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Abstract

The anodic behaviour of tin in borate solutions has been studied by linear potential sweep voltammetry and triangularly modulated
triangular potential sweeps. It is shown that the active to passive transition involves the formation of intermediate soluble species fol-
lowed by the precipitation of a tin oxide/hydroxide layer that passivates the electrode. The potentiodynamic current-potential behaviour
is adequately described by using the Layer-pore-resistance model. A good agreement between experimental and theoretical curves is
obtained which allow us to demonstrate that primary passivation of tin in alkaline borate solutions (pH 8.9) as well as the film electro-
reduction is mainly controlled by the resistance of the electrolyte in the pores of the layer. In addition, the triangularly modulated tri-
angular potential sweep method is applied in order to analyze the existence of reaction intermediates.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Oxide/hydroxide film formation during the anodic
polarization of active metals is a relevant phenomenon in
many electrochemical processes such as electrochemical
machining, electrolytic polishing and pitting corrosion
[1,2]. In particular, tin as a metal finds its most important
applications in tin-plate and electronic industries [3].

The electrochemical behaviour of tin electrode in aque-
ous electrolytic solutions has been extensively studied
mainly in alkaline solutions, and different mechanisms have
been proposed for the active to passive transition [3–11]
although some doubt still exists regarding the kinetics of
the electroformation and electroreduction of the film. The
primary passivation is considered that occurs as a conse-
quence of the Sn(OH)2 or SnO film formation by a dissolu-
tion-precipitation mechanism while the passive state is
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reached after the formation of a continuous film of
Sn(OH)4 by a solid state mechanism [3]. Then, the Sn(OH)4

film can dehydrate to form more stable species like SnO2 or
SnO2 Æ H2O [3]. Some authors have suggested a duplex nat-
ure for the anodic film formed [9,12], consisting of a thick,
poorly adherent and generally amorphous layer of
5SnO Æ 2H2O overlaying a thin, strongly adherent film of
small crystals of SnO2 Æ H2O.

Kapusta and Hackerman studied the passivation of tin
under both potentiostatic and galvanostatic conditions
[5–7]. In borate buffer, they reported anodic-charging
curves similar to those observed on valve metals. Ammar
et al. showed that the formation of anodic oxides on tin fol-
low the same oxidation kinetics characteristic of valve met-
als not only in neutral solutions, but also in the acid and
alkaline pH ranges [10,11]. Furthermore, based on the
dependence of peak current and peak potential with scan
rate in potentiodynamic experiments, Metikos et al. [8]
found that the film formation process is under ohmic resis-
tance control although under galvanostatic conditions they
claim that anodic film growth occurs by an activation
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Fig. 1. Potentiodynamic j/E profile for Sn in borate solutions (pH = 8.9).
v = 0.050 V s�1.
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controlled ion conduction under the influence of a high
electric field across the film. More recently, Gervasi et al.
have studied anodic films formed on tin in carbonate–
bicarbonate buffer, pH 8.9 [4] and reported that the princi-
pal defects contributing to ionic transport in the passive
film during oxide growth are anion vacancies, and hence
the oxide is expected to be an oxygen ion conductor.

Although in the last three decades special attention has
been paid to the study of the reactions on tin electrodes and
the main characteristics of the chemical species formed are
known, there are several kinetic aspects that continue
under discussion.

The main objective of this work is to present experimen-
tal results that enable one to gain a deeper insight into the
kinetics of electroformation and electroreduction of tin
oxide/hydroxide films formed up to 0 V (SHE) in aqueous
borate solutions. The full current/potential data obtained
by applying triangular potential sweeps are compared with
theoretical curves calculated for the Layer-pore-resistance

model (LPRM) for processes which are controlled by
ohmic resistance. In addition, the triangularly modulated

triangular potential sweep (TMTPS) method is applied in
order to analyze the existence of reaction intermediates.

2. Experimental

The working electrode consisted of a polycrystalline tin
rod (Koch-Light, 99.999% purity) of 8 mm diameter
mounted in a Teflon holder which exposes a circular area
of 0.50 cm2. Before the experiments the electrode surface
was abraded with emery paper, then polished mechanically
with diamond paste (9 and 3 lm) dispersed with ethylene
glycol on a nylon cloth (Buehler) and aluminas (1, 0.3
and 0.05 lm) on a polishing cloth (Microcloth, Buehler).
Afterwards, the electrode was repeatedly cleaned with puri-
fied water, immersed in the solution and cathodized at
�1.29 V for 10 min before the experiments.

The electrochemical measurements were performed in a
conventional three-compartment electrolysis cell using a
gold sheet as counterelectrode and an Hg/Hg2SO4/Na2SO4

(1 M) as reference electrode. Nevertheless, all potentials are
referred to the standard hydrogen electrode (SHE).

Solutions of 0.0125 M Na2B4O7 (pH 8.9) were prepared
from AR chemicals and purified water (Milli Ro-Milli Q
system). Measurements were performed at 25 �C under
nitrogen gas saturation.

Electrochemical measurements were done by applying
repetitive triangular potential sweeps (RTPS) between pre-
set lower (Es,c) and upper (Es,a) switching potentials at dif-
ferent scan rates (v). Moreover, the triangularly modulated

triangular potential sweep (TMTPS) technique was also
used. This method is a powerful tool for studying reaction
intermediates produced during the electrochemical reac-
tions [13,14] and consists essentially of a triangular poten-
tial sweep at a low scan rate (base signal, vb = 0.050 V s�1)
and a superimposed triangular potential modulation at a
faster scan rate (modulation signal, vm, between 5 and
40 V s�1). The amplitude of the modulation signal
(DEm) is smaller than the amplitude of the base signal
(DEm = 0.1 V).

3. Results and discussion

3.1. General electrochemical behaviour

Fig. 1 shows the potentiodynamic j/E response of a
polycrystalline tin electrode in a borate solution (pH 8.9)
obtained at 0.05 V s�1 by applying a single triangular
potential sweep between the potential limits corresponding
to the hydrogen and oxygen evolution reactions. The
description of this voltammogram, which is shown for
the sake of comparison, has already been made [3]. The
positive scan exhibits two well defined anodic current peaks
(I and II) at ca. �0.55 V and �0.36 V respectively, which
have been associated with the formation of a hydrous tin
oxide/hydroxide film [3]. At more positive potentials a wide
potential region where a steady state current density is
established (III), can be seen. This potential range corre-
sponds to the film growth in the passive state. Also, a slight
increase of the steady state current at potentials exceeding
ca. 0.6 V is obtained. According to Kapusta et al. [3], peak
I is assigned to the formation of a thin layer of either
Sn(OH)2 or SnO on the metal surface:

Snþ 2OH� ! SnðOHÞ2 þ 2e� ð1Þ
Snþ 2OH� ! SnOþH2Oþ 2e� ð2Þ

Then, this film is oxidized at more positive potentials (peak
II):

SnðOHÞ2 þ 2OH� ! SnðOHÞ4 þ 2e� ð3Þ
SnOþH2Oþ 2OH� ! SnðOHÞ4 þ 2e� ð4Þ

Finally, under anodic polarization the Sn(IV) hydroxide
film dehydrates to form the more stable species, SnO2 Æ
H2O [3].

The negative sweep shows a main cathodic peak at ca.
�0.8 V (IV), which has been attributed to the electroreduc-
tion of the hydrous tin oxide/hydroxide film electroformed
in the potential region of peaks I and II.



Fig. 3. Potentiodynamic j/E profiles at different potential sweep rates in
the potential region of peak I.

Fig. 4. (a) Dependence of jp,a and jp,c on v1/2. (b) Dependence of Ep,c on
log v.
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In order to characterize the kinetics of electroformation
and electroreduction of the tin oxide/hydroxide film in the
potential region where the overall Sn(0) M Sn(IV) reaction
takes place, the potentiodynamic j/E response obtained
under different conditions is analyzed. Furthermore, the
kinetic characteristics of tin oxide film growth in region
III is described in Part II of this series.

Fig. 2 shows the electroreduction profiles obtained when
the upper switching potential (Es,a) is changed. As the
switching potential becomes more positive, peak potential
for the electroreduction process (Ep,c) shifts towards more
negative values and the irreversibility of the overall redox
process increases. The cathodic peak current density (jp,c)
first increases with the upper switching potential up to
Es,a = 0 V, afterwards a slight decrease of jp,c is observed
and then the cathodic current peak remains almost con-
stant. The inset in the figure shows the dependence of
Ep,c on Es,a, which exhibits two clearly defined regions.
The first region (up to Es,a = 0 V) corresponds to the
increase of the irreversibility of the overall electrochemical
process in the primary passive region while the second
region is probably related to changes in the layer structure
and/or hydration, producing a change in the kinetics of
growth of the oxide layer at potentials more positive than
0 V.

Fig. 3 illustrates the effect of sweep rate on the voltam-
metric profiles for both the oxidation and the reduction
processes in the potential region between �1.2 V and
�0.5 V where the first stages of electro-oxidation/electro-
reduction (Eqs. (1),(2)) take place. In this potential region,
even under repetitive scan conditions the voltammograms
exhibit a poorly defined anodic current peak. Peak current
density for both the anodic and the cathodic processes are
scan rate (v) dependent and exhibit a nearly linear variation
with v1/2 as shown in Fig. 4a. Additionally, the peak poten-
tial for the anodic process does not show a simple relation-
ship with scan rate while the corresponding value for the
cathodic process, Ep,c, exhibits a linear dependence with
log v with a slope of �60 mV/dec (Fig. 4b). These results
suggest that the first process associated with the Sn(II)
oxide/hydroxide formation, which leads to the tin primary
passivation, is rather complex and may involve the forma-
Fig. 2. Effect of the upper switching potential on the electroreduction j/E

profiles. v = 0.050 V s�1. Inset: dependence of Ep,c on Es,a.
tion of soluble species while the electroreduction process is
kinetically controlled [15].

On the other hand, Fig. 5 shows the effect of sweep rate
on the quasi-stabilized voltammetric profiles obtained
when the potential scan (Es,a = 0.2 V) includes the overall
two-stage tin oxide/hydroxide formation. Under these con-
ditions, peaks I, II and IV are very well defined. In addi-
tion, it is clearly seen that the j/E curves have the same
general shape at the different sweep rates. Furthermore,
in the potential regions prior to the anodic and cathodic
peaks, the current is independent of sweep rate and varies
linearly with potential, exhibiting an ohmic behaviour. This
type of response is characteristic of the formation of a
layer under ohmic resistance control [16–18] where the



Fig. 5. Potentiodynamic j/E profiles at different potential sweep rates in
the potential range covering peaks I and II. The dashed lines indicate the
reciprocal of the overall resistance for the anodic and cathodic processes.
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passivating oxide layer grows and spreads across the sur-
face until only small pores in the layer remain and the over-
all rate is controlled by the resistance of the electrolyte in
the pores.

3.2. Layer-pore-resistance model

The Layer-pore-resistance model (LPRM) can be used to
explain the behaviour for the electrochemical cells in which
the transient regime is controlled by a surface process. The
growth of an insulating or poorly conducting film onto the
electrode surface causes a change of the ohmic resistance
during the layer electroformation. Then, the resistance of
the layer-pore system is assumed to determine the rate of
reaction.

From random nuclei, the passivating compound spreads
over the electrode until only small pores in the layer
remain. Thus, the passivating film acts as a mechanical bar-
rier to the current flow, which is controlled by the resis-
tance of the layer-pore system. If the total area of the
electrode is A and h is the degree of coverage of the surface,
the resistance of the electrolyte in the pores R (h) can be
expressed in terms of the film thickness and the specific
conductivity j of the electrolyte [17] as

RðhÞ ¼ d0h
1=2

jAð1� hÞ ð5Þ

where d0 is the maximum thickness. The resistance of a
layer of electrolyte of thickness d0 (b) can be written as:

b ¼ d0

jA
ð6Þ
When an external potential E is applied to the system, the
resulting current I depends on the total resistance which is
given by the resistance R (h) of electrolyte in the pores and
the ohmic drop in the circuit excluding the surface process,
R0:

I ¼ E
R0 þ RðhÞ ð7Þ

The charge Q involved in the process depends on thickness
and h which are both time-dependent variables:

Q ¼ zF qd0 A
M

h3=2 ¼ Q0h
3=2 ð8Þ

where q is the film density, M the molecular weight of the
insoluble compound and Q0 is the total charge required to
cover the whole surface area with a film of thickness d0.

According to the Layer-pore-resistance model (LPRM),
the j/E curves should exhibit a maximum in current in
which both jp and Ep increase linearly with the square root
of the potential sweep rate, provided that the coverage of
the surface at the peak, hp, is independent of the scan rate.
Fig. 6(a, b and c) shows the linear dependences of jp and Ep

vs. v1/2 obtained for both anodic current peaks I and II and
the cathodic current peak. The slope of the jp � v1/2 and
Ep � v1/2 plots depends on the properties and thickness of
the film according to:

jp ¼
3Qohp

bð1� hpÞ

� �1=2

ð1� hpÞv1=2 ð9Þ

Ep ¼
3Qohp

bð1� hpÞ

� �1=2

½Roð1� hpÞ þ bh1=2
p �v1=2 ð10Þ

Moreover, a linear variation of Ep vs. jp is also observed
with a slightly different slope for each process (Fig. 6(d)).
For the anodic film formation, the overall resistance de-
rived from Fig. 6(d) is �7.1 X cm2 for peak I and 8.6 X
cm2 for peak II while a value of �10 X cm2 was obtained
for the cathodic process.

In order to investigate the overall kinetic behaviour, the
analysis of the whole information contained in the voltam-
mograms is desirable. As a proof of the validity of the pro-
posed model and to analyze the shape of the
voltammograms, the j/E profiles run at different sweep
rates are normalized dividing the current and the potential
scales by the square root of sweep rate [18]. The normalized
potential values are offset to zero in order to compare the
shape of the voltammograms obtained at different v.
Fig. 7 shows the normalized current/potential curves for
the anodic process at different scan rates, taken from data
of Fig. 5. It can be seen that peak I shows the same shape in
these normalized scales while peak II presents changes in
the shape that can be attributed to the increasing impor-
tance of other non-resistive processes like the further
growth of the anodic oxide at more positive potentials,
which are more important as the scan rate increases. The
same analysis can be made for the cathodic peak, which
corresponds to the overall electroreduction reaction



Fig. 6. (a) Dependence of jap,I and Eap,I on v1/2. (b) Dependence of jap,II and Eap,II on v1/2. (c) Dependence of jcp and Ecp on v1/2. (d) Dependence of Ep on jp
(m) anodic and (d) cathodic processes.

Fig. 7. Normalized j/E profiles for the anodic process (data of Fig. 5). (d)
Calculated with the LPRM for films with different conductivities.
r = 1 � (jp/j); (r = 1 insulating film).

Fig. 8. Normalized j/E profiles of the data of Fig. 5.
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Sn(IV)! Sn (0). Fig. 8 shows the j/E curves in the normal-
ized current and potential scales corresponding to the over-
all cathodic process at the different scan rates (Fig. 5).
Identical j/E profiles are obtained in this case, indicating
the suitability of the model. In addition, the value of the
ohmic resistance is the same for all the sweep rates and that
the overall rate is controlled by the resistance of the electro-
lyte in the pores.

Moreover, the potentiodynamic j/E response for films of
different conductivities (jp) can be simulated using the
LPRM as developed by Devilliers et al. [17] and compared
with the experimental results. Fig. 7 also shows the current/
potential curves calculated in the potential region of peak I
from the LPRM at different values of r = 1 � (jp/j), for an
insulating film (r = 1) as well as for films showing some
conductivity (r < 1). The agreement is good up to potential
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values corresponding to Ep. At higher potentials, further
oxidation to Sn(IV) species takes place (Eqs. (3),(4)) and
peak II is obtained. This stepwise sequence of reactions
precludes the quantitative analysis of the whole anodic pro-
files, although it can be concluded that peak II is also
mainly controlled by ohmic resistance (see Fig. 6). As the
current recorded in the voltammograms for each potential
value is the sum of superimposed currents representing
more than one phenomenon, we also tried to obtain the
experimental separation of anodic peaks I and II following
the approach proposed by Amaral et al. [19], although this
procedure was unsuccessful in our case due to more than
one electrochemical process was occurring simultaneously
in the potential range under study.

Fig. 9 shows the cathodic curves obtained at different
scan rates compared with those calculated according to
the LPRM. Experimental values of charge were used in
all calculations. The excellent agreement between the
experimental data and the model indicates that the oxide/
hydroxide electroreduction process is mainly controlled
by the resistance of the electrolyte in the pores of the layer.
At more negative potentials than ca. �1.6 V, deviations
due to a cathodic current contribution of a second reduc-
tion process are observed. This second contribution would
correspond to the layer of oxide which grows at more posi-
tive potentials and shows a more irreversible kinetic behav-
iour. Moreover, voltammograms may exhibit a second
cathodic current peak when the oxide is grown at potentials
more positive than 0.5 V [5].
Fig. 9. Potentiodynamic j/E curves for the electroreduction of the oxide
formed up to 0.2 V at different sweep rates. (d) experimental (—)
calculated with the LPRM for an insulating film using the experimental
values of cathodic charge obtained from voltammograms.
3.3. Triangularly modulated triangular potential sweep

experiments

In order to distinguish the kinetic response of intermedi-
ate species formed during the electrochemical reaction in
different potentials region, the triangularly modulated
triangular potential sweep (TMTPS) technique was used
[13,14]. The modulation allows the detection of intermedi-
ate species as the base signal moves in the positive or neg-
ative directions. The overall j/E response depends on the
scan rate of both signals (base and modulation) as well
as the modulation signal amplitude. The TMTPS response
obtained in the potential region corresponding to the ano-
dic current peak I (from ca. �0.7 V up to �0.6 V), exhibits
an anodic current contribution similar to the cathodic
current for both the positive and the negative scans and
the overall profiles show a remarkable reversibility (see
supplementary data). The response in this potential region
may be related to the reversible reaction of intermediate
OH species adsorption on the metal which takes place
during the initial stages of the film formation. Similar
results for anions adsorption/desorption on Cu [20] and
Fe [21] in alkaline media have been reported. As the upper
switching potential is increased (Es,a = �0.5 V), the resis-
tive contribution becomes evident. The increasing current
regions for both the positive and the negative scans show
a linear j/E dependence. The j/E displays exhibit an anodic
current greater than the cathodic current at the positive
scan while the opposite occurs during the negative scan,
indicating also an increasing irreversibility (see supplemen-
tary data).

Moreover, the negative scan shows a broad anodic cur-
rent peak at �0.67 V and a shoulder at �0.7 V, suggesting
that two current contributions are present in this potential
region. When the scan rate of the modulation signal is
increased, the two anodic contributions during the negative
sweep corresponding to the two-step anodic reaction are
clearly defined (see supplementary data). Also, the capaci-
tive current contribution is more important in this case.
These results indicate that, under the present experimental
conditions, the overall anodic reaction occurs by a two-step
path which is related to the Sn(II) and Sn(IV) species for-
mation, while the film electroreduction occurs through a
one-stage Sn(IV) ! Sn(0) overall reaction. Both processes
are mainly controlled by ohmic resistance of electrolyte in
the pores.

4. Conclusions

The kinetic characteristics during the electroformation
and electroreduction of tin oxide/hydroxide films formed
in aqueous borate solutions up to 0 V (SHE) have been
obtained. The analysis of the potentiodynamic measure-
ments (RTPS and TMTPS) suggest that tin passivation in
alkaline media takes place by a complex mechanism which
includes several steps. At the initial stages of the Sn(II)
oxide/hydroxide film formation, a reversible process that
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can be attributed to the formation of intermediate OH spe-
cies on the metal surface, is observed. Then, the primary
passivation occurs due to the precipitation of a poorly con-
ducting layer of SnO or Sn(OH)2. This primary passive
layer is further oxidized to Sn(OH)4, which after a dehydra-
tion process to produce a SnO2 layer, grows as a continu-
ous film by a solid state mechanism. The data obtained
by repetitive triangular potential sweeps compared with
theoretical curves for the Layer-pore-resistance model

(LPRM), demonstrate that both the oxide electroforma-
tion and electroreduction processes are controlled by
ohmic resistance. First, the passivating layer grows and
spreads across the surface until only small pores in the
layer remain and the overall rate is controlled by the resis-
tance in the pores. Then, a continuous film is formed at
potentials more positive than 0 V presenting a change in
the kinetics of growth which will be analyzed in Part II
of this series [22].
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