRD
result that CTF-B is a mixture of AA and AB stacking.

CTF-B was used for anchoring Cu ions with controllable Cu
amount by means of the wet-impregnation method. According
to the corresponding Cu content (x, wt %), determined by
inductively coupled plasma optical emission spectrometry
(ICP-OES) analysis, the prepared complex was named CTF-
Cu-x, wherex = 1%, 2.4%, 4.8% (the highest amount obtained
during Cu anchoring). In sharp contrast, CTF-R with only
triazine rings could not anchor Cu ions e� ectively, as
evidenced by the ICP-OES result (less than 0.09 wt % of
Cu) and X-ray photoelectron spectroscopy (XPS) analysis
(Table S1), although enough of the Cu precursor was added.
Thus, it can be deduced that Cu ions in CTF-Cu are mostly
anchored on the bipyridine unit, rather than the triazine rings
of CTF-B. Interestingly, the prepared CTF-Cu materials retain

Figure 1.(a) Schematic for the preparation of CTF-B (C, gray; N,
blue; O, red; H, green). (b) Experimental and simulated PXRD
patterns of CTF-B. (c) Pore size distribution calculated from the
nitrogen adsorption curve (inset).
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the small-angle di� raction peaks of pristine CTF-B, indicative
of the retainment of the framework structure (Figure S5a), and
their wide-angle XRD patterns present the absence of Cu-
containing nanoparticles (Figure S5b). From the Cu 2p XPS
spectrum of CTF-Cu-4.8% (Figure S6a), the binding energy of
the dominatnt peak belonging to the Cu 2p3/2 peak is 935.0
eV, higher than that of metallic copper or copper oxides and
close to that of some other Cu(II) complexes with N
ligands.41,42 Additionally, a strong satellite peak appears
between 938.1 and 948.6 eV, indicating the presence of
Cu(II).41 The Cu LMM Auger peak around 914.6 eV is far
away from the peak position of metallic copper or copper
oxides (Figure S6b),41 also implying the absence of Cu-
containing aggregation. Tofurther discern the atomic
dispersion of Cu species, an aberration-corrected HAADF-
STEM measurement was carried out on CTF-Cu-4.8%. As
depictured inFigure 2a, Cu species with high contrast are
atomically dispersed and the circled bright spots with a size of
ca. 0.2 nm indicate the representative single Cu atoms. In
addition, energy-dispersive X-ray spectroscopy (EDS) ele-
mental mapping (Figure S8) exhibits a homogeneous element
distribution of C, N, and Cu over the entire framework.

The N 1s XPS spectra of CTF-B and CTF-Cu were
deconvoluted to reveal the in� uence of anchored Cu sites on
the electronic structure of nitrogen species. The spectrum of
CTF-B (Figure S9a) displays a main peak centered at 398.9
eV, associated with pyridinic N from the bipyridine unit and
triazine rings,38,43,44 and a weak peak around 400.5 eV that
could be ascribed to pyrrolic N, probably derived from the
minimal degradation of pyridine.38,44 Once Cu sites were
anchored on CTF-B, a strong peak at 400.1 eV emerged in the
N 1s XPS spectra of CTF-Cu (Figure 2b andFigure S9b,c),
suggesting the presence of Cu� N coordination that could
change the electronic structure of the nitrogen sites. As is
known, N-containing ligands could o� er lone pair electrons to

the metal centers, decreasing the charge density of coordinated
N atoms and thus leading to an increase in N 1s binding
energy. For a comparison, the N 1s XPS spectra of CTF-R
before and after the impregnation in Cu precursor solution
remain unchanged (Figure S10). Therefore, we speculated that
the emerging peak at 400.1 eV should originate from the
coordination of the bipyridine-derived pyridinic N with Cu,
and pyridinic N from triazine rings could not anchor Cu sites.
It should be mentioned that the surface nitrogen sites of CTF-
B coordinate with Cu preferentially in the impregnation
process, so that the surface ratio between Cu� N and pyridinic
N remains almost unchanged with an increased amount of Cu
in CTF-Cu (Figure S9b� d).

We further utilized the XAFS spectra at the Cu K-edge to
investigate the chemical state and local coordination environ-
ment of the Cu site within CTF-Cu. From the X-ray
absorption near-edge structure (XANES) spectra (Figure 2c
andFigure S11a), the pre-edge peaks at 8977.5 eV arise from
the characteristic quadrupole transition (1s to 3d), revealing
the presence of Cu(II) in CTF-Cu.45,46 To further discern the
Cu oxidation state, the derivative spectra of the XANES
spectra are described inFigure S11band the position of the
� rst maximum is taken as the position of the edge energy.46,47

As illustrated inFigure S11b, the edge energy of CTF-Cu is
about 8984 eV, located between 8982.5 eV for CuPc and 8985
eV for CuCl2, while the edge energies of Cu and Cu2O are
located at 8979 and 8981.5 eV, respectively. As a result, the
oxidation state of CTF-Cu is closed to the Cu(II) compound.
Moreover, the local coordination environment of the Cu
center can be revealed by extended X-ray absorption� ne
structure (EXAFS) spectroscopy.Figure S12shows the
corresponding Fourier-transformedk3-weighted EXAFS spec-
trum for CTF-Cu, where no Cu� Cu bond peak associated
with Cu aggregation is observed. One dominant peak occurs at
1.62 Å, located between the Cu� N peak of CuPc and the Cu�

Figure 2.(a) Aberration-corrected HAADF-STEM image, (b) N 1s XPS spectrum, (c) Cu K-edge XANES spectra, and (d)� rst-shell� tting of the
Fourier-transformed EXAFS spectrum of CTF-Cu-4.8%.
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Cl peak of CuCl2. Quantitatively, we carried out EXAFS curve-
� tting analysis for the� rst coordination shell of Cu by
considering Cu� N and Cu� Cl backscattering paths (Table
S2). The best-� t analysis inFigure 2d discloses that the major
peak of CTF-Cu-4.8% originates from the coordination of two
N and two Cl with Cu: namely, CuN2Cl2.

2.2. CO2 Electroreduction Performance. For a typical
CTF-Cu-4.8% sample, constant potential electrolysis (Figure
S13) was carried out in a gastight H-type cell with a three-
electrode system. Liquid and gas products were detected by an
o� ine nuclear magnetic resonance (NMR) spectrometer and
online gas chromatography, respectively. Formic acid is the
main liquid product, and only a minor amount of acetic acid
can be identi� ed (Figures S14 and S15). Figure 3a presents a
potential-dependent FE with regard to gas products containing
CO, H2, CH4, and C2H4. At a potential of� 1.3 V versus the
standard hydrogen electrode (vs SHE), CO and H2 are the
main gas products and hydrocarbons start to be detected with
an FE of only 5%. With an increase in overpotential, Faradaic
e� ciencies (FEs) of both CO and H2 decrease gradually, and

the FE of hydrocarbons containing CH4 and C2H4 increases
strikingly and reaches the highest value of 81.3% at� 1.53 V vs
SHE. In the meantime, CTF-Cu-4.8% achieves a maximum FE
of 30.6% for C2H4 at � 1.47 V vs SHE and the maximum FE of
72.0% for CH4 at � 1.55 V vs SHE, which is the best selectivity
among previously reported metal� organic complexes.24,31,35,48

The FE of H2 is less than 10% in the potential range of� 1.47
and � 1.53 V vs SHE, suggesting a suppressed HER, better
than that for most of the Cu-based catalysts.15,49 Importantly,
CTF-Cu-4.8% exhibits an outstanding stability, maintaining an
FE of hydrocarbons of more than 70%, an FE of H2 lower than
10%, and nearly unchangeable activity (44.5 mA mg� 1) after
10 h of electrolysis at� 1.51 V vs SHE (Figure 3b).

Although CTF-Cu catalysts with lower Cu contents exhibit
inferior CO2RR selectivity in comparison with CTF-Cu-4.8%,
the maximum FEs of hydrocarbons on CTF-Cu-1.0% and
CTF-Cu-2.4% can reach 67.2% and 74.2%, respectively
(Figures S16� S18). In contrast, CTF-B exhibits the nearly
exclusive formation of H2 (Figure S19), implying that Cu
within CTF-Cu plays a crucial role in the active catalytic sites

Figure 3.(a) Faradaic e� ciencies of gas products during the CO2RR at di� erent potentials and (b) stability at� 1.51 V vs SHE during a 10 h test
on CTF-Cu-4.8%. Unless stated otherwise, CO2-saturated 0.3 M KCl solution was used as the electrolyte during CO2 electrolysis. To exclude the
in� uence of pH with minor variation at di� erent potentials, all potentials were converted to the SHE scale.

Figure 4.Time-dependent Faradaic e� ciencies of gas products on (a) CTF-Cu-1.0%, (b) CTF-Cu-1.7% and (c) CTF-Cu-4.8% at� 1.45 V vs
SHE. (d) Potential-dependent Faradaic e� ciency of C2H4 on CTF-Cu with di� erent Cu contents.
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for the CO2RR. In addition, only H2 was detected on CTF-Cu-
4.8% when the reaction was conducted in Ar-saturated
electrolyte (Figure S20), con� rming CO2 as the only carbon
source of the products.

From chronoamperometric curves, the current density on
CTF-Cu increases sharply during the initial electrolysis
(Figures S13, S16b, and S17b). Moreover, according to the
time-dependent FE of gas products at a constant potential, the
three CTF-Cu catalysts exhibit similar activation behavior that
the FE of total CO2RR gas products (including CH4, C2H4,
and CO) increases gradually accompanying by a decreased FE
of H2 during the electrolysis (Figure 4a� c). Interestingly, the
activation time decreases with an increase in Cu content at the
same potential (Figure S21; the activation time is de� ned as
the time for achieving the stable FE of CO2RR or HER).
Typically for CTF-Cu-1%, the FE of total CO2RR gas products
increases from 5.1% to 49.4% and the FE of H2 decreases from
79.7% to 35.6% during 100 min of electrolysis (Figure 4a),
de� nitively revealing an activation process for the CO2RR. In
Figure 4d, apart from the obvious Cu-content-dependent FE of
C2H4, the onset potential for C2H4 generation increases with
an increase in Cu content. As is known, the production of
multicarbon products on Cu-based catalysts should require
multiple adsorption sites for C� C coupling reactions.12,15,21

Taken together, the arresting time- and Cu-content-dependent
CO2RR performance strongly imply the structural trans-
formation of the initial single-atom state. However, ex situ
XAFS spectra indicate the absence of metallic copper or
copper oxides for the postelectrolysis sample (Figure S22) and
the high-resolution TEM image demonstrates no aggregation
about Cu nanoparticles (Figure S23).

2.3. Operando Diagnosis of Active Sites.We further
conducted operando XAS measurements on CTF-Cu-4.8%
during the CO2RR to reveal the activation process.Figure 5a�
c shows the time-dependent XAFS spectra collected at� 1.45

V vs SHE. From the XANES spectra and their corresponding
derivative curves, Cu(II) species began to be reduced to the
Cu(0) state according to the negative shift of the Cu K-edge
position, the attenuated intensity of the white peak (indicated
in Figure 5a),46 and the emerging Cu(0) peak (indicated in
Figure 5b) after 20 min. At the same time, the Cu� Cu bond
peak is formed according to the Fourier-transformed EXAFS
spectra (Figure 5c). Apparently, the reduced Cu atoms within
CTF-Cu aggregate to form Cu clusters or nanoparticles. With
an increase in electrolysis time, the intensity of the peak at
1.5� 1.6 Å, associated with single-atom sites, has a decreasing
tendency on the whole. Meanwhile, the intensity of the Cu�
Cu bond peak at ca. 2.2 Å increases gradually and then reaches
a relatively stable level but far lower than that of Cu foil,
strongly suggesting the formation of Cu-ACs within the CTF-
Cu during the electrolysis.31,32 Thus, the dynamic formation of
Cu-ACs should be responsible for the activation process and
Cu-ACs are the active sites for the CO2RR.

On the basis of the time-dependent Fourier-transformed
EXAFS spectra (Figure 5c), an EXAFS� tting analysis (Figure
5d andTable S2) shows the change in average coordination
number in terms of Cu� X (X = N, O, Cl) and Cu� Cu with
the activation time, clearly revealing the dynamic formation of
the Cu clusters. After 60 min of electrolysis, the coordination
number of Cu� Cu reaches a relatively steady level (Figure
5d), suggesting a suppressed growth of Cu-ACs, which could
explain well the activation process during the CO2RR (Figure
4c andFigure S21). As is known, XAFS is an average result.47

Thus, the EXAFS spectrum corresponds to an average
coordination environment of single Cu atoms and Cu-ACs.
To estimate the mean size of Cu-ACs, we performed a linear
combination� tting for the XANES spectra at 80 min (Figure
S24).31 Accordingly, there are approximately 52.8% of Cu and
47.2% of single-atom sites. Thus, it can be estimated that the
Cu� Cu coordination number of Cu-ACs is ca. 8.9 according

Figure 5.Real-time operando XAS measurements of CTF-Cu-4.8% at� 1.45 V vs SHE: (a) Cu K-edge XANES spectra; (b)� rst-order derivatives
of the XANES spectra; (c) Fourier-transformed EXAFS spectra; (d)� rst-shell Cu� Cu and Cu� X (N/O/Cl) coordination numbers.
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to the formula that the average coordination number of Cu�
Cu divides by 52.8% and the calculated size of Cu-ACs is ca.
1.09 nm. Such a size is very close to the small pore width of
CTF-B, implying that the pore con� nement might restrict the
growth of Cu-ACs and result in very good stability during the
CO2RR.

2.4. Investigation of Redox Behavior. The XAFS
spectra collected at di� erent tested potentials after 1 h of
electrolysis on CTF-Cu-4.8% are displayed inFigure S25.
According to the XANES (Figure S25a) and Fourier-
transformed EXAFS spectra (Figure S25b), partial Cu(II)
sites have been reduced to the Cu(0) state and aggregate
together at� 0.5 V vs SHE on CTF-Cu-4.8%. Obviously, Cu
sites aggregate more easily at a more negative potential.
Additionally, we performed cyclic voltammetry (CV) tests with
a changed negative potential and a constant positive potential
(0.4 V vs SHE) to further investigate the redox behavior of
CTF-Cu-4.8% (Figure S26). When the negative potential shifts
to � 0.2 V vs SHE, a pair of oxidation peaks emerge and the
intensity increases with a more negative potential. Considering
the potential-dependent formation of Cu aggregation uncov-
ered by the operando XAFS spectra (Figure S25), it can be
deduced that the oxidation peaks originate from the oxidation
of Cu aggregation. The oxidation peak at around 0.08 V vs
SHE could be attributed to the oxidation of Cu aggregation to
Cu(I) species, and the peak around 0.22 V vs SHE could be
attributed to the subsequent oxidation of Cu(I) species to
Cu(II) species. Correspondingly, partial Cu(II) sites within
CTF-Cu-4.8% could be reduced to the Cu(0) state at� 0.2 V
vs SHE, although the CV curve displays no reduction peak and
only increased current at more negative potential. We have also
performed a CV scan over the potential range of� 0.4 to +0.4
V vs SHE on the sample after 1 h of reaction at� 1.5 V vs SHE.
As shown inFigure S27, only an evident oxidation peak at 0.13
V vs SHE is observed, probably due to the overlap of two
adjacent oxidation peaks. Given the characteristic redox peaks
on Cu foil (Figure S28), we suggest that the oxidation peak of
CTF-Cu-4.8% arises from the stripping of Cu aggregation to
Cu2+ rather than an oxidation process to copper oxides because
no reduction peak related to the reduction of copper oxides is
observed. Interestingly, such a CTF-Cu catalyst after the CV
test exhibits similar activation behavior in the� rst 10 min and
almost unchangeable performance for the CO2RR during the
repeated electrolysis in comparison with that of the� rst
electrolysis (Figure S29), indicating the restored structure
driven by the CV scan. Moreover, ICP-OES measurements
con� rmed the absence of dissolved Cu ions in the electrolyte

after the CV scan. Therefore, it can be concluded that most of
the stripped Cu2+ was promptly anchored by CTF-B, leading
to a restored structure of the CTF-Cu catalyst.

Intrigued by the absence of Cu aggregation from the ex situ
XAFS spectra, the possible structural transformation of Cu-
ACs under di� erent conditions was further investigated by
XAS measurements. First, it is demonstrated that the formed
Cu-ACs at� 1.5 V vs SHE are still retained in CO2-saturated
electrolyte after the reaction (Figures S30 and S31). After a
potential of 0.2 V vs SHE is applied on the sample with formed
Cu-ACs in CO2-saturated electrolyte, operando XAFS analyses
show the disappearance of the metallic copper phase and no
characteristic peaks attributed to CuO or Cu2O (Figures S30
and S31). ICP-OES measurements con� rmed the absence of
dissolved Cu ions in the electrolyte, again implying that most
of the stripped Cu ions that could be anchored by CTF-B
might be due to the strong Cu-bipyridine coordination.
Additionally, the XAFS spectra of the postelectrolysis sample
in air-accessible electrolyte also indicate the disaggregation of
Cu-ACs (Figures S30 and S31). Therefore, it can be concluded
that the structural transformation from Cu-ACs to a Cu single-
atom state can be driven by either suitable oxidation potential
or an oxidizing atmosphere.

2.5. CO Probing Experiment. Further CO electro-
reduction as a probing experiment was conducted to explore
the possible formation mechanism of multielectron products. It
is worth noting that the activation behavior of CTF-Cu
catalysts during the reaction is also observed (Figure 6a),
probably indicative of the potential-driven formation of Cu
aggregation as active sites.Figure 6b displays FEs of
electrocatalytic CO reduction at� 1.5 V vs SHE on CTF-Cu
catalysts. CH4, C2H4, and acetate are the main products,
strongly indicating that CO is a key reaction intermediate for
these products during the CO2RR. Interestingly, a strikingly
increased selectivity for producing C2 chemicals is observed
during CO reduction in comparison with the CO2RR, possibly
originating from the accelerative C� C coupling reaction due to
the increased CO coverage and enhanced local pH around
catalytic sites in CO-saturated electrolyte.50� 55 The maximum
FE of 68.4% for producing C2 chemicals, with the FEa of C2H4
and acetate reaching 35.0% and 33.4%, respectively, is achieved
at � 1.5 V vs SHE on CTF-Cu-4.8% (Figure 6b andFigure
S32). Importantly, the exclusive formation of acetate in liquid
products (Figure S33) de� nitely manifests the advantage of
CTF-Cu, which could be utilized as a catalytic platform for
carefully investigating the mechanism and structure� property
relationship of acetate production by the combination of in situ

Figure 6.(a) Chronoamperometric curves and (b) Faradaic e� ciencies of various products over CTF-Cu with di� erent Cu contents at� 1.5 V vs
SHE during electrocatalytic CO reduction.
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high-resolution TEM, for direct visualization of the Cu
aggregation to obtain the detailed size and dominant crystal
face during the reaction, with further theoretical calculation.
The excellent acetate selectivity might be attributable to the
abundant low-coordination active sites of con� ned Cu
aggregation and to the favorable chemical con� nement
environment of CTF-B.

3. CONCLUSIONS
CTF-B con� ned Cu catalysts were constructed for selective
and robust CO2RR to hydrocarbons with a maximum FE of up
to 81.3%. Operando XAFS analyses reveal the potential-driven
dynamic formation of Cu-ACs, in combination with the Cu-
content-dependent activation process, evidencing that Cu-ACs
stabilized by CTF-B are the active sites for the CO2RR. A CO
probing experiment discloses that CO is one of the main
intermediates during CO2RR, clearly demonstrating that direct
electroreduction of CO instead of CO2 not only signi� cantly
improves the selectivity for producing C2 products but also
steers the exclusive formation of acetate in liquid products,
which could be attributed to the synergistic e� ect of the
dominant low-coordination active sites of con� ned Cu
aggregation and the favorable chemical con� nement environ-
ment of CTF-B. Our� ndings de� nitively demonstrate the
novel strategy of combining the CTF con� nement with
operando characterization for the rational design of metal-
loelectrocatalysts and the structure� property investigation of
an e� cient CO2RR.
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