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Abstract

Water structure near electrode interfaces may
play an important role in controlling CO, elec-
troreduction. Using plasmon-enhanced vibra-
tional sum frequency generation spectroscopy,
we demonstrate the emergence of an interfacial
water subpopulation with large electric fields
along their OH bonds, when NayCOj ions are
present near the electrode under applied poten-
tial. With molecular dynamics simulations, we
show that the approach of aqueous Nay,COj3 to
electrodes is coupled to the formation of struc-
tured and oriented ion complexes, and that the
emergent water population is associated with
the first solvation shell of these complexes. This
water subpopulation is seen even when the sole
source of CO3%  is its in-situ generation from
COg, indicating that the interfacial species in-
vestigated here are likely ubiquitous in COs
electroreduction contexts.
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Introduction

Electrochemical COy reduction (CO2R) offers
the promise of converting CO, into renewable
fuels or value-added chemical feed stocks.!™
However, controlling the efficiency and selec-
tivity of CO3R remains a significant challenge.
While much effort has been devoted to cata-
lyst design, it is also widely reported that the
electrolyte composition has a significant effect
on reaction kinetics.* 1% In electrocatalytic pro-
cesses, the electrode and the electrolyte repre-
sent the two sides of the solid-liquid interface,
which forms the local environment for the elec-
tron and proton transfer reactions that drive
catalysis. The interplay of these two materials,
creates a unique interfacial environment where
electrode polarization can modulate local elec-
trolyte composition, ion pairing, and the result-
ing interfacial solvation structure, in turn in-
fluencing the electrochemical kinetics that con-
trol the viability of critical processes such as
CO5 conversion. Here we use vibrational spec-
troscopy and molecular simulation to study the
electrode-electrolyte interface under conditions
relevant to CO3R. We reveal how ions like Na
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and COgs, that are prevalent in COy systems,
can form correlated ion complexes that modu-
late electric fields at the interface through their
polarization of the surrounding water.

Many reports indicate that the identity of the
hydrated cation at the charged interface deter-
mines its catalytic activity, although the mech-
anism behind specific ion effects on CO5R re-
mains an open question. Early explanations ex-
plored the structure of the double layer and the
corresponding potential drop across the inter-
face, 2 while more recent studies have shown
that interfacial solvation structure can mediate
reactions, %134 arguing for explicit treatment
of solvation in kinetic models of CO,R.?16
While it is known that the presence of cations at
the charged interface is integral for CO5R activ-
ity,1” the mechanism behind cation-dependent
efficiency trends are still widely debated. Pos-
sible molecular reasons for the relation between
cation identity and efficiency include cation-
dependent pKa of hydrolysis,!® cation-specific
electric field effects,’® and the effect of spe-
cific cations on the solvation-induced Onsager
reaction field present at the interface during
CO5R.1% All of these theories point to the need
for a molecular understanding of ion interac-
tions at electrified surfaces and the effect of
discrete ions and ion pairs on the alignment
and hydrogen-bonding structure of interfacial
water.

It is reported that the presence of ion pairs
can significantly impact the kinetics of elec-
trochemical reactions.? While ion pairing in
concentrated aqueous solutions is widely re-
ported, 2122 comparatively less is known about
ion pairing and ion solvation at electrified in-
terfaces, although there is some theoretical ev-
idence that suggestions ion pairing is enhanced
near an aqueous electrode interface.?? Solvent
separated ion pairs of alkali halides were ob-
served at negative applied potentials on a silver
electrode using surface-enhanced Raman spec-
troscopy (SERS).?* In that study, the observed
SERS spectra of water were shown to depend
both on the cation composition and the applied
potential, which was explained by the gradual
desolvation of cations at negative surface po-
tentials leading the interfacial accumulation of
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solvent-separated ion pairs. Zou et al. studied
the structure of water on silver electrodes in
alkali sulfate and perchlorate solutions.? They
found that the effect of the anion on the Raman
spectra of water is significant, even at negative
potentials. This result is somewhat counter-
intuitive since anions would be repelled from
negatively charged surfaces; however, this was
attributed to the formation of ion pairs at the
interface.

Ion pair formation in concentrated aqueous
solutions can alter the prediction of theories de-
veloped for dilute electrolyte solutions?%27 by
modifying osmotic and activity coefficients,?
reducing electronic conductivity,? and chang-
ing the structure of the double layer near
charged electrodes.?’3! This phenomenology
becomes more complex near aqueous interfaces,
where ion-interface interactions and modified
solvent statistics couple the pairing of ions and
their approach to the interface.??33 In particu-
lar, a recent series of studies suggests that the
reverse fractionation of NayCOs at the air-water
interface, where carbonate ions become more
surface active, may arise due to the association
of ions into agglomerates near the interface. 343°

Understanding the specific effects of carbon-
ate on interfacial solvation structure and its
participation in ion pairing is of particular in-
terest because carbonate is ubiquitous in CO,-
saturated aqueous solutions suggesting that it
likely plays a role in templating the interfa-
cial solvation during COsR. Compared to sim-
ple anions such as halides and anions with
higher symmetry (sulfate, perchlorate), carbon-
ate has a planar structure, which could have
non-intuitive consequences on the alignment of
interfacial water. Due to the divalent, polariz-
able nature of carbonate, its physical interac-
tions at the electrode-electrolyte interface are
not trivial to predict. All these factors mo-
tivate the present study, which seeks to pro-
vide a molecular understanding of the underly-
ing physics, which govern ion interactions and
solvation at electrode surfaces in the presence
of carbonate.

In this study, we employ vibrational sum
frequency generation spectroscopy (VSFG) to
probe the alignment of interfacial water in
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carbonate-containing electrolyte solutions at a
gold electrode under applied potentials relevant
for CO,R. We observe potential-dependent
differences in the interfacial water spectrum,
which are strongly influenced by the presence
or absence of the carbonate anion as well as the
electrolyte cation. With the aid of molecular
dynamics simulations, these spectral differences
are correlated with the effect of carbonate on
the potential-dependent alignment of interfacial
water and the formation of a sodium-carbonate
ion complex, which is over-represented near the
interface and significantly influences the spec-
tral region of interest.

Methods

Experimental

The specifics of the VSFG system have been
discussed in previous work. 91436738 Briefly, a
Ti: sapphire regenerative amplifier (Spectra
Physics-Solstice) with 90 fs pulse duration (2
kHz, 7 W) at 800 nm functions as the pump
laser. An optical parametric amplifier (TOPAS
Prime) is powered by 70% of this output, which
then generates the signal and idler to a non-
collinear difference frequency generation (DFG)
stage. The remaining 30% is spectrally nar-
rowed to about 10 cm™! using an air-gap etalon
(TecOptics). The beams hit the sample at a
56° angle, following the Kretschmann method.
The IR beam, centered around 3450 cm ™! in the
OH stretch region, has an energy of 3 uJ, while
the 800 nm picosecond beam has an energy of
roughly 10 uJ. For the water spectra measure-
ments, a potential step ranging from -0.1 to -
1.0 V against Ag/AgCl was applied to the Au
electrode. Each spectrum was gathered by de-
laying the visible beam relative to the IR beam
by approximately 466 fs, with a 2-minute in-
tegration time. Further information about the
VSFG electrochemical cell can be found in our
previous work. This VSFG electrochemical cell
uses a backside configuration with plasmonic
enhancement, enabling in situ observations of
the Au-electrolyte interface at current densities
surpassing 1 mA /cm?, without the presence of
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mass transport limitations.

The Au electrodes for VSFG studies were
prepared by depositing 35 nm of Au onto
CaFy windows by electron beam evaporation
(Denton DV-502A E-Gun Evaporator). Be-
fore Au was deposited, the CaFy; windows
were cleaned using basic Piranha solution (5:1:1
H,O/H,0,/NH,OH) at 80 °C for an hour. The
BioLogic SP-50 potentiostat was employed for
electrochemical measurements. The electro-
chemical cell was made up of a Au working
electrode, a leakless Ag/AgCl reference elec-
trode (eDAQ ET072-1), and a Pt mesh counter
electrode, with a Nafion membrane separating
the cathode and anode compartments. The
electrolytes were prepared by purging 0.1 M
NaHCO3, 0.1 M CsHCO3, 0.1 M NaCl (99.99%)
and 0.05 M NaySOy4 (99.99%) with either Ar or
COy (Praxair, 99.999%) for 20 minutes.

Molecular Dynamics Simulation

To gain microscopic insight into the structure
of the three ion NayCOj3 complex, its spatial
arrangement relative to the interface, and the
vibrational spectrum of its solvation shell, we
performed a series of MD simulations using the
LAMMPS software package.?® We considered
dilute aqueous solutions of NayCOj3 in the bulk
as well as near an electrode. We studied the ions
near an electrode at its potential of zero charge
as well the anode and cathode of a cell un-
der a 1 V potential drop. Free energy surfaces
(FES) for the ion complex were constructed in
each chemical environment using a two dimen-
sional umbrella sampling scheme over the dis-
tances between the center of mass of the car-
bonate anion, and each Na™ cation denoted
ry and 75.49%41 A set of 14 harmonic biases,
Upias(T1,72) = Ky (rl—rieq))2+k2(r2—r§“‘))2, was
used for each distance coordinate, with minima
rfg), spaced by 0.5A between 2.5A and 9.0A for
a grid of 196 bias windows, with a spring con-
stant of k; = ko = 10 kCal/mol/A2. Each bias
window was sampled for at least 1 ns, record-
ing ion configurations every 0.25 ps and water
configurations every 1 ps. The Weighted His-
togram Analysis Method (WHAM) was then
used to construct an unbiased FES from biased
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simulations,*>#® and to compute unbiased his-

tograms and averages.* In the electrode simu-
lations, CO3 was also held at the interface by a
harmonic bias with a 10 kCal/mol/ A% in order
to probe the interfacial double layer.

Each bulk water simulation contains 234 wa-
ter molecules, 1 CO3™ anion and 2 Na*t cations
in a fully periodic ~ 18 x 18 x 18 A liquid
region, consistent with a dilute 2.6 mM solu-
tion. Electrode simulations, instead contained
468 water molecules in a ~ 18 x 18 x 36 A liquid
region (periodic in z and y), with two atomistic
electrodes consisting of 3 layers of Au atoms
in an FCC structure with a lattice constant of
apw = 4.07A truncated to reveal the (100) sur-
face. The electrode interfaces were taken par-
allel to the xy plane with normal vectors in
the £z directions. The electrode simulations
are large enough to include a bulk-like region
between the interfacial regions with a Debye
length of ~ 8A. The electrodes were treated
as ideal conductors®*® as implemented in the
LAMMPS ELECTRODE package.*® All non-
hydrogen electrolyte atoms were modeled with
Drude oscillator polarizable forcefield**°! using
the LAMMPS DRUDE package®? to provide an
accurate treatment of the forces on the highly
polarizable carbonate anion.?° Symmetrized
Drude force fields were used to improve numer-
ical stability with a Drude mass of mp = 0.8
g/mol.”® The system was propagated using a
dual Nosé-Hoover thermostat®®7 using Nosé-
Hoover chains®® at 300 K for the atoms and 1
K for the fictitious Drude sites with a relaxation
time of 0.01 fs~! and a timestep of 1 fs. The
water was treated using the swm4-ndp model, %
and the ions used a polarizable force field pre-
viously used to study the air-water interface.®
The water molecules and carbonate anion were
propagated as rigid bodies using the symplectic
rigid-body integrator of Kamberaj et al,%! freez-
ing all internal coordinates at their equilibrium
values.

The vibrational spectra of water’s OH bond
stretch, relevant to the spectral region of in-
terest, was computed using the field mapping
method. %276 In this approach, the electric field
is evaluated at each Hydrogen atom is com-
puted and projected along the bond. The fre-
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quency of the OH bond stretch, w, then under-
goes a vibrational Stark shift from its vacuum
value, wy, due to this projected electric field,
e. In liquid water, this vibrational Stark shift
can be fit to experimental Raman spectra or
to electronic structure calculations and is well
approximated by a linear fit of the form

w = wp + Ae, (1)
where wy, = 3745 cm™' and A =
160.5 cm™'/(V/A). Using this expression, the
vibrational spectra of water is be constructed
as histograms of the field along OH bonds.
This approach assumes that each OH bond be-
haves as an independent oscillator, neglecting
vibrational coupling between OH bonds, an as-
sumption that is nearly exact for dilute HOD
in D3O but an approximation for pure H,O. It
also assumed that the spectra is purely inho-
mogeneously broadened. Nevertheless, it has
been successfully employed to study multiple
forms of vibrational spectroscopy in water.5” 0

Results and Discussion

Vibrational Sum Frequency Gen-
eration Spectroscopy

VSFG, a surface-specific technique, is widely
utilized for studying molecular orientation, dy-
namics, and chemical reactions on surfaces. ™t
The instrument, including the VSFG electro-
chemical cell, enables in situ measurements
of the Au-electrolyte interface at high cur-
rent densities without mass transport limita-
tions. By employing this instrument, the spec-
tra of interfacial water at the Au-electrolyte
interface were measured. The VSFG spectra
of interfacial water in 0.05 M Nay,COj3; and
CsoCO3 saturated with COs, plotted as a func-
tion of applied potential, are shown in Fig-
ure 1. When the potential is more positive
than -0.7 V vs Ag/AgCl, NayCOj3 and Csy;CO3
exhibit quite similar features, and two peaks
are observed: one sharp peak at around 3730
cm~! and a broad peak at around 3650 cm™!.
The sharp peak corresponds to non-hydrogen
bounded H,O molecules, specifically free OH.
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Previous studies have reported the detection of
free OH stretch of interfacial water at the aque-
ous dielectric interface using VSFG. However,
it has only recently been observed at the Au-
electrolyte interface under applied potential.”™
This feature indicates the presence of interfa-
cial water with one non-hydrogen-bonded OH
group directed toward the Au electrode, sup-
porting the hydrophobic nature of the Au sur-
face as observed in previous work by Tong et
al.”™ The broad peak around 3650 cm ™! can be
assigned to weakly hydrogen-bonded or singly
hydrogen-bonded water. The absence of the
peak around 3200 cm™!, which corresponds to
strongly hydrogen bonded water,”” in the spec-
tra presented in Figure 1 suggests that the wa-
ter structure at the gold electrode surface is rel-
atively disordered as suggested by Nihonyanagi
et al.™®

When more negative applied potential, a new
peak around 3,400 cm™! becomes evident for
both electrolytes. However, the peak is much
more prominent for NayCOjz than CsyCOg.
This peak might be associated with either
liquid-like water or a hydrogen-bonded water
network with a coordination lower than the
tetrahedral water found around 3200 cm~!. In
our previous study, this peak was attributed to
Na* and CO32~ ion pair or ion association.3® To
determine the origin of this feature, we investi-
gated the influence of different electrolyte com-
positions on the water structure at the inter-
face. NaCl and Nay,SO, were chosen to compare
with NayCO3. As shown in Figure 2, the peak is
not very pronounced in Ar-purged NaCl and is
almost absent in Ar-purged NaySOy4 solutions,
but is more evident in Ar-purged Na,COj elec-
trolyte. This observation confirms that the fea-
ture around 3,400 cm~! is enhanced when car-
bonate is present at the interface. Given these
observations, we attribute the feature to the ef-
fect of a carbonate species present in the elec-
trochemical double layer on the water structure.
We notice that this peak appears at relatively
negative potentials. It might be counter intu-
itive that anions can influence the water orien-
tation at a negatively charged electrode surface.
However, despite their negative charge, anions
can be attracted to a Au surface even when a
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negative potential is applied because of their ion
pairing interactions with cations, or because of
specific molecular driving forces.™ In a previ-
ous study by Zou et al., it was discovered that
the effect of the anion on the Raman spectra of
water is significant, even at very negative poten-
tials. They attributed this to the formation of
ion pairs at the electrochemical interface.®® The
combination of Figures 1 and 2 suggest that the
presence of both Nat and CO3%~ is needed to
enhance the intensity of the 3400 cm™! feature,
providing indirect evidence for ion pairing in-
teractions.

The carbonate related feature around 3400
cm~ ! also becomes more prominent in CO»-
purged NaCl electrolyte at catalytic poten-
tials compare to Ar-purged NaCl electrolyte as
shown in Figure 3. Figure 3(a) shows the po-
tential dependent water spectra of Ar-purged
0.1 M NaCl electrolyte. Even at -1 V, the peak
intensity around 3400 cm ™! is quite small; how-
ever, when the electrolyte was saturated with
COg, the peak intensity increased significantly.
In COs-purged NaCl electrolyte, once the on-
set of catalytic Faradaic curret is reached, the
interfacial pH may increase, and CO3%~ anions
are generated at the surface resulting in the ap-
pearance of the characteristic 3400 cm™! fea-
ture. This suggests that the interfacial species
responsible for this features are likely ubiqui-
tious at electrode-electrolyte interfaces during
CO3R electrocatalysis.

Molecular Dynamics Simulations

Taken together, the VSFG results show that
a unique sub-population of interfacial water
emerges or breaks inversion symmetry when
both Na and CO3%" are present near the cath-
ode. This suggests the formation of interfa-
cial ion-complexes with a unique solvation envi-
ronment, since the spectral peak emerges most
strongly in the presence of both ions. The for-
mation of ion-paired complexes is plausible un-
der the concentrations we consider with typi-
cal ion-ion separations on the order of the Na-
CO3 Bjerrum length,?® Az = 14 A, in water.
We consider the results of MD simulations to
gain microscopic insight into (1) the thermody-
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Figure 1: VSFG spectra of (a) Na;COj3 (0.05 M) and (b) CseCOg3 (0.05 M) purged with CO4 as a
function of potential vs Ag/AgCl.
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Figure 2: VSFG spectra of NaCl (0.1 M), NaySO,4 (0.05 M) and NayCOj3 (0.05 M) purged with Ar
at a potential of -0.9 V vs Ag/AgCl.
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Figure 3: VSFG spectra of NaCl (0.1 M) purged with Ar (a) and purged with CO4 (b) as a function
of potential vs Ag/AgClL.
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namics of forming Na-COj3 ion-complexes and
how this may change near the interface, (2) the
structure of these complexes and their orienta-
tion relative to the interface, and (3) the vi-
brational spectrum and orientation of waters
that give rise to the vibrational peak seen in
the VSFG spectra.

Free Energy of Ion Complex Formation

Consider the structure of the NayCOj3 ion com-
plex near a liquid interface. Since two Na't
cations associate with a single CO3%" anion, two
cation-anion distances, r; and ry are required
to describe the complex. Moreover, the cations
may become correlated through direct cation-
cation interactions or through solvent medi-
ated interactions where some configurations of
the NayCOj3 complex are more favorably sol-
vated than others, requiring the specification
of the cation angular displacement, Onacna =
arccos (I - 1), where r is the unit vector associ-
ated with the vector r. The CO3%  anion is pla-
nar and may exhibit preferential alignment with
respect to the interface. This alignment can be
captured by the angle 0co, between the normal
axis to the carbonate plane and the normal to
the interface. These coordinates are show in
Fig. 4.A.

Figure 5 shows the two-dimensional the free
energy as a function of the two anion-cation
separation distances F'(ry,rs), of the NayCOg
complex in the bulk and interface chemical en-
vironments. Similar to the dissociation of sim-
ple ion pairs, each cation shows two minima.
The most stable configuration is the contact
ion pair (CP) at 715 < 4.5 A, where the
sodium ion is in direct contact with the anion.
The second minimum is the metastable solvent-
separated ion pair (SSP) at 4.5 < ryp <7 A,
where the sodium remains near the carbonate
anion, with a water molecule separating them.
Finally, beyond 7,5 > 7 A, the free energy
surface plateaus, yielding the dissociated (D)
state where the two ions are no longer corre-
lated. These three ion-pairing states are shown
schematically in Fig. 4.B.

Near electrode interfaces, the three distinct
states are unchanged, but their relative sta-
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BNaCNa

Dissociated

Figure 4: (A) MD Snapshot of ions and elec-
trodes showing the Carbonate alignment angle,
0co,, (green) and cation angular displacement,
OnacNa, (red). Explicit waters were included
in MD simulation but are omitted from this
snapshot for clarity. (B) Schematic of Sodium
cations (purple spheres) in contact (r < 4.5A,
red outline), solvent-separated (4.5 < r < 7 A,
orange outline) and dissociated (r < 7 A, green
outline) states. Representative water molecules
are shown.

bility is modified. In particular, the dissoci-
ated and solvent-separated states are destabi-
lized relative to the CP minimum. While the
magnitude of this effect varies in the different
interfacial environments, the direction of the ef-
fect is conserved. To better compare free ener-
gies across different chemical environments, we
compute 1D free energy curves for one cation,
conditioned on the ion-pairing state of the other

_F(ry,r9)
—kgT log [/ dree  *BT }
X

(2)

F(r|re € X) =

where X € {Contact, Solvent — Separated, Dissociated}

is the ion-pairing state of cation 2, which we
call the auxiliary cation to distinguish it from
the probe cation 1.

These conditional free energy curves in Fig.
6, show that in all chemical environments, the
probe cation is sensitive to the ion pairing state
of the auxiliary cation - increasing as the aux-
iliary cation dissociates from CO3* . In bulk
water, the free energy penalty of moving a
cation from the contact to solvent-separated
state when the other Na is in contact with
COj3 is 4.5kgT and increases to 5.1 kg1 and
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Figure 5: Two dimensional Free Energy Surfaces for the dissociation of NayCOg3 ion complex, in
(A) bulk water, (B) near a neutral electrode interface, (C) near an anode interface at —1 V and (D)
near a cathode interface at 1 V. White contours are separated by kg7 = 0.598 kCal/mol at 7" = 300
K. Red lines indicate the cutoff radii » = 4.5 A and = 7 A defining the contact, solvent-separated

and dissociated states.
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Figure 6: Conditional ion dissociation free energy curves when the carbonate anion is (A) in bulk
liquid, (B) near a neutral electrode interface, (C) near an anode, and (D) near a cathode. In each
plot Free energies are computed for one sodium cation when the other cation is in contact with
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shifted to align their minimum at the contact ion pair.
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5.5 kgT when the auxiliary ion is in the solvent-
separated and dissociated states respectively.
This net 1kgT destabilization of the contact
state relative to the solvent-separated minimum
when a second cation is placed near the anion
can be explained by the direct Coulomb repul-
sion between the two cations - agreeing with
the expectation of the change in potential en-
ergy of 1kgT due to placing an additional +1
charge on the central carbon of COs.

As ions approach an electrode interface, both
the free energy to dissociate an ion pair and the
magnitude of the auxiliary ion effects on disso-
ciation free energy increase. The increased free
energy cost of ion dissociation can be partially
attributed to the volume excluded by the elec-
trode interface. In bulk water, when Na™ is a
distance r away from CO32™, it can isotropically
access every point in a sphere of that radius.
When carbonate approaches an interface, part
of this sphere would fall within the electrode,
which excludes Na™ from these regions. As a
result, the set of configurations consistent with
a Na-C distance is truncated by the electrode,
leading to a net destabilization of the dissoci-
ated state.

This picture is modified slightly near charged
electrode interfaces. When CO3%" is near the
cathode, the negatively charged electrode at-
tracts Na™ cations bringing them closer to the
anion, further penalizing ion dissociation. Near
an anode, the opposite occurs, with the pos-
itively charged electrode repelling Na™ away
from COs5?", slightly mitigating the excluded
volume effect. This destabilization does not ex-
plain the increase in auxiliary ion effect. Near a
neutral electrode, the free energy cost of mov-
ing Na™ from the contact to solvent-separated
minimum increases from 5.25kgT to 6.5 kgT
and finally 7kgT when the auxiliary cation is
in the contact, solvent-separated and dissoci-
ated state respectively. The net auxiliary ion
effect of 1.75 kgT is nearly double what is seen
in bulk water and can not be explained by direct
Coulomb repulsion between cations. This dis-
crepancy suggests that the cations become more
correlated near the interface due to a change in
solvation near the interface.
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Interfacial Orientation of Ion Complexes

Thus far, we have restricted our attention to the
radial degrees of freedom of the ion complex, av-
eraging over On,cna and fco,. The distributions
of these angular coordinates in Fig. 7 show that
the orientation statistics of the ion complex are
sensitive to both the ion-pairing state of the
cations and the type of interface it approaches.
In the bulk, Figs. 7A and C show that, as
expected, the carbonate ion shows no prefer-
ential orientation (solid traces). This changes
significantly near an interface. Carbonate in a
CP complex aligns orthogonal to electrode in-
terfaces, regardless of the sign or magnitude of
their applied potential. This decrease in the
coplanar population may arise due to Coulomb
repulsion between the negatively charged O
atoms in the anion and the image charge in-
duced by the contact paired cations. When a
charge approaches a conductor, it induces an
image charge of the opposite sign on the sur-
face of the conductor. As a CP complex ap-
proaches the anion is simultaneously attracted
to its own image charge and repelled by the im-
age charge of the associated cation. While the
coplanar configuration maximizes the attractive
interaction between carbonate and it’s own im-
age charges it also maximizes the repulsion from
the image charge of the sodium cation. This in-
terpretation is supported by the slight increase
in the population of coplanar carbonates near
an anode. The positively charged electrode re-
pels the cation, decreasing its associated image
charge and mitigating the drive away from the
coplanar configuration. In contrast, SSP com-
plexes show a much weaker alignment bias, and
a bistability between orthogonal and co-planar
COs5? . When the cations are further away from
carbonate, the repulsion between the their im-
age charge and the anion’s is significantly re-
duced, decreasing the resulting penalty to the
coplanar configuration.

The inter-cation angle, Oxacna, shows an even
more dramatic dependence on the ion-pairing
state and the interface. The contact paired
complex, Fig. 7.B, shows a bistability between
a linear state where the two cations are on op-
posite sides of the anion and a bent configu-
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ration where they are nearly orthogonal. This
bent configuration is stabilized by the presence
of a water molecule in CO3% ’s first solvation
shell with the oxygen between the two cations.
This bistability is present in all chemical en-
vironments with a relative stability that de-
pends on electrode charge. When the anion is
close to the anode, the positively charged elec-
trode repels the cation, pushing the complex
towards the bent configuration. In contrast,
forming the bent configuration near the cath-
ode requires the recruitment of a water with its
oxygen brought into contact with the negatively
charged electrode. The Coulomb repulsion of
the stabilizing oxygen therefore decreases the
probability of the bent configuration.

The solvent-separated configuration shows
markedly different behavior from the contact
ion complex. Instead of a bistable confor-
mation, the solvent-separated species shows a
broad range of angular displacements with a
sharp peak in a highly bent configuration where
a shared water molecule separates both cations
from CO32~ This solvent-separated bent con-
figuration is found in all chemical environments
but is significantly enhanced near neutral elec-
trodes and anodes.

Simulated Water Spectra

Finally, we consider how the vibrational spec-
trum of water is modified by the presence of
the ions and electrode. Our goal is to identify
the subpopulation of OH bonds that produces
the peak around 3400 cm™! in the experimen-
tal VSFG spectrum and why this peak emerges
only under an applied potential. We begin this
analysis by computing the spectrum of all OH
bonds in each of the simulations. We find that
under all conditions, the total water spectrum
was nearly indistinguishable from that of the
pure liquid, since only a very small number of
water molecules experience a local environment
that differs significantly from the pure liquid.
In particular, no spectral feature was observed
near 3400 cm™!. In Fig. 8.A, we consider the
spectrum of only the water molecules within
one Debye length (8 A) of the anode. These
interfacial water spectra do not differ signifi-
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cantly from the bulk, and lack any feeature in
the 3400 cm™! region. Repeating this analysis
for only the first water layer, within 3 A of the
interface, also produced spectra that did not
differ substantially from the bulk. The exper-
imental signal therefore can not be attributed
simply to water near the interface.

Next, we consider only water molecules in
the first solvation shell of the anion. Previous
simulations of Raman spectroscopy in halide
solutions found that ion specific spectral fea-
tures could be attributed primarily to these
waters closest to the ion.%® In order to de-
fine the first solvation shell, we consider the
hydrogen-carbon (HC) radial distribution func-
tion, g(ruc) in Fig. 8.C. Under all simulation
conditions, the g(rpc) shows a local minimum
at 3.5 A defining the cutoff for first solvation
shell Hydrogens. Computing the spectrum of
only these waters in Fig. 8.B, we see a clear
spectral peak emerge at 3400 cm~!. We there-
fore assign the experimental peak to OH bonds
in the first solvation shall of Carbonate. This
assignment can be further validated by select-
ing the OH bonds with a vibration frequency
< 3400 cm™! and computing g(rpc) for this
“High Field” sub-population. In Fig. 8.C we
plot the difference between this sub-population
g(ruc) and that of all Hydrogens for each sim-
ulation condition, confirming that the spectral
peak can indeed be attributed primarily to the
first solvation shell with a small contribution
from the second solvation shell. This figure is
a statistical assignment of the spectral peak,
quantitatively identifying the water subpopu-
lation that is overrepreesented in the spectral
region of interest.

While this spectral peak is present in all
simulation conditions, its characteristics differ
between the bulk (solid lines) and interfaces
(dashed lines). When a carbonate is near the in-
terface, the primary spectral peak is red-shifted
by ~ 50 cm~!. This shift indicates that the first
solvation shell OH bonds typically experience
larger fields when carbonate is near an electrode
than in the bulk, due to the presence of image
charge effects. In addition, we see the presence
of a blue shifted feature near 3700 cm—1 when
Carbonate is near the interface. The presence
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Figure 7: (Left) Histograms of Carbonate orientation, fco, when both Na cations are (A) in contact
with or (c) solvent-separated from COj. (Center) Histograms of the angular displacement Oxacna Of
the two Na cations when both Na cations are (B) in contact with or (D) solvent-separated from COs.
Inset figures show sample configurations from different sub-population peaks in the histogram. In
all plots, results are shown for CO3 in bulk water (solid black); a cell with no applied potential in
the bulk (solid red), and near the electrode (dashed red); and in a cell with a 1V applied potential
in the bulk (solid blue), near the cathode (dotted blue), and near the anode (dashed blue).
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remaining traces show the spectrum of OH bonds (A) within a Debye length of the cathode and (B)
within the first solvation shell of carbonate (rgc < 3.5 A), conditioned on COs being in different
chemical environments. (C) Difference in radial distribution function for High Field Hydrogens
compared to all Hydrogens in the system. Vertical lines in (C, D) at ryc = 3.5 A indicate the cut-
off for first solvation shell Hydrogens. (D) The distribution of OH bond alignments with respect
to the electrode interface. Trace colors as described in Fig. 7. In all plots, results are shown for
COS3 in bulk water (solid black); a cell with no applied potential in the bulk (solid red), and near
the electrode (dashed red); and in a cell with a 1V applied potential in the bulk (solid blue), near
the cathode (dotted blue), and near the anode (dashed blue)
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of this low-field sub-population of water may
indicate the formation of a vacuum region and
a partial dewetting of the ion complex itself or
of the interface near the ion complex.

Although we have assigned the water sub-
population responsible for the experimental
peak, this population is present in similar quan-
tities across all simulation conditions, including
bulk water and near a neutral electrode. It re-
mains to show why this peak only emerges in
VSFG under an applied potential. Sum fre-
quency generation is a surface-sensitive tech-
nique that is sensitive only to regions where in-
version symmetry is broken. Therefore, if the
orientational distribution of a collection of OH
bonds contributing to a spectral feature is in-
version symmetric, that feature will not appear
in the VSFG spectrum. Noah-Vanhoucke et
al%" have shown that this breaking of inversion
symmetry in water is well-described by con-
sidering only the projection of the OH bonds
along the z direction orthogonal to the inter-
face. In Fig. 8.D, we consider this orienta-
tional distribution for different simulation con-
ditions. In the pure water simulation (black
trace), the OH bond distribution is isotropic,
indicating that bulk water will not contribute
appreciably to the VSFG spectrum - even if it
has a sub-population of first solvation shell wa-
ters in the spectral range of interest. The orien-
tation distribution near a neutral electrode(red
traces), while anisotropic is still inversion sym-
metric and thus will also not contribute a VSFG
signal. When an external field is applied, wa-
ter molecules near the interface will align in
response to the applied field, breaking inver-
sion symmetry and therefore contributing to
the VSFG spectrum. The role of the external
field is therefore to align the waters in carbon-
ate’s solvation shell, rendering them VSFG ac-
tive and producing the observed experimental
signal.

Figure 9 shows a typical configuration
from MD simulations highlighting the water
molecules characteristic of the VSFG peak
at 3400 cm~!'. This sub-population of water
molecules is found in the first solvation shell of
a CO32~ anion near the interface and displays a
clear preferential alignment of their OH bonds,
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breaking inversion symmetry and making their
vibrations visible in the VSFG spectrum. This
prediction of unique water vibrations in the
first solvation shell of CO3%" is consistent with
2DIR studies in bulk water.®" The proxim-
ity to carbonate leads to a large electric field
along the OH bonds, producing the observed
red shift in the vibrational frequency relative
to bulk water, while the charged interface leads
to the observed alignment. In addition, the
ion complex is shown in its most probable con-
figuration near the cathode. The Na't cations
are both in contact with the anion on oppo-
site sides with the plane of CO3%~ orthogonal
to the interface. This snapshot should not be
understood as an exclusive assignment of the
peak, with every water molecule contributing
to this spectral region being found in a nearly
identical configuration. Instead, it represents
the most common structure contributing to the
emergent spectral peak, highlighting the con-
formational properties statistically associated
with this spectral region. We note that within
this configuration there exist multiple aligned
water molecules between the ion pair complex
and the surface, which may serve as a pro-
ton donor during the coupled proton/electron
transfer required for CO, activation. However,
future studies will be required to evaluate the
effect of the observed interfacial water align-
ment on the CO,R reaction kinetics.

Conclusion

We have used vibrational sum frequency gen-
eration spectroscopy to study the water struc-
ture at the interface of carbonate electrolyte
solutions and a gold electrode under applied
potentials relevant to CO3R. We observed a
peak at around 3400 cm™! at catalytic poten-
tials in the presence of carbonate anions, and
this peak is assigned to a sodium-carbonate ion
complex, which is over-represented near the in-
terface. The peak is much more prominent for
Nay,CO3 than CsyCOj3 suggesting this peak is
not only anion specific but also cation specific.
Using molecular dynamics simulations, we link
these observed spectral changes to the impact
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of carbonate on the potential-dependent align-
ment of interfacial water and the creation of
a solvent separated sodium-carbonate ion pair.
The peak around 3400 cm ™! is assigned to water
molecules in the first solvation shell of a CO3%~
anion near the interface, which show a prefer-
ential orientation of their OH bonds. This ori-
entation disrupts the inversion symmetry, lead-
ing to the visibility of their vibrations in the
VSFG spectrum. The solvent-separated con-
figuration of the ion pair shows markedly dif-
ferent behavior from the contact ion complex.
Instead of a bistable conformation, the solvent-
separated ion pairs displays a broad range of
angular displacements with a sharp peak in a
highly bent configuration with the two sodium
ions separated from one another by one water
molecule. This solvent-separated bent configu-
ration is found in all chemical environments but
is significantly enhanced near electrode surface.
These findings reveal ion pairing plays an im-
portant role in the structure and alignment of
interfacial water under conditions relevant for
electrochemical catalysis, including COsR and
lays the groundwork for future studies to fur-
ther consider the impact of these structures on
the kinetics and mechanisms of electrochemical
reactions.

Figure 9: MD snapshot showing the aligned
first solvation shell water molecules near the
cathode that give rise to the peak in the VSFG
spectrum at 3400 cm ™.
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