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Abstract

Impedance and steady-state data were recorded in order to study the kinetics of electron transfer between passive tin electrodes and ar
electrolytic solution containing thegke(CN)—K4Fe(CN) redox couple. Film thickness plays a key role in determining the type of electronic
conduction of these oxide covered electrodes. Electron exchange with the oxide takes place with participation of the conduction band in the
semiconducting film. A mechanism involving direct electron tunneling through the space charge barrier is the most suitable to interpret the
experimental evidence.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction be oxidized directly to stannic oxide. Moreover stannic hy-
droxide soon dehydrates into Sprhus, the passive film
Passivation of tin in carbonate-bicarbonate buffers hasis usually described as composed of hydroxides and oxides
been considered in several works, since within the pH rangewith SnQ, as the predominant specigg.
of these electrolytes the solubility of various tin oxide- In principle, a corrosion reaction is a redox reaction of the
hydroxides is comparatively lofl—3]. The oxidation of tin metal, where the reaction of the available oxidant in solution
in solutions of pH around 8.5 could theoretically give rise consumes the electrons transported through the oxide. Con-
to the formation of stannous hydroxide. A greater degree of sequently, not only ion transport processes but electron trans-
oxidation leads to the formation of stannic hydroxide. Both port across the film can play a fundamental role in corrosion
hydroxides are thermodynamically less stable than the cor-kinetics. Hence, it is relevant to this field to present infor-
responding oxides SnO and Sf@nd tend to change into  mation relating to the electronic properties of passive films
these oxides. The oxide SnO is usually not present in large[5—7]. Furthermore, gaining an insight into the electronic
amounts, on account of its instability in relation to Sn and structure of oxide films and the electrical properties of the
SnQ. In actual fact, in near neutral media the metal can oxide/electrolyte interface is also relevant to microelectron-
ics and optical film semiconductor technology. The interest
in considering Sn@thin films lies in its use as electrodes and
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of the semiconducting properties of passive films anodically = Experiments were made under purified §as saturation
grown on tin in borate buffer solutions confirmed that the at 25°C. Tin electrodes were anodised in 0.75M KHEO
electronic structure of the passive film is similar to that of bulk + 0.05M K,CQOs solution pH 8.9. The electrolyte was pre-
SnG [9]. The presence of recombination centers within the pared from analytical grade (p.a. Merck) chemicals and triply
space charge region has been postulated to explain the phodistilled water.

toresponse of these electrodé&s]. MetikoS-Hukovt et al. Films were anodically grown for 7 h at constant potential
used impedance spectroscopy and cyclic voltammetry mea-E; (—0.1V < Es < 2.0V) set within the passivity region, in
surements to examine solid-state properties of thin anodic carbonate-bicarbonate buffer solution, which was thereafter
films on tin. A change of slope in Mott-Schottky plots was replaced by the redox solution. The redox system used was
ascribed to partial ionization of deep-level electronic states 0.05 M KzFe(CNj—K4Fe(CN) dissolvedin 0.75 M KHC@

[11]. + 0.05 M KoCO;3 buffer solution, pH 8.9.

Film thickness is a key factor in determining the mech- Polarization curves for films grown at differeBf were
anism for electron transfer reactions (ETR) that take place measured inthe redox solution, under steady-state conditions,
on passive layers. For very thin films, direct tunneling from using a rotating disk electrode to eliminate diffusion effects.
the metal represents the main contribution to electron trans-  EIS data were measured with a Solartron S| 1254 device; a
fer and anincrease in thickness results in increased tunnelingl0 mV amplitude sine-wave signal perturbation was applied
distance and exponentially decreased tunnel probafily in a wide frequency range. Impedance spectra were obtained
On the other hand, ETR on thick films take place as on semi- at the formation potentials (—0.1V < Ef < 2.0V) se-
conductor electrodes, with participation of electronic states lected within the passivity region. Additionally, for oxides
in the band gap. Steady-state polarization curves were usedvith different thicknesses impedance spectra were recorded
to study the kinetics of charge transfer between passive tinin the solution containing the redox couple, applying three
electrodes and #Fe(CNj—K4Fe(CN) redox couple in bo-  different polarization levels, namely, the equilibrium poten-
rate buffer solutions. The behavior ranges from almost metal- tial, 150 mV anodic overpotential and150 mV cathodic
lic, for very thin films, to that of am-type semiconductor, for  overpotential.
thick films[13]. It is noteworthy that the rate of ETR depends
not only on the type of metal, but also on the preparation of
the oxide film, which determines its thickness and the con- 3. Results and discussion
centration of donors or acceptors.

Electrochemical impedance spectroscopy (EIS) is a pow- 3.1. Band structure of the passive film
erful tool to study not only electronic properties of passive
films but mechanisms of electron transfer reactions, as well.  An interpretation of ETR that take place on the passive
However, at present this technique has not been applied tofilm requires first to derive the band structure of the oxide.
characterize ETR on passive tin electrodes. In order to characterize both the electronic properties of

The main objective of this work is to present experimental the anodic film and the influenceBf onthese properties, EIS
results that enable one to gain a deeper insight into the mech-measurements were performed at different potentials within
anisms of electron transfer at oxide covered tin electrodesthe passivity range of the system under studélg. 1 shows
obtained in carbonate-bicarbonate solution. Consequently,Nyquist and Bode plots obtained&t= 0.0, 0.4 and 0.8 V.
polarization curves and impedance spectra were recorded According to the processes taking place in the

for tin electrodes passivated in 0.75M KHg@ 0.05M metal/oxide/solution system, the total curréris the sum
K2COg3 buffer solution pH 8.9 and in the presence of the of I, the electronic current due to the transport of electrons
K3Fe(CNx—K4Fe(CN) redox couple. and/or holes, ant], the ionic current due to the transport of

ions or vacancies through the film. In this work these currents
are considered to be independent of one another, sd that
2. Experimental lec + li. When no redox reactions take place, the electronic
current only involves the charging processes of the different
The experimental set-up was described in previous pub- interfacial capacitances, namely the space charge capacitance
lications[3]. “Specpure” tin in the form of both static and due to shallow levels and the capacitance of a mid-bandgap
rotating discs (Johnson Matthey Chemical Ltd., 0.36 e electronic state, both in the oxide film, and the Helmholtz
parent area) axially mounted in PTFE holders were used aslayer capacitance in the solution. Accordingly, in the model
working electrodes. The exposed tin surface was polished toapplied to describe the experimental data the impedance due
amirror finish with 1.0 and 0.@m alumina powder, rinsed in  to these non-faradaic processgsg results in parallel with
triply distilled water and held 5 min at potentials sufficiently the impedance of the ionic transport in the oxidg.(
negative to produce a net hydrogen evolution. The counter 1 1
electrode was a large area Pt sheet. Potentials were measuree& =— 4+ — Q)
and referred to in the text against a saturated calomel elec-2T  Zi Zec
trode (SCE) (0.242V in the SHE scale). whereZr is the total impedance function.
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& |-60 @ ries RC circuit (containing solely the capacitai@g) results
in frequency dispersion phenomena for the capacitance data,
indicating that additional capacitance elements are presentin
1-80 ; . . . . :
the interfacial regiorj21]. Physically this could arise from
6 various modes of inhomogeneous charge accumulation, like

deep traps or surface states.

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

The space-charge capacitan€gd values resulting from
the fitting procedure are shown Kig. 3 as Mott-Schottky

The expression d;, as previously derived, is based onthe plots. Alinear relationship was obtained f§r> 0.4 V, which
physicochemical processes that occur within a passive film corresponds to a-type semiconductor film and verifies the
according to the Point Defect Modgl4—-16] Thus, solving existence of a true depletion layer. The extrapolated flat band
the high-field transport equation introduced by Fromhold and potentialEs, = —0.176 V for the film formed at 0.4V, is in
Cook[17,18]with boundary conditions reflecting the charge excellent agreement with previously reported results of tin
transfer reactions at the metal/oxide and oxide/solution inter- oxides electroformed & = 0.4V in 0.2 M NaOH solution

log (f/Hz)

Fig. 1. Nyquist and Bode plots of experimental impedance data for passi-
vated tin electrodesin 0.75 M KHGG- 0.05 M K,COg3, pH 8.9, for different
formation potentialsks =0V (A); Ef = 0.4V (@) andE; = 0.8V (0). Fit
results according t&q. (1)(—).

faces yields an expression fdr that allows to estimate the
diffusion coefficient of ionic defectd and the film thickness

L. Derivation of this equation and its success in describing ex-
perimental data was discussed in a previous %k Since

Z; dominates the low frequency portion of the impedance

[22]. Assuming a value for the dielectric constant 15
[22,23], the slope of the Mott-Schottky plot yields a donor
concentration valudly = 2.53x 10?°cm—3, which is some-
what larger than the one reported in R@R], but it is still
within the typical range of doping level obtained for most

spectra and so, it is not related to the electronic processes impassive films. Calculated valuesi§, andEs,, for Ef = 0.4

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 estimate
are associated witall 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 th&s. component related to the capacitance
of the depletion layerGs) 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 materi@kd).
The classical approach to represggtis based on the equiv-
alent circuit shown irFig. 2 This electrical analog can be
applied to characterize the effect of either bulk or surface
deep-level specig®0]. This model was adopted here, since

and 0.8V, are shown ihable 1
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Fig. 3. Mott-Schottky plots for space-charge capacitaiig) (values de-
rived from the fit of experimental impedance spectra that were recorded for
films grown at differeng;.
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Table 1 5.0x10°* ———
Slope of the Mott-Schottky plot, concentration of donor levéls) flat- .
band potentialErg) and maximum width of the space charge layéax
calculated from data presentedhig. 3andEq. (2) 4.0x10°+ —
Ef (V) Slope (FlcmtV) Np (cm™3)  Erg (V) Wiax(nm) L (nm) o
0 - - - - 2.05 § s.ox10°f ]
04  3.71x 109 253x 107° —0.176 2.0 3.94 =
0.8 6.22x 100 151x 10°° —0.147 3.2 5.44 o’ 2.0x10°
.OX r b

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

1.0x10°} —

ForE; =0V Cscvalues are independent of the applied po- E-08V

tential (Fig. 3). Moreover, since these values, after correction 0.0l

-04 -02 00 02 04 06 08

for the surface roughness, result considerably lower than typ-
E/V (SCE)

ical values for the capacitance of the double layer, it is clear
that the oxide does not exhibit _met,aIIIC COhdUCtIVIt.y. Thus, Fig. 4. Potential dependence®@{;for passive tin films grown & = 0.8 V.
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 th
thickness of the space charge layer equals the film thickness
the film becomes completely exhausted and behaves as a
insulator in the whole potential ran§@5,26] Therefore, the
capacitance is that of a parallel-plate capacitor with a plate
separation equal to the oxide thicknéssAn experimental
confirmation that this conditions prevail in our experiments
for the film formed aE = 0V, 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 Eqg. (2)below) and_ values as previously de-
termined fronz; in impedance measurements and the charge
density for the electroreduction of the passive fi[i18].

The maximum thickness for the space charge |&Yigkx
corresponds to a polarization leek E; and can be written

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 dependen€aof
e[20,28]. Results for passive films grown B = 0.8V are
presented-ig. 4. In principle, the presence of a maximum
Ij]n this plot might indicate the presence of electronic states
that are mainly located at the surfd@®,30] However, the
presented experimental evidence is insufficient to completely
rule outthe presence of additional deep electronic statesin 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 filn[81].

as: 3.2. Electron transfer reactions (ETR)
1/2 L
Winax = (2880|Ef — Efb') ) Rates of electron transfer across passive films are slower
qNg 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
the redox potentidk,4x andEsp, [32].

The redox potential for passive tin electrodes was estab-
lished in the solution containing the redox couple, reaching
the same value as on BH{x = 0.210 V), after 5 min for films
formed atEs < 1.0V and after 1 h for thicker films. This

LCsc cn? behavior is usually observed on passive metal electrodes.
T = ~ 20— 3)
80 cmgp Steady-state curren?s for the red(_)x couple were measured
at constant overpotentiab) and varying the rotation speed
with L = 2.05nm andCsc = 1.2 x 10°° cr‘n,‘;p2 as results (w) between 600 and 3000 rpm. These currents were recorded
from the fitting procedures = 15 andegy = 8.85419 x within 5min (typically 30 s) after imposing a potential step.
10 coulv-1em L. At eachy, extrapolating current values to infinite rotation

This value ofY" agrees well with that, estimated from ca- speed allowed us to eliminate mass transport effects and to
pacitance measurements, for mechanically polished tin elec-calculate the kinetic component of the measured current den-
trodes anodised in borate solution pH g%]. sity (jk)-

wheregy is the permittivity of free space argithe electron
charge.

Values ofWnax andL derived for the oxide films ifrig. 3
are presented iable 1

The dielectric properties of the insulating oxide film can be
examined in terms of the model for a parallel-plate capacitor,
to calculate a roughness factat, according to:
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Fig. 5. Polarization curves for the redox systergF&(CN)—K4Fe(CN) Fig. 6. Experimental impedance spectra for tin electrodes passivated at
on passive tin electrodes. Passive films were grown at different formation g; = 1.5V in the presence of the redox systersF&(CN)y—KsFe(CNJ.
potentialsEs = 0.5V (@); Er =1.0V (O); Er = 1.5V (@) andEs = 2.0V Impedance data were recordedyat 0V (O), + 0.15V (A) and—0.15V
(). 0.

Fig. Sshows polarization curvesi(versusy) for tin elec- In the presence of aredox couple in solution, the electronic
trodes _that were previously passllvated W|th.|n the. 0.5-2.0V rrent results from the sum of the electronic trangfe), tlue
range in order to vary at convenience the film thickness. It i, ihe redox reaction. and the displacement curriegh due
was observed that the exchange current defstigcreases (4 charging processes of the different interfacial capacitances.
strongly with increasing film thickness. In all caggsalues consequently, the impedance due to non-faradaic processes
result much smaller than those measured on Pt under S|m|lar(zec) results in parallel with the impedance of ionic transport

g P — 2
conditions fo/pt = 0.1 AcnT<). o inthe oxide Z;) and the impedance of electronic transt&r)
Anodic and cathodic branches of the polarization curves 133]:

at each potential; are asymmetric, according to unequal

transfer coefficientd) values. Transfer coefficients for the 1 1 1 1

cathodic Tafel regionsa(_) are close to 0.5. On the other 7 ~ Z; + Zec + Zir )

hand, anodic transfer coefficients () decrease with film

thickness from 0.31 to 0.12. Thus, the anodic reaction be- Ed. (4) represents an extension Bfj. (1)to account for a

comes increasingly blocked for increasifig as expected ~ redox electrolyte.

for ann-type semiconductor. On the whole, these results re- ~ Moreover, when mass transport effects are negligale

flectanincreasing semiconducting character for thicker films. has a purely resistive behavior aAg(w) = Ryr.

Results are summarized Trable 2 Best-fit results according t6q. (4)are presented iRig. 6.
Fig. 6 shows impedance data as Nyquist and Bode plots Atthe equilibrium potential itis possible to calculealues

corresponding to a film formed & = 1.5V that were  in asimple way, by using the values &k derived from the

recorded af,qx and at two polarization levels within the fitting procedure:

Tafel regions for the redox couple, namely= 0V, +0.15

and —0.15V. Electrodes were rotated at= 2000 rpm to jo= (RT) i

avoid mass transport effects in solution. F J R

(®)

E=Eydx

Table 2
Kinetic parameters of the Fe(C) /Fe(CN)*~ redox reaction on passive tin electrodes obtained by EIS and steady-state polarization curves forEifferent

Es (V) ay (EIS) o (steady-state data) «o_ (EIS) «_ (steady-state data)  j, (mAcm~2) (EIS) jo (MAcm~2) (steady-state data)

0.5 0.36 0.31 0.47 0.50 0.554 0.575
1.0 0.25 0.20 0.45 0.48 0.087 0.060
15 0.29 0.18 0.47 0.49 7.7%210°3 6.04x 1073

2.0 0.22 0.12 0.52 0.50 2.1810°* 2.27x 1074
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Likewise, Ry values derived from experiments recorded at Uaps/ €V E/V (NHE)
overpotentials in the anodic (+) and cathodie) (Tafel re- 37
gions can be used to calculatevalues according to: al 71
RT 11 <l ggﬂguctlon - USS__O>““ ________ U 1o
ay = () () (6) Ur ed U,r QI‘L1
F 7 NJs Rt ) | E=Ergetin 6l
whereisrepresents the stationary current density for the redox 71 Ys 2
couple in solution. +3
For the sake of comparison, kinetic parameters calculated 81 4
from EIS and steady-state data are showidhle 2 A sat- 9l gglrt]acrjwce ]

isfactory agreement between the two sets of values was ob-
tained. InTable 2 Jo values are referreq to the real ele_CtrOde Fig. 7. Energy levels at the Sn@edox electrolyte interface for a passive
area and an average from the cathodic and the anodic valuesim formed atE; = 0.4V, and with an anodic overpotentipapplied. Scale
is presented for the results obtained from polarization curves.in eV is referred to the energy of an electron at infinity, while scal is

Experimental results show that > «, what points to referred to the electrochemical potential of the hydrogen reference electrode
an electron transfer with the conduction band. Howeaver under standard conditions (NHE)g corresponds to the Fermi energy of

. . . ' the oxide, andj represents the charge on the electron. Distribution function

anda.. differ appreciably from the theoretlcgl vglues l and of surface states is centered at energy |&kgl See text for definitions of
0, that can be expected for a simple mechanism involving the the rest of the parameters in the figure.

conduction ban{B4]. Consequently, itis possible to postulate

the contribution of direct electron tunneling through the space electron tunneling through the space charge barrier, for small
charge into the conduction band. Debye-length conditions is also shown.

Decreasing values g and e« according toEs can be Impedance data indicate the presence of surface states
related to decreasing valueshif (seeTable ) andin agree-  with a distribution function centered at0.1V versus SCE
ment with the observations reported for passive films on Ti (0.142V versus NHE) and corresponding to an energy level
[35] and on F¢24]. With increasing donor concentration, and  Ugs= —4.64 eV. Even though a high concentration of surface
hence with decreasing Debye-length, the space charge barriegtates atlssmight participate in the electron transfer, in order
becomes thinner and tunneling becomes more important.  to dominate the current response, labtfe— Urgx values and

One feature of the experimental polarization curves is not an oxide with lowNp, are required39]. Neither of these two
in line with the theory for direct electron tunneling through conditions prevail in our experiments. Thus, electron trans-
the space charge barrier, namely, the straight portions of thefer via surface states is considered to be negligible for the
anodic and cathodic Tafel lines do not extrapolate to the sameexperimental conditions of this work.
exchange current. This has been understood in terms of an ad-
ditional contribution due to resonance tunneljfg]. More-
over, Tafel lines inFig. 5, at high cathodic overpotentials, 4. Conclusions
develop a curvature resembling the shoulders observed when
the dominant tunneling mechanism varies from direct tun-  Passive films grown on tin in carbonate-bicarbonate so-
neling to resonance tunnelifjg6]. However, evidence pre-  |ution exhibit different types of electronic conduction, ac-
sented here for a contribution of resonance tunneling is not cording to the formation potential. The different behavior is
conclusive. markedly dependent on the film thickness. While thin films

Fig. 7shows a schematic representation of the oxide/redox (E; < 0.4 V) behave as insulators, thicker films shoype
electrolyte interface at equilibrium and with applied anodic semiconduction. Localized states within the band gap are
overpotential. The diagram corresponds to an oxide film present, at least, at the surface.
formed atEs = 0.4V in 0.75M KHCGQ + 0.05M K>CG;, Electron transfer between surface states and redox
pH 8.9. The calculated value f&#, allows to locate the po-  electrolyte does not contribute appreciably to the electronic
sition of the conduction band edge at the surface, which is current. Electron exchange with the film takes place with
characterized by an energy Ie\lég The corresponding en-  participation of the conduction band. Direct electron tun-
ergy level of the valence band at the surfaggresults from neling through the space charge barrier represents the most
a band-gap widtlyg = 3.5 eV, as reported for Sp(8]. It is probable mechanism for these highly-doped passive films.
noteworthy that, a wide range of band gap values has been
reported for anodic Snfgxanging from 2.6 to 3.7 eV and also
that the apparent band gap value could be related to the deAcknowledgement
gree of hydration of the oxidf87,38] It can be observed
that the occupied energy levels of the redox system overlap Drs. Gervasi and Vallejo are grateful to the Corbrside
well with the conduction band, in accordance with the postu- Investigaciones Ciefficas y Tecnicas Buenos Aires for their
lated participation of this band in the electron transfer. Direct research positions.
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