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Electrochemical reduction of COyy) to value-added chemicals and fuels is a promising
strategy to sustain pressing renewable energy demands and to address climate change
issues. Direct observation of reaction intermediates during the CO,) reduction reaction
will contribute to mechanistic understandings and thus promote the design of catalysts
with the desired activity, selectivity, and stability. Herein, we combined in situ electro-
chemical shell-isolated nanoparticle-enhanced Raman spectroscopy and ab initio molecu-
lar dynamics calculations to investigate the CORR process on Cu single-crystal surfaces
in various electrolytes. Competing redox pathways and coexistent intermediates of CO
adsorption (*CO,op and *COpyigg), dimerization (grotonated dimer *HOCCOH and
its dehydrated *CCO), oxidation (*CO,~ and *CO;3" "), and hydrogenation (*CHO), as
well as Cu-O,4/Cu-OH,4 species at Cu-electrolyte interfaces, were simultaneously identi-
fied using in situ spectroscopy and further confirmed with isotope-labeling experiments.
With AIMD simulations, we report accurate vibrational frequency assignments of these
intermediates based on the calculated vibrational density of states and reveal the corre-
sponding species in the electrochemical CO redox landscape on Cu surfaces. Our
findings provide direct insights into key intermediates during the CO;,)RR and offer a
full-spectroscopic tool (404,000 cm™") for future mechanistic studies.

COy reduction | in situ Raman | intermediates | AIMD | electrocatalysis

To convert intermittent and renewable energy (e.g., wind, solar, hydropower) into
chemical fuels, the electrocatalytic CO(,) reduction reaction (CO()RR) has become an
attractive strategy, as it allows for high-density energy storage and greenhouse gas emis-
sion reduction (1-3). Among various electrocatalysts for CO)RR, copper (Cu)-based
materials are the most promising candidates to directly reduce COy,) into valuable oxy-
genates and hydrocarbons, and one can tune their shapes, facets, pore sizes, interpar-
ticle distance, subsurface atoms, and grain boundaries to achieve specific activities and
selectivities (1). Investigating reaction intermediates on Cu surfaces under working con-
ditions will help us to understand the reaction mechanisms and to rationally design
efficient catalysts. Yet, giving a complete spectroscopic characterization of all possible
intermediates remains challenging, as competitive reactions coexist on Cu surfaces at
low overpotentials. Possible reactions are i) the concerted/sequential proton-electron
transfer for C; products (C; pathways) (4), ii) the decoupled proton-electron transfer
for C—C couplings (C, pathways) (5), iii) the hydrogen evolution reaction (HER) (6),
iv) the CO oxidation reaction (COOR) (7), and v) the water-gas shift reaction (8, 9).
Therefore, a full-spectrum and molecular-level understanding of the heterogeneous
CORR under realistic electrochemical conditions is highly desirable. To this end,
advanced in situ analytic methods combined with accurate theoretical simulations
promise to identify various active intermediates and resolve competing pathways at Cu
surfaces during the CO)RR process (10, 11).

In situ spectroscopic approaches such as surface-enhanced Raman spectroscopy
(SERS) (12-14), shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS)
(15), (surface-enhanced) infrared absorption spectroscopy (SEIRAS) (16-18), (attenu-
ated total reflection) Fourier-transform infrared (FTIR) spectroscopy (19, 20), attenu-
ated total reflection—surface-enhanced infrared absorption spectroscopy (ATR-SEIRAS)
(21), and X-ray absorption/photoelectron spectroscopy (22, 23) have been widely
employed to simultaneously identify key intermediates under working conditions
and correlate them with theoretical mechanisms (2, 24). Several intermediates of the
CO)RR on Cu surfaces were previously proposed based on in situ/operando spectro-
scopic measurements (2). For example, a carboxylate anion *CO,"~ was recognized by
SERS as the first intermediate during the CO,RR to form formate (C; pathways) (12),
and SHINERS indicated the presence of surface CuO,/(OH), species under CORR
conditions (15). In addition, surface-adsorbed *CO species that were in dynamic equi-
librium with dissolved CO and could be asymmetrically displaced by surface *H species
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were observed by SEIRAS (16, 17). Regarding the formation of
Cy(4) species based on C-C couplings (C, pathways), FTIR
provided direct evidence of the hydrogenated dimer intermedi-
ate (OCCOH) on Cu(100) in alkaline media (20), while
ATR-SEIRAS results suggested a kinetically linked dimer inter-
mediate (*OCCO) on electrodeposited and Cu(OH),-derived
Cu surfaces (21). Furthermore, X-ray—based spectroscopies offered
insights into the chemical state of Cu surfaces where Cu(I) species
promoted C-C coupling during pulsed CO,RR (23). Despite
recent rapid developments, simultaneous identification of these sur-
face intermediates and understanding of adsorbate—adsorbate inter-
actions on atomically flat Cu surfaces during CO ;)RR continue to
pose a challenge.

To gain insights into coexistent intermediates and their com-
petitive reaction pathways, in this work we combined SHINERS
with ab initio molecular dynamics (AIMD) calculations to study
the CORR/COOR on Cu single-crystal electrodes in aqueous
environments. As a cutting-edge spectroscopic methodology,
SHINERS can conduct in situ spectroelectrochemical analysis
(40 to 4,000 cm™ ') within a few nanometers of thickness above
the electrode surfaces, where the vibrational fingerprints of sur-
face species can be monitored with ultrahigh sensitivity (Fig. 1)
(11, 25, 26). On the other hand, density functional theory
(DFT)-based AIMD can take the entire electrochemical inter-
face into account, simulating interfacial electronic structures and
dynamics at every time step within a quantum-mechanical for-
malism, making it feasible to link computer simulations to realistic
electrochemical interfaces (10, 27-32). Owing to their well-defined
surface states and optical and electric field properties, Cu single-
crystal surfaces are excellent models for probing electrocatalytic
CORR mechanisms at the atomic level (33). We obtained direct
spectral evidence for the coexistence of intermediates of *COops
*COprigger "HOCCOH, *CHO, *CO,", *CO5>, *CCO, and
Cu-OH, 4/Cu-O,q during the CORR on different Cu surfaces and
in various electrolytes, and their identifications are also backed up
via isotope substitution experiments and AIMD simulations. Our
results provide critical mechanistic insights into the COxRR on
Cu surfaces and demonstrate the competition between the C, path-
ways ("HOCCOH and *CCO species) and COOR (*CO,~ and
*CO5”" species) at low overpotentials (e.g, —0.3 < U < 02 V
versus reversible hydrogen electrode (RHE)), as well as reveal the
C; pathways (*CHO species) at high overpotentials (e.g., —0.6 <
U < —0.2 V versus RHE).

Results and Discussion

Electrochemical SHINERS (EC-SHINERS) Techniques and AIMD
Simulations. Fig. 1A illustrates the in situ EC-SHINERS approach
that we employed to investigate the CORR on Cu single-crystal
surfaces (87 Appendix, Fig. S1). Each shell-isolated nanoparticle
(SHIN) was composed of a gold nanoparticle core (~55 nm)
and an ultrathin SiO; shell (~3 nm; SI Appendix, Fig. S2). This
core@shell strategy allowed the Au core to enhance the electro-
magnetic field for boosting Raman signals, while the thin SiO,
shell was able to exclude interferences between the Au core and
the surrounding chemicals (26). The integrity of its pinhole-free
shell was verified in strong alkaline conditions (87 Appendix, Fig.
S3). Prior to drop-casting these SHINs onto substrates (~20%
coverage; SI Appendix, Fig. S2), the Cu(100), (111), and (110)
single-crystal electrodes were prepared and characterized by stan-
dard procedures (S7 Appendix, Figs. S4-S6) (34). Compared to
infrared (IR) spectroscopy, which rarely records useful signals at
wavenumbers below 800 cm ™! at the electrochemical interfaces
(35), SHINERS features high sensitivities at the full-spectroscopic
range (40 to 4,000 cm™ Y ST Appendix, Fig. S7). For instance,
oxygen-containing species such as Cu-O,4 (320, 393 to 400,
and 630 cm ') and Cu-OH,y (520 to 544 cm™ ') can be well
resolved (Fig. 24 and SI Appendix, Table S1) (15). This is also
evidenced by calculations of the local electric field £ (by the
three dimensional-finite-difference time-domain (3D-FDTD)
approach; more details in SI Appendix), which is greatly enhanced
within the Au@SiO, particle/Cu substrate junction (Fig. 1B)
under laser excitation (£p) due to strong surface plasmon resonan-
ces (26). These junctions are known as hotspots, where Raman
signal enhancement (G « log(|Eo/E]4)) is estimated to be more
than six orders of magnitude, thereby facilitating the ultrasensitive
in situ monitoring of trace intermediates at the electrochemical
interfaces (SI Appendix, Note S1) (36). Without SHINs to pro-
vide sufficient enhancement, no significant Raman features can be
recorded from the plain Cu(100) surface (SI Appendix, Fig. S8).
To elucidate intermediates observed from EC-SHINERS, we
first applied static vibrational analysis based on the finite differ-
ence method to provide detailed vibrational mode assignments
without considering the dynamical solvent environment (S/
Appendix, Fig. S9 and Tables S2 and S3). For the electrochemi-
cal interfaces, however, the static vibrational analysis may not
be appropriate because the dynamic interactions between the
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Fig. 1. In situ electrochemical SHINERS and theoretical simulation for studying the CO redox at Cu surfaces. (A) Schematic illustration of the in situ
EC-SHINERS technique used to study the electrochemical CO redox at Cu single-crystal surfaces in various electrolytes. (B) 3D-FDTD simulation of the field
distribution within the coupling configuration between a Cu surface and a 2 x 2 array of Au@SiO, SHINs (scale bar, 50 nm). E and E, denote the localized
electric field and the incident electric field, respectively; the Raman enhancement factor is proportional to the fourth power of the local field enhancement
([E/Eo|*); k represents the wavevector of the incident light. (C) Schematic representation of an AIMD simulation model, where Cu, C, O, and H atoms are pre-

sented in orange, black, red, and white colors, respectively.
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In situ Raman spectra and current densities during the CO redox at Cu(100). (A-C) Potential-dependent EC-SHINERS spectra recorded from Cu(100)

in the presence of (A) '>CO and (B) "CO and (C) with D,O as electrolyte in 0.1 M CsOH/OD solutions (pH = 13). These solutions are saturated with '>CO or
3CO gases. The Cu, '2C, '3C, and O atoms are presented in orange, gray, black, and red colors, respectively. All spectra are normalized to the intensity of
the 105 cm™" bands. a.u., arbitrary units; OCP, open circuit potential. (D) The total current density of Cu(100) under different conditions. (F) Corresponding
Raman shifts for C=0 stretching modes on Cu(100) under different conditions. a.u. arbitrary units.

solvent and the reaction intermediates can strongly impact the
related vibration modes (31, 32). To this end, advanced AIMD
simulations were further used to model atomistic structures and
to predict the vibrational density of states (VDOSs) of reaction
intermediates at the Cu(100)/water interface (Fig. 1C), which
can be compared directly with operando spectroscopic measure-
ments. Notably, the anharmonicities of vibrational modes, the
intramolecular/intermolecular couplings, and the dynamics of
the solvents were explicitly taken into consideration in AIMD,
providing a promising tool to simulate the vibrational dynamics
of surface intermediates (29, 31, 32, 37). Moreover, the AIMD
can also disclose some dynamical reaction pathways in the pres-
ence of solvent molecules where static DFT calculations are not
described accurately (10).

€O Adsorption. Our EC-SHINERS spectra provide rich details
of reaction intermediates formed on Cu(100) during the CORR,
as presented in Fig. 2. The reference spectra have not disclosed
any obvious Raman features, as taken from Ar-saturated electrolyte
(0.1 M CsOH, pH = 13) at open circuit potentials (~0.86 V ver-
sus RHE) and at different working potentials (S7 Appendix, Figs.
S10-S12). After the electrolyte with '*CO was adequately satu-
rated (pH = 13), distinct Raman peaks could be observed under
low overpotendals (from +0.2 to —0.3 V; Fig. 24). Meanwhile, low
current densities were recorded (ca. > —100 pA/cm?; Fig. 2D). The
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first conspicuous species detected by SHINERS was *CO, indicated
by its C=O stretching vibrations at 2,060 cm™! (on terrace sites)
and 2,090 cm™!' (on step sites) on Cu(100) (38-40). The later
vibrational mode shifted slightly to 2,080 cm™! on Cu(111)
and 2,085 cm ™! on Cu(110), respectively, due to their different
adsorbed states on the corresponding Cu facets (SI Appendix,
Fig. §13) (41). These CO,, intermediates were only detectable
at potentials around 0.2 to —0.2 V (Fig. 2 and S/ Appendix, Fig.
S14) because they prefer to adsorb on the Cu surface that pri-
marily has Cu(l) states, and they will be quickly reduced to
hgrdrocarbons under more negative potentials (22, 42). With the
co isotope exchange (Fig. 2B), the adsorbed C=O vibrations
were red-shifted to 2,015 and 2,045 cm™ ", as expected from the dif-
ference in 2CO/CO isotopic masses (SI Appendix, Note S2) (43).

A set of bands at 1,830 to 1,864 cm ™', corresponding to C=0
stretching modes on bridge sites, were also continuously recorded
on Cu(100) surface with a cathodic (Fig. 24 and () and an
anodic scan (SI Appendix, Fig. S7) (44). Their peak positions
mostly remained static around 1,864 cm™ " at applied potentials
from 4+0.1 to —0.3 V (Fig. 2E) when the current densities was
low (e.g, > —50 pAlem?; Fig. 2D). The vibrational frequencies
of bridge adsorption started to red-shift from around 1,864 to
1,830 cm ™', with the potentials stepping from —0.3 to —0.8 V
(Fig. 24 and ) and the corresponding current densities changed
exponentially from ca. —50 to —1 X 104 pA/cm? (Fig. 2D). It
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indicates that adsorbed CO is subject to the vibrational Stark
effect with a Stark tuning rate of ca. 68 + 10 cm™ YV (Fig. 2B
due to electric field—induced changes in Cu-CO bridge bonding
(45, 406). Notably, the similar Stark tuning rate was estimated to
be ca. 63 + 10 cm™/V on Cu(111) and ca. 72 + 10 cm™'/V on
Cu(110) (SI Appendix, Fig. S13). This Stark effect can also be
found from the spectra recorded on Cu(100) in the 0.1 M 2CO-
saturated KOH (ca. 60 + 8 cm™'/V, pH = 13.0; SI Appendix,
Fig. S15) and LIOH (ca. 50 + 8 cm™'/V, pH = 12.3; S/
Appendix, Fig. S15) solutions. These different Stark rates suggest
that COpyigge adsorption configuration is susceptible to the cation
effect, which can be ascribable to the modification of the interfa-
cial charge density and electric field due to the different cation
sizes (47-50). At potentials below —0.2 V (Fig. 24), there is more
COpridge configuration on Cu(100). This may be explained by the
ability of multiple CO coordinations to allow for an increasing
population of 27* back-donation between the adsorbed *CO and
metal surfaces at more negative potentials (51). This leads to a
weakening of the C-O bond and a red-shift in the vibrational fre-
quency. However, the residual COpyigqe, favored on Cu(0) sites,
may inhibit further hydrocarbon formation (22, 42). Moreover,
these C=0 vibrations red-shifted by ~44 cm™ "' in the '*CORR
at the same potentials, in line with expected '*CO/"*CO vibra-
tional frequency adjustments (Fig. 2F and SI Appendix, Note S2)
(52).

Reaction Intermediates during the CORR. Two Raman peaks at
1,220 and 1,370 cm™' were initially visible, and they gradually
faded away with a cathodic scan from +0.2 to —0.3 V (Fig. 24
and S/ Appendix, Fig. S14). Similar phenomena during the
CORR was also reproduced on Cu(111), Cu(110) (57 Appendix,
Fig. S13), or roughened polycrystalline Cu surfaces (S/ Appendix,
Figs. $16 and S17), as well as on Cu(100) in the 12CO-saturated
KOH (ST Appendix, Fig. S15), LIOH (SI Appendix, Fig, S15),
CsHCO; (87 Appendix, Fig. S18), and CsCl (SI Appendix, Fig.
S19) solutions. This is due to the fact that even Cu single-crystal
facets tend to reconstruct quickly under reaction conditions (53).
In particular, these two peaks were invisible in 0.1 M Ar-saturated
CsHCO; solutions (pH = 9.0) at low overpotentials (from +0.2 V
to —0.3 V; SI Appendix, Fig. S18B), indicating that there are no
possible spectral overlaps from HCO5; /CO5”~ species at these
regions (ST Appendix, Note S3). The peak around 1,220 cm ™" was
red-shifted to lower wavenumbers of around 1,185 cm ™" (Fig. 2B)
and 1,205 cm™ ' (Fig. 20 in the *CO (~35 ecm™') and D,O
(~15 cm™") isotopic experiments, respectively, which implies that
the vibration mode correlated with both 'C' and 'H' atoms (87
Appendix, Notes S4 and S5). Meanwhile, a red-shift of ~50 om ™!
(Fig. 2B) was observed in the 13CO—labeling studies from around
1,370 cm™ ' to 1,320 cm™', indicating that more than one 'C'
atom (SI Appendix, Note S6) contributed to the isotope effects.
According to the VDOSs predicted by AIMD simulations (Fig,
3A4) and the experimental onset potential for the C, pathways (ca.
—0.3 V for ethylene) under similar conditions (54), we postulate
that these bands belong to vibratons of the *HOCCOH species
adsorbed on Cu(100) at low overpotentials, where the bands at
1,220 cm™'(1,215 cm ™" in the VDOSs; Fig. 34) and 1,370 cm ™'
(1,375 ecm™ ! in the VDOSs; Fig. 34) can be ascribed to its -C-OH
bending and -C=C- stretching modes (S/ Appendix, Table S2),
respectively. These experimental/calculated peaks are also in agree-
ment with previous AIMD results, as reported by Cheng et al.
(10). They disappeared entirely in the spectra at more negative
electrode potentials (ca. < —0.4 V; Fig. 2A4), probably due to fast
consumption of the *HOCCOH intermediates during the C,
pathways under such conditions (54).
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In parallel, we also excluded assignments for both *OCCO
and *OCCOH species during the C-C coupling and dimer
hydrogenation. Based on our AIMD and the previous simula-
tions (10), only *HOCCOH was predicted to be a long-lived
species on Cu(100). The *OCCO species was supposed to
derive from a CO-CO coupling process at neighboring sites
and later react with water molecules for the formation of the
*OCCOH species (Movie S1) (10). On the contrary, the
uncoupled CO was almost inactive for direct hydrogenation.
We estimated the radial distribution functions (RDFs) of the
oxygen from CO (or C,0;) and hydrogen from water mole-
cules (Fig. 3C). The recorded signals at 3,400 to 3,480 cm™!
can be attributed to the O-H stretching modes of interfacial
H,O on the Cu surface (8] Appendix, Fig. S7) (11). RDF fea-
tures around 2.0 and 3.0 A are for uncoupled CO molecules.
Namely, the solvent water molecule is unlikely to form a
hydrogen bond with surface-bonded CO. This indicates that
*CO has difficulty receiving a proton directly from water mole-
cules at low overpotentials. Indeed, recent DFT calculations
have shown that CO hydrogenation to *COH/*CHO under-
went a higher activation barrier than the CO dimerization
pathway on Cu(211) in pH = 13 electrolytes (55, 56). The
peaks of RDF for coupled C,0, appeared at 1.1 A and 1.7 A,
representing the formation of *OCCOH or *HOCCOH inter-
mediates and a hydrogen bond between oxygen from C,0,
and hydrogen from the water molecule. We tracked the Mulli-
ken charge population of the oxygen atoms from the *OCCO
species (Fig. 3D and Movie S1). The oxygen atoms initially
possessed a net charge around —0.1 |e|, and later a more nega-
tive charge around —0.3 ~ —0.4 |e| due to electron transfer to
the electrode. More negatively charged oxygen atoms contrib-
uted to a higher reactivity for receiving protons from the aque-
ous environment. Once the proton was received by the oxygen
atom, the charge of the latter fluctuated around —0.2 ~ —0.3 |e].
Consequently, the *OCCO and *OCCOH species (Movie S2)
tended to finally form the *HOCCOH species with surface H,O as
proton sources. In other words, both intermediates were less stable
than *HOCCOH. Moreover, characteristic peaks at 1,005 cm ™" for
*OCCO (symmetric O=C-C=0 stretching modes) and at 1,265
em ™! for *OCCOH (-C=0 stretching modes) were significantly
distinguished from the bands of the *HOCCOH species at 1,220
and 1,370 cm ™' (Fig. 34 and SI Appendix, Table S2) (10). All
the aforementioned facts further verified our assignments at 1,220
and 1,370 cm ™" for the *HOCCOH intermediate.

We concurrently observed a weak peak around 1,960 cm™
on different Cu surfaces in 0.1 M '*CO-saturated CsOH (Fig,
2C and SI Appendi, Fig, $13) and CsHCO; (1,950 cm ™", SI
Appendix, Fig. S18) solutions. It can be assigned to asymmetric
C=C=O0 stretching modes of a surface ketene (*C=C=0) spe-
cies according to the calculated VDOSs (at 1,987 cm™'; S/
Appendix, Fig. S20). Previous AIMD calculations found that the
*HOCCOH at electrochemical conditions dehydrates to form a
long-lived *C=C=0O intermediate, especially at low overpoten-
tials and high pH conditions (10). More recently, Luc and cow-
orkers (57) proposed a pathway involving water incorporation
into an ethenone (*CH,CO) species to form an acetic acid
(CH3COOH) molecule, which is both thermodynamically sta-
ble and kinetically feasible based on DFT calculations. In this
pathway, the *C=C=O formation starts from the *OCCOH
intermediate, and it is in a dynamic equilibration with the
*CH =C=0 and *CH,CO species since they show small free
energy differences between each other (ca. 0.1 to 0.2 eV) (57).

It is worth noting that another set of peaks around 1,235 cm™
gradually grew first, then vanished as the applied potentials became

1

1
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Fig. 3. Simulated properties of the reaction intermediates during the CO redox at Cu surfaces. (A and B) VDOSs as obtained from AIMD simulations and repre-
sentative snapshots of typical reaction intermediates during the (A) CORR on Cu(100) and (B) COOR on Cu(100)/Cu(111). The Cu, C, O, and H atoms are presented
in orange, black, red, and white colors, respectively. The dashed lines highlight good agreement between the calculated and experimental frequencies. The gray
areas represent a broadband feature of these calculated VDOSs. (C) RDF gon of oxygen from the uncoupled CO (purple) and coupled OCCO (blue) molecules
and hydrogen from the water molecules. (D) Mulliken charge population as a function of time for two oxygen atoms from the OCCO intermediate, where the
two oxygen atoms are labeled as O1 and O2, respectively. The solid lines represent the running average of the charge populations. a.u., arbitrary units.

more negative (ca. from —0.2 to —0.6 V; Fig. 24 and S/
Appendix, Fig. S14). These features were also visible in the
EC-SHINERS spectra recorded on different single-crystal surfa-
ces (SI Appendix, Fig. S13) and in various electrolytes (S7
Appendix, Figs. S15, S18, and S19). In addition, this peak red-
shifted to 1,205 and 1,222 cm™ ! in the "*CO (~30 cm™!) and
D,O (~13 em™) labeling studies, respectively (Fig. 2B and O).
This suggests that both 'C' and "H' atoms were responsible for
changing the vibrational frequencies, similar to the -C-OH
stretching modes of the *HOCCOH species (Fig. 2B and Q).
This can be assigned to the in-plane bending mode of the
*CHO species formed on Cu(100) before activation of the
methane formation (with an onset potential at ca. —0.65 V)
(54), as predicted by AIMD calculations (at 1,230 cm™ Y Fig.
3A). Recent DFT calculations showed that the reaction barrier
of CO hydrogenation through the *CHO path was lower than
that via the *COH pathway at pH = 13 on Cu(211) (55, 56),
although both were kinetically inhibited in alkaline solutions
(58). The CO hydrogenation to form *CHO was demonstrated
to be the key step during the formation of both methane and
ethylene on Cu(111) (59). Notably, a band at 1,407 cm ™" corre-
sponding to *CHO was observed in the operando FTIR spectra

PNAS 2022 Vol.119 No.29 2118166119

as reported by Pérez-Gallent et al. (54), which showed disparate
spectroscopic activities in various alkaline hydroxide solutions
(Li, Na, K, Rb, and Cs) and on different Cu surfaces (100 and
111 facets). However, our SHINERS spectra presented corre-
sponding Raman features at 1,235 cm ™" under different pH and
ion conditions, owing to the distinct selection rules and cross-
section for IR and Raman/SHINERS (60).

Reaction Intermediates during the COOR. Notably, significant
Raman peaks appeared at 997, 1,070, 1,440, and 1,535 to
1,610 cm ! regions at low potentials from +0.2 to —0.3 V
(Fig. 2A), which are also repeatable on different single-crystal
surfaces (Fig. 24 and SI Appendix, Fig. S13) and in different
alkaline solutions (87 Appendix, Figs. S15, S18, and S19). These
peaks are inconsistent with calculated VDOSs of typical long-
lived CORR intermediates reported in our AIMD (e.g., *HOC-
COH, *CHO, and *COH; Fig. 34) or in previous simulations
(e.g., *CCOH, *CHCOH, CCH, and *CCH,) during the
CORR (10). This was explained by Auer et al. (7), who suggested
that Cu catalysts could electro-oxidize CO efficiently on self-
activated Cu(111) surfaces in alkaline media (0.1 M NaOH). It
has been proposed that both adsorbed *OH and *CO species will
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Fig. 4. Proposed reaction mechanisms for CORR versus COOR on Cu single-crystal electrodes in alkaline solutions (pH = 13). EtOH, ethanol; n-PrOH, propan-1-ol.

coexist on Cu(111) and induce the formation of undercoordi-
nated Cu adatom clusters through surface reconstruction. These
newly formed active sites are responsible for CO oxidation
(CO,4s + OH,g4— CO, + H" + ¢7) (7). Therefore, the above-
mentioned peaks originated from the intermediates introduced
during the COOR in alkaline solutions at low overpotentials.
This indeed was evidenced by our AIMD simulations (Fig. 3B
and SI Appendix, Table S3) and previous literature (61, 62), in
which peaks around 1,560 to 1,610 cm™! regions were related
to the asymmetry stretching of the *CO, ™ species, and 997,
1,070, and 1,440 cm™' peaks corresponded to surface-bound
*CO5>~ species (S Appendix, Note S7). Moreover, these peaks
red-shifted correspondingly in the '>CO labeling studies (Fig.
2B) but remained unaffected in the deuterium isotopic substitu-
tion measurement (Fig. 20), indicating that they are in the depro-
tonation form (*COs°~ and *CO, ") in strong alkaline solutions.
To further verify our assumption for COOR occurrence,
more Raman signals were simultaneously recorded at low wave-
numbers (e.g., a set of peaks at ca. 530 cm™! on different Cu
surfaces at pH = 13; Fig. 24 and SI Appendix, Figs. S21 and
S22). These peaks were blue-shifted from 520 to 543 cm !
with a cathodic scan from +0.2 to —0.8 V (Fig. 24), implying
that they were affected by the vibrational Stark effect with a
Stark tuning rate of 20 + 5 cm™'/V (12). They could be
assigned to O-H bending modes of the surface *OH species,
which are hydrogen-bonded with surrounding water molecules,
as suggested by previous Raman studies (87 Appendix, Table
S1) (15, 63, 64). Strictly, this peak position range remained
unaffected in the '*CO-saturated CsOH (0.1 M) solution (57
Appendix, Fig. $22) but relocated to 516 to 538 cm™ ' when
D,0 was used (0.1 M '*CO-saturated CsOD; SI Appendix,
Fig. §22). When the potential holds at —0.4 V, for example,
the 538 cm™! peak in H,O red-shifts (ca. 8 cm™Y) to
530 cm™ ! in D,O, hinting that these vibrational modes involve
one proton (15). This is in accordance with a recent Raman
observation of CuO,/(OH), species reported by Zhao et al. (ca.
7 cm ! red-shifts) (15). However, this minor frequency shift
was beyond the effect of OH/OD isotopic substitutions (S/
Appendix, Note S8), since *OH/*OD may have a stronger
hydrogen bonding with electrolyte molecules and a more robust
interaction with nearby *D,0/*O species in higher alkaline sol-
utions (pH = 13) (15). On the other hand, similar potential-
dependent bands around 521 to 544 cm ™' were consistently
recorded during the corresponding '>COOR (SI Appendix, Fig.

S22), excluding the involvement of 'C-containing’ species.
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Additional comparative experiments were conducted in the
'>CO- or Ar-saturated CsHCO3 media (0.1 M, pH = 9.0; S7
Appendix, Fig. S18), in which the HCO;™ ions were the pre-
dominant species (65). Similar Raman peaks were also observed
on Cu(100) at 996, 1,060, 1,440, and 1,535 to 1,670 cm ™'
regions in both CsHCOj solutions, suggesting that these bands
are more likely to be relevant to HCO3 /COs3”~ species than
to reaction intermediates (S Appendix, Fig. S18). Notably, the
Ar-saturated CsHCOj solution can help to eliminate dissolved
CO, from the atmosphere (SI Appendix, Fig. S18). In addition,
the absence of a prominent band at 1,489 cm ™! (symmetric CO,
vibration mode) makes it possible to rule out the formation of
Cesium salts of hydrogen oxalate (S/ Appendix, Fig. S18) (66).
Opverall, we can conclude that CO can be electrochemically oxi-
dized to CO,-related species on Cu surfaces in alkaline solutions
(CsOH) under low current densities (ca. > —100 pA/cm?; Fig.
2D and SI Appendix, Fig. S23). The COOR proceeds through
a coupling of surface-adsorbed *CO and *OH/*O species (S/
Appendix, Tables S1 and S3) (7).

Competing Redox Reaction Pathways. During the CO)RR,
competing reactions on the Cu surface, for example, HER and C,
product formation, are able to reduce the Faradaic efficiency of the
desired Cy(y) products (55, 67). These alternative reduction path-
ways can either reduce CO coverage or occupy exposed Cu sites,
leading to limited efficiency and selectivity for C-C coupling at
more negative potentials. More importantly, direct evidence of the
COOR has been rarely observed in previous work, and neither has
been considered in parallel with the CORR at low overpotentials.
To promote the design of catalysts toward higher C,(,) product
efficiency and selectivity, one of the key strategies is to minimize all
other competitive reactions during the CORR. Based on the afore-
mentioned intermediates identified from our in situ SHINERS
spectra, we propose the competing CO redox landscape along
with the applied potendals (U) in alkaline solutions (pH = 13), as
shown in Fig. 4. Notably, no products may be released to any
detectable level under the conditions investigated by gas chroma-
tography (GC) or online electrochemical mass spectrometry
(OLEMS) (54, 68), yet various surface intermediates on Cu(100)
become recognizable via the EC-SHINERS method due to its
detection sensitivity at the molecular level. As a matter of fact,
C,H4 and CHj formation can even be triggered at 4+0.34 and
+0.43 V on the RHE scale under pH = 13 conditions, respec-
tively, as predicted by thermodynamic estimation from electro-

chemical half-reactions (SI Appendix, Tables S4 and S5) (69).
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Although the abundance of product species has been below the
detection limit of OLEMS and GC methods in previous systems
at low overpotentials (—0.3 V < U < 0.2 V) (54, 68), we spectro-
scopically identified competing reactions between the CO,qp
(2,060 and 2,090 cm™', =02 < U < 0.2 V) and COpigg
(~1,860 cm™!, —08 < U < 0.1 V) adsorption, as well as the
COOR (997, 1,070, 1,440, and 1,535 to 1,610 cm™', —0.3 <
U < 0.2 V) and the C, pathways (1,220, 1,370 and 1,960 cm™ !,
—0.2 < U < 0.3 V). The COOR/C, intermediates gradually dis-
appeared in SHINERS spectra because the CORR prevailed
over COOR and fewer C, intermediates were accumulated, with
potentials becoming more negative (Fig. 24). Meanwhile, although
some HER intermediates (e.g., *H) were indistinguishable in the
SHINERS spectra due to their small cross-section, HER was simul-
taneously involved in the competition to some extent (Fig. 4) (17).
At potentials around —0.3 V, the C,H; formation was likely
detectable by OLEMS, while the typical intermediate (*CHO at
1,235 ecm™ !, —0.6 < U < —0.3 V) for the C, pathways also
appeared in the spectra (Fig. 24) (54). When reaching the experi-
mental onset potential of HER at ca. —0.4 V (54), HER was fully
activated, and plenty of *H species interacted with the COOR/C,-
related intermediates, resulting in the vanishing of these peaks in
the spectra (Fig. 2A4). Similarly, at potentials around —0.6 V, close
to the experimental onset potential of CHy formation (ca. —0.65 V)
(54), the fast consumption of the C; intermediate also made its
related peak (1,235 cm™') disappear in the spectra (Fig. 24). Note
that at potentials more negative than —0.8 V, abundant bubbles
could be trapped in the gap between the working objective and the
working electrode surface and thus attenuate the Raman signals (70).

Conclusions

In conclusion, by combining in situ EC-SHINERS and advanced
AIMD simulations, we obtained direct spectroscopic evidence of
reaction intermediates that were formed during CO redox on Cu
single-crystal surfaces. Coexistent intermediates and their transfor-
mations, including *CO,p, *COprigges *HOCCOH, *CHO,
*CO, ", *CO5°", *CCO, and Cu-OH,4/Cu-O,q during COOR/
CORR in alkaline electrolytes were spectroscopically identified,
assignments that were further supported by a series of '>CO/D,0O
isotope substitution experiments and AIMD simulations. Potential-
dependent reaction pathways (e.g., the COOR, C,, and C, path-
ways) compete on different Cu surfaces at low overpotentials (e.g.,
—0.3 < U < 0.2 V versus RHE). The larger cations (e.g., Cs")
play a more significant role in affecting the Stark tuning rate of
*COlrigge (from —0.3 to —0.8 V) than small cations do (e.g., K*
and Li*) under the same conditions. The surface *OH/*O species
were found to interact with the *CO and led to CO oxidation
(*CO,~ and *CO5*~ species). AIMD results demonstrated that
the VDOSs could accurately interpret representative Raman peaks
of reactive intermediates at electrocatalytic interfaces, suggesting
that the surface *OCCO and *OCCOH species are short-lived,
and they will react fast with water, eventually forming the energet-
ically favorable *HOCCOH intermediate. In this case, the surface
H,O molecule could serve as a strong proton donor for the
*OCCO dimer protonation. This work integrated in situ spectros-
copy with AIMD simulations to promote mechanistic understanding
of the CO)RR in the full-spectroscopic range and at the molecular
scale, thus improving the design of efficient CO ;)RR catalysts.

Materials and Methods

1. Electrochemical Raman Measurements. Chronoamperometry was per-
formed using a Gamry reference 600 Potentiostat at room temperature. An

PNAS 2022 Vol.119 No.29 2118166119

Hg/HgO (0.1 M KOH, CHI Instruments) electrode was used as a reference electrode,
and a coiled Pt wire in a homemade membrane separator (more details in S/
Appendix, Fig. ST) was used as a counter electrode (ALS). iR (current-resistance) com-
pensation was made using the current interrupt method. SHINs were drop-casted
onto the Cu single-crystal electrodes, followed by an electrochemical cleaning with O.
1 M NaClOy4 (99.5%, Sigma-Aldrich) (11). A potential of —2.0 V versus Ag/AgCl was
applied for the HER cleaning procedure. Each HER cleaning lasted ~1 min, and then
the electrode surfaces were gently rinsed with ultrapure water. To completely
clean the Cu single-crystal surfaces, this procedure was repeated three or four
times (11). For a better comparison, the roughened polycrystalline Cu discs were
also similarly cleaned.

In alkaline environments (0.1 M LiOH/KOH/CsOH as the electrolyte), the
Hg/HgO reference electrode was used as the reference electrode. All potentials
were converted to versus RHE, referring to the Nemst equation (71):

Erte = Evg/rgo + 0.059*pH + E%4g g0

where Eygpgo is the measured potential and £ HgHgo = 0.096 V, which was
calibrated by a standard RHE electrode (Hydroflex ET070, eDAQ) in the 0.1 M
KOH solution after 2-h N, bubbling at pH = 13 and under room temperature:

ERHE ~ ESHE + 0.86 V

Otherwise, the Ag/AgCl reference electrode was used as the reference electrode.
All related potentials were then converted to be versus RHE, refering to the
Nemst equation (71):

Erve = Eng/agcl -+ 0.059 *pH + E%ag/agc

where Epgaqc is the measured potential and EOAg/AgO =0.1976 Vat 25°C.

SHINERS spectra were recorded using a Raman microscopy system (Modular
system, Horiba Jobin Yvon) at room temperature. The electrochemical cell con-
figuration was reported in our previous work (S Appendix, Fig. S1) (72). A
632.8-nm He-Ne laser (CVI Melles Griot) was used as the excitation source. An
epi-illumination microscope (Olympus Model U-5RE-2) with a water immersion
objective (Olympus LUMFL, 60, numerical aperture = 1.10) was used to focus
and collect the incident and scattered laser light during electrochemical meas-
urements. An optically transparent Teflon film (13-um thickness, American Dura-
film) was used to cover and protect the objective from the corrosive electrolytes.
The backscattered light was filtered through an edge filter and directed into a
spectrograph (iHR320)/charge-coupled device detector (Synapse CCD). Before in
situ Raman spectroscopy measurements, all electrolytes were purged by CO gas
over 3 h. The CO flow rate was set to 10 sccm using a Brooks GF40 mass flow
controller. All SHINERS spectra were acquired from at least three different spots
with three repeats each. Each presented spectrum is an average of acquired
spectra with a collection time of 20 s each. The low-frequency band at 105 cm ™"
is characteristic of the optical fibers used in our spectrometer and was used as a
normalization reference and internal standard to compensate for differences in
signal intensities due to laser alignment (more details in S/ Appendlix, Section 3.4).

2. DFT and AIMD Computational Details. All calculations were carried out
using CP2K code (73). The electronic structure was described using Perdew-Burke-
Emzerhof (PBE) functional (74) with D3 correction (75) within the Gaussian and
plane waves framework. Molecular orbitals of the valence electrons were expanded
into DZVP-MOLOPT-SR-GTH basis sets (76), while atomic core electrons were
described through Goedecker-Teter-Hutter pseudopotentials (77). The plane-wave
basis set was truncated at the energy cutoff of 500 Ry. For static calculations, tight
geometry optimization was employed by DFT methods. The vibrational analysis was
performed using the finite difference method. The structures were optimized using
a tight self consistent field threshold of 1E-7 arbitrary units. The increment to con-
struct the Hessian was set to 1E-3 Bohr.

All AIMD simulations were performed using the canonical ensemble at 300 K.
To achieve efficient canonical sampling while maintaining the dynamics, we
applied a stochastic velocity-rescaling thermostat (78) with a time step of 0.5 fs
and a constant temperature sampling enforced with a time constant of 100 fs.
The simulation cell system consisted of a four-layer (6 x 6) (100) surface slab
where the adsorbates were in contact with 134 explicit water molecules, which
was sufficient to reproduce the proper solvation environment. A vacuum region
of about 30 A was introduced to decouple the periodic images in the Z direction.
The dipole correction scheme was applied along the Z direction (79). The simulations
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were carried out by keeping the bottom two metal layers fixed to maintain the
bulk behavior of the inner part of the slab.

We first prepared the surface intermediates by optimizing their geome-
tries adsorbed on Cu(100). The structures were first optimized using static
DFT calculations. The vibrational analysis was based on the optimized geome-
try and summarized in SI Appendix, Tables S2 and S3. Starting from the opti-
mized geometry, we further included explicit solvent molecules in the system
and ran AIMD simulations. The water film was added and equilibrated for
about 5 ps, keeping the intermediates and Cu surface fixed. The production
runs were about 10 ps for each intermediate. The prediction of vibrational
spectra by MD methods was obtained by a Fourier transform of the autocorre-
lation function. Due to the high cost, only individual surface species were
taken into account during the AIMD simulations (S/ Appendix, Note S9 and
Fig. S24). Moreover, further AIMD calculations of typical intermediates (e.g.,
*HOCCOH and *HCO;™) indicated that their vibrational frequencies were
pretty close to each other, whether or not the cation effect (Cs™) and potential
bias (U) were considered in the models (S/ Appendix, Note S10 and Fig. S25).
The power spectrum, also known as the VDOSs, featured all vibrational fre-
quencies of the system and applied no selection rules (more details in S/
Appendix, Section S3.5) (80):

VDOSs(w) = [v(x)v(t+7).e 't
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