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Introduction

Electrocatalytic interfaces enable chemical
transformations of fundamental and technolog-
ical significance that are challenging to achieve
by other means. Examples include the selec-
tive oxidation of alcohols,!? the conversion of
biomass,** and the reduction of carbon diox-
ide,?® and nitrogen.”® However, electrocataly-
sis of these reactions suffers from poor product
selectivity and catalyst deactivation. Address-
ing these issues requires a better molecular-
level understanding of these complex interfaces
(Figure 1). On the electrode side, the electrode
material and surface morphology determine the
ensemble of catalytically active sites.®? 2 On
the electrolyte side, key factors that determine
the catalysis include the distribution of excess
ions in the electric double layer, 3% the pH in
the vicinity of the electrode,'62% the structure
of interfacial water,?"?? and the coverages of
surface intermediates and adsorbed electrolyte
ions. 423 The electrolyte side of the interface
couples in intricate ways to the electrode and
often evolves the surface morphology under re-
action conditions.?* 2% Therefore, in situ and
operando techniques are necessary to assess
the surface morphology in the electrochemical
environment.

Probing the interface under operating condi-
tions is a great experimental challenge. A vari-
ety of X-ray techniques,?”?® surface-enhanced
Raman spectroscopy (SERS),%? and surface-
enhanced infrared absorption spectroscopy
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Figure 1: The catalytic activity of the inter-
face is determined by the electrode surface, elec-
trolyte species, and their interplay.

(SEIRAS)?* 32 have emerged as particularly
useful methods. While each of the techniques
has its strengths and weaknesses, they of-
ten provide complementary information. Key
strengths of SEIRAS are its high sensitivity, en-
abling the collection of a spectrum within a few
seconds, and its broad spectral window, permit-
ting the simultaneous observation of multiple
interfacial species. In this technique, the inter-
action of incident IR radiation with a nanos-
tructured metal surface gives rise to a plas-
monic enhancement of the local IR field in the
vicinity of the surface.?*3* As a result, IR ab-
sorption signals from surface-adsorbed species
are typically enhanced by factors of 10-10? for
rough metal films3%3* and 10%-10° for nanoscale
antennas.®>3% These enhancements enable the
detection of sub-monolayer coverages of adsor-
bates. The field enhancement steeply decays
with increasing distance from the surface, typ-
ically within ~5 nm,3*3* thereby minimizing
contributions from bulk electrolyte species.



SEIRAS is particularly powerful when it is
coupled to a suitable molecular probe of the
interface. The C=0 stretch mode of surface-
adsorbed CO (CO,gqs) is sensitive to the applied
potential, surface morphology, and electric dou-
ble layer structure. CO,q5 is an intermediate in
the reduction®” and oxidation of carbon monox-
ide3®3? and can be introduced as a spectator
species during other reactions. Therefore, it is a
powerful and broadly applicable IR probe of the
electrocatalytic interface. The utility of CO,qs
for studying the surface morphology of catalysts
at the solid/gas interface has long been recog-
nized. 4?42 However, the complex dependence of
the C=0 stretch spectra on the local environ-
ment of the CO,q4s probe renders the interpre-
tation of the spectra a non-trivial task.

This wviewpoint is a tutorial on how to infer
key structural features of electrocatalytic inter-
faces from IR spectra of CO,qs. This tutorial
is primarily based on recent experimental work
from our laboratory; it is not our goal to pro-
vide a review of SEIRAS studies, which were
comprehensively surveyed in recent review arti-
cles.3%32 However, for completeness of this tu-
torial, this article also includes brief descrip-
tions of discoveries made by others on the ad-
sorption of CO on transition metals and the de-
pendence of the C=0 stretch frequency on the
character of the adsorption site. We focus on
the reductions of CO and CO, to hydrocarbons
on Cu electrodes. In these processes, CO,qs is a
key reaction intermediate; its reduction corre-
sponds to the rate-determining step in the for-
mation of hydrocarbons.3"4344 Therefore, the
CO and CO, reduction reactions (CO/CO,RR)
on Cu electrodes are ideally suited for gaining
insights into how the interfacial structure and
dynamics control the reaction selectivity.

Adsorption of CO on Transi-
tion Metals

The adsorption of CO on metal surfaces is of-
ten thought to arise from a synergistic effect
involving the donation and back-donation of
charge between CO and metal. ***® In a simplis-
tic frontier molecular orbital (FMO) descrip-

tion, the surface bond arises from the transfer
of charge from the 50 orbital of CO to the metal
and the concurrent donation of charge from the
metal to the 27 orbital of CO (back-donation).
The d-band model of Hammer, Morikawa, and
Norskov (HMN model) successfully predicts pe-
riodic trends in the adsorption of CO in an
atop configuration (CO,tep) on transition met-
als. 4999 According to this model, the surface
bond is formed due to the interaction of the
FMOs of CO with the sp and d states of the
metal. The hybridization energy of the FMOs
with the d states of the metal is primarily re-
sponsible for the variation of the adsorption en-
ergy across different transition metals and ad-
sorption sites.

Although the HMN model is successful in the
prediction of periodic trends in the adsorption
energy of COgop, it is important to note that x-
ray emission spectroscopy (XES) and ab initio
calculations have shown that the formation of
the surface bond is accompanied by changes in
the electronic structure of the CO molecule be-
yond the FMQs. 474851753 The adsorption pro-
cess involves re-hybridization of the entire 7
system of the CO molecule. For late transition
metals, the interaction of the ¢ system with the
states of the metal is often found to be energeti-
cally unfavorable due to Pauli repulsion. On the
basis of such studies, Fohlisch and co-workers
suggested that the net adsorption energy is the
net result of 7 bonding and o repulsion.® 3
A more detailed discussion of these models is
given in Note 1 of the Supporting Information.

The foregoing discussion shows that the ad-
sorption of CO on transition metals is asso-
ciated with substantial changes in the elec-
tronic structure of the molecule. These changes
weaken the intramolecular CO bond. The de-
gree of bond weakening depends on the metal
and the geometry of the adsorption site. For
this reason, the C=O0O stretch frequency of
CO,gs is a molecular probe of the atomic-level
morphology of the catalyst surface.

The C=0 stretch frequency of CO,qs gener-
ally decreases with increasing coordination of
the adsorbate by surface metal atoms. At the
gas/solid interface COgtop is typically observed
in the range of ~2130-2000 cm™!, whereas



bridge-bonded CO (COpyidge) is observed in the
range of ~2000-1650 cm™!.%* For CO,tep, the
C=O0 stretch frequency also depends on the co-
ordination of the adsorption site by neighbor-
ing surface metal atoms. The dependence of
the frequency on the adsorption site geometry
can be complex. An expanded discussion is pro-
vided in Note 2 of the Supporting Information.
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Figure 2: (A) Integrated C=0 stretch band
areas for CO,op (squares) and COpyigge (filled
circles) during a cyclic voltammetric sweep.
COpyigge does not desorb on the reverse scan
until the oxidation potential of Cu (~—0.15 V)
is reached. (B) Response of the integrated band
areas for the two species to a cathodic poten-
tial step from —1.1 to —1.75 V versus SHE.
The COppigge population does not decline. The
experiments were carried out in CO-saturated
0.05 M Li;COj3 (pH = 11.4) electrolyte. Panel
(A) was adapted from Reference 55.

In Situ Probing of Catalyst
Surface Morphologies

Rough Cu electrodes often display high CO and
CO4 reduction rates and good product selec-
tivity towards desirable hydrocarbons and oxy-
genates in comparison with their smooth coun-
terparts.® % However, probing their atomic-
level surface morphology and identifying the
catalytically active sites under electrochemical
conditions is experimentally very challenging.
As a result, the origins of the favorable catalytic
properties of these electrodes are still under de-
bate. The following examples demonstrate that
the C=0 stretch mode of CO,q is a powerful in
situ probe of the atomic-level morphology and
its evolution during catalysis. The technique
could therefore provide critical insights required
for settling these debates.

The identification of the ensemble of catalyt-
ically active sites is of central interest in the
field of heterogeneous catalysis. CO,qs has been
generally considered a reactive on-pathway in-
termediate in the aqueous electrocatalytic re-
duction of CO5 on Cu electrodes. However, be-
cause the electronic structure of adsorbed CO
is dependent on the adsorption site,*”4852:61,62
COatop and COpyigge are expected to exhibit dif-
ferent surface reactivity. With SEIRAS, we de-
termined the reactivity of COgtop and COprigge
on a polycrystalline Cu electrode in contact
with alkaline electrolytes.®® The C=0 stretch
band of COpyigge appears in the spectral range
~1800-1900 cm~!. In collaboration with the
Janik group, we showed with density functional
theory (DFT) calculations that this band is
consistent with CO adsorbed on 2-fold and/or
3-fold bridging sites on Cu(100) and Cu(111),
respectively. The band likely arises from a mix-
ture of COpigee Species; a contribution from
COpyigge On other facets is also probable. %

Our key findings are as follows: First, we
showed that COpigge is an irreversibly ad-
sorbed species that can only be removed from
the electrode by oxidizing the surface (Fig-
ure 2A). Second, we found that COpyigge can-
not be reduced at a potential of —1.75 V versus
the standard hydrogen electrode (SHE) (Fig-



ure 2B). Our results suggest that COpyigge s DOt
an on-pathway intermediate in CO reduction.
With DFT calculations performed by the Janik
group, we found that the electrochemical inert-
ness is likely due to a stabilization of COpyigge
by the interfacial electric field. Third, we exten-
sively explored the electrochemical conditions
that lead to a buildup of COpyigee On the sur-
face. We discovered that a pH- and potential-
induced surface reconstruction of Cu electrodes
forces CO,top into a bridge-bonded adsorption
configuration. Specifically, we found that the
formation of COpyiqgge is favored with increasing
pH of the electrolyte. We suggested that under
high pH conditions and cathodic polarization,
the elemental polycrystalline Cu surface under-
goes reconstruction that yields a surface that
is more favorable for binding CO in a bridging
configuration. This interpretation is consistent
with the observation by Soriaga and co-workers
that polycrystalline Cu electrodes form (111)
and (100) facets on a timescale of tens of min-
utes under similar electrochemical conditions. %4

More recently, the site preference of CO.qs
on Cu under electrocatalytic conditions has re-
ceived close attention. Wu and co-workers ex-
plored the appearance of COyyiqee on differ-
ently prepared Cu electrodes under COy re-
duction conditions.?® Consistent with our re-
sults, they found that COpygge is irreversibly
adsorbed on the Cu surface and attributed the
accumulation of this species to a surface re-
construction process. However, on the basis of
x-ray absorption measurements, they ascribed
the reconstruction process to the slow reduc-
tion of kinetically stable Cu oxides rather than
to the reconstruction of the elemental Cu sur-
face. They found that on electrode surfaces
on which Cu(0) predominates, only COpyidge
appears and neither methane nor ethylene is
formed. On electrodes on which Cu(I) predom-
inates, they detected only CO,p and the for-
mation of methane. By contrast, on electrodes
containing a mixture of Cu(0)/Cu(I), they ob-
served COpyigge and COytop and a comparatively
high selectivity for methane and ethylene.

The observed correlation between the relative
abundance of CO,top and COpyigee and the prod-
uct selectivity raises the question if COpyigge is

an intermediate, a promoter, or simply a spec-
tator that reports on the surface state of the
electrode. Given the stability of COpyiqge at
—1.75 V versus SHE (Figure 2B), we rule out
the possibility that COyyigge is an on-pathway
intermediate, though it could become reactive
at more cathodic potentials. COpyigge could pro-
mote the reaction by stabilizing surface struc-
tures that facilitate the CO/CO;RR. However,
for chemically deposited Cu electrodes, Xu and
co-workers found that the adsorption of CO
does not affect the reduction of Cu oxides at
cathodic potentials.?® Further, we showed that,
within our attainable coverage limits, the pres-
ence of COpyigge does not affect the adsorption
of COgtop,”” which is generally viewed as an
on pathway intermediate in the CO/COyRR.
When these studies are viewed collectively, it
appears that, at low surface coverage, COpyigge
is best described as an electrochemically inert
spectator species that reports on the morphol-
ogy of the Cu surface.

We further found that, apart from the pH,
the appearance of COyigee also depends on
the electrolyte’s cation and anion. For ex-
ample, COpigge is particularly prominent in
electrolytes containing Cs™ or C17.%%% These
species are known to promote the CO/COsRR
to Coy hydrocarbons, likely due to electric dou-
ble layer effects. 4606769 Tn addition to these
electric double layer effects, these species may
also assist in the evolution of the surface to a
state that favors the formation of C—C bonds.?
Further studies are required to determine the
surface states that are characterized by COpyigge
and to quantify to what extent the surface cov-
erage of this species correlates with C—C bond
formation rates.

The C=O0 stretch band of COpyigge could be
employed as an in situ probe to guide the en-
gineering of electrodes with high reaction selec-
tivity. Indeed, such an approach was recently
employed by Sargent and co-workers. They
showed that increasing the CO,top/COpyidge Ta-
tio by tuning the electrode properties improves
the selectivity for the formation of ethylene.™
We note in passing that the COyigge Species
that they detected with SERS presents a stretch
band at a higher frequency than that of the



species discussed herein. The higher C=0
stretch frequency (1900-2000 cm™') may be a
result of a combination of reasons, such as the
use of a differently prepared electrode and dif-
ferent reaction conditions in comparison with
those employed in SEIRAS. Finally, in contrast
to COprigge considered here, CO adsorbed on 4-
fold bridging (hollow) sites on Cu(100) was im-
plicated as an on-pathway intermediate to ethy-
lene by IR spectroscopy and DFT studies. ™
The example discussed above illustrates that
dynamic restructuring of catalysts under op-
erating conditions plays an important role in
catalysis. Surface reconstructions can be driven
by changes in the predominant surface adsor-
bates. In particular, the adsorption of CO is
well known to induce or affect surface recon-
struction processes on metal surfaces and elec-
trodes.” ™ Employing SEIRAS and SERS, we
observed the reversible reconstruction of poly-
crystalline Cu electrodes induced by the adsorp-
tion of CO.?> Our key observations are as fol-
lows: First, as shown in Figure 3, the C=0
stretch of CO,tep gives rise to a band at ~2050
cm~! at potentials >—1.0 V versus SHE (low
frequency band, LFB). At more cathodic po-
tentials, a band at ~2080 cm™! develops (high
frequency band, HFB). The LFB and HFB are
due to COyiep on terrace and defect sites, re-
spectively. Second, the Raman spectrum also
shows bands at 280 and 360 cm™!, which are
due to the Cu-CO stretch and the frustrated
rotational mode of CO, respectively. The key
observation is that these two bands appear vir-
tually concurrently with the HEB (Figure 3).
These data suggest that once a certain thresh-
old coverage of CO is reached, the interac-
tion of the adsorbate with the Cu electrode
induces a reconstruction of the surface. This
reconstruction produces undercoordinated Cu
sites, as evidenced by the appearance of the
HFB. The emergence of these sites is coupled to
the formation of nanoscale features on the sur-
face that bring about a marked enhancement
of the surface-enhanced Raman effect, as indi-
cated by the concurrent appearance of the HFB
and the bands at 280 and 360 cm~'. Third,
with SEIRAS we showed that the changes in
the C=0 band are reversible with potential and

CO surface coverage. This observation suggests
that the structural changes in the surface are
also reversible.
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Figure 3: Surface-enhanced Raman spectra

of COatop during the reduction of CO, on a
Cu electrode. The concurrent appearance of
the 280/360 cm™! bands and the HFB is sug-
gestive of an amplification of the SERS effect
due to a CO-induced reconstruction of the sur-
face (cartoon). The red and black solid circles
in the cartoon depict the carbon and oxygen
atoms of COg,ep, respectively. The data were
collected in COy-saturated 0.1 M KHCOj5 elec-
trolyte. Adapted from Reference 25.

Compared with terrace sites, undercoordi-
nated sites bind CO more strongly by about 50-
100 meV."" Therefore, the creation of these
sites is expected to affect the catalytic prop-
erties of the interface. We note that the inte-
grated area of the HFB is not proportional to
the population of CO,gep on undercoordinated
sites; as discussed later, we recently demon-
strated that the amplitude of this band is am-
plified by dynamic dipole coupling.™

In a related work, we showed that the recon-
struction process is influenced by the identity
of the anion of the supporting electrolyte.%



Specifically, in 1 M NaClO,4, we found a hys-
teresis of ~100 mV in the potential-dependent
adsorption/desorption profiles of CO,top (Fig-
ure 4A), indicating that the CO adlayer is
more stable on the anodic reverse scan. We
and others found similar degrees of hysteresis
for a broad range of electrolytes. %780 Consis-
tent with our prior report,?® we attributed the
higher stability of the CO adlayer on the anodic
reverse scan to the CO-induced surface recon-
struction that yields undercoordinated Cu sites
that bind CO more strongly compared with
the prevalent surface sites before reconstruc-
tion. Interestingly, in 1 M NaCl, the hysteresis
is absent (Figure 4A). This observation suggests
that the presence of Cl~ weakens the binding of
CO with the electrode, thereby reducing the de-
gree of CO-induced surface reconstruction. In-
deed, we found that the peak frequency of the
C=O0 stretch band of CO,4ep is markedly blue-
shifted by ~19 cm™! in the presence of 1 M Cl1~
relative to that in 1 M NaClO, (Figure 4B).
This observation is consistent with the notion
of a weakening of the Cu/CO interaction in the
presence of this anion.

When they are taken together, our stud-
ies discussed above elucidate how the inter-
play between the Cu surface and CO, an-
ions, and electrolyte pH controls the struc-
tural characteristics of the polycrystalline Cu
electrode. The dynamic nature of the poly-
crystalline Cu surface highlights the challenges
associated with correlating surface morphol-
ogy with the CO/CO,RR activity and prod-
uct selectivity. To rigorously connect observed
product selectivity with surface morphology, it
is therefore highly desirable to simultaneously
perform SEIRAS and product detection on the
same electrode. To this end, we developed a
combined SEIRAS /differential electrochemical
mass spectrometry (DEMS) setup, which we
applied to understand the surface morphology
and catalytic activity of two types of rough Cu
electrodes.

Using our combined SEIRAS/DEMS setup,
we established the potential-dependence of the
lineshape of the C=0 stretch band of COytop as
a probe of the atomic-level surface structure un-
der electrochemical conditions.™ Our key find-
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Figure 4: (A) Integrated C=0 stretch band ar-
eas of COytep on Cu during a cyclic voltammet-
ric sweep in CO-saturated 1 M NaCl and 1 M
NaClO, in D50, as indicated. “FW” and “RV”
denote the forward and reverse scans, respec-
tively. (B) Peak frequency of the C=0 stretch
band of CO,4ep in the two different electrolyte
in the limit of low CO coverage. Adapted from
Reference 66.
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buffer (pH = 7). Adapted from Reference 78.

ings are as follows: First, we found that Cu
films that are electrochemically deposited on
Si-supported Au films (CuAu-Si) are not as ef-
fective in promoting the formation of ethylene
during the reduction of CO in comparison with
Cu films (Cu-Si) that are electrolessly deposited
onto Si crystals. Specifically, we showed that
the onset potential for ethylene is shifted in
the cathodic direction by ~200 + 65 mV for
CuAu-Si relative to that for Cu-Si (Figure 5A).
Second, the potential-dependence of the line-
shape of the C=0 stretch mode of CO,cp is re-
markably specific to the type of the electrode.
For Cu-Si, a distinct band due to COgtop on
terraces is apparent at ~2045 cm™! at mod-
erate cathodic potentials (Figure 5B). By con-
trast, for CuAu-Si, a distinct band at ~2045
cm ™! does not develop at any applied potential.
On the basis of a simple Boltzmann model and
additional characterization of the surface mor-
phology through cyclic voltammetry, we showed
that these observations are consistent with the
prevalence of different terrace sites on the two
types of electrodes, which explains their dis-
tinct catalytic properties (Figure 5B). CuAu-Si
is rich in Cu(111) facets, which is a likely re-
sult of pseudomorphic growth of the Cu layer

on the Au substrate, which has a preferential
(111) orientation. Because of the thickness of
the Cu layer (~8 nm), electronic effects aris-
ing from the underlying Au substrate are likely
negligible; however, the possibility of alloying
of the two metals cannot be fully excluded. In
contrast to CuAu-Si, the Cu(100) facet predom-
inates on Cu-Si. Cu(100) is known to more ef-
ficiently catalyze C—C bond formation in com-
parison with the (111) facet of Cu.®! Our anal-
ysis of the C=0 stretch bands could also be
employed in conjunction with SERS, which can
probe a wide range of rough metal electrodes.

Coverage Effects on the

CO Adsorption Energy and
C=0 Stretch Spectrum

We now turn to the question of how the C=0
stretch spectrum of CO, 4 is affected by changes
in the CO coverage and the coadsorption of
other species. As the CO coverage increases,
interactions between CO,qs molecules give rise
to changes in the spectrum and the adsorption
energy. For the purpose of the following dis-



cussion, it is useful to partition the interaction
into two terms: (1) Dynamic dipole coupling
and (2) all other adsorbate-adsorbate interac-
tion mechanisms.

The theory of dynamic dipole coupling
has been extensively described in the litera-
ture. 108285 Herein we only describe some of
the basic features of the theory. The effects of
dynamic dipole coupling are most straightfor-
wardly illustrated for a system involving the
interaction of only two CO molecules. The
insights are readily extended to a system in-
volving an arbitrary number of CO molecules.
Dynamic dipole coupling between two adsorbed
CO molecules is given by the following Hamil-
tonian (in units of cm™1):%°

wr B

= {B wz} ’ (1)
where w; and wsy denote the frequencies of the
CO molecules in the absence of coupling (sin-
gleton) and /3 describes the interaction between
the two molecules. The interaction term [ can
include various coupling effects, depending on
the level of theory. Typically, 5 is taken as a
function of the dynamic dipoles () of the CO
molecules and the distance () between a pair of
CO molecules, that is, 3 = f(u1, u2,r~3). For
CO, the dynamic dipole (p) is the change in the
permanent dipole moment with bond length.
Because of the interaction term [, the CO os-
cillators are no longer isolated, but are coupled
to each other. The degree of coupling depends
on the distance between the CO molecules and
their singleton frequencies. From a practical
point of view, it is important to realize that
the impact of dynamic dipole coupling on the
spectrum greatly depends on the ensemble of
adsorption sites, that is, on the surface mor-

phology of the electrode. 40:82:84
We first consider the case where w; = ws,
which implies that the two CO molecules are
adsorbed on identical surface sites. Diagonal-
ization of eq. 1 yields the two normal modes of
the coupled system, one with a lower and an-
other with a higher frequency compared with
the singleton frequency.®? The low frequency
mode has zero intensity because the two CO
molecules oscillate in anti-phase (the amplitude

of an IR band is proportional to the square of
total change in dipole moment, which is zero
for this mode). By contrast, the high frequency
mode, which arises from the two molecules os-
cillating in-phase, has twice the intensity of
the original singleton. Therefore, because the
low-frequency mode has zero intensity and only
the high-frequency mode is IR active, dynamic
dipole coupling between identical CO molecules
blue-shifts the frequency. This effect is typically
observed for CO adsorbed on low-index single
crystal facets where only one type of adsorp-
tion site is occupied.®® The absence of such a
shift should not be mistaken for an absence of
dynamic dipole coupling: Dynamic dipole cou-
pling is only one interaction mechanism. In a
real system, additional adsorbate-adsorbate in-
teractions also affect the frequency, as discussed
later. The observed frequency is the net result
of the various mechanisms that affect the fre-
quency. ¥

We now consider the case where w; < wo,
which implies that the two CO molecules are
adsorbed on different surface sites. The two
normal modes of the coupled system are both
IR active.®? The frequencies of the coupled sys-
tem are typically very similar to the singleton
frequencies. The effect of dynamic dipole cou-
pling primarily manifests itself in the form of
intensity transfer from the low to the high fre-
quency mode.??848 The consequences of this
transfer are profound: The transfer effectively
amplifies the band of the species that gives rise
to the high frequency mode at the expense of
the low frequency mode. As a result, minor-
ity species (e.g., COutop on defect sites) can
dominate the C=0 stretch spectrum, whereas
the contribution of the majority species (e.g.,
COpgtop On terrace sites) is diminished. Further,
when the effects of the metal on the coupling are
taken into account, the integrated band area is
no longer proportional to the surface coverage
(deviation from Beer’s law). These effects have
been extensively discussed and documented in
the literature, 78:82:84,88

Dynamic dipole coupling can be revealed
through spectroscopy of isotopically dilute mix-
tures. 408283 The degree of coupling decreases
with increasing difference between the singleton
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Figure 6: Isotope dillution experiments to re-

veal dynamic dipole coupling. Spectra were
collected at —1.3 V versus Ag/AgCl in pure
20160 and a mixture of 10% '2C'0 and
90% 13C'80. The absence of the HFB of CO in
the isotopic mixture indicates that the HFB in
the pure 2C160 is greatly influenced by the dy-
namic dipole coupling. The experiments were
carried out in 0.1 M potassium phosphate buffer
(pH = 7). Adapted from Reference 78.

frequencies (Jw; — wo|). As a result, an isotopi-
cally dilute CO species shows minimal coupling
with the majority CO. An illustrative example
is shown in Figure 6. The dashed line shows the
C=0 stretch band of CO,tep at saturation cov-
erage. The spectrum consists of two bands, the
LFB and HFB, as discussed earlier (Figure 3).
The solid line shows the spectrum of an iso-
topic mixture of 90% *C*¥0O and 10% 2C*0O
at the same total coverage and potential. Com-
pared with the spectrum of isotopically pure
CO (dashed line), the solid spectrum also shows
similar features, denoted LEBy; and HF By (HI
is short for “heavy isotope”). These two bands
arise from ¥C'80. The band labeled with a star
symbol primarily arises from 2C'6Q. Interest-
ingly only the LFB is present; the HFB does
not appear. This result demonstrates that the
HFB in the spectrum of isotopically pure CO
(dashed line) is greatly amplified by intensity
transfer from the LFB to the HFB. Clearly, dy-
namic dipole coupling can complicate the inter-
pretation of spectral lineshapes. However, this
mechanism can also give insights into the dis-
tribution of CO,q4s on a surface. 368

On the basis of this discussion, we recommend
the following guidelines for the interpretation
of C=0 stretch spectra: First, it is a good de-
fault assumption that dynamic dipole coupling
occurs within the CO adlayer under many con-
ditions relevant to electrocatalysis. Second, the
possible effects of this coupling mechanism for
the specific system under consideration should
be given thought. As discussed above, inten-
sity transfer is likely to affect the lineshape on
polycrystalline electrodes. These effects can be
rigorously evaluated with isotopic dilution ex-
periments. ‘%82 However, if doubly labeled CO
is required (Figure 6),”® this strategy is pro-
hibitively expensive for typical SEIRAS/SERS
measurements. Alternative appropriate control
experiments depend on the type of information
that is to be extracted from the spectra. These
controls may include (1) the analysis of the
spectrum in the low coverage limit, where dy-
namic dipole coupling is weak, unless CO,q5 is-
land formation is favored under the experimen-
tal conditions;3%% (2) the analysis of the spec-
tra in a potential range of near-constant CO .44



coverage (if potential-dependent peak frequen-
cies for Stark measurements are of interest, as
discussed later); (3) the measurement of addi-
tional modes, such as the metal-carbon stretch
(Figure 3), which are much less affected by dy-
namic dipole coupling. Third, when making
assignments on the basis of older literature re-
ports, it is good practice to check if the reported
assignment held up to further scrutiny. For ex-
ample, the peak frequency of CO,0p on Pt(111)
was revised because prior results were affected
by originally unnoticed surface defects.”!

Apart from dynamic dipole coupling, the
C=0 stretch spectrum of CO,qs is also affected
by other adsorbate-adsorbate interactions. Ad-
sorbates interact by through-space and surface-
mediated mechanisms. These mechanisms can
be very complex; their review is beyond the
scope of this article. In the following, we high-
light a few essential points. In contrast to dy-
namic dipole coupling, these interactions do not
only affect the spectrum but also the CO ad-
sorption energy and site preference.

Using DFT calculations, Rappe and co-
workers explored the interactions between
CO,qs molecules on various transition metal
surfaces.%? They found that nearest-neighbor
interactions weaken the surface bond by ~0.32
eV at a coverage of 1/2 monolayers. The de-
gree of weakening is mostly independent of the
metal (Pt, Rh, Pd) and adsorption configu-
ration (atop versus bridge sites that do not
involve shared surface atoms between differ-
ent CO,qs molecules). This interaction is due
to through-space repulsion. With increasing
coverage of adsorbates, the d-band center of
surface metal atoms shifts to more negative
energies. 92929 For adsorption configurations
in which a surface metal atom binds to more
than one COpgge molecule, this shift leads
to bonding competition; this effect weakens
the interaction of CO with the surface. For
certain configurations, hybridization between
the d-metal orbitals and the 27* orbitals of
COprigge form extended electronic states that
facilitate electron delocalization, which stabi-
lizes the COpyigge adlayer.%?

Other coadsorbates may also affect the spec-
trum and the CO adsorption energy. The in-

10

teraction of CO with a metal surface is typi-
cally strengthened by coadsorption of electron
donating species, such as alkali metals. These
species increase the charge density on the metal
surface, and therefore strengthen the surface
bond by increasing the back-donation of charge
to the 27* orbital of CO,qs,”>% though fa-
vorable through-space electrostatic interactions
may also play a role.?” Consistent with this pic-
ture, the C=0 stretch frequency markedly red-
shifts and bridging sites are preferred over atop
sites upon coadsorption of electron-donating
species. By contrast, electron-withdrawing
coadsorbates, such as sulfur or oxygen, tend to
weaken the interaction of CO with the metal.%

Probing the Electric Double
Layer Structure

The electric double layer plays a central role in
electrocatalytic reactions. %7192 However, its
chemical and physical complexity render the
elucidation of the electric double layer structure
under reaction conditions very difficult. Fur-
ther, because of the multitude of different mech-
anisms through which the electric double layer
can influence catalysis, it is very challenging
to associate product selectivity with any given
measured interfacial property. For these rea-
sons, many studies focus on phenomenological
observations or resort to computer simulations
to gain insights into electric double layer effects
in catalysis. When coupled with a suitable IR
probe, vibrational spectroscopy is a powerful
tool for the experimental elucidation of elec-
tric double layer properties.!?3197 In particu-
lar, we are interested in the complex effects of
cations on electrocatalytic processes, which we
recently reviewed in a perspective article.!4 In
the following, we show examples of how spec-
troscopically measured cation-dependent inter-
facial properties can be related to the catalytic
activity of the interface.

Electric fields at an electrode surface can be
probed by the vibrational Stark effect, which
describes the effect of an electric field (5) on
the frequency (w) of a vibrational mode:



w(¢) = wo — Afi - E(¢), (2)
where wy, ¢, and Aji are the frequency of the
mode in the absence of an electric field, the elec-
trode potential, and the Stark tuning rate of the
mode. For CO,qs, Aji coincides with the CO
bond vector. Detailed accounts of the theory
have been given elsewhere. 15109 Equation 2 en-
ables the calculation of interfacial electric fields
in electrocatalytic systems.?*196:197 Tt is impor-
tant to note that the field at the interface is
highly heterogeneous.!!® The Stark effect mea-
sures the local electric field at the site of the
probe projected along Aji and averaged over
the molecular length of the probe molecule.

We explored the effect of alkali metal cations
(Lit, K*, and Cs™) on the rate of CO reduc-
tion on Cu electrodes.®® We showed that the
CO coverage decreases with increasing size of
the alkali metal cation due to the increasing
promotion of the hydrogenation of CO,qs in
the series Lit, KT, and Cs™. Specifically, we
revealed that the reduction kinetics of CO is
faster by approximately one order of magnitude
in the presence of Cs™ compared with that in
LiT-containing electrolyte. By analysis of the
C=0 stretch band of CO,top we identified the
enhanced interfacial electric field in the pres-
ence of Cs* (compared with Li*) as the un-
derlying physical origin of the observed pro-
motion of the CO reduction in Cs*-containing
electrolyte. Specifically, we found that, with re-
spect of the peak frequency of the C=0 stretch
band in Li*-containing electrolyte, the frequen-
cies in the presence of K™ and Cs™ are shifted
to lower energy by about 1.4 and 3.7 cm™!, re-
spectively. This observation is consistent with
a stronger stabilizing interfacial field with in-
creasing cation size.

To explore electric double layer effects on the
reduction of CO to ethylene on Cu, we em-
ployed a series of quaternary alkyl ammonium
cations (methylyN*, ethylyN* propylyN*, and
butylyN*) to systematically tune the proper-
ties of the electrocatalytic interface.??> With
DEMS, we revealed that, in the presence of
methyl;N* and ethylyN*, ethylene is produced
at detectable rates. By contrast, in the pres-

11

e 2080 | T N T A T T

£

& 20754 1 e —

c .

) i o |

> -

o - +

£ 2070~ e Methyl,N'I-

5 1 = EtyN' [

5 A Propyl,N'[”

0 ’ v Buty,N'

O 2060 <
44 43 12 11 10

Potential (V) vs. SHE

Figure 7: Change of the C=0 stretch frequency
with applied potential. The experiments were
carried out in CO-saturated 0.1 M quaternary
alkyl ammonium chlorides in D50, as indicated.
Adapted from Reference 22.

ence of propylyNT and butylyN*t, ethylene is
not formed at detectable levels. Using SEIRAS,
we comprehensively analyzed how the differ-
ent cations alter the interfacial properties, in-
cluding CO coverage, interfacial electric field
strength, and the structure of interfacial wa-
ter. As shown in Figure 7, the slopes of the
frequency-potential lines decrease with increas-
ing size of the cation. For the three larger
cations, the lines cross at a potential of ~—1.1
V. The potential is the approximate potential
of zero charge of the electrode (the line for
methyl;N* is offset due to chemical effects, as
discussed in the original article). At this poten-
tial, the interfacial field experienced by COgtop
is zero. Using this frequency and the Stark
tuning rate of CO,p on Cu (which is known
from calculations), we calculated the potential-
dependent interfacial fields. At a potential of
—1.6 V versus SHE, we determined that the
field strength increases from about 0.05 to 0.15
VA~ We estimated that these changes do not
significantly affect the CO adsorption energy.
Interestingly, our SEIRAS results show that
an intermolecular interaction between CO,qs
and interfacial water is disrupted in propylsN™-
and butylyNT-containing electrolytes (Fig-
ure 8A). This finding suggests that this in-
termolecular interaction is essential for the
formation of ethylene. In line with a recent



theoretical prediction,'®! we proposed that the
waters in direct contact with CO,qs stabilize
the CO dimer, which has been suggested as
a key intermediate in the formation of ethy-
lene, ™ through hydrogen bonding (Figure 8B).
Our experimental work demonstrates that this
non-covalent interaction is critical for the C-C
coupling process. At present, the mechanistic
understanding of the CO/CO,RR is mostly de-
rived from DFT calculations that do not fully
include the effects of water. This work high-
lights the role of water as a solvent in this
surface-catalyzed process.

The hydrophobic nature of propylyN* and
butylyN* (compared with the two smaller
cations) likely plays an important role in mod-
ulating the interaction of water with CO,qs.
However, the rather abrupt change in the rate
of ethylene formation with the size of the cation
suggests that other effects, such as a high
propensity to aggregate at the metal/aqueous
electrolyte interface, as observed for some or-
ganic cations,'! may also contribute. Our in-
terpretation is also consistent with the recent
observation by Thoi, Hall, and co-workers that
cationic surfactants at the electrode/electrolyte
interface reorganize interfacial water.!® As ar-
gued by Cuesta and co-workers, the interaction
of water with the cation-dependent interfacial
electric field likely also plays a role.!'? With
vibrational sum frequency spectroscopy (SFG),
Dawlaty and co-workers recently showed that
on rough Ag electrodes, cationic surfactants
produce stronger local electric fields compared
with those in the presence of anionic surfac-
tants. 107

Conclusions and Outlook

The above examples demonstrate that the C=0
stretch band of CO,qs provides insights into the
structural characteristics of the electrode sur-
face and the electric double layer. However,
the study of the interface with SEIRAS/CO 45
is not without pitfalls. It is important to pay
particular attention to the points summarized
in the following.

SEIRAS Film Integrity. As is the case for
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all electrochemical measurements, the prepara-
tion and pretreatment procedures of the elec-
trode prior to the measurements may greatly
affect the results. Therefore, it is essential to
apply appropriate pretreatment protocols and
to report those protocols in publications in de-
tail. The proper protocol depends on the thin
film electrode’s chemistry, the reaction condi-
tions, and the information to be gained from the
spectroscopic measurement. For example, the
persistence of residual oxide on Cu electrodes
can influence the adsorption of CO and the line-
shape of the C=0 stretch mode.'*® Proper pre-
treatment protocols minimize the influence of
residual oxides. Whenever possible, it is also
advisable to carry out two or more CVs to test
if the spectra are impacted by or due to irre-
versible processes at the interface (e.g., surface
reconstructions, pH-drift, etc.).

Reaction Conditions. SEIRAS measure-
ments have often been carried out in static
electrolyte and single-compartment cells. In
a static electrolyte, the pH in the vicinity of
the electrode can easily drift under reaction
conditions.'® Further, limited mass transport
of other reactants to the surface may also af-
fect the results.?®!''* Because proton-coupled
electron transfer reactions are necessarily in-
fluenced by pH drifts, appropriate control ex-
periments need to be conducted to ensure that
pH effects do not affect the results. Single-
compartment cells may also result in the depo-
sition of trace amounts of counter electrode ma-
terial on the working electrode. ' For these rea-
sons, it is advisable to conduct SEIRAS mea-
surements in two-compartment cells and under
stirring of the electrolyte.? The technical draw-
ings of our SEIRAS two-compartment cell is
provided in the Supporting Information. A de-
scription of the cell is given in Note 3 of the
Supporting Information.

Integration of SEIRAS and Product
Detection. When SEIRAS and product de-
tection are carried out separately, it is essential
to match the reaction conditions as closely as
possible. Compact, two-compartment SEIRAS
cells, which can be straightforwardly coupled
to gas-chromatography or other product detec-
tion systems, are well suited for this purpose.
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Flow cells that provide simultaneous probing of
the interface with SEIRAS and DEMS provide
the tightest integration under well-defined mass
transport conditions. !¢

CO Probe. The examples shown herein
demonstrate the utility of the C=0 stretch
band for probing the interfacial structure. How-
ever, for the proper interpretation of the band,
close attention has to be payed to coverage ef-
fects. It would be desirable to develop addi-
tional vibrational probes of the interface that
are electrochemically inert over a wide poten-
tial range and whose coverage is not potential-
dependent.  The surface coverage of some
nitrile-based probes can be predetermined prior
to spectroscopic measurements on some metal
electrodes.  Such probes have been proven
highly successful in the elucidation of the struc-
ture of the double layer, 137195107 hut their lim-
ited stability towards reduction limits the use of
these probes to moderate cathodic potentials.

Finally, we note that the electric fields ex-
tracted from spectroscopic measurements of
electrocatalytic interfaces represent the spa-
tially and temporally averaged field within the
plane of the electrode. However, the electric
field at the electrocatalytic interface is highly
heterogeneous, 14101718 agpecially if specifi-
cally adsorbed ions are present. Surface sites
where catalytic turnover occurs may (tran-
siently) experience field strengths very differ-
ent from the average field. Further advances
in spectroscopic methodology and analysis are
necessary to characterize the heterogeneity of
the field. Using vibrational SFG, Borguet and
co-workers recently identified the heterogeneous
charge distribution at the aqueous a-Al,O3 in-
terface. ! This work suggests that related stud-
ies on electrocatalytic interfaces may become
possible in the future.

Supporting Information Avail-
able

Expanded discussion on the adsorption of CO
on transition metals and the dependence of the
C=0 stretch frequency on adsorption site ge-
ometry. Technical drawings and description of



a two-compartment spectro-electrochemical cell
for SEIRAS measurements.

This information is available free of charge on
the ACS Publication website.
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