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Abstract The changes in surface stress of the evaporated
gold electrode (mainly oriented to the (111) plane) during
underpotential deposition (UPD) of copper in 0.1 M sulfuric
acid medium or 0.1 M perchloric acid medium with and
without sulfate or chloride were measured using a bending
beam method. The surface stress maximum of gold electrode
appeared during Cu-UPD. The co-adsorption of (bi)sulfate
or chloride ions with copper atoms induced the compressive
surface stress to promote the Cu-UPD. The factors influenc-
ing the surface stress or surface elastic strain were discussed
in relation to the Cu-UPD structure.

Keywords Surface stress . Underpotential deposition of
copper . Gold electrode . Co-adsorption of anions .

Bending beammethod

Introduction

Underpotential deposition (UPD) of foreign metal atoms on
a noble metal electrode is one of the most interesting
subjects from the viewpoint of surface energetics, as the
structural changes of an adlayer for many UPD systems [1]
take place spontaneously towards the more energetically
stable direction. In a solid metal electrode subjected to an
elastic deformation, the surface stress g or surface elastic

strain ɛ is an important parameter of surface energetics. The
other surface energetic parameter is the surface tension γ
for a liquid metal electrode such as mercury subjected to a
plastic deformation.

In the case where a solid metal electrode is isotropic, g
and ɛ become scalar, and the following Shuttleworth
equation [2] holds between two surface energetic parame-
ters, g and γ.

g ¼ γ þ @γ=@ε ð1Þ
Moreover, the Gibbs adsorption isotherm for an isotropic

solid electrode is given by

dγ ¼ �qmdE �
X

i

Γidμi þ g � γð Þdε; ð2Þ

where qm is the surface charge density of the electrode; E
the electrode potential; Γi the surface excess of ith species;
and μi the chemical potential of ith species. Lipkowski et al.
[3] have shown that the term (g − γ) dɛ/dE is negligibly
small. Láng and Heusler [4, 5] and Gutman [6], however,
claimed that the validity of Eq. 2 was questioned because of
a mathematical incorrectness in its derivation. Seo et al. [7,
8] found from the measurement of changes in surface stress
that the difference between ∂g/∂E and ∂γ/∂E is significantly
large in the cases where iodide ions are adsorbed on gold
and hydroxide ions are adsorbed on platinum, accompa-
nying a charge transfer. Friesen et al. [9] measured the
changes in surface stress for the UPD systems such as Pb2+/
Au(111) and emphasized that the changes in surface stress
include the differences in intrinsic surface stress and in
interface stress between adlayer and substrate and the
coherency surface stress. Friesen et al. [9] eventually
determined the compressive interface stress for the incom-
mensurate Pb/Au (111) interface to be 1.76 J m−2 from the
surface X-ray scattering (SXS) results of Pb-UPD layer by
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Toney et al. [10]. The value of the compressive interface
stress for the incommensurate Pb/Au(111) interface was
consistent with that obtained from the measurement of
changes in surface stress by Seo et al. [11].

Shi et al. [12–16] obtained thermodynamically the
surface excess of each component from the chronocoulo-
metrical studies of Au(111) electrode during Cu-UPD in
perchlorate solutions containing Cu2+ and SO2�

4 or Cl− and
indicated that the co-adsorption of Cu atoms and SO2�

4 or
Cl− proceeds on Au (111) electrode surface. Moreover,
scanning tunneling microscopy (STM) [17–19], SXS [20],
and surface extended X-ray absorption fine structure
(SEXAFS) [21–23] studies showed that the Cu-UPD
structures on Au (111) were different in the presence of
SO2�

4 and Cl−. Trimble et al. [24] have recently claimed
that the driving force for the reconstruction of fcc (111)
metal surfaces is associated with the difference between g
and γ, i.e., the quantity of (g − γ) which involves the term
of surface elastic strain as seen from Eq. 2.

The surface strain induced by co-adsorption of electro-
lyte anions would influence the Cu-UPD structure on Au
(111) electrode. The measurement of surface tension by
chronocoulometry is unable to provide any information of
surface strain. In contrast, the information of surface strain
may be obtained from the measurement of surface stress. In
this study, the changes in surface stress of Au (111)
electrode during Cu-UPD process were measured by using
a bending beam method to understand the role of surface
strain in UPD structure depending on co-adsorption of
SO2�

4 and Cl−.

Experimental

Bending beam method

The changes in surface stress Δg for a thin metal film on
one side of a glass plate in contact with the solution were
measured from the changes in curvature of the plate. If the
thickness of the film tf is sufficiently less than the thickness
of the plate ts, Δg can be obtained by using Stoney’s
equation [25]

Δg ¼ Est
2
s

�
6 1� υsð Þ� �

Δ 1=Rð Þ; ð3Þ
where Es, νs, and R are the Young’s modulus, the Poisson’s
ratio, and the curvature radius of the plate, respectively. In
derivation of Eq. 3, it is assumed that Δg= tfΔσf where Δσf
is the change of the film stress. The values of Δ(1/R) can be
calculated from the changes Δθ of the deflection angle θ of
a laser beam mirrored by the metal layer on the plate. If a
laser beam is irradiated perpendicular to the plate with a
thin metal layer which is placed vertically into an
electrochemical cell with an optical window, the following

approximate equation can be derived for large R and L and
small θ.

Δ 1=Rð Þ � Δθ=2L; ð4Þ
where L is the distance between the solution level in the cell
and the reflection point of the laser beam on the glass plate.
The set-up of the bending beam method used in this study
is shown in Fig. 1 [7, 26–28]. The reflected laser beam is
directed toward a position-sensitive photodetector (PSD)
located at a distance of W from the glass plate. The changes
Δa in position of the reflected beam on PSD due to
bending of the glass plate can be calibrated from the
changes in dc output signals of the PSD. Moreover, the
approximate relation between Δθ and Δa can be derived
from the geometry shown in Fig. 1.

Δθ � Δa=nsW ; ð5Þ
where ns is the refractive index of the solution. As the laser
beam is reflected inside the solution and the deflection is
measured in air outside the cell, ns has to be taken into con-
sideration [26, 29]. Consequently, the following relation can
be obtained with good approximation from Eqs. 3, 4, and 5.

Δg � Est
2
s

�
6 1� νsð Þ� �

Δa=2nSLWð Þ: ð6Þ

As the actual values of Es, ts, νs, ns, L, and W are known,
Δg can be calculated by determining experimentally Δa.

Preparation of working electrode and electrolytes

The working electrode was prepared by evaporating a
220 nm thick gold layer on a very thin titanium layer
evaporated onto one side of a glass plate (thickness ts=
150 μm; width ws=5.0 mm; total length ls=60 mm; Young’s
modulus Es=70.9 GPa; Poisson’s ratio νs=0.23). It was
confirmed by a thin film X-ray diffraction that the evaporated
gold layer was mainly oriented to the (111) plane. The
electrolytes used in this experiment were the following
solutions: (a) 0.1 M H2SO4, (b) 0.1 M H2SO4+10

−3 M
CuSO4, (c) 0.1 M HClO4+10

−3 M Cu(ClO4)2+10
−3 M KC

lO4, (d) 0.1 M HClO4+10
−3 M Cu(ClO4)2+10

−3 M K2

SO4, and (e) 0.1 M HClO4+10
−3 M Cu(ClO4)2+10

−3 M
KCl. The electrolytes (a) and (b) were chosen, as the Cu-
UPD structures on Au(111) in sulfuric acid media were
well investigated by STM, SXS and etc., whereas the
electrolytes (c), (d), and (e) were chosen to investigate
the effects of co-adsorbed anions on surface stress or
surface strain associated with Cu-UPD structures. These
electrolytes were prepared from guaranteed reagent grade
chemicals with ultrapure water supplied through a super
Millipore Milli Q filter system. Before introduction to the
electrochemical cell, the electrolytes were deaerated with
ultrapure argon gas in solution reservoirs.
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Measurements of cyclic voltammogram and changes
in surface stress

A gold plate was used as the counter electrode. The
electrode potential was measured with an Ag/AgCl elec-
trode in a saturated KCl solution and converted to the
standard hydrogen electrode (SHE) scale. The cyclic
voltammogram (CV) was measured at a potential sweep
rate of 5 mV s−1 in the potential range between 0.80 and
0.25 V (SHE). The anodic potential limit was chosen at
0.8 V (SHE) to avoid the onset of the surface oxygenation
reaction on gold, whereas the cathodic potential limit was
chosen at 0.25 V (SHE), corresponding to the equilibrium
potential of Cu/Cu2+ (10−3 M).

For measurement of the changes in surface stress, He–Ne
laser was used, and PSD (Hamamatsu S1300) was located at
a distance of W=60 cm from the working electrode. The
distance between the solution level in the cell and reflection
point of the laser beam on the glass plate was L=40 mm.
The changes in current and dc output signals of the PSD
were measured simultaneously as a function of electrode
potential or time and recorded on a personal computer. The
temperature of solution in the cell was kept at 25 °C. The

same value of refractive index ns=1.34 was used for all the
electrolytes used in this experiment, as the value of ns for
0.1 M electrolyte did not depend on its composition
(perchloric acid or sulfuric acid).

Results and discussion

Changes in surface stress during Cu-UPD in sulfuric acid
medium

Figure 2 shows the CVs and surface stress Δg vs electrode
potential E curves in the electrolytes (a) dotted line and (b)
solid line. The CV in the electrolyte b has the typical
cathodic (A1 and A2) and anodic (D1 and D2) peaks, the
potential positions of which are consistent with those
observed so far for the Cu-UPD on Au (111) electrode in
sulfuric acid media [18, 30]. Two pairs of peaks (A1/D1 and
A2/D2) are associated with two different adsorption and
desorption processes of Cu atoms. For the Δg vs E curves
in the electrolytes (a) and (b), it is noted that the standard
point of Δg=0 was taken at 0.80 V (SHE), as the adsorption
of Cu atoms would not proceed at 0.80 V (SHE) in the

Fig. 1 Scheme of the bending
beam set-up. Δθ change in the
deflection angle θ of the He–Ne
laser beam mirrored by the
metal layer on the plate; L
distance between the solution
level in the cell and the reflec-
tion point of the laser beam on
the glass plate; W distance be-
tween the glass plate and the
position sensitive photo detector
(PSD); Δa change in position of
the reflected beam on PSD due
to bending of the glass plate
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electrolyte (b), whereas the adsorption of SO2�
4 would

proceed to the same extent in both electrolytes (a) and (b). It
is also noted that the increase and decrease in Δg mean the
changes in surface stress to the tensile and compressive
directions, respectively. TheΔg vs E curve in the electrolyte,
although some hysteresis is present, has the maxima of Δg
at 0.44 V (SHE) in the cathodic potential sweep and at
0.47 V (SHE) in the anodic potential sweep, which
correspond to the A1 cathodic and D1 anodic peaks,
respectively, in the CV. Moreover, the Δg vs E curve has
the bending points at 0.28 V (SHE) in the cathodic potential
sweep and at 0.33 V (SHE) in the anodic potential sweep,
which correspond to the A2 cathodic and D2 anodic peaks,
respectively, in the CV.

In contrast, the Δg vs E curve in the electrolyte (a) has
no maxima of Δg and no bending points, that is, Δg
increases and decreases monotonously with cathodic and
anodic potential sweeps, respectively. It is seen from
comparison of the CVs between electrolytes (a) and (b)
that the Cu-UPD starts at 0.60 V (SHE) in the cathodic
potential sweep. The surface stress still changes to the

tensile direction, i.e., Δ(Δg)>0 during cathodic potential
sweep from 0.60 to 0.44 V (SHE) where the Cu-UPD
proceeds. In spite of that, the Cu-UPD proceeds in the
potential region between 0.60 and 0.44 V, the atomic force
microscopy (AFM) image lacked in atomic resolution [18],
indicating that the Cu adatoms are mobile and randomly
deposited on the electrode surface together with some (bi)
sulfate anions [1]. After the A1 peak in the cathodic
potential sweep, the surface stress changes to the compres-
sive direction, i.e., Δ(Δg)<0. The STM images [18, 30,
31] showed that the Cu-UPD layer formed at 0.40 V (SHE)
in the potential region between A1 and A2 peaks has a
honeycomb

ffiffiffi
3

p � ffiffiffi
3

p� �
R30� structure with (bi) sulfate ions

occupying the centers of the honeycomb, which was
confirmed by SXS [20] and SEXAFS [32] and was also
supported by electrochemical quartz crystal microbalance
[33, 34]. The slope of the Δg vs E curve in the electrolyte
(b) rises sharply to the compressive direction after the A2

peak in the cathodic potential sweep. The STM [31] and
AFM [35, 36] images showed that the Cu-UPD layer
formed on Au (111) after the A2 peak had a Cu-(1×1)
commensurate structure. Moreover, the SEXAFS [21, 22]
revealed that (bi) sulfate ions are adsorbed on top of the Cu-
(1×1) monolayer. The cathodic charge density Δqc calculat-
ed between 0.60 and 0.25 V (SHE) in the cathodic potential
sweep from the CV for the electrolyte (b) is about 4.9 C m−2,
which is close to 4.4 C m−2 [1] necessary for the deposition
of a fully discharged monolayer of copper if the surface
roughness of Au electrode r=1.1 is taken into account.

As seen from Fig. 2, the difference in Δg between
electrolytes (b) and (a) is −1.1 J m−2 at the cathodic
potential limit of 0.25 V (SHE) corresponding to the
formation of Cu-(1×1) monolayer. Trimble et al. [37],
using a bending beam method, measured the changes in
surface stress of Au (111) electrode in acidic sodium sulfate
(pH 2) electrolytes with and without 10−3 M Cu2+, and they
reported that the difference in Δg between the electrolytes
with and without Cu2+ was −0.6 J m−2 at the potential
corresponding to the formation of Cu-(1×1) monolayer,
which is about 0.5 times as much as that (−1.1 J m−2)
obtained by the present study. On the other hand, according
to the Δg vs E curves measured by Kongstein et al. [38] for
the Au (111) electrode in 0.1 M sulfuric acid solutions with
and without 10−2 M Cu2+, the difference in Δg between the
electrolytes with and without Cu2+ is about −1.0 J m−2 at
the potential corresponding to the formation of Cu-(1×1)
monolayer, which is close to that obtained by the present
study. These discrepancies between the Δg vs E curves
measured by Trimble et al. [37], Kongstein et al. [38], and
ours may result from the differences in preparation of
working electrode, solution pH, cation species in solution,
potential sweep rate, and anodic potential limit, although
the reasons are not clear.

Fig. 2 a Cyclic voltammograms and b Δg vs E curves obtained at a
potential sweep rate of 5 mV s−1 in the potential range between 0.80
and 0.25 V (SHE) for the evaporated gold electrode (mainly oriented
to the (111) plane) in the electrolytes (a) 0.1 M H2SO4 (dotted line)
and (b) 0.1 M H2SO4+10

−3 M CuSO4 (solid line)
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Changes in surface stress during Cu-UPD in perchloric acid
medium containing sulfate or chloride

Figures 3, 4, and 5 show the CVs and Δg vs E curves in the
electrolytes (c), (d), and (e), respectively. The cathodic
charge density Δqc calculated between 0.60 and 0.25 V
(SHE) in the cathodic potential sweep from the CVof Fig. 3
is about 2.4 C m−2, which is only less than 50% of those
calculated from the CVs of Figs. 4 and 5, indicating that
Cu-UPD does not proceed sufficiently up to the cathodic
potential limit of 0.25 V (SHE) in perchloric acid medium
without sulfate or chloride. The shape of the CV in Fig. 3 is
similar to that of the CV obtained for the Cu-UPD on Au
(111) in 0.1 M HClO4+10

−2 M Cu(ClO4)2 solution by
Hotlos et al. [19] who indicated that the broad cathodic and
anodic peaks in the CV are associated with trace amounts of
Cl− ions (ca. 10−6 M) contained in the electrolyte as impurity.
This means that perchlorate ions suppress the Cu-UPD on
Au (111). The cathodic and anodic current peaks in the CV
(Fig. 4) for the electrolyte (d) are not sharp as compared with
those in the CV (Fig. 2) for the electrolyte (b), which may be

caused by the presence of a large majority of perchlorate ions
in the electrolyte (d). The Δg vs E curves, as well as the
CVs, reflect sensitively the difference in Cu-UPD process
between electrolytes (c), (d), and (e). For the electrolyte (c),
the maxima of Δg are observed at 0.40 V (SHE) in the
cathodic potential sweep and at 0.45 V (SHE) in the anodic
potential sweep. The change in Δg from 0.40 to 0.25 V
(SHE) in the cathodic potential sweep isΔ(Δg)=−0.17 J m−2.
The STM images [19] of Au (111) in 0.1 M HClO4+
0.01 M Cu(ClO4)2 containing small amounts of Cl− ions
(≦10−6 M)showed a “(5×5)” structure in the potential range
between 0.60 and 0.40 V (SHE) and a (2×2) superstructure
at potentials negative of 0.40 V (SHE). Careful measure-
ments [19] indicated that the “(5×5)” structure is not a real
(5×5), but an incommensurate, structure between (4×4)
and (5×5).

For the electrolyte (d), the maxima of Δg emerge at
0.45 V (SHE) in the cathodic potential sweep and at 0.46 V
(SHE) in the anodic potential sweep. The change in Δg
from 0.45 to 0.25 V (SHE) in the cathodic potential sweep
is Δ(Δg)=−0.80 J m−2. Shi and Lipkowski [12, 13], using

Fig. 3 a Cyclic voltammogram and b Δg vs E curve obtained at a
potential sweep rate of 5 mV s−1 in the potential range between 0.80
and 0.25 V (SHE) for the evaporated gold electrode (mainly oriented
to the (111) plane) in the electrolyte (c) 0.1 M HClO4+10

−3 M Cu
(ClO4)2+10

−3 M KClO4

Fig. 4 a Cyclic voltammogram and b Δg vs E curve obtained at a
potential sweep rate of 5 mV s−1 in the potential range between 0.80
and 0.25 V (SHE) for the evaporated gold electrode (mainly oriented
to the (111) plane) in the electrolyte (d) 0.1 M HClO4+10

−3 M Cu
(ClO4)2+10

−3 M K2SO4
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chronocoulometry, obtained the changes in surface tension
Δγ vs electrode potential E curve for the Au (111)
electrode in the electrolyte, the composition of which is
almost the same as that of the electrolyte (d), and they
found the maximum of Δγ at 0.45 V (SHE). It should be
remarkable that both Δg and Δγ take the maxima at the
same potential of 0.45 V (SHE); in spite of that, the
potential at the maximum of Δg does not always coincide
with that at the maximum of Δγ as seen from Eq. 1. The
derivative of Eq. 1 with E is given by

@g=@E ¼ @γ=@E þ @2γ
�
@ε@E ¼ �qm � @qm=@ε: ð7Þ

The coincidence between the potentials at the maxima of
Δg and Δγ, therefore, means that the term of �@qm=@" is
close to zero. In the Δγ vs E curve [12, 13], the change in
Δγ from 0.45 to 0.25 V (SHE) was Δ(Δγ)=−0.50 J m−2.
The difference between Δ(Δg)=−0.80 J m−2 and Δ(Δγ)=
−0.50 J m−2 may result from the term associated with
surface elastic strain, as surface tension cannot provide any
information of surface elastic strain. There have been no

studies for Cu-UPD structures on Au (111) in the
electrolyte (d) or perchloric acid medium containing small
amounts of sulfate (10−4 to 10−2 M). Nevertheless, the
similarity in the shape of Δg vs E curve between electro-
lytes (b) and (d) suggests that the Cu-UPD layer in the
electrolyte (d) has a honeycomb

ffiffiffi
3

p � ffiffiffi
3

p� �
R30� structure

in the potential range between 0.45 and 0.30 V (SHE) and a
Cu-(1×1) structure at the cathodic potential limit of 0.25 V
(SHE). The structural change from the honeycombffiffiffi

3
p � ffiffiffi

3
p� �

R30� to the Cu-(1×1) in the potential range
between 0.45 and 0.25 V (SHE) may alter the surface
elastic strain to bring the difference between Δ(Δg) and
Δ(Δγ).

For the electrolyte (e), the CV has two cathodic peaks at
0.52 and 0.27 V (SHE) in the cathodic potential sweep and
two anodic peaks at 0.53 and 0.28 V (SHE), which is
consistent with the CV [19] obtained for the Au (111)
electrode in 0.1 M HClO4+0.01 M Cu(ClO4)2 containing
10−4 M Cl− ions. In the corresponding Δg vs E curve, the
maxima of Δg appear at 0.50 V (SHE) in the cathodic
potential sweep and at 0.53 V (SHE) in the anodic potential
sweep. The change in Δg from 0.50 to 0.25 V (SHE) in the
cathodic potential sweep is Δ(Δg)=−0.72 J m−2. Shi et al.
[16], using chronocoulometry, obtained theΔγ vs E curve for
the Au (111) electrode in 0.1 M KClO4+10

−3 M HClO4+
10−3 M Cu (ClO4)2+10

−3 M KCl solution, the pH of which is
higher by two than that of the electrolyte (e), although the
perchlorate and chloride concentrations are the same as
those of the electrolyte (e). In the Δγ vs E curve [16], Δγ
took a maximum at 0.50 V (SHE), and the change in
Δγ from 0.50 to 0.25 V (SHE) was Δ(Δγ)=−0.70 J m−2.
The coincidence between the potentials at the maxima of
Δg and Δγ was observed in the electrolyte (e) as well as in
the electrolyte (d). In contrast to the electrolyte (d), the
value of Δ(Δg)=−0.72 J m−2 obtained by the present study
in the electrolyte (e) deviates only slightly from that of
Δ(Δγ)=−0.70 J m−2, which means that the surface elastic
strain does not change significantly in the above potential
range. The STM images [19] of Au (111) in 0.1 M HClO4+
0.01 M Cu(ClO4)2 containing 10−4 M Cl− ions showed that
the “(5×5)” phase was stable in the entire Cu-UPD
potential range up to the onset of Cu bulk deposition. No
significant potential dependence of surface strain may come
from the stability of the “(5×5)” structure in the entire Cu-
UPD potential range. The chronocuolometric results [15]
indicated that the ratio of copper to chloride in the adlayer
for the “(5×5)” structure was equal to unity. This means
that the adlayer consists of a bilayer structure in which
chloride is adsorbed on the copper. It has been reported that
a CuCl surface layer is formed on Cu via Cu+ in the
electrolytes containing Cu2+ and Cl− [39–41].

The two alternative models [19] were proposed for the
“(5×5)” bilayer structure. In the first model, both the Cu as

Fig. 5 a Cyclic voltammogram and b Δg vs E curve obtained at a
potential sweep rate of 5 mV s−1 in the potential range between 0.80
and 0.25 V (SHE) for the evaporated gold electrode (mainly oriented
to the (111) plane) in the electrolyte (e) 0.1 M HClO4+10

−3 M Cu
(ClO4)2+10

−3 M KCl
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well the Cl− adsorbate form a “(5×5)” lattice on the Au
substrate in which each Cl− is adsorbed in a hollow site
between three Cu adatoms with Cu–Cu and Cl–Cl spacings,
respectively, of 0.367 nm. In contrast, in the second model,
the bilayer consists of a pseudomorphic Cu (1×1) adlayer
(Cu–Cu spacing, 0.288 nm) with a closed packed “(5×5)”
Cl− layer on top. In the first model, the structural arrangement
and the nearest neighbor distances are very similar to that in
the (111) plane of solid CuCl with a zincblende lattice, where
the ions are hexagonally arranged with a distance of 0.382 nm
between neighboring Cu+ or Cl− ions. The SEXAFS study
[23] of Cu-UPD on Au (111) indicated that the copper
adatoms are packed in registry with the top layer of chloride
ions and supported the first model.

Factors influencing the changes in surface stress
during Cu-UPD on Au(111)

Two important factors influencing the changes in surface
stress of a solid metal electrode would be the changes in
bond charge density of the electrode surface atoms and the
atomic configuration of the surface adlayer. Ibach [42, 43]
has explained the changes in surface stress in terms of the
changes in bond charge density of the electrode surface
atoms. It is known that a clean metal surface generates
usually a tensile surface stress. According to Ibach [42, 43],
on a clean metal surface, the bond charge in the missing
bonds is redistributed to strengthen the backbonds, on the
one hand, and to reduce the bond length between the
surface atoms on the other hand, thereby generating a
tensile surface stress at the surface. Moreover, the adsorp-
tion of electronegative atoms on the surface removes charge
between the surface atoms and causes a compressive
surface stress. In contrast, if adsorbate atoms are electron
donors, the charge density between the surface bonds
should be enhanced, thereby increasing the tensile stress.
Electrolyte anions such as ClO�

4 , SO2�
4 , and Cl− are

electronegative species. Haiss et al. [44] reported that the
surface stress of Au (111) in acidic electrolytes containing
various anions increases to the compressive direction as the
surface coverage of anions increases.

The explanation by Ibach [42, 43] may be applicable to
the changes in surface stress during Cu-UPD on Au (111).
In the cathodic potential sweep from 0.80 V (SHE), the
desorption of electrolyte anions proceeds predominantly
before the onset of Cu-UPD, thereby, the surface stress
changes to the tensile direction. The adsorption of Cu atoms
should cause a compressive surface stress due to the
formation of Cu-Au bond. However, the surface stress still
changes to the tensile direction up to the potential
corresponding to the maximum of Δg, in spite of that Cu-
UPD proceeds. In the potential range from the onset of Cu-

UPD to the maximum of Δg, it seems that the tensile
surface stress due to desorption of electrolyte anions
overcomes the compressive surface stress due to adsorption
of Cu atoms. It has been reported [12, 13, 16] that co-
adsorption of (bi) sulfate or chloride ions with Cu atoms
takes place at the potential more negative than that at the
maximum of Δg. Therefore, the surface stress changes to
the compressive direction. In addition to the redistribution
of bond charge between surface atoms, the term of surface
elastic strain associated with atomic configuration of the
Cu-UPD has to be taken into consideration to explain the
changes in surface stress. In sulfuric acid, a pseudomorphic
Cu-(1×1) monolayer is formed on Au (111) at the cathodic
limit of 0.25 V (SHE) [31, 35, 36]. As the lattice constant
(aCu=0.3615 nm) of Cu is less than that (aAu=0.4079 nm)
of Au, the pseudomorphic Cu-(1×1) monolayer on Au
(111) has the misfit of +12.8%, which would provide the
changes in surface stress to the tensile direction. The
molecular dynamic simulations [37] indicated that the change
in surface stress to the tensile direction due to biaxial
stretching of a Cu (111) slab by 12.8% is 2.78 J m−2. It is
known that a

ffiffiffi
3

p � ffiffiffi
7

p
adlayer is formed for adsorption of

(bi) sulfate ions on Cu(111) [45] as well as Au (111) [46].
The formation of

ffiffiffi
3

p � ffiffiffi
7

p
adlayer on Cu (111) expands the

top copper layer by 4% [1, 45]. The (bi) sulfate ion-induced
expansion for the Cu monolayer on Au (111) reduces the
misfit and the changes in surface stress to the tensile
direction. Trimble et al. [37] pointed out that the changes
in surface stress to the tensile direction decrease by 1.71 J
m−2 due to co-adsorption of (bi) sulfate ions. As Trimble et
al. [37] emphasized, the lattice expansion due to co-
adsorption of (bi) sulfate ions would contribute to the net
changes in surface stress to the compressive direction for the
pseudomorphic Cu-(1×1) monolayer on Au (111) at the
cathodic potential limit.

In the presence of chloride (10−4 M) in perchloric acid
medium, the “(5×5)” structure consisting of bilayer of Cu
and Cl is formed in the entire Cu-UPD potential range up to
the onset of Cu bulk deposition [19]. For the “(5×5)”
bilayer as supported by the SEXAFS study [20], the copper
adatoms are registry with a top layer of chloride ions, and
the Cu–Cu spacing is 0.367 nm, which is smaller by 4%
than that (0.382 nm) for the bulk CuCl. This means that the
bilayer lattice is compressed as compared to the bulk CuCl.
Therefore, the formation of the “(5×5)” structure would
contribute to the compressive surface stress. In perchloric
acid medium, a trace amount of Cl− ions (≦10−6 M)
contained impurity, controls the CV and Cu-UPD structure.
The suppression of Cu-UPD process due to perchlorate ions
may result from the difference between strength of specific
adsorption of perchlorate ions on Cu and Au. At present,
however, there are no reliable data of the order in the
strength of specific adsorption of perchlorate ions between
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Cu and Au. If the specific adsorption of perchlorate ions on
Au is stronger than that on Cu, the replacement of adsorbed
perchlorate ions by Cu atoms on Au would need the more
cathodic potential. Figure 6 shows the CV and Δg vs E
curve obtained in the electrolyte (c) when the cathodic
potential limit is extended to 0.10 V (SHE). It is seen from
the CV in Fig. 6 that the further progress of Cu-UPD is
brought by the cathodic overpotential of 0.15 V. The
necessity of overpotential for the further progress of Cu-
UPD suggests that the specific adsorption of perchlorate
ions on Au is stronger than that on Cu. The Δg vs E curve
in Fig. 6 indicated that the change in Δg from 0.40 to
0.10 V (SHE) in the cathodic potential sweep is Δ(Δg)=
−0.60 J m−2. The changes in surface stress to the
compressive direction in the cathodic potential sweep are
enhanced with the further progress of Cu-UPD. The
changes in surface stress to the compressive direction still
continue up to 0.30 V (SHE) in the reverse potential sweep.
Therefore, the progress of Cu-UPD in perchloric acid is
very slow and may be controlled by diffusion of Cl− ions
[19].

Conclusions

The changes in surface stress Δg of Au (111) electrode
during Cu-UPD in sulfuric acid medium and perchloric acid
medium with and without sulfate or chloride could be
measured as a function of electrode potential E using a
bending beam method. The following conclusions were
drawn from the Δg vs E curves.

(1) The difference in Δg of the gold electrode between
sulfuric acidmedia with andwithout Cu2+ was −1.1 J m−2

at the cathodic potential limit of 0.25 V (SHE)
corresponding to the formation of pseudomorphic Cu-
(1×1) monolayer.

(2) In the perchloric acid medium containing sulfate, the
change in Δg from the potential of surface stress
maximum to the cathodic potential limit of 0.25 V
(SHE) corresponding to the complete formation of
pseudomorphic Cu-(1×1) monolayer was Δ(Δg)=
−0.80 J m−2, which was different from Δ(Δγ)=
−0.50 J m−2 obtained from coulometry by Shi and
Lipkowski [12, 13]. The value of Δ(Δg) more
negative than that of Δ(Δγ) was ascribed to the
change of surface elastic strain due to the structural
change of Cu-UPD layer from the honeycombffiffiffi

3
p � ffiffiffi

3
p� �

R30� to the Cu-(1×1).
(3) In the perchloric acid medium containing chloride, the

change in Δg from the potential of surface stress
maximum to the cathodic potential limit of 0.25 V
(SHE) was Δ(Δg)=−0.72 J m−2, which was close to
Δ(Δγ)=−0.70 J m−2 obtained from coulometry by Shi
et al. [16]. The value of Δ(Δg) close to that of Δ(Δγ)
suggested that the surface strain was independent of
potential due to the stability of the “(5×5)” Cu–Cl
bilayer observed in the entire Cu-UPD potential range.
In the perchloric acid medium without sulfate and
chloride, the small change in surface stress up to the
cathodic potential limit of 0.25 V (SHE) indicated that
perchlorate ions suppressed the progress of Cu-UPD.
The cathodic overpotential of 0.15 V was needed for
further progress of Cu-UPD with large change in
surface stress of Δg=−0.60 J m−2 to the compressive
direction, suggesting that the specific adsorption of
perchlorate ions on Au is stronger than that on Cu.

(4) The change in bond charge density of the electrode
surface atoms and the atomic configuration of the
surface adlayer were listed as two important factors
influencing the change in surface stress during Cu-
UPD. The formation of Cu-Au bond and co-adsorption
of electronegative species such as (bi) sulfate or
chloride ions with copper atoms remove charge
between the surface atoms and cause a compressive
surface stress. In sulfuric acid medium or perchloric

Fig. 6 a Cyclic voltammogram and b Δg vs E curve obtained at a
potential sweep rate of 5 mV s−1 in the potential range between 0.80
and 0.10 V (SHE) for the evaporated gold electrode (mainly oriented
to the (111) plane) in the electrolyte (c) 0.1 M HClO4+10

−3 M Cu
(ClO4)2+10

−3 M KClO4
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acid medium containing sulfate, pseudomorphic Cu-
(1×1) monolayer on Au (111) provides the change in
surface stress to the tensile direction due to the misfit of
12.8%, whereas adsorption of (bi) sulfate ions on the
Cu-(1×1) monolayer induces the lattice expansion by
4% and reduces the tensile surface stress. In perchloric
acid medium containing chloride, the “(5×5)” bilayer is
formed in which the copper adatoms are registry with a
top layer of chloride ions, and the Cu-Cu spacing is
smaller by 4% than that for the bulk CuCl, thereby
contributing to the compressive surface stress.
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