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Electrochemical behaviour of tin in bicarbonate solution
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The anodic oxidation of tin in 0.1 to 1 M bicarbonate solutions at pH 8 has been studied. The process
may be divided into three potential regions: (1) a short active dissolution (Tafel) region; (i) a
dissolution-precipitation region; and (iii) a large region of electrode passivity. The rate-determining
step of the reaction in the active-dissolution region is attributed to the diffusion of an ionic species
into the solution, the diffusing species being generated at the metal surface. In the region of the first
oxidation peak, the reaction rate is controlled by diffusion of CO3~ species in solution. When the
potential becomes more positive than — 0.1 V., a highly passivating (most likely SnO,) film is formed

on the electrode surface.

1. Introduction

Much of the literature on the electrochemistry of tin is
devoted to its behaviour in alkaline solutions at
pH > 12 [1-10]; comparatively little attention has
been given to its behaviour in a neutral media [11, 12].
Examination of the potential against pH equilibrium
diagrams in [13-15] indicates that a tin electrode can
be active or passive, depending on the applied poten-
tial. Since the solubility of the various tin oxides goes
through a minimum at a pH close to 8.5, owing to the
ampbhoteric nature of the metal, the resistance of tin to
corrosive attack by most neutral solutions is good
because of the presence of oxide films. There is some
disagreement regarding the composition of the film,
however, and the electrochemical oxidation mechan-
ism remains unclear.

Thermodynamic considerations suggest many poss-

.ible oxidation reactions for tin in aqueous solutions.

[1,2, 13-18]. The occurrence of mixed-state oxides and
hydroxides of tin may be expected, as the standard
potentials for Sn/SnO and Sn/SnO, systems are close,
namely —0.818 V. and —0.820 V,, at pH 8 respect-
ively, while the difference between the potentials of
Sn/SnO and Sn/Sn(OH), is only 12mV. Dissolved tin
species may therefore be precipitated from the sol-
ution as an oxide or hydroxide; however, hydroxides
are unstable with respect to the corresponding oxides
and highly irreversible dehydration is favoured.
Hydration of the oxides is therefore thermodynami-
cally improbable.

SnO(s) + H,O = Sn(OH),(s)

AG = 2.5kJmol™!

SnO,(s) + 2H,0 = Sn(OH),(s)
AG = 37.3kJmol™’
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Nevertheless, the dehydration of Sn(OH), is com-
plete only at high temperatures, at T ~ 100°C[13, 14].
This compound can undergo both progressive dehy-
dration [15] to 2Sn0O - H,0, 5Sn0 - 2H,0, 35n0 -
H,O and SnO, and oxidation to SnQO, - #H,0 is also
irreversible. The rate of these reactions is known to be
slow, although it may be increased by applied electric
field. On the other hand, stannic hydroxides may
exist as gels, which do not correspond to the stoi-
chiometric formula Sn(OH), and crystallize progress-
ively to cassiterite, SnO, [13]. However, various solid
phases may form and the mixture of stannous and
stannic oxides may coexist although, at equilibrium,
SnO, is the predominant passivating species. The sol-
ubility data of tin oxides and hydroxides are limited
and are accurate only for very acidic or alkaline sol-
utions but generally, the solubility of Sn(II), calculated
from AG values, is greater than that of Sn(IV) [15].

In practice, tin is used as an electrodeposited coat-
ing on steel, copper and nickel to protect them against
corrosion and is therefore exposed to attack by various
solutions. For example, underground metallic struc-
tures coated with tin may be in contact with agueous
carbonate solutions [19]. Although under certain con-
ditions, carbonate-bicarbonate ions have a consider-
able influence on the corrosion and passivation of
metals, only one publication [11] has dealt with the
galvanostatic study of the behaviour of tin in 0.1 M
NaHCO, solution. The present investigation was
directed towards establishing the electro-dissolution
and passivation processes of tin in carbonate solution.
The experiments were carried out in solutions contain-
ing 0.1 to 1M NaHCO; at pH8 and 25°C.

2. Experimental details

The measurements were performed in a conventional
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two-compartment, three-electrode electrochemical
cell using a tin rotating disc electrode or stationary
disc electrode 0.13cm’ in surface area, cut from a
polycrystalline tin rod (Johnson Matthey Chem. Ltd.,
grade 1) and set in a Kel-F holder. The electrode
surface was polished with an alumina suspension and
rinsed in distilled water. The auxiliary electrode was a
platinum grid separated from the main compartment
by a Nafion membrane. The reference electrode was a
saturated calomel electrode (SCE) separated from the
main compartment by a salt bridge with a Luggin
capillary. All potentials quoted below are given with
reference to this electrode.

Solutions of 0.1 to | M NaHCO,; were prepared with
Baker analysed grade reagent. No buffer or support
electrolyte was used. Before each experiment the pH
was measured and the solution was deoxygenated with
nitrogen, which was maintained above the solution at
all times. The measurements were carried out at 25° C,

The potential applied to the working electrode by a
PAR 273 poteniostat was controlled by a pulse gen-
erator with a PAR 175 universal programmer. The
curreni-time transients were recorded with a Com-
modore PCII microcomputer using a GPIB-PC-2A
interface or, for microsecond records, with a Com-
puterscope interface {R.C. Electronic Inc). Electrode
rotation was performed using an Analytical Rotator
Pine Instrument.

3. Results

The polycrystalline tin electrode was first immersed in
the solution with the potentiostat at — 1V to remove
any surface oxides and when the cathodic current was
lower than 0.4 uA cm ™2, the electrode was considered
satisfactory. The electrochemical behaviour of the
electrode rotated at 1000 r.p.m. with a scan rate dE/dr
of 10mV s~ 'isillustrated by the polarization curves in
Fig. 1, which represent tin undergoing passivation.
Two oxidation peaks, A, and A,, at —0.8V and
—0.65V respectively, and a large passivation region,
between — 0.1V and + 1.8V, were observed. As the
concentration of NaHCQ, solution increased, so did
the height of the anodic peaks, while the passivation
current remained independent of the concentration
effect. On the cathodic side, only one peak, C,,
occurred at — 1.1V, and it was immediately apparent
that the oxidation charge was much greater than the
reduction charge. At the limits of the potential scan,
at +1.8V and — 1.3V, oxygen and hydrogen were
evolved.

3.1, Steady-state measurements

The potentiostatic method was used for the steady-
state measurements. The current against time curves
for various values of the anodic applied potential were
recorded by a computer until the steady-state current
was obtained. The potential step started from the
open-circuit potential and rose to the desired anodic
potential.
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Fig. 1. Typical eyclic voltammogram for a tin disc electrode rotated

at 1000r.p.m. and dE/dr = 10mVs™! in NaHCO, solutions at
pHSE,

In the current-time transient two different behaviours
were displayed (Fig. 2). When the potential pulse
was in the region of active dissolution, the current
increased to a steady-state value (curve a) whereas
rapidly falling current tramsients (curve b) were
obtained in the semipassive and passive potential
ranges. This decrease in the current-time transient is
consistent with the case of random film deposition, for
which the current decreases continuously to zero. No
peak was observed in the current transients, indicat-
ing that a nucleation and growth process was not
involved.

The steady-state current against potential curves
were very similar to those in Fig. 1 obtained by a
potential-sweep technique, the principal difference
being that the current fell to zero in the second
passivation region.

The rvesults for the region of active dissolution
presented as plots of log i against E for five con-
centrations of NaHCO, solutions between 0.1 and 1 M
at pH8 and 1000r.p.m. are shown in Fig, 3. The
log-linear relationship gives the slopes
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Fig. 2. Potentiostatic current-time transient for a tin disc electrode
rotated at {0000r.pm. in 0.3M NaHCO, solution at pH 8 and
at two different potentials: (a) —0.81 V (Tafel region); (b) 0.69V
{passivation region}.
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Fig. 3. Tafel plots, log { against E, for a tin disc electrode rotated at
1000 r.p.m. in 0.1 to 1M NaHCO, solutions at pHS.

The value of this slope was independent of the elec-
trode rotation rate, but the current rose as the NaHCO,
concentration and the electrode rotation speed were
increased. The current is plotted as i, against '’ for
0.5 M NaHCO, solution at constant applied potentials
in Fig. 4; the relationship is a straight line passing near
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Fig. 4. Steady-state current against w'? plot for different potentials
in the Tafel region, 0.5 M NaHCO, solution at pH 8, for a tin disc.
Theoretical curves calculated from Equation 6 from diffusion of
OH~, HCO; and CO%~ specics.

zero for w'? — 0, in accordance with the Levich
theory [20] for a diffusion-controlled process:

{ .éi_} _
do'® EHCO-

3, pHS

constant 2

The slope of difde'” increased with the applied
potential to give
dE .
{-——-——————d oz @™ }HCO~ ~ 30mVdec 3
3,pHE

The order of reaction against the HCO; ion con-
centration is equal to 1.5

{_Logﬁ?.__} = 15
d log [HCO5'] ) _pssv.pus '

but, as the ionic strength was not kept constant,
only qualitative conclusions may be drawn from the
measured value. By adding an appropriate quantity of
salt to keep the ionic strength constant, the behaviour
of the corrosion process may be completely changed.

@)

3.2. Cyclic voltawumetry experiments

The cyclic voltammetry experiments were used to
investigate the influence of (i) potential scan limits,
(i) rotation speed and (iii) sweep potential rates on the
anodic and cathodic currents and charges.

Figure 5 shows a series of voltammograms reversed
at progressively increasing potentials for a tin disc
electrode rotated at 1000r.p.m., 10mVs™, in 0.5M
NaHCO, solution at pH 8. For the curves with anodic
potential limits up to —0.1V, the corresponding
negative-going potential sweep showed an anodic
current. The lack of reduction current and the rising
anodic current with two maxima indicated that the
anodic dissolution reaction of tin still occurred, even
in the negative scan direction.

When the upper potential limit exceeded —0.1V,
the anodic current reached a passivation plateau
(i ~ 10uAcm™?) and remained there until the evol-
ution of oxygen. On the reverse potential sweep, the
electrode retained its passivity with near-zero current,
the anodic current on the negative-going potential
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Fig. 5. Cyclic voltammograms reversed at progressively increasing
positive-potential imits for a tin disc electrode rotated at 1000 r.pm.
in 0.5M NaHCO, solution, at pH 8 and dE/dr = [0mVs™h
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Fig. 6. Cyclic voltammograms for a tin disc electrode rotated at
various speeds from 0 to 3000 r.p.m. at dE/ds = 10mVs'in0.5M
NaHCO, at pHS.

scan no longer appeared and only one small cathodic
peak C, occurred. As the positive potential limit was
increased, the cathodic peak shifted to more negative
potentials. The anodic charge greatly exceeded the
cathodic charge for every potential limit. The films
were slowly reduced prior to hydrogen evolution and
some time (~ 10min) was required at negative poten-
tial to clean the surface. The voltammogram obtained
during the next cycle was easy to reproduce, which
indicates that the electrode treatment was satisfactory.
From this data it may be concluded that, at poten-
tials more positive than — 0.1V, a strongly adherent
film was formed on the electrode.

The voltammograms in Fig. 6 show the effect of the
rotation speed w from 0 to 3000 r.p.m. in the region of
the two anodic peaks. As » was increased, the height
of the current peaks increased and the anodic charge
and current were larger on the negative-going poten-
tial scan than on the preceding positive-going scan.
The hysteresis of the anodic current and the shift
of potential were found to be readily reproducible,
independent of the number of potential cycles, and
not due to the roughening of the electrode surface.
However, when the anodic potential of the electrode
exceeded ~ 0.1V, the hysteresis of the anodic current
and the shift of the anodic potential disappeared.

The current of peaks A, and A, are presented in
Fig. 7 as a graph of i™' against w~"2. These relation-
ships give straight lines and extrapolation of these
plots to @™ — 0 yields values for dissolution cur-
rents free from diffusion according to the Levich
theory [20]. These results suggest that the oxidation
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Fig. 7. Current peaks plotted as i, and i)' against =7 for a tin
disc electrode in 0.5M NaHCO; solution, at dE/d: = 2mVs™.

process was under mixed control of diffusion of ionic
species into the solution and film formation reactions,
the diffusion being dominant for low w values.
Interestingly for dE/dr > 50mVs™' the hysteresis
in the anodic current on the negative-going potential
scan decreased and the reduction peak appeared. It is
quite probable that the dissolved species do not have
enough time to diffuse from the electrode and are
therefore reduced. On the other hand, at dE/dr =
1mVs™', no potential shift was observed but the
anodic current and charge on the negative-going
potential scan were greater than in the forward direc-
tion. In this case, the product on the electrode had
time to be dissolved and the bare tin surface and the
dissolved species near the electrode are reoxidized.
In ¢yclic voltammograms, presented in Fig. 8, for
a stationary electrode in 0.5M NaHCO, solution
at pH8 and 10mVs™', the reduction current was
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Fig. 8. Cyclic voltammograms reversed at progressively increasing

positive-potential limits for a tin disc electrode in 0.5M NaHCG,
solution at pH 8§, at dEfdr = 10mVs L
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Fig. 9. (a) Cyclic voltammograms for a stationary tin disc electrode
at sweep rates varying from 2 to 100mVs~! in 0.5M NaHCO,
solution at pH 8. (b) Current of peaks i, and iy, against (dE/d7)'”.

observed for each potential scan limit. The influence
of the sweep rate is shown in Fig. 9: the current of
peaks i, and i, increased linearly with (dE/dn)'”
(Fig. 9b) with

Iar, A2

(dEjdny'”

The potential of peak A, was independent of the
sweep rate. However, as the scan rate was increased,
the potential of peak A, moved slightly in the positive
direction, which suggested that an irreversible process
was involved at this peak.

The galvanostatic transient for the stationary tin
electrode in 0.5M NaHCO, with 100 A cm™? of the
applied anodic current is presented in Fig. 10. Two
potential plateaus at about —0.81 Vand —0.72V due
to passivation of the electrode are followed by a fast
increase of the potential up to oxygen evolution, The
plateau potentials correlate well with the potentials of
peaks A, and A, in the linear-sweep voltammograms.

= (.0041 Acm~2 V12 g2 (5)

4. Discussion

The anodic oxidation of tin (Fig. 1) can be divided
into three potential regions: (i) a short active dis-
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Fig. 10. Galvanostatic transient of potential against time for
a stationary tin electrode in 0.5M NaHCO,; solution at pHS,
i = 100uAcm™2,

solution region; (ii) the dissolution-precipitation
region and (iii) the large region of passivity electrode.

4.1. Active tin dissolution region

The linear relationships of i against ' reported in
Fig. 4 suggest that the diffusion of an ionic species into
the solution is the r.d.s. of the dissolution process in
this region of potential. The negative values of i at-
w = O may be attributed to a small hydrogen evol-
ution contribution, since the applied potentials are
0.12 to 0.14V lower than the reversible potential for
the hydrogen evolution reaction at pHS8.

If the diffusing species are considered to be the
anions already present in solution, i.e. OH™, HCOy
and COZ~, the theoretical relationships between i and
»'? may be calculated from Levich’s equation [20]:

i = 0.62zFv~"*Di*[Colw"? (6)

where z is the charge of the diffusing species; v, the
kinematic viscosity in cm?®s™'; D, the diffuson coef-
ficient of the diffusing species in cm®s™!; [Co] the
concentration of the diffusing species in mol om ™ and
o, the angular velocity of the electrode in rads™". In
the present case, v is ~0.96 x 1077 cm’s™' [23] and
D, is assumed to be ~107%cm? s~ while [OH™] ~
107°M, [HCO;] ~ 0.5M and [COj7 ]~ 23 x
103 M (pKa = 10.33). The calculated i against ©'?
relationships are illustrated in Fig. 4 for [HCO; ] and
[CO?"] species. Comparison of the calculated and
experimental values clearly indicates that the diffusing
species differ in nature from the ions already present
in solution as OH~, HCO; and COj".

The increase in the slope of i against @'? with the
applied potential suggests that the concentration of
the diffusing species at the metal/solution interface
also increases with the applied potential. The overall
reaction for the generation of the diffusing species may
be considered close to equilibrium, since the r.d.s. is
the diffusion process. The reaction probably involves
the transfer of two electrons, since dE[dlog (dif
do'®) ~ 30mVdec™'. The dissolution rate increased
with the increase in NaHCO; concentration in sol-
ution, which suggests that HCO; /COi™ ions were
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involved in the dissolution process, but no data about
tin-carbonate complexes are available.

In alkaline solution without carbonate ions, the
direct dissolution of tin as stannite or stannate is
possible but these reactions are both thermodynami-
cally and kinetically less probable [2] at pHS. A
mechanism involving the electrochemical formation
of hydroxides or oxides followed by a chemical reac-
ton to form the final product HSnOj is suggested
instead. The stannite solutions are known to dispro-
portionate into metallic tin and stannate [21].

4.2. Dissolution-precipitation region

The anodic current decay after peak A, (Fig. 1) may
be explained by two processes: diffusion-controlled
dissolution of tin and, subsequently, precipitation of
porous oxides, hydroxides or hydroxycarbonate
layers at the surface of the electrode. By correlating
the peak potential, about —0.80V, the semipassi-
vation behaviour of tin in this region may be related
to the following reactions [2, 13, 14, 16]:

Sn + H,O = SnO + 2H" + 2e~
Ew = —082V 0
Sn + 20H™ = Sn(OH), + 2¢
E. = —0808V (®)
Sn + 2H,O0 = 8SnO, + 4H" + 4e”
E. = —082V ©)
SnO + H,O0 = SnO, + 2H" + 2¢”
E., = —0824V (10)

Equations 1 and 3 and the shape of the first peak (well
defined and narrow) suggest that Sn(I1) species are
formed on the electrode surface.

As the electrode potential was increased, the current
grew to reach a second maximum, peak A,, at about
—0.65V. This behaviour can be represented by the
following reactions [2, 13, 14, 16]:

Sn + 40H- = Sn(OH), +4e
E. = —0733V (1)

Sn(OH), + 20H" = Sn(OH), + 2e
E. = —064V (12)

SnO + 20H" + H,0 = Sn(OH), + 2e~
E. = —0.628V (13)

The shift of the potential in the negative direction
and the hysteresis of anodic current observed on the
potentiodynamic curves between the sweeps in the
positive-going and negative-going directions is attri-
buted to the presence of HCO; /CO?" ions which
causes the chemical dissolution of oxidation products at
the electrode surface and the direct electro-oxidation
process of tin at the bare electrode surface. Both these
reactions explain the harmful effect of bicarbonate
ions on tin, compared to other anions such as borate.

The dissolution rate increased with the rotation speed
and the NaHCO; concentration.

In the case of stationary electrode, the fact that the
potential at peak A, was independent of the potential
sweep rate suggests that the system is reversible, the
concentration of species C¥ in the bulk of the solution
can be evaluated from the experimental value for
i J(AE[AD? = 0.0041Aecm™2V~125"2  and  the
equation for the peak current in linear potential sweep
voltammetry [22]

1 =

. = 269 x 10°nPADP(E[dN'PCE (14)

at 25°C, for 4 in cm?, D, ~ 107 ecm?s™ ', dE/dr in
Vs™', C¥ inmolem™, i, in A.

The calculations for n = 2 give CF = 1.2 x
10°Mand, forn = 4, C, = 0.3 x 107 M. Taking
into consideration the concentration of [OH"} ~
107°M, [HCO;] ~ 0.5M and [CO}"] ~ 2.3 x
1073 M, (pKa = 10.33), it is deduced that the reaction
is controlled by the diffusion of CO?~ ions from the
bulk solution to the electrode surface.

4.3, Electrode passivity

In the region of positive potentials, a coherent, highly
passivating film is formed at the electrode surface. The
second peak, A,, with a broad decreasing side, may
reflect the chemical reactions to a more stable con-
figuration. Most probably, a dehydration process
occurs which involves multiple step reactions leading
to the formation of SnO,. Normally these reactions
are very slow. The anodic current in this potential
region was independent of the NaHCO; concentration
in solution. In the negative potential sweep direction,
the film was slowly reduced at potentials before hydro-
gen evolution occurs. The compact thin layer of SnQ,
is more likely responsible for the complete passivation
of the electrode, since it is the most thermodynami-
cally stable oxidation compound. However, the film
composition cannot be determined electrochemically
because the equilibrium potentials corresponding to
the different possible reactions are very close. In this
region of potential, oxidation is a solid-state process
leading to the formation of the passivating film prin-
cipally attributed to SnO,.
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