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Abstract : A classical Lippmann equation valid for liquid eectrodes can not describe the interfacial properties of solid
electrodes due to the eastic surface strain on solid eectrodes. Although there have been many attempts to derive
the thermodynamic equations for solid electrodes during the past few decades, their validity has been ill questioned
by many researchers. In practice, dthough there are various experimental techniques to measure surface energy of
solid electrodes, the results obtained by each technique are rather inconsistent due to the complexity of the surface
grain on solid eectrodes. This article covers these controversial issues in surface energy of solid electrodes. After
giving brief summaries of the definition of the important thermodynamic parameters and the derivation of the ther-
modynamic equations for solid electrodes, the several experimental methods were introduced for the measurement
of surface energy of solid eectrodes. And then we discussed in detail the inconsistent results in the mesasurement
of the potentia of zero charge (pzc) and the potential of eectrocapillary maximum (ecm).
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1. Introduction

Surface energy of solid electrodes is an important parame-
ter for determining the interfacial properties of solid/liquid
interface such as potentia of zero charge (pzc), surface charge
density, specific adsorption, structures of a double layer and an
adsorption layer, etc. Since kinetics and mechanisms of elec-
trode processes are considerably affected by the interfacia
properties of solid/liquid interface, the deep comprehension
of surface energy of solid electrodes is essential to study
interfacial electrochemistry.

For liquid electrodes such as mercury, the eectrocapillary
properties of their surfaces are clearly represented by a clas-
sical Lippmann equation.? In addition, the precise measurement
of surface energy of liquid electrodes is quantitatively con-
ducted under the plastic deformation of liquid electrodes.*?
However, for solid eectrodes, the classica Lippmann equation
is not valid because in this case the surface strain is conjugated
to both the plastic and elastic contributions.? Therefore, it is
very difficult to measure surface energy of solid electrodes
owing to its complexity.

In fact, surface energy of solid electrodes has been one of the
most controversia topics in interfacial electrochemistry. In
thermodynamics, there have been several different methods
to derive the thermodynamic equations for solid electrodes, but
their correctness and validity has been still questioned by
many researchers*? In practice, athough there are various
experimental techniques to measure surface energy of solid
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electrodes, the results obtained by each technique are rather
inconsistent, for example, the disagreement of the pzc and
the potential of electrocapillary maximum (ecm).>'® There-
fore, the thermodynamic interpretation is not quite clear of the
experimental results obtained from various methods in terms
of physical properties of the system.

This paper aimed at reviewing the theoretical and experi-
mental studies on surface energy of solid electrodes and its
controversial issues in interfacial electrochemistry. For this
purpose, we first summarised the theoretical derivation of the
thermodynamic equations valid for any solid electrodes with
giving the definition of the important thermodynamic parame-
ters. And then, we introduced several experimental methods
for the measurement of surface energy of solid electrodes.
Finally, we discussed in detail the controversia issues in sur-
face energy of solid electrodes.

2. Thermodynamics of Solid Surfaces

2.1. Ddfinition of thermodynamic parameters for solid
surfaces

Although considerable studies on thermodynamics of solid
surfaces have been conducted by many researchers during a
few decades, symbols and nomenclature for the thermodynamic
parameters of solid surfaces have been till used inconsistently
in many articles. In this section, the basic thermodynamic
parameters for solid surfaces will be introduced according to
the IUPAC recommendations.™”

2.1.1. Plastic strain &,

The surface strain is regarded as plastic when the number
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of molecules in the surface region increases in proportion to
the surface area, but the area per surface molecule does not
change. For liquid eectrodes, the strains in their surfaces are
exclusively plastic, because there is no barrier to prevent
molecules from migrating to and from the surfaces of liquid
electrodes. Plagtic strains also arise in solids near their melting
points.

2.1.2. Elastic strain &2

The surface strain is regarded as elastic when the number of
molecules in the surface region remains constant irrespective
of the change in the surface area, but the area occupied by
each molecule differs from that in the undistorted case. In the
presence of long-range order, the change of the surface area
can not be accommodated by migration of molecules to and
from the surface, therefore it is elastic.

2.1.3. Superficia work y=19

The superficia work Y is the reversible work required to
form unit area of a new surface by cleavage a constant tem-
perature, pressure, chemica potential, dectric fied, and dadtic
strain. The surface strain which results from Y is purely
plastic. ' is independent of plastic strain at the surface
because the new area is the same in nature as the existing
area. Y' is a scalar quantity and consequently is isotropic.

2.1.4. Surface dress Y;;*™)

The surface stress Yj; is the reversible work required to
form unit area of a new surface by stretching with a linear
stress, acting in the jth direction on an edge normal to the ith
direction, under equilibrium conditions. The surface strain
which results from Yj; is purely elagtic. Yj; is dependent on
elastic strain at the surface because the greater the area
changes, the greater do the intermolecular lattice spacings at
surface deviate from the equilibrium state.

Y; is atensorial quantity since it is generally anisotropic. For
the isotropic solid, the directional dependence of the surface
stress disappears, and in this case the surface stress became
the half-sum of the diagonal components of the surface stress
tensor Y.

2.1.5. Generalised surface intensive parameter or general
specific surface energy >

A generalised surface intensive parameter or a general spe-
cific surface energy y® is conjugate to the general change of the
surface area, which is partly plastic and partly elagtic. y*is a
tensorial quantity. For an isotropic solid, y? is formally defined
as the sum of the plastic and elastic contributions to the total
surface strain &q by

de de
V=gtV ety )
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The term of “surface energy of solid electrodes’ used in
this article means 2.

2.2 Thermodynamic equationsfor solid surfaces

The theoretical works on the derivation of thermodynamic
equations for the solid surfaces have intensively been con-
ducted by Shuttleworth,*? Herring,*® Eriksson'® and Couch-
man,’>® and were reviewed by Linford.? In their works,
they assumed that the internal surface energy U® is a homo-

geneous function of the first degree involving Y. It is noted
that in general U® does not involve Y.*¥ Therefore, ignoring
the magnetic and gravitational terms, U® is expressed by

US=TS - pVe+ 5140 S+ EQS + YA @

where T is the temperature, S’ the surface entropy, p the
pressure, V° the surface volume, y; the chemical potential of
substance i in the surface, n;® the excess amount of substance
i in the surface, E the electrode potential, Q° the surface
charge and A represents the surface area.

The first and second laws of thermodynamics allows one
to write

dUS= TdS* - pdVS + Spidn; S + EAQS + yidA ©)

By differentiating Eq. (2) and comparing the result with
Eq. (3), one finds

0= ST- Vdp + =ndy; + Q%E + y'dA + Ady™- y*dA  (4)
After dividing Eq. (4) by A, one can obtain
0=sdT- vdp + ZI°dy; + odE + ydgg + Ady™ - y°deo (5)

where s® is the surface excess entropy (=S/A), v® the surface
excess volume (=V¥/A), I the surface excess of substance i
(=n®/A), o the charge density on the surface (=Q%A) and
represents the differential of the total surface strain (=dA/A).

The total surface strain may be divided into two contribu-
tions, i.e, plastic strain and eastic strain,** so that

der = dep + dee (6)
and substituting Eq. (1) and (6) into Eq. (5) gives
0=sdT-vdp + ZI°dy; + odE + dy™ + (y"- Y)de, @)

From Eq. (7), three major thermodynamic equations,
namely the Shuttleworth equation,*? the Gibbs adsorption
equation? and the Lippman equation® may immediately be
obtained. In this regard, Linford® called Eq. (7) the most
versatile form of the Gibbs-Duhem equation for a surface,
i.e.,, the generalised Gibbs-Duhem equation for a surface.

2.2.1. Shuttleworth equation®?

The Shuttleworth equation which shows the relationship
between y* and Y was first derived in a classic paper by
Shuttleworth? for solids of threefold or greater symmetry.
He obtained from a cyclic approach

U
v=ye AL ®)

As Eriksson'® originally showed, the final term in Eq. (8)
should embody a partial derivative. Couchman et al.™>!® also
reveded that the strain term was solely eagtic in nature. Thus,
Eq. (8) can be replaced by the following equation which can
clearly be obtained from Eq. (7)
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2.2.2. Gibbs adsorption equation®
The generalised Gibbs adsorption equation is easily obtained
from Eq. (7) as

dyn = —SSdT + Vsdp - Z rfdp.l —odE +(Y - )fl)dgﬁ (10)

If the last two terms of Eq. (10) is omitted, the classical
Gibbs adsorption equation is given. In addition, from Eq.
(10), it can be seen that y'is a function of T, p, 4, E, and &
as stated in the definition of y'in Section 2.1.3.

2.2.3. Lippmann equation*?

For purely plastic conditions (de.=0), the partial derivative
of the superficial work of solid electrodes with respect to the
electrode potentia is obtained from Eq. (7) as

1

OECT, p, 1

which is identical to the classical Lippmann equation for lig-
uid electrodes.

In addition, from Eq. (7), the more conventional form of
the Lippmann equation involves the quantity (ay"/0E)T, p, "
which is related to o is given by

n €

o e 12
The magnitude of the second term is highly uncertain, in
view of the difficulty of obtaining unambiguous values of Y
and aso (0g/ 0E); o ik

2.2.4, Controver3|ar 'issues in thermodynamics of solid
electrodes

It should be noted that Eq. (7) can not be named the Gibbs-
Duhem equation because it contains the differential of the
extensive parameter £.. This is inconsistent with classical
thermodynamics stating that the Gibbs-Duhem equation pre-
sents the relationship between the intensive parameters in the
differential form. This inconsistency is pointed out by
Gutman® and Lang and Heusler.*”

In addition, Lang and Heusler*” criticised the validity of
Eq.(7). They insisted that Eq. (7) can not describe the state
of the solid surfaces because the procedure adopted in the
derivation of Eq. (7) is incorrect. They pointed out the mis-
takes in the derivation of Eq. (7) as follows. 1) The Eriks-
son’s assumption,*¥ which means US is a homogeneous
function of the first order involving y, but in general U® does
not involve Y, is wrong. 2) At equilibrium there is a unique
surface energy y? which can not be separated into indepen-
dent contributions from y* and Y, viz, Eq. (1) is not valid.

Based on their criticism, they regard U® as a homogeneous
function of the first degree with respect to al extensive vari-
ables and then derived new equations for idealy polarisable
electrode. In their theory, the classical Lippmann equation is
valid in chemica equilibrium. But the deviation from the
classical Lippmann equation is expected in the absence of
chemical equilibrium. Therefore, they suggested that the

= -0 (11

deviation from the classical Lippmann equation observed in
experimental works originated only from the non-equilibrium
between the bulk solid metal and the interphase.

However, recently, Valincius®? experimentally verified that
the change in the superficial work is uniquely defined by the
set of T, p, Wi, E, and &, and that it does not depend on the
path in which the variations of E and &, occur. This means
that both Y and y" are real and definite physical properties.
Consequently, Lang and Hueders insistences are wrong.

3. Methods for the M easurement of
Surface Energy of Solid Electrodes

There are various methods for the measurement of surface
energy of solid electrodes. Although the generdised surface
intensive parameter 7 is theoretically separated into the plastic
and elastic contributions as seen in Eq. (1), in practice two
contributions to the total surface strain of solid electrodes can
not separately be measured. Therefore, the actual measurement
of surface energy of solid electrodes has been conducted
under either the purely plastic strain or the purely elastic
strain.

Except for a fev measurements conducted under the purely
plastic deformation,’*?) surface energy of solid electrodes has
almost been measured where an isotropic solid surface is
subjected only to an elastic deformation by such techniques as
the extensometer method,?>?) the step elastic stretching
method under potentiostatic condition,?® the quartz oscillator
method,?”?® the piezoelectric method,?>*® the laser beam
deflection method (LBDM),*® the laser interferometry, 59
and the scanning tunneling microscopy (STM).6% Here, we
will introduce the last four techniques which have considerably
been used by many researchers and have given the significant
results in interfacial electrochemistry.

3.1. Piezodectric technique?®*®

The piezodectric technique is a powerful method to measure
surface energy of solid electrodes. This technique is highly
senditive to a small change in surface energy and is capable of
detecting the derivative of surface energy with the eectrode
potential. A piezoelectric ceramic disk is attached to the back
side of the electrode and a small ac voltage is superimposed
on a dc electrode potential to produce the change in surface
energy, which is converted to electric signals by the piezo-
electric ceramic disk and detected by using a lock-in amplifier.
The piezoelectric measurement of surface energy of solid
electrodes was first developed by Gokhshtein®® and further
improved by Bard et al.***? and Seo et al.*%)

Fig. 1 shows a schematic diagram of the electrode design®=?
used in piezoelectric detection of surface energy of solid
electrodes. A working electrode was attached to a piezoelectric
ceramic disk with epoxy cement. And the piezodectric ceramic
disk was coated by epoxy cement. The working electrode and
the piezoelectric ceramic disk were isolated from the piezo-
electric ceramic disk and the electrolyte, respectively, by epoxy
cement.

A potentiostat connected with a function generator was used
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Fig. 1. Schematic diagram of electrode design used in the
piezoelectric detection of surface stress of solid electrodes: (A) the
working electrode, (B) the piezoelectric ceramic disk, (C) the lead
to potentiostat, (D) the leads from piezoelectric ceramic disk to a
lock-in amplifier input, (E) the epoxy cement, and (F) the Pyrex
glass tube %

to apply to the specimen a linear potential sweep. A sinusoidal
signa was superimposed on the linear potential sweep from
an oscillator. This small superimposed alternating signal dE
induces an alternating change in surface energy dy® of the
working electrode producing corresponding responses from the
piezoelectric ceramic disk.

The piezoelectric signals of amplitude |JA| and phase angle
¢ were synchronoudly detected at the same frequency as that
of superimposed voltage modulation by using the lock-in
amplifier. In principle, |A| is proportional to an absolute
value of the derivative of surface energy with the electrode
potential \dys/dE| and @ involves a component of the change
in the sign of dy’/dE. However, ¢ involves additional compo-
nents resulting from the experimental instruments and the
mechanical properties of the electrode system. If the contri-
bution of additional components to ¢ is constant, the change in
the sign of dy*/dE could be evaluated from the relative
change of .

Fig. 2 shows schematically the relation between piezodectric
signals (JA| and @) and electrocapillary curve () vs. E). At a
maximum of electrocapillary curve, Tdys/dE| takes a mini-
mum value of zero and the sign of dy?/dE changes from plus
to minus and vice versa. As the corresponding change of piezo-
electric signdls, |A| takes a minimum value (strictly zero) and
(¢ changes relatively by 180°. The potential corresponding to
electrocapillary maximum is referred to as the pzc. In prac-

|Al

Fig. 2. Relation between piezodlectric signals (JA|: amplitude and ¢:
phase angle) and electrocapillary curve (¥ vs. E) of sold electrode. o
represents the surface charge density.

tice, the minimum value of |A| likely deviates from zero
when the electrical isolation between the working electrode
and the piezodlectric ceramic disk is incomplete. Numerical
integration of |A| with the electrode potentia E by taking the
change in the sign of dy’/dE into account from the relative
change of ¢ would gives rise to eectrocapillary curve.

3.2. Laser beam deflection method (LBDM) 9

Although the piezoelectric technique is capable of detecting
senditively the changes in surface energy, the measured values
have an arbitrary unit from which it seems difficult to derive
the surface thermodynamic parameters such as surface charge
density and surface excess. Therefore, the measurement of
the changes in surface energy Ay? with an absolute unit is
needed for better evaluation of the interfacial properties of a
solid electrode. Recently, with the help of a position-sensitive
photodetector (PSD), Ay? can accurately be measured with the
absolute unit by the laser beam deflection method (LBDM).
The LBDM has been used to detect Ay? of noble metal elec-
trodes by Frediein et al.*** and Seo et al..>**** and to mea-
sure surface stresses during the anodic oxidation on metals
by Pyun et al 46-505355)



d=7)stete)A, A 79, Al 45, 2004 215

W.E. :working electrode
C.E. :counter electrode
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Fig. 3. Schematic illustration for the principle of a laser beam
deflection method. | is the distance between the solution level and
the reflection point of laser beam, D the distance between the
working electrode (glass substrate) and the PSD, and Ad represents
the changesin position of the reflected beam on the PSD.

Experimental apparatus for the LBDM is schematically
presented in Fig. 3. The working electrode is prepared by the
deposition of athin film on one-side of a glass substrate. The
change in surface energy of the film causes the film electrode
to bend and its free end to move. To track this motion a laser
beam of He-Ne was directed through a flat window in the side
of the cell and reflected off the glass substrate near the end
of the éectrode. The reflected beam from the glass substrate
near the end of the eectrode is intercepted by the PSD as a
measuring instrument. As the beam moves across the PSD,
the position of light spot striking the PSD corresponds lin-
early to output voltage of the PSD. The changes in output
voltage of the PSD were converted into the changes in the
position of the reflected beam on the PSD Ad.

Having measured Ad, Ay* developed on the film is given
by the Stoney’s equation® which is combined with Suhir's
equation.”™

2
s Ysls Ad

&Y = ST -vt oDl (13)

where Y; is the Young's modulus of the substrate, ts the
thickness of the substrate, vs the Poisson’s ratio of the sub-
strate, t; the thickness of the film, D the distance between the
thin glass plate and the PSD, and | represents the distance
between the solution level and the reflection point of laser beam.

3.3. Laser interferometry>0

The laser interferometry firstly reported by Jaeckel et al.>®
directly measures the dastic deformation of a circular plate due
to the changes in surface energy. This method is more sengtive
than the quartz oscillator method??® which indirectly deter-
mines the changes in surface energy from the detection of
the change in the resonant frequency of quartz oscillator. The
principle of the laser interferometry is analogous to the
LBDM. %59

If a circular AT-cut quartz plate is used, one may simulta-
neously determine the changes of surface energy, mass, and

charge. It was derived® from calculations of Janda and
Stefan™ for an unsupported circular AT-cut quartz plate that
a change of surface energy is related to the deformation Z*
at the centre of the plate with respect to a plane at the radius

R by

2
ML Z(1-v 1-v,
Ay = DQ—-DZ D(D—LX )coszqn + (L= vy) X)sinzq)% (14)
O3r*00  Yx Yy 0

in polar coordinates where ¢ is the angle, dg the thickness of
the plate, Yy and Y the Young's moduli, and vy, and vy, rep-
resent the Poisson’s coefficients. For the AT-cut, its material
constants have the following values: Yy = 7.831x10% Pa,
Y, = 9.066 x10% Pa, v,, = 0.277, and vy, = 0.321.7)

Z" is measured by the laser interferometer, if only the dif-
ferences of the path of light reflected from the centre of the
plate and at some radial distance x shown in Fig. 4 determine
the interference pattern. This requirement is fulfilled by the
Kosters prism in Fig. 4 showing the Kdsters laser interferom-
eter schematically.%6%%

The 60° Koésters prism (6) is divided in the centre by a
semitransparent mirror (5). Light from He-Ne laser is split
by a beam splitter (2) into a reference beam and a measuring
beam. The beams are chopped at different rates. The measuring
beam is reflected by a metal mirror (5) perpendicular to the
entrance side of the Kosters prism (6). The point of entrance
determines the distance of the two beams emerging from the
base of the prism. They are reflected a a nearly zero angle
of incidence from the plate. The interfering light leaving the
Kosters prism (6) through the exit side, is reflected at the
second mirror (5) and then the light is united with the reference
beam in the second beam splitter (2). The light is projected
onto a screen and a photodiode behind it.

The cylindrical eectrochemica cell shown in Fig. 5 con-
tained the working electrode (1) in a specimen holder (2) at
the bottom connected by glass tubing (3) to the head of the
cell (4) with the counter electrode (8) which was a circular
platinum sheet with a central hole for the Luggin capillary
(5) and with tubing for the inlet (6) and outlet (7) of the

2 allowed

2
to move 3 4 7

7

Fig. 4. Interferometric apparatus with (1) the He-Ne laser, (2) the
beam divider, (3) the light interrupter, (4) the photodiode, (5) the
mirror, (6) the Kosters prism, (7) the optical bench, and (8) the
quartz plate. %
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Fig. 5. Electrochemical cell with (1) the working electrode in (2) a
specimen holder connected by (3) glasstubing to (4) the head of the
cell containing tubings for (5) the Luggin capillary, for (6) theinlet
and (7) the outlet of the electrolyte, (8) the counter electrode and (9)
avoid.®

7
%////////%}lliii

N—

2%

Fig. 6. (1) Quartz oscillator glued with (S) silicone into (2) the
quartz holder, and with (3) e€lectrical connections to both
electrodes.®

electrolyte.

The working electrode was usually one of the gold elec-
trodes sputtered on a thin layer of chromium onto both sides
of the polished and flat 10 MHz AT-cut quartz plate after its
careful cleaning. If necessary, the gold electrode was covered
by some other metal. The second electrode was surrounded
at the edge of the plate by an dectrically insulated gold ring
serving as a mirror in the interferometer. After connecting
(with silver paint) both electrodes to copper wires, the quartz
plate was glued into the “Trovidur” specimen holder by a
ring of silicone rubber as shown Fig. 6. Before use, the sili-
cone was aged at room temperature for at least three weeks.

The cell was assembled by first screwing the specimen
holder with the glass tubing to the top of the adjustment
devices of the interferometer. The head of the cell then was
fastened airtight to the top of the cell by glueing with silicone,
when necessary.

The device to change the pressure in the cell consisted of
U-tubing half filled with pure water. The connection of one leg
to the outlet at the head of the cell was filled with nitrogen.
Water was pumped into the other leg open to the air by a
peristaltic pump. The quartz was oscillated by using the
oscillator circuit. The digital data from the counter were
transferred by GPIB to a computer. The analogue signals for
current and potentia from the potentiostat and for the voltage
from the photodiode were digitised by a 16 bit AD/DA con-
verter.

3.4. Scanning tunneling microscopy (STM) 669

A direct and accurate method to measure the deflection of
the film on the cantilever due to the changes in surface
energy of the film is provided by the STM. In fact, the orig-
inal version of the atomic force microscopy (AFM)™ was
based on the action of the STM. In recent considerations, the
STM was also employed for the detection of small displace-
ments.5Y The use of the STM for the direct measurement of
electrochemically induced surface energy may be helpful in
clarifying some of the controversial aspects concerning the
thermodynamic interpretation.

The magnetically inverted operation of the beetle type
STM and the electrochemical arrangements are illustrated in
Fig. 7. Of particular interest may be the way the specimens
(1) were sealed to the bottom of the cylindrical cell. This
was achieved by a gasket and clamp, which Ieft the specimen
free to deflect. Glass plates were first coated with chromium
and then with gold a room temperature in a high vacuum.
Before the experiments, the plates were flame-annealed to

=

Fig. 7. Schematic illustration of the STM and electrochemical set-
up: (1) specimen, (2) the counter €eectrode, (3) the reference
dectrode, (4) thetip, (5) the cell, (6) the electrolyte solution, (7) the
seal, (8) the screw, (9) the spring, (10) the specimen holder, (11) the
magnets, (12) the magnetic iron sheet, (13) the z-piezo, (14) the x-y-
piezo, and (15) a housing.%?
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fairly large (111) terraces.” The mica substrate was heated
to 600 K before evaporation with gold and gently flame-
annealed to ca. 500K prior to experiment.

To illustrate how the relative surface energy data were
obtained, an STM scan was three-sectioned &t the centre of
the specimen, corresponding to three different potential, for
gold on much stiffer glass substrate. The digitally stored data
of such scans were averaged line-by-line to yield the output,
such that the first and the last data points on any of the 512
lines were related to the same average potential of that line.
By the way, that thermal effect is negligible on the time scale
of the experiment.

4, Discussion about Inconsistent Results in
Measurement of the Potential of Zero Charge
and the Potential of Electrocapillary
Maximum of Solid Electrodes

If the new surface of an isotropic solid forms under purely
plastic deformation, y? is just equa to y", and the classical
Lippmann equation of Eq. (11) is valid. On the other hand,
Y is equal to Y in the case of the formation of the new sur-
face under purely elastic deformation. From Eqgs. (9) and (11),
the equation for the isotropic solid electrode in this extreme
case is given by

S

- YO - 090 (15)
COELIT, ppiee  LOE T p, e, oedtr, p,u.E

Eq. (15) means that the potentia of electrocapillary maxi-
mum Eq,, does not aways coincide with the potential of zero
charge E,, if the second term, (do/de g IS not neg-
ligibly small compared with o.

From the experimental works using the piezoelectric
method®® and the extensometer method,?>2¥ it was noted
that Eem Of polycrystalline gold did not coincide with Ep.
Furthermore, the results obtained from Au(111) and Au(100)
in an HCIO, electrolyte by using the STM technique®®
showed the monotonic decrease of surface energy with
increasing electrode potential, viz., the ecm did not appear in
the potentia range where E;,. should be expected. These dis-
agreements between Eq, and Ep, provides the experimental
evidences of the fact that the second term in the right-side of
Eqg. (15) (do/0¢ is quite comparable with ¢ in
solid electrodes.

However, from the experimental results obtained from the
sputtered gold thin films using the LBDM**® and the laser
interferometry,®°" and from the those results obtained from
the Au(111) electrodes on which the underpotential deposi-
tion of copper takes place using the STM %% it was found
that Eem fairly coincided with Ep,. It is worth noting that the
measurements performed under purely plastic deformation
often demonstrate the coincidence of Eyc With Eecnp.'%2Y
Therefore, from those works mentioned above, it can be sug-
gested that the classical Lippmann equation can also be valid
for solid electrodes since (00/0ge) ot E is negligibly
small compared with o. )

e)T: P, Hi,

e)T: p. i, E

From the above argumentations, it is shown that in prac-
tice, the experimental results obtained by various methods for
the measurement of surface energy of solid electrodes are
greatly inconsistent with each other. Nevertheless, the incon-
sistency in the measurement of surface energy of solid elec-
trodes has been disregarded or misunderstood by many
researchers.

The results of Beck?® and Lin**?Y seem extremely inter-
esting because they found that the value of Eqn, of gold is
aways more negative compared to the value of E,,; obtained
by using differential capacitance method.”™ This trend was
observed independently of the nature of electrolyte (SO,%,
ClO4, NOg, or hdide anions).??Y Unfortunately, the authors
overlooked the difference in value between Eq, and Ep,c, and
they assigned the value of Eey, found in their experiments to
the value of Ep.

Recently, Valincius®'? has attempted to illustrate the con-
troversia issues in surface energy of solid eectrodes and he
has given a clue to solve these problems clearly. He investi-
gated the elastic eectrocapillary properties of polycrystalline
gold using the piezoelectric method,'® and obtained the
experimental results consistent with those of Beck?? and
Lin.Z2Y From these results, it is convinced that the classical
Lippmann equation is no longer valid for solid electrodes.

In addition, he suggested that for solid metas, the pres-
ence of the dectric dipole layer is the primary reason for the
discrepancy between the value of Eem and Ep,c. According to
Valincius,>'? the second term in the right-side of Eq. (15)
(00/0gg);  , ¢ Originates from the variation of the charge
density of solid eectrode during the elastic stretching process.

(00/0g¢) ¢ oot E is positive and almost constant for gold
electrode near the pzc and in the potential range E < Eyc. In
this potential range, a positive term could be associated with
the influence of the dastic stretching on the charge density
of electronic dipole layer on gold. However, in the potential
range E> By, (00/0g,); b E strongly depends on both
concentration of anions in the electrolyte and pH of the elec-
trolyte. From this result, it was suggested that anions appre-
ciably influence structure of the double layer in the potential
range E > Epye.

5. Concluding Remarks

The present article first summarised the theoretical deriva-
tion of the thermodynamic equations valid for any solid elec-
trodes with giving the definition of the important
thermodynamic parameters. And then, this article introduced
several experimental methods such as the piezoelectric
method, the laser beam deflection method (LBDM)), the laser
interferometry, and the scanning tunneling microscopy
(STM) for the measurement of surface energy of solid elec-
trodes. Finally, this article discussed in detail inconsistent
results in measurement of the potential of zero charge and
the potential of electrocapillary maximum of solid electrodes.

Consequently, it is recognised that the considerable theo-
retical and experimental investigations of surface energy of
solid electrodes are still necessary to solve clearly its contro-
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versial problems in interfacial electrochemistry. Valincius's
suggestion that for solid metals, the presence of the eectric
dipole layer is the primary reason for the discrepancy
between the value of Een and Ep,>'® provide a clue to the
deep comprehension of surface energy of solid electrodes.
The further studies on surface energy of solid electrodes may
be focused on the properties of the electric dipole layer in
various system.
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Nomenclature

A Surface area (m?)

|A| Piezoelectric signals of amplitude

D Distance between the thin glass plate and the
PSD (m)

do Thickness of the plate (m)

Ad Changes in the position of the reflected beam
on the PSD

E Electrode potential (V)

Eeom Potential of electrocapillary maximum (V)

Eoze Potential of zero charge (V)

Ee Elastic strain

& Plagtic strain

Etot Total surface strain

deo Differential of the total surface strain, dA/A

@ Piezoelectric signals of phase angle

rs Surface excess of substance i, n¥A (mol m?)

i Superficial work (J m?)

% Generalised surface intensive parameter or
general specific surface energy (J m?2 or N m?)

Ay Changes in surface energy (J m?2 or N m?)

Y Half-sum of the diagonal components of the
surface stress tensor

Y; Surface stress (N m'%)

¢ Angle in polar coordinate

[ Distance between the solution level and the
reflection point of laser beam (m)

7 Chemical potential of substance i in the surface
(I mol™Y)

n® Excess amount of substance i in the surface (mol)

Vs Poisson’s ratio of the substrate

Vyy and v Poisson’s coefficients

p Pressure (Pa)

Q® Surface charge (C)

R Radius (m)

S Surface entropy, STA (JK?)

s Surface excess entropy, QYA (J Kt m?)

o Charge density on the surface, (C m?)

T Temperature (K)

t Thickness of the film (m)

ts Thickness of the substrate (m)

us Internal surface energy (J)

Ve Surface volume (m°)

v Surface excess volume, VA (m)

X Some radial distance (m)

Ys Young's modulus of the substrate (Pa)

Yx and Y, Young's moduli (Pa)

Z* Deformation of quartz plate (m)

AFM Atomic force microscopy

ecm Electrocapillary maximum

LBDM Laser beam deflection method

PSD Position-sensitive photodetector

pzc Potential of zero charge

STM Scanning tunneling microscopy
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