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Infrared Spectroscopy in Electrochemistry:
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ABSTRACT: This review discusses recent advances in the use of infrared spectroscopy in
electrochemistry. The central focus is on analytical factors that affect the ability to derive
structural information from infrared spectra of molecular adlayers. The effects of vibrational
coupling and dielectric screening are emphasized. Applications of real-time polarization modu-
lation and step-scan Fourier transform infrared spectroscopy are also presented.

KEY WORDS: infrared spectroscopy, electrochemistry, surface chemistry, single crystal
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1. INTRODUCTION

Infrared spectroscopy has been used
widely in electrochemistry. Spectra aid the
identification of reactants, products, and long-
lived intermediates and allow potential de-
pendent changes in the interfacial solvent
and electrolyte composition to be tracked. A
variety of spectral sampling and data acqui-
sition methods have been developed to ap-
proach in situ detection of species ranging
from submonolayers on low surface area
single crystals!-3 to solution phase products
of fuel cell reactions.*

Reviews of infrared spectroscopy in elec-
trochemistry have appeared since the mid-
1980s.1-35-17 The common data acquisition
and spectral sampling techniques have been
described. Therefore, the methods and in-
strumentation are mentioned but not dis-
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cussed in detail here. This review focuses
mainly on the delineation of adlayer struc-
tural characteristics from infrared spectra and
briefly describes new developments in the
use of polarization modulation techniques
and step-scan Fourier transform infrared
spectroscopy (FTIR). Connections between
the infrared spectra and atomic level struc-
ture of molecular adlayers are highlighted
for systems where the adlayer structures are
available from in situ scanning tunneling
microscopy (STM). The analytical impor-
tance of vibrational coupling and dielectric
screening are discussed in conjunction with
infrared spectra of well-defined, in situ STM-
characterized adlayers on (111) surface
planes and more complicated adlayer struc-
tures on stepped surfaces. The review con-
cludes with short accounts of the real-time
sampling electronics for polarization modula-
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tion spectroscopy, recent applications of
real-time polarization modulation in elec-
trochemistry, and advances in electrochemi-
cally modulated step-scan FTIR spectros-
copy.

II. EXPERIMENTAL
A. Sampling Methods

External reflection sampling methods are
typically used to obtain in situ infrared spec-

tra of species generated electrochemically
(Figure 1). In this arrangement, the infrared

beam is directed through a polarizer and’

onto the front surface of a highly polished
disk-shaped working electrode. A special
thin-layer electrochemical cell is employed
that permits the infrared beam to enter and
strike the front surface of the polished disk
at an incidence angle of about 60° to 70°
with respect to the surface normal. From the
surface of the working electrode the beam is
reflected out of the cell and is collected by
optics that image the radiation onto a detec-
tor. This arrangement requires the use
of electrode materials that have high
reflectivities in the infrared spectral region.
Platinum, gold, and silver have been em-
ployed most frequently.

The simple optical layout in Figure 1A
has been used for static linear polarization
(SLP) experiments. The polarizer is set to
allow radiation with its electric field vector
oriented parallel to the plane of incidence
(p-polarized radiation) to strike the electrode
surface 57111823 Interference between the
incident and reflected beams creates a stand-
ing electromagnetic wave at the metal sur-
face. The electric field intensity at the sur-
face is influenced by interactions with the
image dipole in the metal and reaches a
maximum when p-polarized light strikes at
high angles of incidence (cf. References
11,18-20). Maximum detectability of adsor-
bates and species in the diffuse double layer
is achieved under these conditions. The com-

82

ponent of the radiation-polarized perpendicu-
lar to the plane of incidence (s-polarized
radiation) undergoes a phase shift of about
180° at the electrode surface for all angles of
incidence. Hence, the amplitude of the elec-
tric field for the s-polarized radiation is near
zero at the metal surface.

The optical configuration shown in Fig-
ure 1B has been used recently for external
reflection polarization modulation experi-
ments with an FTIR spectrometer.2+26 This
layout includes a photoelastic modulator
(PEM), which rapidly (74 kHz) switches the
polarization state of the radiation, reaching
the electrode between parallel and perpen-
dicular. Demodulation of the detector signal
gives a difference waveform that carries
spectral information about species that re-
spond differently to the surface-sensitive (p)
and surface-insensitive (s) polarization com-
ponents. This technique effectively discrimi-
nates against interferences that are insensi-
tive to the polarization state of the radiation
beam, such as instrument drift and atmo-
spheric water vapor and CO,>7 It has ad-
vanced recently with the development of high-
speed digital electronics for signal demod-
ulation and the use of an infrared lens in
place of a detector-focusing mirror to
reduce polarization phase shifts after the elec-
trode.?+? Polarization modulation is dis-
cussed in greater detail in Sections II.C and
II.B.

Attenuated total internal reflection (ATR)
sampling methods have also been used to
obtain in situ infrared spectra of electro-
chemical species.!??-3¥ Figure 2 shows a
recent cell design. The working electrode is
a thin film of metal deposited onto one sur-
face of an ATR crystal. The metal film must
be sufficiently thin to allow penetration of
the infrared evanescent wave’! beyond the
metal-solution interface. For the cell in Fig-
ure 2, the ATR crystal forms the bottom of
a chamber that holds the electrolyte solution
and the counter and reference electrodes.
The crystal is positioned so that the metal
film is inside the chamber. Special optics
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FIGURE 1. External reflection optical configurations for infrared spectroelectrochemistry. (A) Symmetrical
arrangement based on 6.9-in focal length, 60° off-axis parabolic mirrors. (B) Optical layout and electronic
configuration for polarization modulation experiments. See text for abbreviations. (Part B reprinted from

Reference 24 with pemission.)

direct infrared radiation into the crystal and
capture the radiation as it exits.

ATR sampling has not been used widely
in electrochemistry. Preparation and use of
the thin metal film working electrodes has

been difficult. Nevertheless, this technique
has been pursued because it can overcome
molecular transport limitations imposed by
external reflection methods. Formation of a
thin (~1 to 5 pm) solution layer between the
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front face of the working electrode and the
infrared transparent window is required for
external reflection experiments (see Section
II.B) to minimize absorption of infrared ra-
diation by the solvent. However, diffusion
of species into and out of the thin layer
region is restricted and can lead to reactant
depletion, product accumulation, and changes
in the pH and ionic composition of the cav-
ity.32-3 Increased solution resistance in the
thin layer can also limit potential control.
Because a thin layer is not required for ATR
experiments, more favorable electrode ar-
rangements can be used.

The ATR method suffers most from the
stability and transparency of the metal film
working electrode. With improvements in
the working electrode, the ATR technique
will be used more widely in electrochemis-
try. All of the applications presented in this
review involve the use of external reflection
sampling.

B. Thin-Layer Electrochemical Cells

Thin-layer electrochemical cells for ex-
ternal reflection infrared spectroscopy have
been described by several authors.389.11.37-39
Specific design features are not discussed in
depth in this review. More recently, work
has focused on understanding how detection
is affected by the physical and optical char-
acteristics of the thin layer cavity. Studies in
this area are highlighted.

Figure 3 shows a drawing of a typical
cell. The working electrode is a metal disk
approximately 6 to 10 mm in diameter. The
front face of the disk is polished to a mirror
finish, typically with a slurry of alumina or
diamond paste. The disk is mounted in a
plunger and the sides are sealed to prevent
contact with the electrolyte solution. Electri-
cal contact to the disk is made through a wire
spot-welded to the back. The counter elec-
trode is typically platinum wire or gauze that
is looped around the working electrode

plunger and positioned just behind the metal
disk. The reference electrode mounts in an
external compartment that connects to the
main chamber through a Luggin capillary.

An infrared transparent window attaches
to the front of the cell. The working elec-
trode is positioned so that the polished front
face is adjacent to the optically flat surface
of the window. During infrared spectros-
copy experiments, the electrode is pushed
against the window and a thin (ca. 1 to 5 um)
solution layer becomes entrapped (Figure 3,
expanded view). The thin layer allows infra-
red radiation to reach the reflective surface
of the working electrode with minimal at-
tenuation by the solvent.

The optical properties of the thin layer
affect the sensitivity of infrared measure-
ments. The thickness of this region can be
smaller than the wavelengths of radiation in
the mid-infrared range, and because p- and
s-polarizations have different electric field
amplitudes at the electrode surface, the spa-
tial distribution of these waves in the cavity
is inhomogeneous.3’-3 The spatial properties
of the electromagnetic field depend on the
optical constants of the metal, the solution
layer, the adsorbate layer and the window,
and on the angle of incidence and polariza-
tion state of the infrared beam.373840-43 Ip
general, high incidence angles and parallel
polarized radiation are required in order to
maintain an appreciable electric field at the
metal surface, but the preferred optical ge-
ometry depends on the specific system under
study. Important work has defined experi-
mental conditions for maximum detectability
of interfacial species by applying classic elec-
tromagnetic theory to determine how the
optical properties of the complete electro-
chemical system influence reflectance spec-
tra.37-# The reflection and throughput char-
acteristics of the cell can be improved by
using trapezoidal® 442 (Figure 3) or hemi-
spherical (Figure 1B)¥¥-%% windows that
allow normal incidence at the air/window
interface.
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C. Spectral Acquisition

Acquisition of in situ infrared spectra
has been achieved by several methods. Po-
tential difference techniques reduce back-
ground solvent absorption and have been
most widely applied. The simplest approach
involves the use of a FTIR spectrometer and
static linear polarization. A sequence of in-
terferograms is collected while the electrode
is held at a constant potential. The interfero-
grams are coadded, averaged, Fourier trans-
formed to a single beam spectrum, and elec-
tronically stored. The electrode is then
stepped to a new potential, the data collec-
tion and processing is repeated, and the re-
sulting single beam spectrum is stored in a
new file. The single beam spectra encode the
wavelength dependent reflectivity of the
system, R(A). A potential difference spec-
trum is computed from the ratio of single
beam spectra recorded at two different elec-
trode potentials. Spectra are typically dis-
played as either (R,(A)/R,(A) — 1) = AR/R, or
as —-log(R,(A)/R,(A)), where the subscripts
signify the two potentials.

The method described above involving
the sequential acquisition of interferograms
has sometimes been referred to as single
potential alteration infrared spectroscopy
(SPAIRS).%54 It is one of the “SNIFTIRS”
(subtractively normalized interfacial Fourier
transform infrared spectroscopy) techniques;
SNIFTIRS encompasses a group of methods
that utilize a FTIR spectrometer and static
linear polarization (cf. References 5 to 7).
An alternative to SPAIRS is potential modu-
lation SNIFTIRS, in which the electrode po-
tential is modulated between two values while
a small number of interferograms is col-
lected at each value. Interferograms recorded
at the same potential are coadded, and at the
end of data acquisition the two interfero-
gram files are Fourier transformed and stored.
Potential difference spectra are computed
from the two single beam spectra as de-
scribed above. Potential modulation improves

the spectral signal-to-noise ratio by compen-
sating for instrument drift and infrared ab-
sorption by atmospheric CO, and water va-
por. However, it is only appropriate for use in
cases where the systems under study display
reversible electrochemistry. Electrochemically
modulated infrared spectroscopy (EMIRS) is
a related technique that employs a dispersive
infrared spectrometer instead of an FTIR spec-
trometer.*547 The first in situ infrared spectra
of electrochemical species were obtained with
EMIRS (cf. References 5,6,47). With EMIRS,
the potential is modulated at about 10 Hz as
the monochrometer is slowly scanned. A dif-
ferential spectral signal is recovered with
phase-sensitive detection.

In situ spectra are also recorded with po-
larization modulation techniques.56:2448-54
Like potential modulation, polarization
modulation minimizes disturbances from
instrument drift and atmospheric gases. In
these experiments, differential reflectance
(AR/R) spectra are computed as the ratio of
(I, — LY + 1), where I is the intensity of
reflected p-polarized radiation and I, is the
intensity of reflected s-polarized radiation.
The sum ((I; + L,)) and difference ((I, - L)
spectra are derived by Fourier transforma-
tion of the interferogram signal before and
after demodulation, respectively. With po-
larization modulation, it is possible to record
an in situ infrared spectrum of an electrode
at a single potential. However, because s-
and p-polarized radiation do not sample
equivalent regions of the thin solution layer
between the working electrode and the win-
dow, the differential (demodulated) spectral
signal contains a strong background from
the bulk solvent and electrolyte. In addition,
the PEM has a wavelength dependence that
adds a slowly varying sinusoidal component
to the differential reflectance spectra.?:2¢
Therefore, polarization modulation spectra
recorded at two different electrode poten-
tials are typically ratioed to eliminate the

bulk features and correct the spectral
baseline,5:6:24:49-53.55
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D. Surface Selection Rule

Due to the image dipole effects discussed
in Section IL.A, infrared electromagnetic
fields at the surface of a metal are preferen-
tially oriented normal to the surface.56.11.19-23
The surface-induced polarization of the in-
frared radiation limits the detectable vibra-
tional modes of adsorbed molecules to those
with a component of their transition dipole
moment normal to the surface. Transition
dipole moments oriented parallel to the sur-
face cannot be excited. This property is
known as the “surface selection rule” and
provides information about the orientation
of adsorbed molecules.>5:11.18-23

lil. APPLICATIONS AND RECENT
EXPERIMENTAL DEVELOPMENTS

A. Adsorption on Single Crystal
Electrodes: Relationships among
Infrared Spectra and Adsorbate
Structure, Coverage, and Site-
Occupancy

Infrared spectroscopy is applied most
often in electrochemistry to study reactions
and adsorption at conventional polycrystal-
line working electrodes. Its use in single
crystal electrochemistry has become possible
with the development of bench-top methods
for cleaning and ordering single crystal sur-
faces.5¢-% Atomically well-defined materials
have enabled the study of surface geometric
and electronic influences on processes such
as electrocatalytic reactions, electrodeposi-
tion, and the assembly of organic monolay-
ers.23.11.6566 In support of this work, infrared
spectroscopy has been used to identify reac-
tants, products, and adlayer structural char-
acteristics and to track charge compensating
jons.23:11.17.24,65-61

Some important advances in the use of
infrared spectroscopy in electrochemistry
have occurred through the study of small
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organic molecule oxidation reactions on
single crystal electrodes.?!4% Many of these
reactions progress through adsorbed carbon
monoxide (CO). This adsorbate has a strong
C-O stretching transition dipole moment and
has been detected on electrodes at cover-
ages down to 1/10 of a monolayer.26%-70 The
frequencies and intensities of the C-O
stretching vibrational bands are sensitive to
the two-dimensional arrangement of the
adsorbed molecules. At low and intermedi-
ate coverages, infrared spectra have been
used to determine if the CO adlayer forms as
dense islands or more dispersed assem-
blies.36® These studies have been aided by
structural information derived from vibra-
tional spectra of CO adlayers on single crys-
tal metals in ultra high vacuum (uhv).2.17.6865.71
Work in this area has been reviewed re-
cently.?

Closer relationships between in situ in-
frared spectra of adsorbates and specific
adlayer structures have been derived through
the use of in situ STM.!77277 Challenges
associated with in situ STM have limited
detailed comparisons to adsorbed CO. How-
ever, a wealth of information has been ob-
tained regarding the chemical and physical
properties of CO adlayers on platinum-group
transition metals. Some developments in the
use of in situ STM are described in Section
II.A.1, and issues related to infrared spec-
tral analysis are presented in Sections ITI.A.2
and II1.A.3.

Another area of interest has been on site-
dependent adsorption at stable high index
surface planes of single crystal electrodes.
These surfaces have well-defined step and
kink sites that serve as models of the defects
and edges on practical catalysts. Experiments
with stepped single crystal electrodes have
identified factors that limit infrared spectro-
scopic detection of molecules at different
structural sites. Recent work in this area is
discussed in Section II1.A 4.

The influence of dielectric screening on
in situ infrared spectra of species adsorbed
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on electrodes was uncovered recently in uhv
experiments that simulated solvation at elec-
trochemical interfaces.l””® A reduction in
vibrational band intensity results when sol-
vent and other polarizable species surround-
ing an adsorbate screen the adsorbate transi-
tion dipole moments. Dielectric screening
and its consequences are considered in Sec-
tion INL.A.S.

1. Adlayer Structure Probed by In
situ STM and Infrared Spectroscopy

Figure 4 shows infrared spectra of CO
adsorbed at saturation coverages on Pt(111)

at-0.25V and +0.1 V (vs. a saturated calomel
reference electrode (SCE))’? The spectra
were obtained by using the SPAIRS tech-
nique. The background single beam spec-
trum was obtained at a potential, +0.5 V,
where the surface is free of adsorbed CO due
to its oxidation to CQO,. The strong band that
extends downward near 2345 cm™ in each
spectrum results from CO, formation at the
background potential.

The vibrational bands that arise from the
CO monolayer at the indicated potentials
extend upward in Figure 4. The strong bands
at 2073 com! and 2066 cm™! fall in the range
of the C-O stretching modes for atop coordi-
nated CO (i.e., CO bonded to a single sur-

PY{111)/C0

(B)

.

(A)

‘*w

/2345
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FIGURE 4. Infrared spectra of a Pt(111) electrode in CO saturated 0.1 M HCIO, solution. The electrode
potential is (A) -0.25 V and (B) +0.10 V vs. SCE. The reference spectrum was acquired at the end of the
experiment at 0.5 V. {Reprinted from Reference 72 with permission.)
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face platinum atom). In addition to atop co-
ordination, this mode of bonding is also re-
ferred to as terminal or linear coordination.
The weaker bands at 1850 cm! and
1773 cm™! indicate the presence of adsorbed
CO in two- and three-fold bridging sites,
respectively 212272

The vibrational band assignments were
supported by in situ STM measurements on
Pt(111)/CO at —-0.25 and +0.1 V.7 The real-
space CO adlayer structures are shown in
Figure 5. At -0.25 V, the adlayer has a
(2 x 2)-3CO structure. The majority of CO
molecules occupy threefold bridging sites
on the surface, with a bridging-to-atop CO
ratio of 2:1. As the infrared spectra suggest,

22e®

17T

200

FIGURE 5. Ball models of the real-space struc-
tures of the CO adlayers formed on a Pt(111) elec-
trode in CO saturated 0.1 M HCIQ, solution by in situ
STM. (A) The {2 x2)-3CO structure formed at -
0.25 V (vs. SCE). (B) The (V19 xv¥19)}-R23.4° struc-
ture formed at +0.1 V (vs. SCE). (Reprinted from
Reference 73 with permission.)
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the adlayer undergoes a structural transfor-
mation at more positive potentials. At+0.1 V,
the adlayer adopts a complex (V19 x 19)-
R23.4° structure, in which CO occupies atop,
twofold bridging and asymmetric sites (sites
intermediate between atop and bridging).’>7
It has been determined that the shifts in
CO site occupancy are driven by changes in
the electrode surface potential.”27357 Bridge
bonding relieves metal-dnt — CO-2n* back-
bonding, which increases as the potential
shifts negative.>’ These transformations
were first detected with infrared spectros-
copy,>®® and later confirmed by in situ
STM.727375 The shifts are strongest at low
CO surface coverages®® and high negative
potentials.” More striking potential induced
adlayer structural changes have been ob-
served for CO on Rh(111). The CO adlayer
on Rh(111) can undergo a nearly complete
conversion from atop to twofold bridging
within a potential range of less than 1 V.7
The in situ STM results for Pt(111)/CO
raised the issue of why if the majority of CO
molecules occupy bridging sites are the atop
CO bands in Figure 4 so much more intense
than the bridging CO features.” Subsequent
studies showed that at least part of the inten-
sity disparity is due to interactions between
neighboring adsorbates.”® As discussed in
detail below, these effects have great signifi-
cance for the detection and quantification of
adsorbates at different sites on surfaces.

2. Adlayer Intermolecular Coupling
Effects on Vibrational Spectra

Adsorbate intermolecular coupling has
been recognized as important since the early
infrared spectroscopy studies of molecular
adsorption on metal catalyst particles.?!32 In
this initial work, the atop CO stretching vi-
brational bands shifted to lower energy with
decreasing CO surface coverages on plati-
num catalysts.’? In addition, when catalysts
were dosed with mixtures of 12CO and 13CO,
the intensities of the atop CO vibrational
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bands did not reflect the isotope composi-
tion in the adlayer. The ratio of 1*CO to 3CO
band intensities was greater than the relative
surface coverages of these isotopes.:#2 It
was shown that the spectral perturbations
could arise from interactions between the
transition dipole moments of neighboring
adsorbates (dipole-dipole coupling). The
spectra were modeled successfully by clas-
sic vibrational theory, using the potential
function for the coupling of point dipoles to
compute the interaction force constants.¥

Since the early work with catalysts, cou-
pling among adsorbates has been studied
under a variety of conditions at both gas/
solid (cf. References 3,21-23,83) and liquid/
solid interfaces (cf. References 2,52,53,68,
71,72,84-88). Coupling has been observed
most often, but not exclusively, for adsorbed
CO (cf. References 3,21-23). It is detected
primarily as a shift to higher energy of the
C-O stretching vibrational modes with in-
creasing CO surface coverage. However,
band intensity disparities also occur. For
related vibrational modes of molecules at
different structural sites, or molecules with
different atomic masses bonded to similar
surface sites, the band intensities do not re-
flect the coverage of each species in the
adlayer. Coupling is often treated as
resulting from purely dipole-dipole
forces,?1-23.73.8990 although through-metal
electronic effects are also thought to be im-
portant,®! especially in highly compressed
molecular adlayers.” The combined effects
of dipole-dipole and through-metal and other
short-range interactions are referred to as
vibrational coupling.

Several authors?®738 have used a simple
two adsorbate system to demonstrate the
physical factors that lead to vibrational cou-
pling-induced frequency shifts and band in-
tensity disparities. For adsorbed CO, two
interacting molecules have two C-O stretch-
ing vibrational normal modes. When the
oscillators are identical (have the same iso-
topic masses and are adsorbed at symmetri-

cally equivalent sites), the energies of the
two modes are degenerate and the bond dis-
placements have the same magnitude in each
mode but different phases. The phase of the
two oscillators during a vibrational cycle is
0° for one mode and 180° for the other. For
each mode, the sum of the bond displace-
ment vectors provides a measure of the total
adlayer dipole moment change that occurs
during a vibrational cycle, the square of which
is proportional to the infrared band intensity
(cf. References 22,92,93). In the case of iden-
tical oscillators, the in-phase mode has strong
infrared absorption, but the out-of-phase
mode is infrared inactive, because the C-O
stretching displacements add to zero.

When the two interacting CO molecules
are bonded to different symmetry sites on
the surface or contain different isotopic
masses, the vibrational frequencies of the
two modes are no longer degenerate and the
bond displacement vectors for the two mol-
ecules have different magnitudes. The C-O
stretching displacements of the high-fre-
quency mode are in-phase, and the mode has
strong infrared absorption. The displacement
vectors for the lower energy mode are out-
of-phase. In this case, the out-of-phase mode
is infrared active because the bond displace-
ment vectors for the two oscillators are not
equal and therefore do not add to zero. How-
ever, the absorption intensity is less for the
lower than the higher-energy mode. The in-
tensity disparity increases as the interaction
forces become stronger.224!

It has been shown that vibrational cou-
pling between atop and bridging CO mol-
ecules is partly responsible for the small
bridging-to-atop CO band intensity ratios in
Figure 4.7 Related effects are observed with
mixtures of two different CO isotopes (see
Section III.A.3), and for CO adsorbed at
different structural sites such as steps and
terraces (see Section III.A.4). When the
coupled oscillator model is applied to larger
systems, it becomes apparent that the C-O
stretching vibrational bands shift to higher
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energy with increasing CO surface coverage
because the highest energy states of related
vibrational modes have the largest bond dis-
placement vector sums.?

Theoretical studies have advanced un-
derstanding of the physical and chemical
factors that underlie perturbations in spectra
of molecular adlayers.?-23 Approaches have
been based on classical vibrational analysis
and have differed in the treatment of interac-
tion force constants.3?!-23 Point dipole ap-
proximations have been applied in most
models, and image effects have been included
to various extents.?1-23738% Although the
majority of theoretical work has dealt with
adsorption at gas/single crystal metal inter-
faces,321-23.7389 jt has been possible to apply
these methods to liquid/single crystal metal
interfaces in part with knowledge of adlayer
structures from in situ STM.7273

The determination of interaction force
constants has been aided by vibrational spec-
tra of adlayers that contain mixtures of 12CO
and 13CO isotopes. Parameters in the dipole-
coupling and short-range interaction terms
of the adlayer force field have been derived
from numerical fits to mixed isotope spectra
(cf. References 21-23,73,82,89,94-97).
These experiments and their use in electro-
chemistry are described below.

3. Isotope Mixture Experiments

Addition of a second isotope to an adlayer
lowers the symmetry and leads to new infra-
red active vibrational modes. Comparing the
positions and relative intensities of bands for
related modes of different isotopes provides
information about the adlayer force field.
Similar to the theory of vibrational coupling,
isotope mixture experiments have evolved
through studies of adsorption at gas/solid
interfaces, but have also been used to probe
electrochemical interfaces (cf. References
68,71,73,84,85,93).

Figure 6 shows infrared spectra of
12CO/BCO mixtures at saturation coverage
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FIGURE 6. Infrared spectra for mixtures of 2CO
and *CO on a Pt(111) electrode at +0.1 V vs. SCE.
The numbers above each spectrum are the 2CQ/
13CO fraction. All other parameters are the same as
Figure 4. (Reprinted from Reference 73 with permis-
sion.)

on a Pt(111) electrode at +0.1 V. The atop
CO bands appear in the range 2000 to
2100 cm™. For 2CO/*3CO fractions between
0.07 to 0.61, separate atop CO bands associ-
ated with modes of the different isotopes are
observed. The bands at high and low energy
are due to vibrational modes that involve
C-O stretching motion of mainly atop 2CO
and 3CO, respectively. The band intensities
show effects of intermolecular coupling. The
atop CO high- to low-energy band intensity
ratio in each spectrum is greater than ex-
pected based on the isotope composition of
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the adlayer. For example, at a 12CO/P*CO
isotope fraction of 0.47, the atop '*CO band
is much stronger than the atop *CO band. In
the absence of coupling, the intensities would
be nearly equal and would reflect the ap-
proximately 50:50 mix of the two isotopes in
the adlayer. Due to intermolecular coupling,
this latter condition is only fulfilled at much
lower 12CO/BCO fractions, near 0.13.
Figure 7 shows simulated spectra for a
saturated CO adlayer on a Pt(111) electrode
at +0.1 V.7 The spectra were computed as-

suming the molecules interacted only through
dipole-dipole forces and the adlayer adopted
the (V19 x V19)-R23.4° structure shown in
Figure 5B. Simulations were performed on
an array of 300 molecules using periodic
boundary conditions to minimize edge ef-
fects. The isotopic identity of each molecule
was chosen using a random-number genera-
tor, and the results were averaged over 100
randomly generated mixtures. Five param-
eters in the force field were determined
through least squares fit to the experimental

1.0
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———_ 028)
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i A 00
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FIGURE 7. Simulated spectra for mixtures of '2CO and 3CO in the (V19 x¥19)-R23.4° structure on Pt(111).

(Reprinted from Reference 73 with permission.)
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spectra in Figure 6. The best fit parameters
were used to compute the spectra in Figure
7. The good agreement between the spectra
in Figures 6 and 7 indicates that the intermo-
lecular interactions within the adlayer are
dominated by dipole-dipole forces.

When the theoretical treatment was ap-
plied to the (2 x 2)-3CO adlayer, dipole-
dipole coupling alone was not sufficient to
give satisfactory agreement between the ex-
perimental and simulated infrared spectra.”
The interaction potential required an addi-
tional term to account for short-range forces
between adsorbates. The differences between
experiment and pure dipole-dipole coupling
theory are thought to result from the unusu-
ally high adsorbate packing density in the
(2 x 2)-3CO adlayer.”

Isotope mixture experiments are also used
in a more qualitative fashion to separate di-
pole-dipole and chemical bonding contribu-
tions to coverage dependent vibrational fre-
quency shifts.?!-23 These measurements have
allowed assessments of the effects of experi-
mental conditions (e.g. surface structure,
adsorbate dosing method) on adsorbate pack-
ing density (cf. References 68,71). An appli-
cation of this approach is discussed in Sec-
tion II1.A.4.

4. Detection of Adsorbates at
Different Structural Sites on
Surfaces

Infrared spectroscopic detection of
molecules adsorbed at different surface
structural sites (e.g., steps and terraces) is
affected by vibrational coupling. The con-
sequences are apparent in the coverage-de-
pendent spectra of CO adsorbed on a
Pt(557) =Pt(s)-[6(111) x (100)] electrode in
Figure 8. This surface has 6-atom wide (111)
terraces separated by single atom steps of
(100) orientation. On stepped platinum sur-
faces at ambient temperatures, CO preferen-
tially binds to the low coordination step sites

94

and occupies the terraces after the steps es-
sentially fill.%-1% The spectrum recorded for
CO at 16% of saturation (6/8,,, = 0.16)
shows C-O stretching vibrational features
for CO in atop and bridging coordination
environments (ca. 2020 cm™! and 1800 cm™!,
respectively) along the steps. The high-en-
ergy shoulder on the ca. 1800 cm! band is
possibly due to some bridging CO on the
terraces. The start of atop CO occupation of
the terraces is signaled by a splitting in the
atop CO band, as in the 6/0,,, = 0.49 spec-
trum. The higher-energy feature in the pair
grows as the CO coverage increases between
6/0,,, = 0.5 to 1.0. However, near saturation
only one atop and one bridging CO vibra-
tional band appears, even though for each
coordination environment CO occupies both
steps and terraces.

The coverage dependence of CO vibra-
tional features on stepped platinum surfaces
has been studied in-depth in electrochemi-
cal®-7188 and uhv92%.101-108 enyvironments.
The band shifts and intensity disparities are
a consequence of vibrational coupling
between molecules on steps and -terraces.
Because the dipole-dipole forces scale as
d-3,7389.92.103 where d is the distance between
molecules, these interactions tend to increase
with coverage and cause intensity to shift
into the highest energy bands of related
modes. Near saturation, only single bands
for the atop and bridging species appear due
to strong coupling and high two-dimensional
order in the adlayer.

Intermolecular coupling has been in-
vestigated with 2CO/'*CO mixtures on
Pt(335) = Pt(s)-[4(111) x (100)] and Pt(111)
electrodes.”! Values for the dipole-shift,
which is the vibrational frequency shift that
arises from dipole-dipole coupling (cf. Ref-
erences 21-23,71), were measured for atop
CO as a function of surface coverage. Di-
pole-shift values were determined from 2CO/
BCO mixtures at constant CO coverages.
The values are computed by taking the dif-
ference between the atop '2CO band fre-
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FIGURE 8. Spectra of CO adsorbed at different coverages on a Pt(s)-[6(111) x (100)] electrode maintained
at a potential of 0.1 V (vs. SCE) in 0.1 M HCIO,. The surface coverages are expressed as a fraction of
saturation (6/6,,.,). (Adapted from Reference 88 with permission.)

quency at an adlayer composition of 100%
12CO and the atop 12CO band frequency in
the limit of zero *2CO/*CQ fraction.?!-2* The
latter can be determined from a plot of atop
2CO frequency vs. '2CO/PCO fraction by
extrapolation (see Reference 71, and refer-
ences therein).

The dipole shift values measured for CO
on Pt(111) and Pt(335) electrodes at +0.1 V
(vs. SCE) are plotted vs. the CO surface
coverage in Figure 9. For both surfaces the
dipole-shift is weak at low coverages. On
Pt(111), the dipole-coupling increases fairly
uniformly with coverage, reflecting the regu-
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FIGURE 9. Plot of the dipole-shift vs. fractional CO coverage on Pt(111) and Pt(335) =Pt(s)—{4(111) x (100)]
electrodes. The dipole-shift values were obtained from infrared spectra of '2CO/®CO midures with the
electrodes at +0.1 V (vs. SCE) in 0.1 M HCIO,. (Adapted from Reference 71 with permission.)

lar, two-dimensional growth of the adlayer.
On Pt(335), the dipole-shift is nearly con-
stant between 0 to 35% of saturation. The
weak coupling results from the preferential
occupation of CO along step edges, which
confines the strong coupling to the dimen-
sion along the steps. The sharp increase in
dipole-shift value between 35 to 65% of satu-
ration is coincident with the occupation of
atop CO on the terraces and the growth of
the adlayer in two dimensions across the
terrace planes. At high coverages, the cou-
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pling is stronger on Pt(335) than on Pt(111),
likely due to the high CO coverages sup-
ported along the steps.”!%

5. Dielectric Screening Effects on
Vibrational Spectra of Adsorbates

Intermolecular interactions between
adsorbed CO and polarizable coadsorbates,
such as organic solvents and metal adatoms,
also attenuate the intensities of adsorbed CO
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vibrational bands.”1%-11! This effect and its
relevance to in situ infrared spectra of elec-
trochemical interfaces was demonstrated re-
cently for coadsorption of CO and common
organic solvents on Pt(111) in uhv.” For
low CO dosages, the C-O stretching band
intensities diminished after exposure to non-
aqueous solvents and did not reflect the CO
surface coverage.”® The intensity depressions
were believed to be caused by screening of
the CO dipole local electric fields by the
polarizable electrons of the organic co-
adsorbates. The intensity effects were only
detectable when the CO coverages were low
enough to allow the coadsorption of the or-
ganic solvents.

Due to dielectric screening, it has been
difficult to detect CO on electrodes for cov-
erages below saturation in nonagueous sol-
vents, such as acetonitrile.” In contrast, CO
has been detected readily down to ~0.1 mono-
layer in aqueous electrolytes. It appears that,
compared with water, the approximately three
times larger acetonitrile electronic polariz-
ability allows more complete screening.’
As it affects adsorbate band intensities, di-
electric screening, which occurs through
similar dipole-dipole forces that operate
among adsorbed CO molecules, is an impor-
tant consideration for interpretation of in situ
infrared spectra of electrochemical interfaces.

B. Polarization Modulation Infrared
Spectroscopy with Real-Time
Sampling Electronics

Experimental techniques for in situ in-
frared detection of electrochemical species
have been in use for almost 2 decades and
continue to undergo improvement with ad-
vances in instrumentation. Developments in
polarization modulation spectroscopy have
occurred recently with the introduction of
high-speed sampling electronics. The con-
figuration for the signal processing electron-
ics used with this technique are included in

the optical layout for polarization modula-
tion infrared reflectance spectroscopy in Fig-
ure 1B. The electronics sample the interfero-
gram and compute average (I,) and difference
(Ip) signals in real-time. This arrangement
overcomes bandwidth limitations of tradi-
tional polarization modulation FTIR spec-
troscopy ‘methods that employ a lock-in
amplifier for detector signal demodulation.
For example, modern FTIR spectrometers
using mercury cadmium telluride (MCT)
detectors modulate the mid-infrared wave-
lengths at frequencies well above the low-
pass filter cutoff of the lock-in amplifier
output electronics (cf. References 25,26). To
prevent attenuation of the high wavenumber
optical signals, mirror velocities are low-
ered, but at the expense of detector response,
interferometer stability, and signal averag-
ing capability. The digital electronics allow
sampling at rates above the PEM modula-
tion frequency (typically 74 kHz), enabling
the mirror to be run at normal velocity. Fig-
ure 1B shows the sampling electronics also
permit access to the interferogram from the
parallel polarized reflectance signal (Ip).

Faguy and co-workers have applied the
real-time polarization modulation (RTPM)
technique to investigate adsorption at elec-
trochemical interfaces.?*% RTPM showed
excellent rejection of signals common to both
p- and s-polarized radiation states. Compared
with SLP measurements, RTPM spectra con-
tained fewer atmospheric and bulk solution
interferences and improved detection in the
water bending and O-H stretching spectral
regions.?* With a combination of SLP and
RTPM measurements, better discrimination
between surface, bulk solution, and diffuse
layer effects was possible.

In addition to improvements in inter-
ferogram sampling, enhancements in the
optical layout and spectral processing rou-
tines accompanied the development of the
real-time electronics.?526 The zinc selenide
lens that replaces the detector focusing mir-
ror reduces polarization phase shifts after
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the electrode. It has also been possible to
remove the wavelength-dependent response
of the PEM from reflectance spectra math-
ematically rather than through subtraction of
a separate background spectrum.?? How-
ever, the latter advance has been most useful
for the acquisition of spectra from thin films
on metals in air rather than species on elec-
trodes.?* RTPM will likely replace lock-in
amplifier-based polarization modulation
techniques in electrochemistry as it gains
more widespread use.

C. Step-Scan FTIR Spectroscopy in
Electrochemistry

An emerging technique for the collec-
tion of in situ spectra of electrochemical
interfaces is step-scan FTIR spectroscopy
(cf. Reference 43). This approach combines
the noise reduction advantages of potential
modulation with the throughput and signal

averaging capabilities of FTIR spectroscopy.
The step-scan method as applied to electro-
chemistry is in its initial stages of develop-
ment. So far, its use has been demonstrated
mainly through studies of the archetypal Pt/
CO system.

Figure 10 shows a block diagram of an
experimental set up for performing EMIRS
measurements (Section II.C) with a step-
scan FTIR spectrometer. In this arrange-
ment, the electrochemical cell potential is
continuously modulated at about 5 to 20 Hz
during the collection of an interferogram.
With the step-scan instrument, the inter-
ferogram is recorded as the optical path in
the interferometer is changed incrementally
rather than continuously as in a conven-
tional rapid scanning instrument. Further,
the adaptation in Figure 10 illustrates the
use of the spectrometer in phase modula-
tion mode. In this case, the fixed mirror is
dithered sinusoidally (ca. 400 Hz) between
steps to produce a high-frequency modula-

FTS60A/896
interferometer reference .
controller
:::rd modutation MCT
source ¥ detector
interferometer > e'mce: :“ emical
optical filter 1‘
waveform > potentiostat lock-in 1 A
JP —1 A
Data system f«— AD a lock-in 2
T‘ reference interferogram v

-

FIGURE 10. Block diagram of the experimental arrangement for potential modulation measurements using
a phase-modulated step-scan FTIR spectrometer. (Reprinted from Reference 43 with permission.)
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tion in the detector signal, which is re-
covered with the first lock-in amplifier.
Step-scan interferograms can be recorded
without phase modulation; however, in
electrochemical experiments the use of
phase modulation has improved the signal-
to-noise ratio by about a factor of 10.4*

Inasmuch as the first lock-in amplifier
is referenced to the 400-Hz mirror dither
frequency, and the time constant is kept
short (~40 ms), the output still carries the
low-frequency signal induced by the elec-
trochemical cell potential modulation.
Therefore, the output of the first lock-in
amplifier is fed into the second lock-in
amplifier to recover the changes induced in
the detector signal by the electrode poten-
tial modulation. After a settling period, the
in-phase and quadrature outputs of the sec-
ond lock-in amplifier and the electro-
modulated signal from the first lock-in am-
plifier are digitized and stored. The data
acquisition process is repeated at every step
of the moving mirror. An interferogram from
each of the three signals (in-phase, quadra-
ture, and electromodulated reference) can
be reconstructed from the stored data at the
end of a complete mirror scan.

The use of step-scan FTIR spectroscopy
in electrochemistry has been demonstrated
through studies of CO adsorption on poly-
crystalline platinum.* This system has served
as a model for identifying optimum data
acquisition parameters and solving problems
associated with the mathematical phase cor-
rection of the differential interferograms that
result from these modulation experiments.43
In addition to their structural content, step-
scan FTIR spectra also provide time-depen-
dent information about electrochemical pro-
cesses. Having access to both in-phase and
quadrature spectra permits identification of
those species that follow the potential modu-
lation and those that lag behind. Measure-
ment of spectra as a function of the potential
modulation frequency can be useful for the
study of periodic events.

IV. CONCLUSIONS

Infrared spectroscopy is an important
structural tool for the study of electrochemi-
cal interfaces and the identification of solu-
tion phase species involved in electrochemi-
cal processes. This review has focused on
recent advances in instrumentation and meth-
ods for CO adlayer characterization. Physi-
cal effects that limit detection of adsorbates,
such as dipole-dipole coupling and dielec-
tric screening, have been emphasized. The
aim has been to concentrate on important
analytical factors that have general relevance
for infrared spectroscopic studies in electro-
chemistry. Several other areas of application
have not been covered. Some of these in-
clude the detection of adsorbed support-
ing electrolyte ions!s and organic mol-
ecules,!17112 yhv modeling of electrochemi-
cal double-layers,!” and organic oxidation
reactions.! An effort has been made to cite
references to reviews in these areas through-
out the text.
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