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As an important pathway for energy storage and a key reaction in the carbon cycle, the CO,
electrochemical reduction reaction has recently gained significant interest. A variety of catalysts have
been used to approach this topic experimentally and theoretically; however, the molecular level insight
into the reaction mechanism is lacking due to the complexity of the surface processes and the
challenges in probing the intermediate species. In this study, CO, reduction reactions on polycrystalline
Cu and Au electrodes were investigated in 0.1 M CO,-saturated NaHCOs5 solution. In situ sum frequency
generation (SFG) spectroscopy has been adopted to access the intermediates and products on the metal
electrodes. On the Au electrode, only linearly adsorbed CO could be detected, and the reduction
produced no hydrocarbon species. On the Cu electrode, C—H stretching vibrations corresponding to
surface-adsorbed ethoxy species were observed, but no CO vibrations can be detected with SFG. The
results revealed that the CO randomly adsorbed on the Cu surface, and the multiple orientations of the
adsorbed species may be the reason for the formation of C-C bonding. These results demonstrate
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Introduction

The electrocatalytic reduction of carbon dioxide has attracted
the interest of electrochemists for decades as it can accomplish
the conversion of CO, to valuable carbon resources.'™ The
application of electrochemical reduction of CO, to hydrocarbons
is promising and challenging. The major problems hindering the
utilization of electrochemical CO, reduction are the high over-
potentials needed and the poor product selectivity and low
faradaic efficiency.”” To improve the selectivity and efficiency,
insightful understanding of the mechanisms should be obtained
through experimental and theoretical investigations of CO,
reduction on a variety of catalysts.

Metal®*"” and molecular/organic catalysts'®>° have been
adopted for CO, reduction to accomplish the transformation
of CO, to other valuable products. In 1985, Hori et al. discovered
that Cu can electrochemically reduce CO, to different hydro-
carbons, such as methane, ethylene, and ethanol, with fairly
high faradaic efficiency.>* On the other hand, other metals will
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direct molecular level evidence for different reaction pathways on the Cu and Au electrodes.

only produce relatively simple reduced species. For example, Au
and Ag produce CO primarily, and other post-transition-metals,
such as indium and lead, can convert CO, into formate.
Compared to C1 products (CO, methane, and methanol), C2
and long-chain hydrocarbons (ethylene, ethanol, propanol, etc.)
have a higher market price and a wider application prospect.”
Substantial effort has been invested to understand the role of
Cu in the CO, reduction reaction.”****® However, more than
10 different hydrocarbon products could be simultaneously
detected in the CO, reduction on Cu.>**° The poor selectivity
limited the further application of Cu. To form C2 products,
kinetic and energetic barriers have to be overcome on the
electrode surfaces. Multiple step reaction pathways of CO,
reduction on Cu, typically starting with the formation of
adsorbed CO (*CO) species, have been proposed based on
density functional theory (DFT) simulations and experimental
findings.******" The reaction precursor and key intermediate,
*CO, along with some other reaction intermediates involved in
the CO, reduction, has been investigated with in situ
spectroscopy.>® %4> The formation of the C-C bond via
direct dimerization of *CO on the Cu electrode surface was
supported by the observation of C-O-H and C=O stretching
modes of a hydrogenated dimer intermediate (OCCOH) with in situ
infrared (IR) spectroscopy.® Surface enhanced infrared absorption
spectroscopy (SEIRAS) in an attenuated total reflection (ATR)
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configuration is free from bulk layer absorption, high solution
resistance, and inhomogeneous current distribution in probing
adsorbed species on electrodes. The formation and behavior
of *CO were observed and studied by ATR-SEIRAS on Cu films,
and possible intermediates in the low frequency range were
detected.*®*° The influence of water in the CO, reduction at the
Cu electrode in acetonitrile solutions was investigated by Koper
et al. with surface enhanced Raman spectroscopy (SERS).”
Unfortunately, the low molecular density and weak adsorption
made it very difficult to thoroughly investigate the hydrocarbon
intermediates on the electrode surface. In particular, sum
frequency generation (SFG) spectroscopy, with its intrinsic surface/
interface selectivity, has been used to characterize the CO, reduction
processes in room-temperature ionic liquids (RTIL)*>* and with
Re/Mn heterogenized molecular catalysts.">**® However, most
studies of the SFG spectroscopy of CO, reduction still focused on
the detection of *CO; so far, there is still a lack of molecular level
information in the C-H stretching vibrational region. In order to
draw a full roadmap of the reaction pathways and reveal the
mechanism of the CO, reduction on Cu, detailed spectroscopy of
the primary steps of CO, reduction and C2 formation should be
carried out.

In this study, we used broadband SFG (BB-SFG) spectroscopy
to investigate the CO, electrochemical reduction processes on
polycrystalline Cu and Au electrodes in 0.1 M CO,-saturated
NaHCOj solution. The BB-SFG spectra covering both the C-H
and C-O stretching vibrations and the spectral evolution with
surface potentials on Cu, Au and Cu sub-monolayer modified
Au electrodes were analyzed. On the Cu electrode, the formation
of C2 species was identified, and CO was the main product on
the Au electrode.

Experimental section
Laser and SFG setup

The BB-SFG spectroelectrochemistry apparatus has been described
elsewhere;”° details can be found in the ESL Briefly, the output
of a femtosecond Ti:sapphire laser (Coherent Inc., Legend Elite
Duo) was used to pump 2 optical parametric amplifiers (Light
Conversion) to generate tunable broadband infrared pulses (IR,
2.6-10 um, 150 fs, and 160 cm~ ' FWHM) and narrow-band
visible pulses (VIS, 470-900 nm, 2.5 ps, and 7 cm~ ' FWHM).
For different surface species, IR was set to 2900 cm ™' (C-H
species) and 2050 cm ™" (*CO), respectively. The VIS (5 pJ) and
IR (8 pJ) were overlapped on the electrode surface with approxi-
mately 60° incident angles. All the BB-SFG spectra were
acquired with the ppp polarization combination, and recorded
by a spectrograph (Andor Technology, SR-303i-B) with a CCD
detector (Andor Technology, DU920P-BR-DD). The surface
potential was controlled by a CHI604D potentiostat for the
in situ measurements.

Principle of SFG

Details of the SFG principle have been thoroughly discussed
elsewhere.®™®
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In BB-SFG, a picosecond visible light wy;s and a femtosecond
infrared light wr are used to generate the SFG signal at wsgg =
wyis + or. The intensity of the SFG signal, Isrg(w), is given by

2
= X(2>EIREVIS| €))

Iskg o | Pspg (o)

where Pgsrg is the induced polarization. }((2), the second order
susceptibility, can be separated into contributions of the infrared-
frequency dependent resonances of the adsorbates and contribution
of the interfacial electrons that are insensitive to the IR frequency
(mainly from the electrode surfaces in this work):
V) RV C) RN Ay
=1 =Anre" + ) —————————— 2
~ NR T AR ;wIR qu+qu ( )
where Ay is the oscillation strength of the nonresonant, 0 is the
phase difference between the resonant and nonresonant, and A, oy

and I, are the oscillation strength, frequency and half width of the
gth mode vibrations of the resonances.

Spectroelectrochemical measurements

Spectroelectrochemical SFG experiments were carried out in
the electrochemical cell as illustrated in Fig. 1, which was used
previously.”” The glass body of the cell was sealed with a CaF,
window (& 32 mm with 1 mm thickness) and fixed on a
stainless-steel base plate. The working electrodes were Cu and
Au polycrystalline ¢¥ 6 mm cylinders, which were embedded in
PTFE holders with metal surfaces exposed to the electrolytes.
The electrode was pressed against the CaF, window to form a
thin electrolyte layer during measurements. A flame-annealed
platinum sheet (99.99%) and a commercial saturated calomel
electrode (SCE) electrode served as the counter and reference
electrodes, respectively. During the CO, reduction process, CO,
was bubbled into the cell to maintain saturation. To investigate
surface species at different potentials, chronoamperometry was
carried out in the potential window of interest during the SFG
measurements.

Results and discussion
Electrochemical characterization of the metal electrodes

Three metal electrodes were used in the CO, reduction experi-
ments: Cu, Au, and underpotential deposition (UPD) Cu on Au

Reference electrode
Saturated calomel electrode (SCE)
Working electrode

Gas in

«

e
t ™~
NBVIS _SFG

BBIR

Counter clectrode
Platinum sheet

Fig. 1 Schematic of the in situ SFG cell.
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Fig. 2 Cyclic voltammograms for different electrodes (black for Cu, blue

for UPD-Cu/Au, and red for Au) in 0.1 M CO,-saturated NaHCO3 solution
(E vs. SCE); negative scan (solid lines) and positive scan (dashed lines).

(UPD-Cu/Au). Fig. 2 shows the cyclic voltammograms (CVs) for
the three electrodes in 0.1 M CO,-saturated NaHCO; solution
(pH 6.8). With potential scanning negatively, the reductive
current starts to increase around —0.9 to —1.0 V, where
2 competitive reactions, the CO, reduction and hydrogen
evolution reaction (HER), initiate. The Au electrode showed a
larger reaction current and an earlier threshold potential than
that of the Cu electrode, and the CV curve of UPD-Cu/Au
appeared in-between that of the Cu and Au electrodes. Except
for the threshold potential and reaction current, the shapes of
the CVs for the three electrodes were quite similar. Addition-
ally, the CO, reduction and HER simultaneously initiated at the
threshold potentials. The roles of Cu and Au in the CO,
reduction could not be identified from the CV measurements.
In situ spectroscopy should be carried out to reveal the reaction
mechanisms with molecular level information.

BB-SFG spectra of *CO

In the CO, reduction reaction, it is known that ethylene,
methane, ethanol and other hydrocarbons are formed at the
Cu electrode through different reaction mechanisms; however,
*CO is a key intermediate in the primary steps in most of the
proposed reaction pathways.>”'®>>333¢ The BB-SFG observation
range was set to 1950-2200 cm™~ ' by tuning the IR to 4800 nm to
cover the possible stretching vibrations of the carbon-oxygen
double bonds. Fig. 3 displays the BB-SFG spectra on Au, Cu and
UPD-Cu/Au electrodes. On the Au electrode, a resonant SFG band
around 2100 cm™ ', which redshifts with the surface potential,
could be observed. However, on Cu, no resonant SFG bands
could be seen. For the UPD-Cu/Au electrode, the 2100 cm™*
resonant SFG band with relatively weaker intensity than that of
the Au electrode was detected.

To better understand the resonant SFG band, we obtained
the resonant SFG spectra by fitting the BB-SFG spectra with
eqn (3), and the results are displayed in Fig. 4 (details in the
ESIT). As shown in Fig. 4(c) and (d), black for Au and red for
UPD-Cu/Au, the intensity and band position of the 2100 cm™*
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Fig. 3 Potential-dependent BB-SFG spectra (C-O region) of CO,
reduction in 0.1 M CO,-saturated NaHCO- solution on (a) Au, (b) Cu, and
(c) UPD-Cu/Au electrodes (normalized with the broadband nonresonant).
Offset for comparison.

resonant SFG band evolved with electrode potential almost
identically. The Stark slopes at —0.5 to —1.3 V were measured
as 44.4 cm™ ' V' and 46.4 cm™' V™' on Au and UPD-Cu/Au
electrodes, respectively. In previous IR studies, the 2100 cm ™"
IR absorption was assigned to the linearly bonded CO (COy)
absorption band on Au surfaces.®®””* Thus, the observed SFG
band may be assigned to COy, on the Au surface as well.

2
ARCIH WIR — Wy 2
4 ()
( NR+Zw]ij+lr>Cxp< .

(3)

IsrG =

To further prove this assignment, BB-SFG spectral evolution
with electrode potential was investigated with CO directly
bubbled onto the Cu and Au electrodes. The electrode was
placed in a CO-saturated 0.1 M NaClO, solution for 10 min to
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Fig. 4 Potential-dependent BB-SFG spectra of 0.1 M CO,-saturated
NaHCOs3 solution at (a) Au electrode and (b) UPD-Cu on poly-Au electrode.
Potential-dependent (c) band positions and (d) intensities of the two
electrodes from the fitting results (black for Au, and red for UPD-Cu/Au).
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ensure formation of a CO adsorbate layer on the metal surface.
Electrode potential was scanned from —0.3 V down to —1.5 V,
which was similar to that for the CO, reduction experiments.
Fig. 5 shows the BB-SFG spectra and resonant spectra for the Au
electrode. The observed SFG band at ~2100 cm™ "' is quite
similar to that in Fig. 3(a) for CO, reduction on the Au
electrode. The difference with Fig. 3(a) consists of the fact that
the CO; SFG band appeared at a relatively high potential
~—0.3 V and reached the maximum at ~—0.7 V instead of
—1.1V, as shown in Fig. 5(c). The COy, SFG band undergoes a
redshift with electrode potential increasing due to the electro-
chemical Stark effect. The Stark slope between —0.3 and —1.1 V
is 26.8 cm™' V!, smaller than that of the CO, reduction
experiments because of the difference in electrode environments
and CO coverage. Therefore, the 2100 cm ™" SFG band in the CO,
reduction is the linearly bonded CO on the Au surface.

The BB-SFG spectra were dominated by the baseline fluctuations
after the nonresonant normalization throughout the whole potential
window even for the CO bubbled Cu electrodes, as shown in Fig. S7
(ESIF). There are several possible reasons for the absence of the C-O
SFG band on Cu: (1) there is no or too little linearly bonded CO to be
detected; (2) surface *CO undergoes fast reactions and converts into
other species in a very short time; (3) the surface CO is adsorbed in
such a manner that is unfavourable for SFG measurement since
SFG is sensitive to the surface arrangement, such as orientation,
packing, and adsorption sites.”>”* The theoretical and experimental
findings suggest that CO can adsorb on the Cu surface. From the
DFT simulation, the binding energy of CO-Cu is greater than that of
CO-Au.>*”* Hori et al. found that CO was reversibly adsorbed in an
on-top manner on (1 0 0) or (1 1 1) step sites, but not on the (11 1)
terrace sites of Cu in their IR spectroscopy study of single crystal Cu
electrodes.®****” Wuttig et al. also observed COp on a Cu film using
ATR-SEIRAS and probed the variation in CO surface population
during CO, reduction.*® Zhu et al. detected COy, on Cu in both
CO,-saturated and Ar-saturated KHCO; solutions.** In our
in situ FTIRS experiments (details in the ESIf), a band near
2055 em~ ' was detected and assigned to COp, and no other
bands could be assigned to CO on the Cu film electrode.
We believe that in our case, CO is adsorbed on the Cu surface,
but not in an ordered on-top manner as on the Au surface.
Subsequently, surface *CO converted to other structures under
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Fig. 5 Potential-dependent BB-SFG spectra (a) and fitting results (b) for
CO adsorbed on Au electrode in 0.1 M NaClOy4 solution (normalized with
the broadband nonresonant). Offset for comparison. (c) Potential-dependent
SFG band intensity of CO_ (black for bubbled CO on Au, and red for CO,
reduction on Au). Offset for comparison.
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the reduction condition. Koper et al. reported that a hydro-
genated CO dimer intermediate (OCCOH) can be detected with
FTIR at low overpotentials in LiOH solutions on Cu(100),
followed by the formation of other C, species.® The difference
in the surface arrangements could be the reason for the
formation of the C-C bond on Cu but not on Au surfaces. Our
SFG results could be helpful for the understanding of the
mechanism of CO, reduction on Cu, and will be an efficient
complement to other in situ spectroscopic studies.

BB-SFG spectra in the C-H stretching spectral range

Besides the surface CO species, there are many hydrocarbon
intermediates and products of the CO, reduction on Cu electrodes.
It is important to directly observe any possible C-H vibrations to
better understand the reaction pathways and mechanisms. Fig. 6(a)
displays the BB-SFG spectra during electrochemical CO, reduction
with the IR tuned to 3400 nm covering 2850-3050 cm '. At
—0.6 V, no resonant SFG features were observed. Around —0.8V,
new spectral features, two resonant SFG bands, appeared, and
the intensity of the two narrow SFG bands gradually varied with
electrode potential and nearly disappeared at —1.5 V.

To better analyse the evolution of the SFG spectra, eqn (3)
was adopted to fit the BB-SFG spectra, and the results are
displayed in Fig. 6(b-d). Two resonant BB-SFG bands around
2936 cm ™" (band 1) and 2996 cm ™' (band 2) could be clearly
observed with almost fixed positions during the reaction, while
their intensities gradually reached the maximum at —1.1V, as
shown in Fig. 6(d). The two resonant BB-SFG bands evolved
with electrode potential identically, implying that these BB-SFG
bands correspond to the same hydrocarbon intermediate of the
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Fig. 6 Potential-dependent BB-SFG spectra (C—H region) (a) and fitting
data (b) of CO, reduction in 0.1 M CO,-saturated NaHCOg3 solution at
Cu electrode (normalized with the broadband nonresonant). Offset for
comparison. Variations of resonant band position (c) and intensity (d).
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CO, reduction process. The band at 2996 cm™ " is higher than
that of the typical C-H stretching vibrations of any alkanes. It is
most likely from hydrocarbons with strong electron-withdrawing
groups, such as aldehydes and alcohols (or alkoxy), and blue-
shifted due to the interactions with Cu. Fig. 7(a) displays one
possible ethylene/ethanol pathway of CO, reduction on a Cu
surface proposed by Koper et al, which may relate to this
work.»”*> We can rule out those intermediates with only one H
atom (only one possible C-H vibration) and those with only H
bonded to the C-C double bond (C-H stretching at more than
3000 cm™"). The Cu-ethoxy intermediate and its previous step
both consist of 2 C-H groups. If the 2 observed SFG bands both
come from the methyl group, then the 2996 cm™" band should be
the asymmetric C-H stretching and the band at 2936 cm™*
corresponds to the Fermi resonance (symmetric stretching at a
much lower frequency), both blueshifted due to the interaction
with Cu. However, regular asymmetric stretching and Fermi
resonance of the methyl group of ethanol locate at 2970 cm™*
and 2926 cm™%;”>7® if both are blueshifted by the same amount
(though the same mechanism), then the band at 2936 cm ™" is
relatively too low. Additionally, the CH;-CH,-O-Cu intermediate
is more stable than CH;-CH-O-Cu. Therefore, we assign the
2996 cm ™' and 2936 cm ™" BB-SFG bands to the asymmetric C-H
stretching of the methyl and methylene groups of the surface
ethoxy group, respectively. The missing of the symmetric C-H
stretching BB-SFG bands is due to the orientation of the ethoxy
group on the Cu surface that favoured the asymmetric vibrations.
Under the ppp polarization combination in our BB-SFG measure-
ment, only those vibrations with strong enough vertical components
(perpendicular to the Cu surface) can contribute to the SFG signal
significantly.”>””’® Therefore, if the dipole of the symmetric C-H
stretching of the ethoxy group oriented parallel or close to parallel to
the Cu surface, then only the asymmetric vibrations can be observed
in the BB-SFG spectra. The ethoxy group adsorbed at the Cu surface
with a tilted angle from the surface normal, as shown in Fig. 7(b).
Additionally, our SFG measurement of ethanol-water solution
on the Au surface observed two SFG bands around 2930 and
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Fig. 7 (a) Mechanism for the C2 pathway of CO, reduction on Cu.
(b) Cu-ethoxy intermediate on Cu.
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2995 corresponding with the C-H stretching of the ethanol as
well, as shown in Fig. S7 (ESI{). Therefore, the two SFG bands
observed in this paper can be assigned to the asymmetric C-H
stretching of the methyl and methylene groups of the surface
Cu-ethoxy intermediate, which is the precursor of ethanol.

For comparison, the potential-dependent BB-SFG spectra of
CO, reduction on the Au electrode and UPD-Cu/Au electrodes
under the same conditions as that on Cu have been recorded
and are shown in Fig. 8. No clear resonant SFG band was
observed. The coverage area of UPD-Cu is relatively low (< 5%,
see Fig. S5 and Table S1 (ESIt) for details); thus, with such a low
Cu coverage, it is hard to detect significant hydrocarbon pro-
ducts on UPD-Cu/Au as compared to that on the Cu electrode.

Overall, on the Cu surface, two C-H vibrations from the
methyl and methylene groups were observed with an onset
potential of about —0.7 V. The variations of the intensities of these
two SFG bands were similar during potential scanning, indicating
that the two bands originated from the same adsorbate, the
relatively stable Cu-ethoxy intermediate, a reaction intermediate
in the ethanol pathway. In the entire potential window, no *CO
SFG band was found on Cu. This result indicates that the
important intermediate *CO exists in disordered orientations on
Cu, and the disordered adsorption manner may contribute to the
C-C bond formation for the further conversion to C2 products.
Our findings are consistent with the proposed reaction pathways
of CO, reduction on Cu by Koper et al,"’?> and the stable
intermediate Cu-ethoxy is directly observed by the in situ SFG
technique. On the Au surface, CO;, was observed at an earlier onset
potential of —0.5 V and no hydrocarbons were identified. The
uniform linear adsorption of CO hinders the further reaction on
Au. With the modification of the UPD Cu sub-monolayer on Au,
the COy, SFG band intensity decreased remarkably but the feature
of intensity variation remained the same, which suggests that part
of the Au reaction sites were hindered by UPD Cu. From these
results, it can be concluded that the CO, reduction pathways on Cu
and Au electrodes are obviously different. The uniform linear
adsorption of CO hindered the further reaction on the Au surface.
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Fig. 8 Potential-dependent BB-SFG spectra (C—H region) of 0.1 M CO,-
saturated NaHCOs3 solution on (a) Au and (b) UPD-Cu/Au electrodes
(normalized with the broadband nonresonant).
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The disordered CO species on Cu made it possible for the
formation of C2 intermediates.

Conclusions

In conclusion, by performing in situ electrochemical SFG
spectroscopy, we have investigated the role of Cu and Au during
CO, electrochemical reduction. On the Cu surface, we observed
the ethoxy intermediate (Cu-OCH,CH3) at an electrode potential
<—0.7 V and no obvious *CO in 0.1 M CO,-saturated NaHCO;
solution. While on the Au surface, linearly adsorbed CO could be
detected. Therefore, under the present experimental conditions,
CO may be disorderly adsorbed on Cu, which favors the for-
mation of the C-C bond and C2 intermediates. However, a full
roadmap of the CO, reduction cannot be drawn with the current
findings. Future experiments in broader spectral ranges and
simulations will be carried out to further analyze the mechanism
of CO, reduction.
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