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Impedance and steady-state data were recorded in order to study the kinetics of electron transfer between passive tin electr
lectrolytic solution containing the K3Fe(CN)6–K4Fe(CN)6 redox couple. Film thickness plays a key role in determining the type of elec
onduction of these oxide covered electrodes. Electron exchange with the oxide takes place with participation of the conduction
emiconducting film. A mechanism involving direct electron tunneling through the space charge barrier is the most suitable to in
xperimental evidence.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Passivation of tin in carbonate-bicarbonate buffers has
een considered in several works, since within the pH range
f these electrolytes the solubility of various tin oxide-
ydroxides is comparatively low[1–3]. The oxidation of tin

n solutions of pH around 8.5 could theoretically give rise
o the formation of stannous hydroxide. A greater degree of
xidation leads to the formation of stannic hydroxide. Both
ydroxides are thermodynamically less stable than the cor-
esponding oxides SnO and SnO2, and tend to change into
hese oxides. The oxide SnO is usually not present in large
mounts, on account of its instability in relation to Sn and
nO2. In actual fact, in near neutral media the metal can

∗ Corresponding author. Tel.: +54 221 425 7430; fax: +54 221 425 4642.

be oxidized directly to stannic oxide. Moreover stannic
droxide soon dehydrates into SnO2. Thus, the passive film
is usually described as composed of hydroxides and o
with SnO2 as the predominant species[4].

In principle, a corrosion reaction is a redox reaction of
metal, where the reaction of the available oxidant in solu
consumes the electrons transported through the oxide.
sequently, not only ion transport processes but electron t
port across the film can play a fundamental role in corro
kinetics. Hence, it is relevant to this field to present in
mation relating to the electronic properties of passive fi
[5–7]. Furthermore, gaining an insight into the electro
structure of oxide films and the electrical properties of
oxide/electrolyte interface is also relevant to microelect
ics and optical film semiconductor technology. The inte
in considering SnO2 thin films lies in its use as electrodes a
semitransparent conductive arrays[8]. Capacitance studi

013-4686/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
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of the semiconducting properties of passive films anodically
grown on tin in borate buffer solutions confirmed that the
electronic structure of the passive film is similar to that of bulk
SnO2 [9]. The presence of recombination centers within the
space charge region has been postulated to explain the pho-
toresponse of these electrodes[10]. Metikoš-Hukovíc et al.
used impedance spectroscopy and cyclic voltammetry mea-
surements to examine solid-state properties of thin anodic
films on tin. A change of slope in Mott-Schottky plots was
ascribed to partial ionization of deep-level electronic states
[11].

Film thickness is a key factor in determining the mech-
anism for electron transfer reactions (ETR) that take place
on passive layers. For very thin films, direct tunneling from
the metal represents the main contribution to electron trans-
fer and an increase in thickness results in increased tunneling
distance and exponentially decreased tunnel probability[12].
On the other hand, ETR on thick films take place as on semi-
conductor electrodes, with participation of electronic states
in the band gap. Steady-state polarization curves were used
to study the kinetics of charge transfer between passive tin
electrodes and K3Fe(CN)6–K4Fe(CN)6 redox couple in bo-
rate buffer solutions. The behavior ranges from almost metal-
lic, for very thin films, to that of ann-type semiconductor, for
thick films[13]. It is noteworthy that the rate of ETR depends
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Experiments were made under purified N2 gas saturation
at 25◦C. Tin electrodes were anodised in 0.75 M KHCO3
+ 0.05 M K2CO3 solution pH 8.9. The electrolyte was pre-
pared from analytical grade (p.a. Merck) chemicals and triply
distilled water.

Films were anodically grown for 7 h at constant potential
Ef (−0.1 V ≤ Ef ≤ 2.0 V) set within the passivity region, in
carbonate-bicarbonate buffer solution, which was thereafter
replaced by the redox solution. The redox system used was
0.05 M K3Fe(CN)6–K4Fe(CN)6 dissolved in 0.75 M KHCO3
+ 0.05 M K2CO3 buffer solution, pH 8.9.

Polarization curves for films grown at differentEf were
measured in the redox solution, under steady-state conditions,
using a rotating disk electrode to eliminate diffusion effects.

EIS data were measured with a Solartron SI 1254 device; a
10 mV amplitude sine-wave signal perturbation was applied
in a wide frequency range. Impedance spectra were obtained
at the formation potential,Ef (−0.1 V ≤ Ef ≤ 2.0 V) se-
lected within the passivity region. Additionally, for oxides
with different thicknesses impedance spectra were recorded
in the solution containing the redox couple, applying three
different polarization levels, namely, the equilibrium poten-
tial, 150 mV anodic overpotential and−150 mV cathodic
overpotential.
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ot only on the type of metal, but also on the preparatio
he oxide film, which determines its thickness and the
entration of donors or acceptors.

Electrochemical impedance spectroscopy (EIS) is a
rful tool to study not only electronic properties of pas
lms but mechanisms of electron transfer reactions, as
owever, at present this technique has not been appli
haracterize ETR on passive tin electrodes.

The main objective of this work is to present experime
esults that enable one to gain a deeper insight into the m
nisms of electron transfer at oxide covered tin electr
btained in carbonate-bicarbonate solution. Consequ
olarization curves and impedance spectra were rec

or tin electrodes passivated in 0.75 M KHCO3 + 0.05 M
2CO3 buffer solution pH 8.9 and in the presence of
3Fe(CN)6–K4Fe(CN)6 redox couple.

. Experimental

The experimental set-up was described in previous
ications [3]. “Specpure” tin in the form of both static a
otating discs (Johnson Matthey Chemical Ltd., 0.30 cm2 ap-
arent area) axially mounted in PTFE holders were use
orking electrodes. The exposed tin surface was polish
mirror finish with 1.0 and 0.3�m alumina powder, rinsed

riply distilled water and held 5 min at potentials sufficien
egative to produce a net hydrogen evolution. The cou
lectrode was a large area Pt sheet. Potentials were me
nd referred to in the text against a saturated calomel

rode (SCE) (0.242 V in the SHE scale).
d

. Results and discussion

.1. Band structure of the passive film

An interpretation of ETR that take place on the pas
lm requires first to derive the band structure of the oxid

In order to characterize both the electronic propertie
he anodic film and the influence ofEf on these properties, E
easurements were performed at different potentials w

he passivity range of the system under study.Fig. 1 shows
yquist and Bode plots obtained atEf = 0.0, 0.4 and 0.8 V.
According to the processes taking place in

etal/oxide/solution system, the total currentI is the sum
f Iec, the electronic current due to the transport of elect
nd/or holes, andI i , the ionic current due to the transport

ons or vacancies through the film. In this work these curr
re considered to be independent of one another, so thI =

ec + I i . When no redox reactions take place, the electr
urrent only involves the charging processes of the diffe
nterfacial capacitances, namely the space charge capac
ue to shallow levels and the capacitance of a mid-ban
lectronic state, both in the oxide film, and the Helmh

ayer capacitance in the solution. Accordingly, in the mo
pplied to describe the experimental data the impedanc

o these non-faradaic processes (Zec) results in parallel with
he impedance of the ionic transport in the oxide (Zi ).

1

ZT
= 1

Zi
+ 1

Zec
(1)

hereZT is the total impedance function.
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Fig. 1. Nyquist and Bode plots of experimental impedance data for passi-
vated tin electrodes in 0.75 M KHCO3 + 0.05 M K2CO3, pH 8.9, for different
formation potentials,Ef = 0 V (�); Ef = 0.4 V (�) andEf = 0.8 V (�). Fit
results according toEq. (1)(—).

The expression ofZi , as previously derived, is based on the
physicochemical processes that occur within a passive film
according to the Point Defect Model[14–16]. Thus, solving
the high-field transport equation introduced by Fromhold and
Cook[17,18]with boundary conditions reflecting the charge
transfer reactions at the metal/oxide and oxide/solution inter-
faces yields an expression forZi that allows to estimate the
diffusion coefficient of ionic defectsD and the film thickness
L. Derivation of this equation and its success in describing ex-
perimental data was discussed in a previous work[19]. Since
Zi dominates the low frequency portion of the impedance
spectra and so, it is not related to the electronic processes in
the film, no further analysis will be presented here. However,
it is worth to mention that the followed fitting procedure, ac-
cording to the global impedance expression below, involves
non-linear least squares and the yielded parameter estimates
are associated withall data, rather than with a portion for a
given frequency range. This procedure provides uncertainty
estimates for all estimated parameters, showing that all pa-
rameters are relevant in the model.

At high frequencies the impedance becomes increasingly
dominated by theZec component related to the capacitance
of the depletion layer (Csc) in the oxide and the occurrence of
electronic states in the forbidden gap, at the surface (surface
states) or distributed within the bulk of the material (Css).
T v-
a be
a face
d ce

Fig. 2. Equivalent circuit corresponding to the impedance due to non-
faradaic processesZe. Circuit elements represent the capacitance of the de-
pletion layer in the oxide (Csc) and a time constant associated with electronic
states in the band gap (CssRss). Values of circuit elements are independent
of frequency but are functions of potential.

every attempt to fit the experimental results to a simple se-
ries RC circuit (containing solely the capacitanceCsc) results
in frequency dispersion phenomena for the capacitance data,
indicating that additional capacitance elements are present in
the interfacial region[21]. Physically this could arise from
various modes of inhomogeneous charge accumulation, like
deep traps or surface states.

Experimental impedance spectra were fitted according to
Eq. (1)and the corresponding fit results can be observed in
Fig. 1. Good agreement between theory and experiment was
obtained for the whole frequency range.

The space-charge capacitance (Csc) values resulting from
the fitting procedure are shown inFig. 3 as Mott-Schottky
plots. A linear relationship was obtained forEf ≥0.4 V, which
corresponds to an-type semiconductor film and verifies the
existence of a true depletion layer. The extrapolated flat band
potentialEfb = −0.176 V for the film formed at 0.4 V, is in
excellent agreement with previously reported results of tin
oxides electroformed atEf = 0.4 V in 0.2 M NaOH solution
[22]. Assuming a value for the dielectric constantε = 15
[22,23], the slope of the Mott-Schottky plot yields a donor
concentration valueNd = 2.53× 1020 cm−3, which is some-
what larger than the one reported in Ref.[22], but it is still
within the typical range of doping level obtained for most
passive films. Calculated values ofNd, andEfb, for Ef = 0.4
a

F -
r ed for
fi

he classical approach to representZec is based on the equi
lent circuit shown inFig. 2. This electrical analog can
pplied to characterize the effect of either bulk or sur
eep-level species[20]. This model was adopted here, sin
nd 0.8 V, are shown inTable 1.

ig. 3. Mott-Schottky plots for space-charge capacitance (Csc) values de
ived from the fit of experimental impedance spectra that were record
lms grown at differentEf .
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Table 1
Slope of the Mott-Schottky plot, concentration of donor levels (ND), flat-
band potential (EFB) and maximum width of the space charge layerWmax

calculated from data presented inFig. 3andEq. (2)

Ef (V) Slope (F/cm4 V) ND (cm−3) EFB (V) Wmax (nm) L (nm)

0 – – – – 2.05
0.4 3.71× 1010 2.53× 1020 −0.176 2.0 3.94
0.8 6.22× 1010 1.51× 1020 −0.147 3.2 5.44

Film thicknessL derived from the fitting procedure applied to impedance
data.

ForEf = 0 VCscvalues are independent of the applied po-
tential (Fig. 3). Moreover, since these values, after correction
for the surface roughness, result considerably lower than typ-
ical values for the capacitance of the double layer, it is clear
that the oxide does not exhibit metallic conductivity. Thus,
following the accepted explanation in the relevant literature,
a constant capacitance can be interpreted in terms of an oxide
depleted of charge carriers, as experimentally found for pas-
sive films on iron[24]. It can be theoretically shown that the
film becomes increasingly exhausted upon increasing poten-
tial and acts as an insulator. For the particular case where the
thickness of the space charge layer equals the film thickness,
the film becomes completely exhausted and behaves as an
insulator in the whole potential range[25,26]. Therefore, the
capacitance is that of a parallel-plate capacitor with a plate
separation equal to the oxide thicknessL. An experimental
confirmation that this conditions prevail in our experiments
for the film formed atE= 0 V, can be obtained by comparing
the maximum thickness of the space charge layer, obtained in
the range of validity of the Mott-Schottky equation for a semi-
conductor film (Eq. (2)below) andL values as previously de-
termined fromZi in impedance measurements and the charge
density for the electroreduction of the passive films[19].

The maximum thickness for the space charge layerWmax
corresponds to a polarization levelE= Ef and can be written
a
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Fig. 4. Potential dependence ofCss for passive tin films grown atEf = 0.8 V.

The applied potential can be used as a probe to resolve the
spatial distribution of deep electronic states within the band
gap, through the analysis of the potential dependence ofCss
[20,28]. Results for passive films grown atEf = 0.8 V are
presentedFig. 4. In principle, the presence of a maximum
in this plot might indicate the presence of electronic states
that are mainly located at the surface[29,30]. However, the
presented experimental evidence is insufficient to completely
rule out the presence of additional deep electronic states in the
bulk of the semiconducting oxide. From the band-structure
point of view, one may state that the density of states does not
go to zero at the conduction band edge, at least at the surface.

Due to its amorphous nature, oxide films formed by an-
odic passivation lack long-range order, with band edges that
are not sharply defined. However, bulk semiconductor mod-
els considered so far, were proved to be still applicable to
describe passive films[31].

3.2. Electron transfer reactions (ETR)

Rates of electron transfer across passive films are slower
than on bare metals, reflecting semiconducting properties.
The decrease in the rate constant depends strongly on film
thickness, composition and type of conductivity. Likewise,
reaction rates are also dependent on the relative position of
t

stab-
l hing
t s
f is
b s.

sured
a ed
( orded
w ep.
A ion
s nd to
c den-
s

s:

max =
(

2εε0|Ef − Efb|
qNd

)1/2

(2)

hereε0 is the permittivity of free space andq the electron
harge.

Values ofWmax andL derived for the oxide films inFig. 3
re presented inTable 1.

The dielectric properties of the insulating oxide film can
xamined in terms of the model for a parallel-plate capac
o calculate a roughness factor,Υ , according to:

= LCSC

εε0
≈ 2.0

cm2

cm2
ap

(3)

ith L = 2.05 nm andCsc = 1.2 × 10−5 cm−2
ap as result

rom the fitting procedure,ε = 15 andε0 = 8.85419×
0−14 coul V−1 cm−1.

This value ofΥ agrees well with that, estimated from
acitance measurements, for mechanically polished tin

rodes anodised in borate solution pH 8.5[27].
he redox potentialErdx andEfb [32].
The redox potential for passive tin electrodes was e

ished in the solution containing the redox couple, reac
he same value as on Pt (Erdx = 0.210 V), after 5 min for film
ormed atEf ≤ 1.0 V and after 1 h for thicker films. Th
ehavior is usually observed on passive metal electrode

Steady-state currents for the redox couple were mea
t constant overpotential (η) and varying the rotation spe
w) between 600 and 3000 rpm. These currents were rec
ithin 5 min (typically 30 s) after imposing a potential st
t eachη, extrapolating current values to infinite rotat
peed allowed us to eliminate mass transport effects a
alculate the kinetic component of the measured current
ity (jk).
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Fig. 5. Polarization curves for the redox system K3Fe(CN)6–K4Fe(CN)6
on passive tin electrodes. Passive films were grown at different formation
potentials,Ef = 0.5 V (�); Ef = 1.0 V (©); Ef = 1.5 V (�) andEf = 2.0 V
(♦).

Fig. 5shows polarization curves (jk versusη) for tin elec-
trodes that were previously passivated within the 0.5–2.0 V
range in order to vary at convenience the film thickness. It
was observed that the exchange current densityjo decreases
strongly with increasing film thickness. In all casesjo values
result much smaller than those measured on Pt under similar
conditions (jo/Pt = 0.1 A cm−2).

Anodic and cathodic branches of the polarization curves
at each potentialEf are asymmetric, according to unequal
transfer coefficient (α) values. Transfer coefficients for the
cathodic Tafel regions (α−) are close to 0.5. On the other
hand, anodic transfer coefficients (α+) decrease with film
thickness from 0.31 to 0.12. Thus, the anodic reaction be-
comes increasingly blocked for increasingEf , as expected
for ann-type semiconductor. On the whole, these results re-
flect an increasing semiconducting character for thicker films.
Results are summarized inTable 2.

Fig. 6 shows impedance data as Nyquist and Bode plots
corresponding to a film formed atEf = 1.5 V that were
recorded atErdx and at two polarization levels within the
Tafel regions for the redox couple, namely,η = 0 V, +0.15
and −0.15 V. Electrodes were rotated atw = 2000 rpm to
avoid mass transport effects in solution.

Table 2
Kinetic parameters of the Fe(CN)6

3−/Fe(CN)6
4− redox reaction on passive tin electrodes obtained by EIS and steady-state polarization curves for differentEf

E steady a)

0 0
1 8
1 9
2 0

Fig. 6. Experimental impedance spectra for tin electrodes passivated at
Ef = 1.5 V in the presence of the redox system K3Fe(CN)6–K4Fe(CN)6.
Impedance data were recorded atη = 0 V (©), + 0.15 V (�) and−0.15 V
(�).

In the presence of a redox couple in solution, the electronic
current results from the sum of the electronic transfer (Irr), due
to the redox reaction, and the displacement current (Iec), due
to charging processes of the different interfacial capacitances.
Consequently, the impedance due to non-faradaic processes
(Zec) results in parallel with the impedance of ionic transport
in the oxide (Zi ) and the impedance of electronic transfer (Zrr)
[33]:

1

ZT
= 1

Zi
+ 1

Zec
+ 1

Zrr
(4)

Eq. (4) represents an extension ofEq. (1) to account for a
redox electrolyte.

Moreover, when mass transport effects are negligibleZrr
has a purely resistive behavior andZrr(ω) = Rrr.

Best-fit results according toEq. (4)are presented inFig. 6.
At the equilibrium potential it is possible to calculatejo values
in a simple way, by using the values ofRrr derived from the
fitting procedure:

jo =
(

RT

F

)
1

Rrr

∣∣∣∣
E=Erdx

(5)
f (V) α+ (EIS) α+ (steady-state data) α− (EIS) α− (

.5 0.36 0.31 0.47 0.5

.0 0.25 0.20 0.45 0.4

.5 0.29 0.18 0.47 0.4

.0 0.22 0.12 0.52 0.5
-state data) jo (mA cm−2) (EIS) jo (mA cm−2) (steady-state dat

0.554 0.575
0.087 0.060
7.72× 10−3 6.04× 10−3

2.18× 10−4 2.27× 10−4
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Likewise,Rrr values derived from experiments recorded at
overpotentials in the anodic (+) and cathodic (−) Tafel re-
gions can be used to calculateα values according to:

α± =
(

RT

F

) (
1

js

1

Rrr

)∣∣∣∣
E=Erdx±|η|

(6)

wherejs represents the stationary current density for the redox
couple in solution.

For the sake of comparison, kinetic parameters calculated
from EIS and steady-state data are shown inTable 2. A sat-
isfactory agreement between the two sets of values was ob-
tained. InTable 2, jo values are referred to the real electrode
area and an average from the cathodic and the anodic values
is presented for the results obtained from polarization curves.

Experimental results show thatα− > α+, what points to
an electron transfer with the conduction band. However,α−
andα+ differ appreciably from the theoretical values 1 and
0, that can be expected for a simple mechanism involving the
conduction band[34]. Consequently, it is possible to postulate
the contribution of direct electron tunneling through the space
charge into the conduction band.

Decreasing values ofjo andα+ according toEf can be
related to decreasing values ofND (seeTable 1) and in agree-
ment with the observations reported for passive films on Ti
[ nd
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Fig. 7. Energy levels at the SnO2/redox electrolyte interface for a passive
film formed atEf = 0.4 V, and with an anodic overpotentialη applied. Scale
in eV is referred to the energy of an electron at infinity, while scale inV is
referred to the electrochemical potential of the hydrogen reference electrode
under standard conditions (NHE).UF corresponds to the Fermi energy of
the oxide, andq represents the charge on the electron. Distribution function
of surface states is centered at energy levelUss. See text for definitions of
the rest of the parameters in the figure.

electron tunneling through the space charge barrier, for small
Debye-length conditions is also shown.

Impedance data indicate the presence of surface states
with a distribution function centered at−0.1 V versus SCE
(0.142 V versus NHE) and corresponding to an energy level
Uss= −4.64 eV. Even though a high concentration of surface
states atUssmight participate in the electron transfer, in order
to dominate the current response, largeUc

s − Urdx values and
an oxide with lowND, are required[39]. Neither of these two
conditions prevail in our experiments. Thus, electron trans-
fer via surface states is considered to be negligible for the
experimental conditions of this work.

4. Conclusions

Passive films grown on tin in carbonate-bicarbonate so-
lution exhibit different types of electronic conduction, ac-
cording to the formation potential. The different behavior is
markedly dependent on the film thickness. While thin films
(Ef < 0.4 V) behave as insulators, thicker films shown-type
semiconduction. Localized states within the band gap are
present, at least, at the surface.

Electron transfer between surface states and redox
electrolyte does not contribute appreciably to the electronic
c with
p tun-
n most
p s.

A

I ir
r

35] and on Fe[24]. With increasing donor concentration, a
ence with decreasing Debye-length, the space charge b
ecomes thinner and tunneling becomes more importan

One feature of the experimental polarization curves is
n line with the theory for direct electron tunneling throu
he space charge barrier, namely, the straight portions o
nodic and cathodic Tafel lines do not extrapolate to the
xchange current. This has been understood in terms of
itional contribution due to resonance tunneling[12]. More-
ver, Tafel lines inFig. 5, at high cathodic overpotentia
evelop a curvature resembling the shoulders observed

he dominant tunneling mechanism varies from direct
eling to resonance tunneling[36]. However, evidence pr
ented here for a contribution of resonance tunneling i
onclusive.

Fig. 7shows a schematic representation of the oxide/r
lectrolyte interface at equilibrium and with applied ano
verpotential. The diagram corresponds to an oxide
ormed atEf = 0.4 V in 0.75 M KHCO3 + 0.05 M K2CO3,
H 8.9. The calculated value forEfb allows to locate the po
ition of the conduction band edge at the surface, whi
haracterized by an energy levelUS

C. The corresponding e
rgy level of the valence band at the surfaceUS

V results from
band-gap widthUg = 3.5 eV, as reported for SnO2 [8]. It is
oteworthy that, a wide range of band gap values has
eported for anodic SnO2 ranging from 2.6 to 3.7 eV and al
hat the apparent band gap value could be related to th
ree of hydration of the oxide[37,38]. It can be observe

hat the occupied energy levels of the redox system ov
ell with the conduction band, in accordance with the po

ated participation of this band in the electron transfer. D
urrent. Electron exchange with the film takes place
articipation of the conduction band. Direct electron
eling through the space charge barrier represents the
robable mechanism for these highly-doped passive film
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