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ABSTRACT: Interfacial properties at the boundary between the electrode and
electrolyte have important effects on the surface reactivity in electrocatalysis. Ionic
additives and electrolyte ions can serve as promoters for specific reaction pathways.
The judicious addition of these charged species thus represents a rich chemical
strategy for tuning the electrode−electrolyte interface to achieve high product
selectivity and catalytic activity. We have previously shown that trace amounts of
surfactant can efficiently suppress the hydrogen evolution reaction (HER) and
promote the carbon dioxide reduction (CO2RR) toward CO and HCOO− on a
polycrystalline Cu foil working electrode. The major focus of herein study is to
identify the impact of a model surfactant, cetyltrimethylammonium bromide
(CTAB), on the double-layer structure in the presence of different alkali metal cations during electrocatalytic CO2RR. We postulated
that the alkali cations and the positively charged surfactant headgroup will compete for a position at the negatively biased Cu
electrode, leading to potentially synergistic effects on the catalytic performance. Indeed, it was observed that the positively charged
trimethylammonium surfactant molecules effectively displace the alkali cations and suppress HER. However, the CO2RR activity and
selectivity are nearly independent with respect to the identity of the alkali cations (Li+, Na+, and K+) in the presence of CTAB.
Cesium cations defy this trend, where high HCOO− activity is observed. A molecular model of the double layer is proposed where
CTAB molecules are competing for a position at the outer Helmholtz plane (OHP), resulting in only a small concentration of
electrolyte cation at the electrode surface in the presence of CTAB. Furthermore, we postulate that the decrease in C2H4 activity is
due to interfacial hydrophobicity caused by surfactant accumulation. We expect that these fundamental understandings will lead to
advanced strategies for designing efficient organic additive to modulate the double-layer structure and optimize for selective small-
molecule activation.

KEYWORDS: electrochemical impedance spectroscopy, electrocatalysis, electrode−electrolyte interface, hydrogen evolution,
carbon conversion, ATR-SEIRAS

■ INTRODUCTION

Electrochemical conversion of CO2 to high-energy-density
fuels and other important chemicals has the potential to meet
the increasing global demand for new energy sources. Intense
research efforts have been focused on developing novel
catalytic materials and understanding the influence of
structural,1−4 compositional,5−13 and crystallographic proper-
ties14,15 of metallic catalysts on the carbon dioxide reduction
reaction (CO2RR). However, recent studies have shown that
experimental parameters such as temperature,16 partial
pressure of CO2,

17 and other electrolyte conditions play
critical roles in dictating both CO2RR selectivity and activity.
For instance, trace metal impurity associated with bicarbonate
and carbonate salts,18,19 Ag/AgCl reference electrodes,20 and
even trace gaseous impurity21 in reagent gas stream has been
witnessed to dramatically steer the hydrogen evolution
reaction (HER) and CO2RR selectivity. The use of chelating
agents18 and different halide anions22 can also drive CO2RR
selectivity by modulating the trace impurity ion concentration
and atop CO coverage,23 respectively. These findings

demonstrate that the chemical interactions at the electrode−
electrolyte interface can heavily impact surface reactivity and
modify the reaction mechanism.24−26 Also, tuning of the
electrolyte pH has been shown to alter the reaction kinetics
and therefore CO and HCOO− selectivity.27 Taking advantage
of these interfacial properties offer an additional chemical
handle toward enhancing catalytic performance.
Of particular interest is developing novel strategies to

suppress the hydrogen evolution reaction (HER). The
influence of electrolyte cations is already recognized in
interfacial electrochemistry.28 The smaller hydrated cations
such as Li+ was shown to stabilize the hydroxide species
adsorbed on Pt through noncovalent interaction. The non-
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covalent interaction and site blocking was proposed to be the
reason behind superior oxygen reduction (ORR), methanol
oxidation, and hydrogen oxidation (HOR) performance of Pt
in presence of larger cation under alkaline condition.29 Also,
the larger cations were previously reported to affect the C2
product selectivity in electrocatalytic CO2RR on Cu foil.30 The
size of the hydrated cations can further enhance CO2RR; for
instance, Cs+ ions can more readily undergo hydrolysis at the
biased electrode and help maintain an interfacial pH very close
to neutral value.31−33 The near-neutral local pH ensures a high
local CO2 concentration, which improves both the catalytic
activity and selectivity.34 The electrolyte cations can also
modulate the electric field at the interface, which has been
proposed to stabilize certain surface-bound intermediates.31,35

Besides inorganic cations, organic cations36,37 and ionic
liquids38−41 have attracted attention due to their unique ability
to suppress parasitic processes during electrocatalysis.
Recently, we demonstrated that trimethylammonium surfac-
tants lead to dramatic hydrogen evolution reaction (HER)
suppression and enhanced CO2RR selectivity toward CO and
HCOO−.25 Based on vibrational stark shift spectroscopy,
electrochemical impedance spectroscopy (EIS), and modeling,
we proposed that the trimethylammonium headgroup
accumulates and aligns along the electrode surface.25,42 The
ease of surface accumulation was attributed to the ability of the
alkyl tail to form favorable hydrophobic interactions. More-
over, our hypothesized cetyltrimethylammonium bromide
(CTAB)-mediated HER suppression model was further
solidified in another recent spectroscopic study.43 A reorgan-
ization and displacement of interfacial water molecules
observed in the presence of CTAB in the double layer.
Herein, we focus on the interplay between different alkali
cations and cetyltrimethylammonium bromide (CTAB) and
their collective impact on CO2RR selectivity. Despite the high
solution concentration of the alkali cations compared to the
surfactant, we discovered that the trimethylammonium head-
group effectively displaces most of the alkali cations tested at
the biased interface and suppresses HER. However,
cetyltrimethylammonium bromide (CTAB) has been observed
to generate exceptionally high amount of HCOO− in Cs+-
containing electrolytes. In addition, C−C coupled products
were inhibited in the presence of CTAB. Using a combination
of surface-enhanced infrared absorption spectroscopy (SEI-
RAS) and electrochemistry, we developed a chemical model to
explain these unusual catalytic trends. This fundamental
investigation offers new chemical strategies to modulate the
electrode−electrolyte interface, with the eventual goal of
designing efficient and inexpensive catalytic systems for carbon
dioxide conversion.

■ EXPERIMENTAL SECTION
Materials and Instrumentation. Cu foil (99.999%, Alfa

Aesar), Ag foil (99.9%, Alfa Aesar), lithium carbonate
(99.997%, Sigma-Aldrich), sodium carbonate (99.999%,
Sigma-Aldrich), potassium carbonate (99.995%, Sigma-Al-
drich), cesium carbonate (99.995%, Sigma-Aldrich), tetrame-
thylammonium bromide (TMAB) (98.0%, Acros Organics),
(1-octyl)trimethylammonium bromide (≥98%, Sigma-Al-
drich), (1-decyl)trimethylammonium bromide (98%, Alfa
Aeser), dodecyltrimethylammonium bromide (99%, Acros
Organics), cetyltrimethylammonium bromide(>99%, Acros
Organics), carbon dioxide (≥99.9%, Airgas), and dimethyl
sulfoxide (≥99.9%, Fisher Scientific) were used in our

experiments. A Ag/AgCl (3 M NaCl) reference electrode
(BASI) and a graphite counter electrode (99.9995%, Alfa
Aesar) were utilized in the electrochemical experiments.
The controlled potential electrolysis was carried out in a gas-

tight two-compartment electrochemical cell purchased from
Adams and Chittenden Scientific Glass, where the cathodic
and anodic chambers (70 mL each side) are separated by a
glass frit. The headspace of the cathodic chamber was
connected to an Agilent Micro GC 490 equipped with
PoraPlot (U) column and a Molsieve 5A column to facilitate
the analysis of gaseous products after electrolysis. The liquid
products were analyzed with a Bruker Avance 400 MHz NMR
spectrometer. All electrochemical experiments were conducted
on an Ivium n-STAT multichannel electrochemical analyzer,
and all electrochemical data were analyzed on IviumSoft
software. A Mettler Toledo Five Easy Plus pH meter (FEP20)
was used to determine the pH of the bulk electrolyte.

Electrode Preparation. For electrochemical experiments,
the metal foil (Cu or Ag) was cut into square pieces and
polished with 800 grit abrasive paper for at least 5 min until a
mirror finish was achieved. The foil was sonicated in Milli-Q
water for 5 min and dried under N2 flow. Then, the foil was
wrapped with Ag wire and the edges of the foil and the exposed
wire were masked using polyimide tape to expose only 1 cm2

area of the electrode to the electrolyte.
Controlled Potential Electrolysis. Typically, 0.05 M

M2CO3 (M = Li, Na, K, Cs) solutions were used as electrolytes
in electrochemical experiments. The electrolyte solutions were
prepared by dissolving high-purity metal carbonate salts in
Milli-Q water and were used without any further purification.
The metal (Cu or Ag) foil working electrode and the Ag/AgCl
reference electrode were placed in the cathodic chamber, and
the graphite rod counter electrode was placed in the other
chamber. Both chambers were filled with 40 mL of electrolyte
solution, and CO2 gas was purged through the solution for 20
min to ensure saturation. For CO2, the pH was 6.8 after
saturation and the bulk electrolyte pH was maintained
throughout the electrolysis. After 20 min of continuous CO2
purging, the purging needles were removed from the solution
and a concentrated surfactant solution was introduced to
electrolytes to maintain a final concentration at 1 mM. All
electrochemical experiments have been performed at this
surfactant concentration unless mentioned otherwise. Carbon
monoxide reduction (CORR) was also conducted in an
analogous fashion, though CO saturation does not impact the
bulk pH.
Before applying a potential, the solution resistance was

measured by electrochemical impedance spectroscopy. The
real component of the Nyquist plot at 104 Hz was used as the
solution resistance. Typically, 85% of the solution resistance
was compensated automatically by the software. The
electrolysis was carried out for 1 h at −1.1 V vs reversible
hydrogen electrode (RHE) (after 85% Ohmic compensation),
and all of the experiments were repeated three times to
establish error bars. The potential values were reported after
compensating the remaining 15% Ohmic drop manually post
electrolysis. The actual average electrolysis potential is −1.05 ±
0.01 V vs RHE.

■ RESULTS AND DISCUSSION
To uncover the interplay between alkali cations and
trimethylammonium surfactant at the electrode surface, a
series of controlled potential electrolysis was performed with a
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planar Cu foil working electrode in 0.05 M M2CO3
electrolytes, where M = Li+, Na+, K+, and Cs+. An applied
potential of −1.05 V vs RHE was chosen to not only probe the
electrolyte−surfactant interactions but to also observe the
impact of the CTAB toward hydrocarbon selectivity. As shown
in Figure 1, the HER activity and selectivity are influenced by

the identity of the electrolyte cation. Consistent with previous
reports,44 the HER current density is suppressed from Li+ to
Cs+ in CTAB-free electrolyte at −1.05 V vs RHE (Figure 1a,b,
black squares). The addition of CTAB further diminishes the
HER current density and Faradaic efficiency, though both the
absolute activity and selectivity appear to be independent of
the alkali cation (Figure 1a,b, red circles). A similar HER trend
is observed when electrolysis is carried out with a mechanically
polished Ag foil at −1.05 V vs RHE (Figure S1). These results
suggest that the HER suppression effects of the surfactant
dominate over the influence of the different alkali cations.
It has been observed that the identity of the alkali cation

plays a major role in the formation of high-order carbon
products.31,32,44 In the absence of CTAB, CO2RR products
show the expected cation dependent activity and selectivity
trend (Figure 2), which is manifested by an increase of C2H4
current density and efficiency from Li+ to Cs+. However, the
alkali cation influence on C−C bond formation is weakened in
CTAB-containing electrolytes. In the presence of CTAB, CO,
CH4, and C2H4, activity and selectivity are similar in all four
electrolytes (Figure 2). Likewise, HCOO− activity is similar in
Li+-, Na+-, and K+-containing electrolytes in the presence of

CTAB, but an unexpected enhancement in HCOO− activity
and selectivity are observed in the Cs+-containing electrolyte.
The mixed influence of CTAB on CO2RR in different

electrolytes requires a closer examination of the electrode−
electrolyte interface. Evaluating the two extremes, a series of
controlled potential electrolysis was performed in Li+- and Cs+-
containing electrolytes with a different bulk concentration of
CTAB at −1.05 V. In the Li+ electrolyte, the HER current
density declines sharply (Figure 3a, black squares) even in the
presence of 50 μm CTAB, while the decrease in the HER
activity is more gradual in Cs+-containing electrolytes (Figure
3a, green circles). The effect of CTAB on different CO2RR
products is also dependent on the electrolyte cations. The
introduction of CTAB enhances CO and HCOO− activity in
both Li+- and Cs+-containing electrolytes (Figure 3b,c). A
small increase is observed for C2H4 activity in the Li+-
containing electrolyte (Figure 3b). In contrast, C2H4 current
density significantly drops when CTAB is introduced to the
Cs+ electrolyte (Figure 3c). These findings show that the
presence of CTAB leads to an enhancement in HCOO− but
disfavors C−C bond formation particularly in the presence of
Cs+.
To develop a better understanding of the electrode local

environment, infrared spectra were collected on a Cu-coated Si
prism in attenuated total reflectance surface-enhanced infrared
absorption spectroscopy (ATR-SEIRAS) configuration (see
the Supporting Information) in Li+- and Cs+-containing
electrolytes in the presence and absence of CTAB. A constant
cathodic potential at −1.1 V vs RHE was applied for 7 min to
monitor the temporal evolution of the double-layer environ-
ment, where the population of surface-adsorbed species (H2O,
CO, and CTA+) was analyzed by the integration of the
corresponding IR band. A broad band was observed in both
Li+- and Cs+-containing electrolytes in the absence of CTAB
within the frequency range of 3750−3010 cm−1 (Figure 4a−
d), which corresponds to the O−H stretching mode (ν-OH)
of interfacial water. The integrated area for the ν-OH band
increases over time (Figure 4e,f, black squares), indicating
interfacial water molecules may reorient with protons tilted
toward the electrode and/or an increase of interfacial
concentration caused by an electro-wetting effect upon an
applied cathodic bias.45 In the presence of CTAB, the intensity

Figure 1. (a) HER current density and (b) Faradaic efficiency for
electrolysis carried out with Cu foil in the absence (black) and in the
presence (red) of CTAB in CO2-saturated 0.05 M M2CO3 (M = Li,
Na, K, Cs) at −1.05 V vs RHE.

Figure 2. (a) CO, (b) HCOO−, (c) CH4, and (d) C2H4 current density in CO2-saturated 0.05 M M2CO3 (M = Li, Na, K, Cs) in the presence and
absence of CTAB. CO2RR Faradaic efficiency data for electrolysis carried out (e) in the presence and (f) absence of CTAB in four different
electrolytes at −1.05 V vs RHE.
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of the ν-OH band also slowly increases, though the band
amplitude is much lower in both electrolytes (Figure 4a−d, red
traces), suggesting that the interfacial water molecules are
displaced more readily at the biased electrode upon the
introduction of CTAB.43 The displacement of interfacial water
by CTA+ also decreases the concentration of protic sources,
which is likely responsible for the enhanced HER suppression.
We have previously observed that the addition of CTA+ to the
electrolyte leads to decreased interfacial concentration of water
and bicarbonate.43 We note that the higher CTAB
concentration in the present study may lead to micelle
formation and result in lower freely diffusing CTA+ cations at
the electrode surface compared to our prior work.43 In
addition to the water band, atop CO (defined as a CO bound

to a single Cu atom) was observed at a frequency region
∼2070 cm−1 (Figure S2). In both electrolytes, the integrated
band intensity of atop CO dropped sharply within the first 300
s, though higher interfacial CO coverage was maintained in Li-
based electrolytes in all cases.
Furthermore, we tracked an absorbance peak corresponding

to the symmetric C−H stretching region (2875−2839 cm−1)
of the CTA+ to identify the impact of the electrolyte cation
toward the surfactant cation accumulation at the outer
Helmholtz plane (OHP). In Li+-containing electrolyte, the
strong upward C−H stretching band (Figure 5a, black trace)
indicates that the surfactant molecule strongly displaces
hydrated Li+ ions under cathodic potential at all time points.
On the other hand, a weak upward C−H vibration band

Figure 3. (a) HER current density in the absence and presence of different concentrations of CTAB in Li+- (black squares) and Cs+- (green circles)
containing electrolytes, and CO2RR current density in the absence and presence of different concentrations of CTAB in (b) Li+- and (c) Cs+-
containing electrolytes at −1.05 V vs RHE.

Figure 4. Interfacial water absorption (ν-OH) band at a frequency range of ∼3750 to 3010 cm−1 in the absence (black) and in the presence of 1
mM CTAB (red) in CO2-saturated 0.05 M Li2CO3 at (a) 0 min and (b) 7 min time point of electrolysis at −1.1 V vs RHE, in CO2-saturated 0.05
M Cs2CO3 for (c) 0 min and (d) 7 min time point of electrolysis at −1.1 V vs RHE. The temporal evolution of the integrated water band in the
absence (black squares) and in the presence (red circles) of CTAB in (e) Li+- and (f) Cs+-containing electrolytes.

Figure 5. Symmetric C−H stretching band of CTAB at a frequency range of ∼2875 to 2839 cm−1 in the presence of 1 mM CTAB in Li+- (black)
and Cs+- (green) containing electrolytes at (a) 0 and (b) 7 min time point of electrolysis at −1.1 V vs RHE, and (c) temporal evolution of the
integrated C−H stretching band at −1.1 V vs RHE in Li+- (black squares) and Cs+- (green circles) containing electrolytes.
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(Figure 5a, green trace) is initially observed in Cs+-containing
electrolytes, but the intensity decreases over time (Figure 5b,
green trace). The downward slope of the integrated C−H band
with time (Figure 5c, green circles) suggests that although
CTAB initially displaces hydrated Cs+, an equilibrium is
established over a short period of time where hydrated Cs+

ions coexist with CTA+ at the interface. The accumulation of
hydrated Cs+ is also observed by a qualitative comparison of
the slope of the integrated water band as a function of time
between Li+- and Cs+-containing electrolytes. In the presence
of CTAB and Cs+, the rate of interfacial water accumulation is
higher than in the case of the Li+ electrolyte (Figure S3). Along
with the enhancement of C2H4 production, the larger cations
have been previously recognized to enhance the rate of
HCOO− production on Cu single-crystal electrodes in the
absence of any additives.31 Cation-assisted HCOO− enhance-
ment has also been evidenced in our electrolyte-only
controlled potential electrolysis experiments (Figure 2b,e).
Taken together, we postulate that the combined field effects of
Cs+ and the hydrophobicity of CTA+ are likely the reason for
the unusually high HCOO− production in the presence of both
cations.
We have previously demonstrated that electrochemical

impedance spectroscopy measurements can be useful for
tracking the evolution of double layer under electrocatalytic
conditions.25 Again drawing attention to the two extreme sizes
for clarity, the double-layer capacitances are almost identical
for Li+ and Cs+ electrolytes in the absence of CTAB at the
cathodic potential of −1.1 V (Figure 6). Upon gradual addition
of CTAB, the accumulation of the alkyl surfactant at the
interface leads to a drop in the double-layer capacitance (Cdl)
owing to its lower dielectric constant compared to water.
However, the decline in Cdl is notably less steep in the case of

Cs+, with the final Cdl at 1000 μM CTAB higher than that of
the Li+ electrolyte. We note that similar trends are observed for
all four electrolytes (Figures S4 and S5). These results provide
further evidence that hydrated Cs+ can more easily displace
CTAB than hydrated Li+. Owing to their more diffuse ionic
charge, larger cations may easily liberate their solvation shell,28

thus cations such as Cs+ are more likely able to displace CTA+

at the surface. In a few earlier studies,31,46,47 the driving force
of the alkali cation to accumulate at the Outer Helmholtz
Plane (OHP) has been reported to increase with cation size.
Their density-functional theory (DFT) calculations suggest
that hydrated Cs+ cations can form the most compact layer at
the electrode−electrolyte interface, followed by K+, Na+, and
Li+. The Cdl trends borne out of our EIS study similarly imply
that there are more Cs+ ions at the interface compared to the
other alkali cations at 1000 μM CTAB (Figure S5). The
comparable CO2RR and HER trends for Li+, Na+, and K+ also
corroborate with the hypothesis that CTAB molecules
dominate at the electrode surface. It is only in the case of
the Cs+ electrolyte where differences in CO2RR activity and
selectivity are observed. As noted above, CTA+ can form
micellar assemblies above the critical micelle concentration of
1 mM,48−50 which will impact the availability of freely diffusing
CTA+ cations at the electrode surface. We also note that
surface reconstruction is not expected under these con-
ditions.25 Future investigations are focused on characterizing
the hierarchal structures of CTAB at the electrode−electrolyte
interface and examining their effects on cation accumulation.
To understand the product selectivity in the presence of

CTA+ and Cs+ cations, controlled potential electrolysis was
conducted in Li+- and Cs+-based electrolytes in the presence of
trimethylammonium surfactants with different alkyl chains.
Notably, the symmetric tetramethylammonium bromide

Figure 6. (a) Double-layer capacitance at −1.1 V vs RHE in the presence of different amount of CTAB in CO2-saturated 0.05 M Li2CO3 (black
squares) and Cs2CO3 (green circles), (b) proposed model for interfacial CTA+ accumulation in Cs+-containing electrolytes, and (c) proposed
model for interfacial CTA+ accumulation in Li+-containing electrolytes.

Figure 7. (a) HER current density at −1.05 V vs RHE in the absence and the presence of 1 mM surfactant comprising different number of carbon
in a long chain in Li+- (black squares) and Cs+- (green circles) containing electrolytes, and CO2RR partial current density at −1.05 V vs RHE in the
absence and the presence of 1 mM surfactant comprising different number of carbon in a long chain in (b) Li+- and (c) Cs+-containing electrolytes.
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(TMAB) does not impact the HER and CO2RR activity
compared to the additive-free Li+ and Cs+ electrolytes (Figure
7a−c). This observation suggests that the long-chain alkyl
groups play an intimate role in HER suppression. Increasing
the chain length leads to greater HER suppression and
enhanced CO and HCOO− activity for both electrolytes
(Figure 7). In the Li+ electrolyte, the C2H4 activity is relatively
unchanged (Figure 7b), while a general decrease in C2H4
activity is observed in Cs+-containing electrolytes in the
presence of longer-chain surfactants (Figure 7c). The lack of
enhancement and even decrease in C2H4 production in the
presence of CTAB is consistent with a previous investigation in
which tetraalkylammonium salts were used as electrolytes (in
the absence of alkali cations). It was suggested that
hydrophobic tetrabutylammonium cations hinder the CO
dimerization pathway to C2H4 by disrupting the interfacial
hydrogen bonding and impeding diffusion of local proton
sources.51 Given the hydrophobicity of the CTA+ ion, we
postulated a similar effect is at play in our system.
To examine the validity of the proposed C2H4 inhibition

pathway, a series of carbon monoxide reduction (CORR)
experiments were performed at −0.75 V vs RHE in different
electrolytes in the presence of CTAB. The HER suppression
(Figure 8a) is observed in the presence of CTAB in all four
alkali cation electrolytes, and the overall product selectivity
trends are very similar to those found in CO2RR experiments.
The only major CORR product is C2H4 under all circum-
stances. In the absence of CTAB, an increase of C2H4 activity
(Figure 8b, black squares) is observed from Li+ to Cs+, which is
consistent with previous reports.52 In CTAB-containing
electrolytes, the C2H4 activity is lower than the electrolyte-
only situation (Figure 8b, red circles). The data supports that
the hypothesis that interfacial hydrophobicity originated by the
alkylammonium cation inhibits C−C bond formation pathway
(Figure 8c).51

■ CONCLUSIONS
In summary, we have elucidated the interplay between alkali
metal cations and trimethylammonium surfactant at the
double-layer structure and their combined impact toward
electrochemical CO2RR. Our catalysis results indicate that the
introduction of CTAB in Li+-, Na+-, and K+-containing
electrolytes leads to almost similar CO and HCOO−

enhancement. In contrast, CTAB-containing Cs+ electrolytes
exhibit exceptionally high HCOO− activity and selectivity. We
hypothesize that hydrated Li+, Na+, and K+ can be relatively
easy to be displaced by CTA+ under catalytic conditions, while
Cs+ ions form a more compact layer that can compete with
CTAB at the interface. We postulated that the significant Cs+

concentration at OHP contributes to the high HCOO− activity
and selectivity. Our proposed model is validated by extensive
EIS experiments, in situ infrared spectroscopy, and CORR
evaluation, which are consistent with previously reported DFT
calculations and spectroscopic investigations. The decrease in
hydrocarbon activity after the introduction of CTAB is likely
due to the inhibition of interfacial hydrogen bonding at the
electrode−electrolyte interface. We expect that these funda-
mental investigations will facilitate the design of novel additives
for improved catalytic performance.
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