Downloaded via SHANGHAI INST OF APPLIED PHY SICS on March 10, 2021 at 02:22:27 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

MCatalysis

pubs.acs.org/acscatalysis Research Article

Covalent Triazine Framework Conned Copper Catalysts for
Selective Electrochemical CQ Reduction: Operando Diagnosis of
Active Sites

Lushan MaWeibo HU, Bingbao Mé&iHong Liu, Biao Yuan, Jian Zang, Tao Chen, Liangliang Zou,
Zhiging Zou, Bo Yang, Yi Yu, Jingyuan Ma, Zheng Jiang, Ke Wen, arid Hui Yang

Cite This: ACS Catal2020, 10, 45344542 I:I Read Online

ACC ESB [l Metrics & More | Article Recommendations ‘ * Supporting Information

ABSTRACT: Developing ecient catalysts for steering the electro-
chemical C@reduction reaction (CBR) toward high-value chemical#
beyond CO and formic acid is highly desirable. Herein, we have develope

copper-based catalysts oma within a rationally designed covalent ;
triazine framework (CTF-B), featuring a @IiNstructure, for selectivegundexs dunciiond ¢
CO,RR to hydrocarbons with a maximum Faradasercy (FE) of &

= > CuCu |

81.3% and an FE ofHf, up to 30.6%. Operando X-ray adsorptien £, - CuX

structure analyses reveal the potential-driven dynamic formation%ef C_:‘l,z;';;;
atomic clusters, together with the time-dependent and Cu-coMteni—z— =
dependent CERR performance associated with the catalyst activawm"“‘"‘
de nitively uncovering that the aggregated Cu clustensedowithin ) )
CTF-B are the active sites. A further probing experiment of CO ‘e
electroreduction not only vess that CO is one of the key intermediates

for the CQRR but also demonstrates the improved selectivifghe@icals, with a maximum FE of 68.41 (B5.0%; acetate,
33.4%), possibly originating from the accelerati@e@upling reaction due to the increased CO coverage and enhanced local pH
in CO-saturated electrolyte. Interestingly, acetate isddexgtithe only liquid product, mostly likely dergefrom the dominant
low-coordination active sites of ¢wd Cu aggregation and favorable chemicalesnant environment of CTF-B. The strategy

of constructing ecient metalloelectrocatalysts by means ohewment in a covalent organic framework along with operando
identi cation of active sites sheds light on the rational catalyst design and girotute relationship.

KEYWORDS:electrochemical Z€&duction, operando characterization, covalent triazine framesdo€ky catalysts,
CO electroreduction, hydrocarbon, acetate

1. INTRODUCTION structure property relationship for the GRR are highly

; ; ; - desirable.
The electrochemical reduction of,@®high-value chemicals Covalent organic frameworks (COFs), especially covalent

powered by renewable and excess electricity has emerged s &0 f3 meworks (CTFs) with adjustable building blocks,
promising approach to implement energy conversion arny

3 ) tionally designed ligand units, and superior chemical stability,
storage.® To date,_a large number of materlals_ have beeﬂave been identid as robust platforms to prepare well-
demonstrated as eient catalysts for the production of CO ya ped catalysts by precisely anchoring metal*i6hst

and formic acid from the electrochemicah @&@uction  present, CTF-anchored metals have been applied to many
reaction (CGRR);" *° but it still remains a big challenge for glectrocatalytic reactionsuch as the oxygen reduction
the CORR to produce multielectron products, such aseactiorf.’” the hydrogen oxidation reactidnand
hydrocarbons and multicarbon oxygenated chetitals. CO,RR?%° Although the metal sites (nickel, cobalt, etc.)
Among the metal catalysts, copper (Cu)-based materials harehored on CTF only exhibited the,RR selectivity toward
been demonstrated as the onlcient electrocatalysts for
deep catalytic reduction of £O *° Nevertheless, inorganic Received: January 15, 2020
Cu compounds usually sa from low selectivity and Revised: March 7, 2020
insu cient stability for the CBR due to the competitive Published: March 17, 2020
hydrogen evolution reaction (HER) and irreversible structural

transformatioft ** Therefore, searching for a novel strategy

for rational catalyst design and gaining new insight into the
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two-electron products, the advantages in terms of activity antethod®® As shown inFigure &, [1,1-biphenyl]-4,4
selectivity over molecular catalysts were obSeMrezbret- bis(carboximidamide) (PCM) and [2(#pyridine]-5,5di-
ically, CTFs featuring rationally designed organic ligands and
porous framework structures might¢roa unique chemical
environment for coning and stabilizing active metal species,
consequently promoting the formation of the desirable
products??® Thus, it might be a novel strategy to tailor Cu
catalysts for the GRBR to value-added chemicals by taking
advantage of the tunable chemical and spatiallpedon
environments of porous organic frameworks. To the best of
our knowledge, reports related to rationally designed Cu
catalysts coned in CTFs or other COF materials focient
CO,RR are rare.

The electrocatalytic G@eduction reaction normally occurs
at large overpotentials, where most of the catalysts prefer to
self-reconstruét® 3* 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 structungroperty relationship because the true
active sites under applied potentials might keeedi>>>°
For example, Weng et al. reported that the commercial Cu

phthalocyanine underwent a structural change to form Gglg,re 1 (a) Schematic for the preparation of CTF-B (C, gray; N,
clusters at the working potential of 887" The blue; O, red; H, green). (b) Experimental and simulated PXRD
reconstruction of Cu sites was also observed on a Cu/Natterns of CTF-B. (c) Pore size distribution calculated from the
codoped carbon material by operando X-ray absorptiafitrogen adsorption curve (inset).

spectroscopy (XA$).Both of the operando measurements

a rmed that the in situ formed Cu aggregation rather thapethanol (BPM) were used as the unit blocks with a molar
smgle-ayom sites before and after the reaction sh_ould b&tio of 2/1 to prepare the CTF with a bipyridine unit (CTF-
responsible for the GRR toward multielectron chemicals, B). For a comparison, a CTF without the bipyridine unit was
although a decided conclusion about active sites failed to h prepared (CTF-R; see shepporting Informatidior the
drawn due to the coexistence of Cu aggregation and singifstajled procedure). The formation of triazine rings can be
atom sites under the reaction conditiéfisUndoubtedly, it yerj ed by Fourier transform infrared (FTIR) spedtigu(e
is still extremely important to employ operando structuraky iy which two characteristic absorption bands at 1373 and
identi cation for an gccurate_understam_jin%of the correlatiop50g c¢m! indicate the aromatic O stretching and
between the catalytic behavior and active'Sites. _ breathing vibrations of the triazine unit, respectively.
Herein, a newly designed CTF with the bipyridine unit wapqwder X-ray diaction (PXRD) patternsigure b and
prepared as a well-ded platform for coming Cu sites,  rigure Syiof the CTFs show certain intense peaks, revealing
which would enable us to diagnose the active site during thgat the as-prepared CTFs exhibit good crystafli@iF-B
CORR. Both aberration-corrected high-angle annular darkypipits ve features at approximately 4.7, 8.3, 13.2, 18.1, and
eld scanning transmission electron microscopy (HAADF5 P (Figure b). However, the PXRD is hard to match with a
STEM) and XAS measurements oonthat Cu exists in the  specic structural model (AA or AB), indicating that CTF-B
form of a single-atom state within the prepared complex (CThyight be a mixture of AA and AB stacking. Nitrogen sorption
Cu), featuring its initial CyBIl, structure. Such a CTF-Cu  gxperiments indicate that CTF-B has a surface area 6f 488 m
material exhibits a maximum Faradaieacy (FE) of 81.3% g L with a total pore volume of 0.283@n'. From the pore
for producing hydrocarbons during theRR Operando X-  gistribution Figure t), it can be found that two kinds of pore
ray absorption ne structure (XAFS) analyses reveal thewjgths (12.6 and 21.6 A) exist within CTF-B, which are close
potential-driven dynamic formation of Cu atomic clusters (Cuyy, the theoretical value of the pores of AB and AA staking
ACs), along with the time-dependent and Cu-contentmggels, respectively. The result is in agreement with the PXRD
dependent CARR performance associated with the catalysfesylt that CTF-B is a mixture of AA and AB stacking.
activation, denitively conrming that in situ formed Cu-ACs  CcTF-B was used for anchoring Cu ions with controllable Cu
are the active sites of the &R. A further probing  amount by means of the wet-impregnation method. According
experiment of CO _electrore_ductlon not only @erihat CO to the corresponding Cu contemt Wt %), determined by
is one of the key intermediates during thegRBObut also  jpductively coupled plasma optical emission spectrometry
demonstrates the notably improvegi@duct selectivity and (ICP-OES) analysis, the prepared complex was named CTF-
the exclusive formation of acetate in liquid products. Theyx wherex = 1%, 2.4%, 4.8% (the highest amount obtained
strategy of constructing caed Cu catalysts within the CTF during Cu anchoring). In sharp contrast, CTF-R with only
together with operando idewtation of active sites paves the trigzine rings could not anchor Cu ion®ctively, as
way for rational catalyst design and for a strupta@erty  eyidenced by the ICP-OES result (less than 0.09 wt % of
investigation for a highly eient CQRR. Cu) and X-ray photoelectron spectroscopy (XPS) analysis
(Table S}, although enough of the Cu precursor was added.
2. RESULTS AND DISCUSSION Thus, it can be deduced that Cu ions in CTF-Cu are mostly
2.1. Synthesis and Characterization of CTFs and CTF- anchored on the bipyridine unit, rather than the triazine rings
Cu. The CTFs were prepared using an in situ oxidatiorof CTF-B. Interestingly, the prepared CTF-Cu materials retain
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Figure 2(a) Aberration-corrected HAADF-STEM image, (b) N 1s XPS spectrum, (c) Cu K-edge XANES spectna}-ahel{dling of the
Fourier-transformed EXAFS spectrum of CTF-Cu-4.8%.

the small-angle daction peaks of pristine CTF-B, indicative the metal centers, decreasing the charge density of coordinated
of the retainment of the framework structeigufe S5aand N atoms and thus leading to an increase in N 1s binding
their wide-angle XRD patterns present the absence of Cerergy. For a comparison, the N 1s XPS spectra of CTF-R
containing nanoparticlesigure S5h From the Cu 2p XPS before and after the impregnation in Cu precursor solution
spectrum of CTF-Cu-4.8%iure Sathe binding energy of remain unchange#igure S10 Therefore, we speculated that
the dominatnt peak belonging to the Cy,3meak is 935.0 the emerging peak at 400.1 eV should originate from the
eV, higher than that of metallic copper or copper oxides armbordination of the bipyridine-derived pyridinic N with Cu,
close to that of some other Cu(ll) complexes with Nand pyridinic N from triazine rings could not anchor Cu sites.
ligand$*? Additionally, a strong satellite peak appearst should be mentioned that the surface nitrogen sites of CTF-
between 938.1 and 948.6 eV, indicating the presence Bf coordinate with Cu preferentially in the impregnation
Cu(ll).** The Cu LMM Auger peak around 914.6 eV is farprocess, so that the surface ratio betweeN @nd pyridinic
away from the peak position of metallic copper or coppeX remains almost unchanged with an increased amount of Cu
oxides Figure Sep* also implying the absence of Cu- in CTF-Cu Eigure S9bd).
containing aggregation. Tarther discern the atomic We further utilized the XAFS spectra at the Cu K-edge to
dispersion of Cu species, an aberration-corrected HAADwestigate the chemical state and local coordination environ-
STEM measurement was carried out on CTF-Cu-4.8%. Asent of the Cu site within CTF-Cu. From the X-ray
depictured inFigure a, Cu species with high contrast are absorption near-edge structure (XANES) spedtyar¢ 2
atomically dispersed and the circled bright spots with a sizeasfdFigure S1J)athe pre-edge peaks at 8977.5 eV arise from
ca. 0.2 nm indicate the representative single Cu atoms. tle characteristic quadrupole transition (1s to 3d), revealing
addition, energy-dispersive X-ray spectroscopy (EDS) etbe presence of Cu(ll) in CTF-Cu'° To further discern the
mental mapping-{gure SBexhibits a homogeneous element Cu oxidation state, the derivative spectra of the XANES
distribution of C, N, and Cu over the entire framework. spectra are describedFigure S11land the position of the

The N 1s XPS spectra of CTF-B and CTF-Cu were rst maximum is taken as the position of the edge &érgy.
deconvoluted to reveal theuence of anchored Cu sites on As illustrated ifrigure S11lithe edge energy of CTF-Cu is
the electronic structure of nitrogen species. The spectrum ahout 8984 eV, located between 8982.5 eV for CuPc and 8985
CTF-B (Figure S9adisplays a main peak centered at 398.9%V for CuCJ, while the edge energies of Cu angDCare
eV, associated with pyridinic N from the bipyridine unit andocated at 8979 and 8981.5 eV, respectively. As a result, the
triazine ringd¥**** and a weak peak around 400.5 eV thatoxidation state of CTF-Cu is closed to the Cu(ll) compound.
could be ascribed to pyrrolic N, probably derived from th&loreover, the local coordination environment of the Cu
minimal degradation of pyridiffé? Once Cu sites were center can be revealed by extended X-ray absommtion
anchored on CTF-B, a strong peak at 400.1 eV emerged in thteucture (EXAFS) spectroscopygure Sl12shows the
N 1s XPS spectra of CTF-Ciqure B andFigure S9b)¢ corresponding Fourier-transforrkédeighted EXAFS spec-
suggesting the presence of Bucoordination that could trum for CTF-Cu, where no CQu bond peak associated
change the electronic structure of the nitrogen sites. As wsth Cu aggregation is observed. One dominant peak occurs at
known, N-containing ligands couleémione pair electrons to  1.62 A, located between the Gipeak of CuPc and the Cu
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Figure 3.(a) Faradaic eciencies of gas products during thgRFOat dierent potentials and (b) stability dt.51 V vs SHE during a 10 h test
on CTF-Cu-4.8%. Unless stated otherwisgs@Orated 0.3 M KCI solution was used as the electrolyte durielec@®lysis. To exclude the
in uence of pH with minor variation atatient potentials, all potentials were converted to the SHE scale.

Figure 4.Time-dependent Faradaiccéencies of gas products on (a) CTF-Cu-1.0%, (b) CTF-Cu-1.7%) &W-(Cu-4.8% at1.45 V vs
SHE. (d) Potential-dependent Faradaicency of gH, on CTF-Cu with dierent Cu contents.

Cl peak of CuGl Quantitatively, we carried out EXAFS curve-the FE of hydrocarbons containing,@Ad GH, increases

tting analysis for therst coordination shell of Cu by strikingly and reaches the highest value of 81.3063atV vs
considering CuN and Cu Cl backscattering pathsaple SHE. In the meantime, CTF-Cu-4.8% achieves a maximum FE
S2. The best-t analysis ifrigure @ discloses that the major of 30.6% for ¢H,at 1.47 V vs SHE and the maximum FE of
peak of CTF-Cu-4.8% originates from the coordination of tw@2.0% for Clat 1.55 V vs SHE, which is the best selectivity

N and two Cl with Cu: namely, CyBl. among previously reported metagianic complexgs 2348

2.2. CQ Electroreduction Performance. For a typical = The FE of His less than 10% in the potential rangelef7

CTF-Cu-4.8% sample, constant potential electréfigise( and 1.53 V vs SHE, suggesting a suppressed HER, better
S13 was carried out in a gastight H-type cell with a threethan that for most of the Cu-based catafy/stémportantly,
electrode system. Liquid and gas products were detected byGH-Cu-4.8% exhibits an outstanding stability, maintaining an
o ine nuclear magnetic resonance (NMR) spectrometer arfeE of hydrocarbons of more than 70%, an FElofudr than

online gas chromatography, respectively. Formic acid is thé%, and nearly unchangeable activity (44.5 mA aftgr

main liquid product, and only a minor amount of acetic acidO h of electrolysis atl.51 V vs SHER{gure B).

can be idented (Figures S14 and §1bigure & presents a Although CTF-Cu catalysts with lower Cu contents exhibit
potential-dependent FE with regard to gas products containimigerior CQRR selectivity in comparison with CTF-Cu-4.8%,
CO, H,, CH,, and GH,. At a potential of 1.3 V versus the the maximum FEs of hydrocarbons on CTF-Cu-1.0% and
standard hydrogen electrode (vs SHE), CO gnardithe CTF-Cu-2.4% can reach 67.2% and 74.2%, respectively
main gas products and hydrocarbons start to be detected w{fhigures S1651§. In contrast, CTF-B exhibits the nearly

an FE of only 5%. With an increase in overpotential, Farada&ixclusive formation of,HFigure S1) implying that Cu

e ciencies (FEs) of both CO and #kcrease gradually, and within CTF-Cu plays a crucial role in the active catalytic sites
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Figure 5.Real-time operando XAS measurements of CTF-Cu-4.8%baV vs SHE: (a) Cu K-edge XANES spectrargbprder derivatives
of the XANES spectra; (c) Fourier-transformed EXAFS spectnast{g)ell CuCu and Cu X (N/O/CI) coordination numbers.

for the CQRR. In addition, only Hvas detected on CTF-Cu- V vs SHE. From the XANES spectra and their corresponding
4.8% when the reaction was conducted in Ar-saturateterivative curves, Cu(ll) species began to be reduced to the
electrolyte Eigure S2) con rming CQ as the only carbon Cu(0) state according to the negative shift of the Cu K-edge
source of the products. position, the attenuated intensity of the white peak (indicated
From chronoamperometric curves, the current density an Figure 2);*° and the emerging Cu(0) peak (indicated in
CTF-Cu increases sharply during the initial electrolysiBigure B) after 20 min. At the same time, the Cu bond
(Figures S13, S16b, and $1Ktoreover, according to the peak is formed according to the Fourier-transformed EXAFS
time-dependent FE of gas products at a constant potential, thgectra Figure §). Apparently, the reduced Cu atoms within
three CTF-Cu catalysts exhibit similar activation behavior th&TF-Cu aggregate to form Cu clusters or nanoparticles. With
the FE of total CERR gas products (including £HH,, an increase in electrolysis time, the intensity of the peak at
and CO) increases gradually accompanying by a decreasedlFE 1.6 A, associated with single-atom sites, has a decreasing
of H, during the electrolysi§igure 4 c). Interestingly, the tendency on the whole. Meanwhile, the intensity of the Cu
activation time decreases with an increase in Cu content at tBe bond peak at ca. 2.2 A increases gradually and then reaches
same potentialF{gure S21the activation time is deed as a relatively stable level but far lower than that of Cu foil,
the time for achieving the stable FE of,RFOor HER). strongly suggesting the formation of Cu-ACs within the CTF-
Typically for CTF-Cu-1%, the FE of totaL,RR gas products  Cu during the electroly$is? Thus, the dynamic formation of
increases from 5.1% to 49.4% and the FEd#dreases from Cu-ACs should be responsible for the activation process and
79.7% to 35.6% during 100 min of electrolisisiie 4), Cu-ACs are the active sites for theRFD
de nitively revealing an activation process for tb®RQn On the basis of the time-dependent Fourier-transformed
Figure 4, apart from the obvious Cu-content-dependent FE dEXAFS spectraigure 8), an EXAFStting analysisHigure
C,H,, the onset potential forld, generation increases with 5d andTable SP shows the change in average coordination
an increase in Cu content. As is known, the production afumber in terms of CX (X = N, O, CI) and CuCu with
multicarbon products on Cu-based catalysts should requitee activation time, clearly revealing the dynamic formation of
multiple adsorption sites for C coupling reactions >** the Cu clusters. After 60 min of electrolysis, the coordination
Taken together, the arresting time- and Cu-content-dependenimber of CuCu reaches a relatively steady leviglie
CO,RR performance strongly imply the structural transbd), suggesting a suppressed growth of Cu-ACs, which could
formation of the initial single-atom state. However, ex sitexplain well the activation process during th®R@-igure
XAFS spectra indicate the absence of metallic copper 4t andFigure S21 As is known, XAFS is an average fésult.
copper oxides for the postelectrolysis safiplea¢ S2%and Thus, the EXAFS spectrum corresponds to an average
the high-resolution TEM image demonstrates no aggregationordination environment of single Cu atoms and Cu-ACs.
about Cu nanopatrticleBigure S23 To estimate the mean size of Cu-ACs, we performed a linear
2.3. Operando Diagnosis of Active Sites.We further combination tting for the XANES spectra at 80 nfig(rre
conducted operando XAS measurements on CTF-Cu-4.8924.%' Accordingly, there are approximately 52.8% of Cu and
during the CGRR to reveal the activation procesgire a 47.2% of single-atom sites. Thus, it can be estimated that the
¢ shows the time-dependent XAFS spectra collectédiat Cu Cu coordination number of Cu-ACs is ca. 8.9 according
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Figure 6.(a) Chronoamperometric curves and (b) Faradaiemrcies of various products over CTF-Cu widratit Cu contents atl.5 V vs
SHE during electrocatalytic CO reduction.

to the formula that the average coordination number of Cuafter the CV scan. Therefore, it can be concluded that most of
Cu divides by 52.8% and the calculated size of Cu-ACs is t#e stripped Cii was promptly anchored by CTF-B, leading
1.09 nm. Such a size is very close to the small pore widthtofa restored structure of the CTF-Cu catalyst.

CTF-B, implying that the pore caement might restrict the Intrigued by the absence of Cu aggregation from the ex situ
growth of Cu-ACs and result in very good stability during thXAFS spectra, the possible structural transformation of Cu-
CO,RR. ACs under dierent conditions was further investigated by

2.4. Investigation of Redox Behavior. The XAFS XAS measurements. First, it is demonstrated that the formed
spectra collected at dient tested potentials after 1 h of Cu-ACs at 1.5 V vs SHE are still retained in,&@turated
electrolysis on CTF-Cu-4.8% are displayeégime S25 electrolyte after the reactiofigures S30 and §3After a
According to the XANESFigure S25aand Fourier- potential of 0.2 V vs SHE is applied on the sample with formed
transformed EXAFS spectfag(re S25b partial Cu(ll) Cu-ACs in CQ@saturated electrolyte, operando XAFS analyses
sites have been reduced to the Cu(0) state and aggregateow the disappearance of the metallic copper phase and no
together at 0.5 V vs SHE on CTF-Cu-4.8%. Obviously, Cucharacteristic peaks attributed to CuO gOQirigures S30
sites aggregate more easily at a more negative potentiald S3). ICP-OES measurements ¢omed the absence of
Additionally, we performed cyclic voltammetry (CV) tests witldissolved Cu ions in the electrolyte, again implying that most
a changed negative potential and a constant positive potentiélthe stripped Cu ions that could be anchored by CTF-B
(0.4 V vs SHE) to further investigate the redox behavior ahight be due to the strong Cu-bipyridine coordination.
CTF-Cu-4.8%Kigure S26 When the negative potential shifts Additionally, the XAFS spectra of the postelectrolysis sample
to 0.2 V vs SHE, a pair of oxidation peaks emerge and tlre air-accessible electrolyte also indicate the disaggregation of
intensity increases with a more negative potential. Consideri@g-ACs Figures S30 and 33Therefore, it can be concluded
the potential-dependent formation of Cu aggregation uncothat the structural transformation from Cu-ACs to a Cu single-
ered by the operando XAFS spedtigufe S25 it can be atom state can be driven by either suitable oxidation potential
deduced that the oxidation peaks originate from the oxidatiar an oxidizing atmosphere.
of Cu aggregation. The oxidation peak at around 0.08 V vs2.5. CO Probing Experiment. Further CO electro-

SHE could be attributed to the oxidation of Cu aggregation teeduction as a probing experiment was conducted to explore
Cu(l) species, and the peak around 0.22 V vs SHE could Iblee possible formation mechanism of multielectron products. It
attributed to the subsequent oxidation of Cu(l) species tis worth noting that the activation behavior of CTF-Cu
Cu(ll) species. Correspondingly, partial Cu(ll) sites withincatalysts during the reaction is also obseRigdrd @),
CTF-Cu-4.8% could be reduced to the Cu(0) stat@.atV probably indicative of the potential-driven formation of Cu
vs SHE, although the CV curve displays no reduction peak aaggregation as active sitEgjure ® displays FEs of
only increased current at more negative potential. We have addectrocatalytic CO reduction &t.5 V vs SHE on CTF-Cu
performed a CV scan over the potential rang@.4fto +0.4 catalysts. CKHl CH,, and acetate are the main products,

V vs SHE on the sample after 1 h of reactiofi.&tV vs SHE.  strongly indicating that CO is a key reaction intermediate for
As shown irigure S27%only an evident oxidation peak at 0.13 these products during the (RR. Interestingly, a strikingly

V vs SHE is observed, probably due to the overlap of twincreased selectivity for producingcemicals is observed
adjacent oxidation peaks. Given the characteristic redox pedieng CO reduction in comparison with the,R®), possibly

on Cu foil Figure S28 we suggest that the oxidation peak of originating from the accelerative@coupling reaction due to
CTF-Cu-4.8% arises from the stripping of Cu aggregation the increased CO coverage and enhanced local pH around
CW?* rather than an oxidation process to copper oxides becausaalytic sites in CO-saturated electrdlyte The maximum

no reduction peak related to the reduction of copper oxides & of 68.4% for producing €emicals, with the FEa gHE
observed. Interestingly, such a CTF-Cu catalyst after the GWid acetate reaching 35.0% and 33.4%, respectively, is achieved
test exhibits similar activation behavior inr$tel0 min and at 1.5 V vs SHE on CTF-Cu-4.8%gure 6 andFigure
almost unchangeable performance for th®R@uring the  S32. Importantly, the exclusive formation of acetate in liquid
repeated electrolysis in comparison with that of rdte  products Figure S33de nitely manifests the advantage of
electrolysis Higure S29 indicating the restored structure CTF-Cu, which could be utilized as a catalytic platform for
driven by the CV scan. Moreover, ICP-OES measuremertarefully investigating the mechanism and strystaperty

con rmed the absence of dissolved Cu ions in the electrolytelationship of acetate production by the combination of in situ
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