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bstract

The negative electrochemical device (NED) is a surface system found in many polycrystalline metal alloy microstructures. NED consists of a
ultiple electrode galvanic micro-cell with a heterogeneous distribution. Some difficulties for performing experimental work at the microscopic

cale and raw interest on technological applications have made NED not much studied in the past, but future nanotechnological applications are
aking it more interesting to study. The loss of matter on the metal–electrolyte interface due to redox reactions is assessed. Redox reactions have
natural direction to occur, determined by the chemical potential of reactants. Once the reactions occur, there is no way of turning back the oxide
pecies to their original reduced form, meaning that an irreversible entropy has been produced into the system. A new array of the multicomponent
ibbs ensemble is applied and a Young–Laplace equation is proposed for dealing with surface tension. Finally, the mass and entropy interactions

re described by the corresponding balance equations.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Electrochemical methods describe galvanic action on a
etallic surface by considering steady state reversible redox

eactions occurring in the metal–electrolyte interface [1]. For
ccounting the amount of metal dissolved in unit time, a kinetic
actor is applied when the system is out of equilibrium. The
nterchange current density (i0) takes account of electron flux
enerated during the oxidation and equating the amount of elec-
rons needed for reduction on each metal–electrolyte interface;
he greater i0, the easier charge transfer [2]. Nevertheless, when
metal alloy is corroded under realistic conditions, it losses mat-

er on the interface in contact with the environment due to redox
eactions between different ionic species dissolved in the elec-
rolyte solution. Redox reactions occur with a natural direction
etermined by the chemical potential of reactants. This means

hat irreversible entropy production has occurred and part of the

etal has been irreversibly dissolved. The oxide species appear
ext to the cathode areas and the matter exchange modifies the
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tress resisting structure on the material because of a loss of
ass.

. The system

The negative electrochemical device (NED) in a polycrys-
alline metal alloy can be regarded as a unitary surface element
f an open system, consisting on multiple heterogeneously dis-
ributed electrodes. As long as the metal structure grains are
ext to each other, the micro-cell electrodes in such a device are
n short circuit. The electrolyte is any electrically conductive
olvent containing ionic species and not fulfilling the Henry’s
aw. With all these elements, a NED has the special feature
f being a substance destroyer and an energy consumer device
3].

In order to find a relationship between the electrochemical
nd mechanical forces occurring on the surface of a polycrys-
alline metal in electrochemical conditions, the Gibbs ensemble
s proposed [4]. The representative volume element is conven-
ionally established. It has to be mesoscopically small enough

o be a point but microscopically big enough to represent the

ean properties of the material. The metal alloy microstructure
onsists on phases (α) and (γ), representing two different types
f grains. Phase (ι) is the electrolyte and phase (κ) is a virtual
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Nomenclature

dA surface element differential area
dni change in mass of component i
i0 interchange current density
Jj are reaction fluxes
Js entropy flux defined by Eq. (17)
Mi molecular mass of component i
NED negative electrochemical device
P pressure
S entropy
SΨ entropy production due to non-equilibrium pro-

cesses per unit volume and time
T temperature
U internal energy
V volume
WS surface strain work due to the metal–electrolyte

interface interaction on the negative electrochem-
ical device

Greek letters
(α) anode phase
(γ) cathode phase
ζi rate of transformation of component i per unit vol-

ume and time, due to the chemical reactions on
which i is participating

(ι) electrolyte phase
μi chemical potentials
νi velocity of the component i
ξj state of reaction j
ρi mass density of the component i
σ surface tension
(σ) virtual interface for the Gibbs ensemble
υji stoichiometric coefficients of reaction j
Note: Capital letters like A, S or V refer to the extensive
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dU(κ) = T dS(κ) + σ dA (7)

An explicit form of the Young–Laplace equation for NED is
obtained by Eq. (3) with the ensemble (4) + (5) + (6) + (7) and
magnitudes of properties, while lower case letters
refer to their corresponding intensive magnitudes.

nterface that deals with energy, entropy and composition dif-
erences between the metal and the electrolyte. The ensemble
f (α), (γ), (ι) and (κ), will be a representative volume element
f the actual (NED) system (see Fig. 1). Throughout this paper
nd inside the equations, the different phases or subsystems are
ndicated inside parentheses.

. The interface interaction

We can start our analysis by applying the first principle of
hermodynamics, making the internal energy states of our system
ependent on entropy, volume and components: U = U(S, V, n1,
. ., nC). When we differentiate the internal energy function we

et [4]:

U = T dS − P dV +
C∑
i

(
∂U

∂ni

)
S,V,nj

dni (1)
sis A: Chemical 281 (2008) 226–229 227

ere, the chemical potentials μi are defined as

i =
C∑
i

(
∂U

∂ni

)
S,V,nj

(2)

or NED to be representative, we take its volume to remain con-
tant, so that its extensive properties shall depend on the limiting
orders. Once the limits are fixed, the volume term in Eq. (1)
anishes and the internal energy variation of the system dU(NED)

esults from the sum of two terms: the energy variation due to
he total entropy T dS and the energy variation due to chemi-
al reactions μi dni. That is, the chemical potential μi times the
hange in the amount of mass dni:

U(NED) = T dS(NED) +
C∑
i

μi dn(NED)
i (3)

ubsystems (α), (γ), and (ι) are representative volume elements
ith the same properties of their corresponding crystals on the
etal and their volumes can change with the only restriction that

he total volume of the ensemble remains constant. The internal
nergies for (α), (γ), and (ι) are

U(α) = T dS(α) − P (α) dV (α) +
C∑
i

μi dn(α)
i (4)

U(γ) = T dS(γ) − P (γ) dV (γ) +
C∑
i

μi dn(γ)
i (5)

U(ι) = T dS(ι) − P (ι) dV (ι) +
C∑
i

μi dn(ι)
i (6)

ubsystem (κ) is a virtual interface surface that takes account of
ifferences between (ι) and (α) + (γ). It has no components, no
olume and is subjected to surface strain work σ dA, where σ is
he surface tension and dA is the change of area. The internal
nergy for (κ) is
Fig. 1. The negative electrochemical device (NED).
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Eq. (22) is an intensive expression of the entropy production
rate which includes the electrochemical and mechanical forces
relationship occurring on the surface of a polycrystalline metal.
Important mechanical effects at low temperature and large sur-
face tension can be predicted. Temperature excerts a positive but
inverse influence on the entropy production rate, causing the sys-
tem to increase its grades of freedom when it lows down, while
surface tension excerts a negative direct influence, making the
28 F. León et al. / Journal of Molecular C

olving for surface strain work (σ dA) required on the interface
or NED’s volume to remain constant, we get:

dA = P (α) dV (α) + P (γ) dV (γ) + P (ι) dV (ι) (8)

n order to find the mass interaction, we can apply the continuity
quation, including the mass flux of component i by effect of
iffusion ρiνi and the mass flux due to chemical reactions [4],
iven that ρi is the mass density of the component i and νi is its
elocity:

dρi
dt

= −div(ρi�i) + ζi (9)

he term ζi stands for the mass of component i which is trans-
ormed per unit volume and time, due to the chemical reactions
n which i is participating:

i = Mi

r∑
j=1

υjiJj (10)

ere, Mi is the molecular mass of component i, υji the stoichio-
etric coefficients of reaction j and Jj are the reaction fluxes,

efined by the rate of j reaction’s state (ξj/dt), according to the
ollowing definition [4]:

j = 1

V

(
dξj
dt

)
(11)

y means of the mass conservation principle, NED’s mass
emains constant: dρ(NED)/dt = 0. Each type of grain on the metal
tructure consists of only one component and the electrolyte con-
ists of several C components. Subsystem (γ) is a metastable
athode phase electrode and participates as a source of electrons
o (ι). Subsystem (κ), is a virtual surface with no volume. It
as no mass and it does not contribute to mass exchanges into
he system. Subsystem (ι), the electrolyte, can have many com-
onents, each one participating on several possible reactions.
hemical reactions are held inside the electrolyte. The rates of

ransformation for each component i per unit volume due to the
hemical reactions j, are calculated according to Eq. (10).

In order to find the continuity equations, we shall consider a
iffusion component passing from (α), through (κ) and then to
ι). The continuity equations for our system with two reactions
j = 1, 2), are

dρ1

dt
= −div(ρ1�1) +M1ν11J1 (12)

dρ2

dt
= −div(ρ2�2) +M2ν12J1 (13)

dρ3

dt
= −div(ρ3�3) +M3[ν13J1 + ν23J2] (14)

dρC
dt

= −div(ρC�C) +MC[�1CJ1 + ν2CJ2] (15)

or this case, between (14) and (15) we can have as many equa-

ions as the C components involved in describing the chemistry
n the electrolyte.

The local equilibrium approach for irreversible processes
tates that the equilibrium equations are satisfied in small enough

s
t
z
a

sis A: Chemical 281 (2008) 226–229

lements of the system, even when the entire unit is out of equi-
ibrium. Then, it is possible to use the Gibbs equation and solve it
or the entropy. The general form of the entropy balance equation
s

ds

dt
= −div J s + Sψ (16)

eing Sψ the entropy production due to non-equilibrium pro-
esses per unit volume and time, and Js the entropy flux defined
y

s = 1

T

(
Jq −

C∑
i=1

μiJ i

)
(17)

pplying (16) for (α) and (γ), the entropy balance equations are

ds(α)

dt
= − 1

ρ(α) [div J (α)
s − S

(α)
ψ ] (18)

ds(γ)

dt
= − 1

ρ(γ) [div J (γ)
s − S

(γ)
ψ ] (19)

ubsystem (κ) takes account of the entropy differences between
ι) and the ensemble of (α) + (γ). We can apply (7) and solve for
s(κ) with respect to time:

ds(κ)

dt
= 1

T

[
du(κ)

dt
− σ

dA

dt

]
(20)

or subsystem (ι) the lagrangian equation is

ds(ι)

dt
= − 1

ρ(ι) [div J (ι)
s − S

(ι)
ψ ] (21)

inally, the ensemble of entropy is

ds(NED)

dt
= − 1

ρ(α) [div J (α)
s − S

(α)
ψ ] − 1

ρ(γ) [div J (γ)
s − S

(γ)
ψ ]

+ 1

T

[
du(κ)

dt
− σ

dA

dt

]
− 1

ρ(ι) [div J (ι)
s − S

(ι)
ψ ] (22)
ystem to produce less entropy with respect to time when surface
ension increases. If we wish the entropy production rate to be
ero, we can solve (22) for the surface strain work (WS = σ dA)
nd integrating when regarding σ constant over the surface to
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btain:

s = U(κ) − T

ρ(α)

∫
[div J (α)

s − S
(α)
ψ ] dt

− T

ρ(γ)

∫
[div J (γ)

s − S
(γ)
ψ ] dt

− 1

ρ(ι)

∫
[div J (ι)

s − S
(ι)
ψ ] dt (23)

q. (23) stands for the surface strain work required to have no
ntropy production rate on the system which can be translated
nto a surface tension value needed on the metal–electrolyte
nterface to establish a steady state with regard to the energy
nd mass exchanges.

. Conclusions

By the way of the local equilibrium approach, the
etal–electrolyte interface interaction describes the relationship

etween surface tension and entropy production on the system.
iven that a surface strain work termσ dA appears on the entropy
roduction balance, we can conclude that there exists an influ-
nce of the surface strain work on the entropy production rate of
he system for the metal–electrolyte interface interaction which

epends on the surface tension value of the electrolyte.

On behalf of this approach, we have formaly introduced time
n the estimation of the entropy production, having a way to cal-
ulate the charge transfer on time unit for the NED mechanism

[

[

sis A: Chemical 281 (2008) 226–229 229

y knowing the entropy fluxes on the different phases and doing
he ensemble.

The entropy production rate is thought for estimating the
egradation on mechanical properties of polycrystalline met-
ls, granted that any system will always be irreversibly evolving
o lower states of energy by reducing its mass and therefore, its
tress resisting capacity.

cknowledgments

We acknowledge the Pan-American Advanced Studies Insti-
ute for the fellowship award on behalf of which this topic was
resented during the Fourth San Luis Conference on Surfaces,
nterfaces and Catalysis in Cuernavaca, Mexico.

The corresponding author wants to acknowledge to the
nstitute Francais de Mecanique Avancee and to the Instituto
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