
2 Electrochemistry

1 General Introduction

Kingo ITAYA & Soichiro YOSHIMOTO

Electrochemistry is important for industries concerned
with products and processes such as batteries, fuel cells,
electroplating, corrosion inhibition, electro-organic syn-
thesis, and sensor devices.1）Because electrode reactions
take place at solid-liquid interface where the electrode is
in contact with a solution, electrochemical interface plays
an important role in controlling the electron transfer
reaction.  Understanding the nature of solid-liquid inter-
face in detail not only leads to the elucidation of the elec-
trode reaction mechanism but also provides information
useful for designing new interfaces.
As a fundamental basis for all electrochemical studies,
electrode-electrolyte interfaces must be prepared repro-
ducibly, and methods must be established to observe
these interfaces accurately.  It is still difficult to elucidate
electrochemical reactions on the atomic scale using poly-
crystalline electrodes.  Well-defined single crystal sur-
faces must be exposed to solution to understand surface

structure-reactivity relationships on the atomic scale.
Efforts have succeeded to produce extremely well-
defined, atomically-flat surfaces of various electrodes
made of noble metals, base metals, and semiconductors
without either oxidation or contamination in solution.2-4）

It was first realized in 1980 in the field of electrochemi-
cal surface science that the adsorption-desorption reaction
of hydrogen on Pt single crystal electrodes is strongly
dependent on their crystallographic orientations; this
demonstrated the importance of the nature of metal sur-
face at the atomic level.5,6）Clavilier was the first to devel-
op a simple and important experimental method, the so-
called flame annealing and quenching method,5）to expose
well-defined electrode surfaces in aqueous electrolyte
solutions without the use of ultrahigh vacuum (UHV)
techniques.  Nowadays, this technique has been extend-
ed by Hamelin for Au,7,8）by Motoo and Furuya for Ir,9）

and by Itaya’s group for Rh and Pd.10）

Meanwhile, since the late 1980’s, in situ analytical
methods were developed all over the world. In the early
stage, various experimental techniques, such as infrared
absorption spectroscopy (IRAS),11,12）ultra-violet (UV)-visi-
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ble reflectance spectroscopy, and low-energy electron
diffraction (LEED) in UHV have been applied to under-
stand the electrode-electrolyte interface.13,14）In particular,
electrochemical scanning tunneling microscopy (EC-
STM) is now widely accepted as one of the powerful
tools for generating the understanding of the structure
of adsorbed layers of molecules on metal surfaces at the
atomic scale in solution15-20）as well as in UHV.21,22）It can-
not be overemphasized that in situ STM and AFM
allowed us not only to determine the surface structure,
but also to follow various electrochemical reactions, such
as the deposition and dissolution of atoms and
molecules.3,17,19）

Subsequently, quartz crystal microbalance (QCM),23-28）

and surface-enhanced Raman scattering (SERS),29）sur-
face-enhanced infrared reflection absorption spec-
troscopy (SEIRAS),30-32）second harmonic generation
(SHG),33-36）sum frequency generation (SFG),37-44）and sur-
face X-ray scattering (SXS)45-47）methods were developed
for surface structural investigations of electrochemical
processes taking place at electrode-electrolyte interfaces
with a monolayer level, by the combination of electro-
chemistry.4）Thus, the establishment of both the prepara-
tion of well-defined electrode surfaces and in situ charac-
terization techniques make it possible to monitor with
atomic and/or molecular levels for not only electrode
processes including underpotential deposition (UPD) of
metal ions3,18,48）and specifically-adsorbed anions,3,17,18）but
also formation and characterization of self-assembled
monolayers (SAMs) of organothiols49-52）and supramolecu-
larly-organized molecular adlayers through hydrogen
bonding formation,53-55）donor-acceptor interaction,55-58）

and electrostatic interaction.59）

One of the goals of interfacial electrochemistry is to
control electrochemical reactions precisely with atomic
and molecular scales.3,19,60-62）It is reasonably expected
that the precise control of electrochemical reactions can
produce many ultra-fine and nanomaterials at atomic and
molecular scales.63-65）

In this review, a recent advance in in situ electroana-
lytical methods such as SXS, IR, SHG, SFG, and STM
combined with single crystal electrochemistry is report-
ed from the members of nano-interface division in ECSJ.
Details are described in respective section below.

2 SXS for Gold Single-crystal Electrodes

Toshihiro KONDO

The structure of the surfaces can be investigated with
SXS within the surface plane and along the surface nor-
mal by controlling the direction of the scattering vector
Q, which is the difference between the incident and scat-
tered X-ray wave vectors.66,67）Information within the sur-
face plane is typically obtained by orienting Q almost
within the surface plane. This corresponds to the graz-
ing incidence angle geometry where the angle is typical-
ly a few degrees.  The measurement in this geometry is
so-called the in-plane measurement and this method is
so-called surface X-ray diffraction (SXRD), which is one

of the SXS methods. On the other hand, when Q is
aligned entirely along the surface normal direction, infor-
mation about the surface normal structure is obtained.
This geometry is referred to as specular reflectivity
since the angle between the surface plane and incident
wave vector is equal to the angle between the surface
plane and the scattered wave vector. Additional struc-
tural information can be obtained by determining the
scattered intensity distribution along the surface normal
direction at a fixed, finite in-plane wave vectors corre-
sponding either to the bulk crystal structure or to the
overlayer structure. Such scattered intensity distribu-
tion along the surface normal is so-called crystal trunca-
tion rod (CTR) and then this method is so-called CTR
technique, which is also one of the SXS methods. Thus,
the combination of these methods, i.e., SXRD and CTR,
allows us to obtain the three-dimensional (3D) structure
with an atomic dimension and therefore, SXS technique
is one of the best methods to investigate the 3D interfa-
cial structure at electrochemical interfaces in situ.66-71）

Fig. 1 (A) In-plane hexagonal structure of the Au(111)
surface. The solid (open) circles correspond to atoms in the
second (first) layer. Surface atoms in the left and right sides
of the figure are in undistorted hexagonal sites, whereas in
the center of the figure the atoms are in faulted sites. For
24 surface atoms in place of 23 underlying surface atoms
along the ＜1,0,0＞ direction, the compression is 24/23 −
1＝4.4％ and δ＝√(3/2)──/23＝0.038. (B) In-plane diffraction
pattern from the Au(111) surface. Solid circles represent
diffraction from the underlying hexagonal lattice. Open
symbols originate from the (23×√3) reconstructed phase
with three rotational equivalent domains (circles, squares,
and triangles). The axis, qr, is defined to be along the (1,1)
direction. (C) Equal-intensity scattering contours in the
vicinity of the (0,1) reflection at L＝0.5 measured in 0.01 M
NaCl at −0.3 V. Reprinted with permission from Ref. 45,
Copyright American Physical Society (1992).
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Many in situ structural studies at single-crystal elec-
trode/electrolyte interfaces using the SXS technique
have been carried out in the last 15 years.45,46,71-85）In this
section, we focus on the gold single-crystal electrodes
because gold is one of the most popular electrode materi-
als and the structures of the gold single-crystal electrode
surfaces at various potentials using in situ SXS technique
including our results will be reviewed.
As far as the structure of gold electrodes is concerned,
Ocko et al.  investigated for the first time the structures
of the reconstructed Au(111),45 ,46 ,71 ,72）Au(100),73）and
Au(110)74）surfaces using in situ SXS. Especially, the
reconstruction formation/lifting transition of the Au(111)
surface was investigated in details in the electrolyte solu-
tions containing various halogen anions.45,46,71,72）

Despite the underlying hexagonal symmetry of the
Au(111) surface, it had been reported that the top layer
of gold atoms forms a uniaxial incommensurate rectan-
gular phase at the relatively negative potential by capac-
ity-potential curve,86）STM,87）and ex situ LEED88）mea-
surements.  This phase is denoted (p×√3), where p and
√3 are the repeat distances in units of the nearest-neigh-
bor (NN) distance, as schematically shown in Fig. 1(A).45）

In an SXRD measurement, the (p×√3) reconstruction
gives rise to additional in-plane reflections beyond the
underlying (1×1) reflections (Figs. 1(B) and 1(C)).45）

These are arranged in a hexagonal pattern around the
integer reflections.45,46,71）Figure 245,46,71）shows the SXRD
profiles measured along the qr (see Figs. 1(B) and 1(C)) at
a series of negatively moving potentials between +0.10
and −0.80 V (vs. Ag/AgCl) in 0.01 M NaCl solution. At
the potentials more positive than +0.10 V, only a scatter-
ing peak was observed at qr＝0, indicating that the sur-
face is not reconstructed. As the potential was made
more negative than +0.05 V, a second peak emerged,
which is due to the reconstructed phase. The recon-
struction peak position, (δ/√3, 1＋δ/√3) (see Figs. 1(B)
and 1(C)), changed outward corresponding to increased
compression as the potential was made more negative.
In addition to the potential region of the reconstruc-
tion formation/lifting transition, we investigated the
Au(111) surface over a wider potential range (between 0
and +1.40 V) in the normally observed cyclic voltammo-
gram (CV) in 50 mM H2SO4 solution (Fig. 3) by using the
CTR method.85）The potential range of the results of
Ocko et al.  as described above corresponds to that
between 0 and +0.60 V in this CV (Fig. 3).
At 0 V just after dipping the electrode, our CTR result
showed that the interfacial structure is the Au(111)－
(23×√3) reconstructed structure covered with 0.74 ML
of oxygen species, confirming the results of Ocko et
al.45,46,71）At +0.95 V, which is more positive than the
potential of the current spikes around +0.90 V, which
corresponds to the order/disorder transition of the
adsorbed sulfate anion, the CTR result shows that the
Au(111)－(1×1) surface was covered with the first, sec-
ond, and third layers composed of 0.88 ML of oxygen,
0.22 ML of sulfur, and 0.24 ML of oxygen species, respec-
tively.  The distances between the outermost Au layer
and first, the first and second, and the second and third

layers were 2.37, 1.08, and 1.86 Å, respectively. These
numbers are in good agreement with those estimated
from a model proposed by Kolb et al.  based on STM89）

and by Ataka and Osawa based on IR.32）They suggested
that the sulfate anion (SO42− and/or HSO4−) and hydroni-
um ion (H3O+) were coadsorbed on the Au(111)－(1×1)
surface with a (√3×√7)R19.1˚ structure with a molar
ratio of 1 : 1 through three oxygen atoms and three
hydrogen atoms, respectively. Yoshimoto et al.  recently
investigated by in situ STM the structures of the
adsorbed sulfate anion in detail.90）The SXS results also
suggested the relatively rough surface of the Au(111)－
(1×1) as a result of a lifting of the (23×√3) reconstruct-
ed structure.
At +1.05 V, where very small anodic current flowed
(Fig. 3), the CTR result showed that the Au(111)－(1×1)
substrate was covered with the first, second, and third
layers composed of 1.00 ML of gold, 0.040 ML of gold,
and 1.00 ML of oxygen species. This result indicated
that the adsorbed sulfate anion at +0.95 V was desorbed
and oxygen species were adsorbed onto the Au(111)－
(1×1) surface.  The height of the oxygen species layer
calculated from the present data was ca. 2.3 Å. This
value was closely matched with the calculated value
(2.14 Å) when the oxygen atom was adsorbed at the
on-top site of the Au substrate.  Although there have
been many discussions on the nature of the adsorbed
oxygen species (i.e., O, OH, OH−, H2O, H3O+, etc.) in this

Fig. 2 Representative X-ray scattering profiles along the
qr axis at L＝0.2 in 0.01 M NaCl solution at various
potentials chosen from scans between +0.01 and −0.08 V (vs.  
Ag/AgCl).  The solid lines are fits to Lorentzian line shape.
The effective scan rate is 0.5 mV s−1. Reprinted with
permission from Ref. 45, Copyright American Physical
Society (1992).
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potential region, one cannot distinguish these species
based on the SXS results because X-ray is not scattered
by hydrogen atoms, but it can be concluded that oxygen
species were adsorbed at the on-top site of the underly-
ing Au(111)－(1×1) surface.
Because SXS intensity gradually changed with time at
+1.40 V, the CTR measurement was carried out at not at
+1.40 V but at +1.10 V.  At this potential, the CTR result
showed that the Au(111)－(1×1) substrate was covered
with the first, second, and third layers composed of 0.73
ML of gold, 0.31 ML of gold, and 1.00 ML of oxygen
species, respectively.  Coverage of gold atoms in the first
and second layer less than 1 ML showed that gold atoms
coexisted with oxygen atoms. This means gold oxide was
formed, although we cannot determine the fraction of
oxygen atoms in these oxide layers. As a result of the
penetration of oxygen atoms into the gold surface layers,
the distances between the outermost layer of the gold
substrate and first layers and between the first and sec-
ond layers were 2.90 and 2.50 Å, respectively, and were
larger than the value (2.36 Å) of the bulk Au(111).  This
result supports the model proposed by Conway et al.
based on the results of conventional electrochemical
measurements that the two-atom thick oxide layer was
formed as a result of a turnover reaction.91,92）The total
number of gold atoms in these oxide layers was equiva-
lent to 1.04 ML, which was exactly the same as that of
the gold coverage of the reconstructed Au(111)－(23×√
3) surface observed at 0 V. This indicates that only the
gold atoms in the outermost layer are electrochemically
oxidized in the potential cycle up to +1.40 V.  This result
also confirms that the real surface area can be calculated
from the charge of the current peak of the oxide reduc-

tion.93）

At +0.65 V, which is more negative than that of the
oxide reduction peak (Fig. 3), after the positive-going
scan to +1.40 V, the CTR result showed that the first,
second, and third layers on the Au(111)－(1×1) sub-
strate were composed of 0.87 ML of oxygen, 0.22 ML of
sulfur, and 0.24 ML of oxygen species, respectively.
These values matched well with those obtained at +0.95
V in the positive-going scan as described above.
Furthermore, all the distances between the layers were
also in good agreement with those obtained at +0.95 V.
Thus, the interfacial structure at this potential is same as
that obtained at +0.95 V in the positive-going scan, indi-
cating that the sulfate and H3O+ were coadsorbed with a
(√3×√7)R19.1˚ structure through three oxygen atoms
and three hydrogen atoms, respectively. One must note,
however, that the lateral order of the adsorbates cannot
be confirmed based only on this CTR data.
At 0 V after a potential cycle, the CTR result showed
that the Au(111)－(23×√3) reconstructed surface was
covered with 0 .99 ML of oxygen species, as was
observed at 0 V before the potential cycle, as described
above. The comparison of the structural parameters
measured at 0 V before and after the potential cycle
showed that the distances between the outermost sub-
strate and first and the first and second layers, coverage
of O and Au atoms in the outermost two layers, and
RMS values of the all three layers became slightly larger
after the potential cycle. These results indicate that
small Au clusters existed on the reconstructed
Au(111)－(23×√3) surface (i.e., the surface was rough-
ened). This is in good agreement with the well-known
fact that once the gold electrode surface is oxidized, oxy-
gen atoms penetrate into the outermost gold layer and
the electrode surface is roughened even after the com-
plete reduction of the surface oxide.84-96）

The same trends of the Au(100) electrodes were also
reported.85）

3 Electro-catalysis on High-Index Planes

Nagahiro HOSHI

High-index planes play a key role in the estimation of
the adsorption sites of adsorbates and the active sites for
catalytic reactions, because their surface structures can
be modified systematically.  Figure 4 shows hard sphere
models of the representative high-index planes of fcc
metals. In the notation such as n(111)-(111), the value of
n shows the number of terrace atomic rows, miller
indices after n and hyphen indicate the structure of ter-
race and step, respectively. The high index planes of Pt
can be characterized with the use of voltammograms.97,98）

Electricity of the peak due to the adsorbed hydrogen is
proportional to the terrace and step atom density on the
high index planes of Pt.99-103）Redox peaks of adsorbed Bi
and Ge also depend on the terrace and step structures
significantly.104-107）The low- and high-index planes of Ir108）

and Rh109,110）also give voltammograms characteristic of
their orientation in the adsorbed hydrogen region.

Fig. 3 A CV at the Au(111) electrode measured in a 50
mM H2SO4 with a scan rate of 20 mV s−1. Inset: A CV with
an expanded current scale in the potential range of 0
through +1.00 V and measured with a scan rate of 5 mV s−1.
Arrows A - F represent the potentials where CTR
measurements were carried out. Reprinted with permission
from Ref. 85, Copyright American Chemical Society (2007).
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Volatmmograms of Pd single crystal electrodes depend
on the surface structures in both adsorbed hydrogen
region111,112）and oxide film formation region.111-113）

Voltammograms indicate that the most single crystal
surfaces of Pt have unreconstructed (1×1) structures.
Real surface structures of the low-index planes of Pt
were determined in electrochemical environments using
STM and SXS. Pt(111) and Pt(100) have unreconstruct-
ed (1×1) structure,114-118）whereas Pt(110) has (1×1) or
(1×2) structure depending on the cooling condition after
the annealing.119,120）Surface structures of the high index
planes were reported only in UHV,121）and they reported
that n(100)-(110) surfaces are facetted.  Recently, real
surface structures of the high index planes of Pt have
been determined with the use of SXS in electrochemical
environments. Pt(311)＝2(100)-(111) has reconstructed
(1×2) structure,122）but Pt(310)＝3(100)-(110) has unre-
constructed (1×1) structure.123）No faceting was found
on Pt(310), which is contrary to the case in UHV.
Reconstruction to (1×2) will not be lifted on the sur-
faces with n ≥ 3.123）
In this section, catalytic reactions, which are related
with fuel cell reactions, are briefly summarized on the
low- and high-index planes of Pt and Pd. Although many
important topics are found in the literature on the thin
film on well-defined surfaces, single crystal alloy elec-
trodes and poly-crystalline electrodes, these topics are not
included in this chapter because of the page limitation.
3. 1 Hydrogen oxidation reaction
Hydrogen oxidation reaction (HOR) is the anodic reac-
tion of the hydrogen-oxygen fuel cell.  HOR proceeds
according to the following mechanism:

H2→ Had＋Had (Tafel step)        
Had＋H+＋e− (Heyrovski step)

→ H+ ＋e− (Volmer step)

In the early stage of the electrochemistry using single
crystal electrodes, HOR and hydrogen evolution reaction
(HER) on Pt were reported to be insensitive to surface
structure. Afterwards, Marković et al. found that the
rate of HOR depends on the crystal orientation:
Pt(111)＜Pt(100)＜Pt(110),124 ,125）showing step is the
active site for HOR. Intermediate species of HOR and

1
4

1

4

HER is the overpotentially deposited (OPD) hydrogen on
the on-top site of Pt.126-128）The OPD hydrogen differs
from the underpotential deposited (UPD) hydrogen that
gives characteristic peaks in the voltammogram in the
adsorbed hydrogen region, because no on-top hydrogen
is observed in the adsorbed hydrogen region. However,
UPD hydrogen is a spectator species which can block
the adsorption of H2. Thus, the structure sensitivity of
the HOR is attributed to the structure sensitive adsorp-
tion of Had.129）Surface structure also affects the reaction
mechanism and the rate determining step (rds) of HOR:

Pt(111): Tafel step → Volmer step (rds)130）

Pt(100): Heyrovski step (rds) → Volmer step124,125）

Pt(110): Tafel step (rds) → Volmer step124,125）

Study on HOR is now extended to the stepped surfaces
of Pt for the elucidation of the detailed reaction mecha-
nism.131）

HOR has not been studied on single crystal electrodes
of Pd.  Pd absorbs large amount of hydrogen into the
bulk.  The surface structure of Pd will be distorted by
the hydrogen absorption; it is impossible to analyze the
correlation between the surface structure and HOR.
Recently, the first-principles molecular dynamics simu-

lation of HER has been done on Pt(111) at which a bias
voltage is taken into account in water.132）They revealed
the microscopic details of the Volmer step of HER.  Such
a calculation will give a deeper insight of HER and HOR.
3. 2 Oxygen reduction reaction
Oxygen reduction reaction is the cathodic reaction of

the fuel cell.  Structural effects on the oxygen reduction
reaction (ORR) were firstly reported by Marković and
Yeager et al. on the low index planes of Pt.133）Following
activity series of ORR was obtained in HClO4 in which
no anion is strongly adsorbed on the electrode surfaces:
Pt(100)＜Pt(111)＜Pt(110).125,133）Other papers also report-
ed the highest activity of Pt(110).134-139）According to the
study using rotating ring disc electrode (RRDE), four
electron pathway (O2＋4H+＋4e−→ 2H2O) is found for
ORR above adsorbed hydrogen region on all the low
index planes, whereas two electron pathway (O2＋2H+＋
2e−→ H2O2) is observed on Pt(111) and Pt(100) in the
adsorbed hydrogen region.125,133）

The activity of ORR decreases in H2SO4, especially on
Pt(111).  The activity series is reversed between Pt(100)
and Pt(111) in H2SO4: Pt(111)＜Pt(100)＜Pt(110).125）This
is because (bi)sulfate anion is adsorbed strongly on Pt
surfaces above 0.15 V (RHE).140）Infrared reflection
absorption spectroscopy (IRAS) can predict the adsorp-
tion geometry of (bi)sulfate anion on the basis of the
selection rule.141）(Bi)sulfate anion is adsorbed on Pt(111)
with three-fold geometry which agrees with the geome-
try of atomic arrangement of Pt(111) (Fig. 5).141-147）On
Pt(110) and Pt(100), two-fold geometry is proposed (Fig.
5).148,149）The remarkable deactivation on Pt(111) may be
attributed to the three-fold geometry of (bi)sulfate anion
that blocks more Pt atoms than two-fold geometry.
ORR was studied on the high-index planes of Pt

(n(100)-(111), n(111)-(100),150) n(111)-(111) and n(110)-

Fig. 4 Hard sphere models of the high index planes of fcc
metals.
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(111)151）) in 0.5 M H2SO4 and 0.1 M HClO4. On n(111)-
(100) surfaces, exchange current density of ORR increas-
es with the increase of step atom density, giving maxi-
mum value on Pt(211) n＝4.150）The same tendency is
found on n(111)-(111) surfaces, of which activity is esti-
mated using the potential at a current density of a half
diffusion limiting value (E1/2) (Fig. 6).151）On n(100)-(111)
and n(110)-(111) surfaces, however, the structural effects
on ORR are less significant. The structural effects in
H2SO4 are more sensitive than in HClO4. This is attrib-
uted to the (bi)sulfate adsorption. IRAS study shows
that (bi)sulfate anion is adsorbed on the step with two-
fold geometry on stepped surfaces of Pt.140）Activity
series of the low-index planes and stepped surfaces indi-
cates that step is the active site for oxygen reduction.  It
is probable that the coverage or adsorption strength of
(bi)sulfate anion at the step depends on the terrace
width remarkably. No structural effect is observed on
n(110)-(111) surfaces in H2SO4. No terrace structure
exists on these surfaces, because (110) structure is com-
posed of monatomic (111) steps. Lack of the structural
effect may be attributed to the lack of terrace structure.

The difference of the activity for the stepped surfaces is
smaller than for the low-index planes in HClO4. This
lower structural effect is ascribed to OH adsorption at
the step. The higher adsorption energy for oxygen on
the step is counterbalanced with higher adsorption
strength of the OH species.150）

ORR study is now extended to the low- and high-index
planes of Pd.152）

3. 3 Nature and oxidation of adsorbed carbon
monoxide
Adsorbed CO is poisonous species for catalytic reac-
tions.  It is important to find out the active structure for
adsorbed CO oxidation for the development of electrocat-
alysts with high CO tolerance.  A huge number of stud-
ies was reported on the CO oxidation on platinum elec-
trodes; the topics are focused on the IRAS study of CO
adsorbed on the well-defined surfaces of Pt in electro-
chemical environments. IRAS spectra of adsorbed CO
were firstly reported on the low-index planes of Pt in
1987 and 1988.153-155）Adsorption sites of CO (Fig. 7)
depend on the surface structure at saturation coverage.
On-top and three-fold CO are found on Pt(111) at lower
potentials.  Site conversion from three-fold to bridge-
bonded CO occurs at higher potentials.153,154）On-top and
asymmetric bridge-bonded CO are observed on
Pt(100),156-158）only on-top CO is adsorbed on Pt(110).159）IR
band of on-top CO dominates the spectra on all the low
index planes at saturation coverage. However, STM
study shows that the number of on-top CO is the half of
multi-bonded CO in the (2×2) adlayer on Pt(111).160）

Intensity transfer occurs from multi-bonded CO to on-top
CO due to the dynamic dipole-dipole coupling.160）

IRAS of adsorbed CO has been also studied on
stepped surfaces of Pt in electrochemical environ-
ments.161-167）Adsorbed CO occupies the step site at lower
coverage.161,165-168）Adsorbed CO on step gives an IR band
at lower frequency than that on terrace. The band of
adsorbed CO on the step cannot be distinguished from
that on the terrace at high coverage due to the strong
dipole-dipole coupling.161,165-168）Structural effects on the
adsorption site of CO are found on n(111)-(111) surfaces
of Pt at saturation coverage.163,164）The IR bands of on-top
and three-fold CO appear on the surfaces with the number
of terrace atomic rows n ≥ 9, whereas no three-fold CO is
observed on the surfaces with n ≤ 8.164）The same ten-
dency was also reported by Koper et al., but three-fold
CO was found on the surfaces with n ≤ 6 in their
report.163）Site conversion from three-fold to bridge-bond-
ed CO is not observed on n(111)-(111) surfaces at higher
potentials.
According to the anode stripping voltammetry, the
peak potential of adsorbed CO oxidation shifts negatively

Fig. 5 Adsorption geometry of (bi)sulfate anion.

Fig. 6 Structural effects on the oxygen reduction reaction
on n(111)-(111) and n(110)-(111) surfaces of Pt. Reprinted with
permission from Ref. 151, Copyright Elsevier Science (2007).

Fig. 7 Adsorption sites of CO.
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with the increase of the step atom density on n(111)-(111)
surfaces of Pt.169 ,170）Coverage of adsorbed CO (θCO)
affects the peak potential of the oxidation: lower cover-
age gives the oxidation peak at more negative potential.
However, θCO increases with the increase of the step
atom density on n(111)-(111) surfaces.164,170）These results
clearly show that step is the active site of adsorbed CO
oxidation. A high-resolution STM image shows that
adlayer structure of adsorbed CO on the terrace edge of
Pt(100) is different from that on the terrace, indicating
different electronic structure of the step and edge.116）

The oxidation of adsorbed CO on kink is studied on
n(100)-(110) surfaces of Pt.168）Kink is defined as protrud-
ed atoms in the step line as shown in the black spheres
in Fig. 4. CO is adsorbed on only kink on n(100)-(110) sur-
faces of Pt at θCO ≤ 0.2. IR spectra shows that Pt(910) n＝
9 and Pt(510) n＝5 have co-adsorb water at the terrace.
Pt(210) n＝2, which has no terrace, has no co-adsorbed
water. IR band of on-top CO diminishes due to the oxida-
tion above 0.3 V (RHE) on Pt(910) n＝9 and Pt(510) n＝5
in harmony with the decrease of water band.  On Pt(210)
n＝2, however, on-top CO remains even at 0.60 V (RHE).
Adsorbed CO is not oxidized at 0.30 V (RHE) on n(100)-
(111) surfaces that has no kink atoms at the step.161）

These results support that kink atoms accompanied with
co-adsorbed water have high activity for adsorbed CO
oxidation.
Some papers claim that adsorbed CO is oxidized by
adsorbed OH according to Langmuir-Hinshelwood reac-
tion.171-173）On the other hand, some papers report that
adsorbed CO abstracts oxygen from adsorbed water.174-177）

SEIRAS clearly shows that water band is diminished
with the decrease of CO band intensity.177）No adsorbed
OH band was found even with SEIRAS method that has
extremely high sensitivity. However, there has been no
consensus on the oxidation mechanism of adsorbed CO.
IRAS spectra of adsorbed CO were also reported on
the low- and high-index planes of Pd.178-182）Bridge-bonded
CO dominates the spectra. On-top CO is mainly
adsorbed on the step. On-top CO on the terrace is
found on only large (111) terrace with n ≥ 20.182）No site
conversion of CO is observed.  CO oxidation on the high-
index planes of Rh was studied using voltammetry and
chronoamperometry.110,183,184）

3. 4 Oxidation of formic acid and methanol
Formic acid is an intermediate of methanol oxidation,
and it also works as fuel of direct formic acid fuel cell.
Oxidation of formic acid was believed to proceed via the
dual path mechanism: poisonous and reactive intermedi-
ates are formed during the reaction. IRAS studies have
shown the poisonous intermediate is adsorbed CO,185-187）

and SEIRAS verifies the reactive intermediate is
adsorbed formate (HCOO).188-190）

Many papers reported formic acid oxidation on single
crystal electrodes of Pt.191-194）When the activity is esti-
mated from the anodic peak current density in the first
positive scan after the annealing, following activity series
is obtained for the oxidation (HCOOH→CO2): Pt(100)＜
Pt(111)＜Pt(110).194）High activity of Pt(110) indicates that
step is the active site for formic acid oxidation. Sun et al.

studied the oxidation on n(100)-(110) surfaces of Pt.195）

They estimated the initial rate of dissociative adsorption
of formic acid (HCOOH→COad) with the use of current-
time transient curves, giving the following activity
series: Pt(610) n＝6＜Pt(100)＜Pt(210) n＝2＜Pt(110).
This result also shows step (kink) enhances the dissocia-
tive adsorption of formic acid.
Pd electrodes have advantage for formic acid oxidation

compared with Pt electrodes: no poisonous intermediate
(adsorbed CO) is formed on Pd electrodes during formic
acid oxidation.196）Therefore, the onset potentials of
formic acid oxidation on Pd electrodes are much more
negative than those on Pt electrodes. SEIRAS detected
adsorbed formate during formic acid oxidation on a thin
film of Pd on Au electrode,197）but another paper using
SEIRAS found no adsorbed formate.198）There is no solid
evidence for the intermediate species of formic acid oxi-
dation on Pd electrode at present.  The activity series on
the low index planes of Pd is as follows: Pd(111)＜
Pd(110)＜Pd(100) in 0.5 M H2SO4,199）Pd(110)＜Pd(111)＜
Pd(100) in 0.1 M HClO4.200）Flat Pd(100) surface has high-
est activity for formic acid oxidation.  The oxidation rate
on Pd(111) gets lower in H2SO4 compared with that on
Pd(110).  (Bi)sulfate anion is adsorbed with three-fold and
one-fold geometry on Pd(111) and Pd(110), respectively,
and coverage of the anion on Pd(111) is higher than that
on Pd(110).201,202）The difference of the adsorption geome-
try and coverage causes the significant deactivation of
Pd(111) in H2SO4.
Formic acid oxidation was studied on the high index

planes of Pd in 0.1 M HClO4.200,203）Anodic peak current
density of formic acid oxidation (HCOOH→CO2) is plot-
ted against the density of step atoms in Fig. 8.  Pd(911)＝
5(100)-(111) has the highest rate for the oxidation.  The
values of jP (anodic peak current density) on n(100)-(111)
and n(100)-(110) are as high as that on Pd(911)＝5(100)-
(111) on the surfaces with terrace atomic rows n ≥ 3 or
4. These results indicate that (100) terrace with atomic
rows more than 3 or 4 is appropriate reaction field for
formic acid oxidation.
Methanol oxidation on Pt electrodes also proceeds via

the dual path mechanism.  Poisonous and reactive inter-

Fig. 8 Step density dependence on the oxidation rate of
formic acid on the high index planes of Pd. Reprinted with
permission from Ref. 203, Copyright Elsevier Science (2007).
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mediate species are adsorbed CO and adsorbed formate,
respectively, according to SEIRAS study.204）Adsorbed
formate is also found on Pt(111) and Pt(100) using a flow
cell in the conventional IRAS configuration.205）Activity
series of methanol oxidation, which is estimated by the
anodic peak current density in the first positive scan, is
as follows in acidic solutions (H2SO4 and HClO4):
Pt(111)＜Pt(100)＜Pt(110).206 ,207）The current density
increases in alkaline solution, giving the following order
in 0.1 M NaOH: Pt(100)＜Pt(111)＜Pt(110).208,209）Pt(110),
which has step site, has high activity for methanol oxidation.
Methanol oxidation on the high-index planes of Pt indicates
that overall oxidation rate of methanol and decomposi-
tion of methanol to CO are enhanced by step.210,211）

3. 5 Oxidation of glucose
Glucose-oxygen fuel cell can be applied to the battery
of cardiac pacemakers and artificial heart.  Elucidation of
surface structures enhancing glucose oxidation is impor-
tant for this purpose. Mechanism of glucose oxidation
was studied on Pt electrodes using IRAS.212 -214）

Gluconolactone, carboxylic acid and CO2 were produced.
Activity series of glucose oxidation, which is estimated
by the anodic peak current density in the positive scan
of the voltammogram, is as follows in acidic solution:
Pt(110)＜Pt(100)＜Pt(111).215）Pt(111) also has the highest
activity in alkaline solution: Pt(100)～Pt(100)＜Pt(111).216）

The oxidation of glucose was studied on n(100)-(111) (2 ≤
n ≤ 14, ∞) surfaces of Pt in 0.1 M HClO4. Anodic current
density due to glucose oxidation increases with the
increase of (100) terrace width.217）

One of the interesting topics is the oxidation of glucose
on chiral surfaces. Figure 9 shows hard sphere models of
chiral Pt(643) surface.218）Small domains of (111), (100) and
(110) form chiral structure as shown in Fig. 9b.  Pt(643)R

and Pt(531)R have higher oxidation rate for L-glucose
than D-glucose, showing enantiomeric electrochemical
response.218,219）Other optically active compounds such as
mannose, arabinose and xylose also have strong ena-
tiomeric response on chiral surfaces.220,221）Chiral alkanols,
however, show weak enathiomeric response compared
with sugars.  One of the possible explanations is that
molecules having cyclic structures are more likely to
meet the necessary geometrical conditions for the obser-
vation of enantiomeric effects. It is also probable that the
aldehydic carbonyl function on glucose and related mole-
cules hold the key to differences in enantioselectivity.222）

High-index planes are good models of shape-controlled
nanoparticles that can be used for practical electro-cata-
lysts. If active surface structures can be built on
nanoparticles, the activity of practical electrocatalysts
will be enhanced dramatically.  Preparation and electro-
chemistry of shape-controlled nanoparticles have been
studied extensively since Elsayed reported the prepara-
tion of cubic and tetrahedral Pt nanoparticles.223-228）

Deeper understanding of the structure and the reaction
of high-index planes is important for the elucidation of
the origin of the catalytic activity of nanoparticles.

4 EC-STM for Reaction Analysis

Junji INUKAI

EC-STM has been one of the most powerful tools to
understand the static structures on electrodes in solu-
tion.3） Recently, it is widely used to investigate various
electrochemical reactions,20）showing even the dynamic
features on electrodes.18,229）Advances in the EC-STM
studies on the electrochemical reactions are described in
this section.
In vacuum, the topmost surface of Pt(100) is known to
be hexagonally reconstructed, in order for the surface
energy to be lowered (Fig. 10).230）This reconstructed
surface is called Pt(100)-hex-R0.7˚. The reconstruction of
Pt(100), as well as Au(100), was historically started to be
investigated by the use of LEED after the sample was
emersed from solution into vacuum. After Clavilier and
coworkers reported the powerful, yet convenient method
to expose well-defined Pt surfaces in solution,5）Pt(100)
surface became widely used for precise electrochemical
studies.231）In-situ X-ray reflectivity measurements were
then carried out on a clean Pt(100) surface immersed in
solution,117）and EC-STM was next applied to the Pt(100)
electrode.

In situ STM revealed that the Pt(100) surfaces pre-
pared by flame annealing followed by slow cooling in a
H2 stream exhibit atomically flat terrace-step features in
a 0 .1 M HClO4 solution.232）Atomically flat terraces
extended over several hundreds of nanometers in width,
and straight monatomic-height steps are positioned most-
ly in the ＜110＞ direction (Fig. 11a). On an atomically
flat terrace, atomic images of the Pt(100)-(1×1) struc-
ture were obtained at a potential near the hydrogen evo-
lution reaction almost perfectly: the unreconstructed
Pt(100) surface was exposed by the flame annealing and

Fig. 9 (a) Hard sphere models of chiral surfaces: Pt(643)S

and Pt(643)R. The (111) (gray line), (110) (white line), and (100)
(black line) sites comprising the kink are indicated. White
spheres show the kink edges. (b) Cahn-Ingold-Prelog
analogy used to define the absolute stereochemistry of the
kink site as either S or R. Reprinted with permission from
Ref. 218, Copyright American Chemical Society (1999).
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quenching method (Fig. 11b).
In order to understand the different surface structures
on Pt(100) in vacuum and in solution, the Pt(100)-hex-
R0.7˚ was prepared in vacuum, transferred into solution,
and electrode potentials were applied. Then, the Pt sam-
ple was transferred back into vacuum to be examined
by LEED and STM.233）Figure 12 shows the STM image
of the Pt(100) surface emersed from solution at the elec-
trode potential of 0.2 V vs. RHE. It is clearly seen that
the most of the surface was changed to (1×1) after the
adsorption of hydrogen atoms in solution.  Also seen are
the reconstruction domains remained, which are shown
by arrows in Fig. 12.  In this way, STM solved a long
lasting issue of the reconstruction of Pt(100) surface:
hydrogen adsorption lifts the Pt(100) surface to (1×1)
from hex-R0.7˚. It was also revealed that the adsorption
of hydrogen atoms from a gas-phase hydrogen, H2,
changes the surface from hex-R0.7˚ to (1×1).233）In the
case of the EC-STM observation in solution (Fig. 11), the
sample was slowly cooled down under hydrogen after
the annealing. In this way, the surface is expected to
have been slowly flattened to have wide terraces (Fig.
11a) with hydrogen atoms adsorbed on the surface. At a
low electrode potential in solution, the hydrogen atoms
remained attached on the surface, and the (1×1) struc-
ture was observed by EC-STM (Fig. 11b). The hydrogen
adsorption was thus correlated with the phase transition
of the Pt(100) surface by EC-STM.
Now, dynamic approaches are needed to understand
the kinetics of the phase transition. Magnussen and

coworkers have developed a high-speed electrochemical
STM, which allows one to obtain atomic resolution
images at acquisition rates up to 25 images per sec-
ond.234）By using this high-speed STM (video-STM), the
dynamic behavior was observed of five-atom-wide,
hexagonally ordered strings of Au atoms embedded in
the square lattice of the Au(100)-(1×1) surface.229）A
quasi-collective lateral motion of these strings was found
both along the strings and in the direction perpendicular
to them.  The perpendicular motion can be ascribed to
small atomic displacements in the strings induced by
propagating kinks. These defects were also suggested to
provide a mechanism for the exchange of Au atoms
between the two string ends, required for motion in
string direction.
Atomic-scale dynamic processes during Cu(100) disso-
lution/deposition in 0.01 M HCl solutions were also stud-
ied by video-STM.235）Figure 13 shows a sequence of con-
secutive images from a video recorded in a solution con-
taining 2×10−6 M Cu ions. The equilibrium fluctuations

Fig. 10 LEED pattern (a) and STM image (b), and
structural model (c) for Pt(100) reconstructed surface
obtained in vacuum. Hexagon shows (1×1) spots. Reprinted
with permission from Ref. 233, Copyright The
Electrochemical Society (2003).

Fig. 12 STM image of Pt(100) emersed from a 5 mM
H2SO4 at 0.2 V vs. RHE. Reprinted with permission from
Ref. 233, Copyright The Electrochemical Society (2003).

Fig. 11 Large-scale (200 nm×200 nm) (a) and high-
resolution (6 nm×6 nm) (b) in-situ STM images of Pt(100) in
0.1 M HClO4. The sample potential was 0.15 V vs. RHE, and
the tunneling current, 26 nA. Reprinted with permission
from Ref. 232, Copyright American Chemical Society (1998).
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at atomic kinks in the steps on the crystal surface are
directly observed due to the local removal/addition of
atoms. The same anisotropic behavior was also found in
Cu-free electrolytes, caused by the influence of the
ordered (2×2)-Cl adlayer on the kink structure.  In this
way, EC-STM, known as its high spatial-resolution, is
now given a high time-resolution.
To understand the relationship between structures
and reactivities, modifications of single-crystal surfaces
are carried out with the help of EC-STM. Wieckowski
and coworkers have been imitating catalyst surfaces of
fuel cells by depositing additional metals on single-crystal
surfaces, such as, Ru and Os on Au(111) and Pt(111).236,237）

Coverage and morphology of metal islands on Au and Pt
surfaces were directly observed by EC-STM, and reac-
tion mechanisms have been discussed on those model
electrodes.
Electrochemical oxidation of CO is another important
topic, especially in the field of fuel cells. The reaction
mechanism of CO oxidation has been investigated by the
use of EC-STM. Wakisaka et al. reported the structures of
CO adlayers on Pt(100) and discussed the reaction mecha-
nism on the surface.116）Rhee and coworkers have proposed
new adlayer structures of CO on Pt(111) and discussed
the reaction mechanism at the pre-oxidation peak.238）

EC-STM is now considered to be a tool not only for
determining electrode structures but also for analyzing
electrochemical reactions.

5 Real-Time Monitoring of Electrochemical
Surface Reactions and Dynamics by Time-

Resolved SEIRAS

Masatoshi OSAWA

Many in situ surface analytical techniques are now
available as has been described in the previous sections,
but few of them have time resolutions high enough to
monitor fast surface reactions. Infrared spectroscopy is
suited for this purpose. Ito and co-workers156）realized
ms time-resolved IRAS monitoring for the first time and
demonstrated that CO adsorbed on Pt(100) surface
reversibly change its adsorption site within ～100 ms for
a potential step. Nevertheless, the response of the sys-
tem with respect to the externally applied perturbation
is slow in the IRAS setup using a thin solution layer.
Additionally, limited mass transport between the thin
layer and the reservoir makes the detection of reaction
intermediates difficult because reactants are quickly con-
sumed and products are accumulated in the thin
layer.239） SEIRAS in the ATR mode using a
prism/metal/solution configuration is free from such
problems.31,240）Higher sensitivity is an additional advan-
tage of SEIRAS and facilitates time-resolved monitoring
of electrochemical reactions and dynamics simultaneous-
ly with electrochemical measurements.
Electrochemical oscillations are good examples for
demonstrating the necessity of time-resolved monitoring.
As is found in Fig. 14a, oxidation current spontaneously
oscillates during potentiostatic oxidation of formic acid at

Fig. 13 Series of in situ video-STM images (19.0 nm×11.5
nm) recorded on Cu(100) in 0.01 M HCl＋2×10−6 M CuSO4
at −9 mV vs. Cu/Cu(I). Reprinted with permission from Ref.
235, Copyright The Royal Society of Chemistry (2002).

Fig. 14 (a) Current oscillations observed in formic acid
oxidation at a constant potential of 1.1 V (RHE) in 0.5 M
H2SO4＋1 M HCOOH with an external resistor of 30 Ω. (b)
Vibrational frequency of linear CO (COL) and (c) integrated
band intensities of COL and formate taken from a series of
SEIRA spectra acquired simultaneously with the current-
time curve. Reprinted with permission from Ref. 241.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA (2005).
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Pt electrode. SEIRAS observation of the electrode sur-
face with 80-ms time resolution revealed that CO and
formate are adsorbing on the surface and change their
band intensities (i.e., coverages) synchronously with the
current oscillations (Fig. 14c).241）Additionally, the tempo-
ral change of the vibrational frequency of linear CO (Fig.
14b) indicates that the potential at the surface, φ (＝E-
iR) is also synchronously oscillating (red- and blue-shift
correspond to the decrease and increase, respectively, in
φ) apparently due to the change in ohmic drop. The
result was interpreted in terms of the so-called dual
pathways mechanism: Formic acid is oxidized to CO2 via
adsorbed formate (direct pathway) and via adsorbed CO
(indirect pathway).190）Note that the two pathways share
the same surface and are kinetically coupled. CO accu-
mulation at low potentials suppresses the direct path-
way, while CO oxidation at high potentials activates the
direct pathway.  By the interplay with the change in φ,
this cycle repeats itself to give the sustained temporal
current oscillations.  Potential oscillations during galvano-
static formic acid and formaldehyde oxidation are
explained similarly.189,242）

The time-resolution of FT-IR spectroscopy is deter-
mined by the scan rate of the interferometer (typically
20 scans per second in rapid scan mode at the spectral
resolution of 8 cm−1). If the system to be examined is
reversible, time resolution of FT-IR can be extended to
µs by using step scan mode,243）in which time resolution
is limited by that of the A/D converter or the response
of the detector. The redox reaction of heptylviologen,243）

and adsorption/desorption of fumaric acid,244）(bi)sul-
fate,245）and p-nitrobenzoic acid246）in the sub-ms range
were examined by this technique.
Time-resolution achieved by step-scan FT-IR is high
enough for traditional electrochemical approach because
the response of the electrochemical systems is limited to
0.1-1 ms for ordinary electrodes due to the double-layer
charging.  A possible way to circumvent this limitation is
the so-called temperature (T) jump method using visible
or NIR laser pulses.247）Irradiation with a short pulse sud-
denly raises the temperatures of the electrode and the
interface, which spontaneously change the rest potential
(E) of the electrode. Current (or potential) transient
measurements after a short-pulse irradiation have been
used to examine electron transfer kinetics,248）but such
electrochemical monitoring is still limited to the ns-ms
time range due to the time constant of the electrochemi-
cal equipments.
Very recently, this limitation was removed by monitor-
ing the interface with a ps-pulsed IR laser after visible
pump-pulse irradiation.249,250）Thanks to the high sensitivi-
ty of SEIRAS, ps time-resolved IR spectra of CO
adsorbed on a Pt electrode were obtained with S/N good
enough for qualitative analysis of the E-jump induced by
a visible laser pulse.  Open circles in Fig. 15 shows that
the C-O stretch frequency of adsorbed CO is shifted
from 2082 to 2076 cm−1 within 200 ps after a 30-ps visible
pulse irradiation. The shift can be ascribed to the T-
jump of the electrode surface251）(0.05 cm−1 K−1 252）) and
also E-jump (30 cm−1 V−1 253）). The two contributions

were successfully separated by the help of the change in
the background reflectivity of the electrode (triangles)
caused by the heating of the substrate (the increase of
the lattice phonon temperature).251）The shift caused by
the E-jump was estimated to be −5 cm−1 at 200 ps, which
corresponds to a potential shift of −150 mV. The E-jump
occurs by a slight thermal disturbance of water mole-
cules at the interface, and hence it is slightly delayed
due to thermal diffusion from the surface to the solution.
The same system was also examined by ps time-resolved
SFG, in which the shift of the CO vibration was not
observed and instead site conversion of CO from atop
site to bridge site was observed.254）Reason of the differ-
ent results is unknown.
As has been reviewed above, studies using IR spec-

troscopy are shifting from simple molecular adsorption
under potentiostatic conditions to reactions and dynam-
ics.

6 Nonlinear Optical Techniques: SFG/SHG

Shen YE

As described above, structural elucidation and control
on the electrode-solution interface is essential to under-
stand the mechanism of the electrochemical reaction.
Scanning probe microscope (STM and AFM) and SXS
are powerful in situ techniques to probe the surface mor-
phology and structure with an atomic resolution.
Difficulties are, however, often encountered to explain
the physical meaning of the image or adlattice observed
by these methods because they do not always provide
direct structural information of the adsorbates arranged
on the electrode surface. On the other hand, optical
methods such as IR spectroscopy, Raman scattering, sur-
face plasmon resonance (SPR) and ellipsometry, can give
useful information about the molecular identification, ori-

Fig. 15 Temporal profiles of the vibrational frequency of
adsorbed CO (circles) and a reflected IR intensity measured
at 2000 cm−1 (triangles) before and after the irradiation of a
532 nm pump pulse (35 ps, 3 mJ cm−2). The temporal profile
of the laser pulse is indicated by the broken line. Reprinted
with permission from Ref. 249. Copyright The American
Chemical Society (2006).
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entation and conformation on the electrode surfaces.
Most of these optical techniques are, however, not intrin-
sically surface-specific, and hence hard to distinguish the
contribution from the electrode surface and electrolyte
solution.  SERS29）and SEIRAS31）have been used to
detect the surface species but difficulties in sample
preparation and quantitative spectral analysis limit their

application.
As 2nd-order nonlinear optical technique, sum frequen-

cy generation (SFG)255）and second harmonic generation
(SHG)255）are attracting much attention in electrochemi-
cal science due to their high surface selectivity, sensitivi-
ty, and versatile applicability and can provide molecular
and electronic structure information on the electrode
surface with a sensitivity of sub-monolayer level.34-42）

The source of SFG is the non-linear polarization P(2),
induced by two laser beams at frequency ω1 and ω2,
where χ(2) is the 2nd-order susceptibility as a 3rd-rank ten-
sor consisting of 27 (33) elements.255）The tensor element
χijk represents Cartesian component i (i＝ x, y, z) of the
susceptibility induced by Cartesian components j and k
(j, k＝ x, y, z) of the electric field, respectively. Since the
field here is the total field applied (Eω1＋Eω2), it is easy to
know by expanding the above-mentioned equation that
P(2) radiation contains components oscillating at double
(2ω1, 2ω2), sum (ω1＋ω2), difference frequencies (ω1－ω2)
of the two applied fields. The oscillating polarizations
will emit lights at diverse frequencies with intensities
proportional to the square of each P(2). This is the origin
for the 2nd-order nonlinear optical process such as SFG
and SHG where SHG can be regarded as a special case
of SFG when ω1＝ω2. Since χ(2) is invariant in a cen-
trosymmetric material but changes its sign by the inver-
sion operation, χ(2) must be zero in the bulk medium with
inversion symmetry under the electric dipole approxima-
tion. Therefore, P(2) radiation will occur only in non-cen-
trosymmetric materials and at surface or interface
where the bulk symmetry is broken, SFG and SHG can
be used to probe the interfacial properties of the cen-
trosymmetric materials.
Due to its experimental simplicity, SHG system has
been applied in study of the electronic and geometric
structures on the electrode surface by fixing ω in visible
or near IR region34,35）since 1980s while SFG system has
been developed quickly with the progress in the laser
technology in recent years.41）Usually, SFG is used as
vibration spectroscopy where ω1 is fixed in visible, near-
IR or UV region (ωvis) while ω2 is tunable in IR region
(ωIR). As ωIR is equal to local vibration level on the sur-
face, χ(2) is resonantly enhanced and a peak is observed
in the SFG spectrum.  By measuring a SFG spectrum as
a function of wIR, the vibrational modes of the molecules
at the surface / interface can be probed with different
polarization combination of SFG, visible and IR. SFG sig-
nal can be further enhanced when ωvis and/or ωSFG are
also resonant with existing surface states.  Details about
the theory, experimental system and application for

these nonlinear optical techniques have been described
elsewhere.41,258-261）

Since SHG is sensitive to surface symmetry of metal
substrate, it has been successfully employed to study
UPD of metal, anion adsorption and surface reconstruc-
tion on single crystal electrode surface.34,35）Figure 16
shows polar plots of in situ SHG rotational anisotropy
measurement on Au(111) electrode in 0.01 M HClO4 solu-
tion before (left) and after (right) the surface reconstruc-
tion for three different polarization conditions.33）In the
positive potential region (left), the SHG anisotropy pat-
terns exhibit the three-fold rotational axis for all polariza-
tions as expected for Au(111) surface with C3v symme-
try, indicating a well-defined (1×1) structure there.  In
the negative potential region (right), however, the SHG
anisotropy is clearly different from that of C3v symmetry.
Detailed analysis shows the presence of a new Cv sym-
metry on the Au(111) surface, corresponding to a (√3×
23) structure. The reversible transition from C3v to Cv
rotational symmetry from the SHG-anisotropy patterns
with electrode potential is attributed to the lifting and
formation of reconstruction on Au(111) surface.33）The in
situ SHG measurements also confirmed that anion
adsorption can easily lead to the reconstruction on the
Au(111) surface (also see Figs. 1～3 in the present
review).33）

On the other hand, SFG spectroscopy is widely used
to investigate the structure, symmetry, and ordering of
the molecules on the interface which is hard to be
obtained by the conventional vibration spectroscopy.37-42）

Fig. 16 Polar plots of SHG intensity vs. azimuthal angle (φ)
of Au(111) electrode in the positive (left) and negative (right)
potential regions (pzc ＝ 0.27 V vs. SCE), and for p/p, p/s,
and s/s polarization of incident ω- and emitted 2ω-beams.
Electrolyte 0.01 M HClO4. Reprinted with permission from
Ref. 33, Copyright Elsevier Science (1992).
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One of the most successful examples for SFG application
is elucidation for structure of water molecules on the
interface.262,263）Although many theoretical studies about
the structural properties of water molecules on various
interfaces have been carried out, the experimental inves-
tigations on the structure of water have been mainly
done in vapor or bulk aqueous media due to a lack of
effective experimental probes.264）Shen and co-workers
firstly reported the SFG spectra of the water on the
air/water and solid/water interfaces.262,263）A sharp peak
was observed at 3680 cm−1 at water/air interface or
fused quartz surface modified by an octadecyltrichlorosi-
lane (OTS) monolayer, indicating the existence of water
molecules without hydrogen bonding.  In addition to the
free OH group, a broad OH stretching bands of the inter-
facial water molecules can be also found around 3200
cm−1 closely resemble that of a hexagonal ice surface in
air, confirming that interfacial water molecules are
aligned in a well-ordered structure as a result of the
hydrophobic effect. Since the pioneer work, many experi-
mental as well as theoretical researches have been car-
ried out on various water interfaces and largely promote
our understanding on the interfacial water structures
and properties.38,42,265,266）

In addition to the surface selectivity, SFG spec-
troscopy shows several unique features in comparison
with IR and Raman spectroscopy. As an example, Fig.
17 shows in situ SFG study for reconstruction process of
fatty acid bilayer, which is a model system for biomem-
brane, on solid surface in solution.256,257,267,268）Since bilayer
structure has a centrosymmetry which is SFG-inactive,
and hence an asymmetric bilayer system are prepared
by successively depositing deuterated (D) layer and reg-

ular fatty acid (H) layer (i.e., DH or HD bilayer) to make
it SFG-active. Figure 17a exhibits in situ time-resolved
SFG spectra in the C-H stretching region for a DH bilay-
er in a 0.3 mM NaHCO3 containing 0.2 mM Cd2+. Two
intense peaks around 2875 and 2940 cm−1 soon after
setup, which can be assigned to symmetric and Fermi-
resonance C-H stretching modes of the terminal CH3
group in the H layer while no peak from CH2 groups can
be observed. Since CH2 groups become SFG-inactive if
the alkyl chains of the fatty acid molecules align in an
all-trans conformation, this result implies that a well-
ordered H layer was constructed here. It is interesting to
note that these two SFG peaks became weaker with the
immersion process in the solution (Fig. 17a). After 5
hr. immersion, the peak intensities decreased to ca. one
third of its original values, suggesting that the structure
of the top layer (H) of the DH bilayer significantly
changed during the immersion process in the solution.
In order to understand the reason for the structural
change, SFG experiment was carried out for the DH
bilayer in the same solution but without Cd2+ (Fig. 17b).
In this case, in addition to the strong peaks from CH3
groups, one may see some weak CH2 bands around 2850
and 2920 cm−1 after bilayer preparation, which may be
related to a slightly higher density of gauche defects in
the bilayer when Cd2+ is not included in solution, the
SFG spectrum is generally similar to that in Fig. 17a-(i).
It is mostly important issue to note that the intensities of
the SFG peaks from CH3 group are almost constant after
long term immersion in the solution (Fig. 17b) which is
completely different from those observed in a solution
with Cd2+. This feature can be attributed to a structural
change on the surface of the fatty acid bilayer induced
by the metal cation Cd2+. Due to the strong electrostatic
interaction between the carboxylate group with Cd2+,
part of the topmost-layer molecules are flipped over to
the top of the bilayer gradually forming a new bilayer
structure.267）This process will decrease the symmetry of
the original DH bilayer and therefore, SFG signals

Fig. 17 In situ SFG spectra of LB bilayer of deuterated (D)
and regular (H) stearic acid on a fused quartz surface in 0.3
mM NaHCO3 with (a) 0.2 mM Cd2+ and (b) 0 mM Cd2+ for
various immersion times. The polarization combination is s-
SFG, s-Vis, p-IR (ssp). Reprinted with permission from Ref.
267, Copyright American Chemical Society (2004).

Fig. 18 In situ sum-frequency generation (SFG) spectra of
the tri-ruthenium complex SAM on gold electrode surface
in 0.1 M HClO4 in the frequency region of the νas(OCO)
vibration at +0.3 V and +0.9 V (vs. SCE), respectively. Each
SFG spectrum is co-added over 100 s. Reprinted with
permission from Ref. 269, Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. (2005).
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decreases with immersion (Fig. 17a). Absence of these
changes in the SFG spectra in a solution without Cd2+

confirms the influence of the metal cation in solution
(Fig. 17b). These structural changes on the surface of
fatty acid bilayer can be only sensitively detected by in
situ SFG measurement in comparison with other conven-
tion spectroscopy methods such as IR and Raman.
SFG spectroscopy has been applied as an effective
method to study the structure on the electrode and solu-
tion interface from early stage of SFG development. The
conventional in situ IR measurement has a number of
disadvantages in electrochemical environment.41）First, as
the species interested exist both in solution and on elec-
trode surface, it is hard to completely distinguish their
contribution to IR spectra due to the low surface selec-
tivity of the method; Second, all in situ IR spectra on the
electrochemical interface are differential spectra which
always need a reference spectrum recorded on different
potential or under different conditions. It is almost
impossible to get absolute structural information from
the IR spectra if one does not know the exact structural
information in the reference spectra. In fact, such kind
of information is not available for most cases on the
interface between electrode and solution. Shape and
intensity of IR spectra can heavily affected by selection
of reference spectrum and explanation will greatly
change if the explanation for the reference spectrum is
changed. Third, it is hard to investigate the fast reaction
dynamics on the electrode surface using FTIR spectrom-
eter due to its time resolution but will be easier for SFG
spectroscopy using ultra-short laser pulses.254）In these
aspects, SFG demonstrates its advantage to the IR spec-
tra due its unique feature of nonlinear optical spec-
troscopy.
SFG measurement directly provides an absolute vibra-
tion spectrum since it does not require a reference spec-
trum (one needs to measure a standard spectrum in SFG
measurement to normalize beam overlap and spectral
profile but it has different meaning with reference spec-
trum for in situ IR measurement). Sasaki and his co-
workers investigated a self-assembled monolayer (SAM)
of an oxo-centered tri-ruthenium cluster [Ru3(µ3-O) (µ-
CH3COO)6(CO)(L1)(L2)] (L1＝[(NC5H4)CH2NHC(O) (CH2)10S-]2,
L2＝4-methylpyridine) on gold electrode surface by in
situ IR measurement.269）The in situ IR characterization
gives valuable information for CO ligand the cluster dur-
ing the potential-dependent ligand exchange reaction
where the IR frequency and peak shape for CO-ligand
largely change with potential and it is easy to distinguish
the contribution from sample and reference spectra.
However, the analysis is facing a difficulty to understand
the potential dependence of six acetate groups in the
cluster.  The symmetric and asymmetric OCO stretching
modes change with oxidation states of central Ru ions in
quite complicated way. It is almost impossible to sepa-
rate the spectral contribution from sample and reference
IR spectra in comparison with CO ligand.  Thus, in situ
SFG measurements were carried out to determine the
absolute spectra for the acetate group in the SAM.
Figure. 18 shows SFG spectra (1700～1500 cm−1) for one-

electron redox process between [(RuII－CO)RuIIIRuIII]0

(+0.3 V) and [(RuIII－CO)RuIIIRuIII]+1 (+0.9 V). The SFG
spectrum of the νas(OCO) at +0.3 V gives two peaks at
1615 and 1573 cm−1. As the potential is stepped to +0.9 V,
the peak at 1615 cm−1 decreases to nearly half intensity
and the peak at 1573 cm−1 almost disappears.  Based on
the spectral changes here, we can quantitatively explain
the in situ IR spectra namely one of νas(OCO) modes
becomes weaker and another one disappears after one-
electron oxidation at +0.9 V.269）

As a typical application of in situ SFG measurement on
electrode and solution interface, Fig. 19 shows in situ
SFG spectra reported by Gewirth et al. for adsorption of
benzotriazole (BTAH) on Cu(100) and Cu(111) electrode
surface in acidic solution, which has been used as copper
corrosion inhibitor.270）Even 75 mM BTAH molecules are
included in the solution, potential-dependent SFG mea-
surement can distinguish surface adsorbed species form
solution species and exhibits that BTAH is adsorbed
because the adsorbed molecule is the benzotriazole anion
(BTA−) at all potentials investigated. It is found that an
ordered BTA− adlayer is formed on Cu(100) than
Cu(111), especially on the negative potential region.
Based on the information, they proposed BTA− coordi-
nated to the surface and Cu+ ions in solution. This infor-
mation is expected to understand the difference in the
corrosion inhibition for two copper surfaces.270）

It should be mentioned here, however, although SFG
measurements have been applied in many electrochemi-
cal systems such as adsorption of CO, CN−, SCN−, H and
water molecules on various electrode surfaces,39-41）most
of these studies, for example, CO adsorption, can be also
obtained by in situ IR measurement using commercially
available FTIR spectrometer. The SFG measurements
fully utilizing its superior advantages are still very limit-
ed. One of technical problems is that in situ SFG mea-
surements are still using a spectroscopic cell with thin-
layer geometry similar to that used in situ IR measure-
ment. This structure can largely affect the mass trans-
port and potential distribution in the thin layer and can
generate a serious problem for a long term experi-

Fig. 19 Potential-dependent SFG spectrum obtained from
(a) Cu(100) and (b) Cu(111) electrode in 0.1 M H2SO4 and 75
mM BTAH solution at the indicated potentials in the anodic
scan. Arrows indicate scan direction. The spectra are offset
for clarity. Reprinted with permission from Ref. 270,
Copyright American Chemical Society (2004).
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ment.271-273）On the other hand, the thin-layer structure of
electrolyte solution can strongly absorb IR light and will
make a difficulty to study the structure of the water
molecules on the electrode surface.274）Total internal
reflection mode with Kretschmann geometry may be one
promising way to overcome the problem.
Although many issues need to be improved, we
believe that SFG and SHG techniques will provide us
valuable structural information on the electrode surface
which is impossible to be obtained by conventional spec-
troscopy methods.

7 Summary & Outlook
In this review, we summarized recent advances in in

situ surface characterization techniques combined with
single crystal electrochemistry.  The understanding of
electrolyte-electrode interface at atomic and/or molecu-
lar level has made considerable progress by the use of
those in situ techniques in the past decade, and the
results have provided many knowledge for various elec-
trode reaction processes and new surface design.  In the
near future, for example, to precisely understand various
electrode reaction processes in room temperature ionic
liquids (RTILs) which are promising electrolyte for the
control of various electrochemical reaction on electrode
surfaces275）at atomic and/or molecular level, in situ tech-
niques will provide us new information.  Surface electro-
chemistry using single crystal electrodes will play an
important role in the understanding of electrochemical
reaction process.
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