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ABSTRACT: We present a joint theoretical−experimental study of CO coverage and facet
selectivity on Au under electrochemical conditions. With in situ attenuated total reflection
surface-enhanced IR spectroscopy, we investigate the CO binding in an electrochemical
environment. At 0.2 V versus SHE, we detect a CO band that disappears upon facet-selective
partial Pb underpotential deposition (UPD), suggesting that Pb blocks certain CO adsorption
sites. With Pb UPD on single crystals and theoretical surface Pourbaix analysis, we eliminate
(111) terraces as a possible adsorption site of CO. Ab initio molecular dynamics simulations of
explicit water on the Au surface show the adsorption of CO on (211) steps to be significantly
weakened relative to the (100) terrace due to competitive water adsorption. This result suggests
that CO is more likely to bind to the (100) terrace than (211) steps in an electrochemical
environment, even though Au steps under gas-phase conditions bind CO* more strongly. The
competition between water and CO adsorption can result in different binding sites for CO* on
Au in the gas phase and electrochemical environments.

■ INTRODUCTION

Gold nanoparticles are highly active catalysts for a variety of
thermal and electrocatalytic reactions. As a thermal catalyst, Au
is excellent for CO oxidation,1 whereas under electrochemical
conditions, Au is the most active catalyst for CO2 reduction
(CO2R) to CO and is among the most active catalysts for CO
and alcohol electro-oxidation.2 Despite the apparent simplicity
of many of these reaction processes, their mechanisms remain
contentious.3−7 The determination of relevant adsorbate
coverages in situ, especially under electrochemical conditions,
remains an open challenge. Computational mechanistic
investigations have recently begun to include the impact of
solvation and field, which can have a critical impact on reaction
energetics.8−11

This work presents a combined theoretical and experimental
investigation of the binding characteristics of CO on Au under
electrochemical conditions. To investigate the adsorption sites
in an electrochemical environment, we performed surface-
enhanced IR spectroscopy on polycrystalline gold and detected
a CO band with a signal maximum at 0.2 V versus SHE. This
band disappears in the presence of lead, which we attribute to
the disappearance of the signal to cause blocking of the CO
adsorption sites. Using cyclic voltammograms (CVs) of lead
underpotential deposition (UPD) on single crystals along with
computational Pourbaix analysis, we narrow the adsorption site
possibilities to open motifs such as (100) terraces or (211) and
(110) steps. To gain further insights into which sites could
adsorb CO in an electrochemical environment, we perform
density functional theory (DFT) calculations in the gas phase
and in the presence of an explicit solvent. In vacuum, DFT
calculations and temperature-programmed desorption spec-

tra12 show CO to bind more strongly on steps. In contrast, ab
initio molecular dynamics simulations on (100) and (211)
surfaces with explicit water suggest that competitive adsorption
of water significantly destabilizes CO on the (211) step,
making it more likely to bind to the (100) terrace instead of the
(211) step. This analysis demonstrates the need to consider
the effect of competitive adsorption of water since Au and
other transition metals may not bind CO on the same sites in
the gas phase and electrochemical environments.

■ RESULTS AND DISCUSSION

CO Adsorption with Lead UPD. To probe the adsorption
of CO under an electrochemical environment, we performed in
situ attenuated total reflection surface-enhanced IR spectros-
copy (ATR-SEIRAS) in conjunction with Pb UPD on an
electroless-deposited polycrystalline Au film in a 0.1 M HClO4
electrolyte (see details in Supporting Information Note 1). The
spectro-electrochemical cell was initially purged with 1 bar of
Ar, and a spectral background was acquired. The cell was then
purged with 1 bar of CO. This procedure resulted in a single
vibrational band for CO adsorbed on Au at 2128 cm−1 (at
+0.634 V vs SHE). We note that CO is well known to form Ni
and Fe carbonyls when transferring through stainless-steel
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pipes as was carried out in this work. However, the CO
adsorption peak on Au at ∼2100 cm−1 has been shown to be
present even in the absence of bubbled CO (CO was produced
via electroreduction of CO2).

13 Because of this observation, we
attribute the CO adsorption peak to its adsorption on Au
rather than on a Ni or Fe contaminant.
The vibrational band of CO adsorbed on Au was tracked

while performing a CV in the Pb UPD region, first without Pb
and then in the presence of Pb, as shown in Figure 1a,b,
respectively. The observed peak position is in good agreement
with the first reports of CO on vacuum and electroless-
deposited Au films in HClO4.

14,15 Computed CO coverage-
dependent IR spectra for the (111), (100), (110), and (211)
surface facets (see Figure S5) show peaks between 1900 and
2100 cm−1,16,17 which is slightly smaller than the peak
positions in Figure 1a,b. The linear shift in peak position
with potential (i.e., the Stark shift) is measured to be 50 cm−1/
V, in good agreement with previous reports. The effect of
adding Pb is observed as a disappearance of the CO vibration
band at more cathodic potentials and the reappearance on the
returning, positive-going scan. We attribute this observation to
Pb deposition blocking the sites that adsorb CO. The
integrated band intensities for the two cases have been
coplotted in Figure 1c, illustrating the difference. Without Pb,
the CO band is present in the entire potential window (+0.634
to −0.166 V) and has a maximum intensity of around 0.2 V
versus SHE. In the presence of Pb, the CO band disappears
over an approximately 100 mV range between 0.25 and 0.15 V
vs SHE and then reappears in the same potential range on the
return scan with this being a reversible process. Comparing the
integrated band intensities to the UPD current in Figure 1d,
we find that the disappearance of the CO band coincides with
the broad and most anodic UPD waves centered around 0.2 V
versus SHE. As shown in Figure 1d, the positive current which
is more anodic than 0.3 V vs SHE corresponds to CO
oxidation in both cases. The delayed hydrogen evolution onset
in the solution with Pb allows for a slightly more cathodic
potential window (+0.634 to −0.226 V vs SHE) compared to
the solution without Pb.
Previously, ref 18 reported experimental Pb UPD CVs,

which are reproduced in Figure 2a−d. These curves suggest
that (211), (110), and (100) facets show Pb adsorption peaks

at more positive potentials than the (111) surface. This trend
is consistent with our computational investigations of Pb
adsorption on the same facets. Pb adsorption energies were
calculated on all possible adsorption sites to determine the
configuration with the most stable adsorption energy (Figure
S4). The half reaction for the adsorption of lead is

Pb 2e Pb2 + ↔ *+ −

The free energy for this reaction as a function of potential at
a given surface coverage is

G G U U2e( )Pb Pb
0

SHE Pb Pb2Δ = Δ + − |+ (1)

where ΔGPb
0 is the free energy referenced to 0 V versus UPb|Pb

2+,
USHE is the potential referenced to the standard hydrogen
electrode, and UPb

2+
|Pb is the standard redox potential of Pb2+|

Pb.
Figure 2a−d shows the surface Pourbaix diagrams for

different coverages of Pb adsorbed on the four different surface
facets of Au. Here, we assume that the entropic contribution of
Pb adsorbed on Au is small, thus ΔGPb = ΔEPb. Each line
corresponds to a certain coverage of Pb. On terraces, we
consider coverages of 1/4, 1/9, and 1 ML (Figure 2e), and on
steps, we consider coverages of 1/3, 2/3, and 1 ML (Figure
2f). Intersections between these lines are marked by the
dashed black line and correspond to a change in the estimated
Pb coverage on the surface and the generation of a current.
The line with the lowest energy at a given potential
corresponds to the estimated coverage of Pb on the Au surface.
To facilitate comparison with the experimental CVs from ref

18, we also show the computed “onsets” of the coverages
considered directly on them as dashed black lines. These
onsets are within the DFT error (about 0.15 eV)19 consistent
with onsets of the experimentally observed peaks. In the case of
the Au(100) experiments, the multiple broadened peaks
observed experimentally suggest reconstruction and the
possible presence of surface defects.
With the displacement of CO* with Pb* in the CV (Figure

1d) at 0.2 V versus SHE, the surface facet(s) on which CO
adsorbs must have onset potentials for Pb adsorption more
positive than 0.2 V versus SHE. Both computational Pourbaix
analysis and Pb UPD experiments show the onset of Pb

Figure 1. ATR-SEIRAS in the CO stretch region from a CV on an Au film in 0.1 M HClO4 purged with 1 bar CO. A spectral background was taken
at +0.634 V in Ar-purged solution. (a) ATR-SEIRAS spectra before the addition of Pb. (b) ATR-SEIRAS spectra with 1 mM Pb(ClO4)2. Every
eighth spectrum is shown. (c) Integrated intensities of the CO stretch peak as a function of potential and (d) corresponding 2 mV/s CV with and
without Pb.
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Figure 2. Computed surface Pourbaix diagrams on four prototype Au facets(111), (100), (110), and (211). The dashed black line indicates the
potential at which the coverage has increased between the discrete intervals for which the DFT calculation was performed. To the right of each
surface, the Pourbaix diagram is the associated Pb-UPD CVs taken from ref 18. The multiple broadened peaks observed in the (100) facet suggest
substantial reconstruction.
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adsorption on the (111) facet to be at about 0 V versus SHE
and above 0.25 V versus SHE for all other facets considered.
Therefore, the combination of Pb UPD,18 Pb adsorption
calculations, and SEIRAS experiments together exclude the
possibility of CO adsorption on the (111) terrace site and
suggests that it adsorbs on a more open facet such as the (100)
terrace and/or stepped sites.
We note that in a previous in situ STM work involving CO

adsorption on Au,20 full CO monolayer coverage on Au(111)
was observed after 30 min, which is in contrast to what our
work concludes. However, the authors of ref 20 saw CO
depress into Au, which is highly unusual and led them to
hypothesize that they were seeing physiadsorbed CO rather
than chemiadsorbed CO. Thus, there could be an extra layer of
complexity of CO adsorption beyond what this current work
has focused on.
Electrochemical Reaction Energetics. Since steps or

(100) is suggested by Pb UPD to be possible binding sites of
CO* in an electrochemical environment, we now investigate
the energetics of CO adsorption with ab initio molecular
dynamics (AIMD) simulations with liquid water on (100) and
(211), as a prototypical stepped facet.
Metal−Water Interface in Vacuum. Water has been shown

to competitively adsorb to metallic surfaces, which alters the
adsorption energy of small molecules.21,22 Since an accurate
description of water binding is needed to capture facet
selectivity on Au in an electrochemical environment, we first
evaluate the accuracy of our simulations in capturing the
metal−water interaction against previously published exper-
imental temperature-programmed desorption (TPD) of water
on Au(310).23 As a computational analogue, we consider a
single layer of water on a Au(310) stepped surface with
different coverages of water, as shown in Figure 3b−f, and
report energies based on AIMD calculations.
Figure 3g reports the average adsorption energy of water

Δ⟨E⟩, defined as

E
E E n E

n
n H O H O

H O

H2O 2 2

2

Δ⟨ ⟩ =
− * − *

*

*

where EnH2O*
is the internal energy for a system consisting of

nH2O water molecules on a surface and E* is the internal energy
of just the slab. At coverages greater than 0.5 ML, Δ⟨E⟩ is
roughly constant at a value of −0.4 eV. As a basis for
comparison, we use TPD experiments in ref 23, which have
been analyzed using zero-order desorption kinetics. The data
are reproduced in Figure 3a, where the green and red points
refer to low (<1 Langmuir) and high (>1 Langmuir)
exposures, respectively, and Langmuir refers to the pressure
of gas (Torr) multiplied by the time of exposure (s). Two
overlapping peaks were observed in the experiment between a
temperature range of 158−170 K (first peak) and 161−168 K
(second peak). The first peak, which we attribute to a step site,
was visible at all exposures (both green and red curves in
Figure 3a), while the second peak, which we attribute to a
terrace site, was observed at high exposures (shown in red in
Figure 3a).23 Using leading edge analysis, where the log of the
rate from a TPD spectra is fit to 1/T, the averaged adsorption
energy of water was determined to be −0.49 eV for the first
peak and −0.57 eV for the second.23 The free energies
obtained from the simulations shown in Figure 3g for water
coverages between 0.25 and 0.75 ML (depicted schematically

in Figure 3b−f) are within 0.1 eV from the energy of the first
peak, which suggests that our chosen computational setup
accurately models water−Au interactions (within the typical
DFT error of 0.15 eV).19

Metal−Water−CO Interface under Electrochemical Con-
ditions. We now compare the computed binding strengths of
CO in vacuum against those from AIMD simulations that
include explicit consideration of the water, which represents
the electrochemical environment. We examine the (100) and
(211) surface facets as prototype open facets suggested by Pb
UPD experiments to be possible binding sites of CO*. The
potential range of the SEIRAS experiments (Figure 1c) is close
to the potential of zero charge (pzc) of Au (0.4 V vs SHE, see
Supporting Information Note 5) where electric fields and
excess ion concentrations are the smallest.9,24,25 We examined
the impact of the electric field within this potential range in
Figure S9, and, as expected, found it to be negligible (∼0.1 eV
in a 0.5 V range). Therefore, we did not consider the impact of
ions in this study.
Figure 4 shows both the adsorption energies of CO in

vacuum versus AIMD calculations with explicit water.
Electronic energies (ΔE) correspond to the cumulative average
from AIMD trajectories, while free energies include entropic
contributions from CO* and CO(g) using the harmonic
approximation.

G E T S S T S( )CO CO CO
harm

CO
ideal config

g( )
Δ = Δ − − − Δ* * * (2)

The standard deviation associated with AIMD trajectories
on the surface facets is about 0.1−0.3 eV, which compounds
the errors associated with GGA functionals. We report
standard deviations based on different calculation trajectories.

Figure 3. (a) Water adsorption TPD experiments reproduced from
ref 23, where red points denote exposure greater than 1 L and green
points have exposures lower than 1 L; (b−f) schematic illustrates the
number of water molecules used for each coverage. (g) Average
adsorption energy of H2O on Au(310) computed using ab initio
molecular dynamics simulations; experimentally determined values of
the adsorption energy from ref 23 are indicated by the red and green
dashed lines corresponding to high exposure (second peak) and low
exposure (first peak).
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In the gas phase, less-coordinated surfaces bind CO
stronger,26 as illustrated with the 0.17 eV smaller DFT-
computed ΔGCO* for the stepped (211) and terrace (100) in
vacuum, in Figure 4. The solvation energy of CO captures the
difference between the energies in vacuum and in AIMD with
explicit water. In the case of (211), the calculated solvation
energy is large and destabilizing (0.75 eV) due to competitive
water adsorption. On a flat surface like (100), there is less
competition from water, which is reflected in a stabilizing
solvation energy of −0.18 eV, which could arise from a
stabilizing interaction of CO with the solvent (Figure S11).
The significant destabilization of the adsorbed CO in water
versus vacuum environments has also been observed on
Cu(211)21 and Pt(111)22,27 (see Supporting Information Note
5).
The large difference in solvation energy between Au(211)

and Au(100) gives rise to Au(100) having an ∼0.8 eV smaller
ΔGCO* of 0.05 ± 0.31 eV, which suggests that Au(100) is more
likely to bind CO in an electrochemical environment, although
the uncertainties with the computed ΔGCO* are large. These
results suggest that the competitive adsorption of water affects
the adsorption energies of CO on different facets of Au
differently, such that CO binds to different sites in an
electrochemical environment than in vacuum. Beyond these
uncertainties, GGA-DFTs may be underestimating CO*
binding by about 0.1 eV on this surface, as was shown for
the (211)step in ref 12. Despite these possible errors, ΔECO* =
−0.52 eV on Au(100) from the AIMD calculations compares
well against measured enthalpy of CO adsorption on
polycrystalline Au in an electrochemical environment, which
was estimated to be −0.35 eV16 for CO(aq) → CO* and −0.1
eV for CO(g) → CO(aq).28

■ CONCLUSIONS
CO adsorption on Au is a particularly important reaction for
several electrochemical processes and more broadly for
heterogeneous catalysis. However, there is still controversy
regarding the adsorption of CO in electrochemical environ-
ments. In this study, we use a joint experimental and
theoretical approach to elucidate binding characteristics of
CO on Au with SEIRAS in conjunction with Pb UPD and ab
initio molecular dynamics. Lead UPD in conjunction with
SEIRAS suggests that open facets such as (100) and stepped
sites are more likely to bind CO than (111) terraces. While Au

steps bind CO* stronger than terraces in vacuum, ab initio MD
simulations suggest that competitive water adsorption leads to
a much larger destabilizing effect on the adsorption energies of
CO on a (211) step versus a (100) terrace, making CO more
likely to bind to the latter. Thus, CO can bind to different sites
in the gas phase and electrochemical environments.
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