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This present paper was prepared in honor of the contributions of Dr. Zdravko Stoynov to electrochemical impedance
spectroscopy (EIS) on the occasion of his eightieth birthday. Recognizing the seminal contributions that Prof. Stoynov
has made to EIS, in this paper, we illustrate the application of EIS in the analysis of impedance data for passive metal
systems; in particular, the impedance of copper in sulfide-containing granitic rock ground water that will exist in the
repository for High Level Nuclear Waste (HLNW) in Sweden and Finland. We demonstrate the feasibility of optimizing
the Point Defect Model (PDM) upon experimental impedance data to extract values for important model parameters,
which in turn can be used to calculate the steady state barrier layer thickness and passive current density as a function of
voltage. These quantities are required for determining the corrosion rate of copper in contact with the repository sulfide-
containing ground water and hence in estimating canister life-time, which is designed to be of the order of 100,000

years.
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INTRODUCTION

Professor Zdravko Stoynov was one of the early
pioneers of the modern form of electrochemical
impedance spectroscopy (EIS) and has contributed
greatly to the rich fabric of this important subject.
His many, impressive accomplishments are
cataloged in the scientific literature, including this
Special Issue commemorating his 80" birthday, and
serve as a beacon for those who follow in his
footsteps. In this paper, we review how EIS is now
used to define the mechanism of the formation of a
passive film on a metal surface; in this case, the
formation of Cu,S on Cu in sulfide-containing
brine. The present work was performed to provide a
scientific basis for estimating the lifetimes of
copper canisters in crystalline rock repositories in
Sweden that are used for the disposal of high level
nuclear waste (HLNW). The paper is presented in
honor of the many profound contributions that
Professor Zdravko Stoynov has made to
electrochemical impedance spectroscopy.

THEORY

The Point Defect Model was developed over the
past thirty-five years by Macdonald and coworkers
as a mechanistically-based model that could be
tested analytically against experiment [1-3]. The
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PDM is now highly developed and, to our
knowledge, there are no known conflicts with
experiment, where confluence between theory and
experiment has been first demonstrated. Indeed, the
model has predicted new phenomena that have
subsequently been observed, including the photo-
inhibition of passivity breakdown (PIPB) [4-7], and
has provided a theoretical basis for designing new
alloys from first principles [8, 9]. The PDM has
been previously used to interpret electrochemical
impedance data by optimizing the model on the
experimentally-determined real and imaginary
components of the interphasial (metal/passive
film/solution)  impedance, with considerable
success [10-14]. An earlier version of the model has
been extensively used to analyze data obtained in
this laboratory on a program defining the
electrochemistry and corrosion behavior of carbon
steel in simulated concrete pore water. Our early
work [13,15,16], used the commercial DataFit
software [16] for optimization, which employs the
Levenberg-Marquardt [17] method of minimiza-
tion, in order to estimate values for various model
parameters. The optimization work described in the
present paper was performed using the much the
same physico-electrochemical model derived from
the PDM as in our previous work, with the
exception that the model describes a bi-layer film.
However, the optimization itself is performed using
the newer, more powerful method of optimization;
Differential Evolution (DE), using custom software
[18].This algorithm resolves many of the issues
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associated with parameter optimization of functions
of this type, including being less susceptible to
being “hung-up” on minima other than the global
minimum. Consequently, the quality of solution is
vastly improved (several orders of magnitude
reduction in the chi-squared error over gradient-
based methods). The mechanics of the Evolutionary
Algorithm methods are presented in Ref. [19].
Although gradient-based methods are
computationally much faster than evolutionary
methods, such as DE, without operator experience
and the requirement for non-intuitive knowledge

Metal Y2
Wm+VE KMy +vy, +ce’

(2)mL>MiC+ +Vp, +ce”

(3)mL>MM +%Vd +ce

Barrier Oxide Layer Y

about a highly dimensional system, they are not
operationally more efficient. The man-hours saved
more than makes up for any shortcomings in terms
of computational speed.

THE POINT DEFECT MODEL

As noted above, the PDM was developed to
provide an atomic-scale description of the
formation and breakdown of passive films [1-5].
The physico-chemical basis of the PDM is shown
in Figure 1.
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Fig. 1. Interfacial defect generation/annihilation reactions tnat are postulated to occur in the growth of amodic
barrier oxide films according to the Point Defect Model. m = metal atom, VX' = cation vacancy on the metal sublattice
of the barrier layer, M¥" = interstitial cation, M,, = metal cation on the metal sublattice of the barrier layer, V; =
oXxygen vacancy on the oxygen sublattice of the barrier layer, 0, = oxygzn anion on the oxygen sublattice of the barrier

layer, M%* = metal cation in solution.

Briefly, the model postulates that defect
generation and annihilation reactions occur at the
metal/barrier layer (m/bl) and the barrier layer/outer
layer (bl/ol) interfaces, which are separated by a
few nano-meters, and that these reactions, as
depicted in Figure 1, establish the point defect
concentrations within the barrier layer. The charged
point defects are envisioned to migrate across the
film in a direction that is consistent with their
charge and the sign of the electric field. Thus,
positively-charged oxygen vacancies and metal
interstitials migrate from the m/bl interface, where
they are generated by Reactions (2) and (3),
respectively, to the bl/s interface, where they are
annihilated by Reactions (5) and (6), while
negatively-charged cation vacancies migrate in the
reverse direction. The electric field strength for
oxides is € = 1-5x10° V/cm, but is lower by about
an order of magnitude for the more polarizable
sulfides. In both cases, the field strength is such that
the defects move by migration, not by diffusion.
The field strength is postulated to be buffered by
Esaki, band-to-band tunneling, possibly via inter
band-gap states, and hence is insensitive to the
applied voltage and the thickness of the barrier
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layer. Finally, it is assumed that the potential drop
across the bl/s interface (@f/s) is a linear function
of the applied voltage and pH

Or/s = aV + BpH + 07,5 (1)

such that the potential drop across the m/bl
interface is given as

On/r = (1= @)V —BpH — el — 075 (2)

where L is the thickness of the barrier layer and
(bf}/s is a constant. The form of Equation (1) is
dictated by electrical double layer theory for
oxide/solution interfaces. Other assumptions and
postulates are contained in the original publications
[4,5].

The electron current density, I, which is sensed
as an electron current in the external circuit, is
expressed in terms of the kinetics of all reactions
that produce or consume electrons and, hence, is
written as:

Xk €5+ xky + xks + (6 = X)ky
I=F . 3)
+(8 — 0ksC + (8 — Xk,
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where C is the concentration of cation vacancies

at the m/bl interface and C; is the concentration of

cation interstitials at the bl/ol (bl/s) interface. Note
that Equation 3 does not depend upon the
concentration of oxygen vacancies or upon the rate
constant for Reaction (6), Figure 1. Thus, no
relaxations in the impedance response involving
oxygen vacancies is predicted, but this is essentially
an artifact of considering Reactions (3) and (6),
Figure 1, to be irreversible. If this reaction was
assumed to be reversible, then a relaxation
involving oxygen vacancies would be present.
Furthermore, the concentration of H* is considered
to be constant, corresponding to a well-buffered
solution, and is included in the definition of k;, as
indicated in Equation 6, below. Parenthetically, we
note that the inclusion of reversible reactions would
allow the PDM to also account for the reduction of
passive films, albeit at a considerable cost in
mathematical complexity.

Using the method of partial charges, the rate
constants for the reactions in the presence of a
porous, resistive outer layer are found to be of the
form [20]:

ki = k?exp[ai(V = ROI") = biLL i= l, 2, 3 (4)

ki = k2expla;(V — Ry, 1)), i=4,5 (5)

and

C n
k= Kexplas(V = RuDI () (6)
H

where n is the kinetic order of barrier layer
dissolution with respect to H*. In deriving these
expressions theoretically, it is assumed that a
resistive outer layer, Ry, exists on the surface of the
barrier layer and that the passive current flows
through the outer layer to a remote cathode, which
is the normal experimental configuration. Because
of this, the potential that exists at the bl/ol interface
must be corrected from that applied at the reference
electrode located at the outer layer/solution
interface by the potential drop across the outer
layer, where R, (Q cm?) is the specific resistance of
the outer layer. The coefficients in the rate constant
expressions are summarized in Table 1.

Table 1. Coefficients for the rate constants for the reactions that generate and annihilate point defects at the m/bl
interface [Reactions (1) — (3)] and at the bl/s interface [Reactions (4) — (6)], Figure 1, and for dissolution of the film [3-

5]. ki — kiOeaiVebiLeci pH

Reaction ai(V?h bi (cm ™) C, Units of k’
@) m+VS XMy, +vp, +ce’ o (1-01)Xy oK -ouBXy %
) m—2 M 4y, +ce op(l-a)xy  -oXK o)y cr;ozls
(8) m— My + %Vd +ce a(l-a)xy  -0sxK  -agBxy CTZIS
OM, —“5>M™ VS 1(d-cle”  aady aply
(5) M&"—5sM* +(d-c)e 0500y 05PdY ?
(6) Vg +H,0— 505 +2H"* 2050y asBOy ?
(7) MO,,, +CH* —~—>M ¢ +% H,0+(d-c)e” st (8-X)y @By ™

cm~s

Let us assume that the applied potential changes

sinusoidally around some mean value (V_) in
accordance with Equation (7):

V=V +adV =V +AVe™ (7)

where w is the angular frequency and AV is the
amplitude. The bar over a letter refers to the
corresponding value under steady-state conditions.
Accordingly, in the linear approximation the
independent variables have the following response
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f = f +Afe!™" where f represents current density,
I, and values on which | depends, namely, L, Cio,

C., and the various rate constants.

Our task, then, is to calculate the faradic
admittance, Yg, which is defined as:

1 d Al

Y. = = — -
S VAR\Y, ®)

where Zg is the faradic impedance. Note that I, is a
function of the potential at the bl/ol interface (U),
but the potential that is modulated is that at the
outer layer/solution (ol/s) interface (V), or close to
it, depending upon the exact placement of the tip of
the Luggin probe. The two potentials are related by

U=V-R,I 9)
It is evident, then, that,
YO
iZio-f-i orYp =—TF— (10)
Ye Ve ol 1+R,Yr

where Y? is the admittance calculated in the
absence of the outer layer, assuming that the
potential at the bl/ol interface is U under steady-
state conditions. We see that Y, — Y. as R, —0

and Yg >1/R, for Y?—>oo; that is, the

interphasial impedance becomes controlled by the
outer layer in the limit of an infinitely large outer
layer specific resistance or infinitely small barrier.

The values of U and other steady state values can
be easily calculated. Assuming some arbitrary value

of U, we can immediately calculatek,, i = 4, 5, 7

from Equations (5) and (6). From the rate equation
for the change in thickness of the barrier layer,
which is written as

‘(’; _ Ok, — Ok, (11)

we have k, =k, i.e.

(-3 ), (CrCs) L 1KY Cu) | (12)
(oS () |

After that, the values k (i = 1, 2) can be

calculated by using Equations (4).
The values of the steady-state concentrations

G, CO and C° (concentrations of metal

vacancies at the m/bl interface and of oxygen
vacancies and metal interstitials at the bl/ol
interface, respectively) can be found by equating
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the rates of formation and annihilation at the two
interfaces to yield:

CVL:'i—‘* (13)
k1
co-k (14)
k5
and
~0 |23
== 15
0= (15)

Equations (13) to (15) follow from the condition
that steady state fluxes of cation vacancies, cation
interstitials, and oxygen vacancies, are the same at
the two interfaces; otherwise time-dependent defect
accumulations would occur.

Finally, we calculate the values of

FE CEC_:VL+C_E2_+CE3+(d ~¢ )k, (16)
+(d—c)kC+(d—c )k,

and
V =U+R,IT (17

i.e. we calculate the polarization behavior as the
dependence I (V). As the actual value of U we

will choose the value at which V equals the
prescribed value, because no outer layer is assumed
in defining the impedance of the barrier layer, in
this analysis. Practically, the task is reduced to the

solution of the single equation V. =U + R, 1(U)
relative to the unknown value U (the voltage at the
bl/ol interface).

It is important to recognize that, if we have a
code for calculating the admittance of the system in

the absence of the outer layer, Y., we can derive
the admittance in the presence of the outer layer,
Ye, by using Equation (10), assuming that YF0 is
calculated at the steady state applied potential that
equals U (butnot V).

Derivation of Y.

From Equation (3) we can write, in the linear
form:

L 0
YFO:Q:AI=IU+IL£+IVLACV+I:’ACi (18)
dJ AU AU AU AU

where



D. Macdonald et al.: Review of the extraction of electrochemical kinetic data from electrochemical impedance data using...

IU

cak,Cl +ck,a, + cka, +(d —c )k,a
=F cal 3 (19)
+(d - ¢ )k.a,C’ +(d —c k,a,

I, = —F{chkCL + ckyb, + ckyb, | (20)

|- = Fck,

(21)

=F(d-c)k (22)

Here, it is assumed that the imposed voltage

varies sinusoidally, U =U +dU =U +AUe™
and the four terms on the right side can be
attributed to relaxations with respect to the applied
potential V, the thickness of the barrier layer with
respect to the voltage at the bl/ol interface, U,

cation vacancies,(fnt, and cation interstitials,(;io,

respectively. Note the absence of a term for the
relaxation of oxygen vacancies, because, again, the
concentration of oxygen vacancies does not appear
in the current [Equation (3)], because of assuming
that Reaction (3), Figure 1, is irreversible.
Physically, though, the oxygen vacancies carry at
least part of the current, so that the concomitant
transport impedance must be accounted for. This is
done be adding a Warburg impedance (Zy) element
in series with the Faradaic impedance (Zf) as
explained later in the paper. Thus, the Faradaic
impedance is redefined as being Zg + Zy,.

Let wus now derive expressions  for

L 0
AL AC, and AC; . For reasons that will become

AU " AU AU

apparent below, it is convenient to start wnh%

The rate of change of the thickness of the barrier
layer is described by Equation (11). Thus, by taking
the total differential of Equation (11), we obtain

ddL

—— = jwALe™ =Qdk, - Qdk, =
(23)
Q(k,a,dU —kbdL)-Ok,a,dVv
or
AL Q(k a; — k,a,)
= —= 24
b= AU jw + Qk.b, @)
which is the desired result.
Derivation of AC’ /AU
The flux density of interstitials is
oC,
J, =-D,— - cD,KC, (25)
OX

In this expression, D; is the diffusion coefficient
of the cation interstitials, K = Fe/RT, where ¢ is the
electric field strength of the barrier layer, and T is
the temperature. The continuity equation is then
written as:

2
% _p 2% bk L (26)
ot Ox? OX
which must be solved subject to the boundary
conditions

-k.C, :—D-%—CDKC at x = 0 (27)

Substitution C, =C; + AC,e’" into Equations

(25) to (27) and linearization of the boundary
conditions relative to AU and AL vyields:

62DC aDC,

jwDC; = ——++cD;K— 28
wDC, === = (28)

or

k. (C%a,AU + AC® )= D, (GACi J
x=0 (29)
X

0
0
| jx:L (30)

-cDKACH  at x=L

-cD,KAC?  at

_ OAC
—k,(a,AU ~b,AL)=-D,
2( 2 2 ) |( 8X

Analytical solution of the linear boundary
problem (28) — (30) is easily obtained and the

sought value AC”/AU can be presented in the
following form:

= feBopcl +Dol o @D
DU DU DU
where

AC), =B =) +0y (B3 735) )

| 818, — 81,8,
ACiOL — b2|_(a11_a12) (33)

18y, — 3,8,

—cK +,/c2K2 +4jw/ D,
he = (34)
2

a11:(r1+CK)Di _Es’ a, =(I’2+CK)Di _IZS’ (35)

a, =(r,+cK)De™, a,=(r,+cK)De"

blU = 5a5C_:i0, bzu = kzazi sz :_Ezbz (36)
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and % is given by Equation (24).

The reader should note that the expressions
given above for cation interstitials can be shown to
be the same as those for oxygen vacancies, with the
oxidation number, c, being replaced by 2,

Subscript 2 being replaced by Subscript 3, and
Subscript 5 being replaced by Subscript 6, so as to
identify the correct reactions in Figure 1.

Derivation of AC-/AU
By analogy with the above it can be shown that:

AC'  Aett +Be™ ™
AU AU (37)

AC), +AC) AL AL
AU
where

ACvLu = (bya,, —byya, e "y (byyay; —byay, )erZL (38)
&8y, — 8,8y

rnL nL
bZLalle - bZLalze '

a;,8;, — 8,8y

21 2 H
:cKJ_r,/c K*+4jw/D, (40)

r-1, 2 p)

ACk = (39)

where

a,=(r-cK)D,, a,=(r,-cK)D,,

a, = [(r,—cK)D, +k e, (41)
a,, = [(r,-cK)D, +k Je""
blU - _|Z434 ,
bzu = —Ealc_:vl‘ ) (42)
b, =kC'b

and, again, % is given by Equation (24).

By substituting Equations (24), (31) and
Equation (37) into Equation (18) we have the
result:

Y2 =1, +1 L, + 1 (ACL, +ACL L, )+ “3)
IiO(ACi(ZJ +ACi(I)_LU)

The Swedish plan for the isolation of high-level
nuclear waste (HLNW) calls for encapsulation of
spent nuclear fuel in a copper canister located
within bore holes within a crystalline bedrock
repository at a depth of about 500 m. The
groundwater is a brine containing bi-sulfide ion
(HS’), which is known to activate the corrosion of
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copper [21]. The current plan calls for emplacement
of spent fuel in an inner cast iron canister shielded
with a 50 mm thick outer layer of metallic copper
[22-24], which, in turn, is surrounded by a layer of
compacted bentonite. After emplacement of the
canisters in the boreholes in the floors of the drifts
(tunnels), the remaining space will be backfilled
with a compacted bentonite clay buffer [22]. The
role of the inner cast iron layer is to provide
mechanical strength as well as radiation shielding,
while the copper outer layer provides corrosion
protection. Hydration of the bentonite layer
produces a highly impervious barrier to the
transport of deleterious species, such as HS’, to the
copper surface, representing one barrier in the
multi-barrier concept for HLNW disposal. Thus, in
the anoxic groundwater environment, corrosion
mechanisms involving sulfides have been identified
by SKB (the Swedish vendor of the disposal
technology) to be important in controlling canister
lifetime [24]. Sulfide species, such as bisulfide ion
(HS), are present in groundwater in the near-field
environment and hence in the vicinity of the copper
canisters. As noted above, these species are
powerful activators of copper corrosion [21] by
inducing a partial anodic reaction (2Cu + HS™ -
Cu,S + H* + 2e™) at a potential that is about 600
mV more negative than that for the formation of the
oxide (2Cu + H,0 = Cu,S +2HY +2e7) in the
absence of sulfide. Thus, in the presence of sulfide
species, copper is converted from being a semi-
noble metal to an active metal [21], resulting in
corrosion and hence in a reduction of the canister
lifetime.

Figure 2 displays the potentiodynamic
polarization of copper in a deaerated 0.1 M
NaCl+2x10* M Na,S.9H,0 solution at 25 °C, as
measured in our previous work [25,26].

1072 T T T r T

v | A//

10% |

<

108

107 | :
— T=25°C

10-& I I | 1 1 i

-0.8 -0.6 04 -0.2 0.0 02 04

Evs. SHE/V

Fig. 2. Potentiodynamic polarization curves of Cu in
a deaerated 0.1 M NaCl+2x10™ M Na,S.9H,0 solution
at 25 °C. (Scan rate=1 mV s™).
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A broad passive range of potential is observed,
starting from about -0.7 (potential which is related
to the formation of copper sulfide) and extending
up to +0.15 V vs. SHE. Four potentials within the
passive region were selected for the impedance
analysis, -0.495 V, -0.395 V, -0.295 V and -0.195
V vs. SHE, with the electrode at these potentials
being controlled potentiostatically for the entire
time of the experiments.

Metal /
+ ki
(1) Cu+VE S Cucy + vey + xe'
|
Ko 4 ;
(2) Cu—Cuj ™ +vgy, + xe
|
k3 Ly i
(3) Cu—= Cugy + Vs + xe
|

Barrier Oxide Layer Y

A modified point defect model (PDM) for the
formation of the bi-layer Cu/Cu,S/CuS passive
films on copper in the sulfide-containing solutions
was proposed [26]. The physico-chemical basis of
the modified PDM is shown in Figure 3. In this
study, we propose a PDM specifically for the
growth and dissolution of the passive sulfide films
on copper.

Outer Layer/Solution

ke :
(4) Cucy = Cub* + VI + (8 — x)e’
I
k
) Cuft S cud* + (6 — p)e’
!
k
(6) Vi + HS™ 3 Sg+ H*
|

ks
(7) CuSx,, + LH* S cu* +2HS™ + (5 - p)e’

|
(x=1L)

I
(x=0)

Fig. 3. Interfacial defect generation/annihilation reactions that are postulated to occur in the growth of anodic barrier
sulfide films (x=1 for both Cu,S and CusS, where the latter is the Cu(l) salt of the disulfide ion, SZZ’) according to the

Point Defect Model. Véu = cation vacancy on the metal sublattice of the barrier layer, Cui“ = cuprous cation

interstitial, Cuc, = cuprous cation in cation site on the metal sublattice of the Cu,S barrier layer\/ s = sulfur vacancy on

the anion sublattice of the barrier layer, Sq = sulfur anion on the anion sublattice of the barrier layer, Cu® =

cuprous cation in solution.

Note that the model is written in general form;
being capable of describing the formation of both
Cu,S and Cus barrier layers.

Figures 4 and 5 display typical experimental
electrochemical impedance spectra (Nyquist and
Bode plots) for the passive sulfide film formed on
copper in a deaerated 0.1 M NaCl+2x10* M
Na,S.9H,0 solution at 25°C. The best fit results,
calculated from the parameters obtained from
optimization of the proposed mechanism (Figure 3)
on the experimental EIS data are listed in Tables 2
and 3, and the impedance calculated from those
parameters are also included in Figures 4 and 5 as
solid lines. One will note that the correlation
between experiment and the model is very good,
indicating that the proposed model (Figure 3)
provides an excellent account of the observed
experimental data.

Table 2. Averaged Kinetic parameters obtained from
the PDM optimization of copper in a deaerated 0.1 M
NaCl+2x10™* M Na,S.9H,0, at 25°C.

Parameter Value Dimensions
a 0.26 -

oy 0.44 -

03 0.21 -

Oy 0.07 -

n -0.15 -

Ky 3.52x10" (sh

ko 1.85x10™ (mol cm? s™)
ks 2.46x10™ (mol cm? s™)
Ky 7.85x10™ (mol cm? s™)
ks 7.31x10™ (mol cm? s™)
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Fig. 4. Experimental and simulated Nyquist and Bode plots for copper in a deaerated 0.1 M NaCl + 2x10™ M
Na,S.9H,0, T = 25°C as a function of applied potential, solid lines show the best fit calculation of the PDM using the

optimized parameter values

It is important to note that the obtained
parameters should not only reproduce the
experimental impedance spectra, but should also
deliver values of various properties that are
physically reasonable. Thus, the obtained Kinetic
parameters, such as the standard rate constants,
transfer coefficients, and defect diffusivities listed
in Tables 2 and 3, show no systematic dependency
on the applied potential as required by the
fundamental electrochemical kinetic theory. This is
a good test of viability of the proposed model. Of
particular interest is the value of the electric field
strength as a function of voltage. It is seen that the
value (2.1x10° V/cm) is about an order of
magnitude lower than that typically found for oxide
barrier layers [14], corresponding with the greater
polarizability of the sulfide compared with the
oxide ion. Furthermore, within experimental
accuracy, the electric field strength is independent
of the applied voltage, confirming one of the
important postulates upon which the PDM is based.

Cuprous sulfide, Cu,S, is a p-type semi-
conductor, indicating that the dominant point defect
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in the lattice is the cation vacancy. The value of the
cation vacancy diffusivity is quite high [(1.0 £
0.7)x10™ cm?s] and appears to display some
voltage-dependence, although the experimental
uncertainty is difficult to judge accurately. Also, the
diffusivity is a “deeply buried” parameter in the
model, so that its value is possibly only semi-
guantitative in nature. Nevertheless, it is in
reasonably good agreement with the value of 10™*°
to 10™ cm?/s that is predicted theoretically using
Density Functional Theory (DFT) [27]. As
mentioned in the previous section, the rate of
change of the barrier layer thickness that forms on a
metal surface can be expressed as:

dL
dt

QkJedsV ebsleCsPH. QLY (2{,—':)n &7V CrPH (44)
H

where Q is the molar volume of the barrier layer per

cation, Cy+ is the concentration of hydrogen ion,

C§+ is the standard state concentration, and “n” is

the kinetic order of the barrier layer dissolution

reaction with respect to H.
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Fig. 5. Experimental and simulated Nyquist and Bode plots for copper in a deaerated 0.1 M NaCl + 2x10™ M
Na,S.9H,0, T = 25°C as a function of applied potential, solid lines show the best fit calculation of the PDM using the

optimized parameter values

Definitions of the other parameters are listed in
Table 2. It should be mentioned that, since the pH
of the solution was higher than the pH of zero
charge for Cu,S and CuS dissolution (PZC < 3.5
[28]), “n” should be a negative value as is obtained
from the optimization. Another point to be noted is
that the rate of the dissolution reaction is potential
dependent if the oxidation state of copper in the
barrier layer is different from its oxidation state in
the solution. However, under an anoxic condition,
the oxidation state of copper in both phases is +1, in
that CuS is the Cu(l) salt of the disulfide (S37) and
should be written as Cu,S,. Therefore, the rate of
film dissolution is considered to be potential-
independent.

Under steady-state conditions %: 0 and the

steady-state thickness of the barrier layer can be
derived as:

2.303n
Az EXY

1
azEXY

1]

Les =[SV + 22 L pH + ——n (%) (45)

Figure 6(a) shows a comparison of the
calculated steady-state thickness of the barrier layer
with the experimental results as a function of
applied potential, while the steady-state current for
passive copper in sulfide-containing sodium
chloride solution calculated from the parameters
obtained from the PDM optimization is shown in
Figures 6(b). As seen from these figures, there is a
linear dependence of log(ls) on the applied
potential, which is consistent with the PDM
diagnostic criteria for p-type passive films. The
parameters obtained from the PDM optimization
listed in Tables 2 and 3 were used to calculate
theoretically the steady-state properties (thickness
and passive current density) of the barrier layer
using Equations.16 and 45.
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Table 3. Other parameters obtained from the Simulation of the proposed model for copper in a deaerated 0.1 M
NaCl+2x10™ M Na,S.9H,0, at 25°C .

Eapp. (V vs. SHE) -0.495 -0.395 -0.295 -0.195 Origin
) 1 1 1 1 Assumed
X 1 1 1 1 Assumed
CPE-g (Ss®cm?) 5.31x10™* 4.90x10™* 2.93x10™* 2.71x10™* 2" stage optim
CPE-¢ 0.82 0.78 0.81 0.83 2" stage optim
pH 10.18 10.18 10.18 10.18 Measured
g (Vem?) 1.94x10"®  2.10x10"®  2.10x10"®  2.20x10"® 1% stage optim
Ca (F cm?) 1.60x10% 2.22x10™ 1.43x10% 1.38x10% 2" stage optim
Re (Q cm?) 2.80x10"®  9.99x10™°  9.98x10™°  9.99x10"*° 2" stage optim
Rs (Q cm?) 27 23 19 18 Estimated
D, (cm?s™) 7.44x10™ 1.00x10™ 1.00x10* 7.45x10™ 2" stage optim
Ro1 (Q cm?) 4.27x10"™  1.03x10"®  1.48x10"®  2.78x10™™ 2" stage optim
Co (F cm?) 2.35x10™ 4.01x10™™ 4.66x10% 3.04x10™* 2" stage optim
o (Qcm? s %%) 10 10 11 12 2" stage optim
Ren (Q cm?) 9.11x10"°  9.94x10*°®  1.00x10""  1.00x10""’ 2" stage optim
Lss (cm) 3.86x10™’ 7.65x10™ 1.14x10°% 1.42x107% Calculated
Iss (A cm?) 2.43x10™% 2.44x10% 2.45x10 2.46x10 Calculated
1.6x10% - So-b RSN R
14x10% @ wsl | X 1ss(POM)
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Fig. 6. Plots of the calculated and experimental steady-state barrier layer thickness as a function of potentials for
copper in a deaerated 0.1 M NaCl+2x10™ M Na,S.9H,0 at 25°C.

In order to obtain the experimental steady-state
thickness, we used the well-known parallel plate
capacitance formula (Eq.46) assuming a value of
the capacitance from the high frequency (1 kHz)
imaginary part of the experimental impedance data.

zel
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where & is the dielectric constant (calibrated based
on the obtained thickness, & = 724 ), € = 8.85x10"
Y (F em™) is the vacuum permittivity, d is the
thickness of the film (cm), and C is the capacitance
(F cm™). As can be seen, the thickness of the barrier
layer increases with applied potential as predicted
by the PDM [1-5]. Good agreement is obtained
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between the calculated and experimental thickness
except at the lowest potential, which is closest to
the active-to-passive transition (Fig. 2) and it is
possible that the barrier layer had not fully
developed at that potential. This postulate is
somewhat supported by the fact that instabilities
were observed in the impedance measurements at
that potential.

SUMMARY AND CONCLUSIONS

In this paper, we illustrate the application of
electrochemical impedance spectroscopy (EIS) in
analyzing impedance data for passive metal
systems. We demonstrate the feasibility of deriving
an impedance version of the Point Defect Model
(PDM) and of optimizing the model upon
experimental impedance data to extract values for
important model parameters. These, in turn, are
used to calculate the steady state barrier layer
thickness and passive current density as a function
of voltage. This work provides a scientific basis for
estimating the lifetimes of copper canisters in
crystalline rock repositories in Sweden for the
disposal of high level nuclear waste (HLNW).
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OB30P 3A OMNPEAENTAHE HA KMHETUYHWN NMAPAMETPU OT JAHHW MNOJTYYEHW YPE3
ENEKTPOXUMWYEH MMNEJAHC YPE3 NMPUNATAHE HATEHETUYEH AJTTOPUTHBM 3A
onTNMU3ALNA

[. Makgonang' *, C. Lapudu-Acn®, I'. EHrenxapar?

! KaTeapa no MaTepranosHaHie i HXKEHepHN Hayki, KannthopHUiicKn yHnBepcuTeT B BbpKy,
Bbpknu, KanudgopHus 94720, CALL,
2 Cuctemun OJIN, yn. Cepap Honc 240, Llegap Honc, NJ 07927, CALL,

MocTbnuna Ha 26 gekemspu 2016 r.; KopurupaHa Ha 15 aHyapn 2016 T.
(Pestome)

Hactoswara cratms e HanucaHa B 4ecT Ha fA-p 3gpasko CTOMHOB 3a MpuHOCMTE My B o06fiacTta Ha
eNeKTpoOXMMUYHaTa MMnegaHcHa cnektpockonus (EVIC) no noBof Ha HeroBaTta OCeMAECET roAuliHWHa. Kato
npu3HaHWe 3a TBOPYECKUTE MNpuHOCK Ha npod. CToliHOB B ob6nactTa Ha EWIC, B Ta3u cTatms  uwaoCcTpupame
npunoxeHneTo Ha EVIC npu aHanu3a Ha MMneAaHCcHU JaHHW 33 NMacuBHW METaIHU CUCTEMU; NO-CMEeLnanHo UMMejaHca
Ha MefiTa B NOAMOYBEHUTE BOAM OT rPaHUTHA CKasla CbC ChAbpXKaHue Ha Cynguam, KOUTO ce HaMMPaT B XpaHuIuLaTa
3a BUCOKOAKTMBHY aapeHn oTnagbum (BAAO) B LLseuua n duHnaHama. Hue femMoHCTpupame LienecbobpasHocTTa oT
onTuMmu3npaHeTo Ha Mogena Ha ToukoBua [edekt (MT/) 3a o06paboTka Ha eKCNepUMeHTaIHUTE UMNeSaHCHN
[aHHW, 3a 4a ONpefe/iuM CTOMHOCTUTE Ha BaXKHWM MOZENHW napameTpu, KOMTO OT CBOS CTpaHa MoraT Aa ce M3mosn3sat
3a U34ncnsBaHe Ha febennHarta Ha 6apMepHMs C/I0i B CTaLMOHAPHO CbCTOSHME U Ha MacyBHaTa NTbTHOCT Ha TOKa KaTo
(hYHKLMSA OT HarpeXeHWeTo. Te3n KONMYECTBEHU MOKa3aTenn ca HE06X0AMMU 3a ONpeaensiHe CKOPOCTTa Ha KOpo3us Ha
MeATa B KOHTaKT C MOAMNOYBEHUTE BOAW B XPAHUIULLETO, ChAbPXKALLM CYNMAN U OTTaM - 3a OnpeensHe Ha BPEMETO
Ha >XMBOT Ha MeTa/IHWS Pe30pBoap, KOETO e NPOEKTMPaHo aa 6bae oT nopsabka Ha 100000 roamHm
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