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Qoward efficient electrocatalysis.

Abstract: Fine-tuning electronic structures of single-atom catalysts (SACs) plays a crucial role in harnessing their
catalytic activities, yet challenges remain at a molecular scale in a controlled fashion. By tailoring the structure of
graphdiyne (GDY) with electron-withdrawing/-donating groups, we show herein the electronic perturbation of Cu
single-atom CO, reduction catalysts in a molecular way. The elaborately introduced functional groups (—F, —H and
—OMe) can regulate the valance state of Cu’*, which is found to be directly scaled with the selectivity of the
electrochemical CO,-to-CH, conversion. An optimum CH, Faradaic efficiency of 72.3 % was achieved over the Cu SAC
on the F-substituted GDY. In situ spectroscopic studies and theoretical calculations revealed that the positive Cu’*
centers adjusted by the electron-withdrawing group decrease the pK, of adsorbed H,O, promoting the hydrogenation of
intermediates toward the CH, production. Our strategy paves the way for precise electronic perturbation of SACs

~
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Introduction

Electronic perturbations of the catalytic site play a vital role
in improving the activity and selectivity of catalysts across
the fields of energy conversion, chemical transformation and
environmental remediation.! For example, surface Cu®*
species of copper catalysts in the electrochemical CO,
reduction reaction (CO,RR) preferentially show multi-
electron reduction processes compared to Cu’, leading to
the formation of deeply reduced carbon products.”! Great
efforts have thus aimed at steering the CO,RR reactivity via
the electronic regulation of catalytic centers.”) Prevalently,
exquisite electronic regulation of the catalytic site at the
atomic level has long been utilized for optimizing homoge-
neous catalysts by introducing specific ligands/functional
groups around the metal centers.”! As such, leveraging the
molecular strategy to regulate the electronic structure of
heterogeneous centers may enable the deterministic design
of more selective and active heterogeneous catalysts. Of
particular interest, electronic perturbation of single-atom
catalysts (SACs) at molecular precision would foster the

optimal catalytic activity and deepen the structure-function
relationships, which, however, still remains a critical
challenge.”’

Among the prevalent SACs on carbon materials ex-
plored to date, regulation of the electronic structure of
active centers hinges on the strategies such as pyrolyzing,
doping and defecting, which have offered limited versatility
to tune the electronic structures of the metal centers at the
molecular level.”! The difficulty arises from the lack of
control in precisely tailoring the surrounding coordination
environments of the active center, which the nature of the
electronic structure relied on. As a new carbon allotrope,
graphdiyne (GDY), forms SACs with various transition
metals via the coordination between the metal atom and the
C=C triple bond." Tens of GDY derivatives have been
prepared by deliberately installing functional groups with
various electron-donating and -withdrawing capabilities.®
Therefore, the precise functionalization of GDY affords a
molecular toolkit for flexible and accurate perturbation of
the electronic structures of GDY-based SACs, which would
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extend the boundaries of homogeneous and heterogeneous
catalysts.

With the view to systematically regulating the electronic
structures of SACs, we tailored the GDY support by
introducing electron-withdrawing and -donating groups (—F,
—H and —OMe) to synthesize GDY derivatives R-GDY
(R=-F, —H or —OMe), and realized densely populated Cu
SACs (denoted as Cu SA/R-GDY; Figure 1a) through a
facile bottom-up synthetic strategy. Taking advantage of the
unique structures of R-GDY, the Cu atoms can be confined
to form atomic Cu—C, moiety, while their electronic
structures are precisely perturbated by the neighboring
functional groups, rendering the Cu®" valance state in the
order of Cu SA/F-GDY >Cu SA/H-GDY >Cu SA/OMe-
GDY. We further leveraged the CO,RR for proof-of-
principle applications. Our results revealed that the selectiv-
ity of CH, on Cu SA/R-GDY was proportional to the
electron-withdrawing ability of surrounding functional
groups. The optimum CH, Faradaic efficiency (FEcy,) of
72.3 % was achieved by Cu SA/F-GDY at —1.2V versus a
reversible hydrogen electrode (RHE), accompanied by a
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partial current density (joy,) of —174.24 mAcm™. In situ
spectroscopic studies of surface-enhanced Raman spectro-
scopy, electron energy loss spectroscopy (EELS) and
attenuated total reflection Fourier-transform infrared spec-
troscopy (ATR-FTIR) together with theoretical insights
suggested that the preferred CH, formation originated from
the positively charged Cu®" induced by the electron-
withdrawing —F group, which lowers the pK, of adsorbed
H,0O and provides a microenvironment at suitable pH for
CH, production.

Results and Discussion

Firstly,  para-di-substituted  1,2,4,5-tetraethynylbenzene
monomers with distinctive electron-donating/-withdrawing
groups of —-OMe, —H and —F were synthesized according to
the documented procedures (see the Supporting Information
for details, Scheme S1 for the synthetic scheme, and Fig-
ure S1-S3 for nuclear magnetic resonance spectra (NMR) of
compounds). Next, Cu SA/R-GDY was prepared by a facile

Figure 1. Morphologies of Cu SA/R-GDY. a) Schematic illustration of the fabrication of Cu SA/R-GDY (R=—F, —H, -OMe). HAADF-STEM images
of b) Cu SA/F-GDY, d) Cu SA/H-GDY and f) Cu SA/OMe-GDY. EDX mapping of c¢) Cu SA/F-GDY, e) Cu SA/H-GDY and g) Cu SA/OMe-GDY. Scale

baris 5 nm.
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bottom-up synthetic approach using the corresponding para-
di-substituted 1,2,4,5-tetraethynylbenzene
Briefly, an appropriate amount of Cul was mixed with para-
di-substituted 1,2,4,5-tetraethynylbenzene monomers in
pyridine, and the solution then sequentially underwent
reductive elimination and cross-coupling processes, leading
to the formation of R-GDY and confined Cu single atoms
on the R-GDY derivatives via Cu—C interactions (Fig-
ure la). The obtained samples were fully characterized by
Raman, FTIR spectroscopy and X-ray photoelectron spec-
troscopy (XPS).

As shown in Figure S4a, the synthesized samples render
analogous Raman profiles with a clear D-band (disordered
carbon, 1356cm™') and G-band (graphite carbon,
1576 cm™); other peaks at 2180 and 2250 cm ™' are aroused
by the diacetylene linkages vibrations, signifying the GDY-
like feature. For the FTIR spectra (Figure S4b), the
stretching vibration bands of C-F (900 cm™') or C—-OMe
(1200 cm™") are exclusively observed in Cu SA/F-GDY and
Cu SA/OMe-GDY, respectively. In the XPS spectra, the
high-resolution C 1s spectra show characteristic C=C (sp2)
and C=C (sp) peaks in the prepared samples. Besides, the
C—F bond at 286.6 eV and C—OMe bond at 286.2 eV are
observed for Cu SA/F-GDY and Cu SA/OMe-GDY,
respectively (Figure S5). The combined results revealed that
functional groups-modified R-GDY materials were success-
fully synthesized.

The atomically dispersed Cu atoms were imaged by
aberration-corrected high-angle annular dark-field scanning

monomers.
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transmission electron microscopy (HAADF-STEM), where
dense but isolated bright dots are clearly observed in various
regions (Figure 1b, d, f and Figure S6). As such, high Cu
loadings of 12.8 wt %, 12.3 wt % and 13.4 wt % estimated by
the inductively coupled plasma atomic emission spectro-
scopy (ICP-AES) were achieved for Cu SA/F-GDY, Cu SA/
H-GDY and Cu SA/OMe-GDY, respectively. In addition,
the atomic-scale energy-dispersive X-ray spectroscopy
(EDX) presented homogeneously distributed elements of C,
Cu, O (in Cu SA/OMe-GDY and Cu SA/H-GDY) and C,
Cu, F (in Cu SA/F-GDY) cross the entire regions (Figur-
es 1c, e and g). Low magnification TEM characterizations of
Cu SA/R-GDY indicate a lateral size with no nanoparticle
visualized (Figures S7-S9). The X-ray diffraction (XRD)
patterns also reflected the absence of crystalline Cu nano-
particles, where only a broad peak of carbon substrate is
observed (Figure S10).

The electronic and local coordination structures of Cu
SA/R-GDY were identified by X-ray absorption fine
structure (XAFS) analysis. Our results showcase that the
charge states of Cu centers of Cu SA/R-GDY could be
perturbed in atomic precision by the surrounding functional
groups. Figure 2a presents the X-ray absorption near-edge
spectra (XANES) of Cu K-edge for Cu foil, Cul and the
prepared samples. The near-edge position and the corre-
sponding derivative of Cu K-edge XANES of Cu SA/R-
GDY lie between those of Cu foil and Cul, confirming the
Cu®" (0<J<1) state of the Cu centers (Figures 2a and S11).
Of note, both the near-edge position and their derivative

a b c
- 1.0 Cul@ e 5
;; QA 7 08 Cu SA/F-GDY@ e g "9‘ ‘o ke
M) AN — 5 0377 @ e
X /W ~— @06 o % o5ty @
N p @ @Cu SA/H-GDY Sog 3 { @
K i/ 804 d ('p'l;:. 0.0 H—
i A —— Cu SA/F-GDY ™ P
g / —— Cu SA/H-GDY = , e  ag 2 o™ §
E S L 02 . @ e, O
—— Cu SA/OMe-GDY T . 3997 @ Oqg ¢
2 J, @Cu SA/OMe-GDY -OMe Lo of Cghe® -F
b / Cu fo o o ct
- b 0.01 @Cu foil electron push electron pull
8970 8985 9000 9015 9030 05 10 15 20 25 30 35 40 45
Energy (eV) White-line area (a.u.)
d 2p|m 2pI3/2 e *CO, f
) Cu-C
Cu 2p | i )
1 n 1
1 n 1 Cu SA/F-GDY]|
J1\ f1\ I
= N\ CUSAIF-GDY /| Cu SA/F-GDY
ER . 3 :
< ' I < — | Cu SAH-GDY]
.*? 1 "I“‘ *? I3 I
2 g A 2 RS N
8 il ,C”SA”:"GDYi ! & |Cu SAH-GDY 3 /| \
= 1 ~ = i /' \ A _Cu SAIOMe-GDY
) ! \ = N
i .
[ I
: M |
£\ i Cu SA/OMe-GDY]/ |
_/1'.Cu SA/OMe-GDY/ | |
R E— - N 1 R
T
960 955 950 945 940 935 930 1800 2200 0 1 2 3 4 5
Binding energy (eV) Wavenumber (cm™) R (A)

Figure 2. Cu SA/R-GDY structural analysis. a) XANES spectra and b) the average valance state of the prepared Cu SA/R-GDY with reference Cu foil
and Cul. ¢) Schematic illustration of electron-push-pull. d) XPS spectra of Cu 2p. e) CO-probed DRIFT spectra. f) Cu k’-weighted FT-EXAFS spectra

in R space.
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shift positively by varying the functional groups from
electron-donating to electron-withdrawing ones. Moreover,
the white-line intensity of Cu K-edge grows as the electron-
withdrawing ability of the functional group increases. The
charge state of Cu estimated by the integrated area of white-
line intensity is calculated to be +0.86 for Cu SA/F-GDY,
higher than those of Cu SA/H-GDY (+0.56) and Cu SA/
OMe-GDY (+0.23) (Figure 2b). The core-level XPS spectra
of Cu2p in Figure 2d further corroborate the electronic
perturbation of Cu®*, wherein the spin-orbit peaks of Cu 2p”
> and Cu2p'” are consistently shifted to the lower energy
direction from Cu SA/F-GDY, to Cu SA/H-GDY and
further to Cu SA/OMe-GDY.”! The additional Auger
electron spectroscopy (AES) of Cu LMM also reveals that
Cu SA/F-GDY displays the highest valence state of Cu,
followed by Cu SA/H-GDY and then Cu SA/OMe-GDY
(Figure S12). All the above results demonstrated that fine-
tuning the electronic structure of Cu single-atom catalysts was
realized by tailoring the surrounding functional groups in a
molecular way (Figure 2c), just like the structural optimiza-
tion for homogeneous catalysts.

The diffuse reflectance infrared Fourier transform
(DRIFT) spectra of Cu SA/R-GDY upon CO adsorption
manifests a prominent linearly bonded CO (CO.) band at
~2050 cm™" ' implying that the CO molecules are adsorbed
on Cu single-atoms (Figure 2e). Moreover, the absence of
bridge bonded CO band in the range of 1700-1900 cm™
ruled out the presence of multi-atom Cu resembles in Cu
SA/R-GDY. Notably, the CO, peak shifted to the lower
frequency direction from Cu SA/F-GDY to Cu SA/OMe-
GDY, which is ascribed to the reduced oxidation state of
Cu. Furthermore, the Fourier transformed k*weighted
extended X-Ray absorption fine structure (EXAFS) and
wavelet transformation (WT) EXAFS oscillations of Cu K-
edge presented a dominant Cu—C peak at approximately
1.5A among Cu SA/R-GDY (Figures2e and S13). In
addition, no other typical bonds for Cu—Cu contribution at
2.2 A were detected, indicating the atomic dispersion of Cu
atoms in the materials. Meanwhile, the peaks of F 1s and
O 1s XPS spectra of Cu SA/F-GDY and Cu SA/OMe are
respectively attributed to C—F and —OMe (with minor
surface adsorbed water) groups, indicating that the intro-
duced functional groups do not coordinate with Cu (Fig-
ure S14)."1 The EXAFS fitting results demonstrated that
the first shell of the atomic Cu center renders a coordination
number close to 4, resembling the Cu coordination structure
to Cu—C, moieties confined by the alkyne bond on R-GDY
frameworks (Figure S15 and Table S2). Thus, the electron-
donating/-withdrawing groups feature a “charge-state-modu-
lator” to precisely regulate the electron density of Cu—C,
centers.

The abundant Cu—C, active centers with fine-tuned
electronic structures render as-developed materials excellent
candidates for electrochemical catalysis and models for
studying the structure-function relationship. As a proof-of-
principle demonstration, we leveraged the CO,RR to
elucidate the structure—activity relationship (electronic
structure or Cu charge state versus product selectivity).

Angew. Chem. Int. Ed. 2023, 62, €202217220 (4 of 10)
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In general, CO,RR activity was evaluated in a micro-
fluidic flow cell reactor with 1.0 M KOH as the electrolyte
(Figure S16), and the output gaseous and liquid-phase
products were quantified by the gas chromatography (GC)
and NMR spectroscopy, respectively. All the potentials are
converted to RHE unless otherwise specified. Linear sweep
voltammetry (LSV) was first assessed in CO,- and Ar-
purged conditions for Cu SA/R-GDY. As shown in Fig-
ure S17, Cu SA/F-GDY afforded a more positive onset
potential and a higher current density than the other two
samples, signifying its fast CO,RR response. Such favorable
CO,RR kinetics on Cu SA/F-GDY was also reflected by a
larger current density gap in CO,- over Ar-purged LSV
curves. Then, the CO,RR product distributions and the FE
as the function of applied potentials from —0.7 V to —1.3V
were deployed to study the catalytic behavior over the Cu
SA/R-GDY. For Cu SA/OMe-GDY, the by-product of H, is
overwhelmed to the CO,RR product of CO, CH,, HCOOH
and C,H,, crossing the potential windows (Figure 3c). The
total CO,RR product reaches a maximum FE of 34.7% at
—1.3V, and CO is favored over CH, and C,H,. Cu SA/H-
GDY presented decreased H, selectivity compared with Cu
SA/OMe-GDY, yet, the overall CO,RR performance is
moderate. As the potential shifted negatively, the FEcp,
increased stepwise at the expense of CO, and reached its
optima of 51.3% at —1.3 V (Figure 3b and Figure S18). In
sharp contrast, when using Cu SA/F-GDY as an electrode,
H, selectivity is significantly suppressed, while CH, selectiv-
ity is drastically boosted compared with the former two
catalysts (Figure 3a and Figure S19a). The major CO,RR
product of CH, was produced preferentially at each exert
potential with an optimum FEy, of 72.3 % at —1.2 V, about
1.6 and 6.4 folds as much as those of Cu SA/H-GDY and Cu
SA/OMe-GDY, respectively (Figure 3d). Meanwhile, the j
cn, of Cu SA/F-GDY is much higher than its counterparts,
yielding a maximum jcy, of 174.24 mAcm™ (Figure S19b).
Representative GC and NMR results of the Cu SA/F-GDY
electrode operated at —1.2 'V are shown in Figure S20. In
addition, by extracting the FE for the two-electron products
(FEg,.., e.g., CO, HCOOH) versus more than two-electron
reaction cascade (FEc.,., e.g., CH,, C;Hy), we found that
Cu SA/F-GDY drives a FE(.,./FEq,. ratio of 9.33 at
—1.2 V, which is 3.37 and 10.90 folds as high as those of Cu
SA/H-GDY and Cu SA/OMe-GDY, respectively (Figure 3e
and Figure S21). Such a high activity derived from Cu SA/F-
GDY is on par with that of the top-of-the-class CO,RR
catalysts for CH, production."” Furthermore, the isotopic-
labeling experiment was conducted using *CO, as a feeding
gas to verify the concrete carbon source of the products. As
evidenced by the GC-MS spectra (Figure S22), the main
signals at m/z =17, m/z=29 and m/z=30 belong to “CH,,
BCO and “C,H,, respectively, confirming that the origin of
gas products derived from CO,RR.

The contact angle values of Cu SA/R-GDY were all
around 133°, revealing their highly hydrophobic nature
(Figure S23). Thus, the surface hydrophobicity of the
catalysts shall not significantly contribute to the variation of
the CH, production rates. Furthermore, we estimated the
turnover frequency (TOF) and mass activity over the as-
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Figure 3. Electrochemical CO,RR performance. FE for all products on a) Cu SA/F-GDY, b) Cu SA/H-GDY and c) Cu SA/OMe-GDY in 1 M KOH
electrolyte. d) FEcy, and jcy, of Cu SA/R-GDY at —1.2 V. e) FEc.. ;. /FE,. ratios of Cu SA/R-GDY at —1.2 V. f) Mass activity of Cu SA/R-GDY at
—1.2 V. g) Comparison of FEcy,, jcn,, CEE, TOF and CH, yield rate for Cu SA/R-GDY at —1.2 V. h) Stability test of Cu SA/F-GDY at —1.2 V.

obtained Cu single sites for the CH, production. Again, Cu
SA/F-GDY exhibits considerably larger TOF and mass
activity than the other two samples at each given potential
(Figures S24 and S25). Especially, approximately an order of
magnitude of TOF (1222.5h™') and mass activity
(4125 Ag'cm™?) was consistently improved by Cu SA/F-
GDY than those of Cu SA/OMe-GDY (146.8h™' and
4955 Ag'cm?) at —1.2 V (Figure 3f). Consequently, a high
CH, yield rate of 153.9 molmgc, 'h™' is achieved by Cu SA/
F-GDY at —1.2 V (Figure S26). We also evaluated the half-
cell energy conversion efficiency (CEE) for CH,, which
represents the proportion of chemical energy stored in the
CH, product to the electrical energy required for the
reaction. The maximum CEE for Cu SA/F-GDY was
31.54 %, suggesting that a significant part of electrical energy
is accounted for the CH, formation (Figure S27). Figure 3g
summarized and compared the major performance parame-
ters of FEcy,, jcu,, TOFcy,, CH, yield rate and CEE against
the applied potential of —1.2 V for Cu SA/R-GDY. Interest-
ingly, the CO,RR activity in terms of the presented key
performance parameters is scaled directly with the electron-
withdrawing ability of the introduced groups surrounding
the active sites. Thus, we can conclude that the CO,RR
activity of Cu SA/R-GDY is steered by the distinct

Angew. Chem. Int. Ed. 2023, 62, €202217220 (5 of 10)

electronic structures of Cu atoms regulated by the surround-
ing electron-withdrawing/-donating groups.

Long-term electrolysis was carried out at a stationary
potential of —1.2V for 11 h to monitor the durability of Cu
SA/F-GDY. As shown in Figure 3h, the overall current
density shows no apparent decrease over the electrolysis
course. Of note, the sudden current fluctuation may occur
due to (i) the pressure change caused by the automatic
sampling of GC and (ii) the burst of bubbles on the cathodic
electrode. The slight decrease of FEcy, from 72.1% to
65.3 % 1is ascribed to flooding. Careful XRD, XPS, Raman
and HADDF-STEM characterizations of the post-tested Cu
SA/F-GDY elucidated well-maintained atomic and densely-
populated Cu structure (Figures S28 and S29).

To gain molecular-level insight into the role of the
functional groups, we conducted in situ surface-enhanced
Raman spectroscopy (SERS) in a spectro-electrochemical
flow cell (Figure S30). Since the Cu single atoms possess no
SERS phenomenon, shell-isolated nanoparticle-enhanced
Raman spectroscopy (SHINERS) is needed to enhance the
Raman signals.® As such, commercial-available Au@SiO,
nanoparticles, with an Au core (50+10 nm in diameter) and
a SiO, shell (2+1 nm thickness), were uniformly deposited
onto the Cu SA/R-GDY surface to enable the SHINERS
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(Figures S31-S35). Figure 4a—c displays the potential trajec-
tories of SHINERS for Cu SA/R-GDY during CO,RR
measurements. The primary distinction of the recorded
Raman spectra lies in peaks centered at 525 cm ™', which can
be assigned to a Cu—OH mode according to the literature.!"”
The Cu—OH band over the Cu SA/F-GDY electrode
developed quickly at —0.45V, and then grew in intensity
and blueshifted to 532cm™ as the potential further
decreased to —1.3 V. Whereas, Cu SA/H-GDY displayed a
much weaker Cu—OH band until the applied potential was
beyond —0.85V. For Cu SA/OMe-GDY, no obvious
Cu—OH band was observed in the applied potential window.
It’s worth noting that the relative ratio of the pH-dependent
HCO,; /CO4*" equilibrium (HCO;™ at 1015 cm™ and CO;*~
at 1065 cm?) in the Raman spectra provides a quantitative
descriptor to monitor the surface pH."™ From the recorded
Raman spectra, the HCO;~ band for Cu SA/F-GDY is
pronounced over the applied potential range, while that can
only be detected at a low potential range from —0.3V to
—0.5V for Cu SA/H-GDY, and becomes almost invisible
for Cu SA/OMe-GDY. We thus inferred that the local pH
over the Cu SA/F-GDY surface is lower than that of Cu SA/
H-GDY and Cu SA/OMe-GDY electrodes. At —1.3V, Cu
SA/F-GDY exhibits a surface pH of 9.53, obviously below
the pH of the bulk solution. Theoretical calculations further
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verified that Cu SA/F-GDY engendered the lowest pK,
among Cu SA/R-GDY when water coordinates with these
Cu catalysts (Figure S36; the pK, values of adsorbed water
are 5.63, 8.47 and 8.24 for Cu SA/F-GDY, Cu SA/H-GDY
and Cu SA/OMe-GDY, respectively). Such low local pH is
speculated to benefit the CH, production pathway.

We further investigate the chemical state of Cu SA/F-
GDY and Cu SA/OMe-GDY during CO,RR by recording
in situ EELS via in situ TEM technique (Figure S37). Before
exerting potentials, the EELS of Cu L;-edge of the pristine
Cu SA/F-GDY exhibited a higher near-edge position (
~932.8 eV) than that of Cu SA/OMe-GDY (~931.7 eV),
suggesting a higher oxidation state of Cu SA/F-GDY (Fig-
ure 4d and Figure S38), which echoes with the XPS and
XAFS results. When proceeding with CO,RR, the corre-
sponding Cu L;-edge of both samples shifted negatively by
varying the potential stepwise from —0.6V to —1.0V,
demonstrating a reduced Cu valence state at the catalytic
centers. By comparing the Cu Lj-edge EELS spectra
collected at —1.0 V, we found that the near-edge position of
Cu SA/F-GDY (a&931.9 eV) was still higher than that of Cu
SA/OMe-GDY (~931.2 eV), implying that the introduced
functional groups are capable to fine-tuning the electronic
density of Cu centers even under catalytic conditions. The
results also reveal that a positive charge state of Cu centers
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Figure 4. In situ electrochemical spectroscopy and EELS measurements. In situ SHINER spectra of a) Cu SA/F-GDY, b) Cu SA/H-GDY and c) Cu
SA/OMe-GDY with Au@SiO, in CO, at a potential range of —0.3 V to —1.3 V. d) In situ EELS spectra of Cu SA/F-GDY. e), f) In situ ATR-FTIR

spectra of Cu SA/F-GDY record at a potential range from —0.3 Vto —1.3 V.

Angew. Chem. Int. Ed. 2023, 62, €202217220 (6 of 10)

© 2022 Wiley-VCH GmbH

85U80|7 SUOWWIOD BAeERID) 3|qedlidde auy Aq pauienob are seppiie O ‘88N JO'Sa|nJ Joj A%Iq1T 8UIUO A3 UO (SUO R IPUOD-PUR-SLLBYWI0D" A 1M ATeIq 1 [Bu|UO//SA1Y) SUORIPUOD Pue SWiB | 8y} 88S *[£202/20/6T] uo A%iqiauluo Ao jim ‘AiseAlun fewloN BuilueN Aq 02221220z @1Ue/z00T 0T/I0p/Lwoo A8 |mAreiqjeuljuo//Sdny WOy papeojumoq ‘9 ‘€202 ‘€LLETZST



GDCh
=

over Cu SA/F-GDY is secured, which is an important
promotor for CO,RR activity. The EELS of O K-edge and
F K-edge recorded over Cu SA/OMe-GDY and Cu SA/F-
GDY, respectively, present nearly analogous profiles at
different applied potentials, signifying that the introduced
functional groups were undisturbed under electrolysis (Fig-
ure S39). Moreover, we also scrutinize the time-dependent
morphology and selected area electron diffraction (SAED)
of Cu SA/F-GDY at —1.0 V. As shown in Figures S40 and
S41, no apparent changes of morphology and SAED of Cu
SA/F-GDY occurred during CO,RR.

Analysis of the above XAFS, XPS, in situ Raman and in
situ EELS results highlighted that the electron-withdrawing
group of —F leads to more positive Cu’* charge states and
promotes the hydrolysis of bound H,O through the inductive
effect. Consequently, the pK, of the adsorbed H,O is
decreased, resulting in a more acidic local environment that
favors the protonation of CO, reduction intermediates for
CH, production. In contrast, Cu SA/H-GDY and Cu SA/
OMe-GDY with relatively low Cu valance engender high
pK, values of adsorbed H,O, which is deleterious to the CH,
selectivity.

To track the surface-bound species and CO,RR inter-
mediates, in situ ATR-FTIR measurements were conducted.
Note that the ATR-FTIR was operated at a CO,-purged H-
cell due to the technical limitation of the ATR-FTIR setup.
The electrolyte pH in the H-cell is estimated at 6.98, lower
than the pH value in the flow cell reactor. Nevertheless, the
distribution of the CO, reduction products over Cu SA/R-
GDY follows a similar selectivity trend to that under the
flow cell tests, except for the higher H, efficiency and lower
current density (Figure S42). Still, the FEy, is proportional
to the electron-withdrawing capacity of functional groups
around the Cu centers. Cu SA/F-GDY exhibits a high FEq,
of 53.1 % at —1.3 V, which is 2- and 4-fold higher than those
of Cu SA/H-GDY and Cu SA/OMe-GDY, respectively
(Figure S43). Figures 4e, f and S44 display the corresponding
ATR-FTIR spectra of Cu SA/F-GDY and Cu SA/OMe-
GDY at a potential range from —0.3V to —1.3 V. Four
peaks appeared at 1250, 1334, 1400 and 1560 cm™' were
attributable to the OH deformation, C—O stretch, symmetric
stretch and asymmetric stretch of *COOH, respectively,
which is generally regarded as a crucial intermediate for
CO/CH, formations.'! Remarkably, an infrared band at
~1740 cm ' was exclusively revealed on Cu SA/F-GDY,
which could be assigned to the surface-bound *OCH,
species,l!'”! a key intermediate that was speculated for the
prevalent CH, or CH;OH formation."®! The intensity of
*OCH, bands increased as the potential decreased, coincid-
ing with the CH, production trends over Cu SA/F-GDY.
Furthermore, the band of CH, was observed at 3015 cm™
only for Cu SA/F-GDY, suggesting its favorable CH,
electroproduction (Figure 4f).[""

To support experimentally observed Cu—OH mode in in
situ Raman spectra, we employed the finite difference
method to simulate the Raman spectra of *OH on Cu SA/F-
GDY at the density functional theory (DFT) level.” The
calculated Raman spectra show a Cu—OH stretch mode at
575 cm™ (Figure S50a). As one nearby H,O forms a hydro-
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gen bond with OH*, the same Raman mode undergoes a
10cm™ redshift (Figure S50b), suggesting the not fully
accounted environmental factor could cause the gap
between experimentally observed and DFT calculated
Cu—OH mode. We further calculate the adsorption-free
energies of the reaction intermediates to verify the proposed
mechanisms. Based on in situ vibrational spectroscopy,
substantial Cu—OH and Cu—OCH, species have been
formed in Cu SA/F-GDY during CO,RR. Since one CuC,
site could not hold both OH and CO,related species
simultaneously without breaking the original Cu—C, coordi-
nation (Figure S45), we conjectured that the reaction might
need the cooperation of two adjacent CuC, sites (Figure Sb
and Figure S46). Therefore, we have proposed an electro-
catalytic cycle involving a total of 8 protons/electrons for
CO,—CH, conversion occurring on two adjacent CuC, sites
of a double-layer Cu SA/F-GDY model (Figure Se). Ini-
tially, CO, is adsorbed to one Cu site close to the H,O-
coordinate Cu site (Figure 5d). Owing to spatial confine-
ment, *CO, and *H,O are close enough to form one
hydrogen bond to stabilize the bent *CO,. The estimated
stabilization energy by the hydrogen bonding is given in
Table S3. Then *CO, is reduced into *COOH by taking a
proton from *H,O and an electron from the electrode,
which is stabilized by the *OH on the other Cu-site via
hydrogen bonding (Figure S47a). The free energy change of
this step is estimated by subtracting the energy of an
electron (—4.6 eV) relative to a standard hydrogen electrode
at zero potential®! from the difference of free energies for
*CO,+*H,0+e —*COOH+*0OH. It can be seen from
Figure Sc that the change of free energy from *+H,0+ CO,
to *COOH + *OH is almost the same for all three different
catalysts. Then *COOH undergoes a proton-coupled elec-
tron transfer (PCET) reaction and generates *CO (Fig-
ure S47b). The calculated binding energy of CO (E*CO) on
Cu SA/R-GDY (R=-F, -H, —OMe) are -0.948¢V,
—1.512eV and —1.552 eV, respectively (Figure S49). Such
sizable binding energies suggest CO will stay on Cu and the
desorption of CO will be thermodynamically unfavorable.
With the help of *OH, *CO goes through five consecutive
PCET reactions and produces *CHO, *OCH,, *OCHs,,
*OHCHj; and CH, successively. Noteworthily, *OCH, has
turned around so that the atom bonding with Cu has
switched from C to O (Figures S45¢c and S45d). After CH, is
released from the catalyst, both *OH species are reduced
into H,O and released.

The free energy profile of the above-mentioned reaction
pathways was calculated at the Perdew—Burke—Ernzerhofer
(PBE) level in the presence of a negative charge and implicit
solvent effect. As Figure 5a shows, the most likely potential
limiting step is the formation of *CHO from *CO, which
requires a thermodynamic energy input of 0.82 eV. The next
uphill step is *OCH,—*OCH;. Further, as the —F groups in
Cu SA/F-GDY are replaced with —H or —OMe, the
formation of *CHO becomes appreciably more endothermic
(Cu SA/H-GDY: 1.17eV, Cu SA/OMe-GDY: 1.06 eV),
indicating that Cu SA/F-GDY is more favorable to the
production of *CHO (Figure 5c). Besides, the competitive
hydrogen reduction reaction may influence the FEy, of Cu
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Figure 5. DFT calculation. a) The free-energy diagrams of CO, reduction to CH, on Cu SA/F-GDY. b) Optimized Cu SA/F-GDY structure, the blue,
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gray ball represent Cu, O, H, C and F atoms). €) Proposed CH, formation pathway.

SA/OMe-GDY. Hence, we calculate the density of states of
adsorbed H of Cu SA/OMe-GDY by DFT. As Figure S51
shows, there is an appreciable overlap between the density
of states of *H and Cu atoms below the Fermi level, which
indicates strong bonding interaction between them that
leads to favorable adsorption of H.

Conclusion

We have constructed a series of Cu SACs on GDY
derivatives modified with electron-withdrawing/-donating
groups with a view to fine-tuning the charge state of Cu,
which is vital to regulating the selectivity and reactivity of
CO,RR. Physical characterizations revealed that the sur-
rounding electron-withdrawing (—F) or -donating (—~OMe)

Angew. Chem. Int. Ed. 2023, 62, €202217220 (8 of 10)

groups showed an intriguing electronic push-pull effect on
the atomic Cu—C, moieties, resulting in the Cu’' valence
state in order of Cu SA/F-GDY > Cu SA/H-GDY > Cu SA/
OMe-GDY. The CO,RR experiments confirmed that the
FEcy, was proportional to the electron-withdrawing ability
of functional groups near Cu centers. In situ spectroscopy of
Raman, EELS and ATR-FTIR analysis revealed that the
origin of the high CH, selectivity over Cu SA/F-GDY is
related to the low pK, of adsorbed H,O on the positive Cu®*
surface, which engenders the low local pH and promotes the
protonation of CO, reduction intermediates toward CH,
formation. As a result, Cu SA/F-GDY achieves a fairly high
FEcy, of 72.3% with a jey, of 17424 mAcm™ at —1.2 V. A
CO,-to-CH, conversion mechanism involving two Cu sites
was proposed based on DFT calculations and the common
Cu—OH species might be non-innocent for CO,RR. The
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present work opens up the possibility of perturbating the
electronic structure of SACs in a molecular way. More
broadly, our findings will offer a stepping stone for
unraveling the correlations between the electronic structure
of SACs and their catalytic properties in many other
reactions.
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