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ABSTRACT: Engineering aqueous electrolytes with low amounts
of additives to achieve a tunable CO, reduction product is an
underexplored territory in electrocatalysis. Here, we show the
enhancement of the Faradaic efficiency (FE) of CO, reduction to
CO on unmodified polycrystalline gold from ~67 to ~94% by the
addition of up to 15 mol % of N,N-dimethylformamide (DMF) to
an aqueous electrolyte. The role of electrolyte structure
modification near the electrode—electrolyte interface was studied
using in situ surface-enhanced infrared absorption spectroscopy in
attenuated total reflection mode (ATR-SEIRAS). In addition to the
expected detection of the adsorbed CO (CO,) intermediate
present on the Au surface, in both the linearly bonded and bridge-
bonded forms, we observed changes in the structure of interfacial

water induced by the addition of DMF. The changes in the water stretching band and the DMF carbonyl band indicate an increase
in the strongly hydrogen-bonded DMF—water pairs with increasingly negative potential near the interface in the presence of DMF.
We hold this interfacial water structure modification by DMF responsible for increasing the CO2RR FE and decreasing the
competing hydrogen evolution reaction (HER). Furthermore, the suppression of the HER is observed in other electrolytes and also
when platinum was used as an electrode and hence can be a potential method for increasing the product selectivity of complex

electrocatalytic reactions.

KEYWORDS: electrochemical CO, reduction, electrolyte engineering, hydrogen-bonding network, ATR-SEIRAS, DMF,

CO2RR product selectivity, HER suppression, spectro-electrochemistry

1. INTRODUCTION

Engineering electrolytes for tunable heterogeneous electron
transfer processes is an emerging research focus for selective
product formation. Such engineering can be accomplished with
both aqueous and nonaqueous electrolytes, where the
thermodynamics and kinetics of the reaction processes can
be modified.'~* Among different electrochemical processes
that could benefit from electrolyte engineering is the
electrochemical CO, reduction reaction (CO2RR), one of
the most 6promising approaches to developing a circular
economy.”® This is because CO, is an abundant carbon
source, and so processing it electrochemically does not harm
the environment and can, in fact, help to decrease the carbon
footprint of various processes. However, steering the reaction
toward the desired products represents a fundamentally
important challenge in electrochemistry.””~”

The standard equilibrium potential to form most CO2RR
products is similar to that for the hydrogen evolution reaction
(HER) in aqueous electrolytes.” '* Therefore, the electro-
chemical CO2RR in aqueous electrolytes usually competes
with the HER, and it is therefore important to design routes to
suppress the latter, while allowing the former to proceed with
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high current efficiencies. Understanding how to control the
relative activities of the HER and CO2RR is cardinal for
improving the selectivity toward CO2RR.

Most of the research in the field of CO2RR has focused on
the development of electrocatalytic materials and on under-
standing the impact of catalyst morphology on the reaction. An
equally important role in the CO2RR is played, though, by the
electrolyte."”'" However, the role of the electrolyte in the
CO2RR has been comparatively less explored. Depending on
the species in the electrolyte, the structure of the electrode—
electrolyte interface, the adsorption and stability of inter-
mediates, the concentration of CO, at the surface, and the
viscosity and conductivity of the electrolyte can be influenced.
Using additives can be a promising strategy to enhance the
CO2RR in aqueous electrolytes since the advantages of both
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Figure 1. (A) LSVs of Au in 0.07 M KHCO; with (red line) and without (black line) 1S mol % DMF. (B) LSVs of Au in 0.07 M KHCO; with 15
mol % DMF in Ar- (red line) and CO,-saturated (blue line) conditions. (C) Faradaic efficiency of CO formation as a function of potential for
different mol % of DMF (the dashed lines are just a guide to the eye). (D, E) ATR infrared absorbance spectra of DMF (blue lines) and of 0.07 M
KHCO; solutions in H,0 (D) and in D,O (E) in the presence (red lines) and absence (black lines) of 15 mol % DMF.

additive and aqueous electrolytes can be simultaneously
achieved.'

Ionic additives including organic salts,"> surfactants,
and ionic liquids'®~"® have been used to enhance the CO2RR
in aqueous electrolytes. Neubauer et al.'® studied the effect of
the concentration of the ionic liquid (IL) 1-ethyl-3-
methylimidazolium trifluoromethanesulfonate ([EMIM]-
[OTF]) (0—50 mol %) in 10 mM KHCO; on the CO2RR
on silver. They reported that a significant CO, reduction was
obtained for electrolytes with more than 20% IL, which when
increased to 50% leads to a Faradaic efficiency (FE) of 95.6%
for CO. They attributed this observation to blocking H,O
diftusion to the surface at high IL concentrations. In another
study, Dong et al.'"” showed that the strong solvation effect at
high concentrations (15—21 M) of lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI) locks down the
H,O molecules to behave drastically different from bulk
H,O. They showed that the H,O reduction activity greatly
reduced (which they showed can be only partially attributed to
the decreased chemical potential of H,O), increasing the FE of
CO, reduction activity and leading to a high selectivity toward
CO production, up to 80%. But these high concentration
systems are not easily achievable, are difficult to probe, and are
not economically feasible.

Although most of the additives used in heterogeneous
CO2RR have an ionic nature, nonionic organic additives such
as primary amines and pyridine have also been employed to
enhance the CO2RR.”’~** Nitrogen-containing heterocyclic
compounds such as pyridine have been reported to decrease
the overpotential and promote the CO2RR.

13—15
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It has been shown that N,N-dimethylformamide (DMF)
enhances the H-bonding network of water when the volume
fraction of DMF in the solution is less than 0.4. However, a
further increase in the DMF concentration in the solution
could lead to a breakdown of the water network.”>** Some
recent reports indicate that addition of DMF in aqueous
electrolytes can tune the H-bonding effect between water and
DMEF, thereby leading to better battery performance.”*° As
shown by Chen and co-workers,”® upon introducing 30%
(volume fraction) DMF to the aqueous electrolyte, the
preferential hydrogen-bonding effect between DMF and H,0O
effectively reduces the bulk water activity and hinders
deprotonation of the electrolyte, thereby boosting the Zn
anode reversibility. But, since the interface can be largely
different from the bulk electrolyte, a detailed understanding of
the electrode—electrolyte interface modification due to the
electrolyte engineering and its impact on the heterogeneous
electron transfer process is still unclear.

In this report, we discuss this DMF—water hybrid solvent
system for electrochemical CO2RR. Au is used as a
prototypical catalyst platform in our studies. We used
potassium bicarbonate (KHCO,;) as the electrolyte, as is
common in CO2RR due to its buffer capacity and low cost.
With 15 mol % of DMF in 0.07 M KHCO;, we could achieve a
Faradaic efficiency (FE) of ~94% for CO2RR to CO on a bare
unmodified polycrystalline gold catalyst, whereas for pure 0.07
M KHCO; with no DMF, the FE was only ~67%. Since the
CO2RR (indeed, all electrochemical reactions) is an interfacial
process, a deep understanding of the electrode—electrolyte
interface is crucial. Infrared spectroscopy has become an
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indispensable tool in electrochemistry, particularly in electro-
catalysis, since it allows in situ, nondestructive, and label-free
analysis of species at the electrode—electrolyte interface.”” We
conducted in situ studies of the electrochemical interface under
investigation using surface-enhanced infrared spectroscopy in
the attenuated total reflection mode (ATR-SEIRAS). From the
studies, we could analyze that DMF as an additive in the
electrolyte can tailor the H-bonding network of water, which is
responsible for the suppression of the competing HER. Our
study throws light in the direction of the importance of the
interfacial water structure modification through simple electro-
lyte engineering for selective CO2RR.

2. EXPERIMENTAL SECTION

ATR-SEIRA spectra were collected with the potential being
stepped down from 0 to —1.6 V vs Ag/AgCl (KCl,,,) using a
Nicolet iSSOR FTIR spectrometer equipped with a liquid N,-
cooled MCT detector and a home-made ATR accessory, using
unpolarized light. Each spectrum consisted of 120 interfero-
grams with a spectral resolution of 8 cm™". The background
spectrum also consisted of 120 interferograms and was taken at
the potential indicated in the corresponding figure caption.
Spectra were calculated in absorbance units as
R

sample

A = —log , where Rpiground and Rgmpe are the

background
reference and sample spectra, respectively. An EmStat3
Potentiostat from PalmSens was used to control the potential
of our working electrode and measure the current flowing
through it during the ATR-SEIRAS experiments. The working
electrode was a gold film deposited on the totally reflecting
plane of a Si prism beveled at 60° following the method
mentioned in the Supporting Information. The gold-coated Si
prism was attached to the spectro-electrochemical cell using an
O-ring seal, and electrical contact with the film was made by
pressing onto it a circular gold wire. Before any IR
measurements, the film was cycled in the corresponding
electrolyte to check its stability, clean the surface, and obtain a
reproducible surface morphology. A gold mesh was used as a
counter electrode and a leak-proof Ag/AgCl (KCl,,,) electrode
was used as a reference electrode. However, all of the
potentials in the text are referred to the RHE scale, unless
otherwise stated.
Further experimental details (chemicals used, electro-
chemical measurements, and gas chromatography) are
presented in the Supporting Information.

3. RESULTS AND DISCUSSION

We employed Au as a model catalyst for this study, as it shows
high selectivity toward the production of CO as opposed to
other carbonaceous products.8 Hence, HER suppression
should result in an increase in the CO production. Detailed
bulk electrochemical studies were conducted, as discussed in
Section 2, and the products formed after 30 min of electrolysis
were analyzed. To verify the HER suppression hypothesis, we
conducted electrochemical studies with the addition of DMF
to our electrolyte using linear sweep voltammetry (LSV). The
onset of hydrogen evolution in 0.07 M KHCO; shifts
negatively when 15 mol % of DMF was added to the
electrolyte (Figure 1A). We could not increase the DMF
concentration further due to the poor solubility of KHCOj in
DME. This DMF-induced suppression of the HER is not
limited to KHCO; solutions and was also observed in 0.07 M
KOH and 0.07 M H,SO, (Figure S1). We also observed DMF-
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induced suppression of the HER with polycrystalline Cu, Ag,
and Pt electrodes in different electrolytes when 15 mol % of
DMF was added (Figures S2 and S3). Hence, it is reasonable
to conclude that the suppression of the HER in aqueous
electrolytes in the presence of DMF is universal.

Saturation with CO, in the 0.07 M KHCO; electrolyte
resulted in a higher negative current density starting at a less
negative potential in comparison to the corresponding LSV
conducted in an Ar-purged electrolyte, both in the presence
and in the absence of 15 mol % of DMF (Figure 1A,B).
Although this increase in the cathodic current may be
attributed to the CO2RR, it is necessary to verify that a
lower pH at the interface, due to the buffering effect in the
CO,-saturated solution, is not behind the less negative onset of
hydrogen evolution and the higher current at any given
potential beyond the onset. As can be seen, the addition of
DMF has a larger effect on the current in Ar-saturated (black
line in Figure 1A and red line in Figure 1B) than in CO,-
saturated 0.07 M KHCO; (red line in Figure 1A and blue line
in Figure 1B). Because the buffering effect of CO, must be very
similar whether DMF is present or not and the inhibition of
the HER by DMF must be similar in Ar- and CO,-saturated
solutions, the difference between the Ar- and CO,-saturated
solutions in the presence of DMF must be due to the
contribution of the CO2RR. In other words, the changes
observed in the LSVs in Figure 1 under saturation with CO,
must be due at least partly to the CO2RR. This is confirmed by
the analysis of the reaction products after electrolysis by gas
chromatography (see below).

To quantify the products formed and understand the main
contributions to the cathodic current, we performed
potentiostatic electrolysis and simultaneous product analysis
using gas chromatography. Only CO and H, were detected as
products of the reaction. No effect on the morphology of the
electrode surface could be observed using SEM (Figure S4)
and no liquid products or decomposition of the electrolyte by
NMR (Figure S5). The Faradaic efficiency (FE) of CO
formation as a function of the potential applied during
electrolysis is presented in Figure 1C for DMF-free KHCO,
(black squares) and for different concentrations of DMF (red
circles, green triangles, and blue triangles). The Faradaic
efficiencies and partial current densities of CO and H, are
tabulated in Table S1. The CO FE in DMF-free 0.07 M
KHCO; is relatively poor, with a maximum of ~67% at —0.6
V. We saw that the selectivity for CO increases with increasing
mol % of DMF. The maximum FE for CO was ~94% in 15
mol % DMF at —0.6 V, with a current density of 1.6 mA cm™2.
We only analyzed the potential window between —0.4 and
—0.8 V because, at higher overpotentials, mass-transport
limitations and CO, depletion at the interface due to the
high local pH favor the HER over the CO2RR.>**

Although the addition of DMF changes the bulk pH of the
electrolyte, as shown in Table S2 these changes are similar to
those expected at the interface during the HER and CO2RR.
Moreover, DMF increases the pH, which should decrease the
CO FE by reducing the availability of CO, at the interface,
while we observe exactly the opposite effect.

To understand the mechanism behind the enhanced CO FE
as a result of the electrolyte engineering and analyze changes to
the structure of the bulk electrolyte brought about by the
addition of DMF, we used attenuated total reflectance infrared
(ATR-IR) absorption spectroscopy (Figure 1D,E) and 'H
nuclear magnetic resonance (NMR) spectroscopy (Figure S6).
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Figure 2. In situ ATR-SEIRA spectra in the O—H stretching region at different applied potentials in DMF-free 0.07 M KHCO; (A) and in 0.07 M
KHCOj containing 15 mol % DMF (B). In situ ATR-SEIRA spectra in 0.07 M KHCO; with 15 mol % DMF in D,0 as a function of the applied
potential in the spectral region corresponding to the carbonyl mode of DMF (C). The potential interval between spectra is 0.2 V. The spectra of
pure DMF (red line) and of 1S mol % DMF in water (black line) are shown on top of panel (C) for comparison. Deconvolution of the O—H
stretching band at —0.62 V in DMF-free 0.07 M KHCO; (D) and at —0.57 V in 0.07 M KHCOj containing 15 mol % DMF (E). The evolution
with the applied potential of the integrated intensity of the DMF C=0 stretching bands at 1715 and 1655 cm™, the components at 3000 and 3600
cm™! of the water O—H stretching band, and the DMF methyl deformation band at 1400 cm™" (for those bands with negative absorption in panel
(C), the negative of the integrated absorption has been plotted) is shown in panel (F).

Surface-enhanced infrared absorption spectroscopy in the
attenuated total reflection mode (ATR-SEIRAS) was used to
analyze the effect of the addition of DMF on the structure of
the electrode—electrolyte interface and its dependence on the
applied potential.

As expected, the chemical shift of the protons of water
appears at ~4.70 ppm (Figure S$6). Addition of 15 mol % of
DME to the solution results in a new signal for the protons of
water shifted downfield to 4.76 ppm. This suggests a lower
percentage of hydrogen bond-free water.”® Similarly, the
downfield shift of the proton bonded to the carbon atom of
the carbonyl group of DMF was also suggestive of higher
degree of the H-bond network in the solution (Figure $6).*°

Bulk IR absorption spectra of the electrolytes are shown in
Figure 1D,E. The spectrum of pure DMF (blue traces in Figure
1D,E) has a prominent peak at 1676 cm™" corresponding to
the C—O stretching of the amide group. The peaks in the
2850—2920 cm™' region correspond to the symmetric and
asymmetric C—H stretching modes of the methyl groups and
of the C—H bond of the carbonylic carbon, the peak around
1500 cm™ contains the contribution of the amidic C—N
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stretching, and the bands at 1440 and 1409 cm™' correspond
to the asymmetric and symmetric bending, respectively, of the
CH; groups. The band around 1270 cm™" corresponds to the
asymmetric N—CHj stretching.”” In the absence of DMF,
aqueous 0.07 M KHCO; solutions show the typical water
bending mode at 1645 c¢cm™' and the broad band
corresponding to the O—H stretching of water at 3200—
3600 cm™" (black trace in Figure 1D). When 15 mol % DMF is
added to the aqueous KHCOj solution (red trace in Figure
1D), the water peak at 1640 cm™' and the DMF peak at 1676
cm ™! overlap in a single peak around 1650 cm ™', which makes
the analysis of potential changes in the bulk water structure of
the electrolyte difficult. This can be solved by substituting D,O
for H,0, as the D—O—D bending of D,O red-shifts to 1205
em™" (black trace in Figure 1E). Although the effect of the
presence of DMF on the D—O—D bending mode of D,0 is
negligible, the interaction of DMF with water in 15 mol %
DMEF in 0.07 M KHCOj red-shifts the amide carbonyl peak to
1654 cm™". This red shift can be attributed to the increase in
the effective mass of the C—O stretching mode due to H-
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bonding between the oxygen of the DMF carbonyl group and
water.

The addition of DMF results mainly in a decrease in the
intensity of the water stretching bands at 3200—3600 cm™ (in
H,0) and 2200—2700 cm™" (in D,0), without significant
changes in their shapes. But the bulk and interfacial electrolyte
structures can show stark contrast; hence, understanding and
comprehending the interfacial electrolyte structure as a
function of potential can give us a clear picture of the effect
of DMF on modifying the electrochemical interface at
potentials relevant for the CO2RR. The interfacial structure
of the electrolyte was probed by in situ ATR-SEIRAS (Figure
2) to gain insights about the potential-induced accumulation/
depletion and reorientation of water and DMF, as well as the
adsorption and desorption of intermediates and specta-
tors. 273033

The cyclic and the linear sweep voltammograms of the films
used for ATR-SEIRAS (Figure S7) confirm that their
electrochemical properties are the same as those of the Au
foil used for chromatographic analysis. The applied potential
was stepped down from 0.58 to —1.02 V and the spectrum
taken at 0.58 V was used as the background for the
experiments in 0.07 KHCO;. For the experiments in 0.07
KHCO; with 15 mol % DMEF, the applied potential was
stepped down from 0.63 to —0.97 V, and the spectrum taken at
0.63 V was used as the background.

According to previous studies,”* the O—H stretching mode
of H,O can be deconvoluted into three peaks corresponding to
ice-like water with four H-bonds at ~3250 cm™, asymmetric
H-bonded water having one to three H-bonds at ~3400 cm™}
and water molecules with a very low degree of H-bonding
(most likely H-accepting and not H-donating molecules) at
~3600 cm™'. Although Bonn and co-workers® have shown
that the shape of the O—H stretching band of interfacial water
is due to a Fermi resonance of the symmetric stretchinég with
the overtone of the water bending, the same group3 have
shown that, although this intramolecular vibrational coupling is
responsible for the shape of the band, it still holds true that
hydrogen bonding between water molecules provokes a red
shift of the O—H stretching. We will therefore base our
analysis on this hydrogen bonding-induced red shift and avoid
assigning specific components of the O—H stretching band to
specific vibrational modes.

In CO,-saturated and DMF-free KHCO; (Figure 2A), the
intensity of the v-OH band increases and slowly red-shifts with
increasingly negative potential. As shown by the deconvoluted
spectra, this apparent red shift is the result of a change in the
weight of the different components of the O—H stretching
envelope. Osawa and co-workers®” interpreted the changes in
the O—H region of the spectrum as due to changes in the
degree of hydrogen bonding due to the potential-induced
reorientation of interfacial water. Although water reorientation
is certainly responsible for the observed potential-induced
spectral changes, the association between these and a change of
the degree of hydrogen bonding might need to be revisited.
This, however, is out of the scope of this manuscript and will
be dealt with elsewhere.

When DMF is present (Figure 2B), negative absorption
peaks appear around 2850—2920 cm™' when the potential is
made more negative than that of the background at 0.63 V,
which must be interpreted as both the CH; and H—CO
stretching modes of DMF becoming more parallel to the
electrode surface. This could be due either to the reorientation
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of interfacial DMF or to the exclusion of DMF from the
interface at negative potentials. The shape of the carbonyl band
of DMF (Figure 2C), with a negative and a positive lobe, is
strong evidence, however, that reorientation and not exclusion
of DMF from the double layer must be responsible for the
negative bands around 2850—2920 cm™l. However, due to
interference of the water bending mode around 1645 cm™ as
discussed above, experiments in D,O are needed to analyze the
potential dependence of the DMF bands in the carbonyl
region. Figure 2C shows potential-dependent ATR-SEIRA
spectra in 15 mol % DMF in 0.07 M KHCO; in D,0. Negative
and positive absorption peaks appeared at 1715 and 1655
cm™!, respectively. Although the intensity of both peaks
increased with increasing negative potential, the negative peak
at 1715 cm™" is clearly more intense than the positive peak at
1655 cm™". These frequencies are characteristic of carbonyl
groups and both of them must therefore be assigned to the
C=O0 stretching of interfacial DMF. The positive band at
1655 cm™ coincides in fact almost exactly with that of bulk
DMF in 15 mol % solutions in D,0O (Figure 1E and black line
in the spectra on top of panel (C) in Figure 2), but the
frequency of the negative band at 1715 cm™" is even higher
than that of the C=O0 stretching in pure DMF (Figure 1D,E
and red line in the spectra on top of panel (C) in Figure 2). As
we discussed previously, hydrogen bonding between water and
the oxygen atom of the carbonyl group of DMF results in a red
shift of the carbonyl stretching band. The negative absorption
band at 1715 cm™ can therefore be attributed to DMF
molecules with their C=O group pointing toward the
electrode surface, which can therefore not form any hydrogen
bond at all with either water molecules or other DMF
molecules. As the applied potential is made increasingly
negative, the oxygen atom of DMF will be pushed away from
the negatively charged electrode surface, which will favor the
formation of hydrogen bonds with water and will red-shift the
C=0 stretching frequency of the carbonyl group. The larger
intensity of the negative band at 1715 cm™ suggests that, at
the potential at which the background had been recorded (0.63
V), the C=0 bond pointing toward the electrode was more
perpendicular to the surface than when pointing away from the
surface. This picture is consistent with both the lone pairs of
the O and the N atoms being pushed away from the surface by
the electric field. The potential dependence of the integrated
intensity of the DMF band just below 1400 cm™' is also
consistent with this potential-induced reorientation of
interfacial DMF.

The positive band at 1620 cm™" in Figure 2E belongs to
bicarbonate.”® Although anions can be expected to be expelled
from the interface when the potential is stepped negatively,
both the CO2RR and the HER result in an increase of the pH
at the interface, which will increase the interfacial concen-
tration of bicarbonate due to the resulting shift in the CO,/
HCO,~ equilibrium toward the latter.”®

Contrary to what was observed for the bulk of the solution
(Figure 1), the shape of the OH-stretching band of interfacial
water is quite different in the presence of 15 mol % of DMF
(Figure 2B), which by itself is a clear indication that DMF
affects the structure of interfacial water. The intensity of the
band is also comparatively smaller as expected due to the lower
concentration of water in the system. The different effect of
DMEF on the structures of bulk and interfacial water suggests a
positive surface excess of DMF at the interface.
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The difference between the OH-stretching bands in the
presence and absence of DMF is partly due to changes in the
relative contributions of the components of the broad O—H
stretching band at 3245, 3400, and 3600 cm™" (the relative
weights of the former and the latter increase in the presence of
DMF). The deconvolution of the water OH-stretching band
with and without DMF is presented in Figure 2D,E,
respectively. The deconvolution of the band with 15 mol %
DMEF (Figure 2E) reveals an additional peak at 3000 cm™, also
clearly seen as a shoulder in Figure 2B. The graph in Figure 2F
clearly shows that the additional peak at 3000 cm™" appears in
parallel to the disappearance of non-H-bonded C=O and
nearly in parallel to the appearance of H-bonded C=0O. This
strongly suggests that the water responsible for this new
contribution is precisely that hydrogen bonded to DMF and
that the potential-induced reorientation of interfacial DMF
(maybe also the reorientation of interfacial water itself) plays a
role in allowing this to happen. Also, the plateauing of the
intensity of the band at 3000 cm™" coupled with the decrease
in the band at 1655 cm™" at very negative potentials might be a
sign of H-bonding to the N atom of DMF. Hence, we attribute
this additional water band at 3000 cm™ to water molecules,
which are strongly H-bonded to DMF. The deconvolution of
all of the water OH bending bands at different potentials and
the evolution of each of the resulting contributions with
potential is shown in Figure S9. A significant feature we
observe in Figure 2F is that all of the bands either plateau or
decrease in intensity around 0.6 V, where the maximum
CO2RR FE was seen. This correlation between the band
intensities and the maximum CO FE adds support to our main
conclusion that the structure of interfacial water and the effect
thereupon of adding DMF has a direct impact on the FE.

Another interesting feature in the OH-stretching band in the
presence of DMF is the higher intensity of the band centered
at 3600 cm™), as compared with the spectra in the absence of
DMEF. A band at 3610 cm™" has been observed in the bulk of
water—ionic liquid mixtures®® and was attributed to water
molecules with a low degree of hydrogen bonding within a
water-in-salt environment. It was suggested later that these
water molecules contribute to stabilizing the CO,” radical
formed after the first electron transfer to CO, in the CO2RR,
thereby leading to enhanced activity for the CO2RR in these
ionic liquid—water mixtures.'” It is reasonable to also attribute
the OH-stretching contribution at 3600 cm™' to interfacial
water molecules with a low degree of hydrogen bonding within
a DMF-rich environment, although we have no evidence in this
case of enhanced activity for the CO2RR induced by these
water molecules.

The accumulation of DMF at the interface suggested by the
difference between the bulk and interfacial spectra of solutions
containing 15 mol % DMF must be responsible for the
increased contribution of these interfacial water molecules at
all potentials, as compared with DMF-free electrolytes. The
potential dependence of this contribution to the O—H
stretching band of water, which runs in parallel with the
negative band at 1715 cm™' is consistent with this
interpretation: as the lone pairs of the O and N atoms of
DMF are pushed away from the electrode (allowing for
increased hydrogen bonding with molecules in the second
interfacial layer and leading to an increase of the intensity of
the component around 3000 cm™, as discussed above), the
water molecules closer to the electrode surface will now be able
to hydrogen-bond to DMF. The interfacial electrolyte structure
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modifications with the addition of DMF molecules is

summarized in the form of a schematic cartoon in Figure 3.

o0 oH ----H-bond

ocC

Polycrystalline Au

Figure 3. Schematic illustration of the modification of the interfacial
structure in the presence of DMF in the electrolyte.

The H—O—H bending mode of water can also provide
crucial information about the water structure.*® However, the
overlap of this mode with the C=O0 stretching mode of DMF
in H,O solutions and with the asymmetric N—CHj; stretching
of DMF in D,O solutions prevents a thorough analysis. We
note nonetheless that the D—O—D bending band is much
broader in the presence of DMF (Figure S8), which suggests
the presence of different contributions originating from
different water environments.

CO adsorbed on Au (CO,4), an obvious reaction
intermediate in the reaction of CO, to CO, could be detected
in CO,-saturated 0.07 M KHCO; both in the presence and in
the absence of DMF (Figure 4A,B) as a band with frequency
between 2090 and 2120 cm™’, consistent with assignments to
linearly bonded CO,4 in previous work.”' ~** This assignment
is confirmed by comparing the peak in Figure 4A,B with that in
Figure 4D, obtained when CO is adsorbed directly on Au from
a CO-saturated solution. The red shift of the CO, with
increasingly negative electrode potential is due to the well-
known electrochemical Stark effect.””~** Figure 4E—G shows
that the Stark tuning rate is similar (around 30 cm™" V') in all
three cases (CO,-saturated DMF-free 0.07 M KHCO;, CO,-
saturated DMF-containing 0.07 M KHCO;, and CO-saturated
DMF-containing 0.07 M KHCOj;), adding further support to
our assignment to CO,4. The intensity of the band is weaker in
the absence of DMF, which is consistent with the lower
Faradaic efliciency in this case, in which CO,y was only
observed between 0.38 and —0.22 V. No bands could be
detected within this potential region in the frequency region
characteristic of bridge-bonded CO,4. A very weak and broad
feature appears however just above 1800 cm™ at potentials
more negative than —0.62 V. We will discuss this band below
when analyzing the data in DMF-containing CO,-saturated
0.07 M KHCO,,

Interestingly, the band in Figure 4A,B that we have assigned
to linearly bonded CO,q has a clear bipolar character.
However, as shown in Figure 4C, when the background is
collected at 1.03 instead of 0.63 V, the bipolar feature around
2100 cm™ is substituted by two positive bands. The band at
higher frequency (~2150 cm™') appears at 0.83 V and its
intensity first increases up to 0.43 V with a Stark tuning rate of
20 cm™' V7! and then remains approximately constant. From
0.23 V a new peak appears at ~2110 cm™ whose frequency
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Figure 4. Potential-dependent in situ ATR-SEIRA spectra of Au in the spectral region between 1750 and 2300 cm™ in CO,-saturated 0.07 M
KHCO; (A) and in CO, saturated 15 mol % DMF in 0.07 M KHCO; (B, C). The background spectrum was collected at 0.58 V in (A), at 0.63 V
in (B), and at 1.03 V in (C). Potential-dependent in situ ATR-SEIRA spectra of Au in CO-saturated 15 mol % DMF in 0.07 M KHCOj are shown
in (D). The background spectrum in (D) was collected before saturating the solution with CO. The Stark shift of CO adsorbed on Au is also
presented when CO,q is adsorbed directly from CO-saturated 15 mol % DMF in 0.07 M KHCO; (E), when CO,q is formed by the reduction of
CO, in CO,-saturated 0.07 M KHCOj; (F) and when CO,4 is formed by the reduction of CO, in CO,-saturated 15 mol % DMF in 0.07 M KHCO,

(G).

shifts with a Stark tuning rate of 29 cm™ V™! and whose
intensity first increases and then decreases, just exactly as the
bands at this frequency in Figure 4B,D. Although, arguably
2150 cm™ is too high a frequency for CO,g, in order to explore
if adsorption of CO on different surface sites might be
responsible for the presence of two bands around and above
2100 cm ™!, we recorded ATR-SEIRA spectra of CO adsorbed
directly on Au from the solution by saturating the electrolyte
with CO (Figure 4D). This results in a single positive peak
around 2100 cm™!, with a similar Stark shift (31 cm™ V'), as
those observed at the same frequency in both DMF-free and
DMF-containing CO,-saturated 0.07 M KHCO; (Figure 4E).
Surprisingly, this peak is very symmetric and appears at the
same frequency, if the same potential is compared, as the
clearly smaller CO,4 bands obtained by reducing CO, in DMEF-
containing CO,-saturated 0.07 M KHCO; (Figure 4B).
Dipole—dipole coupling between neighboring CO,4 oscillators
should lead to an increase in the stretching frequency and, if
different sites are occupied, dipole—dipole coupling should also
lead to intensity stealing in favor of those oscillators with a
higher resonance frequency, which results in inhomogeneous
broadening of the absorption bands of adsorbed species. The
absence of both these features suggests that, even when CO is
adsorbed directly from the solution, the coverage is relatively
low and only one type of adsorption sites is being occupied
(most likely those sites where CO adsorption is stronger, not
necessarily the same where the reaction takes place).
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The region between 2000 and 2200 cm™ is a very clean
spectral region where very few functional groups have bands,
essentially only CN in cyanides and CO in carbon monoxide.
Trisler et al.*” reported the presence of HCN at concentrations
~10~* M in DMF distilled over CaH, in natural light. This
makes the attribution of the band at ~2150 cm™" to adsorbed
cyanide tempting. In addition, the Stark tuning rate of 20 cm™
V= is comparable to that reported for the Au—CN band.”
The peak at ~2150 cm™" also appears in ATR-SEIRA spectra
of the Au electrode in N,-saturated 15 mol % DMEF in 0.07 M
KHCO; (Figure S10), which strongly suggests that the band
must correspond to either cyanide generated by decomposition
of DMF or to an impurity present in DMF containing a nitrile
functionality.

Figure 4B,D (and to a lesser extent, also Figure 4A) also
contains a broad band appearing around ~1800 cm™' at the
negative potential end of the experiments. This band starts to
appear below —0.43 V in CO-saturated solutions and at around
—0.57 V in CO,-saturated solutions (Figure 4A,B), although it
is much weaker in DMF-free 0.07 M KHCO; (Figure 4A). We
assign this band to bridge-bonded CO,4, which forms due to a
change in the adsorption mode of CO,4 at very negative
potentials, by which linearly bonded transforms into bridge-
bonded CO,. A similar effect is known for CO,4 on Pt

51,52
electrodes.
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4. CONCLUSIONS

In summary, we have shown that 15 mol % of N,N-
dimethylformamide (DMF) as an electrolyte additive can
boost the Faradaic efficiency (FE) of electrochemical CO,
reduction reaction (CO2RR) to ~94% on polycrystalline gold
electrodes.

Using potential-dependent in situ ATR-SEIRAS, we have
been able to show that accumulation of DMF at the interface
modifies the structure of interfacial water, yielding a new kind
of water species with strong H-bonding to the O and possibly
also the N atoms of DMF. The emergence of the new
contribution to the OH-stretching band of water at 3000 cm™
(due to the new water environment) and the change in the
relative weight of the other components of the band strongly
indicate that the effect of DMF is not to simply displace water
from the interface. By comparing the potential dependence of
the FE in the absence and presence of DMF with the evolution
of the different contributions to the O—H stretching of
interfacial water, we conclude that both exclusion of water
from the interface and the DMF-induced changes in the
structure of interfacial water must contribute to inhibiting the
hydrogen evolution reaction (HER) and therefore increasing
the FE for CO when reducing CO,. Besides, we also observed
that this HER suppression strategy is not limited to our system
of study and is also effective even with platinum, the best
single-element catalyst known for the HER. Linearly bonded
adsorbed CO, which was substituted by bridge-bonded
adsorbed CO at the most negative potentials explored, was
detected during the CO2RR by in situ ATR-SEIRAS.

Based on these results, we have successfully demonstrated
that the FE of the CO2RR can be increased through a
combination of decreasing the chemical potential of water at
the interface and manipulating the H-bonding network of
interfacial water with the addition of DMF. Our study stresses
the importance of simple and efficient electrolyte engineering
methods for electrocatalysis applications and how applying
highly sensitive spectroscopic techniques can help us get a
deeper understanding of the different interfacial phenomena
that can affect the electrocatalytic properties of a given system.
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