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ABSTRACT: The presence of cetyltrimethylammonium bromide
(CTAB) near the surface of a Cu electrode promotes the
electrochemical reduction of CO, to fuels. CTAB increases the
CO, reduction rate by as much as 10X and decreased the HER rate
by 4X, leading to ~75% selectivity toward the reduction of CO,.
Surface enhanced infrared absorption spectroscopy (SEIRAS) was
used to probe the effects of CTAB adsorption on the structure of
interfacial water and CO, reduction intermediates. HER
suppression was found to arise from the displacement of interfacial
water molecules from CTAB adsorption within the double layer.
The enhanced CO, reduction rate can be correlated to an
increased population of atop-bound CO and the emergence of a
low frequency atop-CO band. These results unravel the role of
additives in improving CO,-to-fuels electrocatalysis and establish-
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ing this as a powerful methodology for directing product selectivity.

he electrocatalytic CO, reduction reaction (CO,RR) is a

promising method for producing high energy density
fuels from intermittent renewable energy.' * The CO,RR
requires high overpotentials to reach appreciable current
densities, and suffers from poor product selectivity. Cu is
one of the most promising electrode materials for reducing
CO, to CO, HCOO", C,H,, CH, and higher order
hydrocarbons at substantial rates.”>~* However, the reduction
of CO, must compete with the hydrogen evolution reaction
(HER), eroding the CO,RR efficiency.”' It is important to
design routes to inhibit HER, while allowing CO,RR to
proceed with high current efficiencies.

Understanding how to control the bifurcation between HER
and CO,RR is paramount for improving the current efficiency
toward CO,RR. One way to accomplish this is to regulate the
liquid side of the catalyst interface by choosing the appropriate
electrolyte conditions. Recently, the identity of cations in the
electrolyte has been shown to impact the rate of CO,RR and/
or the HER rate."'™"° For example, the rate of HCOO™, C,H,,
and CH;OH production were found to increase by >~10X,
while the HER rate was invariant by changing the alkali metal
cation from Li* to Cs*.'>'* Larger cations such as Cs" have
been thought to promote CO,RR by increasing the CO,
concentration at the electrode surface and/or by stabilization
of reaction intermediates from increased cation accumula-
tion.”!"!>!*1¢ Recent studies have shown that molecular
adsorbates can also improve the performance of various
electrode materials for CO,RR. For example, surface
modification of electrodes by polymeric films prepared by
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electropolymerized pyridinium molecules, N-heterocylic car-
benes, and the addition of molecular additives into the
electrolyte, such as amphiphilic surfactants, ionic liquids, n-
alkylammonium salts, and pyridine, have been found to
improve CO,RR.">""7** The molecular promotors for these
systems have, in most cases, been observed to promote the rate
of CO,RR while simultaneously suppressing HER. Density
functional theory (DFT) has been invaluable in explaining how
the adsorption of various molecular species impacts CO,RR
catalysis. However, little to no explanation is given to explain
the suppression of the competing HER reaction.
Understanding the role of HER suppression is critical for
obtaining a clear picture of CO,RR in aqueous electrolytes, but
this has been hardly examined. One common theme among
the molecular promotors mentioned above is that most of the
molecules are hydrophobic in nature. We hypothesize that the
adsorption of such species can perturb the interfacial water
structure, influencing the rate of HER. To the best of our
knowledge, there is only one report that probes the influence
of the interfacial water structure during a reaction related to
CO,RR. Waegele et. al utilized SEIRAS to show that isolated

Received: May 1, 2020
Accepted: June 11, 2020
Published: June 11, 2020

https://dx.doi.org/10.1021/acs.jpclett.0c01334
J. Phys. Chem. Lett. 2020, 11, 5457—5463


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhuo-Qun+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Soumyodip+Banerjee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="V.+Sara+Thoi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anthony+Shoji+Hall"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.0c01334&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01334?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01334?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01334?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01334?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01334?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpclcd/11/14?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/14?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/14?ref=pdf
https://pubs.acs.org/toc/jpclcd/11/14?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c01334?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

water species were removed from the interface by the
adsorption of tetraalkylammonium ions, inhibiting the
formation of ethylene from the reduction of CO.*® However,
no information regarding the HER suppression was provided
in this report, and no such report exists for CO,RR. Although
interesting knowledge regarding water structure effects in
electrocatalysis was provided, it does not answer the central
question of how surface adsorbates control HER.

It is hypothesized that H,O is the dominant proton donor in
CO,RR and the HER reaction, as evidenced by our earlier
work on porosity-dependent CO, electrocatalysis, which shows
a strong dependence on porosity, and by Wang et al., who have
shown that the concentration of H,O in water-in-salt
electrolytes directly impacts the rate of CO,RR and
HER.”?**” Furthermore, a recent report by Koper et al. has
shown that the rate of CO,RR and HER on group 11 metals
exhibits a dependence on the electrode rotation rate in Ar- and
CO,-saturated 0.1 M NaHCOj;, hinting that H,O is a facile
proton donor under these reaction conditions.”>*” If we are to
fully understand how molecular additives promote CO,RR and
suppress HER, we need to systematically understand how the
adsorption of species affects the dynamics of the interfacial
water structure.

Cetyltrimethylammonium bromide (CTAB) is a particularly
interesting molecular promotor, because it is cheap and
commercially available in large quantities. Our recent report
indicated that CTAB promoted the performance of CO,RR
and suppressed HER on Cu electrodes; a reduction of the
double-layer capacitance indicated that CTAB was present
within the double layer.”> We also found that CTAB
adsorption onto a nitrile modified electrode can produce
large interfacial electric fields up to —1.25 V/nm, as probed by
vibrational Stark shift spectroscopy under noncatalytic
conditions.'>*>**3° Taken together, we hypothesized that
the hydrophobic backbone of CTAB modified the concen-
tration of interfacial water and that large interfacial electric
fields suppressed the HER rate and the enhanced CO,RR rate,
respectively.

Herein, we provide a SEIRAS study of the CO,RR with
CTAB as a molecular promotor, unravelling its role for
suppressing HER and enhancing the CO,RR on Cu electrodes.
The SEIRA effect enhances the sensitivity of adsorbates
present within the first several monolayers of the electrode
surface, which makes it ideal for probing species within the
double layer.”™** We reveal that CTAB accumulation and
reorganization near the electrode interface disrupt the
hydrogen-bonding structure of water, decreasing its interfacial
concentration. A reduction in the interfacial concentration of
H,O, the principal proton donor, was systematically correlated
to the suppression of HER. Additionally, the presence of
CTAB can modify the distribution and potential-dependence
of specifically adsorbed CO, leading to increases in the rate of
CO,RR. This study provides insights into how molecular
adsorbates modify the dynamics of interfacial H,O and
CO,RR-related intermediates, shedding light on the delicate
nature of adsorbates and their role in controlling interfacial
catalysis.

We probed the CO,RR on Cu electrodes in 0.1 M NaHCO;
electrolytes (pH 6.8) purified with Chelex to remove trace
metal contamination and used a leakless Ag/AgCl reference
electrode (eDAQ).>** In the electrochemical reduction of
CO, on Cu foils, the addition of CTAB to the electrolyte led to
a suppression of the HER Faradaic efficiency (FE) by ~30 to
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60% depending on the voltage (E) and to an enhancement in
the CO,RR FE by ~40 to 60% (Figure Slab). A suppression
of the HER current density for E more negative than —0.5 V vs
the reversible hydrogen electrode (RHE, henceforth all
voltages will be referenced to RHE unless otherwise noted)
and an enhancement of the CO,RR current density at all
voltages decreased the FE for HER and improved the FE for
CO,RR (Figure S1). The primary product for CO,RR was S0
to 60% HCOO™ and <10% CO for the CTAB-containing
electrolytes at all voltages (Figure S2). In CTAB-free
electrolytes, mostly HER was observed until —1.0 V, where
~15% FE for hydrocarbon products (CH, and C,H,) was
observed (Figure S2). The Faradaic efficiency and partial
current densities for the CO,RR on the Cu foil control samples
measured in the absence of CTAB are comparable to samples
collected in NaHCOj, electrolytes in other reports.'”'* These
results are consistent with our hypothesis that local CTAB
accumulation modulates the electrode—electrolyte interface
and affects the product selectivity.

SEIRAS measurements were collected on face-angled Cu-
coated Si prisms under in CO,-saturated electrolytes to
interrogate the potential-dependence of species near the
electrode surface during the CO,RR(Figures S3 and S4).
The CO,RR performance of the Cu-coated Si prisms exhibited
similar trends to those on Cu foil (Figures S1 and SS). The IR
data was collected with ~10 s resolution per spectrum and
measured simultaneously by sweeping the voltage between 0.2
to —1.0 V at a 10 mV/s scan rate (Figures 1 and S6).
Reference spectra for the SEIRAS measurements were
recorded at 0.2 V in CO,-saturated 0.1 M NaHCO; electrolyte
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Figure 1. Representative infrared spectra of (a) v-OH vibrational
region of H,0 and (b) CO, &yop, and OCO vibration of
(bi)carbonate in CO,-saturated 0.1 M NaHCO;; (c¢) v-OH
vibrational region of H,O and C—H vibrational bands of CTAB,
gray and orange vertical lines denote the C—H groups of CTAB’s
head and tail, respectively; (d) CO, Syon, and OCO vibration of
(bi)carbonate in CO,-saturated 0.1 M NaHCO; + 67 uM CTAB. All
data was collected during a linear sweep voltammogram at a 10 mV s
~! scan rate, and the background spectrum was collected at 0.2 V vs
RHE in the respective solutions.
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with or without CTAB; the final spectra presented were
subtracted from the reference spectrum collected in the same
electrolyte, unless otherwise noted. We observed several
vibrational bands between 3800 to 2800 cm™, which contain
modes for interfacial water and the C—H bonds of CTAB, and
between 2150 to 1400 cm™!, which contain modes for
adsorbed CO species, interfacial water, and interfacial
(bi)carbonate (Figure 1 and $7).***°"*' The bands which
point upward and downward indicate absorption and
desorption of the band, respectively.

The roles of interfacial water and bicarbonate were probed
with SEIRAS during a forward voltage sweep, from 0.2 to —1.0
V, in 0.1 M NaHCO; with and without 67 yM CTAB. Several
vibrational bands were found to appear in at ~3500, ~1633,
and ~1550 cm™!, which can be assigned to the O—H
stretching mode (v-OH) and HOH bending mode (Spop)
of water and the v-OCO stretching mode of bicarbonate,
respectively (Figure la,b). 3638394 The 1-OH and Ouon
vibrational modes increased in intensity, and the bicarbonate
band decreased in intensity during the forward E sweep. Based
on previous SEIRAS studies, interfacial water molecules can
change orientation in response to the voltage by reorienting to
oxygen-up or oxygen-down configurations, which can be
accompanied by a shift of the vibrational frequency of v-OH
from ~3600 cm™ (weakly hydrogen bonded) to ~3200 cm™
(strongly hydrogen bonded).**?"**%* A sum frequency
generation (SFG) study has suggested that that vibrational
coupling can occur in the v-OH reglon, obscuring information
regarding the H-bonding structure.”” However, this study was
performed under conditions in which there were no external
perturbations, only providing information for thermodynami-
cally stable structures. Nevertheless, it is well accepted that
potential difference spectra from SEIRAS can suggest that the
increased intensity of interfacial -OH and dyoy bands with
increasing negative voltage occurs from the reorienting of
water with the protons tilted toward the electrode, aligning the
dipole antiparallel toward the increasing negative surface
charge, and/or by an increase in interfacial concentration from
an electrowetting effect (Figure 1d). 38,43

Cu electrodes were examined in CTAB-containing electro-
lytes under CO,RR conditions to interrogate their effect on the
dynamics of surface adsorbates (Figure lc-d). Desorption
bands for v-OH, Jyoy, and v-OCO were observed when
CTAB was added into the electrolyte at 0.2 V (open circuit
potential), indicating that these species were displaced by
CTAB at open circuit (Figure S8). This observation is
consistent with the fact that CTAB is weakly solvated by
water compared to Na™ and likely forms weak ion pairs with
(bi)carbonate and Br~, allowing it to easily liberate its
solvation shell and counterion to displace Na® from the
interface. An increase in intensity of the v-OH band, centered
at ~3450 cm™!, was observed between —0.1 to —0.3 V; this
observation is similar to what we observed in CTAB-free
electrolytes (Figure la). However, as the voltage was swept
more negative of —0.3 V, a bleach of the v-OH band centered
at ~3600 cm ™! was observed, indicating the desorption of non-
hydrogen-bonded (isolated) water molecules.”>** For voltages
more negative than —0.5 V, a broad desorption band centered
near ~3400 cm ™" appeared and grew as the voltage was swept
more negatively, showing that weakly hydrogen-bonded water
was desorbing from the interface.”®*’ Similar to CTAB-free
electrolytes, we observed desorption bands that correspond to
(bi)carbonate as the voltage was swept negatively. We also
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collected SEIRAS spectra in electrolytes containing 67 uM
NaBr + 0.1 M NaHCO; to isolate the role of Br~; we found no
significant differences of the v-OH band and CO bands when
compared to spectra collected in 0.1 M NaHCO; (Figure S9).
The growth in intensity of the v-OH desorption band at more
negative voltages indicates that the structure of interfacial
water is disrupted by the presence of CTAB, which is
hydrophobic in nature.

To isolate the interfacial structure of CTAB and its influence
on the water structure, we tracked changes in the CTAB
adsorption bands as a function of potential (Figure lc, right
panel). Adsorption bands for several C—H stretching modes of
CTAB appeared on the tail of the broad water band. These
bands were centered at 3016 and 2959 cm™!, which can be
assigned to the symmetric and asymmetric C—H vibrational
bands of the headgroup (N—CH,), and the bands at 2931 and
2855 cm™' could be assigned to the asymmetric C—H
stretching mode and symmetric C—H stretching mode of
CH, near the headgroup of CTAB.***> The desorption bands
centered at 2921 and 2846 cm™' can be assigned to
asymmetric and symmetric C—H stretching modes of CH,
near CTAB’s tail, respectively."**> The bands for the
headgroup increased in intensity as the voltage was swept
more negatively, which indicated an increase in the interfacial
concentrations of the headgroup, while we observe desorption
bands from the CH, groups. These changes in intensity
indicated that CTAB reoriented with its head pointing toward
the electrode and increased in concentration as the voltage was
swept negatively (Scheme 1).

Scheme 1. Potential-Dependent CTAB Adsorption and
Reorientation in the Cathodic Scan and Its Impact on
Interfacial Water Concentration under CO, Reduction
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The bands for »-OH and the OCO of (bi)carbonate were
integrated to provide semi-quantitative information on their
potential-dependence in CTAB-free electrolytes (Figures 2 and
S10, blue traces). The &yoy band overlaps with the
(bi)carbonate desorption band, making it difficult to integrate.
Therefore, we will only consider the v-OH band integration in
this discussion. It is worth noting that the potential-
dependences of the v-OH and dyoy band exhibit similar
trends. In the forward scan direction (from 0.2 to —1.0 V), the
integrated band intensity of v-OH starts to increase at —0.1 V
before plateauing at —0.2 V; then the intensity increased
sharply as the voltage was swept negative of —0.4 V (Figure
2a). Simultaneously, we observed a desorption band for
(bi)carbonate, which grew for E < 0.2 V before plateauing for
E < — 04 V. The potential of zero charge (PZC) of
polycrystalline Cu is around —0.73 V (SHE) at pH 5.7 with a
Nernstian shift of ~0.059 V per pH unit, placing the PZC near
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Figure 2. Integrated band intensities of the (a) v-OH band, (b) v-
OCO band of (bi)carbonate and formate, (c) C—H bands of the
CTAB headgroup collected during a cyclic voltammogram with a
sweep rate of 10 mV s ~' starting from 0.2 to —1.0 V in the forward
direction (solid lines) and —1.0 to 0.2 V in the reverse direction
(dashed lines) in CO,-saturated 0.1 M NaHCO; electrolyte with
(green trace) an without (blue traces) 67 uM CTAB. The background
spectrum was collected at 0.2 V vs RHE the respective solutions.
Black arrows are shown as guides to indicate the scan direction.

—0.4 V vs RHE at pH 6.8.*° The surface of Cu is rendered
negative for voltages more negative than the PZC. A sharp
increase in the v-OH band intensity and a plateau of the
(bi)carbonate band intensity coincide with the PZC of Cu
(Figure 2ab). The integrated band of the v-OH band was
found to increase over the course of 10 min (Figure S11). In
the reverse scan direction (from —1.0 to 0.2 V) collected in the
CTAB-free electrolyte, the v-OH band maintained a positive
intensity relative to the reference spectra across the entire
voltage range, indicating irreversible adsorption of interfacial
water (Figures 2a and S12a). This behavior is similar to what
was observed in other reports.*® The OCO band was found to
exhibit reversible behavior as the reverse and forward traces
nearly overlapped (Figures 2b and S12b). Similar behavior for
the ©-OH and v-OCO profiles were observed in NabBr-
containing electrolytes (Figure S13). Taken together, the
increase of the v-OH band intensity and bleach of the
(bi)carbonate band indicated that the orientation of water
changed with potential, and its adsorption occurs with the
desorption of (bi)carbonate.

To identify the role of CTAB, the integrated band intensities
for the C—H band of CTAB’s headgroup, v-OH, and OCO
were measured in CTAB-containing electrolyte (Figures 2 and
S10, green traces). The forward scan direction shows that the
absorption bands of CTAB’s headgroup mirror the desorption
bands for v-OH for E < —0.3 V (Figure 2a,c). The integrated
band intensity of the v-OH band was stable over the course of
10 min (Figure S11). We also observed a desorption band for
(bi)carbonate, which increases for E < 0.2 V before plateauing
for E < —0.4 V, similar to what we observed for the CTAB-free
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electrolyte. The presence of CTAB displaces some of the
(bi)carbonate at the reference voltage as shown by the
difference in (bi)carbonate band intensity when the reference
spectrum was changed from the CTAB-containing solution to
a reference spectrum that does not contain CTAB (Figure
S14). In the reverse scan direction (Figure 2c), the C—H band
for CTAB’s headgroup maintained a positive intensity, which
barely decreased across the entire voltage range, suggesting
that the head down organization and interfacial concentration
of CTAB was maintained. In the reverse scan, the v-OH
desorption band maintained its negative intensity until the
PZC; for E > PZC, the desorption band intensity decreased.
The OCO band was found to increase to positive adsorption
values for E > PZC in the reverse scan; however, this band is
convoluted by the presence of the OCO band of interfacial
formate that was produced from the CO,RR (Figure S12d).
Taken together, this data indicated that the accumulation and
reorientation of CTAB at the interface was irreversible when
the electrode was cathodically polarized, and that its presence
was responsible for disrupting water’s hydrogen-bonding
network, causing the desorption of water from the interface.
We hypothesize that interfacial water is the primary proton
source for HER; if this is true, then the rate of jy, should
correlate with the intensity of the »-OH desorption band.

To gain further insight on the role of CTAB in suppressing
HER and CO,RR, we evaluated the v-OH band as a function
of CTAB concentration at —0.8 V with the reference spectrum
collected in a CTAB-free electrolyte at —0.8 V (Figure 3a).
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L, !

\
\v-OH Band Intensity
x\
N
AN

\
a.u.|0.025
A

JH, (mA cm, )
02040608102

abs.|0.001
4000 3600 3200 2800
Wavenumber (cm™)

700 200 300
CTAB Conc. (M)

0

Figure 3. (a) Representative infrared spectra of the water v-OH band
for various CTAB concentrations. (b) Integrated band intensity and
(c) ECSA normalized current density for HER as a function of CTAB
concentration. Dashed lines serve only as a guide to connect the data
points together. All data was collected in CO,-saturated 0.1 M
NaHCO; electrolyte at —0.8 V vs RHE with CTAB concentrations of
30, 67, 150, and 335 uM. All spectra were backgrounded to the
CTAB-free electrolyte at —0.8 V vs RHE.

The intensity of v-OH desorption grew as the concentration of
CTAB was increased from 30 to 150 M and then slightly
decreased at 335 yM CTAB. The slight decrease in the
integrated band intensity at 335 yM is probably from the
formation of CTAB micelles, which are known to exhibit
decreased critical micelle concentration (CMC) in electrolyte
solutions relative to pure water; additionally, the interfacial
CTAB concentration may be higher than the bulk solution
concentration.*” The j;, was measured as a function of CTAB
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concentration and compared with the v-OH integrated band
intensity at —0.8 V (Figure 3a,b). The jy, was systematically
attenuated by >2X as the concentration of CTAB increased
from 30 to 150 M, then slightly increased at 335 yuM CTAB
(Figure 3c). The intensity of v-OH desorption band mirrors
jip, indicating that interfacial water is a facile proton donor for
HER and CO,RR. This notion is supported by various reports
that indicate that H,O is the source of protons for CO,RR and
HER.*®*° Solution based proton donors, such as H,O or
HCOj;7, have not been invoked to be part of the rate-limiting
step for CO or HCOO™ production during CO,RR; therefore,
a reduction in interfacial proton donor concentration would
not suppress the formation of these products.”'%*® In contrast,
protons are part of the rate-limiting step for HER; hence, a
reduction in the interfacial proton donor concentration will
suppress this reaction.”"”

To understand the enhancement in CO,RR selectivity and
activity in CTAB-containing electrolytes, the potential-depend-
ence of the CO bands was investigated. Atop-CO (CO bound
to a single atom) was observed at frequencies > 1900 cm™,
while bridge-bonded CO (CO bound to >2 atoms) was
observed in the range of 1800 to 1900 cm™' (Figure
1b,d).>***”*° Bridge-bonded CO is a kinetically incompetent
species for CO,RR on Cu electrodes; hence, it will not be
considered in this discussion.'© We observe two atop-CO
bands at 2096 cm™" (atop-CO bound to step sites) and 2055
cm™' (atop-CO bound to terrace sites) in CTAB-free
electrolytes, which appear at —0.1 and —0.3 V, respec-
tively.*>° An additional band at ~1998 cm™ appears after
CTAB addition, suggesting that the local Cu-bound CO
environment is distinct from CTAB-free conditions. Notably,
the frequency of all of the atop-CO adsorption bands shifts
with potential, indicating that these species are specifically
adsorbed onto the Cu surface.”’ The low frequency atop-CO
band probably arises from an enhanced interfacial electrostatic
field via the ligand effect of coadsorbed CTAB with
CO.>»*327%* The low frequency of this new atop-CO band
indicated this CO species is more activated, as evidenced by a
weaker C—O bond stretching frequency compared to the
frequency of atop-CO species without CTAB. The integrated
band intensity of all the atop-CO bands in CTAB-free
electrolyte slowly rises in intensity from 0.1 to —0.7 V, before
increasing rapidly for E < —0.7 V (Figure 4a). In contrast, the
atop-CO in CTAB-containing electrolyte appeared at —0.2 V
but hardly changed in intensity until —0.6 V, the nit rapidly
grew in intensity (Figure 4a). The rapid increase of the
integrated band intensity for atop-CO coincided with the
increased rate of joo (Figure 4b). We tracked the integrated
band intensity for the atop-CO as a function of time at —0.8
V,and we found the integrated band intensity decreased by
~20 and 50% for CTAB-free and CTAB electrolytes,
respectively, before stabilizing after ~400 s (Figure S15).
Although the integrated band intensity of the atop-CO bands
also tracked similarly with jycoo_, we are hesitant to associate
it to formate production, since other studies have indicated
that it forms through an O-bound *COOH intermediate or via
direct hydrogenation of CO, with H*.5%% Surface adsorbed
*COOH intermediates on Cu are usually observed near ~1380
cm™}; however, multiple C—H vibrational bands from CTAB
appeared between ~1320—1500 cm ™', obscuring the observa-
tion of bound intermediates responsible for formate
production.”” Taken together, this data indicates that a larger
population of atop-CO and the appearance of the low
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Figure 4. (a) Integrated band intensity of atop-CO collected during a
linear sweep voltammogram at a 10 mV s ™' scan rate and (b) partial
current density for CO formation collected by constant potential
electrolysis in CO,-saturated 0.1 M NaHCO; electrolyte with and
without 67 yuM CTAB. The background spectrum was collected at 0.2
V vs RHE in the respective solutions.

frequency CO band can be correlated with enhanced CO
production.

In conclusion, we used SEIRAS to investigate dynamics of
interfacial water, CO intermediates, and a molecular promotor
(CTAB) on Cu electrodes under CO, reduction conditions.
Our results suggest that the promotion of CO, reduction by
CTAB is from a combination of HER suppression and the
enhancement of the CO,RR rate. The v-OH band has been
used to describe the reorganization of water at the interface
from the presence of adsorbed CTAB. The bleach of the v-OH
and Jyy,0 bands indicated that the concentration of interfacial
water is reduced. The fact that CTAB is adsorbed at the
interface and that its irreversible reorientation and accumu-
lation can be correlated to removal of water from the double
layer gives credence to the unproven assumption that the
assembly of the surfactant controls the supply of water, the
principle proton donor, to the electrode interface. The removal
of interfacial water is most likely driven by steric and
hydrophobic effects from the alkane chain of CTAB. The
decreased rate of HER was shown to systematically correlate
with the increased intensity of the water desorption band,
verifying that interfacial water is a facile proton donor under
CO,RR conditions. The presence of CTAB near the electrode
surface perturbs the binding configuration of CO as evidenced
by the observation of a low frequency atop-CO band. In
addition, the higher CO surface coverage and the more
activated CO molecule plays a critical role in enhancing the
rate of CO formation. This study demonstrates that
modification of the electric double layer with a cationic
surfactant is a powerful method for enhancing CO,RR
reduction activity while simultaneously inhibiting the rate for
HER.
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