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ABSTRACT: Copper is the only pure metal electrocatalyst capable of converting
carbon dioxide to hydrocarbons at significant reaction rates. However, the poor
product selectivity of this process on copper remains a critical challenge. Modification
of the aqueous electrolyte/copper interface with organic thin films has emerged as a
promising means for tuning the selectivity toward valuable C≥2 hydrocarbons.
Recently, it was demonstrated that the addition of N-substituted arylpyridinium derivatives to the electrolyte substantially alters
the reaction selectivity (Han et al. ACS Cent. Sci. 2017, 3, 853−859). The changes in selectivity were shown to sensitively
depend on the chemical structure of the added N-substituted arylpyridinium. For example, 1-(4-tolyl)pyridinium (T-Pyr)
increases the Faradaic efficiency of C≥2 products to ≈80% (compared to ≈25% observed for the unmodified Cu/electrolyte
interface), whereas 1-(4-pyridyl)pyridinium (P-Pyr) blocks the pathways to C≥2 products. It has been demonstrated that the
reduction of N-substituted arylpyridinium derivatives leads to the formation of organic thin films on Cu electrodes. However,
the mechanisms by which these thin films regulate the reaction selectivity are poorly understood. Herein, using surface-
enhanced infrared absorption spectroscopy, we elucidate how films formed from T-Pyr and P-Pyr give rise to distinct interfacial
properties that result in the observed differences in catalytic selectivity. We find that the two films alter the reactivity of the
surface in two distinct ways: (1) in the presence of T-Pyr, the interfacial pH increases at moderate current densities (<5 mA
cm−2), as evidenced by the appearance of a carbonate absorption band in the infrared spectrum of the interface. By contrast, the
band of solution carbonate is comparatively small or absent in the spectra of the unmodified Cu/electrolyte contact and the
corresponding interface modified by P-Pyr. Scanning electron microscopy of the modified Cu surfaces reveals that the T-Pyr-
and P-Pyr-derived films exhibit distinct morphologies. Taken together, these observations suggest that the film formed by T-Pyr
leads to an increase in the interfacial pH by limiting the mass transport to/from the interface. Therefore, the favorable selectivity
for C≥2 products is a result of the limited proton availability at that interface. (2) In the presence of P-Pyr, the lineshape of the
CO stretch band of atop-bound CO (COatop) is markedly different from that of COatop on unmodified and T-Pyr-modified
Cu electrodes. Using pyridine, we show that N-heterocycles with a lone pair on the nitrogen atom (such as P-Pyr) compete with
CO for undercoordinated Cu sites. On the basis of these results, we conclude that the selective poisoning of these
undercoordinated Cu sites impedes the reduction of the CO intermediate to higher order reduction products in the presence of
P-Pyr. Taken together, our results explain the observed reactivity trends in terms of the altered interfacial properties in the
presence of the films. Our study further implicates undercoordinated Cu sites as catalytically active sites in the reduction of CO
to hydrocarbons.

■ INTRODUCTION

Among all pure metal electrodes, Cu exhibits the largest
Faradaic current densities for the aqueous electrochemical
reduction of carbon dioxide to hydrocarbons (≈5 mA
cm−2).1,2 However, the reaction selectivity of the process on
this catalyst is poor.3−6 Multiple products, such as methane,
ethylene, formate, and CO, form simultaneously during
electrolysis. A significant portion of the Faradaic current arises
from the competing reduction of protons to hydrogen gas.
Increasing the product selectivity toward valuable hydrocarbon
products, such as ethylene or ethanol, is essential for making
this process economically viable.7−9 The product distribution
is greatly impacted by the reaction conditions and the surface
structure of the Cu electrode. For example, electrolytes with
basic pH3,10,11 and electrodes with high densities of under-
coordinated Cu atoms12−17 have been shown to favor the
formation of valuable hydrocarbons and oxygenates. On the

basis of these findings, the judicious choice of process
conditions and electrode morphology has enabled the
conversion of CO2 and CO to C≥2 hydrocarbons with
selectivities of >70%.14,18−21 Despite this recent success,
further improvements in catalytic selectivity and stability are
necessary.
A complementary approach to tuning the pH of the

electrolyte and the electrode’s surface structure is the
modification of the electrode surface with organic addi-
tives.22−35 For example, during the reduction of CO2 on Ag
electrodes, diaminotriazole improves the selectivity toward CO
relative to the formation of hydrogen by 1 order of magnitude
compared to the selectivity in the absence of this additive.23,36

On p-type GaP, the photo-driven reduction of CO2 to

Received: September 11, 2019
Published: September 17, 2019

Article

pubs.acs.org/JPCCCite This: J. Phys. Chem. C 2019, 123, 24453−24460

© 2019 American Chemical Society 24453 DOI: 10.1021/acs.jpcc.9b08666
J. Phys. Chem. C 2019, 123, 24453−24460

D
o
w

n
lo

ad
ed

 v
ia

 B
O

S
T

O
N

 C
O

L
G

 o
n
 M

ay
 1

, 
2
0
2
0
 a

t 
0
0
:1

2
:0

6
 (

U
T

C
).

S
ee

 h
tt

p
s:

//
p
u
b
s.

ac
s.

o
rg

/s
h
ar

in
g
g
u
id

el
in

es
 f

o
r 

o
p
ti

o
n
s 

o
n
 h

o
w

 t
o
 l

eg
it

im
at

el
y
 s

h
ar

e 
p
u
b
li

sh
ed

 a
rt

ic
le

s.



methanol proceeds with a Faradaic efficiency close to 100% in
the presence of pyridinium.22 Decoration of Au and Cu
electrodes with certain organic compounds is also a promising
strategy: in comparison to the respective unmodified electro-
des, enhancements of the selectivities toward desirable
products on the order of a factor of 2 have been reported
for Au and Cu electrodes functionalized with amino acids,24

thiol-containing compounds,25 and polyamides.29 Han et al.
have reported selectivities of 70−80% for C≥2 products on Cu
electrodes modified by organic films derived from N-
arylpyridinium compounds.26

The origins of these changes in selectivity can be manifold
and may include the blocking of catalytic sites, modulation of
the adsorption energies of reactive species, or alteration of the
reaction pathway. Knowledge of the mechanism by which
these surface modifications impact the product selectivity is
essential for effectively altering the catalytic properties of the
metal/electrolyte contact. However, these mechanisms remain
largely unexplored to date.
Herein, using surface-enhanced infrared absorption spec-

troscopy (SEIRAS), we probed Cu/electrolyte interfaces
modified by organic films derived from N-arylpyridinium
compounds. We chose to study these systems for the following
reasons:

1 These films have a large impact on the selectivity of
electrochemical CO2 reduction. Faradaic efficiencies of
up to ≈80% for C≥2 hydrocarbons were reported for the
Cu/electrolyte interfaces modified by some of these
organic films.26

2 The changes in selectivity are strongly dependent on the
structure of the employed N-arylpyridinium compound.
Although some derivatives were shown to greatly
enhance the selectivity for C≥2 hydrocarbons, others
essentially blocked their formation. Therefore, these
systems are ideal models to understand the interplay
between different interfacial components and how this
interplay impacts the observed selectivity.

■ RESULTS AND DISCUSSION

Choice of Additives. For this study, we chose two
arylpyridinium derivatives that were reported to modulate the
product distribution of CO2 reduction on polycrystalline
copper electrodes in distinct ways:26 1-(4-tolyl)pyridinium (T-
Pyr) and 1-(4-pyridyl)pyridinium (P-Pyr). The chemical
structures of these compounds are shown in Figure 1. The
presence of either one of these compounds (10 mM) in the
electrolyte results in their reductive deposition on the Cu
electrode. In the case of T-Pyr, the deposit was shown to

consist of a T-Pyr dimer (Figure 1).26 The visible, white
organic films formed from T-Pyr and P-Pyr distinctly affect the
product selectivity of CO2 reduction. The partial currents for
the main products, as measured by Han et al.,26 are
summarized in Table 1. T-Pyr-derived films reduce the rates

of methane and hydrogen formation by more than an order of
magnitude compared to those observed on the unmodified Cu
electrode, whereas the production rates for C≥2 species
(ethylene, ethanol, and propanol) are only slightly affected.
By contrast, P-Pyr-derived films effectively shut down the
formation of hydrocarbon species, whereas the rate of
hydrogen evolution is not impeded. Herein, to identify the
physical origins of these distinct impacts on the product
distribution, we probed the Cu/electrolyte interfaces modified
by T-Pyr and P-Pyr films with SEIRAS.

Formation of T-Pyr- and P-Pyr-Derived Films. We
monitored the formation of the films in situ on Cu electrodes
by cyclic voltammetry and SEIRAS. The electrodes were
polycrystalline Cu thin films, electrolessly deposited onto a Si
attenuated total reflection (ATR) element as described
previously.37 The electrolytes were CO2-saturated aqueous
solutions of 0.5 M KHCO3 (pH 7.4) with and without 10 mM
P-Pyr and T-Pyr. We employed a two-compartment
spectroelectrochemical cell that permits stirring of the
electrolyte (Figure S1 of the Supporting Information).38 We
collected the electrochemical currents and IR spectra of the
Cu/electrolyte interface concurrently. Using this electro-
chemical setup and electrolyte, we observed film-induced
changes in the product selectivity similar to those reported in
Table 1 (Supporting Information, Table S1). Unless otherwise
noted, all potentials reported herein are referenced against the
silver/silver chloride electrode (Ag/AgCl).
Figure 2 shows the cyclic voltammograms with and without

10 mM P-Pyr and T-Pyr. In the absence of P-Pyr or T-Pyr, the
reduction current density steeply and monotonically rises with
a decreasing potential. By contrast, in the presence of either P-
Pyr or T-Pyr, a reduction wave at ≈−0.9 V is observed. This
wave is observed because of the reduction of P-Pyr and T-
Pyr.26 The reduction of either of these species results in the
formation of a white film on the Cu electrode. In the case of T-
Pyr, ex situ nuclear magnetic resonance (NMR) spectroscopy
has shown that the reduced species is a hydrogenated T-Pyr
dimer.26 Figure 3A shows the spectra of the Cu/electrolyte
interfaces at a potential of −1.1 V, where the films have
formed. The reported spectra are based on a reference
spectrum taken before the addition of T-Pyr and P-Pyr to
the electrolyte. Therefore, the spectra contain features of the
solid film and solution species. The potential dependence of
the spectra and the various bands is further discussed in the
Supporting Information (Figures S2 and S3). Here, we focusFigure 1. Chemical structures of T-Pyr, P-Pyr, and the T-Pyr dimer.

Table 1. Partial Current Densities of Various Reduction
Products for Polycrystalline Cu Electrodes in the Presence
and Absence of 10 mM T-Pyr/P-Pyr in CO2-Saturated 0.1
M KHCO3 at an Applied Potential of −1.1 V vs an RHE, as
Reported by Han and Co-Workers26

current density (mA cm−2)

compound CH4 H2 C≥2

unmodified Cu 0.90 1.91 1.16

T-Pyr 0.01 0.16 0.80

P-Pyr 0.001 1.94 0.00
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our discussion on the band at ≈1685 cm−1 (indicated by the
dashed line in Figure 3A). A comparison of the interfacial
spectra with those of solid and solution-phase T-Pyr and P-Pyr
(Figure 3B) shows that the ≈1685 cm−1 band occurs only in
the spectra of the interfaces. It is also absent in the spectrum of
the Cu/electrolyte contact in the absence of T-Pyr and P-Pyr
(Supporting Information, Figure S4). Taken together, these
observations demonstrate that the ≈1685 cm−1 band arises
from the film at the interface. The band’s center frequency is
consistent with the CC stretch of an alkene group.39

Dimerization of T-Pyr and P-Pyr leads to the destruction of
the aromaticity of one of the ring systems, thereby resulting in
the formation of alkene groups (Figure 1). Therefore, the
observation of the band supports the notion that T-Pyr and P-
Pyr dimerize during their reductive deposition on the Cu
electrode.
The presence of the films significantly lowers the overall

reduction currents compared to that observed for the

unmodified Cu/electrolyte interface (Figure 2). The origin
of the lower currents can be deduced from the partial currents
for each product measured at a potential of −1.1 V versus a
reversible hydrogen electrode (RHE) by Han and co-
workers.26 For the cyclic voltammograms with the organic
films (Figure 2), the cathodic turning potential corresponds to
−1.1 V versus an RHE. Our rough Cu thin films have an active
surface area that is ≈10 times larger than that of a smooth
polycrystalline Cu electrode. Therefore, our absolute currents
are larger than those observed by Han and co-workers.
However, the ratio of the currents at the turning potential is in
good agreement with that reported by Han and co-workers.
Therefore, on the basis of the results reported by Han et al.
(Table 1), the lower current for T-Pyr-modified Cu/electrolyte
interfaces primarily originates from the >10 times lower partial
currents for methane and hydrogen compared to those of the
unmodified Cu/electrolyte interface. By contrast, the com-
paratively lower current for the P-Pyr-modified Cu/electrolyte
contact is mainly because of the negligibly small partial
currents for hydrocarbons.
Following the reduction waves at −0.9 V, the broad-band

survey IR spectra of the organic films show little variation
during the cathodic forward and anodic backward scans
(Supporting Information, Figures S2 and S3). This observation
suggests that the reductions of T-Pyr and P-Pyr are self-
limiting once the organic films have formed. Below, we will
focus on the anodic backward scans of the cyclic voltammo-
grams. However, the observations reported in the following
also hold for the cathodic forward scans.

Effect of T-Pyr on Interfacial Characteristics. Figure 4
shows the IR spectra at the three different interfaces in the
1300−1600 cm−1 region. The spectra represent the change in
the optical density of the interface that results when the
electrode potential is increased from the indicated sample
potential to the reference potential at −0.6 V at the end of the
anodic scan of the cyclic voltammogram. The bands around
1330/1350 and 1515 cm−1 in the presence of T-Pyr (Figure
4A) and P-Pyr (Figure 4B) correspond to the Stark shifts of
film-related vibrational modes. The broad negative band at
≈1525 cm−1 for the unmodified Cu/electrolyte interface
(Figure 4C) arises from the desorption of the surface-bound
carbonate and/or bicarbonate.40,41

At the T-Pyr-modified Cu/electrolyte interface, a prominent
and a broad band appears at ≈1410 cm−1 at potentials close to
the cathodic end of the cyclic voltammogram (Figure 4A). The
band decreases as the potential is tuned more positively.
Although a similar band is present at the P-Pyr-modified Cu/
electrolyte interface (Figure 4B), its amplitude is substantially
smaller. Similarly, at the unmodified Cu/electrolyte interface,
the band is virtually absent (Figure 4C). Taken together, these
observations show that the T-Pyr-modified Cu/electrolyte
contact distinguishes itself from the other two interfaces by the
comparatively larger amplitude of the band at ≈1410 cm−1.
Duplicate experiments demonstrate the reproducibility of the
results (Supporting Information, Figures S2 and S3).
At the Cu/electrolyte interface, a band at this position has

previously been assigned to the out-of-phase stretching
vibrations of the solution-phase carbonate (CO3

2−) in the
vicinity of the electrode.38,42−44 This assignment is reasonable
for the following reasons:

1 Although several other interfacial species in the
electrochemical CO2 reduction are predicted to exhibit

Figure 2. Cyclic voltammograms of Cu thin films in CO2-saturated
aqueous solutions of 0.5 M KHCO3 in the absence (black) and
presence of 10 mM P-Pyr (blue) and T-Pyr (red). The scan rate was 2
mV s−1. The inset shows the waves because of the reductions of P-Pyr
and T-Pyr.

Figure 3. (A) IR spectra of the Cu/electrolyte interfaces in the
presence of 10 mM T-Pyr (red) and 10 mM P-Pyr (black) in CO2-
saturated 0.5 M KHCO3 at a potential of −1.1 V. The reference
spectrum was taken at −0.6 V immediately before arylpyridiniums
were added. The band indicated by the dashed line is consistent with
the CC stretch of an alkene. (B) Transmission IR spectra of solid-
phase T-Pyr (red) and P-Pyr (black) and their aqueous solutions.
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bands in this region,45 most species are intermediates
whose surface concentrations are expected to be very
low. Therefore, their detection is improbable.

2 The IR transmission spectrum of an aqueous solution of
10 mM K2CO3 shows a band at a similar position and
with a comparable width (Supporting Information,
Figure S5).

3 Every electron transfer in CO2 reduction and hydrogen
evolution produces a hydroxide ion according to

+ + → +
− −

A H O e B OH2 (1)

where A and B represent oxidized and reduced species,
respectively. Therefore, in the absence of an efficient mass
transport at the electrode/electrolyte contact, the local pH in
the vicinity of the electrode increases because of the Faradaic
current. This increase in local pH leads to the deprotonation of
the electrolyte’s bicarbonate anions

+ → +
− − −

HCO OH CO H O3 3

2

2 (2)

To test if the band’s amplitude correlates with the mass
transport conditions at the interface, we recorded the IR
spectra of the unmodified Cu/electrolyte interface at a
potential of −1.5 V with and without stirring the electrolyte.
Figure 5A shows the appearance of the band after the stirring
of the electrolyte was stopped at t = 0 s. Figure 5B
demonstrates the disappearance of the band within a few
seconds after stirring was resumed at t = 0 s. These findings

confirm that the appearance of the band is linked to the poor
mass transport at the interface. On the basis of the position of
the band and the large source of bicarbonate in the employed
electrolyte, we attribute the band to the solution-phase CO3

2−

produced according to reaction 2. Therefore, an increase in the
band indicates an increase in the local pH in the vicinity of the
electrode.
Inspection of Figure 2 shows that the lowest electrochemical

current is observed for the T-Pyr-modified Cu/electrolyte
interface. On the basis of the current densities, one might
expect the smallest increase in local pH to occur at that
interface. Contrary to this expectation, the largest pH increase
occurs at the T-Pyr-modified Cu/electrolyte interface, as
evidenced by the comparatively large increase in the CO3

2−

band (Figure 4). Scanning electron microscopy (SEM)
imaging of the T-Pyr- and P-Pyr-derived films shows that
they exhibit distinct surface structures (Supporting Informa-
tion, Figure S6). Taken together, the results indicate that the
T-Pyr-derived film limits the interfacial mass transport because
of its unique morphology, thereby leading to an accumulation
of hydroxide in the vicinity of the electrode.
An increase in pH at the Cu/electrolyte contact has

previously been demonstrated to lower the rates of hydrogen
and methane evolution, whereas the rate of ethylene formation
has been shown to be indifferent to pH changes.10,11,48 An
increase in local pH has also been invoked to explain the
increases in CO2 reduction selectivity on porous metal
electrodes.49−51 A high (local) pH limits the availability of
surface-adsorbed hydrogen, the common reaction intermediate
during the formation of methane and dihydrogen.52 Our IR
spectroscopic results unequivocally demonstrate a compara-
tively high pH gradient at the T-Pyr-modified Cu/electrolyte
interface (Figure 4). As a result, the rates of hydrogen and
methane formation are reduced in the presence of T-Pyr-
derived films.

Figure 4. Potential-dependence of the carbonate band (≈1410 cm−1)
during the anodic reverse scan of the cyclic voltammogram (Figure 2)
in (A) the presence of 10 mM T-Pyr, (B) in the presence of 10 mM
P-Pyr, and (C) in the absence of additives. The final spectrum at the
anodic end of the scan (−0.6 V) served as the reference spectrum.

Figure 5. Time evolution of the carbonate band at the unmodified
Cu/electrolyte interface with the Cu electrode held at a potential of
−1.5 V: (A) after stirring of the electrolyte was stopped and (B) after
stirring at 900 rpm was resumed. The stop/start time is t = 0 s in each
panel. The reference spectrum was taken at −1.5 V, right before the
stirring was initially stopped.
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Effect of P-Pyr on the Adsorption of CO. Having
elucidated the mechanism by which the T-Pyr-derived film
alters the product selectivity, we now turn to the P-Pyr-
modified Cu/electrolyte contact. In the presence of P-Pyr-
derived films, little to no hydrocarbon evolution is observed,
and hydrogen evolution is essentially not impacted with
respect to the unmodified Cu/electrolyte contact (Table 1).
To investigate the physical origin of this change in selectivity,
we analyzed the CO stretch band of atop-bound CO
(COatop) on the Cu electrode in the presence and absence of
the films. COatop is an on-pathway intermediate in the
electrochemical reduction of CO2.

53,54

Figure 6 shows the CO stretch bands of COatop at a
potential of −1.5 V for the three different interfaces. The

lineshape for COatop on the unmodified Cu electrode is
markedly asymmetric. The lineshape is well described by the
sum of a broad and a narrow Gaussian function (green lines):
the narrow band at ≈2070 cm−1 is due to COatop on the
undercoordinated Cu sites (step and kink sites), whereas the
broad band at ≈2040 cm−1 arises from COatop on
comparatively more highly coordinated Cu sites (terrace
sites).47 In the following, we will refer to the narrow band at
≈2070 cm−1 as the high-frequency band (HFB). The
integrated band areas of the two bands do not directly reflect
the relative population of COatop on the two different types of
sites: the large amplitude of the ≈2070 cm−1 band (relative to
the broad band) may be a manifestation of intensity borrowing
because of dynamical dipole coupling.55−57

The CO stretch frequency and lineshape of COatop for the
T-Pyr-modified interface are comparable to that for the
unmodified Cu/electrolyte contact. This observation demon-
strates that the T-Pyr-derived film does not significantly alter
the interaction of CO with the Cu surface. By stark contrast,
the HFB is absent in the presence of P-Pyr. This observation
suggests that P-Pyr partially blocks CO adsorption sites. In
contrast to T-Pyr, P-Pyr contains a nitrogen atom with an
electron lone pair (Figure 1). We hypothesized that the
presence of the lone pair enables P-Pyr to compete with CO
for adsorption sites.
The disappearance of the HFB in the presence of P-Pyr

could be caused by at least two distinct mechanisms:

1 P-Pyr may indiscriminately bind to a variety of Cu sites,
thereby producing a low COatop coverage. Dynamical

dipole coupling is weak under low-coverage conditions.
The absence of significant intensity borrowing under
these conditions may prevent the observation of the
HFB.

2 P-Pyr may preferentially bind to undercoordinated Cu
sites, thereby blocking CO from adsorbing on these
sites.

To test the first hypothesis, we monitored the CO stretch
frequency at the unmodified Cu/electrolyte contact at a fixed
potential as a function of coverage. To this end, we saturated
the electrolyte with CO2 to produce COatop. We then switched
the purge gas to Ar to continuously lower the COatop coverage.
The CO stretch band with a peak amplitude of ≈1/5
compared to that observed at saturation coverage is
representative of the spectrum at a low COatop coverage on
an unmodified Cu electrode. Even at this low coverage, we
observe the HFB (Supporting Information, Figure S7).
Therefore, a low COatop coverage cannot solely account for
the absence of the HFB.
To test the second hypothesis, we conducted studies on CO-

saturated electrolyte containing pyridine. Pyridine also
possesses a nitrogen atom with a lone pair, but it does not
form a visible deposit on the electrode under reduction
conditions. Like P-Pyr, pyridine also suppresses hydrocarbon
formation.26 To test if pyridine competes with CO for surface
sites, we first saturated the electrode surface with CO by
purging the electrolyte with CO gas and by applying a
potential of −1.3 V. Then, we added pyridine to the electrolyte
in a stepwise manner and monitored the change in the CO
stretch lineshape of COatop. As shown in Figure 7, with an

increasing concentration of pyridine in the electrolyte, the
HFB decreases and eventually completely disappears. The
resulting CO stretch spectrum is similar to that observed in
the presence of P-Pyr, suggesting that both additives similarly
impact CO adsorption. Taken together, these observations
suggest that pyridine and P-Pyr selectively poison under-
coordinated Cu sites.
It is important to note that a significant population of COatop

remains on the electrode in the presence of P-Pyr (Figure 6).
However, no significant formation of hydrocarbons occurs at
the P-Pyr-modifed interface (Table 1). These observations
implicate undercoordinated Cu sites as the catalytically actives
sites in the reduction of CO to hydrocarbons. This conclusion
is consistent with prior reports.58−60

Because of the weak vibrational bands associated with the
surface-adsorbed pyridine, its coverage is difficult to quantify.

Figure 6. Comparison of the CO stretch bands of COatop on Cu at
an applied potential of −1.5 V at the three different interfaces as
indicated. The green dashed line represents a fit of the model, the sum
of the two (skewed) Gaussian functions,46,47 to the spectrum of
COatop at the unmodified Cu electrode (black). The solid green lines
represent the Gaussian functions.

Figure 7. Evolution of the CO stretch bands as the concentration
of pyridine in the electrolyte increases and the potential is maintained
at −1.3 V in the CO-saturated electrolyte.
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Prior studies have shown that pyridine adsorbs on Cu and
other metal electrodes in an end-on configuration with the
nitrogen bound to a surface metal atom.61−63 As shown in the
Supporting Information (Figure S8), our spectroscopic data
are consistent with these prior findings. These observations
support the notion that the electron lone pair of the nitrogen
atom enables pyridine and P-Pyr to compete with CO for
adsorption sites.

■ CONCLUSIONS

In summary, we investigated the effects of two N-substituted
arylpyridinium ions (T-Pyr and P-Pyr) on the properties of the
Cu/electrolyte interface during CO2 reduction. Using SEIRAS,
we showed that the interfacial pH in the vicinity of the T-Pyr-
modified Cu electrode increases at moderate current densities
(<5 mA cm−2). By contrast, such an increase in interfacial pH
does not occur on unmodified Cu electrodes or those with P-
Pyr-derived films, even though protons are consumed at these
interfaces at relatively faster rates. This observation suggests
that T-Pyr-derived films impede the mass transport to/from
the Cu surface. The resulting lower availability of protons
provides a rationale for the reported suppression of H2 and
CH4 formation and minimal impact on C≥2 hydrocarbon
production rates in the presence of this film. Further, we
showed that the adsorption of COatop is significantly impacted
by P-Pyr-derived films. Specifically, our results suggest that P-
Pyr selectively poisons undercoordinated Cu adsorption sites,
thereby blocking CO from adsorbing on these sites. As a result,
further hydrogenation of CO to hydrocarbons is impeded in
the presence of this compound. Our results indicate that N-
heterocycles that contain an electron lone pair on the nitrogen
atom are detrimental to CO2 reduction because the presence
of the lone pair facilitates binding of these compounds to the
active sites. Further, our study implicates undercoordinated Cu
sites as the active sites in the electrocatalytic reduction of CO
to hydrocarbons.

■ EXPERIMENTAL PROCEDURES

1-(4-Pyridyl)pyridinium chloride hydrochloride (TCI Chem-
icals, >98%) and pyridine (Fisher Chemical, >99%) were used
as received. 1-(4-Tolyl)pyridinium chloride was synthesized
from 1-(2,4-dinitrophenyl)pyridinium chloride (Oakwood
Chemicals, 97%) and p-toluidine (Sigma-Aldrich, 99%)
according to the reported methods and purified with silica
flash chromatography.64 KHCO3 (≥99.98%) was obtained
from Sigma-Aldrich. High purity water (18.2 MΩ cm) was
sourced from a Barnstead Nanopure Diamond system and
used for all experiments. CO2 (research grade) and Ar (ultra
high purity) were procured from Air Gas.
SEIRAS measurements were carried out in a custom two-

compartment polyetheretherketone/glass cell (Supporting
Information, Figure S1) with stirring capabilities and placed
into a horizontally mounted ATR accessory (VeeMax III; Pike
Technologies; Madison, WI).38 A Ag/AgCl reference electrode
(3 M NaCl; Basi Inc.; West Lafayette, IN) and a graphite rod
(99.995%; 3 mm thick; Sigma-Aldrich) were used as the
reference and counter electrodes, respectively. The potential
was controlled with a Versastat 3 potentiostat (AMETEK;
Berwyn, PA). The Ohmic resistance was measured using
VersaSTAT 3 with the Versastudio software. An 85% of the
Ohmic resistance was compensated during measurements.

Copper thin-film preparation and the employed spectroscopic
and electrochemical methods were described previously.37,41,65

■ ASSOCIATED CONTENT

*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.9b08666.

Schematic of the electrochemical cell/SEIRAS setup;
potential-dependent IR spectra of T-Pyr- and P-Pyr-
modified Cu/electrolyte interfaces; IR spectrum of the
unmodified Cu/electrolyte interface; IR spectrum of
solution carbonate; SEM images of Cu surfaces with T-
Pyr- and P-Pyr-derived films; coverage-dependent IR
spectra of COatop; IR spectra of solution-phase and
surface-adsorbed pyridine; NMR spectrum of the
synthesized T-Pyr; and gas chromatography−mass
spectrometry product analysis during electrolysis in the
presence of T-Pyr (PDF)

■ AUTHOR INFORMATION

Corresponding Author

*E-mail: waegele@bc.edu.

ORCID

Vincent J. Ovalle: 0000-0002-0586-222X
Matthias M. Waegele: 0000-0002-1186-7545

Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by a CAREER award from the
National Science Foundation (award no. CHE-1847841).

■ REFERENCES

(1) Hori, Y.; Kikuchi, K.; Suzuki, S. Production of CO and CH4 in
Electrochemical Reduction of CO2 at Metal Electrodes in Aqueous
Hydrogencarbonate Solution. Chem. Lett. 1985, 1695−1698.
(2) Kuhl, K. P.; Hatsukade, T.; Cave, E. R.; Abram, D. N.;
Kibsgaard, J.; Jaramillo, T. F. Electrocatalytic Conversion of Carbon
Dioxide to Methane and Methanol on Transition Metal Surfaces. J.
Am. Chem. Soc. 2014, 136, 14107−14113.
(3) Hori, Y.; Murata, A.; Takahashi, R. Formation of Hydrocarbons
in the Electrochemical Reduction of Carbon Dioxide at a Copper
Electrode in Aqueous Solution. J. Chem. Soc., Faraday Trans. 1 1989,
85, 2309−2326.
(4) Kuhl, K. P.; Cave, E. R.; Abram, D. N.; Jaramillo, T. F. New
Insights into the Electrochemical Reduction of Carbon Dioxide on
Metallic Copper Surfaces. Energy Environ. Sci. 2012, 5, 7050−7059.
(5) Luo, W.; Nie, X.; Janik, M. J.; Asthagiri, A. Facet Dependence of
CO2 Reduction Paths on Cu Electrodes. ACS Catal. 2016, 6, 219−
229.
(6) Huang, Y.; Handoko, A. D.; Hirunsit, P.; Yeo, B. S.
Electrochemical Reduction of CO2 Using Copper Single-Crystal
Surfaces: Effects of CO* Coverage on the Selective Formation of
Ethylene. ACS Catal. 2017, 7, 1749−1756.
(7) Verma, S.; Kim, B.; Jhong, H.-R. M.; Ma, S.; Kenis, P. J. A. A
Gross-Margin Model for Defining Technoeconomic Benchmarks in
the Electroreduction of CO2. ChemSusChem 2016, 9, 1972−1979.
(8) Jouny, M.; Luc, W.; Jiao, F. General Techno-Economic Analysis
of CO2 Electrolysis Systems. Ind. Eng. Chem. Res. 2018, 57, 2165−
2177.
(9) De Luna, P.; Hahn, C.; Higgins, D.; Jaffer, S. A.; Jaramillo, T. F.;
Sargent, E. H. What Would It Take for Renewably Powered
Electrosynthesis to Displace Petrochemical Processes? Science 2019,
364, No. eaav3506.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.9b08666
J. Phys. Chem. C 2019, 123, 24453−24460

24458



(10) Kas, R.; Kortlever, R.; Yılmaz, H.; Koper, M. T. M.; Mul, G.
Manipulating the Hydrocarbon Selectivity of Copper Nanoparticles in
CO2 Electroreduction by Process Conditions. ChemElectroChem
2015, 2, 354−358.
(11) Varela, A. S.; Kroschel, M.; Reier, T.; Strasser, P. Controlling
the Selectivity of CO2 Electroreduction on Copper: The Effect of the
Electrolyte Concentration and the Importance of the Local pH. Catal.
Today 2016, 260, 8−13.
(12) Hori, Y.; Takahashi, I.; Koga, O.; Hoshi, N. Selective
Formation of C2 Compounds from Electrochemical Reduction of
CO2 at a Series of Copper Single Crystal Electrodes. J. Phys. Chem. B
2002, 106, 15−17.
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