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CHAPTER I

INTRODUCTION

I. General View of Passivation

Passivation can be described as a general phenomenon such
that the activity of the metal surface is much reduced compared with
that of its bare metal surface. In the extreme case, the metal sur-
face can become completely inert towards the environment. This
phenomenon was already observed in 1836 by Faraday with iron in con-
centrated nitric acid. Since then there have been numerous investi-
gations on this subject because of its apparent complexity and its
practical significance to the corrosion resistance of metal and
alloys.

Electrochemically, the current-potential curve of a metal

electrode has been most often used to demonstrate the passivation
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Fig. I-1 Typical current-potential curve for an iron electrode in
solution (pH = 8.4) (1).




phenomena. Figure I-1 shows a typical current-potential curve of an
ron electrode in an equi-volume mixture of 0.15 N Na2B407 and 0.15
N H3303 solution (pH = 8.4). From the far cathodic side of the
curve, the current increases drasticallf'to a maximum value, then
decreases steeply until the applied potential reaches Ep, at which
the current becomes very small. As the electrode potential is scan-
ned to more anodic values, the current falls further and approaches

to a limiting value. As the electrode potential reaches E how-

02’

' ever, oxygen evolution sets in, and consequently the current in-

creases. The portion of the curve before Ec is called the active
(or dissolution) region, the portion between Ec and Ep is called
the active-passive transition region, the portion between Ep and
E02 is the passive region, and finally the region beyond E02 is the
transpassive region.

In the active corrosion region, the iron electrode dissolves
into solution. Detail studies of iron dissolution have been carried
out by many workers (2-5). The well-accepted mechanism is the one

suggested by Bockris et al. (2), which can be expressed by the fol-

lowing three separated steps:

Fe + OH -+ FeOH + e~ (I-1)
FeOH -+ FeOH+ + e (rate determining step) (1-2)
reor’ » Fe?* + on” (1-3)

The overall reaction equivalent to this mechanism is

Fe +y H,0 + Fe2+(H20)y +2e (1-4)




2+ ion.

where y is the number of water molecules coordinated with Fe
The transition from active to passive is generally believed
to be resulted from the following several concurrent and competing

reactions at the metal-solution interface:

oxide film formation;

Me + m/n H20 > MeOm/n + 2 m/n H+ + 2 m/n e ’ (1I-5)

anodic metal dissolution; Me + y H20 > Me2+(H20)y +ze (I-6)

In some cases, the following two reactions must also be considered:

roxidative dissolution of oxide;

(z+1)+

MeOm/n + 2 m/n i > Me + e + m/n H20 (z= 2 m/n) (I-7)

reductive dissolution of oxide;
(z-1)+

MeOm/n + 2 m/n i e +4p + m/n H20 (1-8)
Theoretical modeling and computer simulations for the i-E
curves,based on detailed mechanistic steps including parellel and
consecutive reactions for the kinetic equations to describe the com-
plete anodic behavior of iron electrode, have been reported by sev-
eral workers (3,4). Miligy et al (3) concluded that the active dis-
solution region is characterized by the consecutive [Bockris et al.
(2)] mechanism including the adsorbed species (FeOH)ads and that the
transition range involves the formation of the adsorbed intermediate
[Fe(OH)Z]ads which partially covers the surface and acts as an in-
hibitor on the active dissolution. The pre-passive range can be
described by further electrochemical parallel steps starting from
[Fe(OH)Z]ads, and final passivation is due to non-porous oxide lay-

ers involving Fezo3 and Fe304 and originating from [Pe(Oﬂ)3] oxide




and [Fe(OH)Z]ads.

Thermodynamically, the equilibrium pH-potential diagram (Fig.
I-2) indicates the range of pH values and potentials where the re-
actants and products involved in the Eqs. I-1, I-2, and I-3 are the
most stable components for iron electrode systems. However, devi-
ations from this thermodynamic consideration may occur because of
kinetically limiting factors involved in these electrode processes
and result in producing some less stable oxide species coexisting

with the most stable ones.

2.2
0.8
0.4

ak

-0.4]

E(V) vs NHE

-0.8
-1.2

pH
Fig. I-2 Schematical representation of the pH-electrode potential
diagram of iron (6). The dotted lines correspond to: pH
8.4, the value used in this study; E¢, the Flade potential
according to Eq. I-9; H“'/H2 electrode potential.

The pH dependent lowest potential of film formation is called
the Flade potential (Ef). It has been experimentally (7,8) estab-

lished that this potential? in the PH range less than 6 at 25°C can

be expressed as:

lﬁowever, less anodic values of Flade potential than expected from
the below equation in the higher pH range have been reported by
many workers (12-14).




o

E; = 0.58 - 0.059 pH (V vs SHE) (1-9)
The rate of dissolution in the metal-electrolyte system under con-~
sideration drops drastically when the electrode potential approaches
anodically to the Flade potential. Above it, the rate of dissolu-~
tion of the metal is governed by the dissolution rate of the passiv-
ating film which is compensated in the steady state by the growth
processes of the oxide film. Several interpretations have been sug-
gested for the Flade potential and the associated phenomena. Uhlig
et al. (9) attributed the Flade potential to the formation of a mono-
layer of adsorbed oxygen or hydroxyl ions which cover the metal surf-
ace and thus prevent the dissolution of metal ions. Gohr and Lange
(10) and Vetter (11) offered an interpretation based on the thermo-
dynamic argument that the Flade potential is caused by the trans-
ition from a rapidly dissolving oxide of Fe304 to the metal-passive
film of Y-Fe203 which exhibits a very slow rate of dissolution in
acid media. Wagner (15) interpreted the Flade potential of iron as
the potential at which the composition of the oxide approaches the
formula Fe 0, halfway between the limiting compositions of Fe304

2.837°4
and Fe203 (or Fe2.6704).

II. Mechanism of Anodic Oxide Growth

The most common behavior observed for the growth of anodic
oxide films by electrochemical methods is that of a limiting thick-
ness. The rate of film growth initially is extremely rapid, but

after a few minutes or hours drops to very small or negligible values.




protective film of a few tens of an Angstram wpto about 100 Angstroms
thick is formed on the metal electrode surface. The rate of film
growth, except in the very early stage, is usually logarithmic with
time. This observed logarithmic growth behavior of the anodic ox-
ide films has usually been interpreted either by the high-field
mechanism (16-19) or place-exchange mechanism (12,20-21).

The high-field mechanism was originally proposed by Cabrera
and Mott (16) to derive and account for the logarithmic growth be-
havior of air-formed oxide films produced at sufficiently low tem-
perature and of anodic oxide film. It includes the following major
assumptions: first, growth is by cation migration only; second,
oxygen molecules dissociate on the oxide surface, creating traps
with an energy (e-AV) below the Fermi level of the metal; third,
the density of such traps is sufficient to provide enough electron
levels to give a potential drop AV across the film and thus a field
€ such that € = AV/x, with x as the thickness of the oxide film,
and fourth, the activation energy W for the movement of the cation
in the oxide drops to W-qaAV, where q is the charge on the ion and
2a the jump distance from an interstitial site to another. An
alternative assumption is that this is the activation energy for
bringing an ion from the metal into the oxide. Figure I-3 is a
schematic diagram of an interstitial ion in the high-field oxide

formation process.




The growth rateb thus derived is of the form

dx/dt = 16N°84v-epr(W-(quV/x))/kBT] (1-10)

where N is the number of mobile ions per unit volume in the oxide,
and v a phonon frequency for the normal optical mode corresponding

to the transmission over the barrier in Fig. I-3. A similar model

P.E. of mobile ions

Distance

Fig. I-3 Potential energy (P.E.) of mobile ions vs distance with
and without an applied field. a is the activation dis-
tance which is one half of the jump distance (17).
but where the rate-controlling step is the transport of cations be-
tween the interstitial sites in the oxide layer has been proposed
by Verwey (18). Dewald (19) extended Verwey's idea in combination
with the Cabrera and Mott (16) high-field mechanism to derive a

logarithmic growth law. Dewald further took into account the space

charge field introduced during the oxide film growth process. The

bThe general form of growth rate according to Mott-Cabrera model for
high-field case without approximation is expressed as
dx/dt = 16Na4v{expE{W-(quV/x))/kBT]-exp[-(W+(quV/x))/kBT]} (1-10a)

or dx/dt = 32Na4vexp(-W/kBT)'sinh[(quV/x)/kBT] (1-10b)
or dx/dt = 2u-sinh(X1/x) (I-10c)
with

us 16Na4v-exp(-w/kBT)
and X = quV/kBT




space charge within the oxide layer then significantly reduces the
entrance (metal-oxide) barrier and the transport of the cation be-
tween interstitial sites in the oxide becomes the rate determining
step for growth.

Equation I-lO,c after integration with approximation (drop-
ping higher order terms in a power series in x), leads to the in-
verse logarithmic growth law,

1/x = A- B log t (I-11)
where

A = [-k,T/(aVaq) ] [log (16N.a>vkyT/ (x; %qAv))-W/i,T]
with X defined as the thickness at which dx/dt = 1 A per day and
B = kBT/quV, kB = Boltzmann constant.

The total charge per unit surface area of electrode during
the oxide film growth can be correlated with the thickness of the
oxide film by

x = QM/ (zeFpo) (I-12)

where M is the molecular weight of the oxide, z is the valency state

®Ghez (101) examined the general form (Eq. I-10c) of Mott-Cabrera
for the high-field case and derived numerically an equation of
the following form for thin film growth
X)/x = -logl(t+1¥/x2] - log(Xju) (I-11a)
A plot of 1/x vs log[(t+T¥x2] should thus yield a straight line
with slope -xl-l and intercept —xl‘l-log(xlu). The physical para-
meters of the theory u and Xj can be easily evaluated from Eq. I-
1lla for a negligible t (offset time) with respect to the smallest
experimental time t. If t is not negligible, then a distinct up-
ward bending of the 1/x vs log(t/x2) plot for the smaller oxida-
tion times should be apparent. The data can be linearized by
proper choice of t.




. i

of the cation in the oxide, F is Faraday constant, p is the density
of the oxide film, and o is a roughness factor.

The differentiated form of Eq. I-12 gives the current density
i as

i = (zeFpo/M).dx/dt (1-13)
The rate of the anodic oxide film growth, thus, can be related to
the current density.

The current density as a function of potential and thickness
for the growth of the passive film on iron has been studied both
potentiostatically and galvanostatically by many workers (1,13,35).
An equation with empirical constants for the current density (26)
can be expressed as

1 =1 exp(Byre) =i exp(B;-AV/x) = 1 exp(8,-AV/Q) (1-14)
where ¢ is the field strength, AV = wo— Yy is the potential differ-
ence in the oxide film, wo is the equilibrium potential of the oxide
and Q the charge density corresponding to a film thickness x, and
81, 82, io can be correlated as

B, = qa/kBT, B, = qazerc/MkBT, and " io* exp(~w/kBT)

4

1
with { * = iONa vzeFpo/M.

The temperature dependence of the growth of the passive film
on iron in acidic or neutral solutions has been investigated by sev-

eral workers (12,13,103) in an attempt to determine the activation

energy and the activation distance (half jump distance) as well as

the equilibrium potential for the passive layer on iron. The experi-

it ol ol e S s,
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mental results showed quite a range of scatter depending on the value
assumed for the valence of the migrating species and the value of the
density which, in turn, is determined by the lattice parameter of the
bulk iron oxide. The most reasonable value obtained for the mean
half-jump distance was 2.5 ; by Moshtev (13), who assumed that the
migrating ion is ferric in a passive film with a y-Fb203 structure
formed in pH 8.4 borate buffer solution.

Calvert and Kruger (22), however, from their ellipsometric
results calculated the activation distance and the activation energy
by assuming ferrous ion as the migrating species and further assuming
the potential drop to be mainly across the non-conducting outer Y-FeZO3
layer of the passive film. They obtained reasonable values for the
activation distance (3 R) and an activation energy of 41-46 kcal/mole.
The lack of experimental data on the nature of the migrating species,
and other effects such as the space charge, with its distribution of
the potential drops, and the probability of a concentration gradient
across the passive layer made the calculation for the activation dis-
tance and the height of the energy barrier for the high-field oxide
growth mechanism highly uncertain.

The place-exchange mechanism was proposed by Lanyon and Trap-
nell (20) to account for the logarithmic growth in a study involving

0, adsorption on clean metal surfaces including iron. This mechanism

2
involves the simultaneous interchange of the adsorbed oxygen with the
underlying metal atoms and requires three necessary steps to account

for the direct logarithmic behavior of the oxygen uptake of the metal

S s i

=S R
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surfaces: first, the physisorbed O2 assists interchange through the
liberation of the heat of chemisorption; second, the presence of 02
in the gas phase is necessary; third, the activation energy increases
linearly with the amount of 02 uptake (indicated by the exponential
dependence of the rate on adsorbed volume). A schematic of this
mechanism is shown in Fig. I-4. Lanyon and Trapnell (20) and later
Eley and Wikinson (21) suggested that this mechanism operated only
in the regime of no more than two monolayers or else modifications
of the mechanism were required. Furthermore, Lanyon and Trapnell
(20) did not apply this mechanism to the interpretation of their ex-
perimental results for 02 interaction with a clean iron surface be-
cause their experimental results fitted better with the growth law

according to high-field mechanism of Cabrera and Mott (16).

O
I
OO(O)OO
M MMM M
Fig. I-4 Model of the place exchange process (23).

Sato and Cohen (12) further developed the place-exchange mech-
anism to account for the steady-state growth of the passive film on
iron in borate buffer (pH 8.4). Their mathematical manipulations are
based on the concept of independent probability being applicable to
the simultaneous interchange of iron-oxygen ions in the passive film

without any influence by its nearest neighbors. In their development,
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they divided the whole system into three separate regions: metal-
oxide interface; the passive layer; and the oxide-solution inter-
face (as shown in Fig. I-5). Each region has an electrochemical re-
action associated with it. The activation energy associated with
each electrochemical reaction then determines the probability of the

interchange of iron and oxygen ionmns.

[weTac) {oxiDE ) [socution]
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0 B O ~==ar ==~ FesOH
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Fe (o] -
0O Fe O ----------Fe, oM
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(IO) l;) (2) (3 Q) (oo’

Fig. I-5 Phase scheme of the electrode and the inner potential
level (12).

The electrochemical reaction at the metal-oxide interface in-
volving the transfer of the iron ions from the iron metal to the

first lattice layer of the passive film is given by
z+

Fe(M) -+ Fe(l) +ze (M (I-16)
The activation energy of this reaction is
WH-O = WM - aAwMzF : (1-17)

where Hﬁ is the chemical potential difference of the iron ion in the
activated state and the metallic state, o the transfer coefficient,

and F the Faraday. Thus the probability of an iron atom in the metal

Sadutatt
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surmounting this activation energy is given by
PM-O = exp[—MM - aAwMzF)/RT] (1-18)
A series of reactions involving exchange between the lattice layer

of the oxide can be represented as

z+ z+
Fe(i) <% Fe(i+1) S = 1020 2-T) (1-19)
The activation energy associated with each of these reactions is
W= Wo-adeazF  , (1=2, 3,..., 0) (1-20)

where wo is the chemical potential difference between an iron ion in
the activated state and the normal state in any lattice layer, € is
the gradient of the potential difference at the ith layer of the ox-
ide, and a the distance between two adjacent layers of the oxide.
The corresponding probability of an iron ion in each layer being in-
volved in the exchange process is given by
B, = exp[-(wo - aeiazF)/RT] oilE = 2. 3 e ) (1-21)

The reaction of the oxide-solution interface involves the
transfer of oxygen from the solution to the outermost layer of the
passive fily: It can be expressed as the following two steps:
(z = 1) (1-22)

OB (sol) = OHads :
= +

OH_,c O(E) +H o (z = +2) (1-23)
The overall reaction can be given as
- = +
OH(sol) = 0(1) + Hads s (z = +2) (1-24)

The rate of the oxygen uptake is controlled by the reaction step de-
scribed by Eq. I-23, a conclusion reached from their pH dependence

studies. Thus the activation energy involved in the incorporation

.

S —
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process at the solid-solution interface can be given as

LRl

The probability of an oxygen ion involved in the incorporation pro-

= aAwS-ZF (1-25)

cess at the solid-solution interface thus can be given as

Po_s = exp[-(Wg~ aAwS-ZF)/RT] (1-26)
Since the oxygen uptake reaction (expressed by Eq. I-24) takes place
n/v times when the rate determining step of the following overall
reaction occurs once,

2Fe+nOH »Fe,0 +nH +2ne, (z=+1) (I-27)

2
while the rate-determining step occurs v times. This in turn approx-
imates reasonably well the overall reaction for the anodic formation
of the passive film on iron,

(2/v) Fe + (n/v) OH ~+ 1/v Fe20n + (n/v) g+ (2/vV)ne

(z = 2n/v) (1-28)

In the steady state growth region equivalent number of iron ions
and oxygen ions are transferred from the metal phase and solutidn

phase into the oxide. The overall chemical reaction for the iron

ion transport by interchange is

e nt
™) €2 M)

The probability corresponding to this overall reaction under the as-

Fe Fe +n ez (z = +n) (1-29)

sumption that the iron-oxygen pairs change place simultaneously can
be expressed as the product of all the individual probabilities in-

volved in the iron ion transfer, expressed as L

P = P

“_2 i - 2, 3, ee ey L (1-30)

g
M-0 TPy
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The total probability for the interchange of % ion pairs in

the oxide thus becomes

L
pM_S = pM_O.po_S.izz pi = pM_O-po_s'exp[(-ﬁwo-aZeianF)/RT]
- pM_o-pO_S-exp{[-(l—l)wo—aAVnF]/RT} (1-31)

A linear increase of the activation energy with the growth of a pas-
sive film can easily be seen from this equation. By applying ab-
solute rate theory, the rate of the anodic oxidation can be expres-

sed by either one of the following equations:

B*R, = (kBT/h)-(NS)“/V-exp[—(ws-anF)/(vRT/n)] (1-32)
or R = RFe = (kBT/h)-(ONFe)Z/V-exP{[—Z(wM - w0+ awo)
+ nF (Y, + Av) ]/VRT} (I-33)

where NS is the total number of surface sites on the oxide for OH

adsorption and ON i the number of iron ions per unit area of oxide

F
at the metal surface, or as the combination of the above.

g sty B
R = (Roy Rye)

(kBT/h)(NS“/ZV-oNFel/ZV)-exp{—(ws—wsnF)-n/ZvRT}-

exp{ [-2(Wy~W_ + 2W ) + nF(Ay, + AV)]/2vRT} (1-34)
The current density of oxide film growth at steady state can

be expressed as

i=2FR= x'-exp{[n(mpM + Av+AwS)fjﬂvRT - (lwolvRT)}

= Krexp[(nEF/2VRT) - (2W_/VRT)] (1-35)
with
£ (2FkBT/h)'(Nsn/v'oNFez/v)I/Z-exp[(nEoF/ZvRT) =
( Wy = W +0. 50 ) /VRT) (1-36)
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Substituting

L

QT/(no. of oxygen atoms/cmz—lattice layer) + 2e

2 = (L) /be (1-37)
where e is the charge of the electron, L is the lattice distance of
oxygen in the elemental face-centered cubic cell of oxygen in the
lattice, and taking Vv = n = 3, obtained experimentally by Sato et
al. (12), the rate of the overall reaction can be expressed as

i = K*exp[(0.5 FE/RT) - (LZWOQT/(4neRT)] (1-38)

After integration the thickness can be expressed as

x=C+D'log t (I-39)
with

C = [(12eRT/(L%W )]-{1og[L’W_K/(12eRT) | + [0.5FE/(RT)]} (1-40)
and

D = 12eRT/(L7W ) (1-41)
Their experimental results showed that the log i vs QT plots at con-
stant E were linear indeed except at the very early times in a po-
tential step. They further calculated the activation energy wo
(using the lattice distance of Y—Fe203) to be equal to 3.5 kcal/
mole iron ion exchange at 25°C.

The two logarithmic growth laws (either inverse or direct)
developed through two completely different mechanisms (high-field
and place-exchange respectively) predict quite similar results: a
linear relationship of log i vs log t; a linear relationship of log
i vs E; and a linear relationship of QT and E. The main difference

these two growth laws predicted are the dependence of the log i vs
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charge density (or thickness) and thickness (or charge density) vs
log t for a constant potential. In principle, the experimental
measurements of the thickness during the oxide film formation should
provide a means for distinguishing between these two mechanisms for
logarithmic growth. Unfortunately, the growth rate under the con-
ditions (steady-state or semi-steady-state) of these experiments
were too small and the accuracy was insufficient to differentiate
between the two growth laws.

Recently, Fehlner and Mott (23) in a quite extensive review
of both the experimental evidence (17,24) and the various theories,
suggested that modifications of the original Cabrera-Mott high-
field theory were necessary. These modifications are: growth by
both cation (17) and anion (24) migration; effects at the inter-
faces controlling the rate of formation of ions; replacement of the
Cabrera-Mott constant voltage drop across the film by a constant
field in case of anion migration because the anion may move away
from surface before the full voltage drop AV is built up. Thus to
explain logarithmié growth in this case it is proper to apply the
activation barrier term as (wo + ux - qaAvV), where U is a constant %
related to the structure of the oxide (23). 1In an oxide which grows
by cation migration, the oxygen ions, once incorporated, will not
move any further. In oxide which grows by anion movement, they will
move, but these workers suggest that this process required thermal
activation before an ion can traverse the film. This is supported

by the surface potential measurements on the growing films (25).
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They further assumed that once the anion is freed from its surface
position and enters the oxide, it travels relatively easily through
the oxide to metal-oxide interface where full incorporation takes
place. While traversing the oxide, the ion may be momentarily trap-
ped again, but this possibility has been ignored, since it is dif-
ficult for an anion in the oxide to find a site to be even partially
incorporated into the oxide metwork. If the ions do enter into a
site in the oxide lattices, the ion would be trapped for appreciable
times because the electron levels for such ions would be deep e.g.,
near the valence band. Such trapping could lead to much larger
potential than those observed. Thus, they concluded that a large
activation barrier for anion migration exists at the oxide-solution
interface. This barrier is for ion movement from its partially in-
corporated position into the bulk oxide, but not for the process

of ion formation nor for dissociation of the physical adsorbed oxy-
gen species.

A model to account for a constant field across the film during
growth is suggested by Fehlner and Mott (23). Anions sit in a partially
incorporated position. An activation energy is necessary to move them
into the oxide, after which they move quickly across the oxide layer,
This activation energy is lowered by the field; the field builds up
to the point where the ions can move easily into the oxide. The
rate at which they move into the oxide balances the rate at which
ions can Le partially incorporated. Therefore the field remains

constant during film growth, but the potential drop will vary. Un-




~19-

der these conditions, it is necessary to assume an Eley-Wilkinson
(21) activation energy of the form Wo + ux to explain the logarith-
mic growth. It has been shown experimentally that surface potential
and oxide thickness can increase with increasing oxygen pressure,
but only surface potential decreases with decreasing pressure, i.e.,
the oxygen ions are incorporated, not desorbed. With the Cabrera-
Mott model, very little dependence on oxygen pressure is to be ex-
pected.

Several mechanisms involving the effects of space charge on
growth rate have been proposed (19,27,28). These include:

1. uniform or exponential distribution of non-dif-

fusing (immobile), e.g., pinned defects without
charge compensation, determine growth rate by
limiting electron flow from the metal to the ox-
ide (27);

2. a space charge field created by the incomplete
electrical compensation of migration ions in the
growing film affects growth by changing field (19);

3. the space charge causes the bulk concentration of
the diffusing species (e.g., interstitial cation
or anion vacancies, interstitial anions or cation
vacancies) to vary exponentially with film thick-
ness at the reaction interfaces and thus affects
the growth rate (28).

The kinetic equations for oxide film growth including space
charge effects have been treated both exactly and approximately by
Fromhold and his coworkers (29,30) in a series of studies, includ-
ing one very extensive review article (31). From an analysis of

the effects of the space charge resulting from non-diffusing and/or

diffusing species on rate of growth, the conclusion was reached
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that the space charge affected the rate of growth by modifying the
electric field, which in turn increases or decreases the ion migra-
tion currents.

Situations do exist for which charged particle transport is
effected by a combination of electric fields and concentration gra-
dients, in such a way that the current vs voltage is non-ohmic. In
addition, whenever the electric field is particularly large the
current no longer varies linearly with the field, even in the ab-
sence of a concentration gradient.

Concentration gradients of ions in the oxide are expected for
anodic passive films for the case of bulk diffusion-limited currents
with chemical reaction at the interfaces. Diffusional migration in
these gradients become quite important relative to ion migration in
the electric field in the range 104 - 106 V/cm. Fields in excess
of 106 V/cm are rather common, however, during anodic film forma-
tion (26). The current transients produced by sudden voltage changes
in anodic oxidation should yield the time constant for modification
of the ion concentration profile with changes in electric field for
large fields (>106 V/cm). This time constant may be orders of mag-
nitude longer than that for a system without an ionic space charge.

A diffusion equation which is valid in regions of varying
carrier concentrations and very large space fields was developed by
Fromhold (32). According to Schockley (125) in semiconductor bar-
rier regions, charged particle transport takes place under condi-

tions of large carrier concentration gradients and large position-
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dependent space charge electric fields. Non-linear dependence of
the diffusion current (17) on electric field is expected whenever
the field exceeds values of the order of 105 V/cm.
Consider the usual microscopic picture of a discrete lattice

in which charged particles with average thermal energy kBT hop from
potential minimum to potential minimum with a phonon frequency Vv
and a Boltzmann probability of surmounting barrier of height W given
by exp(—W/kBT). The non-linear dependence of current on electric
field will be derived from a simplified one-dimensional model of
lattice periodicity. The net current through the kth unit cell is
given by

Jk =V exp(W/kBT)-[nk_lexp(qeka/kBT) -0 exp(-qeka/kBT)] (1-42)
where 2a is the average spacing between potential minima, the index
k(= 0, 1, 2,..., N) labels the potential minima between two points,
€k is the macroscopic electric field at the position of the kth po-

tential maximum, q€,a is the amount by which the barrier W is re-

k
duced relative to the preceding potential minimum for transport in
the forward direction, -qg,a is the corresponding increasing amount
for particles going in the reverse direction, q is the charge per
particle of the mobile species, and n is the areal density (number/

cmz) of charged particles in the kth

potential minimum. The elec-
tric field €, can be obtained from Poisson's equation, which in
finite difference notation has the form

Aek " EpaaT F" (lmle)an (1-43)
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The corresponding electrostatic potential Vk is given by
AV =V ~ Vg = -2ae (I-44)
in the steady-state, for which
Jk - Jk+1 = -AJk =0 (I-45)

The series of difference equations (i-43 to I-45) can be partially
summed. The resulting expressions for the particle current J and

concentration profile n, are

J (\)/SN)-exp(-W/kBT)'[no—nN exp(qVN/kBT)] (1-46)

n [no - (SjJ/v)'exp(w/kBT)]exp(-qu/qu)] (I-47)

j
with Ju= 1, 2, «.., N=1

where sj =k§l exp[q(V, _; + V,)/2kgT] (1-48)
Even though this equation is derived utilizing the microscopic pic-
ture of a discrete lattice, it can for most practical purposes be
considered to be a valid continuum equation over macroscopic regions
since the lattice parémeter is then small relative to the dimensions
of the region. The bulk concentration C(x) at position x = 2ka is
given in this limit simply by n,/2a. The above equations, being

exact, satisfy the basic criterion that in the limit of zero current,

the Boltzmann distribution must prevail,

nje““il = n, exp(-qV, /kyT) (1-49)

This readily follows from above and is exactly equivalent to the
requirement that the electrochemical potential u,
go=u®+ kpT log C(x) + qV(x) (1-50)

have the same value at all the potential minima in the solid, as can
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be seen by differentiation of this expression with respect to pos-
ition. All of the above results can be readily generalized to the
case of séveral carriers by simply including the space charge due
to the several species in equation I-42.

Numerical computations illustrate the effects of space charge
and a concentration gradient on the steady-state mobile-defect con-
centration profile and the kinetics of anodic film formation. The
position dependence of the concentration of mobiie defects produc-
ing growth is shown to vary with current density and film thickness.
Space charge is shown to have the capability of being a critical
factor in retarding the growth rate of che anodic film.

In the case of equilibrium of a given species in an anodic
film, the electrochemical potential for the species must be uniform
in the film and there will be no particle current of that species
through the film. In the absence of an electric field in the film,
then the uniformity of the electrochemical potential may require
that the concentration be uniform also, in which case there will be
no concentration gradient in the film. On the other hand, the pres-
ence of a; non-zero electric field in the film, the electrostatic
potential within the film will be position-dependent. Since the
electrochemical potential is made up of contributions due to elec-
trostatic potential and defect concentration, the uniformity of the
electrochemical potential then requires in general that the con-
centration be position dependent. That is, a concentration gradient

is to be expected even in equilibrium when the electric field is
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non-zero. In addition to illustrating that the equilibrium case
involves concentration gradients, the conclusion is reached that
concentration gradients and electric fields do not necessarily pro-
duce any net current (31).

In the case of changing the electric field in an existing
film, the concentration of the diffusion species is constantly
depleted at the reaction interface, so that the concentration pro-
file cannot adjust itself arbitrarily to maintain a uniform electro-
chemical potential. The interfacial reaction playg an important
role in determining the boundary concentrations, and these concen-
trations are more or less fixed independently of the electric field.
Thus by changing the electric field, an accompanying change in the
species current can be produced. This qualitative argument should
not be misconstrued as a statement that the boundary concentrations
are entirely independent of the electric field. Instead, it merely
represents an argument that the concentration profiles are deter-
mined in accordence with conditions imposed by the interfacial re-
actions as well as by the electric field, and hence the profiles
are not entirely free to adjust arbitrarily with the electric field.
Thus we arrive at an idealized picture of the metal-oxide-solution
system as an asymmetrical system with boundary concentrations of
the defect species determined to a large extent by the interfacial
reactions.

Under non-equilibrium conditions, the driving force promoting

the ion migration is the electrochemical potential gradient (du/3x) .
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Such a gradient exists because of the asymmetry of the metal-ox-
ide-electrolyte system even in the absence of an externally applied
electric potential difference across the oxide layer.

The equations for a non-steady-state transient for a model
system including concentration gradients and Qery large electric
fields but excluding space charge effects was developed by Butter
et al. (30). The fundamental equations are given by the current

3, = v _B-n8™h ,k=1,2,..,N (1-51)
and the continuity expressions are given by

ank/at = Jk - Jk+1 s K=3:.2,...5 N=1 (1-52)
The n, are the carrier concentrations (in terms of areal densities)
and t is the time. The parameter y = v-exp(—W/kBT) is the product
of a phonon (hopping) frequency v and the Boltzmann statistical fact-
or involving the barrier height W and the thermal energy kBT. The
parameter B = exp(zeeoa/kBT) is the corresponding modification pro-
duced by the electric field; the distance from the minimum to the
maximum of the potential barrier is denoted by a, and ze is the
charge of the carrier. For a series of N uniformly-spaced potential
barriers, the thickness x of the medium in the diffusing direction
would be given by x = 2aN. The assumption of fixed carrier concen-
trations no and nN in the potential minima located at the interfaces

of the medium provides boundary conditions for the difference equa-

tions. The transformations Wk = s'k

0y convert the equations I-52
to the form

-1
(1/7)-(awk/3t) = WL (B +8 )W W, (1-53)
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This set of (N-1) equations can be Laplace transformed into a cor-
responding set of algebraic equations which can be solved simultan-
eously by matrix inversion. The inverse Laplace transform of the
result then yields the Wk(t) and thus the nk(t). The results obtained

are as follows:

N-1
%
nk(t) = (28 /N)-JE1 yj'sin(jkn/N) exp(-t/tj) +
N-1
8%y = 2 -sin(flor /N) -yt [1-exp(-t/t,)] (I-54)
J=1
where
N-1_
Y,z T 8% (0) *sin(jmm/N) (I-55)
Jj=1 m
Z, = ngsin(in/N) + g™ Nny-sin[§(N-1)7/N] (1-56)
and
ty = (8 + gL - 2.conlir /M)t (1-57)

The non-steady-state currents are then given by equation I-54. These
results reduce to the corresponding steady-state expressions in the
limit t > «, as expected. The first sum in Eq. I-54 can be inter-
preted as the exponential decay of various spatial Fourier components
of an initial carrier profile; the second sum can be interpreted as
the corresponding exponential rise toward the final steady-state pro-
file.

The most important result is the time constant for the trans-
ient response of the system. The longest time constant is noted to
be £y In the limit of low fields, this agrees with the correspond-

ing conti 'um result, assuming the usual expression D = 4n2ve-w/kBT
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for the diffusion coefficient and the Einstein relation u = zeD/kBT
for the mobility. On the other hand, in the limit of very large
fields (viz., zean/kBT >> 1), the present analysis yields

e = (r8) ™ = v lexp[(W-zee a/iyT] (1-58)
In fact, Eq. I-58 shows that the time constants tj for all relaxa-
tion modes become equal to this value in the large-field limit,
with the consequence that the profile is forced to relax exponenti-
Slim. © VOl Al B A Gl o e e s s M oY,
the value of tl is of the order of 6.3-103 s(= 2 hours) in zero
field but only 20 s with a field of 106 V/cm. The corresponding
times for W = 0.25 eV are 1.6-10—9 s and 5-10_12 s. It can also be
noted that from Eq. I-58 there is a large temperature-dependence of

the response time. The large span in response times, depending upon

the values of the system parameters, is of immediate interest.

III. Characterization of Passive Film of Iron

A. Chemical Composition and Structure of the Pagsive Films on Iron

The chemical composition of the passive films on irom in
borate buffer (pH 8.4) has been investigated intensively by various
workers (33,37,1) using electrochemical and analytical chemical
methods, the latter for the iron species in the electrolyte. Naga-
yama et al. (33) applied different values of constant cathodic cur-
rent to study the reduction processes of passive films formed at
different anodic potentials and found that there were two reduction

waves in the charge vs voltage curves during the reduction of the

POV . e . L

e il




-28-

passive film back to bare iron. Based on these experimental results,
they attributed these two reduction waves to two different layers
within the passive film of different chemical compositions. Thus

the two layer model (the inner layer next to the iron electrode com-
posed of Fe304 and the aiter layer next to the electrolyte composed

of Fe203) or the "Sandwich Model" was proposed for the chemical com-
position of the passive film on iron. The relative thickness of

these layers, which affects the chemical composition of the whole
film, depends on the anodic formation potentials. From their exten-
sive anodic oxidation and cathodic reduction studies, they further
divided the passive region (Fig. I-1) into regions I and II. In re-
gion I, the inner and outer layers grew thicker with increasing an-
odic potentials, time and ferrous ion concentrations in the solution.
In region II, the outer layer kept growing with a much slower rate
than its growth rate in region I. It was proposed that excess 0" ions
were introduced into the outer layer from the solution interface and
further oxidized the trivalent iron to an higher valency state (Fe6+
as they proposed) in region II. Consequently, a redistribution of
potential within the passive film occurred and caused the inner layer
to resume its growth through the migration of iron into the Fe203
outer layer. These authors further assumed that the ferrous material
produced during the first reduction process (assigned to be the re-
duction of the outer layer) dissolved into solution phase completely

and the second reduction, corresponding to the reduction of the in-

ner layer, went completely through the solid-state reduction (i.e.,
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no iron loss). The chemical analysis of the ferrous ions in the
solution showed that the expected amount of ferrous ions dissolved
in the solution was far too low for the observed reduction of the

outer layer of FeZO They attributed this discrepancy to the ex-

3
istence of excess of oxygen (or cation vacancies, [0 ) in the outer
layer with charge compensation by Fe6+ ions, and the composition of

the outer layer proposed to be expressed as

6+ 3+

+
Fe -F
y ¥

3
e2—2yDy 03

Various techniques, including in situ ellipsometric and radio-
active tracer techniques have been combined with the electrochemical
methods by Sato et al. (35-38) in a series of investigations. On
the basec of the galvanostatic reduction charge vs voltage curves as
well as the reduction in optical thickness of the oxide films formed
at different anodic potentials, they propose that the reduction of
the film takes place in two successive stages. The first stage of
reduction involved the solid-state reduction of Fe203 to lower oxide
as well as the reductive dissolution of the film into the solution,
and the second stage reduction corresponded to the further reduction
of the generated lower oxide during the first reduction stage to
metallic iron. There is a significant difference in interpretation
with that of Nagayama et al. (33) even though the data are substan-
tially the same. Sato et al. (35,36) suggest that the passive film
is a simple layer of Fe,0, instead of the "Fe/Fe304/Fe203/301ut10n".

53
They further reported that the composition of the oxide film could
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be represented as Fe203'(H20)0.39 or l?e203-(l='e00!{)L28 by assuming
the film be stoichiometric and uniform through the whole film. How-
ever, in later publications (37,38) they further discussed the poten-
tial distribution of the film based on a non-uniform film model con-
sistiné of an inner layer of intrinsic anhydrous ferric oxide and

an outer layér of hydrous, semiconducting ferric oxide.

The evidence for the association of protons predominantly with
the outer layer of the anodic passive film has been reported by Yolken
et al. (39) using tritiated water. Stepping the potential from a
steady-state potential to a less anodic potential caused the overall
hydrogen content to decrease. This suggested that the transition
potential between region I and region II as observed by Nagayama et
al. (1) is accompanied by a change in the hydrogen content of the
layer. However, they did not make any furter attempt to verify in

which form the associated protons exist in the Y—Fezo outer layer

3
of the anodic passive film.

Bloom and Goldenburg (40) made an extensive review concerning
the role water plays in the iron oxides and their transformations and
indicated that the incorporated protons in the oxide lattice caused
the main structural differences in Fe203 as the final oxides produced

from the oxidation of Fe with or without the presence of water.

3%
The oxidation of Fe304 yielded a-Fe203 in the absence of water and

yielded y-Fe in the presence of water. They attributed the trans-

293
ition from Fe304 to Y-Fe204 to the incorporation of protons into the

lattice, with a minimum amount of about 0.5% water needed for this

-
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transformation process. They further developed a generalized formula
for the composition of iron oxides formed in the presence of water.
The formula can be expressed as

3+

(Fe™ ) 0

C’w’*y‘F°2+) 24-3w-2y 48+2w+2y°96

where w is the number of vacancies, O, and y is the number of pro-
tons. This formula takes into consideration three unit cells cof
magnetite under the transition process, where each unit contains

eight units of Fe Based on their extensive analysis of the ex-

304.
isting literature data for crystallographic iron oxides Bloom et al.
(40) concluded that the passive film of iron could not be a simple
spinel structure containing vacancies but a modified spinel of the
Fe304 structure in which some of the ferrcus iron were replaced by

protons and end up as Y-Fe203 when all the ferrous iron were com-
pletely replaced by protons.

A large number of investigations using different and very
elaborate ex situ techniques have been carried out in an attempt to
obtain the structural information and to determine the chemical
composition of the passive films, e.g., electron diffraction (re-
flection and transmission) (41-43), soft X-ray spectroscopy (44),
MYssbauer spectroscopy (45,46), ESCA and LEED-Auger spectroscopy
(47-49).

The electron diffraction (reflection or transmission) has

been applied quite extensively by Cohen et al. (41,42) to study the

thin iron oxide films formed in different environments. The pas-
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sive film formed on a single crystal of iron exposed to a sufficient
concentration of sodium nitrate (an oxidizing inhibitor) solution is

- o
epitaxial with the underlying metal and about 20-30 A, with an elec-

L1
3"
formed at +190 mV vs SCE on a [112] single crystal in borate buffer

tron diffraction pattern of "Fe304-y-Fe20 The anodic passive film
indicated by reflection electron diffraction pattern with an average
lattice parameter of L = 8.37 + 0.04 ; as reported by Nagayama et
al. (1). These authors made an attempt to obtain a reflection dif-
fraction pattern for the film of 30 Z obtained at higher passive
potential but no clear information was obtained.

A transmission pattern showing the structure of cubic iron
oxide was obtained for a film of similar thickness stripped from a
polycrystalline specimen by the iodine-methanol method. Sewell et
al. (50) have combined reflection high energy electron diffraction
(RHEED) and X-ray emmission techniques to examine the growth of ox-
ide on (001) iron single crystal. The oxygen uptake, which provides
kinetics and composition data, can be measured by the electron-ex-
cited X-ray emmission from the surface oxygen of the 0k line. The
diffraction patterns showed that the mean lattice parameter parallel
to the surface varied from 8.18 + 0.04 ; for low exposures to 8.34
+ 0.06 ; for long exposures. They concluded that the oxide starts
out with a structure corresponding to an oxide containing even less
iron than y-Pb203 and as it thickens (and ages) gradually moves

through yFe203 to Fe30

4° Cohen (42) interpreted .the low lattice
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parameter (cation vacancies in an essentially y-Fe203 structure)

is typical of conditions where oxygen incorporation into the oxide

is more rapid than iron diffusion and all the oxides tend to "anneal"
towards a y~-Fe,0, - Fe, 0, composition at longer time.

23 374
The electron diffraction patterns of y-Fe,0, and Fe304 are

23
almost identical except a few additional reflections existing in the
diffraction pattern of Y-Fe203. Foley et al. (43) have attributed
the additional reflections in their RHEED studies to the ordered vac-
ancies or ordered incorporated protons for ferrous iron into the
spinel-like lattice of Fe304 as suggested by Bloom et al. (40) .
From the transmission electron diffraction, Foley et al. (43) further
investigated the electron diffraction patterns of the passive films
formed at different crystal faces of iron, at different pH values,
and at different anodic potentials. For all the crystal faces and
all of the pH examined, the results showed that the film was Y-—Fezo3
in the passive potential region and Fe304 in the transpassive poten-
tial region. The dissolution rate of the film formed in the pre-
passive region, however, was dependent on the pH and crystal face but
the structure was also that of the Fe304 spinel based on the RHEED
measurements.,

MYssbauer spectroscopy has been applied to investigate the
passive film on iron and its closely related bulk iron oxide by many
researchers. Simmons et al. (45) reported that the passive film is
y-Fe203. 0'Grady et al. (46), however, reported that the passive film

did not resemble the spectra of any known bulk iron oxide, a conclu-

sion reached by their in situ MYssbauer spectroscopic method. They
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reported the spectrum was similar to those obtained from amorphous
polymeric-type compounds and further suggested that the passive film
consists of clusters of iron hydroxyl compounds with di-oxy or di-
hydroxy bonding, where iron is octahedral coordinated only (thus
eliminating y-Fe203 for the passive film, which according to Arm-
strong et al. (51) has 61% of iron in the octahedral sites and 39%
is tetrahedral coordinated). A structural representation of the

passive film on iron is proposed by 0'Grady et al. (46) as shown in

Fig. I-6.

Fig. I-6 A structural representation proposed by 0'Grady et al.
(46) for the passive film on iron in borate buffer (pH =
6.8) at 300 mV vs NHE.

Recently, many researchers have made attempts to use Auger,
LEED and Auger, and ESCA (electron spectroscopy for chemical analysis)
to determine the chemical composition of the anodic passive films on
iron and alloys. Seo et al. (47) concluded from their Auger with
depth profiling techniques (by Argon ion sputtering) that the anodic
passive films on iron consisted of two phases and the phases exist
as two separate layers. The above conclusion reached by these auth-
ors may have been influenced by the artifactual consequences of the

partial reduction of the film during argon ion bombardment (119-121).
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A monitoring technique (e.g., SIMS) for the sputtering yield of the
removed species coupled with these techniques is needed in order to
obtain an unambiguous conclusion. Bockris et al. (48) also reported
Auger spectra for the passive film formed in the same electrochemical
environments with a much improved sample trgnsferring technique from
electrochemical system to Auger system. They concluded that the
passive film consisted of chemically bonded hydroxyl (or water) spe-
cies in the film and further supported the polymeric-type structure
for the passive film on iron as reported by 0'Grady et al. (46).

The discrepancy in the in situ MSsshauer and ex situ electron
diffraction results may indicate that the film formed electrochem-
ically undergoes structural changes after removal from the electrolyte.
The vacuum environment and likely beam heating iﬁ the electron emis-

sion can produce substantial changes.

B. General Electronic Properties

Based on the observation that wvarious solution phase redox
couples (e.g., Fe(CN)z—, Fe(CN)z-) exhibited their reversible poten-
tials at open circuit on passivated iron electrodes, Vetter (52) con-
cluded that the passive film on iron is electronically conducting.
Franck et al. (53) also measured the current-potential behavior of
redox couples on passivated iron but were not able to interpret the
experimental results quantitatively. Makrides (54,55) in overpoten-
tial measurements for the Fe2+/Fe3+ couple on passive films of Ni,

Fe, and Ti formed in sulphate solution (Nazso

4 o H2804) found that
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the Tafel plots were generally obtained with exchange currents be-

rasan 107"

and 10-S A/cm2 and cathodic transfer coefficients were
less, particularly with Fe and Ti electrodes. The kinetic para-
meters of this redox couple on oxide-free platinum electrode are

. A/cm2 for the exchange current, 0,58 for the anodic trans-

1.5 x 10~
fer coefficient and 0.45 for the cathodic transfer coefficient.
Makrides suggested that these differences between passive and film-
free electrodes are due to the electron transfer process through the
superficial film. Makrides explained the small rectification effect
on passive films in acid sulfate solutions with the model developed
by Vetter (56) and further extended more recently by Nagayama et al.
(33); i.e., the passive film on iron consists of an inner apprcach-
ing Fe304 and an outer of "y-Fe203" with a defect structure of the

3

6+
form Fe Fez_zy

film of this sort could not poésibly support a fully developed space-

+I':Jy_O3. Makrides (54,55), however, thought that a

charge region similar to that which gives rise t& the rectifying
properties of semiconductor p-n junctions as postulated by van Geel
(57) . Thus Makrides concluded that the rectification of passive
electrodes is probably caused by the distribution of the total po-
tential drop from metal to solution between the film and the oxide-
electrolyte interface. The potential drop across the passive film
appears to be a constant fraction of the total applied potential.

2

Therefbte, the overpotential for oxidation of Fe 4 is (1-y)n and the

apparent transfer coefficient for the anodic reaction is (l-Y)Br,
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where y is the fraﬁtion of the total potential which is across the
film and Br is the apparent anodic charge transfer coefficient across
the double layer. This result is consistent with a model suggested
by Vetter (56) for the passive film in which a potential drop of a-
bout 0.6 V is across the passive film in the absence of a redox couple.
A potential difference across the oxide with no current flowing pre-
supposes a distribution of charge carriers similar to that suggested
by Makrides' results. Makrides (54) further applied the concepts of
electron transfer between an electrode and a redox couple to explain
the exchange current of the Fe2+/Fe3+ on passive electrodes which is
smaller than that on metals by orders of magnitude.

The original concepts of electron transfer between a metal
and redox couple in solution developed by Gurney (58) were reformu-
lated and extended to semiconductors by Gerischer (59). The basic
postulate of the theory is that a weak electronic interaction occurs
between the electrode and the ion (60, 126); electron tun-
nelling occurs between the metal and ion with the activation energy
corresponding to that of a state in which the energy of the system
is the same with the electron in the metal (at or near the Fermi
level) or in the localized orbitals of the ion. Gerischer (59) used
the concept of electron energy states in a redox couple in analogy
to the notion of energy levels in a solid. For example, the energy
of unoccupied states in the solution phase redox species is defined
by the energy change accompanying the introduction of an electron

from infinity to the lowest state of an oxidized ion without changing
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its solvation structure. The equilibrium distribution of available
energy levels can be shown to follow a Fermi distribution where the
"Fermi" level of the electrolyte is directly related to the free
energy change for the redox reaction.

The current flowing from electrode to electrolyte is given
by Gerischer (61)

i =ef vel(E)Del(E)f(EF’Rox—E)D (E)f (E-E JdE  (I-59)

c et ROX F,ROX
where ROX stands for redox, e is the electronic charge, Del and
DROX the density of states functions for the electrode and electro-

lyte respectively, and f(E-EF el) and f(E -E) the Fermi distri-
’

F,ROX
bution functions for the two phases, vel(E) is a proportionality
factor which contains the frequency with Vel which electrons arrive
at the electrode-electrolyte interface and the tunnelling probabil-
ity through the potential barrier between the two phases.

Exchange current, 1c at n = 0, can be much smaller for semi-
conductors than for metal electrodes, since the actual density of
states near the Fermi level (where most of the exchange takes place
on metal electrodes) may be very small for a semiconductor. Thus a
main result of the theory is that the exchange current on semicon-
ductor electrodes may be smaller than fhac on metals by orders of
magnitude.

Makrides (54) viewed the small exchange currents found for
the l"e2+/l?e3+ couple on passive film electrodes to be a consequence
of a decrease of vel(E) due either to a substantial decrease in the

tunneling probability or to the semiconducting character of the film.
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He found the current to change by only a small factor (<10) when
the film thickness changed by a factor of about 2, This rules out
a rate limiting process involving electron tunneling through the
oxide, but concluded that the small exchange currents found for the
Fe2+/Fe3+ reaction on passive electrode are a consequence of the
semiconducting character of the passive films.

Moshetev (62) studied pulse potentiostatically the electronic
conduction of the passive film formed in a neutral borate buffer with
0.2 M in NaNO3 (pH 7.4 adjusted by addition of NaQOH) through the
Fe(CN)63_ and Fe(CN)g— couple reaction on the passive iron electrode.
The experimental results showed that the Tafel slopes and reaction
orders are similar to those observed on a platinum electrode but
with a 105 smalier exchange current density. In this study, he
further reported a value of about 1015 2 -cm of the electronic re-
sistivity of the film in the absence of redox couple and 0.66 eV
for the apparent activation energy of the electronic conduction
processes. He also correlated the small exchange current density
with the band gap energy of the passive films on different metals
according to the theory of Kuznetsov and Dogonadzel(63). Under
some circumstances the theoretical treatment of these agthors yield-
ed the following expression for the exchange current density on a
semiconductor electrode.

log (1 [ .)= -Eg/(ZkBT) (1I-60)

0,sc’ "o,m

where io - is the exchange current density of the same redox couple
’

reaction but on a metal electrode, and Eg is the band gap energy for

e
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electronic conduction.

A tentative mechanism of the conduction process based on the

semiconductor concepts of Gerischer is given by Moshetev (62). Sim-

ilar to bulk Y--FeZO3 the passive film on iron is an n-type semicon-
ductor. In the passive potential region, where the film is subject-
ed to a considerable anodic bias, the energy levels are strongly
bent upwards and the electron concentration at the interface is ex-
tremely low. Under these circumstances the charge transfer from

the conduction band will be negligible and the transfer of holes
from the valence band seems more likely. For cathodic polarization
with respect to the reversible potential of the redox couple the
film is still anodic to its flat band potential; however, the poten-
tial barrier is evidently lowered. Consequently, the electrons from
thg conduction band may now be transferred to surface states created,
e.g., by adsorption of Fe(CN)g— acting as an electron acceptor.
Whether such specific adsorption occurs on the passive layer is open
to question.

A detailed discussion of electron transfer reaction on passive
electrodes, especially that on passive iron electrode, has been
given by Schultze (64) who used a band bending model to explain re-
dox couple behavior on passive iron as well as the impedance char-
acteristics of the passive film. In addition to the common vari-
ables involved in electron transfer on metal electrodes, Schultze
considered the thickness (d), stoichiometry, and dielectric constant

of the film, and the solution pH. The latter as well as electrode
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potential strongly influence the band structure of the passive film,
which increases linearly with the electrode potential if the poten-
tial drop in the Helmholtz layer is constant. This condition can
be fulfilled if the following reaction

0" (oxide) + H'(aq) == H,0 (1-61)
is in equilibrium. With increasing solution pH, the flat band poten-
tial Erg of the film decreases by 60 mV/unit pH. Consequently, the
FB increases correspondingly for a given electrode
potential.

On the bases of theory with experiment Schultze (64) concluded
that the electronic conduction process of passive iron electrode
shifts from a conduction band participation mechanism at low anodic
bias potential to a valence band participation mechanism at higher
anodic potentials. A valence band participation should be possible
if the band gap energy, Eg’ of the passive film is relatively small.
Under such circumstances large band bending, which can be achieved
by high anodic bias and high pH values, results in the depletion
of donors and creation of holes in the valence band.

The capacity of passivated iron electrode including the de-
pendence on the oxide layer thickness and the electrode potential E
in 1N NaNO3 solution (pH 8.4 adjusted by borate) was measured by
Stimming et al. (65) using the potentiostatic pulse method. The
experimental results showed three characteristic regions: with in-

creasing potential, C decreases in the first region by a factor of

2; in the second region it stays constant; and in the third region
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C increases again.
The authors discussed the capacity data according to Bohmen-
kamp and Engell (66), who expressed the capacity of an n-type semi-

conductor as

1/2

ece N exp(y/f) - 1 + (ni/N)z-Z sinh(Yy/f)

TR

et 2 72
{exp(Vg/E) = 1 = (Yp/D)+(n;/N) “[cosh(¥y/f) - 1]}

(1-62)
where e is the electron charge, € and ‘o the dielectric constant of i
the oxide layer and the vacuum respectively, N the donor concentra-

tion (cm-B), n, = (Npo)ll2

, £ = kBT/e, and wB = wx - wi is the dif-
ference between the electric potential of the oxide surface and the
inner (bulk) oxide. On the basis of this equation, Stimming and
Schultze (65) explained the decrease of C(E) of the passive iron

in the first region as due to the exhaustion of donors. The second
region with constant capacity is explained as due to an exhausted
oxide of fixed thickness corresponding to the thickness of the anodic
films minus the Fe II - Fe III layer immediately adjacent to the
iron metal. The third region with increasing capacity is proposed
to be due to the participation of the valence band. For low values
of wB in Eq. I-62, the terms involving (ni/N)2 can be neglected be-
cause N >> n. The term exp(wB/f) can also be neglected at suffic-
ient high anodic potential, where band bending exceeds 0.1 V (i.e.,
WB/E < -4), Eq. I-62 can be approximated as the Schottky-Mott equ-
ation (I-63)

1/¢? - (2/e€ €M) (E - gy - £) (1-63)
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where wB is replaced by the potential difference E-E B which is

F
justified for a constant potential drop wH in the Helmholtz layer.
The application of Eq. I-63 includes the following assumptions:

1. the donor concentration must be constant within
the whole space charge region;

2. the dielectric constant must be constant;
3. the space charge layer capacity Cg. must be small

in comparison with the Helmholtz layer capacity
C,, which is about 20 WF/cm?.

H

As pointed out by Stimming and Schultze (65) for the passive layers
on iron electrodes, donors (Fe2+-ions) are mobile in the layer and
therefore, N need not be constant if the continuous model of the
donor profiles as suggested by Wagner (15) is operative. The sec-
ond assumption might also not be valid because of the strong inter-
dependence of the dielectric constant of the iron oxides on Fe II
concentration as reported by Jantzen (62). He reported € equal to
10 for Y-FeZO3 and 250 for Fe304. Assumption 3 does nct influence
the Schottky-Mott slope but the apparent value of EFB on}y. When
CH is not large compared to the space charge capacitance, the poten-
tial intercept in Eq. I-63 has been shown by Gerischer et al. (67)
and de Gryse et al. (68) to

E = e€-N(8TCH) + Egy - £ (1-64)

provided that C, is independent of E.

H
The Schottky-Mott plot in the potential region 0.0 V< E > 0.5

3 ;
V showed good linear behavior. For x = 27 A the donor concentration

N, calculated from the slope by using € = 12 as the dielectric con-
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