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Abstract

The anodic oxidation of tin in citrate buffer solutions has been studied by cyclic voltammetry and scanning electron microscopy. In
order to identify each individual process, a numerical method was used to resolve into single processes the electrochemical behaviour.
The results indicate that primary passivation is due to the formation of a Sn(II)-containing surface film. This film is not further oxidized
at higher anodic potentials. There is evidence that during secondary passivation direct oxidation of Sn to Sn(IV) takes place, either as

soluble ions or as a hydroxide layer. The results of this work improve, as well as, confirm theories previously advanced.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Much attention was devoted to the electrochemical
behaviour of tin due to its widespread technological appli-
cations. Studies of the anodic passivation of tin electrodes
in carboxylic acids and the so-called fruit acids are rele-
vant, in particular, to the manufacture of tinplate and its
use in the food industry [1,2].

Voltammetric studies used to elucidate the electrooxida-
tion of tin in solutions of citric acid were interpreted as the
formation of Sn(II) species that are oxidized to Sn(IV),
while passive film formation results from hydrolysis of
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Sn(IV) species with subsequent dehydration [3]. There is
general agreement that corrosion resistance of tin results
from a thin surface oxide layer of SnO, [4]. Seruga and
Metikos-Hukovi¢ [5,6] showed that properties of the film
electrogenerated in citrate buffer solutions depend signifi-
cantly on the pH value and that tin—citric acid complexes
could participate in the film formation.

In order to further clarify the disagreement in the liter-
ature concerning the composition of the passive film on
tin and the mechanism of its formation, Keller and Streh-
blow developed a model of the passive layer. This model
is based on results of XPS studies on tin in KOH [7], but
similar results were obtained in a buffer solution at pH
5.5 [8]. The films obtained potentiostatically in the passive
potential range were interpreted as consisting mainly of
SnO, with a small contribution of SnO. Tin hydroxide
was found only on top of the layer, while SnO was detected
underneath a layer of SnO, having a constant thickness
irrespective of the formation potential.


mailto:gervasi@inifta.unlp.edu.ar

C.A. Gervasi et al. | Journal of Electroanalytical Chemistry 601 (2007) 194-204 195

However, the fact that the full picture of the potentiody-
namic response of tin electrodes in citrate buffer solutions
has not yet been established, was our motivation to revisit
this issue.

2. Experimental

The experimental arrangement was described in previ-
ous publications [9]. “Specpure” tin in the form of both
static and rotating discs (Johnson Matthey Chemical
Ltd., 0.30 cm? apparent area) axially mounted in PTFE
holders were used as working electrodes. The exposed tin
surface was mechanically ground down to a mirror finish
with 1.0 and 0.3 um alumina powder, rinsed in triply dis-
tilled water and held for a time 7, = 15 min at potentials
sufficiently negative to produce a net hydrogen evolution.
The counter-electrode was a large area Pt sheet. Potentials
were measured and referred to in the text against a satu-
rated calomel electrode (sce) (0.242 V in the nhe scale).

Experiments were made under purified N, gas satura-
tion at 25°C. Potentiodynamic experiments were per-
formed in solutions containing x M sodium citrate
dihydrate + y M anhydrous citric acid, with x and y varied
conveniently to cover the 3-6 pH range (at constant ionic
strength 7 = 0.1167), and to cover the 0.1-1.2 ionic strength
(I) range (at constant pH = 5). Electrolytes were prepared
from analytical grade (p.a. Merck) chemicals and triply dis-
tilled water.

Voltammograms were recorded for electrodes either
still (w =0) or under rotation (500 < w < 2500 rpm) by
employing the following perturbating potential pro-
grammes: single and repetitive triangular potential sweeps
(STPS and RTPS, respectively) between preset cathodic
(Esc) and anodic (E,) switching potentials at potential
scan rates (v) in the 0.0015V sT'<v<03Vs! range.

Impedance spectra were recorded for each solution
using a Solartron SI 1254 device; a 10 mV amplitude
sine-wave signal perturbation was applied in the high fre-
quency range in order to measure the uncompensated elec-
trolyte resistance [10]. Accordingly, voltammograms were
corrected by ohmic drop.

Scanning electron microscopy (SEM) examination was
performed by using a Philips Model 505/B microscope
described elsewhere [9].

3. Results
3.1. Potential sweeping experiments in buffer with pH = 5.0

Voltammograms of tin in still 0.0244 M citric
acid + 0.050 M sodium citrate solution, pH=5.0, I=
0.234, run between E,.=-190V and E,,=0.5V at
v=0.1 Vs~ are shown in Fig. la. Prior to the electro-
chemical experiments, any previously formed oxide was
removed from the electrode surface by polarization at
—1.9V for 15min. This electrode surface pretreatment
ensured reproducibility and negligible differences between

a 0.02 : : ——
=001} ’
o Al
T 0.00F -
F C1
4 C2
1 1 L 1

2.0 -15 -1.0 -0.5 0.0 0.5

E/V
b I T T T
0.02 | B e
% 7\
= A2 A3
0.02 |- ] 1 1 1 ]
2.0 1.5 -1.0 -0.5 0.0 0.5
E/V
c 0.01 T T T
”'E Ad
o
<
~ 0.00F 1
1 1 1
2.0 -1.5 -1.0 -0.5 0.0
E/V

Fig. 1. Voltammograms of tin in still 0.0244 M citric acid + 0.050 M
sodium citrate solution, pH = 5.0, /= 0.234, run between E;. = —1.90 V
and E,, =05V (a) at v=0.1Vs™! and (b) at v=03Vs" (¢
Voltammogram run between E;.=-190V and E;,=-0.13V at
v=001Vs

the response for the first and subsequent cycles. The posi-
tive-going potential scan exhibits two well defined anodic
current peaks: a first peak (Al) at about —0.68 V was asso-
ciated, in the literature, with the formation of Sn(II) spe-
cies, and a main peak (Am) appearing at about —0.28 V,
was interpreted as a result of the electroformation of
Sn(IV)-containing species [11]. At the cathodic side of peak
Am a broad shoulder, located between peaks Al and Am,
can be observed for certain working conditions, as dis-
cussed below. The anodic side of peak Am precedes a
low intensity current plateau, which corresponds to the
passivity region. The reverse scan exhibits at least four
cathodic contributions (C1 through C4) located at ca.
—0.82V, —092V, —1.19V and —1.84 V, respectively.
The experiment shown in Fig. 1b was performed
between the same switching potentials as in Fig. la but
atv=0.3 Vs, so that the shoulder located between peaks
Al and Am could be more clearly observed. This experi-
mental feature together with the existence of multiple
cathodic peaks in contrast to only two anodic contribu-
tions and an incoherent variation of peak current density
Jjam With v, are all indications of the existence of an addi-
tional anodic contribution in the potential range limited
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by peak potentials Ex; and E4.,. Consequently, a deconvo-
lution procedure was used for resolving overlapped vol-
tammetric peaks. In this way, peak Am can be separated
into two distinctive anodic components that are strongly
overlapped, namely A2 (corresponding to the above-men-
tioned shoulder) and A3 (located prior to the passive
region).

Setting the anodic switching potential (E,) at the
descending side of peak Am (E;, = —0.13 V), prior to the
passive region while sweeping the applied potential at low
rates (typically <0.01 Vs~!), another anodic contribution
(A4) can be detected during the reverse scan (Fig. 1¢). This
behaviour is qualitatively similar to that observed for tin
electrodes in citric acid solution (pH = 1.8) [12] and corre-
sponds to a reactivation process.

The asymmetry found in voltammetric peaks is mainly
due to the influence of diffusion of the electroactive species
from the bulk solution towards the electrode surface. Thus,
with many surface processes (such as phase formation and
removal or reaction of adsorbed species with Nernstian
behaviour) no mass-transport effects are involved in the
electrochemical reaction and voltammetric peaks are sym-
metric in shape [13,14]. In turn, the presence of symmetric
peaks allows an optimized resolution of the voltammo-
grams, from nonlinear regression analysis based on Gauss-
ian functions. This inherently simpler approach was often
followed for different electrochemical systems [15-17],
and also for analogous systems [18], including the electro-
chemical behaviour of tin electrodes in borate buffer solu-
tions [19,20].

For the present system only peaks A3 and C3 exhibit
diffusional effects. Consequently, fitting of the current trace
recorded during the anodic sweep (with null baseline cor-
rection), was performed from the potential for zero anodic
current up to a potential value slightly exceeding the peak
potential E,,. Within this potential range the current
response contains peaks Al and A2 as well as that portion
of peak A3 that excludes its possible asymmetric tailing.
The analysis yielded peak locations and peak heights for
all three anodic contributions. Additionally, charge densi-
ties for peaks Al (ga1) and A2 (ga») were calculated, while
for peak A3 we report the charge density up to the maxi-
mum (ga3). An analogous approach was adopted for the
current trace recorded during the cathodic sweep, taking
into account the same considerations for peak C3 as those
already described for peak A3. Peak C4 strongly overlaps
the hydrogen evolution region. In order to avoid inappro-
priate baseline corrections this contribution was not con-
sidered in the curve fitting procedure and it will be
discussed below only on a qualitative basis. At this point
it is probably worth mentioning that although peak C4 is
present in some results published in the literature, its fea-
tures have not been explored [5].

Fig. 2a shows the results of the fitting procedure applied
to the current response recorded during the positive sweep
(anodic) in terms of the single components and of the
resulting calculated trace for the whole potential range.

a 0.008

0.004

j! Acm?

0.000

-0.004

b o0.008

0.004

-j 1 Acm*

0.002

0.000 ISR
0.6 0.8 1.0 1.2 1.4

E/V

e

Fig. 2. (a) Voltammogram of tin in still 0.0244 M citric acid + 0.050 M
sodium citrate solution, pH=5.0, 1=0.234, at v=0.01V s7L (@)
Experimental data recorded during the positive sweep in the potential
region where the anodic contributions are present. Fit results: (—)
calculated trace for the whole potential range and (---) calculated traces
for the individual components. (M) Experimental data recorded during the
reverse sweep. (b) Same conditions as (a) but with v=0.1Vs™'. (@)
Experimental data recorded during the negative sweep in the potential
region where the cathodic contributions are present.

These results demonstrate that a simple analysis of the
experimental curve, i.e., without any deconvolution, can
lead to erroneous interpretations, since the intensities of
peaks A2 and A3 are comparable, at least under the work-
ing conditions for Fig. 2. For the sake of comparison
experimental data corresponding to the reverse sweep
(cathodic) are also included. These results also suggest that
the reactivation process (A4) corresponds to the same pro-
cess related to peak A2.

Fig. 2b shows one example of the results of the fitting
procedure applied to the current response recorded during
the reverse sweep. Single cathodic components are shown
together with the resulting calculated current trace for the
whole potential range.

3.1.1. Influence of the scan rate v

Dependencies of peak current density (ja;), peak poten-
tial (Ea;) and charge density (¢a;) on v, for peak Al, are
shown in Fig. 3. Both jA; and E4; vary linearly with the
square root of the scan rate, while jo; goes to zero as the
scan rate goes to zero (Fig. 3a). These results can be inter-
preted in terms of a film formation process under ohmic
resistance control [21,22], where the spread of a layer of
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Fig. 3. Potential scan rate v dependences of (a) peak current density ja;
(@) and peak potential E5; (A) and (b) charge density g, (W), for peak
Al. Data calculated from deconvoluted voltammograms of tin in still
0.0244 M citric acid +0.050 M sodium citrate solution, pH = 5.0,
I1=0.234.

reaction products on the electrode surface causes the
change in ohmic resistance. The extrapolated value of
ga1 for v — oo is ca. 0.6 mC cm 2 (Fig. 3b). Taking into
account a roughness factor of 2, as was previously reported
[23], it is possible to estimate a value, 0.3 mC cm ™2, for the
charge density related to the real electrode area. The charge
for peak Al corresponds to the formation of ca. one mono-
layer of Sn(II)-oxide assuming uniform coverage [24].

The effect of varying v on the charge densities for peaks
A2 and A4 is shown in Fig. 4a. Thus, for decreasing sweep
rates both ga> and gas become larger according to a linear
dependence on v~'. The reactivation peak A4 probably
occurs after a partial rupture of the film formed at more
anodic potentials during the forward sweep. Consequently,
during the reverse sweep when the potential reaches the ini-
tial part of peak A4 the number of available reactant sites
for this electrooxidation process results smaller than that
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Fig. 4. (a) Dependences of charge densities for peaks A2 (A) and A4 (@)
on the potential scan rate v. Data calculated from deconvoluted
voltammograms of tin in still 0.0244 M citric acid + 0.050 M sodium
citrate solution, pH = 5.0, /= 0.234. (b) Dependences of peak potentials
Ex> (A) and Ea4 (@) on the potential scan rate v. Data calculated from
deconvoluted voltammograms as in (a) with E, = —0.13 V.

for the initial part of peak A2. In this way, ga4 results smal-
ler than g, at all v, but with a common extrapolated value
for v — 0o ~ 0.6 mC cm 2 (after correction for the surface
roughness). Moreover, peak potentials Ea, and Ea4 exhibit
similar values that are practically independent of v
(Fig. 4b). These experimental findings support the assump-
tion that both peaks are essentially due to the same electro-
chemical process.

Before discussing a particular reaction mechanism it is
worth emphasizing that ga, > ¢ga; indicating that, where
the inequality holds, the reaction or reactions related to
peak A2 cannot be solely the oxidation of the surface spe-
cies resulting from the reaction related to peak Al.

A comparison between experimental peak potentials
extrapolated to v — 0 and equilibrium potentials for possi-
ble reactions of tin electrodes can be made in order to select
a descriptive reaction scheme [24]. From Fig. 3 results Ea;
(v — 0) = —0.69 V a value that roughly corresponds to the
equilibrium potential Es,/sno = —0.64 V at pH 5, assuming
that the interfacial pH is larger than that in the bulk solu-
tion, due to the preceding hydrogen evolution reaction.
This interpretation is supported by the fact that for rotated
electrodes results E5; (v — 0) = —0.64 V in agreement with
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the thermodynamic value. The experimental value Ea»
(v— 0) =~ —0.50 V (Fig. 4b), compares well with the equi-
librium potential Eg,/saom), = —0.54 V at pH 5.
Dependencies of peak current density (ja3), peak poten-
tial (Ea3) and charge density (¢a3) on v, for peak A3, are
shown in Fig. 5. Both js3 and Eas vary linearly with the
square root of the scan rate, while j43 exhibits a small inter-
cept on the j axis ~0.003 A cm > (Fig. 5a). These results
indicate that diffusional effects play an important role in
the anodic reaction associated with peak A3 and leading
to the passive state [5]. The extrapolated value of ga3 for
v — o0 is ca. 5mC cm 2 (Fig. 5b), or 2.5mC cm ™2 after
correction for the surface roughness. Since this value corre-
sponds to the charge density only up to the maximum, it is
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Fig. 5. Potential scan rate v dependences of (a) peak current density ja3
(@) and peak potential E5; (A) and (b) charge density ga3 (W), for peak
A3. Data calculated from deconvoluted voltammograms of tin in still
0.0244 M citric acid +0.050 M sodium citrate solution, pH = 5.0,
I1=0.234.

clear that the whole charge density for peak A3 largely
exceeds that required for the oxidation of a monolayer of
Sn(0) to Sn(IV) ~0.74 mC cm 2. Multilayer oxide forma-
tion and/or metal dissolution could account for this excess.
It is of some interest to note that a dissolution-precipitation
mechanism, as previously proposed in the literature [5],
always produces a three-dimensional film and consequently
monomolecular passivating layers can never result.
Dependencies of peak current density (jc), peak poten-
tial (Ecy) and charge density (¢c;) on v, for peak Cl, are
shown in Fig. 6. Both j-; and Ec; vary linearly with the
square root of the scan rate. While jc; goes to zero as the
scan rate goes to zero, Ec; shifts towards more negative
potentials (Fig. 6a). The extrapolated value of ¢c; for
v — 00 is ca. 0.6 mC cm 2 (Fig. 6b) or 0.3 mC cm ™2 after
correction for the electrode surface roughness. Similarly
to the analysis made for peak Al, these results can also
be interpreted in terms of a film electroreduction process
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Fig. 6. Potential scan rate v dependences of (a) peak current density jc;
(@) and peak potential Ec-; (A) and (b) charge density gc; (W), for peak
Cl. Data calculated from deconvoluted voltammograms of tin in still
0.0244 M citric acid +0.050 M sodium citrate solution, pH = 5.0,
I1=0.234.
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under ohmic resistance control, where the extrapolated
electroreduction charge for v — oo corresponds to the
reduction of about a monolayer of Sn(II) to Sn(0).

For peak C2 a plot of j-, as a function of v'? yields a
straight line with a small intercept on the j axis, while
Ec> shifts strongly to more negative potentials as v
increases according to a linear Ec, Vs. !? relationship
(Fig. 7a). Thus, Ec, is shifted ca. 100 mV for each tenfold
increase in v, a value larger than those measured for peaks
A3 and CI. This behaviour indicates a greater degree of
irreversibility of the electroreduction related to peak C2
and causes a large overlapping of peaks C2 and C3 for
increasing v. This behaviour, in turn, determines that fitted
data for v>0.05V s~ ! are less reliable. The extrapolated
value of gc, for v — oo is ca. 0.8 mC cm 2 (Fig. 7b) or
0.4mCcm 2 after correction for the electrode surface
roughness.
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Fig. 7. Potential scan rate v dependences of (a) peak current density jc,
(@) and peak potential Ec, (A) and (b) charge density g, (W), for peak
C2. Data calculated from deconvoluted voltammograms of tin in still
0.0244 M citric acid +0.050 M sodium citrate solution, pH = 5.0,
1=0.234.

Although peak C3 is poorly defined the observed sweep
rate dependence is characterized by a slight shift of the
peak potential Ec3 towards more negative values while
the charge density gc3 decreases as v decreases (data not
shown). This behaviour can be understood in terms of
the electroreduction of soluble tin species generated during
the anodic sweep. Thus, lowering v causes that this species
has more time to diffuse away from electrode surface and
the amount of reactant available decreases.

Finally, peak C4 shifts to more negative potential
values as v increases. It remains clearly observable at
v<0.05Vs™!, although it always appears strongly super-
imposed on the hydrogen evolution reaction.

3.1.2. Influence of E;, on the cathodic response

When E, is set within the potential range of peak Al
only peak Cl1 is present in the quantitatively analysed cur-
rent trace recorded during the negative sweep. Fig. 8 shows
charge densities for peaks C1, C2 and C3 calculated for dif-
ferent E; , values. It can be seen that g¢; remains practically
unaltered for all E; ,. These results indicate that peak Cl1 is
related to the electroreduction of a species generated in the
potential range of peak Al and that this species is not fur-
ther oxidized at higher anodic potentials during the positive
sweep. Charge density for peak C2 decreases as Eg,
becomes more anodic in the passivity region. This could
be the result of an initial passive layer that becomes increas-
ingly transformed into a more stable compound that cannot
be electroreduced in the potential range of peak C2. As for
peak C3, it also exhibits decreasing charge density values
for increasingly positive Ej , in the passivity region and in
accordance with the time dependence of the process
involved, as mentioned above in relation to the influence
of v on peak C3 [25].

Peak C4 can still be detected even if E;, is set within
the potential range where the current goes to zero in the
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0.050 M sodium citrate solution, pH =5.0, /=0.234 at v=0.1 V s
Potential region for the passive state is indicated.



200 C.A. Gervasi et al. | Journal of Electroanalytical Chemistry 601 (2007) 194-204

forward scan. Consequently, the electroreduction process
related to this peak cannot be directly linked to the anodic
products that can be generated in the different anodic cur-
rent contributions during the scan.

3.1.3. Influence of convection on the voltammetric response

Fig. 9 shows the influence of the rotation speed (w) on
the shape of voltammograms of a tin disk electrode in buf-
fer with pH = 5.0 and 7=0.234. Most noticeable differ-
ences with the voltammograms measured in still solution
are seen in the potential ranges for peaks A3 and C3. This
indicates that the processes for peaks Al, A2 and C1 cor-
respond mostly to solid-state transformations, i.e. no dis-
solved products or reactants are involved.

Charge densities determined for the anodic components
and for C2 at different w are shown in the insert of Fig. 9.
Thus, ga; and ga, remain almost constant as  increases,
but ¢ga3 decreases for increasing values of @ in the
0-1000 rpm range, becoming almost constant for higher
rotation speeds up to 2500 rpm. It has previously been
recognized that Sn** ions in citrate solutions can form
many species that would lead to the formation of a passive
film [5,26]. Thus, decreasing values of g3 with @ could be
understood in terms of the formation of soluble Sn(IV) —
citrate complexes followed by hydrolysis to render a
Sn(OH), passive film (vide infra).

Under stirring conditions the stationary hydrodynamic
boundary layer sets in and diffusion of protons away from
the interface should operate under limiting rate conditions.
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Fig. 9. Voltammograms of tin in 0.0244 M citric acid + 0.050 M sodium
citrate solution, pH = 5.0, /=0.234, at v=0.1 Vs~! and at rotation
speeds o ranging from 500 to 2500 rpm. Insert: Charge densities for peaks
Al (O); A2 (O); A3 (A) and C2 () calculated from deconvoluted
voltammograms at different @ as shown in Fig. 9.

This means that local acidification should be compensated
by a mass-transport and consequently the anodic layer for-
mation should require a relatively smaller charge as com-
pared to the still electrode. Thus, higher rotation speeds
enhance transport of protons away from the interface
and film formation. This is the opposite case of increasing
charge densities for enhanced transport of hydroxyl ions as
reported for tin electrodes in NaOH solutions [27].

Reactivation peak A4 is not affected by electrode rota-
tion, in agreement with the assumption that both peaks
A2 and A4 are essentially due to the same electrochemical
process.

As for peak C2, gc» decreases for increasing values of @
in the 0-500 rpm range, becoming almost constant for
higher rotation speeds up to 2500 rpm (insert of Fig. 9).
This charge corresponds, to some degree, to the electro-
reduction of passive layers obtained at high anodic
potentials.

Peak C3 was not present when the electrode was rotated
rapidly; it presumably corresponds to reduction of dis-
solved anodic dissolution products.

3.2. Influence of the ionic strength I at constant pH

The effect of varying the ionic strength / at constant
pH = 5 on the charge densities determined for each anodic
peak is shown in Fig. 10a. As [ is increased charge densities
for peaks Al and A2 remain practically unchanged. How-
ever, charge density for peak A3 increases with increasing
values of I. Moreover, running the voltammograms for
increasingly higher values of [ results in a shift of Ex3 to
more positive values. In principle, reaction (3) could
account for this behaviour. Thus, higher tin dissolution
could result from accelerated rate for reaction (3) in the
backward direction when the concentration of citrate ions
in solution is increased.

Fig. 10b shows the influence of varying ionic strength on
the cathodic voltammetric peaks. As the ionic strength is

q/Cem?

0.010F

0.005F

0.000

0.0 04 0.8 1.2
lonic strength

Fig. 10. (a) Charge densities for peaks Al (@), A2 (H) and A3 (A)
calculated from deconvoluted voltammograms at different ionic strength /
values. Data calculated from voltammograms of tin run in citrate buffer
solution pH =5.0 at v =0.025V s~ !and E,,=0.5V.(b) Same as (a) for
peaks C1 (@), C2 (H) and C3 (A).
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increased charge densities for peaks Cl and C2 remain
practically unchanged. On the other hand, charge density
for peak C3 increases according to /. Again, this result sup-
ports the assumption that peak C3 could be related to the
electroreduction of soluble Sn—citrate complexes.

3.3. Influence of solution pH at constant ionic strength

Voltammograms were recorded at constant ionic
strength 7=0.1167 for increasingly higher values of pH
in the range 3-6. Anodic peak potentials Es;, Ear and
E 3 exhibit reasonably linear behaviour as a function of
pH, with single slopes close to 60 mV/unit pH for the
whole pH range (Fig. 11a) that could be explained on the
basis of the equilibrium reactions of oxide and hydroxide
formation. Values as high as 200 mV/unit pH were
reported in the literature for the slope dEa,/dpH in the
pH range 3-5 and 110 mV/unit pH in the pH range 5-6.
It becomes clear, after examining Fig. 2a that a large differ-
ence can exist between Ea,, and E,. This situation again
demonstrates the need to deconvolute overlapped contribu-
tions before discussing the particular reaction mechanisms.
An analogous behaviour was measured for cathodic peak
potentials Ecy, Ec, and Ecz (Fig. 11b).

Charge densities determined for the anodic components
in the studied pH range are shown in Fig. 12a. In particu-
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Fig. 11. Dependences of peak potentials on the pH values of the buffers
with = 0.1167. Data from voltammograms run at v = 0.025 Vs, (a) for
anodic peaks Al (@), A2 (H) and A3 (A) and (b) for cathodic peaks
Cl(@), C2 (W) and C3 (A).
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Fig. 12. Dependences of charge densities on the pH values of the buffers
with 7= 0.1167. Data from voltammograms run at v = 0.025 V s, (a) for
anodic peaks Al (@), A2 (H) and A3 (A) and (b) for cathodic peaks C1
(@), C2 (M) and C3 (A).

lar, g3 exhibits, by far the most marked variation with the
buffer’s pH value. It attains a maximum value in the buffer
with pH 4. This result indicates that tin exhibits a signifi-
cant anodic dissolution at this pH in agreement with previ-
ously published results [5,28].

As shown in Fig. 12b g5 exhibits the same behaviour as
gaz when the buffer pH is varied over the 3-6 pH range.
This result reinforces the view that peak C3 could be
related to the electroreduction of soluble tin species gener-
ated in the electrooxidation process related to peak A3.

3.4. SEM observations

SEM micrographs were obtained for tin surfaces oxi-
dized at different applied potentials. A linear potential
sweep at v =0.010 Vs~! was applied up to E, , set in the
potential range of peaks A4y, 4>, A3 and A4y, and finally a
potential holding was applied at the selected E;, value
for 10 min.

Fig. 13a shows a SEM image of the electrode surface
after setting E , = Ea;. A continuous ultra-thin film covers
the surface. Low film thickness renders a featureless mor-
phology, while lines arising from the mechanical polishing
can be clearly observed. This surface film could be related
to the Sn(0) — Sn(II) reaction. At this potential dark areas
corresponding to islands of a denser film can also be
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Fig. 13. (a) SEM image of the tin surface after the application of a linear
potential sweep at v=0.010Vs™' up to E;,=Ex, and a potential
holding at E, for 10 min; (b) after the application of a linear potential
sweep at v =0.010 Vs~ up to E, , = Ex> and a potential holding at E;,
for 10 min and (c) as in (b) showing a different zone (magnification x
4000).

observed suggesting the occurrence of a second surface
process probably related to the initial portion of peak
A2. Voltammetric analysis indicates that the end of the
Sn(0) — Sn(II) reaction overlaps the beginning of the
Sn(0) — Sn(IV) reaction.

SEM examination of the electrode surface after the
application of a linear potential sweep with E;, = Eas
reveals the existence of a film layer characterized by zones
exhibiting at least two different morphologies. Fig. 13b
shows a surface film with a spongy porous structure. On
the other hand a fully faceted and highly oriented growth
was observed in a different region. Prismatic clusters with
dimensions even above a micrometer are shown in Fig. 13c.

SEM images recorded after holding the potential at Ex3
(Fig. 14a) show the tin surface coated by a thick compact
oxide with occasional appearing of islands of voluminous
anodic products. This film corresponds to the truly passiv-
ating layer ascribed to Sn(IV)-species.

SEM images in Fig. 14b and c correspond to electrodes
after the application of an anodic potential sweep up to
—0.1 V immediately followed by a cathodic sweep entering

=

Fig. 14. (a) SEM image of the tin surface after the application of a linear
potential sweep at v=0.010Vs™' up to E;,=Ea; and a potential
holding at E, for 10 min; (b) after the application of an anodic potential
sweep up to —0.1 V immediately followed by a cathodic sweep entering the
potential region corresponding to the reactivation process and holding the
potential at Ex4 (magnification x 2000) and (c) as in (b) showing a different
zone.

the potential region corresponding to the reactivation pro-
cess and holding the potential at Ex4. The SEM micro-
graph in Fig. 14b shows the presence of a thick epitaxial
oxide film, probably formed during the sweep in the poten-
tial region of peak A3, which covers only partially the elec-
trode surface. Preferential dissolution at grain boundaries
can also be observed [29]. The morphology of the oxide
grown underneath exhibits different features according to
the proper crystallographic orientation of each grain
(Fig. 14c). These different morphologies can be unambigu-
ously correlated with those observed after holding the
potential at Es», and described for Fig. 13b and c. These
results confirm the assumption that both peaks A2 and
A4 are essentially due to the same electrochemical process.
A close inspection reveals that the dissolution process
occurs more intensely along grain boundaries.

4. Discussion

The simplest mechanism, which accounts for all the
experimental results presented in this work and those lead-
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ing to the model of the passive film proposed by Keller
et al. [7] can be put forward as follows.

Initially a thin film of SnO is formed at potentials
related to peak Al following reaction (1). This film is not
further oxidized at higher anodic potentials

Sn+H,0 s SnO+2H" +2e (1)

Since long ago the majority of workers in this field have
subscribed to the opinion that the prepassive film consists
of SnO [27]. Additionally, direct oxidation of tin to a thin
layer of Sn(IV) hydroxide takes place according to reaction
(2) that can be associated with peak A2

Sn+4H,0 & Sn(OH); +4 H* +4 e 2)

The reaction associated with peak A3 involves the for-
mation of soluble Sn(IV) ions that in citrate solutions could
form a complexed species. Secondary passivation follows
and is due to the formation of a multilayer of Sn(OH),4
according to reaction (3) that could be tentatively
expressed as

Sn(Hcit), +4 H,0 < Sn(OH), +4 H* +2 Hcit> (3)

There is general agreement that since Sn(OH), is extremely
insoluble; it precipitates on the electrode surface and in the
pores of the existing layer of surface products giving rise to
a truly passivating film. It is also generally accepted that
the Sn(OH), film evolves to a more thermodynamically sta-
ble SnO, film with time and increasing anodic polarization.

Under working conditions that enable peak A4 to be
detected rupture of the passive film takes place and the
same anodic process as that related to peak A2 occurs dur-
ing the negative sweep.

Probably due to a different behaviour between freshly
polished electrodes and reformed electrodes [8], the preced-
ing interpretation does not fully agree with three proposi-
tions about the mechanistic pathway previously proposed
for the potentiodynamic oxidation of tin in citrate buffers
pH 3-6. These propositions are [5]: (i) the existence of dif-
ferent descriptive mechanisms according to the pH of the
buffer; (i) a stepwise oxidation Sn(0) — Sn(II) — Sn(IV)
and finally, (iii) the generation of soluble Sn(II), as the
main dissolved species, during the forward scan. On the
other hand, direct oxidation of the tin surface to Sn(IV)
species (repeatedly postulated in the literature [9,27,
30,31]), either as soluble ions or as a hydroxide layer, seems
to be more likely to occur under our experimental condi-
tions during the sweep in the potential ranges of peaks
A2 and A3.

During the negative sweep the Sn(II)-oxide film is first
electroreduced following a reaction that can be associated
with peak C1. The process related to peak C2 corresponds
to the electroreduction of the initially formed passive layer
described in the literature as an amorphous Sn(OH), film.
This species evolves after dehydration to a more stable
compound that becomes increasingly more difficult to be
electroreduced. The most stable species was reported to
be the hydrated oxide SnO, - H,O and its formation is a

function of both increasing positive potentials and time
[24]. Dissolved anodic dissolution products generated dur-
ing the positive sweep (peak A3) can be reduced during the
negative sweep according to a reaction under mass-trans-
port control and related to peak C3. Similarly, three catho-
dic peaks were previously observed in the potentiodynamic
response of tin electrodes in Na,SO,4 solutions and were
ascribed to the reduction of dissolved anodic species of
tin, SnO, and SnO respectively [32].

5. Conclusions

Voltammetric experiments were performed with tin elec-
trodes in citrate buffer solutions at pH ranging from 3 to 6.
SEM was used to examine the morphology of the anodic
surface products generated in different potential regions
during the scan.

By choosing the working conditions carefully it was pos-
sible to find the origin of some inconsistency observed in
previous publications [5,6]. Our conditions involve the fol-
lowing actions: correcting the voltammograms for ohmic
drop, separating the effects of different variables (pH and
ionic strength) and finally, working over wider ranges of
v and w. Moreover, since all voltammograms have shown
the superposition of some processes, a numerical deconvo-
lution approach was used to resolve into single components
the complex electrochemical behaviour observed.

Some evidence indicates that the electrooxidation path-
way can be described by a single mechanism irrespective of
the buffer pH. Direct oxidation of the tin surface to Sn(IV)
species leads to secondary passivity, rather than a sequen-
tial oxidation Sn(0) — Sn(II) — Sn(IV).
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