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L. Introduction

Many important and interesting processes occur at interfaces;
wediscuss here the electrode/electrolyte interface. Thecorrosion
of metals, the operation of electroanalytical sensors, the charging
and discharging of batteries, the etching of semiconductors, and
the electroplating of metals are all examples of processes that
occur at this interface. Scientists have long studied electro-
chemical interfaces, partly because they are very important to
technologies for generating and storing electrical energy and for
synthesizing chemicals and materials. However, these are very
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complex systems and experimentally difficult to study. They
typically involve simultaneous consideration of poorly understood
aspects of solid-state physics (interfacial atomic and electronic
structure), of the liquid state (local structure and dynamics,
especially as altered by an interface), and of patterns of chemical
reactivity (processes involving species bound to surfaces). This
lack of understanding has contributed to an inadequate exper-
imental control over interfacial structure and reactivity, which
has itself limited the development of improved understanding. It
is not yet possible to address most issues in the field of the
electrode/electrolyte interface with the precision that has existed
for studies of bulk solids, of gas-phase chemistry, or even for
molecules reacting in homogeneous liquids.

Electrochemical techniques have long been used to study such
interfaces. While these methods remain valuable in elucidating
the nature of such interfaces and the reactions that occur in their
vicinity, they are largely based on macroscopic models which do
not provide direct information about the interfacial structure. A
large number of spectroscopic techniques, such as infrared and
Raman spectroscopy, have also been used to probe the nature
and orientation of species at electrode surfaces, but structural
information at the atomic and molecular level remained elusive.
However, recent advances in interfacial physics, in the chemistry
and physics of liquids, and in electrochemistry have changed the
picture. Several techniques have emerged that allow examination
ofinterfaces with atomic resolution, such as in-situ X-ray methods
and scanning probe microscopies. This has led to remarkable
advances in our understanding of the structure of these interfaces.
At the same time, interesting new structures, such as organized
monolayer and polymer films, have been prepared on electrode
surfaces, and the time window for electrochemical measurements
has been extended down to the nanosecond regime. These have
contributed to a new understanding of dynamic processes, such
as mass and electron transfer, at interfaces.

Thus, in the last few years, advances in experimental capabilities
have allowed studies of electrode/electrolyte interfaces in which
therole of structure in electrochemical behavior can be evaluated
on the molecular and atomic scale. Now is an appropriate time
to review recent progress in the field, assess the state of the art,
and discuss possible future directions and advances. To this end,
a panel convened at Tahoe City, California, Aug. 10-14, 1992,
under the auspices of the Department of Energy, Council on
Materials Science. This paper represents the results of the
deliberations of this panel. We divide the discussion of these
issues into three parts: structural characterization, dynamics,
and materials.

Structural characterization precedes synthesis, since progress
in the preparation of new structures can only proceed if one can
determine the nature of the starting materials and products.
Moreover, a knowledge of structure is essential to the under-
standing of energetics and reactivity at interfaces. Electrochem-
ical systems are almost always constructed to do something, rather
than to be something; thus, dynamics are at the heart of purpose.
Progress in understanding, then, depends heavily on the ability
toelucidate mechanisms. Itisessentialtocomprehend bothsingle
steps, such as interfacial electron transfer, and complex mech-
anisms, such as those involved in catalysis. Improved spatial and
temporal capabilities in investigation of interfaces are leading to
exciting possibilities for obtaining structural information on a
time-resolved basis.

Synthesis of new structures and materials often has been the
immediate purpose of exercising control over the local environ-
ment, allowing interfacial behavior to be understood more
effectively. However, work in this area should be viewed in the
context of a comprehensive theme in contemporary chemistry
and materials science, namely, the development of general
strategies for producing supermolecular assemblies, in which
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Figure 1. Schematic representation of the liquid—solid interfacial region
showing possible species and features,346

assemblies of molecules effect a purpose (such as catalyzing a
reaction, converting energy, or storing information) beyond the
capability of a single molecule. Progress is being made along this
lineinmany different venues. The electrode/electrolyteinterface
is among the most attractive, because it offers a platform for
construction, as well as a convenient means of probing the structure
and behavior and for coupling to macrosystems. Recent devel-
opments in synthesis at electrodes, especially through self-
assembly, offer means for structural control of single reactive
sitesand for the precise placement of reactive centers with respect
to each other and with respect to the electrode.

It is useful at the outset to describe the interfacial region as
it pertains to the scope of this report. A schematic representation
of the electrode/electrolyte interface is shown in Figure 1. While
the actual interface (electrode surface) represents only the top
layer of atoms on the electrode and the layer of adsorbed solvent
and specifically adsorbed species, an interfacial region that is
different from the bulk phases extends over considerably longer
distances. Within the electrolyte this comprises the region of the
diffuselayer as well as the region occupied by modifying overlayers
(monolayers or thicker films). A space charge region also exists
within the electrode. Thisisverynarrow (at mosta few angstroms)
within metals but can be quite large with semiconductors, which
have a lower density of carriers. A wide range of materials are
used as electrodes and electrolytes. Electrode materials (electronic
conductors) include noble metals (Pt, Au), active metals (Fe,
Ni), carbon of various types, semiconductors (Si, CdS), elec-
tronically conductive polymers (polyaniline, polypyrrole), and
organic conductors (TTF-TCNQ). Electrolyte phases (ionic
conductors) include aqueous and nonaqueous solutions, ionically
conductive polymers (polyethylene oxide, Nafion), and solid
electrolytes (sodium B-alumina). Electrode surfaces can also be
classified according to their structural definition (single crystal
(“well-defined™), polycrystalline, amorphous) and also to the
nature of any surface modification, e.g., by adsorbates, deposited
atoms, organized or nonorganized monolayer films, polymer
layers, or etching. Clearly, the range of materials involved in
consideration of the electrode/electrolyte interface is enormous
and cannot be uniformly covered in this report. We have thus
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selected for discussion here a few examples of interfaces where
recent advances in characterization have led to a new under-
standing of their properties. Many other important types of
interfaces, such as those involved in corrosion or in semiconductor
photoelectrochemistry, have beenomitted. Similarly,a widerange
of electrochemical and spectroscopic techniques have been
employed to examine interfaces. Again, for brevity, we limit our
discussion to some of the important advances that have been
made during the last years that have set the stage for future
developments. We attempt to point out the new capabilities and
outstanding issues in three interrelated areas—structural char-
acterization, dynamics, and materials aspects of electrode/
electrolyte interfaces.

II. Structural Characterization of the Electrode/Electrolyte
Interface

The past decade has spawned major advances in strategies and
instrumentation for the characterization of the electrode/
electrolyte interface. The empirical approaches have been
conveniently classified as ex-situ or in-situ. The ex-situ methods
are closely tied to ultra-high-vacuum (UHYV) surface analytical
techniques developed a decade earlier in the study of heterogeneous
catalysis and microelectronics. In this scheme, the same UHV
apparatus used for initial electrode surface preparation and
characterization is employed later to study the same electrode
surface after the electrochemical (EC) experiments; a variety of
surface-sensitive analytical tools can be directly applied to assay
the surface composition, geometric arrangement, and electronic
structure after removal (emersion) of the electrode from solution.!
The principal limitation in UHV-EC and other ex-situ techniques
is the need to establish the relationship between the surface prior
to and after emersion from solution into vacuum. By definition,
in-situ techniques examine the electrode surface under electro-
chemical conditions. Hence, when possible, it is the approach of
choice; in-situ methods, however, are not as numerous as ex-situ
techniques. A requirement in all in-situ methods is the ability
to distinguish between the response of species located at the
electrode surface from that of the same analyte distributed in the
solution phase. This demand often leads to restrictions in cell
geometry and electrolyte concentration. Nevertheless, the evo-
lution of in-situ methods is now greatly increasing our under-
standing of selected electrode/electrolyte interfacial processes.

A. Electrode Characterization. [. In-Situ Techniques.
Progress in the development and exploitation of spectroelectro-
chemical techniques has proceeded at a rapid pace. The
availability of synchrotron radiation and the emergence of
scanning probe techniques such as scanning tunneling microscopy
(STM) and atomic force microscopy (AFM) have provided the
capability of interrogating the atomic structure of the electrode
surface as well as that of adsorbed layers. The application of
these techniques has allowed a very detailed picture of the static
structure of well-defined surfaces and ordered adlayers. One of
the important challenges for the next decade will be developing
techniques to probe the dynamics of these structures.

Although much of the atomistic information has come from
the X-ray-based techniques and scanned probe microscopy, the
application of other spectroelectrochemical methods continues
to provide important complementary information, such as the
molecular orientation of adsorbates. Among the most important
techniques are infrared reflection-absorption spectroscopy (IRAS)
and surface-enhanced Raman spectroscopy (SERS). Since the
pioneering work in 1980,2 IRAS has experienced explosive growth,
in part because it does not require the surface roughening
procedures necessary in SERS and, hence, can be applied to study
processes at single-crystal electrodes. IRAS has become a well-
established in-situ characterization technique that has found
application toa wide variety of problems, such as the identification
of molecular adsorbates, the determination of their orientation,
the study of the structure of self-assembled monolayers, char-
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acterization of the double layer, and the identification of short-
lived intermediates.> While receiving less recent attention than
IRAS, SERS hasat least two important virtues: (i) many Raman-
allowed transitions are IR-forbidden and (ii) low-frequency
vibrations down to 5 cm-! are accessible. SERS has been applied
to studies ranging from the probing of molecular events to the
orientation of molecules within the double layer.* The necessity
of roughening the surface to obtain the large enhancement in
signal which SERS enjoys has rendered it inapplicable to well-
defined single-crystal surfaces. However, progress has been made
in employing normal Raman spectroscopy at smooth, albeit
polycrystalline, electrodes.’

The availability of high magnetic fields and ultrafast digitizers
has paved the way for the use of nuclear magnetic resonance
(NMR) spectroscopy in the study of high-surface-area catalysts.
Although the application of surface NMR as an in-situ technique
for interfacial electrochemistry has long been anticipated, actual
implementation isquite recent” and is still fraught with difficulties.
However, preliminary work on the mode of binding of 13CO on
polycrystalline, high-surface-area Pt has been reported.® Ad-
ditional research, such as magic-angle spinning NMR measure-
ments with metal electrodes, is required for further progress in
NMR-EC. Since NMR itselfis not a highly sensitive technique,
its use in electrochemical systems is limited to polycrystalline,
high-area electrode surfaces. Nevertheless, the benefitsof NMR
spectroscopy, as evidenced by the major advances in solution and
(bulk) solid-state chemistry, should justify further research in
this area.

The radioactive labeling technique has been proposed as one
of the more direct in-situ sources of information concerning
adsorption at the electrode/electrolyte interface.® This method
is based upon a direct relationship between surface count rate
and the interfacial concentration (I') of the labeled adsorbate;
provided radioactive isotopes are available any type of surface-
active material can be studied. Experimental measurements can
focus on the kinetics and energetics of the adsorption process.
Recent advances in this technique now permit investigations at
well-defined, low-area, single-crystal electrode surfaces; specific
interfacial systems studied have ranged from reversible or
irreversible adsorption of ionic and molecular species to elec-
trodeposition of ultrathin metal films.!?

Theelectrochemical quartz crystal microbalance (EQCM) has
also emerged as an important technique.!' Unfortunately, its
sensitivity to surface morphology and stress, as well as an
incomplete understanding of the coupling between the motion of
the quartz crystal and the liquid, can result in ambiguities in the
interpretation of data. Nevertheless, the ability to provide such
a fundamental measurement, that of mass, makes it exceptionally
powerful.

(a) Scanning Probe Microscopies. Scanning Tunneling and
Atomic Force Microscopies. Although classical electrochemical
methods such as cyclic voltammetry have provided remarkable
sensitivity for the characterization of submonolayer processes
occurring at electrode/liquid interfaces, until recently there were
few in-situ methods for the structural determination of the
electrode surface at the atomic level. However, early studies
showed that the scanning tunneling microscope (STM) can operate
in electrolyte solutions;!2-!4 further studies have demonstrated
that STM and a related technique, atomic force microscopy
(AFM), can be used tocharacterize suitable solid /liquid interfaces
with atomic resolution.!5.16

In electrolyte solutions, it is desirable to control the electrode
potential of the substrate and the tip independently with respect
toareference electrode. Theapparatus, called theelectrochemical
STM, allows in-situ observation of electrochemical reactions under
potentiostatic conditions using a four-electrode configuration.
Conditions are maintained so that mainly a tunneling current
flows between the substrate and the tip, while a faradaic current
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Figure2. STM imageofa Pt(111) surface in 0.05 M H;SO,. Reprinted
with permission from ref 19. Copyright 1990 American Institute of
Physics.

passes between the substrate and the counter electrodes. For
in-situ STM, the electrode potential of the tipis maintained within
certain regions to minimize faradaic processes at the tip/solution
interface. The tipcan be continuously scanned over the substrate
surface, even when electrochemical reactions take place at the
working electrode, although a screening effect of the tip for the
diffusion of reactants in solutions must be considered. Several
examples of in-situ STM studies of electrode/electrolyte interfaces
follow.

Well-Defined Metal Surfaces. A large number of electro-
chemicalinvestigations of structure-sensitive redox reactions have
been performed on various electrodes using single crystals with
well-defined surfaces.!” Several experiments have been performed
on single-crystal electrodes to establish in-situ STM as an
electrochemical tool having atomic resolution. The first use of
in-situ STM was in the study of the surface of HOPG.!? Single
atomic steps on Au(111) could also be seen in an electrolyte
solution.'® Similar atomically resolved images have been achieved
on other metals, such as Pt, Rh, Pd, and Ag.

Figure 2 shows a typical STM image of a 1000 X 1000 A area
of Pt(111) in an aqueous sulfuric acid solution.!® The heights of
the steps are in accordance with monatomic step heights of ca.
2.4 A, and the orientations of the steps differ by 60° as expected
for a surface with the threefold symmetry of the (111) surface.
The atomically flat (111) terraces usually extend over a few
hundred angstroms, demonstrating that the surface examined
has a long-range order with a low density of defects. Atomically
flat and clean surfaces must be prepared to obtain atomic
information about the surfacestructure with STM. Suchsurfaces
can be obtained from polished single crystals, by the “flame-
annealing quench technique”,2® and by vacuum evaporation on
suitable substrates.

Structural Change. Reconstruction of surfaces to minimize
the surface free energyisa well-known occurrence in UHV studies.
The reconstruction of Au electrodes in aqueous solutions using
UHYV electrochemical systems has long been discussed. Very
recently, however, evidence for the surface reconstruction has
been revealed by in-situ STM studies. For example, the Au-
(110) (1X1) structure is transformed to (1X2) and (1X3)
structures in the double-layer region by lowering the electrode
potential to —0.3 V vs SCE in a HCIOy solution as shown in
Figure 3.2122 It is important to compare structures of recon-
structed surfaces in UHV and those in solution to understand
better the role of electronic structure of the electrode surface in
solution.

The structural changes of surfaces during oxidation—reduction
cycles can also be studied by in-situ STM. Island formation has
been observed on an atomically flat Pt(111) surface after applying
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Figure 3. STM image of a reconstructed Au(110) surface having (1X2)
symmetry in 0.1 M HCIO,.2!

potential cycles.!® Simultaneous formation of islands and pits of
monoatomic height has been found on Au(100) after a potential
cycle.? Roughening, annealing, and dissolution have been
reported to accompany the oxidation-reduction of the Au(111)
surface,?* indicating that the surface diffusion of Au was 2-3
orders of magnitude faster in solutions containing chloride ions.
Similarly, STM can be used to follow changes in the surface of
HOPG during oxidation. Structural changes, such as those
described above, can be very important factors in the under-
standing and control of electrochemical dissolution and deposition
processes at various metals, alloys, and other electrodes.

Underpotential Deposition. The electrochemical deposition
of metal adlayers on a foreign metal substrate is one of the most
structure-sensitive reactions that occurat the electrode/electrolyte
interfaces.26 There are many systems where the first monolayer
isdeposited at potentials more positive than the reversible (Nernst)
potential of the respective bulk phase; this is called underpotential
deposition (UPD). The UPD of metals, as well as the adsorption
of hydrogen, has been investigated extensively on single-crystal
electrodes of different orientation. UPD processes are indeed
important in revealing the role of surface structure on the
electrochemical reaction.

STM images of individual copper adatoms have recently been
resolved,?’- demonstrating that the structure for the first UPD
layer of Cu on Au(111) in an aqueous sulfuric acid solution is
(V3XV/3)R30°. A (5X5) structure was also observed in the
same solution in the presence of chloride,?” suggesting that the
coadsorption of anions is an important factor in determining the
structure of UPD adlayers. In-situ AFM has also been employed
to study, with atomic resolution, the UPD of Cu,3®3! Bi 32 and
Hg* on Au(111).

Figure 4 shows a cyclic voltammogram for the UPD of Cu on
Au(111). Two different waves for the UPD of Cu can be seen
in the potential region between 0.35 and 0 V vs SCE before the
start of bulk deposition. The image acquired at 0.4 V vs SCE,
where no Cu UPD has taken place, indicates that the Au(111)
surface has a (1X1) structure under these conditions. After
achieving atomic resolution of the substrate surface at 0.4 V, the
electrode potential was scanned cathodically and was held at 0.2
V, between the two UPD peaks. A very clear STM image with
corrugation heights of 0.5-0.7 A was observed as shown in Figure
5. The distance between nearest neighbor Cu atoms is about 4.8
A. The atomic rows of Cu are at an angle of 30° relative to the

The Journal of Physical Chemistry, Vol. 97, No. 28, 1993 7151

10
3
NE B
L
= ¢
= >
OI_
- *
.
_5_-
_10-l L 1 1 1 L L 1
0 0.2 04 06
V vs SCE

Figure 4. Cyclic voltammogram for UPD of Cu on a Au(111) electrode
in 0.05 M H:S0, + 1 mM CuSO; solution.?®
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Figure 5. STM image of the first Cu adlayer. Arrows indicate phase
boundaries.??

underlying Au lattice. These observationsshow that the structure
of the first Cu adlayer is (v/3XV/3)R30°. However, interesting
phase boundaries are often observed in images acquired on larger
scan areas, as shown in Figure 5.2 Two (v/3XV/3)R30° domains
aresimply shifted by a half position, suggesting that the adsorption
of Cu occurs almost equally on two nonequivalent threefold hollow
sites on Au (111).

The same (V/3XV/3)R30° structure has been found for the
first layers of the UPD of Cu on Pt(111)* and of Ag on Au-
(111)* in aqueous sulfuric acid solution. The appearance of the
widely spaced (Vv/3XV/3)R30° structure is probably due to the
presence of anions, such as SO42-and HSO,-, on the surface. The
role of the coadsorbed anions is important to the understanding
of the UPD processes.?!
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Molecular Adsorbates. The structural determination of
chemisorbed atoms and molecules on metal electrodes is another
important application. STM studies have been carried out for
iodine and bromine adsorbed on Pt(111)3 and Au(111),3738
respectively. Sulfide adsorption also yields ordered (v/3XV/3)-
R30° layers.® In-situ IR spectroscopy has been successfully
combined with STM to characterize the CO adlayers on Rh-
(111) and Pt(100) electrodes in aqueous solutions. 44! Substrate-
induced ordering of monolayers of [(Ru(bpy),(bpy-(CH,),-
bpy)]?* on reconstructed Au(III) surfaces in dimethylformamide
solutions has been studied by STM.#2 STM studies may also be
important in characterizing organized monolayers on electrode
surfaces, such as those employed in dynamic studies described
below.4>45 The above results have accelerated further investi-
gations to resolve chemisorbed molecular species on electrodes
in electrolyte solutions, which complement the extensive studies
of electrodes using the UHV electrochemical system.46

Semiconductor Electrodes. Surface topographic images of
semiconductors such as n-TiO,, n-ZnO, GaAs, Ge, and Si have
been acquired in aqueous solutions usually without atomic
resolution mainly because of the difficulty in the preparation of
a well-defined semiconductor surface. However, there are
numerous examples of atomic-resolution STM in studies of
semiconductorsin UHV.47 STM has recently been used toimage,
in aqueous HF solutions, Si(111) terminated with monohydride
(Si(111):H-1X1) prepared by chemical and electrochemical wet
etching.#84% Wet etching of semiconductors, particularly of Si,
is important in LSI technology, and detailed STM studies of
chemical processes that occur during etching should be important
in the future.

In-situ STM can also be applied to the determination of band
structures at semiconductor/liquid interfaces. Electrontunneling
between the conduction or valence bands in the semiconductor
and levels in the tip depends upon the potential difference between
the semiconductor and the tip. Measurementsof tunneling current
as a function of bias, as well as tunneling spectroscopic inves-
tigations of work function and differential conductivity (d/dV)
of semiconductor interfaces, will be useful in mapping the energy
levels of bands and surface states.5¢-52

(b) Ultramicroelectrodes and Scanning Electrochemical Mi-
croscopy. An ultramicroelectrode (UME) is an electrode whose
smallest dimension is in the micrometer (um) range. Indeed,
disk-shaped electrodes with 1-um diameters are now routine, and
several reports have described much smaller electrodes with
dimensions of the order of nanometers. Electrode shapes comprise
disks, rings, bands, and interdigitated arrays. Such electrodes
can be applied to electrochemical studies of the same type as
those carried out at much larger electrodes at the same current
densities. However, several advantages arise from the use of
very small electrodes: (i) The absolute currents with these
electrodes are very small, usually in the pA-nA range. Thus,
even with highly resistive solvents, the uncompensated resistive
drop (iR,) that perturbs accurate potential measurements is
small. This allows a whole range of new media, such as nonpolar
solvents and supercritical fluids, to be investigated by electro-
chemical methods. For example, the recent work on the
electrochemistry of the fullerenes in solvents such as benzene
employed ultramicroelectrodes.5® Similarly, ultramicroelectrodes
are needed in studies of electrolytes like supercritical water’ and
high-resistance solid electrolytes. (ii) The very small size of such
electrodes allows them to be employed as high-resolution probes,
for example, in the scanning electrochemical microscope (SECM)
discussed below or as sensors in biological systems (single cells,
synapses). (iii) Arrays of UMEs are convenient as analytical
sensors and as substrates for the construction and characterization
of devices based on modified electrode surfaces. Moreover, UMEs
have two characteristics which make them particularly useful in
dynamic studies, as described in section III.B.1: (iv) The rate of
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mass transfer by diffusion to such an electrode is very high. For
example, the mass-transfer coefficient for a UME is of the order
of D/r (where D is the diffusion coefficient and r the electrode
radius), so the mass transfer to a ¥ = 1 um electrode (ca. 0.5
cm/s) is faster than the convective transport to a rotating disk
ata rotation rate of 104 rev/min, This high mass transfer makes
possible measurements of very large rate constants, e.g., those for
heterogeneous electron transfer at the electrode/electrolyte
interface under steady-state conditions. (v) UMEs are charac-
terized by very small double-layer (dl) capacitances (Cy) of the
interface and, hence, small time constants (R,Cy) for dl charging.
This allows measurements in a very short time regime (as discussed
in section II1.B.1), e.g., by rapid cyclic voltammetry, and makes
possible transient studies of rapid heterogeneous and homogeneous
reactions. The background, methodology, and applications of
UME:s have been reviewed.55:56

Ultramicroelectrodes will continue to be useful in characterizing
the electrode/electrolyte interface and in studies of electrochem-
ical systems. Projected applications include (i) studies of
electrodes with sizes approximating molecular dimensions.” Such
electrodes could show quantum and unusual mass-transfer effects.
They may also be useful in the observations of stochastic events.
(ii) Small interdigitated arrays (IDA) and related structures can
be employed in the fabrication of electrochemically based
“molecular” electronic devices and sensors. (iii) Studies of the
electrode/electrolyte interface with novel electrolyte media—solids,
supercritical fluids, nonpolar solvents, perhaps even gases—are
important, as are (iv) studies of single molecular events at electrode
surfaces (e.g., nucleation, pore formation, adsorption, deposition).
(v) The development of ultramicroelectrodes with well-defined
single crystal surfaces would be desirable.

Scanning Electrochemical Microscopy. The scanning elec-
trochemical microscope (SECM) uses STM technology to position
and move an ultramicroelectrode probe (tip) near a substrate
surface. In SECM, the faradaic current produced by a redox
reaction at the tip is perturbed by the presence of a substrate,
which can be either an electronic conductor or insulator, and this
perturbation can be employed to obtain topographic images and
information about reactions at the substrate surface or within the
solution in the gap between tip and substrate. The resolution
obtained with the SECM depends upon the dimensions of the
ultramicroelectrode tipemployed. Currently, the best resolution
reported is in the range of 50 nm. Several reviews discuss the
principles, apparatus, and applications of SECM 8,59

Some particular applications of the SECM in characterizing
the electrode surface include the following: (i) The SECM can
image arrays or composites consisting of both conductive and
insulating regions and can indicate the conductive nature of
regions. As opposed to imaging by optical microscopy, portions
of the conductive surface just below the insulating surface are not
imaged. (ii) The SECM can also be employed to distinguish
regions of different reactivity (“reaction rate imaging”) on an
electrode surface. (iii) Films on electrode surfaces can be probed
with nanometer resolution by measuring the tip current as the
tip passes through the film.% (iv) Adsorption equilibria and
kinetics on electrode (and insulator) surfaces can be studied. (v)
Rapid reactions that take place in the solution immediately above
the electrode surface in the microscopic cell defined by the tip
areaand the tip—substrategapcanbestudied. (vi) High-resolution
fabrication by deposition, etching, and electrosynthesis has been
demonstrated with the SECM. (vii) The structure of porous
synthetict! and biologicalé? membranes (e.g., human skin) can
be imaged by measuring the rate at which redox species emerge
from individual pores.

A number of additional applications of the SECM can be
envisioned. (i) New probes, such as specific ion and enzyme
electrodes, can be used as tips. These would allow identification
of species, e.g., protons and peroxide, produced at the electrode
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surface. (ii) Thesemiconductor/electrolyteinterfacecan beused
ina photoelectrochemical mode to generate species by light pulses.
The time-of-flight of such species to the tip and the measured tip
response can be employed to determine diffusion coefficients and
reaction rate constants. (iii) The tip can be used to penetrate
bilayers, membranes, and polymer films on electrode surfaces
and to measure their thickness and the electrochemistry of species
within the layers. (iv) High-resolution fabrication on electrode
surfaces may be possible via modification of self-assembled
monolayers and Langmuir-Blodgett (LB) films.

(¢) X-ray Methods. Because of their penetrative power through
condensed phases and their short wavelengths, X-rays are well
studied for in-situ studies of buried interfaces. The relatively
weak interaction of X-rays with matter, however, means that
powerful X-ray synchrotron sources are required for many of
these studies. Synchrotron sources offer a broad spectral range
of polarized, highly collimated X-rays with intensities that are
103-106 higher than those of a conventional X-ray tube. Third-
generation synchrotron sources, such as the advanced photon
source, are being built, and their projected 104 increase in
brightness will allow for fundamentally different experiments to
be performed including the study of dynamic processes. There
are a number of X-ray-based techniques that can be employed
in the in-situ study of electrochemical interfaces.6364 These
include surface extended X-ray absorption fine structure (SEX-
AFS), X-ray standing waves (XSW), surface diffraction, and
reflectivity measurements.

SEXAFS. EXAFS (extended X-ray absorption fine structure)
refers to the modulations in the X-ray absorption coefficient
beyond an absorption edge and involves the measurement of the
absorption coefficient (or any parameter that can be related to
it) as a function of photon energy.85%7 These modulations arise
as a result of the interference between the outgoing wave (due
to the photoionization of a core-level electron upon absorption of
an X-ray photon) and a backscattered wave due to the presence
of near neighbors (typically <5 A; EXAFS is only sensitive to
short-range order). The modulations present at energies from
about 40 to 1000 eV beyond the edge are termed EXAFS. To
a good approximation, the frequency of the EXAFS oscillations
depends on the distance between the absorbing atom and its near
neighbors, whereas the amplitude of the oscillations depends on
the numbers and type of neighbors, as well as their distance from
the absorbing atom. From an analysis of the EXAFS data, one
can obtain information on near-neighbor distances (£0.02 A),
numbers (£15%), and types. Further advantages of EXAFS are
the following: (i) it can be applied to all forms of matter; (ii) for
solid samples, single crystals are not required (EXAFS yields
short-range-order information); and (iii) by choosing the X-ray
energy, one can focus on the environment around a particular
element. Furthermore, the energy of the absorption edge can
indicate the effective oxidation state of the absorbing atom.
Although moredifficult tointerpret, because of multiple scattering
effects, the near-edge region of the spectrum is very rich in
structural information.

EXAFS and SEXAFS have been employed in the study of
electrochemical interfaces with emphasis on underpotential
deposition (UPD), metal oxides, corrosion, and others.®-7
Especially notable findings in the study of UPD systems have
been the elucidation of well-defined structures of the metal
adlayers and their coverage dependence. Particularly surprising
has been the observation of strong scattering by adsorbed solvent
and supporting electrolyte, suggesting a very strong interaction
of these interfacial species with the metal adlayer. The use of
well-defined bulk single-crystal electrodes and improved cell
designs has further enhanced the applicability of this technique.

In terms of future developments, the use of dispersive methods
appears most exciting.”* In conventional experiments, EXAFS
spectra are measured by scanning a monochromator so that the
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Figure 6. Depiction of an energy dispersive arrangement for X-ray
absorption spectroscopy.

absorption coefficient is measured at a single energy at a time,
with the acquisition of a single spectrum taking about 30 min.
An alternative is to employ a dispersive approach where a beam
with a broad energy distribution (500-1000 eV) is brought to a
tight focus (about 50 um) on a sample by the use of a curved
crystal (Figure 6). Beyond the sample, the X-ray beam fans out
according to energy. If a photodiode array is placed at an
appropriate distance, all of the energy components of the beam
can be measured at the same time. In this approach, there is a
gain of 2-3 orders of magnitude in terms of data collection rate.
Such an approach allows time-dependent measurements to be
carried out. Millisecond time resolution has been demonstrated,
and this value could be decreased by a few orders of magnitude
with the new synchrotron light sources, thus providing time
resolution that is appropriate to a number of dynamic processes.
Especially relevant applications of this technique would include
dynamic studies of polymer films on electrodes. Achieving
monolayer sensitivity is rendered difficult in this approach, since
the attenuation of the beam would be very low. However,
monolayer surface sensitivity could, in principle, be achieved by
carrying out REFLEXAFS?-type measurements where the
relevant information is contained within the reflected beam.

X-ray Diffraction. X-ray diffraction (XRD) is the most
powerful method to study the structure of crystalline materials;
its application to electrochemical interfaces has provided detailed
information on the atomic structure both of the electrode surface
and that of adsorbed layers.763 A special case of X-ray
diffraction has been termed surface X-ray diffraction (SXRD)
or grazing incidence X-ray scattering (GIXS). In thistechnique,
the X-ray beam is incident on the surface at an angle just above
the angle of total external reflection (typical angles of incidence
are 0.2-0.5°). The diffracted beam is measured at an angle 26
from the specularly reflected beam. In this geometry, the
scattering vector is predominantely in the plane of the surface
and hence is most sensitive to in-plane structure. Two examples
will be presented, the observation of potential-induced recon-
struction of Au(111) and the determination of the structure of
an underpotentially deposited monolayer, to illustrate the power
of this technique.

Au(l111) reconstructs in vacuum, and from anomalies in
measurements of capacitance a similar reconstruction, reversibly
induced by the application of potential, has been proposed.®” This
has recently been observed using SXRD. Figure 7 shows the
observed scattering intensity from a Au(111) surface in 0.01 M
NaCl versus the scattering vector scanning through the (0,1)
reflection along the (1,1) direction at several applied potentials.
At 0.10 V, only scattering from the unreconstructed Au surface
is observed. At more negative potentials, the intensity of the
scattering from the reconstruction (g = 0.038) is clearly seen to
grow. From this®¢ and other in-plane scattering data, the
reconstruction can be unambiguously shown tobe the same (px23)
reconstruction observed in vacuum (although the long-range
herringbone pattern does not form).

The structures of several underpotentially deposited monolayers
have been determined. Anillustrative example is the monolayer
of Bi which forms on Ag(111).7¢ Diffraction peaks from the
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Figure 7, Representative X-ray scattering profiles along the g axis at
L = 0.2 in 0.01 M NaCl solution at a series of potentials chosen from
scans between 0.1 and —0.8 V in steps of —0.05 V. The solid lines are fits
to a Lorentzian line shape.¢

monolayer are shown in Figure 8 and the corresponding structure
in Figure 9A. This structure is somewhat unique in that it is
incommensurate along the Ag[01 1] direction but commensurate
along the Ag[211] axis. A manifestation of this is seen in the
two-dimensional (2D) isothermal compressibility of the Bi layer
asshownin Figure 9B. Alongthe Ag[011] axis, the Bi monolayer
is seen to compress as the potential is made more negative. This
same phenomenon is observed for all of the incommensurate
monolayers that have been studied to date and is a result of the
thermodynamicdriving force to pack more Bi atoms on the surface.
These data have provided the only measurements of the 2D
compressibility of metals. Although the Bi compresses along the
Ag[0171] axis, the distance between Bi atoms along the Ag[211]
axis does not change with potential, because the Bi atoms maintain
their registry with the Ag substrate along this axis. The fact that
the first monolayer electrochemically deposited is often very
compressed relative to the bulk explains why electrochemical
heteroepitaxy is rarely observed.”

While the above discussion has focused on obtaining information
about lattice spacings in the plane of the surface, one can also
probe the electron density normal to the surface. The technique
toaccomplish this is based on measuring changes in the intensities
of crystal truncation rods (CTR).® Although the details are
beyond the scope of this brief review, it is the abrupt termination
of a crystal which results in streaks of intensity that connect
Bragg points along directions normal to the surface. By carefully
measuring the profiles of these streaks of intensity, one can
determine the roughness of the surface and the details of the
registry of an overlayer. Indeed, using this technique, one can
observe the slight expansion in the lattice spacing (normal to the
surface) of the top layer of atoms. '

While the examples above all refer to measurements of static
structure, dynamic processes may be probed as well. To date,
only relatively slow surface processes, such as the kinetics of the
reconstruction of the Au(111) surface, have been followed.8 The
elucidation of dynamic properties and the structure of water and
ions in the double layer are problems which can now be
approached, with new synchrotron sources, such as the advanced
photon source.
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Reflectivity Measurements. The measurement of X-ray
reflectivity of an interface can provide the electron density profile
in a direction normal to the interface. Thus, it is very sensitive
to roughness as well as to variations produced by phenomena
such as surface reconstructions. For small angles of incidence,
variations in the reflectivity can be represented as a perturbation
from that predicted by the Fresnel law of optics for a perfect
abrupt interface.

In the Born approximation limit, the ratio of the measured
reflectivity R(9) to the Fresnel reflectivity Rp(0) yields the
average electron density gradient along the surface normal and
is given by

R(©) 1 (=% iz 12
—_——= — %7 dz 1
Re(®) Ko I (G0 2 ®
X-ray reflectivity measurements have been used in the study of
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are for chloride-free and chloride-containing electrolytes, respectively.
(a) The lattice constant a. The average value is @ = 5.007 £ 0.002 K,
demonstrating that the Bi monolayer is uniaxially commensurate with
the Ag surface. (b) The lattice constant b. The line is a linear least-
squares fit to the data and has a slope db/dV = 0.95 £ 0.05 A/V.”¢ From
ref 76.

surface reconstructions on single-crystal electrode surfaces as
well as in the study of oxides.

X-ray Standing Waves. The X-ray standing wave (XSW)
technique represents an extremely sensitive tool for determining
the position and coherence of adsorbates as well as the distribution
of interfacial species.?® This technique is based on the X-ray
standing wave fields that arise as a result of the interference
between coherently related incident and reflected waves, either
by total external reflection or Bragg diffraction (Figure 10). The
period of the standing wave is given by

D=)/2sin© 2)
where 20 is the relative angle between the waves. If the angle
of incidence is increased, the value of 2 sin © increases and thus
the period of the standing wave decreases. In addition, the
standing wave can be moved with respect to position by changing
therelative phase between the incident and reflected waves. Thus,
the standing wave can be made tosample an adsorbate or overlayer
at varying positions above the substrate interface. By judicious
choice of experimental parameters, one can vary the characteristic
length scale of the technique to be from a few to hundreds of A,
and this covers the range of distances of relevance to electro-
chemical interfaces.

XSW studies of electrochemical interfaces include the un-
derpotential deposition of metal monolayers such as Tl on Cu%09!
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Figure 10. Depiction of the formation of an X-ray standing wave field
as a result of the interface between incident and reflected plane waves.
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Figure 11. Comparison of data (points) for the electrodeposition of copper
on an iodine-treated platinum surface with the predictions from models
based on (A) statistical occupancy of surface sites and (B) progressive
occupancy of surface sites beginning with the deepest.

and Cu on Pt.?2 In addition, studies of potential-dependent
structural and distributional changes, such as iodine on platinum,
have been carried out.”> For example, the mechanism of the
underpotential deposition of copper on an iodine-treated platinum
surface from a Pt/C layered synthetic microstructure (LSM)
has been studied.®* XSW measurements under total external
reflection and Bragg diffraction conditions as a function of surface
coverage of copper, as well as potential-dependent changes in the
position of the center of mass of the copper layer, could be
determined. One can envision two limiting cases in terms of the
mechanism of deposition. If open surface sites were occupied in
a random mode, one would expect a homogeneous copper
distribution whose center of mass was always at the same z position,
namely, the center of the Gaussian representing the surface site’s
concentration profile (i.e., the position with the largest density
of open sites). The second model is one in which open surface
sites are occupied sequentially with the deepest ones first. In this
case, the center of mass position would vary with the copper
surface coverage. Both of these models are plotted, along with
the experimental data, in Figure 11 as a function of potential,
Clearly, the observed results are in excellent agreement with the
model that involves sequential filling (Figure 11, curve B) of
available surface sites. This implies that the more favorable
surface sites for deposition are the ones closest to the platinum
bulk lattice, either because the substrate-deposit interactions are
maximized at these sites or because the interaction with the electric
fields present at the interface is greatest at these locations. This
type of study illustrates the power of the XSW technique for the
in-situ study of electrochemical interfaces. Perhaps the greatest
advantage of XSW measurements is that they can provide
information on the distribution, with angstrom resolution, of
species close to but not in contact with a surface. The main
drawbacks of XSW experiments are that they are experimentally
demanding and that they require nearly perfect crystals. However,
the use of a back-reflection geometry allows for the use of high-
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quality (though not perfect) single crystals. In addition, the
technology for the preparation of LSM has developed to a level
where a single crystalline layer can be deposited. These advances
may open up this technique to more general use.

(d) Nonlinear Optical Methods. The most extensively inves-
tigated of the nonlinear optical techniques at electrode surfaces
is second harmonic generation (SHG),?>-% where the electrode
surface is irradiated with a pulsed laser and light at twice the
frequency of the fundamental frequency of the laser is collected
near the reflected angle. The attractiveness of this technique is
that it is inherently surface selective (as are all second-order
nonlinear processes), because the process which leads to frequency
doubling is forbidden in the bulk of centrosymmetric crystals but
isallowed at the surface where this inversion symmetry is broken.
The second harmonic response from the metal electrode is large
compared tothat from any overlayer, so this technique is primarily
sensitive to the properties of the crystal surface. The intensity
of the frequency-doubled light depends on the surface nonlinear
susceptibility, which is sensitive to the charge on the surface, the
presence of adsorbates, and surface morphology. One of the
most exciting developments in this area has been the observation
of an anisotropy in the nonlinear response of single-crystal metal
electrodes with the rotation of the crystal about its surface normal.
This surprising result opens the way for using SHG to probe the
geometric structure of the electrode as well as the registry of
deposited overlayers, as this is observed to affect the rotational
anisotropy.?® More recently, this anisotropy has also been shown
to be markedly affected, when the fundamental or doubled
frequency is near a transition between states or bands of the
electrode surfacei® (resonant SHG), as shown in Figure 12. This
promises to be a fruitful technique for providing information on
the electronic structure of the electrode.

More fundamental work directed at understanding the SHG
response is required before this technique will be used as a routine
method for determining the structure of electrodes, adsorbed
layers, or electronic properties. Developing this understanding
will be the key challenge in this area over the next several years,
Two other nonlinear optical techniques, while far less developed,
alsoshow considerable promise: sum frequency generation (SFG)
and hyper Raman spectroscopy (HR). Both of these techniques
probe vibrational transitions at surfaces. Hyper Raman issimilar
to SHF except that instead of measuring the intensity of light
produced at twice the frequency of the incident light, 2w;, one
measures the intensity produced at 2w; — wy, where w, corresponds
to the frequency of a vibrational transition at the surface. The
hyper Raman effect is approximately 5 orders of magnitude
weaker than normal Raman. In SFG, an infrared wave wyy is
mixed with visible light w; at the surface to produce visible light
at w; + wir. The frequency of the infrared laser is scanned, and
when theinfrared wave is in resonance with a vibrational transition
the intensity of the mixed wave is increased. Since the mixing
only occurs at the surface, this technique is less sensitive to
absorption in the bulk than infrared reflection spectroscopy.

2. UHV (ex-situ) Electrochemical Techniques. The appli-
cation of UHYV techniques requires that the characterization be
performed outside the electrochemical cell. The possibility of
structural and compositional changes upon removal (emersion)
of the electrode from solution limits the scope of the UHV-EC
approach.! Its enormous advantage is that, once the sample is
in vacuum, any number of anajytical techniques can be used to
study the surface. Several hundred papers have appeared over
the past two decades that describe electrochemical phenomena
examined by UHV-based methods at polycrystalline electrodes;
studies of single-crystal electrodes are more recent. The number
of researchers presently involved in UHV-EC studies of the
electrode/electrolyte interface has increased over the past few
years. The interfacial structures derived from UHV-EC work
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Figure 12. The p-polarized SHG as a function of azimuthal rotational
angle for Ag(111) in 0.1 M NaClO, under p-polarized excitation at the
indicated wavelengths. From ref 100.

have provided much of the impetus in the development of the
in-situ methods described above.

Vacuum-based techniques that have been employed for the
characterization of electrode surfaces include the following;!:101-104
low-energy electron diffraction (LEED). and reflection high-
energy electron diffraction (RHEED) for surface crystallography,
Auger electron spectroscopy (AES) and X-ray photoelectron
spectroscopy (XPS) for surface composition and chemical bonding
information, high-resolution electron energy loss spectroscopy
(HREELS) for surface vibrational spectroscopy, work function-
change measurements for interfacial electronic properties, and
thermal desorption mass spectrometry (TDMS) for adsorption
energetics. Other methods that do not require high vacuum,
such as IRAS and SHG, have also been used to examine the
electrode surface emersed into UHV.

Several significant advances have been achieved over the past
few years that further reinforce the usefulness of the UHV-EC
approach. Foremost among these are (i) the attainment of
ultraclean conditions in the transfer of the electrode between the
UHV and EC chambers, (i) a better understanding of the
emersion process, and (iii) the verification of UHV-EC-derived
structures by in-situ methods. A related development concerns
the “synthesis” of the electrochemical double layer in UHV by
sequential cryogenic adsorption of its solvent—electrolyte—adsor-
bate constituents.105.106

UHYV-ECinvestigations with monocrystalline electrode surfaces
can be broadly classified into three groups. The first emphasizes
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Figure 13. Cyclic voltammogram and interfacial adlayer structures: Au(111) in dilute CsI at pH 6.8. The structures were derived from LEED and

AES data. From ref 112.

the structure and constitution of the double layer. The second
centers on electrodeposition reactions, including hydrogen and
oxygen adsorption. The third deals with the structure and
reactivity of chemisorbed molecules.

Electrical Double Layer. Two general strategies have been
adopted. One, strictly a model approach, involves the layer-by-
layer synthesis of the double layer by cryogenic adsorption;!05.106
the “control” of electrode potential is based upon coadsorption
of species such as H; or K. The other approach is based upon
direct characterization of the electrolyte layer immediately after
emersion. In the ideal emersion process, the electrode contains
an interfacial layer identical in composition and structure to that
of the electrode when it was in solution. The optimum conditions
for such emersion have been mapped out.!%-1 The existence
of an emersed double layer has been established. The stability,
structure, and composition of emersed layers obtained under
various conditions have been documented. UHV-EC studies of
specifically adsorbed anions have been carried out at Pt(111),
Pt(100), stepped Pt(s)[6(111)X(111)], Cu(111), Ag(111), Au-
(111), and Pd(111) electrodes. The anions studied include
monatomic species such as Cl-, Br-, and I-and polyatomic species
such SH-, CN-, SCN-, and SO4>.!

Underpotential Electrodeposition. UHV-EC studies of UPD
can be categorized according to whether the experiments were
used to correlate the substrate structure with the UPD voltam-
mograms or to determine the resultant interfacial properties of
the adatom-modified substrate. Investigations devoted to struc-
ture-voltammetry relationships help establish reference states;
those focused on postdeposition analysis yield important infor-
mation concerning the electrocatalytic selectivity of mixed-metal
interfaces.

The first applications of combined LEED, AES, and EC
involved the correlation of the surface crystallographic orientation
with the underpotential hydrogen deposition at Pt electrodes. By
current standards, those initial studies are not definitive because
of the lack of a rigorous control of substrate structure and the
use of multiple surface oxidation—reduction cycles to generate a
clean, but structurally disordered, surface. Newer studies have
been more definitive on this subject.!'®!!! The underpotential

oxidative deposition of nonmetals, such as iodine, at noble metals
has also been studied. An example is shown in Figure 13, which
depicts the potential-dependent structure and composition of Au-
(111) in dilute CsI."'2 The adlattice structures shown in this
figure have recently been verified by in-situ STM.!13

The first study of metal UPD at single-crystal electrode surfaces
involved Ag on an iodine-protected Pt(111) electrode.!'* The
advent of ultraclean transfer conditions has allowed electrodepo-
sition from solutions free of surface-active anions. Investigations,
carried out in ClO4 or F- electrolyte, include UPD of Cu on
Pt(111);115-117 T1, Pb, Bi, and Cu on Ag(111);!!® and Pb on the
three basal plane of Ag.!'"" The comparison, with respect to
structural, catalytic, and electronic properties, of mixed-metal
interfaces in both UHV and EC environments is a subject of
current interest. A study that compared anodic stripping and
thermal desorption of Cu at Ru(0001) found a remarkable
similarity between the energy differences for the anodic stripping
and thermal desorption of monolayer and multilayer Cu.!20

The controlled layer-by-layer growth, electrochemical atomic
layer epitaxy (ECALE), of compound semiconductors by UPD
has recently been reported.'?! In the ECALE of CdTe, for
example, one cycle would consist of the UPD of Cd followed by
the UPD of Te onto the Cd monolayer deposit.

Molecular Adsorption Studies. UHV studies of water ad-
sorption on single-crystal electrodes are based upon cryogenic
adsorption.'?? The structural and chemical properties of inter-
facial water are now well-documented. Of direct relevance to
electrochemistry is the observation that, on Ni, Pt, Ag, Cu, and
Pd, water is dissociatively chemisorbed, via hydrogen abstraction,
if the surface contains submonolayer coverages of oxygen.

UHV-EC investigations of organic adsorption at single-crystal
electrode surfaces, usually Pt, have been undertaken to understand
the nature of the chemical interactions between the substrate and
adsorbate as a function of interfacial parameters, such as pH and
electrode potential, as well as to correlate the mode of attachment
with the reversible and/or catalytic electrochemistry of these
materials; molecular adsorption studies have been aided greatly
by the recent addition of HREELS in the repertoire of surface
analytical tools. Two studies with CO have been reported. One
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sought to correlate anodic peak potentials with observed LEED
structures at Pt(111);!2? the other examined the chemisorption
of CO at well-defined and anodically disordered Pd(111).124
Organic molecules, such as alkenes, homocyclic aromatic com-
pounds, thiophenols, S-heterocyclics, N-heteroaromatics, and
biologically-active molecules, have been studied.!25:126 Mercapto
compounds at Ag(111) were also investigated.126

B. Electrolyte Characterization. Significant fundamental
advances have been made during the past five years in charac-
terizing the structure of the electrolyte at electrochemical
interfaces. The necessity to consider the discreteness of solvent
molecules and ions has been well established by experimental,
computational, and theoretical methods during this time period.
However, the significance of these molecular-level details in
relation to equilibrium interfacial structures, such as underpo-
tential deposition layers, and to electron-transfer dynamics has
not yet been fully explored. The orientation and density of
molecular films, the dispersion of semiconductor particles in
photoelectrochemical cells, and the formation of ultrathin and
stable wetting layers necessary for various forms of atmospheric
corrosion are a few examples where molecular-level interactions
between the electrolyte and the electrode are recognized as playing
key roles. These structures are frequently discussed in terms of
simple models of electrochemical double layers that are inferred
from capacitance or surface tension measurements but which
provide little direct evidence of molecular details. There are, in
addition, many questions regarding electrolyte structure at metal
electrodes that have yet to be explored by a direct experimental
technique.

1. Experimental Measurements. The surface forces mi-
crobalance!?’ (SFM) is an experimental system for measuring
the nature and magnitude of interactions between two surfaces
separated by a fluid medium. The basic measurement, recently
developed!?® and now applied in many research laboratories,!??
consists of bringing two ultrasmooth surfaces (typically, but not
limited to, molecular smoothness) together within distances
comparable to the decay (Debye) length of the interaction being
measured. Forces between the two surfaces are measured as a
function of the distance separating the surfaces by means of optical
and electromechanical measurements. Depending on the nature
of the surface interactions, the measurements can be made over
relatively large distances (10-1000 A for electrostatic forces
between two electrically charged or ionized surfaces) or short
ranges (<30 A for structural forces). More often, two or more
types of surface forces with different decay lengths can be
quantitatively measured in one experiment, resulting in a complete
force law describing the surface interactions across the fluid.

The most fundamental and direct information about double-
layer structure and ion adsorption has been obtained from surface
forces microbalance measurements by investigators whose primary
interests concern colloid chemistry. Anexample of the advanced
stage of SFM measurements is the direct measurement of the
thicknesses of Stern layers formed by adsorption of tetraalkyl-
ammonium cations on mica!3® (Figure 14). In these measure-
ments, the distance of closest approach of the twosurfaces (defined
by an apparent hard wall contact) corresponds to twice the
molecular diameter of the large organic cation adsorbed on the
mica surface. The DLVO theory gives a good fit to the data
beyond a separation distance of 24 assuming a plane of charge
located at a distance 4 from each surface. The results are in
excellent quantitative agreement with the Gouy—-Chapman—Stern
model.

Observations of solvent and ion layering (H,O and organic
solvents) between mica!3! and metal!32 surfaces are relatively
recent and are not completely understood. These interactions
cannot be described by a continuum fluid theory and have only
recently been treated using physically realistic models of H,O in
computer simulations. The oscillations reflect the graininess of

Bard et al.

Force/Radius, uN/m

Distance, nm

Figure 14. Forces between mica as a function of distance in concentrated
aqueous solutions of R{N*Br-salts. Me = methyl, Pr = propyl, and Pe
= pentyl.!* The continuous curves assume a Stern layer of thickness d
that corresponds roughly to the thickness of the adsorbed cation.

the liquid, and one expects that successful interpretation of
electrochemical data may require consideration of the local
interfacial structure, rather than the bulk properties of the liquid.
In addition to oscillatory forces, a monotonically decaying
repulsive or attractive structural force is often observed on
hydrophilic and hydrophobic surfaces, respectively.!*® These
forces arereferred toin the literature as hydration and hydrophobic
structural forces, and their origin is not completely resolved.

Surface-enhanced Raman spectroscopy (SERS) has been used
with increasing frequency to probe interfacial solvent and ion
distribution, primarily at a few metals (Au, Ag, and Cu) where
the surface enhancement is largest.4 A number of recent articles
have reported potential-dependent SERS spectra of H,O and
OH- on Ag in aqueous solutions.!3 These studies demonstrate
the feasibility of probing solvent molecules within the inner layer
of the interface and those associated with the solvation shells of
adsorbed cations. Progress has also been made in investigations
of nonaqueous electrolytes. In principle, SERS is ideally suited
to investigate intermolecular interactions (e.g., H-bonding) and
metal-solvent interactions (e.g., dipole orientation) with high
sensitivity and selectivity.

The measurement of X-ray reflectivity at an interface can
provide the electron density profile normal to the interface. Thus,
X-rays have potential as being very sensitive probes of the
electrolyte structure, in addition to their use in characterizing
surface reconstructions and roughness. The utility of the X-ray
standing waves method, using synchrotron radiation, has been
demonstrated as an in-situ technique to probe the potential-
dependent distribution of iodide at the Pt—electrolyte interface.93
Advances in this and related methods should provide a detailed
fundamental structure of the solvent and ion distributions in the
near future.

2. Theory and Simulations. Due to the complex physical
structure of the double layer, theoretical investigations of
electrolyte structure near a charged wall have largely focused on
simplified models. Typical of these is the restricted primitive
model in which electrolyte ions are represented by charged hard
spheres (with embedded point charges) and the solvent is
represented as a continuum dielectric.!35-137 Beginning in the
early 1980s, predictions of interfacial structures based on this
and similar models have been obtained using integral equation
methods and density functional theories. Inclusion of the finite
ion size yields predictions of ion layering next to the surface and
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charge inversion within the double layer, neither of which is
obtained from previous statistical models employing point ion
charges. These theories are quite successful in confirming Monte
Carlo (MC) computer simulations of interfacial structures,!3
and extensions to more complex and realistic physical systems
have been explored.!®

MC and molecular dynamics (MD) simulations of the
electrochemical interfaces, beginning in 1980, have progressed
to the level where it is now possible to model the molecular
structure of an entire Pt/H,0/Pt cell. Heinzinger and Spohr!4
have reported MD simulations of H,O at Pt surfaces carried out
using a Pt—-H;O interaction potential derived from extended
Hiickel orbital calculations. These results, as well as other MC/
MD simulations,!4! suggest that the dynamical properties of H,O
areaffected by the surface only within the inner layer of adsorbed
solvent molecules. Predictions of work function values and
spectroscopic data gleaned from these investigations tend to be
in semiquantitative agreement with experimental data, providing
a direct test of the simulations. Other recent MD studies have
focused on the dehydration and adsorption of ions at charged
metal surfaces.!4? It is very likely that continued progress in this
area will provide details of solvent dynamics associated with
heterogeneous electron transfer, following on initial investigations
of model systems already carried out.!43

III. Interfacial Dynamics

A. Mechanisms and Elementary Processes, A great variety
of dynamic events occur at electrode/electrolyte interfaces.
Molecules and ions adsorb, atoms and molecules diffuse into and
out of the interfacial region, surfaces reconstruct, ions and solvent
molecules rearrange in the double layer, electrons transfer between
the electrode and species in solution or bound to the interface,
protons move among acid-base sites, ligands are lost or gained,
leaving groups depart, radicals couple, and isomerizations occur.
Mechanisms composed of individual, elementary steps produce
complex and varied transformations. For example, the interfacial
structure of a single crystal can evolve with time, so terraces
enlarge and defects disappear. In another mechanism, water is
produced by the addition of four electrons and four protons to
molecular oxygen. In still another, a conducting material is
formed by the electropolymerization of pyrrole, and this material
can be switched electrolytically into an insulating state. A quite
different type of mechanism is the basis for the measurement of
glucose concentration by coupling of the enzyme glucose oxidase
to an electrode via a mediating electron shuttle. By yet another
set of elementary steps, one obtains an ordered fractional
monolayer of copper on a single crystal of gold.

Mechanisms are studied to improve or thwart reactions, or to
draw analogies for use in a different context. Methods for
dissecting a mechanism intoits elementary steps are as important
in the study of electrochemical systems as they are in the study
of homogeneous chemistry (in solutions or gases), but the
interfacial case is more complicated, because one must reach
beyond the inventory of homogeneous chemistry to include
elementary processes involving the interface itself, i.e., hetero-
geneous steps such as interfacial electron transfer, adsorption,
atom deposition, or reconstruction. Moreover, experimental
approaches to mechanisms at interfaces are complicated by the
quite small portion of an experimental system contained in the
interfacial zone and the small numbers of species that are active
there. Effective methods therefore must offer spatial selectivity
and very high sensitivity.

Historically, our understanding of dynamics in electrochemical
systems has been limited by the intrinsic complexity of the systems
and by the lack of experimental tools with adequate sensitivity,
range of time scale, or chemical specificity. New methodologies
now allow fuller, more precise, and simpler studies of dynamics.

Ultramicroelectrodes and improved commercial electronics
provide a basis for straightforward experiments with time
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resolution on the microsecond and nanosecond time scales, where
many elementary processes involved in electrode reactions are
known to occur. Among them are protonation, isomerization,
the ejection of leaving groups, and electron transfer. It is now
possible to make direct observations of the kinetics of such
processes; hence, the dissection of a mechanism becomes more
direct and less dependent on models. Advanced methods for
synthesizing interfacial structures, particularly by self-assembly,
now provide access to simplified chemical systems whose dynamic
characteristics can be examined in unprecedented detail. The
study of heterogeneous electron transfer has especially benefited
from this approach. The field still needs methods, however, that
allow specific chemical moieties or surface structures to be
monitored on a time-resolved basis.

One can explore some dynamic effects effectively by slowing
molecular motions so that the measurements fall in a convenient
time regime, e.g., by the application of high pressure and low
temperature. Studies with electrolytes of extremely high viscosity
(e.g., polymer films and transiently cross-linked polymer solutions)
have shown that diffusion and other processes that depend on
solvent motions (such as electron transfer) can be slowed by orders
of magnitude in such media. The use of neither extraordinarily
viscous media nor high pressure has been developed sufficiently
to warrant further discussion here, but one can expect further
developments. We discuss more fully in the following subsections
advances in areas of particular importance.

B. Experimental Characterization of Heterogeneous Electron-
Transfer Rates. This discussion focuses on progress in the
measurement and characterization of the rates of heterogeneous
electrontransfer,i.e., the electron transfer between redox moieties
and an electrode (metal, semiconductor). When the redox species
are in solution, the standard heterogeneous rate constant is
designated as k, (cm/s). When the redox species are attached
to an electrode surface, the standard rate constant is k,r (s-!);
kyor kpis the operative rate constant when g = @req int solution
or on the surface. The factors governing the rate of electron
transfer are functions of the character of the electrode, the redox
moieties, the electrolyte, and the intervening medium. Classical
Marcus theory of electron transfer and derivative treatments
predict a current-voltage relationship that significantly differs
from the traditional Butler—Volmer relationship!4 when the
driving force, F(E~E®), becomes comparable to, or larger than,
the reorganizational energy, A. A large driving force usually
implies that the rate constant at an E significantly different from
E°, kg (cm/s) or kpg (s7), will be very large at that applied
potential and consequently difficult to measure. Characterizing
rate constants over a large range of driving forces requires either
the ability to measure very fast processes or strategies to slow
down the processes in a controlled way (i.e., by decreasing the
temperature).!45 Several new methodologies have evolved to
measure, control, and characterize heterogeneous rate constants,
i.e., methods utilizing microelectrodes, self-assembled monolayers,
and laser perturbations.

1. Microelectrode Technigues. The typical microelectrode is
a disk or a band. The critical dimension, 7y, is the radius of the
disk, (hemi)sphere, or (hemi)cylinder electrode or the half-width
of the band electrode. Theoretical treatments of band and disk
electrodes are complicated because current distribution over the
electrode surface is not uniform under most electrochemical
conditions.!46-148 However, closely related to the band and disk
electrodes are the hemicylinder and hemisphere electrodes that
exhibit uniform current density and are described by much simpler
theoretical treatments!4%15® which often serve as adequate
approximations for describing behavior at a band or disk. As
discussed in section II.A.1, a decrease in the value of ; decreases
the potential drop caused by uncompensated resistance, iR, (where
iisthe current flowing in response to a potential perturbation and
R, is the portion of the resistance between the microelectrode
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and the counter electrode that is sensed by the reference electrode),
thereby facilitating faster changes in the interfacial potential.
Although iR, is not reduced to zero, positive feedback, a tricky
electronic compensation (particularly if R, is not constant}, can
effectively reduce it further.15:152 The present state of the art
for relaxation methods at a microelectrode has effectively accessed
the 10-100-ns time domain using potentiostatic!53154 or cyclic
voltammetric methods,!55156 and values of k, < 10 cm/s can be
evaluated. A critical caveat might be noted: Virtually all
chronoamperometric and cyclic voltammetric theory is based on
the Butler~Volmer formalism. Deviation from Butler—Volmer
behavior will occur when F(E-E®) is comparable to or greater
than A in a potentiostatic experiment or when

-RT/«[0.78 + 1/2 In(aFyD/RTk ] 2 A 3
or
RT/a[In(RTk, /aFv)] Z A 4)

in a cyclic voltammetric experiment.!s” An analysis of cyclic
voltammetric behavior based on Marcus theory has recently been
discussed.!s® A complete treatment which includes the appropriate
Marcusian modifications of theory should be a straightforward
task using simulation methods.!5%-163

Progress in the measurement of these fast relaxations has
depended upon development of effective instrumentation for
measuring fast transients of small currents!$! and elimination of
stray capacitance in the electrode and electronics.!$¢ Measure-
ment of k,> 10 cm/sisinherently compromised by the diminishing
quantity of material in solution that can diffuse to the electrode
toreact. Temporal separation of the capacitive current associated
with charging the electrode double layer and the (usually)
relatively smaller faradaic processes becomes increasingly im-
portant. Use of high concentrations of the redox species helps,
but solubility and adsorption will present practical limits. When
estimating the time constant for an electrode as R,Cyr, Cesr, the
effective electrode capacitance must include the faradaic com-
ponent, which can be significant when the redox species are
attached to the surface. For a small potential perturbation
(<0.025 V) and a reversible electron transfer with a surface
attached species:

C=area X Cy+ [FA/RT(1/T, + 1/T,.)]  (5)

The “faradaic” capacitance term for I'y; = I'eq = 10-10 mol/cm?
would be 2 X 10~ F/cm?, i.e., much larger than typical values
of Cy (the double-layer or film capacitance).

Quasi-spherical diffusion (to a disk) or quasi-cylindrical
diffusion (to a band) enhances mass transport and diminishes
diffusion control of heterogeneous electron transfer. Some
impressively small electrodes (ro < 10-6 cm) have been produced
and characterized,"165 and even smaller, but less well-charac-
terized, electrodes have been fabricated.!¢ Evaluation of k; and
« from steady-state measurements at ultramicroelectrodes, e.g.,
disks and hemispheres, has been described.!6716¢ The approach
is based on the Butler—-Volmer formalism, but incorporating
Marcus theory should be possible. The accessible range of k; is
defined by the constraint

kgro/D ~ 10 (6)

Thus, with a well-characterized electrode disk with ry = 106 cm
and D ~ 10-5 cm?/s, a value of k, < 100 cm /s might be measured.

Interesting questions are evolving about the meaning of
electrochemistry at electrodes whose dimensions approach the
molecular. Characterization of the geometry is difficult, and it
becomes important to ask just how well the actual geometry is
known before great effort is expended on detailed computations
(e.g., the distinctions between the disk and hemisphere or band
and cylinder may be moot). Several workers have discussed
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deviations from “simple” diffusional control which can occur when
the thicknesses of the diffusion layer and diffuse double layers
become comparable at faster scanrates (or equivalently at smaller
electrodes) and more dilute supporting electrolytes.!6-17! The
effect of redox species whose dimensions are comparable to ry,
as well as the possibility of unique solvent structure near an
electrode surface which manifests itself at electrodes with ry <
10-6 cm, has also been considered.!”?

Several variations of microelectrodes have been devised. A
self-assembled monolayer with pinholes can act as an array of
microelectrode disks.!”> With such an electrode, 7, was about
(2-5) X 107 cm, and values of k, in the range 2—4 cm/s were
deduced from impedance data. Another variation consisted of
ubiquinone molecules dispersed in a virtually insulating self-
assembled monolayer that acted as an array of microelectrodes,
eachwithrg~ 10-7cm.!™ Anarray of microelectrodes, as opposed
to a single one, circumvents the problem of very small area and
currents. Some interesting theoretical problems evolve as diffusion
toan array progresses from behaving as a collection of individual
disk electrodes with nonoverlapping diffusion layers (at short
times) to a system with overlapping diffusion layers behaving as
a planar electrode (at longer times).!7517%

An alternative approach involves the use of an ultramicro-
electrode in an SECM (section I1.A.1(a)), spaced a distance d
(d < ry) from a conductive substrate.!”’!78 In this case, the
characteristic distance is 4 rather than 7o and the heterogeneous
reaction rates that can be measured are determined by the
dimensionless parameter k,d/D. Theadvantage of this approach
is that the size parameter can be varied with a single ultrami-
croelectrode; larger, more easily fabricated electrodes can be
employed, and the measured currents are enhanced by positive
feedback from the substrate. Such an approach has recently
been used to measure the &, ferrocene oxidation in MeCN as 3.7
cm/s.1?

Summarizing, steady-state or relaxation measurements at
microelectrodes can now access the equivalent of a 10-ns time
domain and evaluate k,z < ~5 cm/s. Improvements in
fabrication and characterization of electrodes with 7o approaching
10-7 cm could effect a steady-state measurement of &,z = 1000
cm/s, eq 6. This would allow characterization of most hetero-
geneous electron-transfer reactions in the high-overpotential
region. With improvements in the instrumentation for tracking
the fast transients of small currents, the 100-ps time domain
might be accessed, and measurements of kr s or k (homogeneous
first-order rate constant) = 1010 s-! would be feasible.

Development of faster steady-state and relaxation measure-
ments undoubtedly will reveal interesting information about
heterogeneous rate processes. The techniques are not equivaient
and may measure different reaction rates: e.g., for a system with
adsorption which is potential dependent, where the adsorbed
species are electroactive or electroinactive, or blocking or
nonblocking (to electron transfer with solution redox species).

2. Surface-Attached Monolayers. The development of meth-
ods for producing seif-assembled molecular monolayers which
are covalently and virtually irreversibly attached to an electrode
surface (see section I'V) has led to a number of innovative studies
characterizing heterogeneous electron transfer. For example,
self-assembled monolayers of w-hydroxyalkanethiols on gold
electrodes have been produced, and the rate of electron transfer
across these monolayers to a variety of redox couples in solution
has been examined.180-182 Many of the parameters of electron
transfer were examined in light of Marcus theory, including
distance dependence (e.g., tunneling coefficient 8§ ~1 per
methylene unit of the attached thiol), reorganization energy, and
the predicted limiting rate constant at large driving force.
Conventional measurement techniques were applicable, since the
rate of electron transfer was slowed by a factor of ~exp[~g] for
each methylene unit of the attached thiol. Defects that can act
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as active sites, a critical problem with this approach,!®? were
considered and were argued to be unimportant. An alternative
approach involves the attachment (e.g., to gold electrodes) of
self-assembled monolayers comprising mixtures of thiols with
pendent redox groups and spacer thiols with no redox
groups.!61184185  This approach minimizes the possibility of
electron transfer at active defects. The use of spacer thiols allows
the surface concentration of the electroactive species to be varied
while retaining the structure of a complete, self-assembled
monolayer.'61.185 The electron-transfer rate was slowed by an
increase in the number of methylene units in the thiol, thereby
positioning the redox centers further from the electrode surface.
These slower rates were easily measured by conventional po-
tentiostatic methods. Because &, r is small, large overpotentials
could be applied and a reorganizational energy for attached
ferrocene moiety!s! and a tunneling coefficient § ~ 1 per
methylene unit of the thiol tether could be estimated.!#¢ Results
for thiol-tethered pyRu(NHj)e**/2* groups were similar,!8s
suggesting either simple coincidence in the behavior of the two
redox couples or alternatively that the alkane chain plays a
dominant role in the electron transfer.

Measurement of the electron-transfer rates associated with
surface-attached redox moieties cannot be measured using steady-
state methods. As discussed in section IIL.B, relaxation methods
work well and the amplitudes of the relaxations are enhanced
because of the high concentration of reactive species positioned
close to the electrode. A not inconsequential benefit of mea-
surements involving self-assembled monolayers is that the often
deleterious effects of adventitious adsorption are precluded.

The use of surface-attached monolayers has allowed the
electrochemist to produce a well-defined surface structure in a
relatively straightforward manner. The values of k; or k,r are
oftensmall enough (because of the distance between the electrode
and the redox moieties) so that the effects of a wide range of
overpotentials may be explored using conventional electrochemical
techniques and macroelectrodes. Most of the work has focused
on monolayers comprising aliphatic chains; varying the nature
of the chains, e.g., using an aromatic or conjugated chain, should
have a significant effect on the electron-transfer rate constants
and the distance dependencies.

3. Open-Circuit Optical Perturbations and Pump—Probe
Methods. Several authors have utilized pulsed laser heating to
induce disequilibrium at the electrode/electrolyte interface and
thus perturb the open-circuit potential; the relaxation of the open-
circuit potential is a manifestation of dipole reorientation and
charge transfer (electron or ion) across the interface. Approaches
include direct laser heating of an electrode surface!®6:!87 and
indirect laser heating by irradiating the back (nonsolution) side
of a thin-film electrode.!®® The latter approach has been used
to measure values of k, r as fast as 106 s! associated with electron
transfer between a gold electrode and thiol-tethered ferrocene
moieties.!® The T-jump method avoids the problem of switching
currents associated with the analogous coulostatic method and
protecting the voltage amplifiers from overload!®? (problems that
would be diminished at a microelectrode). A serious limitation
is that only small perturbations are practical, and the large driving
force domain is not easily accessed. (Large changesin interfacial
temperature (>5 K) would introduce a number of nonlinear effects
which would greatly complicate analysis. Moreover, poising the
system very far from the E° is not practical.) At the present
stage of development, an ~8-ns laser pulse effectively defines
the short time limit. A faster laser, faster amplifiers, and faster
data acquisition (all within the state of the art) could access the
picosecond time domain.!9%:191 Reorganization energy could be
deduced from the temperature dependence of k.

Any method that depends upon the direct measurement of
electrical signals is inherently limited in its speed. The shortest
time domains are accessed by methods which depend upon optical

The Journal of Physical Chemistry, Vol. 97, No. 28, 1993 7161

perturbation and optical sensing (pump—probe). Several optical
methods for sensing interfacial change (e.g., infrared!92), Raman
scattering!®? or ellipsometry!** coupled with a laser-induced
temperature jump, offer the possibility of a pump—probe approach
tostudy interfacial phenomena. Thelow sensitivity of these probes
may require signal averaging. For example, the transient grating
technique has been used to examine interfacial processes at
semiconductors occurring in the low ps and fs time domains, 195196

Methodologies are developing which can measure interfacial
processes in the ps and fs time domains. Studies of redox species
in solution will require increasingly high concentrations so that
the following criterion is met:

1/[ky(1/CoxDog) + (1/ CoogDyep)] > 107! mol/em? (7)

If Cox = Creqg = 10-5 mol/cm? and Dyx = Dyeq = 10-5 cm?/s, then
k; < 5 cm/s. Thus, no matter how small the accessible time
domain, it is unlikely that k, > 10 cm/s will be measurable. The
very short time domains will be most useful for measuring electron-
transfer rates associated with surface-attached species and for
studies of relaxations of the interfacial region itself.

Since iR, = 0 in an open-circuit method, electrode size is not
critical, and fabrication and characterization of electrode surfaces
are easier than for microelectrodes. A critical compromise,
however, is that the time constant for the relaxation of the open-
circuit potential affected by electron transfer is R.C, where R
is the electron-transfer resistance and C, is the capacitance of the
interfacial region. The open-circuit relaxation usually will be
considerably faster than the potentiostatic relaxation for the same
system.184

Much remains to be done experimentally to learn to control
and measure rates at a broad range of structured interfaces. On
the conceptual level, the major outstanding issues involve the
electronic coupling that drives electron delocalization. The
dependence of the electronic coupling on the type of bonds linking
the molecular site to the electrode is one particularly intriguing
area that will be addressed in the future by systematic variations
in linker chemistry. Another area is the dependence of the
coupling on the electrode potential. In principle, the position of
the Fermi level of the metal, which is determined by the electrode
potential, should vary relative to the electronic levels of these
linker bonds, and this variation should be important in determining
the degree of electronic coupling through the linker. However,
the evidence to date indicates very little potential dependence in
the coupling.!s81%7 A wide range of experiments is needed to
assess the generality of this result.

In parallel with good experiments, there is a clear need for
accurate calculations of the electronic coupling and from that the
rate of electron transfer. Quantum mechanical methods appro-
priate to these weakly coupled systems are being developed!%8-204
and have been applied to some extent in cases of intramolecular
electron transfer. In the case of transfer between an electrode
and a molecular site, the first successful efforts may be ab-initio
calculations of the decay length of the coupling across simple
linkers, even if accurate absolute rates are not yet accessible.

C. Interfacial Movement of Electrons and Ions. The electron-
transfer concepts and experiments described above are essential
toa full understanding of interfacial electron transfer. However,
for many real situations, more complex situations must also be
considered. In this subsection, we mention the kinds of effects
that arise from coupling electron transfer to the motion of ions
in the electrolyte or to other redox sites. As mentioned in the
introduction to this section, chemical bond-making and -breaking
processes are also often coupled to electron transfer; in section
II1.D we examine some aspects of these events in the context of
catalysis at the electrode/electrolyte interface.

1. Electron Transfer in the Presence of Interfacial Charge.
The presence of ionic charges on the electrolyte side of the interface
is central to the energetics of the elementary electron-transfer
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steps. The electron transfer is driven by the free energy change
available to the electron as it moves between the electrode and
a molecular site. The fraction of the total potential drop across
the interface that is available to drive the electron transfer is
determined by the distribution of the ionic charges. The Gouy-
Chapman-Stern treatment205 of the electrostatics of the interface
provides a continuum model for the distribution of mobile ions
at the interface, and the Frumkin correction2% provides a way
to incorporate the resulting potential profile into a treatment of
electrode kinetics. These well-established approaches for simple
interfaces must be adapted as we begin to examine molecularly
structured interfaces where fixed ionic sites are often incorporated
intothe interface and where the redox sites can change the charge
distribution to a significant extent as they undergo electron
transfer. A treatment of such situations using continuum dielectric
layers and continuous charge distributions has recently been
presented.2% Experimental systems that allow their predictions
to be confirmed are needed. Furthermore, because there have
been only limited studies of the importance of treating the ions
and solvent as discrete charges and dipoles, more work needs to
be done with discrete electrostatic distributions at molecularly
structured interfaces to see how accurately we will need to model
these interfaces to understand fully their behavior.

2. Coupling of Electron Transfer and Ion Dynamics. The
motion, as well as the position, of ions can couple to interfacial
electrontransfer. The bestunderstood example is the macroscopic
role that ion migration in the bulk electrolyte can have on the
potential available at the interface at high current and at low
supporting electrolyte concentration. With the advent of mi-
croelectrodes, it has been recognized that migration effects can
besignificant evenat verylow currents.!’® Aswe begintoconsider
electron transfer in smaller systems and at high intrinsic rates,
we must account for jon motion as a coupled step in electron
transfer. At the molecular level, ion motion, like solvent motion,
will probably be best thought of as part of the outer-sphere
reorganization needed to allow electron transfer to occur.

Finally, it is worth noting that with complex structures and
films on electrodes we must consider the permeation of ions into
the presumably densely-packed parts of the interface. This solid-
state-like process may be very slow and may complicate the
description of charge transport through the film. However, in
cases where redox sites are embedded in the film, it may make
a significant difference in the energetics of the electron-transfer
reactions whether or not charge-compensating ions permeate the
structure (see section IV.C.2).

3. Intermolecular Electron Transfer at Structured Interfaces.
As molecularly structured interfaces become more fully under-
stood, structures with multiple, distinct redox sites can be examined
in detail. Such structures can mimic the kinds of behavior seen
on longer length scales in electronically and redox conducting
polymer film structures. For example, as has been done with
polymer films,20? molecular diode structures might be assembled
in which current flows easily from the electrode through one site
to another but is restricted in the opposite direction by the
thermodynamic barrier for electron transfer back through the
firstsite; preliminary measurements have indicated the feasibility
of such strategies using self-assembled monolayers.2®® Moreover,
molecular architectures that couple the electrode to catalytic sites
via one or more intermediary sites will probably be constructed.
Again such structures have analogs in similar structures assembled
on a longer length scale using polymer films.2®® To understand
these new molecular assemblies in detail, we will need to consider
electron transfer between molecular sites at the electrode/
electrolyte interface. Issuessuchastherole of interfacial electric
fields and the dielectric environments of the sites must be
considered, as well as the requisite degree of coupling and the
difference in formal potential between sites. Construction and
measurement of the properties of such interfacial systems at
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electrodes might also advance the understanding of other
supramolecular structures, for instance, multiple site redox
proteins in biological membranes, such as cytochrome ¢ oxidase.

D. Catalysis. Electrode reactions are catalyzed when their
rates are enhanced in the presence of an agent without consumption
of that agent, just as in more conventional (thermal) chemistry.
Understanding of electrocatalysis deserves a high priority, because
itis essential to much of electrochemical technology (e.g., sensors,
electrosynthesis, energy conversion, and storage), sometimes
simply to elevate the rate of an otherwise slow process into a
practical regime, sometimes to save energy, and sometimes to
produce selectivity toward a particular electroactive species in a
mixture or to promote the selective formation of a particular
product among several possibilities.

All three purposes have parallels in applications of conventional
homogeneous or heterogeneous catalysis, but energy savings
appear differently in electrochemical systems than in thermal
systems, where the saving comes from the ability to operate a
process at lower temperature in the presence of the catalyst.
Electrochemical processes can be activated in two ways, either
by elevating the temperature or by using a larger electrical driving
force (via application of 2 more extreme potential). The catalyst
can reduce the need for activation in either respect. The product
of the extra potential required for activation and the current at
the electrode is wasted electrical power. Byreducingthe activation
overpotential, the catalyst reduces the electric power consumption
and the waste.

Electrocatalysis may arise from the electrode surface itself.
Metals, alloys, and semiconductors often show specific catalysis
of particular reactions, and they may be used readily as electrodes.
They may also be dispersed on an inert conductor, such as high-
area carbon, to produce a complex catalytic structure. Also,
noncatalytic electrodes may be covered with catalytic films, as
one finds with dimensionally stable anodes or catalytic UPD layers
on metal supports.

A second general approach is to couple a known molecular
catalyst, such as a transition metal complex or an enzyme, to an
electrode. One can bind such a catalyst on the electrode surface
in a monolayer or host it in a thicker film, perhaps in a polymeric
matrix. One can also leave it free in solution, so that it acts
literally as a homogeneous electrocatalyst. In all of these cases,
there must be a means for transfer of charge between the electrode
and the catalyst. Sometimes the catalyst offers this capability
directly, but in other cases another redox agent must be employed
to shuttle electrons between the principals. Significant progress
has also been made by exploiting the natural selectivities of
biological materials. The determination of blood glucose is an
example of practical importance being one of several avenues for
diabetic therapy. The early examples of ferrocene derivative/
glucose oxidase catalysis of glucose oxidation have been recently
extended to glucose oxidase (and other enzymes) to which donor/
acceptor (D/A) mediators have been covalently linked or around
which D/A-modified polymers have been electrostatically
wrapped.2!? Enzyme-based electrocatalysis will be a continuing
significant theme in improving the selectivity of the electrode/
electrolyte interphase.

Activity in the first group of systems (catalytic surfaces) is
rooted in the electronic properties of the active material, probably
in the local electronic properties of “active sites”, having
configurations of atoms that are especially effective at the desired
conversion, because they can form transitory bonds with the
starting material or critical intermediates. This view is widely
held because effective catalytic surfaces show performance that
is highly dependent on the area of the surface and the manner
of its preparation. Very smooth surfaces of single crystals are
generally not very effective as catalysts.

On the other hand, the configuration of the active site is not
known for any electrode process at any catalytic surface, so
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mechanistic analysis is still at a very rudimentary level in these
systems. Rapid progress on mechanism cannot be expected until
ways can be found to examine the reactivity of specific sites of
known structure. High return ought to come from the invention
of means for synthesizing an array of identical sites on an electrode
or even a single site on a microelectrode.

Insection I, recent advances in the structural characterization
of surfaces, including catalytic surfaces, are summarized. A good
deal has been iearned about the surfaces themselves and about
the manner in which certain molecules bind to them. However,
the data in hand relate almost entirely to static conditions. An
effective catalyst requires rapid turnover at its active sites, and
it may operate on intermediates rather than on starting materials.
To gain structural insight into mechanistic aspects of catalysis
at surfaces, one needs time-resolved structural information at
atypicallocations on the surface. Thisis a tall order, but progress
can be expected in that direction. These considerations suggest
that one cannot wisely base technological development entirely
on the notion that better catalytic systems will arise rationally
from an understanding of structure and mechanism. Inthe long
run, perhaps, but the field is now quite far from the ability to pick
out the relevant structure and events. In the short run,
technological progress in systems based on catalytic electrodes
inevitably depends on informed chemical intuition and exploration.

The situation is different for systems involving catalysts hosted
atelectrodes. Inthese cases, the active site is deliberately placed
and has a known molecular structure, so the control of local
architecture is much fuller than that for catalytic surfaces.
Moreover, the hosted species are often selected on the basis of
their known performance as homogeneous catalysts. Knowledge
about their behavior can be obtained by studying their homo-
geneous chemistry with NMR or other means for examining
dynamics with structural sensitivity. Thus, it is feasible to carry
out mechanistic studies for systems based on hosted catalysts,
and it is practical to work from the assumption that knowledge
of structure and mechanism can lead to the designed improve-
ments.

E. Structural Dynamics of Electrode Surfaces. The dynamic
properties of the electrode/electrolyte interface are not confined
to just the electrolyte and the molecular species at the interface;
the electrode itself can be a dynamic material. Therecent progress
instructural characterization of electrodes with atomic resolution
described in section II suggests the richness of dynamics we can
expect at the atomic level. In addition to the local events that
must accompany processes like underpotential deposition, surface
reconstruction, or atom dissolution, we can see from the images
now available with the scanning tunneling microscope that surface
atoms must move tens and hundreds of angstroms in many
electrochemical processes. Some STM studies have recorded
the time dependence of structural change on the seconds and
minutes time scales. The imaging of the formation, growth, and
motion of pits one-atom deep during the dissolution of silver from
silver—gold alloys?!! or gold after etching with CN-212 are
examples of the type of studies that can now be undertaken to
track interfacial processes in timeand space. Thisapproachshould
lead to new insights into important technological processes, such
as corrosion, electrodeposition, and alloy formation. We expect
adynamic, as well as atomistic, picture of these electrode processes
to develop in the next few years.

IV. Chemical Materials and Microstructures

A. Introduction. This section outlines some recent advances
in chemical materials and their organization at the electrode/
electrolyte interface. In particular, an important theme in
interfacial materials is the rational design of the chemical nature
of theinterfacial region. “Rationaldesign”includes circumstances
(i) where applying modern measurement approaches leads to a
better structural or dynamic understanding of known kinds of
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interphases and thereby of their electrochemical reactivity and
(ii) when known chemical or electrochemical reactivities are used
to fabricate a new interphase region possessing thereby a
predictable structure or dynamic property. In the end, of course,
these circumstances converge. The goals include a basic un-
derstanding of how to control electrochemical reaction kinetics,
reaction pathways, ultimate electrosynthetic products, the se-
lectivity of reactions conducted in the presence of multiple potential
reactants, the robustness of an interphase torepeated or prolonged
operation, and the sensitivity of electrochemical response applied
as a chemical sensor.

Chemical materials comprising the designed electrode/elec-
trolyte interphases can be categorized into three groups:

(a) The electrode surface presented to the electrolyte medium
is a defined crystallographic plane or facet of an electronic
conductor, e.g., a metal, a semiconductor, or an organic solid.
Current research aims at an understanding of how the properties
of the arrangement of surface atoms, and perhaps just as
importantly of its nonidealities (e.g., step edges and other defects),
affect the electrochemical reactivity of the interphase. This
interfacial category (illustrated in Figure 1) offers a large
challenge in atomic-scale understanding.

(b) Since the mid-1970s, considerable research has concentrated
on how to attach molecular species (nonelectronic conductors)
to electronically conductive electrodes (sometimes referred to as
chemically modified electrodes).?!® The idea is to transfer the
known chemical or electron-transfer reactivity of the attached
molecular species to the electrode/electrolyte interface. These
electrode coatings can contain either monomolecular or multi-
molecular layers of attached chemical sites. While the early
monomolecular layers on modified electrodes were often struc-
turally known, they were not coherently organized; most current
monomolecular layer approaches attempt to introduce both
structure and coherence (i.e., microstructure) into the electrode
coating.

Electrode molecular coatings with multiple layers containing
electronically discrete sites can also contain more than one kind
of molecular site within the same coating, either randomly or
spatially organized relative to one another and to the electrode,
ina molecular microstructure. Withthese coatings, the traditional
idea that the properties of electrode/electrolyte interfaces arises
from layers of unimolecular dimensions becomes inappropriate.
The electrochemical activity of multilayers of molecular materials
on electrodes is more properly called an electrode/electrolyte
interphase region, as depicted in Figure 1.

(c) The composition of an electrode/electrolyte interphase
region is also affected by the molecular nature of the electrolyte
medium, e.g., the “bulk” electrolyte. This materialistraditionally
considered as a solvent containing a dissolved ionic charge carrier
component. Some new approaches of the composition of the
solution side of the interphase region, e.g., novel electrolyte
materials and especially those of low ionic conductivity, have
been stimulated by the development of ultramicroelectrodes (see
section IL.A.1(a)).

B. Electrodes with Atomically Definable Interfaces. Electrodes
with surfaces definable at the nanometer (e.g., atomic) level are
of both fundamental and practical interest. Access towell-defined
surfaces, as well as the ability to characterize and manipulate
their structures, has been a vital component of fundamental studies
of structure—property relationships in electrode processes. The
foremost example of this is the use of single-crystal electrodes
and the appropriate (atomic-level) methods to prepare and
characterize their surface structures as discussed in section II.
Atomically well-ordered metal surfaces can be prepared! by
epitaxial growth in vacuum or as bulk single crystals whose surface
single crystallinity can be attained by thermal annealing in UHV
or under inert (ambient-pressure) gas. Epitaxial growth is
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exemplified by the evaporation of Au to form smooth, ordered
Au(111) films on cleaved mica surfaces.

One of the most important structure—property relationships
for electrode surfaces is the relation of surface structure to
electrode reaction rate in electrocatalysis. Many practical
electrocatalytic surfaces are complex both in structure and
composition, for example, electrocatalysts for CH;OH oxidation
that contain Pt added to other metals.2!4 1t is now possible to
prepare, by a variety of deposition methods, multimetallic
electrodes with tailored atomic arrangements of the different
metals on the electrode. These surfaces are significant models
for study of the mechanism of action of these practical fuel cell
catalysts and of other catalytic surfaces that contain mixed metals
in indeterminant chemical states. The goal is to attain a
sufficiently detailed appreciation of how surface structure controls
electrocatalytic reactivity, so as to be able to invert the experiment
to fabricate a surface with optimal reactivity which can be
translated into a practical catalyst (see section IIL.D).

A truly detailed description of an electrode—solution interface
must include the atomic arrangement not only of the electrode
surface but also of the ions, solvent, and other neutral molecules
on the solution side of the interface. Such a detailed description
might be said to be the “Holy Grail” of fundamental interfacial
electrochemical studies of thisinterface and may not be attainable.
One of the principal driving forces toward such a description is
the advancement of theoretical models and computational
approaches, most of which employ the tactic of segregating the
interface into smaller sections that can be studied in great depth.
This is at the heart of simulated double-layer experiments, as
briefly described in section II.B.2. Although such theoretical
studies!#? are still in their infancy, an improved understanding
of ion solvation in the inner Helmholtz layer is already emerging.

There are some studies, and opportunities for many more, of
nonmetallicelectrodes that have atomically defined and controlled
interfaces. A wide range of single-crystal semiconductors (e.g.,
Si, GaAs, TiO,) are available. In terms of well-defined and
atomically flat surfaces, the layered semiconductors, such as WSe,
and MoS;, are of particular interest.2!5-217 The search for
superconducting phases ensuing after the discovery of high-T,
perovskite—oxide superconductors has resulted in a profusion of
new electronically conductive materials that could be employed
in electrochemical systems. Many of these materials have high
oxygen ion mobility?!8 as well as electronic conductivity, properties
attractive for electrode materials in high-temperature ceramic
fuel cells and oxygen sensors. There is also interest in using
high- T, superconductor materials as electrodes at low temper-
atures, even at temperatures below the superconducting transition
temperature, T.. There is potential for fundamentally new
electrochemical properties at an interface between a supercon-
ducting phase and a normal (electrolyte) phase. While inter-
pretations are incomplete, changes in electrode reaction?!9-223
and double-layer?24 parameters have been observed as temperature
is lowered past T, and some theoretical investigations have been
stimulated.225.226

Electrocrystallization is another area where atomic-scale
electrode surface definition is important. An example is the
electrocrystallization of electronically conducting molecular
crystals. Crystals of conductive donor (D)-acceptor (A) com-
pounds, e.g., where D is tetrathiafulvalene (TTF) and A is
tetracyanoquinodimethane (TCNQ), can be used as electrodes
and can be modified electrochemically.2?’ Electrochemical
approaches are also useful in growing crystals of D*A- com-
pounds.??® In a recent study, macroscopic single crystals of
[D*-D*][(TCNQ),] (where x = 2 or 4 and [D*-D*] =
(*CpRu)2(n5,m5-[2,1(1,4)cyclophane)?t) were formed electro-
chemically on Pt surfaces by reduction of TCNQ in electrolyte
solutions containing [D*-D+].229230 Depending on the applied
current density, the resulting product is the purple salt
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[D+*-D*][(TCNQ),*] (an electrical insulator) or the black
charge-transfer complex [D*-D*][(TCNQ),>] (where (25 °C)
= 0.2 @' cm™!). Electrocrystallization is also of interest?3! in
ceramic processing including high-7, materials, where electro-
chemistry may offer some new approaches to the fabrication of
thin ceramic films of controlled composition and structure.

Multilayer structures are an important, relatively new class of
materials in condensed matter physics and solid-state chemistry:
The synthesis of such materials requires precise control of the
growth conditions of each layer, especially at the interface between
the layers. Examples are the high-Z /low-Z multilayers, such as
W /Cand Mo/Si used for X-ray lithography,232 where atomically
sharp interfaces are preferred over a compositionally mixed
interfacial region. Inmagnetic multilayers withalternating layers
of magnetic and nonmagnetic metals, it is not known how sharp
the interface needs to be, but it is clear that nanometer-scale
control of the layer thickness is required. A similar situation
exists in semiconductor multilayer structures of interest in
photovoltaic devices.23? Electrolytic processes may offer some
advantages over the vapor deposition processes currently employed
to fabricate multilayer structures. The ability to control inde-
pendently the composition (via the potential) and the rate (via
the current) makes electrolytic growth especially interesting for
multilayer systems targeting atomically sharp interfaces, since
electrodeposition can be conducted under conditions where both
the substrate and deposited species are at ambient temperatures.
Electrodeposition is a complex process, however, and methods to
examine its progress at the atomic level have been developed only
recently.23* There would appear to be an opportunity to exploit
these new methods to probe electrochemical potentials for
multilayer structure fabrication.

C. Molecularly Defined Electrode Surfaces and Novel Elec-
trolyte Media. 1. Coherently Organized Molecular Structure
at Electrodes. Control of the molecular character of electrode
surfaces has been attempted since the mid-1970s through
attachment of chemical reagents to electrode surfaces. Chemical
modifications aimed at predictably manipulating electrode
responses?!3 include a large number of schemes for immobilizing
reagents on electrodes in monomolecular quantities and as thicker,
multimolecular films made with polymeric materials and solid-
state structures.235-238

The earliest monomolecular layer immobilization schemes
involved chemisorption and synthetic coupling of reagents to the
electrode surface.?5 The synthetic schemes relied on attaching
electroactive reagents of interest (e.g., ferrocenes, porphyrins,
quinones, viologens, metal complexes) to hydroxyl, carboxylate,
acid chloride, and other functional groups on noble metal and on
carbon electrodes. The redox and other chemical characteristics
of such immobilized reagents are generally preserved,213.235-238
but limitations exist instability and more particularly in an ability
to define and control the structural and dynamic aspects of the
immediate microscopic environment of the immobilized reagents.
The recent themes?¥ of applying monomolecular layer films to
electrodes by self-assembly and by Langmuir-Blodgett methods
are beginning to address the latter. These themes and their
promise for enhancing selectivity in electrode reactions are
emphasized in the subsections that follow.

Electrode modification with multimolecular films of polymeric
and other materials has offered improvements in stability of the
electrochemical activity of the interphase region and in some
aspects of control of the redox site environment. A substantial
variety of materials now exist.213.235-238 Some recent work has
focused on the transport of charge through these multilayer
interphases, as discussed below.

(a) Self-Assembled Monomolecular Films. Self-assembly of
amolecular monolayer from a solution of a reagent onto a surface
is generally a combination of two processes: binding of a chemical
functionality on the reagent to the surface and a microstructural
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organization of the assembled monolayer that is driven by the
hydrophobic effect and van der Waals attraction between low
polarity (e.g., hydrocarbon-like) segments of the reagent. Ex-
amples (Scheme I) include silanes binding at hydroxylated
surfaces, 235240 pyridine derivatives at platinum,2#! sulfur-con-
taining compounds at gold?4%:242-247 and platinum,248 and isonitriles
at platinum.2¥? Interest in such monolayers stems largely from
their characteristic of good microstructural definition, which
provides a needed platform for probing relationships between
molecular microstructure on electrode surfaces and macroscopic
electrochemical observables such as electrocatalytic potency and
analysis selectivity. The control of molecular microstructure also
allows research that addresses the limitations of predicting
chemical and physical behavior at interfaces by extrapolation of
bulk-phase properties. Importantly, the microstructural definition
allowed by self-assembled monolayers has already provided fresh
insights into electron-transfer reactions at electrodes!®!197 and
into other areas of interfacial science240:242243 |ike adhesion,
corrosion inhibition, friction and wear, and microelectronics.

General Structural Details of Gold Thiolates. Sulfur-
containing compounds are strongly chemisorbed on gold surfaces
and conveniently yield monomolecular films.240242-247  Self-
assembled monolayers formed from alkanethiols (X(CH,),SH
with n = 10) seem to yield monolayers that are more densely
packed and defect-free than do disulfide and sulfide precursors.
The experimental details of forming these monolayers are
important to their subsequent behavior. Key featuresare exposure
time of the substrate to a dilute solution of the adsorbate precursor
and thedefinition of the Ausurface. The gold substrateis typically
a 100-2000-nm film evaporated onto silicon, glass, or mica;
polycrystalline gold has also been used.2*® The most thoroughly
characterized alkanethiol-type monolayers are those with n = 10
and small terminal groups (e.g., X = CH;, COOH, OH). The
results from macroscopic probes (e.g., infrared,245.251-253 X_ray
photoelectron,?** and Raman spectroscopies;?*5256 electrochem-
istry;24* and contact angles?#) indicate that these alkanethiol
monolayers have interfacial properties governed largely by X,
are densely packed polymethylene chains tilted ca. 30° from the
surface normal, and form as the corresponding thiolates. Mi-
croscopic structure studies support and expand on these findings.
Diffraction37.28 and atomic scale scanning microscopict3:25
studies find a 0.5-nm nearest-neighbor separation distance for
n-alkanethiolate monolayers, a spacing indicativeof a (v/3XV/3)-
R30° adlayer at a Au(111) lattice.

Schemes II and III summarize these results, which are the
beginning of a predictive structural model for such monolayers.
Dominant considerations in the model are the large driving force
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for gold thiolate formation (desorption activation energy ca. 30—
40 kcal/mol?’') and the packing limitations imposed by the
terminal group (X). Effectively, the energetics of thiolate
chemisorption and the van der Waals attraction in the hydrophobic
region yield a structure limited by the diameter of the chains of
terminal X groups, thereby establishing the average tilt of the
chains. For n-alkanethiolates on Au(111), the model predicts an
averagetilt of 27° that is in reasonable agreement with experiment.
Thiolates with other small end groups (e.g., X = OH, CO,H)1.232
and with a long perfluorocarbon tail232260 aso behave as predicted,
as do (but not always as rigorously?¢!) those with bulkier end
groups (e.g., ferrocenyl groups).

Other aspects of chemisorbed gold thiolate monolayers,
however, remain poorly understood, leaving questions that
complicate the design of specific interfacial architectures. Fab-
rication of mixed monolayers, containing more than one type of
X, is an important step in manipulating local microstructure, but
co-assembly experiments show26? that the mole fractions of
chemisorbed surface components do not reflect those of the
solution reagents. A related issue is the macroscopic, two-
dimensional distribution of the components of mixed monolay-
ers: is the mixed monolayer phase segregated into small or large
single-component domains,?6? or are the components randomly
mixed in two dimensions? Phase-segregated domains would not
be surprising considering the behavior of some mixed Langmuir—
Blodgett films. Recent laser desorption mass spectrometry64
results suggest that phase-segregated domains are smaller than
about 30 um, but defining a lower size limit has proved elusive.262

Barrier Properties. Gold thiolate monolayers are potentially
useful barriers to mass or charge transport between the Au
electrode substrate and the electrolyte solution. The aim is to
shut off unwanted electrode processes, ultimately in a selective
manner. Substantial effort has gone into assessing the presence
of structural defects, e.g., pinholes of molecular size or larger,
and how they are manifested in electrochemical behavior.
Measurements of capacitance,!73245.252 electrolysis of solution
redox species, 73243252 underpotential metal deposition (UPD),252
and gold electrooxidation!’3265 reveal that barrier properties
improve with longer polymethylene chains but insufficiently so
for many of the targeted applications. The actual nature of
monolayer defects245:263266 js not altogether clear and may include
atomic-level imperfections in the Au substrate surface (e.g., grain
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boundaries, step sites, and impurities) as well as the boundaries
of monolayer domains (e.g., ordered domains tilted in different
directions). Animproved description of these monolayer defects
awaits the development and application of suitable character-
ization methods, e.g., the coupling of scanning probe microscopies
with terrain-altering reactions such as underpotential deposition
or carefully controlled chemical etching.267.268

Several defect-repairing or minimization strategies have been
reported; most rely on filling defect pinholes with a second organic
component. Self-assembled,!61:173.269 electrodeposited polymer-
ic,270 and functionalized silane26® films have met with varied
degrees of success as fillers.

The use of monolayers as barriers to study the distance
dependence of heterogeneous electron transfers was initially met
with modest success even with electropolymerization-based pinhole
filling27® (see section II1.B.2). The first truly successful strategy
to overcome leakage of electron charge through defects, and
thereby confine electron transfer to tunneling through the
alkanethiol barrier, utilized co-assembly of a ferrocene-terminated
alkanethiol (n = 15) with an inert methyl-terminated alkanethiol
(n = 16), followed by an exchange-annealing process.!61.26! This
procedure produced reasonably spatiaily isolated ferrocenyl!¢1:261
and ruthenium pentammine!%7 groups that appear to exhibit well-
defined separation distance between the redox group and the
electrode—key features for interfaces designed to test theories
of electron transfer. Based on these important developments,
exciting insights into electron-transfer processes should be
forthcoming,

Manipulation of Reactions. A principal motivation in the
microstructural organization of self-assembled films is control
and manipulation of the microscopic environment of redox
reactions. In one approach, co-assembled monolayers were
fabricated from a mixture of electroactive and nonreactive
alkanethiols.2’1272 The alkane chain on one of the components
was varied to alter systematically the immediate environment of
the electroactive group (Scheme IV). Selected thiolate mono-
layers have also been used to manipulate charged surfactant?7
and cytochrome ¢274 adsorption, observations potentially signif-
icant for study of electroanalytic selectivity and protein electron-
transfer reactions.

Another aspect of ordered molecular monolayers is the nature
of the electrical gradient imposed by the applied electrode
potential. Gradients at bare electrodes can approach 106 V/cm
over the first few layers of contacting electrolyte. For n-al-
kanethiolate monolayers, the total capacitance can be modeled
reasonably well as a series of chemisorbed thiolate group and
alkyl tail group capacitances. This model assumes that nearly
all of the voltage is dropped across the monolayer and yields?4$
estimates of 3.5 and 50 uF/cm? per carbon, respectively. Recent
related efforts206.248,275 promise to place such findings on firmer
experimental and theoretical grounds.

Design strategies for well-defined molecular interfaces need to
consider other types of chemical transformations of chemisorbed
monolayers as well. For example, self-assembled 3-pyridine-
carboxylic acid monolayers?4! on Pt(111), adsorbed through Pt—
nitrogen bonding with the aromatic ring tilted about 30° from
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the surface normal, undergo an electrochemically-induced trans-
formation upon application of a slightly oxidizing voltage. The
conversion produces a nitrogen-tethered adsorbate that is also
immobilized via chelation of the acidic moiety to Pt (Scheme V)
and a substantial changein the chemical properties of theinterface.

Self-Assembled Multimolecular Films. Self-assembly chem-
istry has also been employed to prepare multilayered structures,
aimed at a more three-dimensional control of interfacial structure
analogous to that sought via Langmuir-Blodgett deposition
techniques. Approaches to date include sequential adsorption
where either silane?76-27 or thiol28028! fynctionalities are used to
tether the first layer to the substrate while chemical activation
of an end group?76-278 or electrostatic binding280.28! is used to bind
subsequent layers. Scheme VIillustrates this witha multilayered
structure based on a zirconium 1,2-ethanediylbis(phosphonate)
(ZEDP) repeating unit. While the degree of microstructural
ordering diminishes with increasing number of layers, these films
are only beginning to be exploited as barrier films for electro-
chemical purposes,?8¢ and they offer interesting prospects for
devices exhibiting directional control of charge transfer and light
propagation.

While a beginning framework exists for understanding gold
thiolate and related chemisorbed monolayers, a truly molecular-
level description of their associated structure-reactivity rela-
tionships will require experiments that probe their microstructural
arrangement ona dynamicscale. The present descriptions largely
reveal the average static interfacial structure, whereas events
that govern electron transfer and ion motion at interfaces are
strongly dynamic in nature. Approaches based on measurements
at greatly reduced temperature?$? and at extremely short
electrolysis times!54 could be possible first steps to this end.

Microstructural manipulation of molecular interfaces should
also benefit from an expanded repertoire of preparative techniques.
Groups such as SeH?28? and PH3?%4 that also bind to gold have
not yet been extensively characterized, and additional immobi-
lization chemistries will probably be invented as the research in
this area progresses. Thiol-based monolayers on semiconductor
surfaces, such as GaAs, 2% have recently been developed, opening
opportunities in photoelectrochemistry. Oligoimide monolayers
constructed at Au through thiolate linkages,28 variation in head
group structure,287-2%0 and two-dimensional patterning of mono-
layers?%! should in time lead to development of many interesting
new materials.

(b) Selectivity in Electrode Reactions. Selective response and
adesiretointroduce elements of molecular recognition in electrode
reactions are major goals in electro-organic synthesis?922%3 and
in the design of selective electrochemical sensors.2% Chiral
induction in electrosynthetic reactionsis a particularly challenging
issue. Early chiral induction strategies relied on chiral solvents,
chiral supporting electrolytes, and chiral adsorbates.2?? Subse-
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Figure 15. Schematicstructure of a self-assembled monolayer of a dithiol
derivative of diundecy! phosphate which exhibited pH-dependent ion-
gating properties with respect to ferricyanide ions.2%
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Figure 16. Schematic structure of a self-assembled monolayer consisting
of octadecylthiol and 2,2’-thiobis(ethylacetoacetate) (TBEA). The enol
form of TBEA selectively complexes cupric ions in the presence of ferric
ions, thus inducing selective response of the modified electrode. Reprinted
with permission from Nature, ref 271. Copyright 1988 Macmillan
Magazines Limited.

quently, Miller and co-workers2® introduced the idea of coupling
a chiral reagent (e.g., (S)-(-)-phenylalanine methyl ester) to a
carbon electrode surface to create a chiral environment at the
electrode/electrolyteinterface. Thisexperiment produced a small
enantiomeric excess of the chiral 4-acetylpyridine reduction
product. Later investigations described reactions at electrodes
modified with poly-L-valine, 2 cyclodextrin films,27 and sodium
montmorillonite clay layers.2® Generally, however, limitations
in controlling the detailed microstructural environment of the
electrode reactions have hampered a thorough mechanistic
understanding of these selectivity effects.

Ion-selective and ion-responsive molecular films on electrodes
“are another form of molecular assembly aimed at induced electrode
reaction selectivity. Their functioning for a self-assembled
monolayer film is illustrated?®® in Figure 15. The ordered
monolayer of the diundecylphosphate dithiol derivative is ion-
gating, in an electrolyte pH dependent manner. Specifically,
ferricyanide reduction is blocked at pH > 4, where the phosphate
groups of the monolayer assembly are partially or completely
ionized, whereas permeation of ferricyanide through the mono-
layer and reduction is largely unimpeded at lower pH values.
Analogous electrostatic effects have been observed in other self-
assembled thiol derivatives on gold electrodes3®and in multilayer
assemblies30! of phospholipid molecules containing anion- or
cation-binding species such as lipophilic macrocyclic polyamines
and valinomycin, Binding of “guest” anions or cations by the
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Figure 17. Plotof Ru(NH;)¢3* limiting reduction current per ubiquinone
(Quo) site (inset shows the structure of Qo) vs ubiquinone surface
concentration. Qo molecules are incorporated ina C;3SH/C,30H L-B
monolayer on gold electrode. The increasein i/ N reflects mass-transport
enhancement due to radial diffusion which dominates transport of Ru-
(NH3;)¢** with decreasing surface concentration of Qo sites in the
monolayer assembly. It is postulated that the isoprenoid chain of
ubiquinone forms a channel in the otherwise impermeable L-B monolayer
which allows access of Ru(NH3)¢3* to the electrode surface. From ref
305.

latter film constituents induces changes in permeability of the
films to charged electroactive probe species.

A more sophisticated ion-selective monolayer assembly,?71:272
consisting of 2,2’-thiobis(ethylacetoacetate) (TBEA) and n-oc-
tadecyl mercaptan co-self-assembled on a gold electrode, is shown
in Figure 16. The impermeable octadecanethiol monolayers
constrained electroactivity in this system to the TBEA sites, which
being more specific to Cu?* coordination led to its selective
electroreduction in the presence of ferric ions. An analogous
self-assembly scheme?02 immobilized a quinone derivative in an
alkanethiol monolayer for the electrocatalytic oxidation of
NADH.

Self-assembled films have two limitations with respect to
producing two-component monolayers, namely (a) thiol and
disulfide derivatives of the components are needed for self-
assembly on gold and silver surfaces?¥? and (b) a better control
would be desirable for the concentration of the active sites of
molecules in the surface monolayer. Langmuir—Blodgett (L-B)
transfer techniques offer some relief from these limitations and
constitute an alternative strategy for preparation of ordered
monolayer assemblies at electrodes. L-B films also have a wide
range of applications with a correspondingly well-developed
chemistry,239:240303

Precise control of the (average) composition of muiticomponent
monolayer assemblies is readily achieved in L-B transfers in which
the monolayer components are initially spread at the air/water
interface and then compressed and transferred to the electrode
surface. Control of the surface density of active sites incorporated
in an otherwise passivating monolayer is illustrated in Figure 17
for a monomolecular 1.-B assembly?®4305 containing octade-
canethiol (C;sSH) and octadecanol (C;sOH) as components
responsible for electrode passivation; ubiquinone (Q,¢) defines
sites of electroactivity. The surface concentration of ubiquinone
in the C;3SH/C30H monolayer was varied from 10-!! mol/cm?
(ca. 10% of the monolayer structure) to 10-17 mol/cm? (where
the average spacing between individual Q,qsites is ca. 1 um). The
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dependence of the reduction current for Ru(NHj)¢** calculated
per Quosite, i/ N(Qio) (the vertical axis), on surface concentration
shows that at a sufficient dilution the Q¢ molecules act as
individual active sites.30> That is, the ubiquinone molecules
function as single-molecule “gate” sites that open access to the
electrode surface through an otherwise impermeable C;sSH/
C30H L-B monolayer. Systems like this are potential models
of ion channels in phospholipid membranes. In related work,
permeability of phospholipid monolayers containing gramicidin
and other peptide ionophores on mercury electrodes has been
investigated recently.306.307

The above CsSH/C;30H/Q;0 L-B monolayer system is an
organized assembly designed for two specific functions: passi-
vation and gating. Constraining the heterogeneous electron
transfers of species in solution to the gate sites offers novel
opportunities to control the chemical microenvironment of the
reaction, e.g., to induce elements of “selective gating” based on
such molecular characteristics of gate vs solution species as size,
shape, charge, and chirality. Electrochemical currents are
typically interpreted in macroscopic terms; this strategy suggests
possibilities for interpreting currents in terms of multiples of
microscopic electron-transfer events at a known number of
molecularly well defined sites. At the same time, other new
interpretive issues present themselves for surface monolayer active
site concentrations below ca. 10-15 mol/cm? (see Figure 17). In
an array of independent molecular sized ultramicroelectrodes,
thediffusion layer and the electrical double layer may have similar
dimensions, leading to migration effects and distortions in the
mass transport flux and the position of voltammetric waves.!”®
These factors will require consideration in interpretation of
current-voltage curves for determination of heterogeneous rate
constants.

Self-assembled and L-B monolayers are also attractive as
organized platforms for immobilization of enzymes on electrodes.
For example, glucose oxidase has been immobilized in a
phospholipid L-B monolayer?®® and transferred to an electrode
as a single-component L-B multilayer assembly,3® and self-
assembled bilayer structures have been reported.3103!! The bilayer
assemblies constitute both a medium for enzyme immobilization
and a means for electron transport between enzyme and the
electrode via lateral diffusion of the electroactive amphiphiles
alongthe bilayer assembly. Inareasother than electrochemistry,
specific protein-lipid interactions have been of interest,312 and
the catalytic activity of cholesterol oxidase was evaluated directly
at the air/water interface.3!*> Binding of monoclonal antibodies
to supported phospholipid monolayers® has been investigated.
These latter investigations suggest possibilities for new ordered
monolayer and multilayer electrode structures of previously
unmatched selectivity, specificity, and range of application.

2. Environmental Dynamics. It is now recognized that many
aspects of electrochemical behavior involve not only the dynamic
characteristics of the electron transfer donor (D) and acceptor
(A) reaction participants but also the chemical environment
around the D/A electron-transferring species. This subsection
describes the relation between electrode reactant/electrolyte
interphase dynamics for interphases more amorphous than those
in the preceding subsection. This discussion is organized by the
intended characteristic of the D/A environment, e.g., the dipolar
relaxation properties of the electron-transfer donor or acceptor’s
solvent shell (“solvent dynamics™), the relation of physical mobility
of a D/A moiety spatially affixed within the interphase region
to the delivery of charge to the electrode, and the temperature
of the surrounding medium.

(a) Solvent Dynamics, Investigation of the energetic role of
the solvent shell surrounding a D/ A reactant pair is a long-standing
theme in electrochemical and homogeneous solution investigations
of so-called outer-sphere electron-transfer kinetics. Modifications
of the highly successful theory3!5-317 accounting for solvent
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energetics, to include the role of dynamics of solvent dipolar
reorientations3!®in achieving the isoenergetic state through which
D passes to A, have restimulated experimental activity in electron-
transfer measurements, including those at electrode surfaces.3!9
The preponderance of evidence has established the importance
of the solvent dipole relaxation rate, as embodied in the
longitudinal relaxation time 7;. The most convincing experi-
mental approaches have involved measurements of heterogeneous
electron-transfer rate constants3!? for outer-sphere D/ A reaction
pairs obtained in a series of solvents of known ry. Important
solvent species are acetonitrile, CH,Cl,, pyridine, DMSO, and
propylene carbonate, with 71, values ranging from 0.2 to 2.5 ps.

While theoretical progress will surely continue, the boundaries
of solvent dynamics electron-transfer rate control can be further
explored by choosing solvent environments in which the dipolar
relaxation time constant can be systematically manipulated. The
addition of sucrose to water320 and the use of polyether sol-
vents321322of varied chain length and containing varied supporting
electrolyte concentration have produced systematic changes in
heterogeneous electron-transfer rates, showing the fruitfulness
of thisapproach. Itsdifficulty is the greater molecular complexity
of the solvent environment and a lack of a priori knowledge of
the value of 1.

While such measurements have not yet been reported, electron-
transfer kinetics of electrode-attached monolayers of D/A as a
function of the solvent employed can now be studied. These
experiments would be based on the use of microelectrodes,’¢ as
discussed in section II, and would require choices of suitably
adiabaticelectrode-attached D/A pairs.3!® This type of electrode
kinetics would also probe the relation between monolayer-modified
electrode interface structure and the local electrolyte solvent
structure and dynamics.

() Dynamics of Donor [ Acceptor Sites within Electroactive
Polymer Films on Electrodes. These chemical systems?!3.235-238
involve various D/ A sites covalently attached to (or comprising)
a polymer network or “electrostatically bound” as the counterions
of a polymer having fixed ionic sites, within polymer films of
thicknesses from a few nanometers to a few microns. Electrons
are delivered to the D/A sites by a site-to-site hopping process
which for electrostatically bound reactants is coupled to their
diffusion. Studies of the polymer film interphase region have
been extensively driven by interests that include the electrocat-
alytic reactivity of polymer film sites,323 electroanalysis using
sites as reagents,2’® and understanding the chemical and physical
aspects of the electron-hopping chemistry itself.3¢ While
understanding of electron hopping (e.g., self-exchange) in the
polymer films has advanced since investigations started in the
1980s, numerous issues remain unresolved, and new ones have
arisen.32s

A major issue is uncertainty in both structure and dynamics
of the molecular environment of the electron-transfer events that
occur between electron donor and acceptor states within the
polymer phase. The polymer generally contains monomer solvent
imbibed from the contacting (monomer) solvent/electrolyte
solution; the amount and role of this solvent are generally unknown,
as is whether its energetics and dynamics (e.g., 71) are changed
in the polymer (i.e., what constitutes the “solvent” for the D/A
pair?). Our understanding of the dependencies of electron-
hopping rates on “fixed” D/A site concentration is incomplete
and requires consideration of the degree of thermal and elec-
trostatically driven oscillation of the site around its equilibrium
position,326 the site-site distance dependence of electron hop-
ping,327 and what interactions between the D/A site and the
surrounding polymer and/or ionic species occur and affect the
electron-transfer activation barrier.328:32® Valuable additions to
these studies would be further model chemical materials with
dynamic properties that are readily measurable with ancillary
methods and can be systematically manipulated. Another route
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to an improved understanding of environmental dynamics in the
interphase region may exploit liquid crystalline materials, for
which some studies have already appeared.330

Another major issue in polymer interphase electron transfers
is the interplay between the mobilities of the electron, of the D/A
sites, and of ionic components of the polymer. This has provided
a level of complexity only recently appreciated.2832% Electron—
ion coupling occurs, and electrical gradients arising from low
mobility of ionic species in the polymer facilitate electron-hopping
rates. Thisissueraises theneed for electroactive polymer materials
for which relative values of these three mobilities can be
independently known or measured. D/A site mobility, for
example, should be a function of polymer cross-linking and of
ion—ion site interactions; ion mobility should be a function of ion
solvation. Low ion mobility can be achieved by lowering
temperature, lowering the solvent content of the polymer film,
or using a polymeric counterion, and in the limit the effects of
the electrical gradient dominate the electron-hopping kinetics,331-334

Other new types of film-coated electrode studies pertain to
metal/solid insulator interfaces. Ultramicroelectrode tips and
very thin layers of solid insulators can be used in SECM or STM
experiments to study charge injection at the metal tip/insulator
interface. For example, scanning tunneling spectroscopy of the
Pt/TiO, system has produced information about the location of
the energy bands and surfacestates.’!52 Similar studies of organic
insulator films and photoconductors should be possible. By
investigation of the injection current—potential behavior, the
energies of filled and vacant orbitals, of traps, and of surface
states and the density of state distributions should be accessible;
two-dimensional surface scans could then yield the distribution
of states on the surface. Such studies should be of interest in
imaging systems (electrophotography), molecular material-based
electronic devices, and solar cells.

(c) Temperature. Relatively few electrode/electrolyte inter-
facial dynamics studies have relied on manipulation of temper-
ature, in spite of the well-known advantages of thermal control
of reaction rates including the mechanistic diagnoses possible by
differential quenching in multistep processes and the importance
of thermally derived activation parameters. Historically, lowered
electrolyte solution temperatures have not been popular owing to
the accompanying diminished ionic conductivities, but micro-
electrode methodology has made quantitative work possible even
in resistive media like toluene and hexane.’3533 A chemical
materials problem is the development of well-characterized
cryogenic solvent—electrolyte systems to complement existing ones
like butyronitrile,3¥7-338 which is useful to 138 K, and butyronitrile/
ethyl chloride mixtures,?35-338 which have been used at 88 K but
which are more generally accessible to ca. 105 K.

In the other direction, elevated temperatures are important in
promoting electrode reaction rates in aqueous—acid fuel cell media,
but fundamental electrode/electrolyte interface work on other
reaction types or solvents has been quite limited in scope.
Electrochemist’s favorite solvents, acetonitrile and methylene
chloride, are quite volatile, but there may be reluctance to explore
different solvent media. Polyether polymer electrolytes33%-345 have
the thermal stability and nonvolatility needed, as an example.
Another approach is to employ both high temperature and high
pressure, e.g., in studies in near-critical and supercritical fluids.54
Elevated temperatures should be a powerful tool for dynamics
studies of slow electron transfer and associated chemical events.

V. Conclusions

The field of electrochemistry necessarily comprises a rich
assortment of subdisciplines addressing problems relating to
structure, dynamics, and material properties of the interfacial
region and its components. New methods for in-situ charac-
terization have been evolving over the last decade, and these are
providing the main methodological driving force for new inves-
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tigations of the electrode/electrolyte interface identified in this
report. The in-situ (as opposed to ex-situ) methods permit
characterization of the interfacial region in solution under reaction
conditions. X-rayscattering methods (whose evolution paralleled
the construction of synchrotron light sources) and scanning probe
microscopic methods can reveal the structural status of the
interfacial region while an electrochemical reaction is proceeding.
Variations of Raman and infrared techniques can effect in-situ
identification of adsorbates which may be reactants, products, or
intermediates in an electrochemical reaction. The surface forces
microbalance has given some new insights into the nature of the
electrolyte structure within angstroms of an electrode surface.
The age-old problem of correlating the microscopic structure of
the interfacial region and the electrochemical function of an
electrode can now be meaningfully addressed, but it is clear that
the requisite theory has yet to be developed. The new method-
ologies also offer the possibility of time-resolved structural
analysis. The scanning tunneling microscopic methods may well
be able to capture information in the millisecond time domain,
and more powerful synchrotron light sources (which are pulsed)
may well be able to probe structural changes occurring on the
microsecond and submicrosecond time scale.

Studies of interfacial dynamics were also deemed critical for
understanding the behavior of the electrode/electrolyte interface.
Our ability to access increasingly shorter time scales for studies
of interfacial dynamics has made great progress but continues to
lag behind studies of homogeneous dynamics which now routinely
access the picosecond and even the femtosecond time domains.
Ultramicroelectrodes have proved to be powerful tools which can
query processes occurring in the submicrosecond time domain.
Novel optical perturbations, improved electronics and data
acquisition, and the development of lasers with shorter, more
powerful pulses may well be able to probe interfacial dynamics
in the subnanosecond time domain. The use of a self-assembled
monolayer to control the distance between an electrode and redox
moieties (attached or in the electrolyte), as well as to control the
properties of the intervening medium, has led to an improved
understanding of the fundamentals of heterogeneous electron
transfer. Animportant facet of this approach to modifying and
controlling interfacial structure is the possibility of producing
interfacial films with selective electron, ion, and molecular
transport properties which can act as the basis of sensor systems.
Fundamental studies like these will also be useful in many other
applied areas. These include electrosynthesis; electrocatalysis;
characterization of materials; analysis and characterization of
solution composition, structure, chemistry, and dynamics; and
energy storage and conversion.

Acknowledgment. We appreciate the assistance of Peter Flynn,
Peter Rossky, and Phil Ross in the preparation of this report. The
support of the Department of Energy, Council on Materials
Sciences, is gratefully acknowledged.

Editor’s Comment. This feature article is different from other
feature articles we have published. However, ina field as rapidly
developing as the one discussed in this article, it is useful for
scientists in the field if such an article is published in this section.
It is a combined and a fruitful effort of several active scientists
in the area, and I feel it will have the impact of several feature
articles. This paper is also a summary and a critical evaluation
of the present and future status of the field. For this reason, the
length restriction was relaxed.
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