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ABSTRACT: Much effort has been devoted in the development of efficient catalysts
for electrochemical reduction of CO,. Molecular level understanding of electrode-
mediated process, particularly the role of bicarbonate in increasing CO, reduction rates,
is still lacking due to the difficulty of directly probing the electrochemical interface. We
developed a protocol to observe normally invisible reaction intermediates with a surface
enhanced spectroscopy by applying square-wave potential profiles. Further, we
demonstrate that bicarbonate, through equilibrium exchange with dissolved CO,,
rather than the supplied CO,, is the primary source of carbon in the CO formed at the
Au electrode by a combination of in situ spectroscopic, isotopic labeling, and mass
spectroscopic investigations. We propose that bicarbonate enhances the rate of CO
production on Au by increasing the effective concentration of dissolved CO, near the
electrode surface through rapid equilibrium between bicarbonate and dissolved CO,.
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B INTRODUCTION

As atmospheric CO, levels passed 400 ppm in March 2015," it
is clear that curbing anthropogenic CO, emissions alone is not
sufficient to address the concern over climate change. Efficient
CO, capture and conversion strategies are needed.”” To this
end, renewable electricity coupled with CO, electrochemical
reduction as a platform of artificial photosynthesis is a
promising approach.” Technologies for CO, utilization as
such have the potential to not only reduce CO, concentration
in the atmosphere, but to supplement, if not eventually replace,
diminishing fossil fuel reserves.””/ Nevertheless, an efficient
and cost-effective synthetic scheme for converting CO, into
fuels and commodity chemicals remains elusive. Breakthroughs
in the development of active, selective, and stable electro-
catalysts for CO, reduction are acutely needed for both
electrochemical and photoelectrochemical approaches. A key
barrier in developing such electrocatalysts is the lack of
molecular level knowledge of surface-mediated electrochemical
reactions. The wide variety of possible products (number of
electrons transferred) ranging from CO and HCOOH (2 e7)
up to CH;CH,CH,OH (18 e7) in the electrochemical CO,
reduction reaction (CO,RR) pose significant difficulties in
elucidating reaction mechanisms.*” Another compelling
challenge lies in obtaining spectroscopic information selectively
on the electrode surface because most CO,RRs are conducted
in aqueous solutions and the strong absorption of water could
easily overwhelm signals from the electrochemical interface.
Therefore, mechanistic investigations of the CO,RR on
electrode materials known to only produce one or few products
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with surface sensitive techniques is a logical and important step
in understanding the surface-mediated CO,RR.

Au is known as a highly eflicient and selective catalyst in the
electrochemical CO,RR for CO production, a reaction heavily
investigated in recent years as an alternative, carbon-negative
route to produce syngas components.'*~* This reaction is also
of enormous fundamental importance because it is believed to
be the first step in the reduction of CO, to higher value
products such as hydrocarbons and oxygenates.”'> Attenuated
total reflectance—surface enhanced infrared absorption spec-
troscopy (ATR-SEIRAS) is a vibrational spectroscopic
technique that selectively detects sgecies adsorbed on and
near (<10 nm) the metal surface.'™"” The contribution of the
spectroscopic signal decreases exponentially as the distance
between the molecule and the metal surface grows; therefore, it
is an ideal tool to probe a variety of electrochemical processes.
Previous reports have leveraged this technique for the study of
various important electrochemical processes such as methanol
oxidation,” ammonia oxidation,”" hydrogen oxidation/evolu-
tion,”>"** and the CO,RR on Cu electrodes.”**° Additionally,
Wauttig et al. employed ATR-SEIRAS in investigation of the
electroreduction of CO, on Au film electrodes;'? however,
contamination of the Au working electrode by Pt, likely due to
the electrochemical deposition of dissolved Pt from the counter
electrode on to the cathodic working electrode, complicates the
assignments of observed CO bands and leads to the erroneous
conclusion that an irreversibly adsorbed bridge-bonded CO
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poisons the Au surface. In this work, we report the first
mechanistic study of the CO,RR on a contaminant-free Au
surface in an aqueous electrolyte using a combination of in situ
ATR-SEIRAS, isotopic labeling, and mass spectrometric
techniques. By applying a square-wave potential profile, in
which CO is produced at the low potential, then reabsorbed at
the high potential where it can be observed using ATR-SEIRAS,
we demonstrate that invisible reaction intermediate (adsorbed
CO) on Au under typical CO,RR conditions can be directly
observed with in situ vibrational spectroscopy. Further, based
on spectroscopic observations and rigorous kinetic studies, we
propose for the first time that HCO;™, in addition to acting as a
pH buffer® or proton donor”’ as previously proposed, acts to
increase the effective CO, concentration in solution through
rapid equilibrium between the two species.

B EXPERIMENTAL SECTION

Materials. Au film electrodes were deposited directly on the
reflecting plane of a Si prism using a modified electroless chemical
deposition method outlined by Miyake et al.”® The prism was first
polished with a 0.0S gm AlL,O; slurry and sonicated in acetone and
water to remove the residue. After polishing, the Si prism was
immersed in a 3:1 by volume solution H,SO, (Sigma-Aldrich, 95—
98%) and H,0, (Sigma-Aldrich, 30%) for 20 min in order to clean the
prism of organic contaminants. Following cleaning, the reflecting plane
of the prism was immersed in NH,F (Sigma-Aldrich, 40%) for 90—120
s to remove the oxide layer and create a hydrogen-terminated surface
to improve adhesion of the Au film.”® The Si surface was then
immersed in a 4.4:1 by volume mixture of 2% HF and Au plating
solution consisting of 5.75 mM NaAuCl,-2H,0, 0.025 M NH,C],
0.075 M Na,SO;, 0.025 M Na,S,0;-5H,0, and 0.026 M NaOH for 4
min. To prepare electrodes for isotopically labeled electrolysis
experiments, bulk Au foil was purchased from Alfa Aesar (99.999%)
and was polished with sandpapers (400 and 800 Grit). The Au foil was
then cut into pieces with dimensions of 15 mm X S mm. Finally, a
nickel wire was connected to one end of the gold piece via spot-
welding. The electrode was then etched in aqua regia for 30 s and
rinsed using double deionized—distilled water (Barnstead Mega-Pure
Water Purification System) for subsequent electrochemical studies.
NaHCO; electrolyte was prepared by purging a solution made from
Na,CO; (Fluka, >99.9999%) overnight with high purity CO, gas
(Matheson, 99.999%) until the solution pH had reached 7.2, indicating
full conversion of Na,CO; to NaHCO,.'”*”*° The electrolyte was
purified using a solid-supported iminodiacetate resin (Chelex 100,
Sigma-Aldrich) in order to prevent any potential impurity metal
deposition and achieve a sustainable catalytic surface during CO,RR.*"

In Situ ATR-SEIRAS Experiments. A polycrystalline Au nanofilm,
deposited chemically on the reflecting plane of a Si prism cut to a 60°
angle of incidence, served as the working electrode. A two-
compartment spectroelectrochemical cell, separated by an anion-
exchange membrane (Fumasep, FAA-3-PK-130), was designed to
accommodate the Si prism and to avoid any possible cross-
contamination from the counter electrode (Figure Sla). A graphite
rod, rather than a Pt foil/wire, was used as the counter electrode to
avoid any possible Pt contamination on the working electrode (Figure
S1b) as demonstrated previously in studies of the hydrogen evolution
reaction using non-Pt based cathodes.>*~>* The electrolytes used in all
spectroelectrochemical experiments were prepared by the same
method as for electrolysis on bulk Au foils outlined in the previous
section. ATR-SEIRAS experiments were conducted on an Agilent
Technologies Cary 660 FTIR spectrometer equipped with a liquid
nitrogen-cooled MCT detector and a Pike Technologies VeeMAX II
ATR accessory. The spectrometer was coupled with a Solartron SI
1260/1287 system for electrochemical measurements. The reference
electrode was an Ag/AgCl electrode (3.0 M KCl, BASi). All spectra
were collected with a 4 cm™ resolution with a time resolution of 0.5 s
between scans, so that spectra collected using 8 and 64 coadded scans
have a time resolution of roughly 4 and 32 s, respectively. Spectra
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shown in Figure 2 were collected during a potential sweep at 10 mV
s7!, so that each spectrum was an average over ~40 mV. All other
spectra shown were collected at a constant potential. Spectra are
presented in absorbance units where positive and negative peaks
signify an increase and decrease in the interfacial species, respectively.
All potentials are given on the reversible hydrogen electrode (RHE)
scale unless noted otherwise.

Electrochemical Kinetics Experiments. A Princeton Applied
Research VersaSTAT 3 potentiostat was used for isotopically labeled
electrolysis experiments. Electrolysis was performed under room
temperature in a gastight two-compartment electrochemical cell using
a piece of anion exchange membrane (Fumasep, FAA-3-PK-130) as
the separator. The working electrode compartment contained 9 mL
electrolyte and 9 mL headspace. A graphite rod was used as the
counter electrode and Ag/AgCl (3.0 M KCl, BASi) as the reference
electrode. Before electrolysis using *CO,, the electrolyte was purged
with Ar for at least 1 h to remove the dissolved CO, (pH = 8.9 and
does not change with longer purging time); in a subsequent step, the
electrolyte was purged with *CO, for 5 min at § scem (pH = 7.2 and
does not change with further purging) and the headspace was purged
with *CO, for 5 min. During the electrolysis, the electrolyte in both
compartments was stirred at rate of 800 r.p.m. using a magnetic stirrer.
Quantification of gas phase products was performed using a gas
chromatograph (Agilent, 7890B)/mass spectrometer (Stanford
Research Systems, QMS). Gas phase products were collected and
injected into the gas chromatograph using a gastight syringe.

B RESULTS AND DISCUSSION

Potential-Dependent Behavior of Adsorbed CO on
Au. In situ ATR-SEIRAS was used in order to probe the
chemically deposited Au electrode surface in a CO,-saturated
0.5 M NaHCOj electrolyte as a function of electrode potential
(Figure 1). The applied potential was stepped down from 1.0 V
to —0.6 V (referenced to RHE unless stated otherwise);
however, the adsorbed CO (CO,,) reaction intermediate was
only observed in the spectra at ~2100 cm™" between 0.2 V and
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Figure 1. In situ ATR-SEIRAS spectra of adsorbed CO produced in
CO, saturated 0.5 M NaHCOj as the potential is stepped in 0.1 V
increments from 1.0 to —0.6 V on an Au film electrode. Spectra
presented are 64 coadded scans at a 4 cm™! resolution.
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Figure 2. (a) In situ ATR-SEIRAS studies of surface absorbed CO and carbonate. Spectra (8 coadded, 4 cm™ resolution) were collected during
potential scans from —0.6 to 1 V at 10 mV/s under 1 atm CO on Au film electrodes in 0.5 M NaHCO;. (b—d) Schematics of proposed CO,
(bi)carbonate, and sodium ion behaviors near the electrode surface at different potentials.

—0.1 V,***3¢ and was absent between —0.3 V and —0.6 V
where the CO,RR is typically carried out. The standard
equilibrium potential for the reduction of CO, to CO is —0.11
V,® and thus the appearance of the adsorption band as high as
0.2 V is somewhat unexpected. The observation of CO,4 at
higher than standard equilibrium potential can be explained by
a combination of a positive shift in the equilibrium potential
due to the low CO partial pressure (no CO was introduced
other than that formed in the reaction) according to the Nernst
equation. An estimation of the change in equilibrium potential
with the coverage of CO,4 is provided in the Supporting
Information; however, the exact equilibrium potential cannot
be obtained without the knowledge of the absolute surface
coverage of CO,4. The observation of CO in the spectra despite
no significant CO production observed at these potentials using
gas chromatrography is attributed to the extremely high
sensitivity of SEIRAS for CO,q.

To further understand the adsorption behavior of CO on Au
and, specifically, and the absence of CO,4 at potentials where
CO, reduction to CO is known to occur, ATR-SEIRAS spectra
were collected continuously during potential cycling between
1.0 Vand —0.6 V in a CO-saturated 0.5 M NaHCO; electrolyte
(Figure 2a). The single CO,4 peak observed from 2050 to 2100
cm™" appears only between —0.1 to 0.6 V, reaching a maximum
peak intensity at ~0.4 V.>**”** The shift in peak position with
changing electrode potential can be attributed to the electro-
chemical Stark effect as demonstrated in SEIRAS studies of CO
adsorption.'”*”~* The CO,q peak decreases concurrently with
the rise of a band at ~1460 cm™' above 0.6 V assigned to
adsorbed bicarbonate (COj;,4), which deprotonates upon
adsorption.”” This spectral evidence suggests that the
disappearance of CO,4 at high potentials may be due to
displacement of CO,4 by CO; 4 (Figure 2b). It should be noted
that oxidation of CO,4 to CO, also occurs at similar electrode

potentials on Au,"" and could also contribute to the

3776

disappearance of the CO,4 peak above 0.6 V where a positive
current is observed (Figure S2). The disappearance of CO,q at
lower potentials, where the rate of CO production increases, is
less straightforward. We attribute the disappearance of CO,4
from the spectra at potentials below —0.1 V to the displacement
of CO,q by Na" in the outer Helmholtz plane, which are drawn
nearer to the electrode surface as the electrode potential
decreases.”® The adsorption of alkali metal cations on metal
electrode surfaces at low potentials, and its impact on the rates
of electrochemical surface reactions have been discussed in
previous reports,‘w_49 but experimental investigation of these
interactions is less common. One major difficulty in studying
alkali cation effects at electrochemical interfaces is that direct
observation of these cations is not possible using infrared
spectroscopic techniques. In order to overcome this barrier, and
to verify that cations in the outer Helmholtz plane are able to
displace CO,q4 at low electrode potentials, the adsorption of CO
was studied in a 0.1 M tetramethylammonium iodide (TMAI)
saturated with CO using ATR-SEIRAS while the potential was
cycled between —0.3 and 0.6 V (Figure S3). The TMA" cation
was chosen due to the strong spectroscopic signature of the
methyl bending mode at 1478 cm™,*° which increases with
decreasing potential, beginning at ~0.3 V where the CO,4 peak
intensity begins to decrease. This is strong evidence that cations
are able to displace CO,4 on Au electrodes at sufficiently low
potentials. Similarly, Na* cations could reduce the surface
coverage of CO,q to below the detection limit of ATR-SEIRAS
at low electrode potentials (Figure 2d). It follows that the Au
sites will become available once the electrode potential
becomes more positive, and CO is free to readsorb on those
Au sites provided it is still in the vicinity of the electrode surface
(Figure 2c), allowing for observation of CO,4 by ATR-SEIRAS.

Contrary to this work and other previous studies of CO
adsorption on Au using ATR-SEIRAS in which only a single,
linearly bonded CO peak was observed,”*”** some previous
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Figure 3. (a) Schematic representation of the potential square-wave electrolysis of CO, saturated 0.5 M NaHCO; on Au film electrodes. (b)
Corresponding current profiles at —0.2 V through —0.6 V during electrolysis. (c) ATR-SEIRAS spectra collecting during square-wave electrolysis.
Colored spectra were collected during electrolysis at each potential presented in (b). Black traces above each colored spectrum correspond to spectra
collected at 0.4 V after each reduction potential. All spectra presented correspond to 8 coadded scans collected with a 4 cm™ resolution.

studies of the CO adsorption on Au using ATR-SEIRAS have
observed an additional CO,4 peak from ~1900 cm™" to 2050
cm™" attributed to bridge-bonded CO on Au.'””” We believe
that the additional CO,q peak is due to contamination of the Au
film electrode by Pt dissolution from the counter electrode and
electrodeposition on the cathodic working electrode as shown
previously for other electrochemical systems with Pt as the
counter electrode material.”" ~>* This hypothesis was confirmed
by studying the adsorption of CO under the same experimental
conditions as previously described for the spectra in Figure 2,
replacing the graphite rod with a Pt wire counter electrode
(Figure S1b). Despite the presence of an anion exchange
membrane separating the working and counter electrodes,
significant Pt deposition occurs on the Au film working
electrode, causing the appearance of additional CO,q bands
from 1900 to 2050 cm ™" which persist to —0.6 V. Both the peak
position and potential range of these additional CO,4 bands are
in good agreement with CO,4 bands observed by Wuttig et al,,
suggesting that the Au film had significant Pt contamination in
their investigation of the CO,RR on Au.'” It is important to
note that when only a single CO,4 band was observed, either an
Au counter electrode was used,”™”” or the potential of the
working electrode was maintained above 0.1 V vs RHE,* so
that the potential of the counter electrode was likely kept
sufficiently low, to prevent dissolution of the Pt counter
electrode and subsequent electrodeposition on the Au film.
With this insight into the potential-dependent adsorption of
CO on Au, a novel spectroelectrochemical method was
developed in order to observe, for the first time, the CO,RR
at the potential range in which CO,q is invisible to ATR-
SEIRAS under normal conditions. Because the CO inter-
mediate produced at Au electrodes cannot be directly observed
during the potentiostatic reduction of CO,, a potential square-
wave electrolysis (illustrated in Figure 3a) alternating between a
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reduction potential at which the CO,RR is expected to occur,
and 0.4 V, where the CO,4 band reaches maximum intensity
(Figure 2a) was employed. The potential was held at the
reduction potential for 30 s, and stepped to 0.4 V until CO4
desorbs from the electrode. Holding the potential at 0.4 V
immediately after electrolysis allows a fraction of CO produced
during electrolysis to readsorb to the Au film electrode,
enabling direct observation of reduction products. The
resultant current profiles during reduction cycles and the
corresponding ATR-SEIRAS spectra, collected at an interval of
every ~3 s throughout the square wave experiment, are
presented in Figures 3b and 3c. Current densities from —0.2 V
and —0.6 V are inflated during the square-wave electrolysis due
to the high capacitive current associated with immediately
stepping the electrode potential down from 0.4 V, along with
the short time scale of the electrolysis. Consistent with the
previous results (Figure 1), no CO,q was observed during
electrolysis at any potential between —0.2 V and —0.6 V during
the square-wave electrolysis. No discernible CO,4 peaks were
observed in the SEIRAS spectra at 0.4 V after electrolysis at
—0.2 V or —0.3 V owing to both the low overpotential for the
CO,RR at these potentials and resulting in the low overall
reduction current (<2 mA cm™? Figure 3b). At reduction
potentials of —0.4 V through —0.6 V, however, the rate of CO
production is sufficiently high to produce a strong CO,4 band at
2106 cm™" after the product readsorbs at 0.4 V. The initial size
of the band is a qualitative indicator of the rate of CO
production, as the CO,q peak increases in intensity at 0.4 V
with decreasing reduction potential due to a higher
concentration of produced CO near the Au film following
electrolysis. Following the potential step up to 0.4 V, the CO4
peak gradually decreased in intensity as CO concentration near
the electrode decreases due to diffusion into to the bulk
electrolyte and eventually out of the CO,-purged solution. This
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Figure 4. (a) In situ ATR-SEIRAS study of CO produced in the *CO, purged 0.5 M NaH'>CO; electrolyte in real time. Each point corresponds to
the *CO,4:'*CO,4 peak intensity ratio in a single spectrum collected at 0.4 V after reduction at —0.6 V (circles) and —0.4 V (diamonds) on an Au
film electrode. (b) Spectra collected at 0.4 V after electrolysis at —0.6 V corresponding to the open blue points in (a). (c) Spectra collected at 0.4 V
after electrolysis at —0.4 V corresponding to the red diamonds in (a) and (d) schematic of potential profile used for electrolysis in (a), (b), and (c).
All spectra presented correspond to 8 coadded scans collected with a 4 cm™ resolution.

square-wave method enables, for the first time, in situ detection
of the CO product of the CO,RR on Au electrodes.

Isotopic Labeling of Products and Reactants during
the CO,RR. This potential square-wave approach was applied
in conjunction with isotopic labeling to gain insights into the
CO,RR mechanism. An isotopically labeled *CO, purged 0.5
M NaH"CO, solution was initially reduced at an Au film
electrode at —0.6 V, in order to produce CO (Figure 4). The
potential was then stepped up to 0.4 V, and a spectrum was
collected immediately after the potential step, in order to
observe the CO product (Figure 4d). This procedure was
repeated continuously over 80 min to investigate the isotopic
composition of the CO product as a function of time. The
isotopic composition of the produced CO was quantified by
monitoring well-defined bands for *CO,q and CO,4 species
throughout the electrolysis process. In these experiments a
12C0O,q peak will appear 2100 cm™.,>° while a peak due to
BCO,q is expected to shift to 2053 cm™ based on eq 1, where
1/A and 1/4*, and p and p* are the wavenumbers of vibrational
modes and reduced masses of the unlabeled and labeled
molecules, respectively.*®

1

H (1)

Surprisingly, only the unlabeled >CO,4 (2100 cm™) was
observed initially (Figures 4a and 4b), demonstrating
experimentally, for the first time, that the carbon source of
the CO product originates not from the '*CO, in the
headspace, but from H'>CO," in the electrolyte. A vibrational
band corresponding to adsorbed *CO,4 (2055 cm™) appeared
after ~20 min and grew with time as the equilibrium exchange
between '*CO, and H"“CO;~ occurred. An experiment
conducted at —0.4 V yielded similar results (Figures 4a and
4c). Further, when beginning with '?CO, saturated 0.5 M
NaH"CO; at —0.6 V, the opposite trend of isotopic
composition with time was observed (Figure S4), with the
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majority of the initial product being '*CO. These isotopic
labeling studies provide the first experimental evidence that the
CO, bubbled into the solution is not the primary carbon source
for the CO,RR; rather, carbon in HCO;™ must be involved and
is the primary carbon source.

Two possible mechanisms for the isotopic composition of
the CO product could be at play: (i) CO is produced directly
from the reduction of H'>CO,™ rather than dissolved *CO,, or
(ii) the equilibrium between COy(,q) and HCOy, iee,

BCO,(q + H?CO;™ & 2CO,,) + HCO;”

in the electrolyte is sufficiently fast that the isotopic
composition of CO,,) is different than CO,g near the
electrode surface where CO,,q) is reduced. The first possibility
was assessed by monitoring the CO production rate during
electrolysis at —0.6 V in Ar purged NaHCO;; however, no
significant CO product was observed using gas chromatog-
raphy. This is consistent with previous reports,””*” which argue
against the first mechanism. We investigated the second
possibility further by monitoring the isotopic compositions of
the possible carbon sources in the system (COz(g), COy(yq) and
HCO;™) as well as the produced CO using ATR-FTIR and
mass spectroscopy (MS). The composition of 13CO;,_(g) and
12C02(g) were estimated by examining gas aliquots from the
headspace of the cell using MS, while the composition of bulk
H"CO;” and H"™CO;  were estimated through ATR-IR
spectrum deconvolution of the vibrational bands associated
with H2CO,™ (1362 cm™)* and H*CO,™ (1323 cm™!). After
the NaH'>COj solution was purged with *CO, (1 atm), a S
min electrolysis at —0.6 V was performed. The bicarbonate
composition was estimated to be ~96% H'"CO," (ie., ~4%
H"CO;") after purged with *CO,, which decreased to ~87%
after the S min electrolysis (Figure Sa and Sb). Correspond-
ingly, the initial composition of CO, in the headspace was
~87% CO, (ie, ~13% '*CO,) and the number gradually
decreased to ~54% during the electrolysis (Figure Sc). The
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Figure 5. (a) ATR-FTIR spectra (4 cm™ resolution) of H'>’CO;~ and H"*CO," after electrolyte purging with *CO, and (b) after S min electrolysis.
Green and blue traces indicate the portion of the fit (red) composed of H'*CO;~ and H"*CO;™ respectively. Reference spectrum: H,0. (c) MS
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13C02(aq) in *CO, purged 0.5 M NaH">CO;. Reference spectrum: Ar saturated 0.5 M NaH">COs,

isotopic composition of dissolved CO,(,q Wwas determined
using a method similar to bicarbonate in a separate ATR-IR
experiment wherein reaction conditions were simulated by
beginning with an Ar saturated 0.5 M NaH'*COj solution and
purging the electrolyte with '*CO, for 5 min, then purging the
headspace for S min, and finally sealing the cell and monitoring
the isotopic composition over the next 30 min. Dissolved
1ZCOZ(a\q) (2343 cm™) and 13C02(aq) (2278 cm™) peaks58 were
monitored throughout the experiment and peak areas were
calculated in order to determine the isotopic composition of
COsag) (Figure Sd). Interestingly, the dissolved COyg) s
found to be ~80% 1ZCOZ(&q) over the time frame that
electrolysis would occur, whereas the CO,,) in the headspace
is only ~36% 12COZ(g) over the same time frame (during
electrolysis). The CO,(,q) isotopic composition matches much
more closely with that of bicarbonate (<10% difference) than
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COyy (>30% difference), indicating that the equilibrium
exchange between bicarbonate and CO,(,y) is very rapid (faster
than the diffusion of CO,y) to become COz(aq)).59 These
results suggest that CO,() purged into the system does not
remain intact in the electrolyte and is consistent with the CO,
hydration rate measured by the stopped-flow method.>
Further, sampling of produced CO in the head space by MS
reveals the majority of the carbon monoxide (~89%) produced
was *CO (m/z = 28, Figure 6a), which is similar to the average
composition both of H?CO,~ and 12COZ(aq). These MS and
FTIR results (summarized in Figure 6b) are consistent with the
hypothesis that CO,, is not the direct carbon source in the
CO,RR within the duration of this experiment. Instead, carbon
atoms in CO,(,q) and HCO;™ rapidly exchange and equilibrate,
and most of carbon in the produced CO originates from
HCO;" due to its high concentration as compared to CO,(,q).
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These isotopically labeled ATR-SEIRAS and MS experiments
were repeated (with different electrode potentials, detailed in
Figure S5) on other common CO -producing electrodes such as
oxide-derived Au,” Ag f0116 nanoporous Ag, 1330 and Zn
foil®>®** to monitor isotopic compositions of COyg)
bicarbonate, and the CO product (summarized in Figure 6¢).
All other CO-selective metals tested exhibited similar behavior
to that of bulk Au, with the isotopic compositions of
bicarbonate consistently falling within 10% of the CO product,
with the CO,(,) composition consistently >40% different than
Co.

On the basis of the results of isotopic labeling experiments,
we propose that the majority of the CO,(,q) being reduced to
CO is actually supplied by H'*CO,~ through rapid equilibrium
(Figure 6d), and that the primary role of CO,) is to establish
and maintain the equilibrium concentration of CO,(,q) based
on other species in solution. Rapid equilibrium exchange
between CO,(,q) and HCO;™ in solution could increase the
effective CO,(,q) concentration (CO,*?) near the electrode
surface by allowing CO,(,q) to hop between blcarbonate ions in
solution (analogous to the Grotthuss mechanism® for proton
diffusion in water in which protons hop between water
molecules as Eigen or Zundel cations), essentially allowing
any HCO;™ near the surface to be reduced in the CO,* form
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(Figure 6d). In this case, the role of bicarbonate is not simply a
pH buffer® or H" donor”” for CO production as previously
proposed, but also key to the reaction rate by facilitating
COy(yq) transportation due to its much higher concentration. It
is important to clarify that this hypothesis is fundamentally
different from claiming that bicarbonate is equivalent to CO, in
the CO,RR and can therefore be reduced directly at the
electrode surface. If either CO,*! moiety of the bicarbonate-
CO, equilibrium complex (Figure 6d) is reduced in the
CO,RR, the other moiety is simultaneously converted to
HCO;™ and can no longer be directly reduced to CO.
Considering that this rapid equilibrium is a solution-mediated,
rather that electrode mediated process, and the similarity of
isotopic labeling results on other CO-selective electrodes, the
proposed role of bicarbonate is likely to be general on all CO
producing electrodes. This proposed mechanism is in good
agreement with previous reports that CO,RR rates are
significantly higher in bicarbonate solutions than other buffer
solutions at the similar pH and potential**> Noda et al.”®
demonstrated that in a 0.1 M phosphate buffer solution of pH
= 6.8, the partial CO current density (jco) is roughly 0.4 mA
em~2 at —1.31 V vs RHE. In 0.1 M KHCO;, Hori®' showed
that joo = 5.0 mA cm ™ at the same potential, over an order of
magnitude increase in jco in bicarbonate as compared to that in
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the phosphate buffer solution. The diminished jco with the
phosphate buffer solution argues against the role of bicarbonate
as primarily a proton donor in the CO,RR,”” because the
presence of a more effective proton donor, ie., H,PO, (pK, =
7.2), than bicarbonate (pK, = 10.3) does not translate to higher
CO,RR rates. Furthermore, no spectroscopic evidence for
specific adsorption of either bicarbonate or phosphates was
observed at CO,RR potentials (< —0.3 V, Figures 2a and S6),
which is likely due to the electrostatic repulsion of between
anions and the negatively charged electrode surface.

Kinetic Analysis of the CO,RR on Au. In light of these
new spectroscopic insights, we propose the following modified
mechanism for the CO,RR on Au electrodes in aqueous
bicggrbonate electrolytes, based on previous work from Rosen et
al.”

CO, ., + H,0 + * + ¢~ < COOH* + OH~ @)
COOH* 4+ e~ & CO* 4+ OH™ (3)
CO* < CO + * 4)

In the initial step (eq 2), CO,, or CO,% is reduced in a
simultaneous 1 H'/ 1 e~ transfer at a free surface site (*) to
form the COOH* intermediate. Water is proposed to act as the
primary H* donor for the reaction, rather than bicarbonate,””
which will be justified in the following kinetic data. Next,
COOH* is reduced in the second electron transfer step to
produce adsorbed CO (CO*). CO* then desorbs from the
surface to produce the final CO product in eq 4. If we assume
low surface coverages of CO* and COOH* (6* = 1), as
suggested by the lack of SEIRAS signature of adsorbed
intermediates at CO,RR potentials (Figure 1), and eq 3, the
second e~ transfer step, to be rate limiting (consistent with the
observed Tafel behavior in Figure S7) the CO partial current
(ico) can be described by eq 2:

' w F( anHE _ nZRHE)
lco = 2Fk2, IKHaCOZ exp T

©)

where ach, is the activity of CO,™, 0 is surface coverage of

CO*, Ocoon is the surface coverage of the COOH¥
intermediate, k,, is the rate constant for step (2), K, is the
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equilibrium constant of eq 2, Ky is Oco/Ocoow Ny - and 75"
are the applied overpotentials for eqs 2 and 3 on the RHE scale
respectively, F is Faraday’s constant, R is the gas constant, and
T is temperature. The expected Tafel slope (—6E/§ log(ico))
based on eq 5 with the second e~ transfer (eq 3) as the rate-
limiting step is 59 mV dec™, which is in good agreement with
the experimentally observed Tafel slope (Figure S7) of 56 mV
dec™' at low potentials (—0.325 to —0.4 V) on Au film
electrodes.”” A more detailed derivation of the expected Tafel
slope is provided in the “Tafel Slope Derivation” section of the
Supporting Information. The Tafel slope increases at potentials
below —04 V to 250 mV dec}, which is consistent with
previous studies at these higher overpotentials.'”” This change
in Tafel slope at more negative potentials could be attributed to
both a limitation of mass transport of CO,*® (with currents of
—260 pA cm™? at —0.425 V) and/or a blocking of reaction sites
by Na* in the outer Helmholtz plane.”® The CO,RR in aqueous
NaHCOj solutions takes place at potentials lower than —0.11 V
vs RHE (the standard equilibrium potential). At these low
potentials, the density of cations near the electrode is expected
to increase as the electrode becomes more negatively charged.
Therefore, we hypothesize that the increase in Tafel slope
below —0.4 V is caused by the combined effect of (1) blocking
of surface by Na* in the outer Helmholtz plane;** and (2)
electrostatic repulsion of bicarbonate anions from the
negatively charged electrode, which limits the ability of CO,*
to reach the electrode surface.

Dependence of icg on [CO,]. To further probe the role of
HCO;™, reaction orders of both CO, and HCO;™ concen-
tration were studied at a constant overpotential of —0.5 V (i.e.,,
—0.61 V vs RHE). Constant overpotential measurements on
the RHE scale are necessary to account for any change in pH
that occurs when changing other reaction conditions such as
the partial pressure of CO, (pcoz) or concentration of
phosphate/carbonate species as detailed by Rosen et al.*’
Unlike previous studies which have investigated CO, depend-
ence based on pco, in the headspace of the electrolysis
cell,’”**37 CO, dependence is investigated using the
concentration of CO,(,q) in the solution ([CO,]) calculated
from measured solution pH and equilibria among all dissolved
species. As reactions occur in solution, rather than in the gas
phase, using [CO,] rather than pcp, gives a more rigorous
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representation of CO, activity for the CO,RR. Further, the
linear correlation between pco, and [CO,] based on Henry’s
law does not hold rigorously due to the equilibrium between
CO,(,q) and bicarbonate in the solution. In order to interpret
the results of these experiments, eq S is expanded to convolute
the dependence on [CO,] and [HCO;™] as given in eqs 6 and
7.

F(nRHE _ ) RHE
ico = 2Fk, oKiKpaco,a exp(%

(6)
7)

where a is a function of [HCO,”] and describes the
enhancement of CO,(,q) through equilibrium with bicarbonate,
and is the order dependence of [HCO;™] within a. On the
basis of eq 6, the experimentally observed slope of 0.9 from the
plot of log(jco) versus log[CO,] (Figure 7a) indicates a first
order dependence of icq on [CO,], which is consistent with
previous reports on Au electrodes.”””” A more detailed
derivation of the order dependence of [CO,] and [HCO;"]
is given in the “Reaction Order Derivation” section of the
Supporting Information.

Dependence of icg on [HCO;7]. Analysis of the
dependence of the reaction rate on [HCO;™] is significantly
more complex, because [HCO;7] is determined via multiple
aqueous equilibria, rather than only by the amount of NaHCO,
added. In order to address these complications, the dependence
of the reaction rate on [HCO;] is studied by changing
[HCO;~] while maintaining the ionic strength and buffering
capacity of the electrolyte using a phosphate buffer. More
specifically, [Na*] is maintained at 0.1 M, and the ratio between
[HCO;™] and [HPO,*"] is varied in order to probe the effect
of changing [HCO;"]. The achievable range of [HCO;~] under
1 atm CO, is 0.04—0.1 M based on equilibria among CO,,),
HCO,~, HPO,>, and H,PO,” (Table S1). If HCO," is indeed
only acting as a proton donor”” or pH buffer® in the CO,RR,
replacing the bicarbonate buffer with a phosphate buffer of a
similar pH should, in principle, have no effect on the rate of
reaction. The results of these experiments are plotted as jco
[CO,]™" versus log[HCO;™]. Since [CO,] changes with pH,
and in turn with the bicarbonate/phosphate ratio, the effect of
[CO,] variation on jco must be removed from the bicarbonate
dependence study by normalizing the joq with [CO,] (eq 6).
Rather than showing no dependence on [HCO;™] (8 = 0), as
would be expected if bicarbonate were simply a proton donor, a
B value of 0.9 is observed, indicating a first order dependence of
ico on [HCO;~] when [HCO;™] is between 0.044 and 0.1 M.
This observed first order dependence on [HCO;~] demon-
strates that bicarbonate’s primary role in the CO,RR is not
acting as a proton donor or pH buffer, which is consistent with
our hypothesis that bicarbonate enhanced CO,RR rates by
increasing the effective [CO,] near the electrode surface as
detailed in eqs 6 and 7. This also justifies the assumption that
water, rather than bicarbonate, is the primary proton donor in
the proposed mechanism (eqs 2—4).

a x [HCO;]ﬂ

B CONCLUSIONS

In summary, we developed a spectroscopic method to observe
normally invisible reaction intermediates of the CO,RR on Au
by ATR-SEIRAS with square-wave potential profiles in which
CO is first produced at low electrode potentials (< —0.4 V),
then observed at 0.4 V. Further, we demonstrate, using a
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combination of in situ spectroscopic, isotopic labeling, and
mass spectrometric techniques, that the majority of CO,(, in
the electrolyte originates from the equilibrium with bicarbonate
rather than diffusion of CO,(,. Rigorous electrokinetic studies
also demonstrate a first order dependence on bicarbonate,
which supports the conclusion that bicarbonate has a beneficial
role in the CO,RR rather than acting simply as a pH buffer or
proton donor. On the basis of these results, we propose that
bicarbonate enhances CO,RR rates by increasing the effective
reducible CO, concentration in solution through rapid
equilibrium exchange between the two species. Isotopic
compositions of reactants and products on various electrode
materials suggest that this enhancement of CO,RR rates via
rapid equilibrium with bicarbonate is universal to all CO-
selective electrodes.
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