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Abstract

The deposition of indium and zinc on vitreous carbon was studied by voltammetric, galvanostatic and single
potentiostatic pulse techniques. The morphology and composition of deposits were analysed by SEM/EDX. The
codeposition process occurs without the formation of alloys or intermetallic compounds. On the one hand under
stagnant conditions or at low electrode rotation speeds, localized alkalization produced by the hydrogen evolution
reaction (HER) favours deposition through an indium hydroxide layer, and deposits with the same atomic
percentage of In and Zn are attained. On the other hand, under electrode rotation, preferred deposition of Zn takes
place. In this case, the reduction of H+ by the In+ species, intermediate in the In3+ reduction process, diminishes
the electrochemical HER on the substrate thus favouring Zn deposition. The higher nucleation rate on metallic
deposits previously formed on the vitreous carbon surface is also likely.

1. Introduction

The su�ciently negative active potential and the high
current e�ciency shown by Al±Zn±In alloy (operating in
chloride media) are factors which favour their applica-
tion in primary batteries or as sacri®cial anodes in
cathodic protection [1]. The synergistic e�ect exerted by
Zn and In on the aluminium activation process has not
yet been explained, especially those e�ects dealing with
the operating potential and current e�ciency [2]. Thus,
the performance of an aluminium anode is strongly
in¯uenced by its microstructure, where the distribution
of alloying elements play an important role.
The cathodic polarization of Al in acidic solutions in

the presence of In3+ and Zn2+ was used as a method of
generating surface conditions similar to those found in
Al±Zn±In alloys [3±5]. In this way similar active
properties can be attained. Previous work on the
deposition process of both ions onto Al showed that
the presence of Zn2+ in the solution promoted In
deposition without rotation [4]. However, under rota-
tion and at low cathodic overpotentials, Zn2+ discharge
became the prevalent reaction [6]. Study of the codepo-
sition onto Al is very complex due to the presence of Al
oxide and the onset of pitting. The aim of the present
work is to analyse the electrodeposition process using an
inert substrate, here vitreous carbon (VC). Thus, a
better understanding of the in¯uence of the electrolyte
and the hydrodynamic conditions on the deposit com-
position and morphology may be obtained.

2. Experimental details

The experimental set-up was described previously [4].
Vitreous carbon rods embedded in aTe¯onholderwith an
exposed area of 0.070 cm2 were used as working elec-
trodes. The electrodes were polished with 1000 emery
paper, 1 lm and 0.3 lm grit alumina suspensions, then
cleaned with triply distilled water and wiped with ®lter
paper. The auxiliary electrode was a large Pt sheet. As
references electrodes, a saturated calomel electrode (SCE)
and a Hg/Hg2SO4(s)/Na2SO4(sat) electrode were used in
solutions with and without chloride, respectively. All
potentials in the text are referred to SCE.
Runs were made in 0.5 M NaCl or 0.5 M Na2SO4

solutions containing In3+, Zn2+ or both ions in 0.01 M

concentration and in a puri®ed nitrogen gas saturated
atmosphere at 25 °C. The pH of the solutions was
adjusted by addition of HCl or H2SO4. The solutions
were prepared from analytical grade chemicals with
triply distilled water.
The anodic stripping of the deposits was performed

under stagnant condition at 0.005 V s)1 in 0.5 M

Na2SO4, pH 3 solution, without the presence of depo-
siting cations.
Current±potential responses were obtained using a

linear voltage sweep generator PAR model 175, a
potentiostat±galvanostat PAR model 173 and an X±Y
HP 4007B recorder. Current±time responses were record-
ed with Datalab transient recorder model DL902. A dual
stage ISI DS 130 SEM and an EDAX 9600 quantitative
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energy dispersive analyser were used to examine the
morphology and composition of the deposits.

3. Results and discussion

3.1. Electrodeposition of In and Zn without electrode
rotation

Figure 1 shows the voltammograms of VC recorded in
0.5 M Cl) solution in the presence of 0.01 M In3+

+ 0.01 M Zn2+ and those obtained in the presence of
only one of the cations (0.01 M In3+ or 0.01 M Zn2+).
Two cathodic peaks related to the reduction of each
element are observed. On the one hand, the deposition
of In does not occur until the cathodic potential reaches
approximately )0.75 V, which is very near to the
equilibrium potential of In/In3+. On the other hand,
the deposition of Zn occurs at a potential more positive
than that obtained from solutions containing only
Zn2+. When the potential sweep is reversed, two well
separated anodic peaks initiating close to the thermo-
dynamic potential of Zn/Zn2+ and In/In3+ are ob-
served. Thus, under the present conditions, the
formation of alloy or intermetallic compounds between
Zn and In is not expected [7, 8].
The deposition of Zn and In in sulphate solution

occurs without interactions between the cathodic pro-
cesses as can be deduced comparing the voltammetry
obtained in the presence of both and only one of the
cations (Figure 2). A potential shift of approximately

0.15 V towards more positive potentials is observed for
In3+ and Zn2+ reduction peaks when both cations are
present in solution. In this case, a high cathodic
overpotential associated with massive In electrodeposi-
tion is observed. However, small In deposition currents
were also detected near the thermodynamic potential of
the In/In3+ couple [9]. In chloride solutions, the
presence of Cl) facilitates nucleation and growth of In
by accelerating the rate of the reduction process [9±11].
The appearance of a potential shift for cathodic peaks

observed in both chloride and sulphate solutions may be
attributed to the lower energy involved in the nucleation
process onto previous metallic deposits, which are
already present on the VC surface.
The initial stages of nucleation of both, Zn and In,

were studied using the single potentiostatic pulse
method in 0.5 M Cl) solutions. Figure 3(a) shows the
I/t transients at di�erent potential values correspond-
ing to the deposition of Zn (dashed lines) from
solution containing 0.01 M Zn2+. A nondimensional
analysis performed on these transients showed that
nucleation follows an instantaneous regime with hemi-
spherical di�usion controlled growth [12]. This is in
agreement with results obtained by other workers [13±
15].
It was shown previously that nucleation of In follows

a progressive regime (Figure 3(a), solid lines) and that
the actives sites of vitreous carbon may act as critical
nuclei [9]. The nucleation rate shows an exponential
decrease towards potentials more negative than )1.1 V.
This fact was attributed to the onset of desorption of

Fig. 1. Voltammetric responses of VC in 0.5 M Cl), pH 3 solution

containing: (� � � � � �) 0.01 M In3+; (- - - -) 0.01 M Zn2+; (ÐÐ) 0.01 M

In3+ + 0.01 M Zn2+. Es,a = )0.4 V.

Fig. 2. Voltammetric responses of VC in 0.5 M SO2ÿ
4 , pH 3 solution

containing: (� � � � � �) 0.01 M In3+; (- - - -) 0.01 M Zn2+; (ÐÐ) 0.01 M

In3+ + 0.01 M Zn2+. Es,a = )0.4 V.
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Cl), which acts as an electron bridge in the reduction
process, in that potential region [9]. A similar study to
that performed in [9] has shown that active sites also act
as critical nuclei for the nucleation of Zn. However, in
this case, an exponential growth of nucleation rate with
overpotential is observed. Using the method described
in [9], nucleation rate values of 7.61 ´ 103 s)1 and
1.30 ´ 105 s)1, for the deposition of In and Zn, respec-
tively, were calculated at a potential of )1.2 V and in the
present solution conditions.
Figure 3(b) shows the I/t transients registered for

increasing potential values in a 0.5 M Cl) solution
containing 0.01 M In3+ + 0.01 M Zn2+. The transients
obtained by adding the current response of the individ-
ual elements are also shown. A di�erence between the
curves at the lower overpotentials studied is observed.
This is related to the decrease in the number of active
sites available for In nucleation brought about by the
preferential formation of Zn nuclei. Deposition of In
then occurs on the initially formed Zn deposits.
Figure 4 shows a SEM/EDX examination of the VC

surface after 60 s polarization at )1.20 V. Numerous
rounded grains of similar size with 55 at % of Zn on
average are observed. The disappearance of the typical
hexagonal shape of the deposits, which are obtained
from solutions containing only Zn2+, may be related to
In deposition on the initially formed Zn crystallites. At
higher deposition times (10 min), coalescence was
achieved and deposits with 53 at % of Zn were obtained
(Figure 5).
The e�ect of polarization time (s) was studied by

potentiodynamic anodic stripping after cathodic polar-
isation at )1.20 V in 0.5 M Cl) solution (Figure 6). The

voltammetric curves show only two anodic peaks, which
corresponds to the oxidation of Zn and In. This result
con®rms that the formation of alloy or intermetallic
compounds between the two metals does not occur.
Nevertheless, considerable distortion of the anodic peak
corresponding to Zn dissolution is observed for depo-
sition times longer than 20 min. This is probably related
to the more di�cult dissolution of Zn particles embed-
ded in the In matrix. The charge corresponding to
the oxidation of each element was calculated by inte-
gration of the anodic peaks. Figure 7(a) shows the plots
of Q/z (where Q is the charge and z is the oxidation
number) vs cathodic polarization time for deposits
obtained from solutions containing both and only one
of the cations. In both cases, a linear relationship with
similar slopes for each element is obtained. These results

Fig. 3. Potentiostatic I/t transients registered at di�erent potential values in 0.5 M Cl), pH 3 solution containing: (a) (- - - -) 0.01 M Zn2+,

Ei = )0.8 V; (ÐÐ) 0.01 M In3+, Ei = )0.6 V; (b) (ÐÐ) Experimental curves for 0.01 M Zn2+ + 0.01 M In3+, Ei = )0.6 V; (- - - - and

symbols) addition of curves ( - - - -) and (ÐÐ) shown in (a). Potentials in V.

Fig. 4. SEM micrograph of the deposit obtained in 0.5 M Cl) +

0.01 M In3+ + 0.01 M Zn2+, pH 3 solution after 60 s at )1.2 V.
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are in agreement with the constant currents shown in the
I/t transients (Figure 7(b)). A higher slope value is
observed when both cations are present in solution.
Then, taking into account that (Q/z) is proportional to
the number of atoms, the same slope for both elements
is consistent with the deposit composition obtained by
EDX.
Figure 8 shows the E/t pro®les obtained from solu-

tions containing only In3+ or Zn2+ after applying a
constant current similar to that in the potentiostatic
experiments (Figure 7(b)). Initially, the potential chan-
ges to a value close to the equilibrium potential for In/
In3+ or Zn/Zn2+ couples. Then, a potential decrease,
approaching values corresponding to In/In(OH)3 or Zn/
Zn(OH)2, is observed. This suggests, that a hydroxide
layer on the electrode surface is formed due to the

Fig. 5. SEM micrograph of the deposit obtained in 0.5 M Cl)+

0.01 M In3+ + 0.01 M Zn2+, pH 3 solution after 600 s at )1.2 V.

Fig. 6. Anodic stripping pro®les of deposits obtained in 0.5 M

Cl) + 0.01 M In3+ + 0.01 M Zn2+, pH 3 solution at )1.2 V after

di�erent polarization times, s. Sweep rate: 0.005 V s)1. Es,c = )1.2 V;

Es,a = )0.2 V. Key: (1) 60, (2) 300, (3) 600, (4) 900 and (5) 1500 s.

Fig. 7. (a) Anodic charge of Zn and In (as Q/z) calculated from anodic

stripping of deposits obtained after di�erent times at )1.2 V in 0.5 M

Cl), pH 3 solution containing: (s) Zn from 0.01 M Zn2+, (h) In from

0.01 M In3+, (d) Zn from 0.01 M Zn2+ + 0.01 M In3+ and (j) In

from 0.01 M Zn2+ + 0.01 M In3+. (b) I/t transients at )1.2 V in:

(� � � � � �) 0.01 M In3+, ( - - - -) 0.01 M Zn2+ and (ÐÐ) 0.01 M

Zn2+ + 0.01 M In3+, 0.5 M Cl), pH 3 solution.

Fig. 8. Chronopotentiogram obtained during galvanostatic pulse po-

larization in 0.5 M Cl), pH 3 solution containing: (- - - -) 0.01 M In3+;

(ÐÐ) 0.01 M Zn2+. I = 0.07 mA.
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simultaneous HER. Thus, deposition may take place via
the following reactions:

Zn(OH)2 � 2 eÿ ! Zn� 2OHÿ �1�

In(OH)3 � 3 eÿ ! In� 3OHÿ �2�

On applying electrode rotation, local alkalization is
hindered and the potential shifts quickly to the In/In3+

or Zn/Zn2+ equilibrium values.
When both cations are present in solution, the pH

increase at the electrode surface due to simultaneous
hydrogen evolution is expected to favour the precipita-
tion of In(OH)3 rather than Zn(OH)2 . The e�ect of pH
changes on the deposit composition was investigated
using a 0.5 M Cl) with acetate bu�er of pH 3. The I/t
response and stripping results were the same as that
observed when the solution pH was adjusted to 3 by
suitable addition of HCl. The presence of the bu�er
minimises the pH rise that takes place during electro-
deposition. Precipitation of In(OH)3 was detected at
pH 3.42 [10], while a pH value of 7.13 was estimated for
Zn(OH)2 [16]. Thus, the pH increase is su�cient for the
formation of In hydroxide, but not for Zn hydroxide. A
similar situation was observed in the case of Zn±Co
codeposition from acidic solution. However, in that
case, the presence of the Zn hydroxide layer diminishes
the Co deposition rate [17]. Zn and In electrodeposition
occurs through an In hydroxide layer leading to deposits
with the same percentage of each metal.
The higher deposition rates observed for each element

from solutions containing both cations may be ex-
plained in terms of: (i) an increase in the area of metallic
deposits where deposition is favoured and (ii) an
increase in conductivity of the In hydroxide ®lm due
to the presence of Zn2+ conducting species.

3.2. Electrodeposition of In and Zn with
electrode rotation

Figure 9 shows the e�ect of electrode rotation speed on
the voltammetric response of vitreous carbon in 0.5 M

Cl) containing 0.01 M In3+ and/or 0.01 M Zn2+ at
di�erent pH values. For the solutions containing only
In3+, the cathodic current associated with In deposition
approaches a limiting value. Then, a current decay is
observed at more negative potentials, where adsorption
of Cl) is unlikely to occur. A similar behaviour was also
observed by others on performing polarographic mea-
surements [18]. A limiting current is also observed for
the case of Zn deposition from solution containing only
Zn2+. At pH 2.3, a second limiting current appearing at
more cathodic potentials corresponds to the hydrogen
evolution.
The voltammetric curves obtained in the presence of

both cations at pH 3.6, or at low rotation speed at pH 3,
is similar to that obtained by adding the corresponding
individual curves obtained in solutions containing only
one of the cations. On the other hand, the onset of Zn

deposition appears to be inhibited at pH 2.3 and the
corresponding limiting current is no longer observed.
The inhibiting e�ect can be explained in terms of a
preferred adsorption of H replacing adsorbed Zn+, this
latter being an intermediate in the Zn2+ reduction
process [19]. The approximately linear pattern of cur-
rent±potential plots may be attributed to simultaneous
HER.
After potentiodynamic polarization at x = 600 rpm,

a SEM/EDX analysis of a VC electrode removed at
)1.40 V shows the presence of a large amount of deposit
with 28 and 71 at % of Zn and In on average,

Fig. 9. Voltammetric responses registered on VC at 0.001 V s)1 at two

electrode rotation speeds in 0.5 M Cl) solutions of di�erent pH and

containing: (� � � � � �) 0.01 M In3+; (- - - ) 0.01 M Zn2+; (ÐÐ) 0.01 M

Zn2+ + 0.01 M In3+. Es,c = )1.6 V; Es,a = )0.6 V. (1) x =

2600 rpm; (2) x = 600 rpm. (a) pH 2.3; (b) pH 3.0; (c) pH 3.6.
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respectively (Figure 10(a)). Some hexagonal grains are
observed above a compact deposit. Surprisingly, in spite
of their hexagonal shape, characteristic of Zn deposits,
their composition was 21 and 79 at % of Zn and In on
average, respectively. A similar morphology was ob-
tained on Al electrodes, where deposited In was found
above hexagonal platelets of Zn [6]. At small x values, it
seems that deposition of In on freshly nucleated Zn is
favoured.
Conversely, increased rotation speed favours the

deposition of Zn. Figure 10(b) shows the deposits
obtained after potentiodynamic polarization at x =
2600 rpm. The Zn content in the deposit is now about 69
at % and increases to 77 at % for the crystallites found
over the more compact deposit.
To obtain more detail on the deposition process,

potentiostatic transients were obtained at )1.20 V in
0.5 M Cl) solution containing 0.01 M In3+ + 0.01M
Zn2+ at two x values and are compared with those
obtained in the presence of only one of the cations
(Figure 11). The process of nucleation and growth of
deposits seems to be accelerated when both cations are
present in solution. This fact is probably related to a
synergistic e�ect where nucleation of one element takes
place upon the already formed metallic deposits.
Figure 12 shows the stripping pro®les for deposits

obtained after 60 s polarization at )1.2 V at di�erent x
values in 0.5 M Cl) solution containing 0.01 M

In3+ + 0.01 M Zn2+. As can be observed, the anodic

peak corresponding to Zn becomes wider and is shifted
towards more positive potentials upon increasing x.
To analyse the deposit morphology after Zn dissolu-

tion, a VC electrode polarized at )1.2 V for one minute
at x = 2600 rpm was stripped in SO2ÿ

4 solution and
removed at )1.1 V to avoid In dissolution. The scanning
electron micrograph shows a large number of holes
dispersed in the deposit matrix (Figure 13), suggesting
that Zn is present as segregate particles uniformly
distributed. The atomic percentage of Zn in the deposit
is still 13% because at )1.1 V Zn dissolution is

Fig. 10. SEM micrograph showing the deposit obtained by removing

the VC electrode at )1.4 after potentiodynamic polarization at

0.001 V s)1 in 0.01 M Zn2+ + 0.01 M In3+ + 0.5 M Cl), pH 3

solution. (a) x = 600 rpm; (b) x = 2600 rpm.

Fig. 11. Potentiostatic I/t transients obtained at )1.2 V at two

electrode rotation speeds in 0.5 M Cl), pH 3 solution containing:

(� � � � � �) 0.01 M In3+; (- - - -) 0.01 M Zn2+; (ÐÐ) 0.01 M In3+ +

0.01 M Zn2+. (1) x = 2600 rpm; (2) x = 600 rpm. Ei = )0.4 V.

Fig. 12. Anodic stripping pro®les of deposits obtained in 0.5 M

Cl) + 0.01 M In3+ + 0.01 M Zn2+, pH 3 solution after 60 s polar-

ization at )1.2 V under di�erent electrode rotation speeds, x. Sweep

rate: 0.005 V s)1. Es,c = )1.2 V; Es,a = )0.4 V. Key: (1) 31.41,

(2) 73.30, (3) 125.66, (4) 188.49 and (5) 293.21 s)1.
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incomplete. Therefore, the widening of the anodic peaks
observed in Figure 12 may be explained in terms of a
higher accumulation of Zn2+ inside the porous In
matrix as x increases.
Figure 14 shows the stripping charge of Zn and In,

expressed as Q/z, for deposits obtained after 60 s at
)1.20 V in chloride solution containing In3+ or Zn2+ at
di�erent hydrodynamic conditions (curves (a) and (b),
respectively). In both cases, the amount of deposited
element increases with x but lower values are obtained
for Zn dissolution. Lower current e�ciencies for depo-
sition of Zn, compared with those for In, were calcu-
lated by considering the total cathodic and the stripping
charges (Figure 15). This fact can be explained taking

into account not only the lower overpotential for HER
on Zn but also the inhibiting e�ect caused by preferen-
tial adsorption of H [19].
Conversely, when both cations are present in solution,

the amount of deposited Zn is higher than that of In for
all the rotation speeds studied (Figure 14, curves (c) and
(d)). Also, the amount of In is lower than that observed
when it is deposited without the presence of Zn2+.
Probably, the presence of In3+ causes a reduction in the
hydrogen discharge rate by creating an additional
reduction path, which leads to a higher Zn deposition
rate. The species In+, which has been postulated as an
intermediate in the In3+ reduction process, can react
with H+ ions by [20, 22]:

In� � 2H� ! In3� �H2 �3�

Higher nucleation rates on In than on vitreous carbon
are to be expected, if the weaker bonding energies
between carbon and deposited nuclei are taken into
account. Also, the overpotential for HER is higher on In
than on Zn [23]. Thus, for the same potential, a lower
surface coverage by adsorbed H is expected. These facts
can also explain the rapid increase in current observed in
the potentiostatic transients (Figure 11) and the higher
Zn content for the deposits found under rotation.

4. Conclusions

The nucleation of Zn and In is favoured by the presence
of previous metallic deposits. The corresponding depo-
sition rates are also controlled by the surface pH
established. Thus, under stagnant conditions, the local-

Fig. 13. SEM micrograph showing the surface after removing the

electrode at )1.1 V in the anodic stripping of the deposit obtained after

60 s polarization at )1.2 V under 2600 rpm electrode rotation, in

0.5 M Cl) + 0.01 M In3+ + 0.01 M Zn2+, pH 3 solution.

Fig. 14. Anodic charge of Zn and In (as Q/z) calculated from anodic

stripping of deposits obtained after 60 s at )1.2 V with di�erent

electrode rotation speeds in 0.5 M Cl), pH 3 solution. (a) In from

0.01 M In3+; (b) Zn from 0.01 M Zn2+, (c) In from 0.01 M

Zn2+ + 0.01 M In3+; (d) Zn from 0.01 M Zn2+ + 0.01 M In3+.

Fig. 15. Current e�ciencies for deposition calculated by computing the

anodic charges, obtained by stripping of deposits, and total cathodic

charges after 60 s polarization at )1.2 V at di�erent rotation speeds in

0.5 M Cl), pH 3 solution containing: (s) 0.01 M Zn2+; (h) 0.01 M

In3+.
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ized alkalization due to simultaneous HER, gives rise to
deposition through a hydroxide layer formed on the
electrode surface, leading to deposits with a similar
amount of each element.
Under electrode rotation, localized alkalization is

minimized and Zn rich deposits are obtained. The
presence of In3+ can increase the Zn deposition rate in
three di�erent ways: (i) by diminishing the hydrogen
evolution reaction due to reduction of H+ by In+

species, (ii) by formation of In deposits which favour Zn
nucleation and growth on it and (iii) by the increased
overpotential for HER caused by the presence of In.
Similar features were observed for the deposition of

Zn and In on Al from chloride solutions under stagnant
conditions. In this case, the initial deposition of Zn was
favoured over In deposition. As soon as a critical
amount of Zn is deposited, preferred In deposition on
Zn crystallites takes place. Conversely, under electrode
rotation, the discharge of Zn2+ is the prevalent reaction
as can be observed by deposition on vitreous carbon.
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