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Abstract

The electrodeposition of tin + cobalt alloys from a slightly acidic sulfate—gluconate bath on both vitreous carbon
and copper substrates has been studied for different [Sn(11)]/[Co(11)] ratios in the bath, varying between 1/10 and 1/2.
A relationship between the electrochemical stripping analysis and the morphology of the deposits has been found.
Two different types of deposit were obtained. At low [Sn(11)]/[Co(11)] ratios and relatively high deposition rates a
nodular, cobalt-rich, nanocrystalline coating was obtained, while at high [Sn(11)]/[Co(11)] ratios and low deposition
rates a new, well-defined tetragonal SnCo phase was obtained, with cell parameters of a = 3.087 A and

¢ = 5.849 A. This structure favours hydrogen evolution.

1. Introduction

Although the electrodeposition of tin—cobalt alloys was
first described in 1938, only recently has it achieved
commercial interest as a noncontaminating, economic
way to an attractive and functional finish [1]. Bright tin—
cobalt coatings are considered to be a substitute for
chromium coatings, especially where the high corrosion
resistance of chromium is not needed [2, 3]. Tin—cobalt
alloy plating could also be a substitute for cadmium in
electronic applications [4], since the alloy resists oxida-
tion and has a low contact resistance. Tin—cobalt alloys
can be used as a substitute of precious-metal coatings
[5], thereby avoiding the use of highly toxic cyanide
electrolytes. Electrodeposited black tin—cobalt alloy has
also been used for plating photothermal solar convec-
tors [6, 7].

One of the baths for tin—cobalt alloy plating uses
sodium sulfate as electrolyte and sodium gluconate as
chelating agent. Various authors [1, 3, 8] have studied
the effect of some operating variables on the physical
and mechanical properties of the Sn/Co deposits ob-
tained in this bath under galvanostatic control. Abd el
Rehim et al. [8] reported the potentiodynamic behaviour
of the system and studied the relation between structure
and composition of electrodeposits. Other authors [9]
used Méssbauer spectroscopy to examine the composi-
tion and structure of electrodeposited tin—cobalt alloys
plated under galvanostatic control, and concluded that
the relative amounts of Sn and Co were dependent on
the operating conditions.

In this study the electrodeposition of tin—cobalt
coatings was performed in a slightly acidic sulfate bath
using gluconate as a chelating agent, in order to
determine the dependence of coating characteristics on
several electroplating variables. Potentiodynamic studies
and stripping experiments were used to characterize the
deposits, since the stripping technique has been shown
to be useful for the characterization of other electrode-
posited alloys [10-13]. These results were related to
those obtained from morphological and structural
analysis and to compositional data.

2. Experimental details

The electrochemical measurements were performed in a
conventional three-electrode cell using a microcomput-
er-controlled potentiostat/galvanostat, model 273 from
EG&G. Chemicals used were SnSO4, CoSO, - 7 H50,
sodium gluconate (NaCgH;;07) and Na,SOy,, all of
them of analytical grade. All solutions were freshly
prepared with water first doubly distilled and then fed
into a Millipore Milli Q system. In all experiments the
total metallic ion concentration was maintained around
0.1 M, the [Sn(11)]/[Co(11)] ratio varying between 1/10
and 1/2. The baths contained Na,SO4 0.2 M as sup-
porting electrolyte and NaCgH{;0; 0.2 M as chelating
agent, and the pH was adjusted to 4. Before and during
the experiments, solutions were deaerated with argon.
The morphology of the deposits was examined with a
Hitachi S 2300 scanning electron microscope. Elemental
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composition was determined with an X-ray analyser
incorporated in a Cambridge L-120 scanning electron
microscope, or with an electron microprobe, Cameca
SX-50. X-ray diffraction (XRD) phase analysis was
usually performed in a Philips MRD diffractometer in
its low resolution parallel beam optics. The Cuk,
radiation (4 = 1.5418 A) was selected by means of a
diffracted beam flat graphite monochromator. 26/6
diffractograms were obtained in the 20 to 100° 26 ranges
with a step of 0.05° and a measuring time of 5” per step.
For the profile pattern matching analysis, additional
X-ray diffraction measurements were performed. A
Bragg—Brentano 0/20 Siemens D-500 diffractometer
with CukK, radiation, secondary graphite beam, 0.3°
divergence slit and 0.05° receiving slit, was used. The
useful angular range was from 27 to 81° 26, measured
with an step size of 0.025° and a measuring time of 10”.

Vitreous carbon and copper were used as working
electrodes. The vitreous carbon electrode of 0.0314 ¢cm?,
from Metrohm, was polished to a mirror finish before
each experiment using alumina of different grades (3.75
and 1.85 um) and cleaned ultrasonically for 2 min in
water. Copper electrodes either of 0.0314 or 0.706 cm?
(Johnson Matthey, 99.99%) were polished to a mirror
finish using a 0.3 um alumina suspension and cleaned
ultrasonically for 2 min in water. The reference elec-
trode was an Ag/AgCl/1 M NaCl electrode mounted in a
Luggin capillary containing 0.2 M Na,SOy4 solution. All
potentials are referred to this electrode. The counter
electrode was a platinum spiral. Voltammetric experi-
ments were carried out at 50 mV s™', scanning initially
towards negative potentials. Only one cycle was run in
each voltammetric experiment. Stripping analyses were
always performed immediately after potentiostatic
deposition without removing the electrode from the
solution, using an initial potential at which deposition
did not occur and a scan rate of 50 mV s™'.

3. Results
3.1. Voltammetric results

Figure 1 shows the influence of Sn(I1) addition to Co(II)
solution. Curve (a) shows the voltammetric behaviour of
the electrodeposition of cobalt in a pure Co(lI) bath.
When Sn(11) was added to solution (curve (b), dashed
line), in the negative scan the deposition of tin precedes
the second electrodeposition process related to the
incorporation of cobalt in the electrodeposit. In the
positive scan, oxidation was detected in the potential
range at which the oxidation of pure tin takes place,
although the current recorded was lower than that
observed in a cobalt-free solution (curve (c)). The main
oxidation peak is shifted to more positive potentials
than in a pure Co(ll) bath. Therefore, in these condi-
tions, the deposit (Sn + Co alloy) formed during the
voltammetric scan was more difficult to oxidize than the
corresponding to pure cobalt.
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Fig. 1. Cyclic voltammograms of a vitreous carbon electrode in 0.1 M
CoSO,4 + 0.2 M NaCgH;;0; + 0.2 M Na,SO,4 solution (curve (a)),
0.1M CoSO4 + 0.0l M SnSO4 + 02 M NaCgH;;0; + 02 M
Na,SO, solution (dashed line, curve (b)) and 0.01 M SnSO4 + 0.2 M
NaCegH{10; + 0.2 M Na,SOy solution (curve (c)).

Upon increasing the [Sn(11)]/[Co(11)] ratio in the bath
the oxidation current decreased drastically, so much so
that for [Sn(11)]/[Co(11)] = 1/2 the main oxidation peak
disappeared, only a low tin oxidation current being
observed (Figure 2).

3.2. Stripping results

Stripping analysis of all the potentiostatic deposits was
performed. The deposition potentials were selected
according to previous voltammetric results, and the
solution was stirred during the electrodeposition in
order to minimize the depletion of ions around the
electrode.
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Fig. 2. Cyclic voltammograms of a vitreous carbon electrode in a
0.1M CoSO4 + 0.0l M SnSO4 + 0.2M NaC4H,;,0; + 0.2 M
Na,SO, solution (solid line, curve (a)) and 0.06 M CoSO4 + 0.03 M
SnSO,4 + 0.2 M NaCgH;;0; + 0.2 M Na,SO, solution (dashed line,
curve (b)).
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Fig. 3. Stripping voltammograms of deposits obtained potentiostati-
cally on a vitreous carbon electrode rotating at 1000 rpm in a 0.01 M
SnSO4 + 0.2 M NaCgH;;O; + 0.2 M Na,SO, solution for 20 s at
-850 mV (curve (a)) and in a 0.06 M CoSO4 + 0.03 M SnSO,4 +
0.2 M NaCgH;;0; + 0.2 M Na,SO, solution at =920 mV for 10 s
(curve (b)), at =960 mV for 10 s (curve (c¢)) and at —1000 mV for 10 s
(curve (d)).

Figure 3 shows the stripping curves corresponding to
deposits obtained at potentials more positive than
—1000 mV, from a pure Sn bath (curve (a)) and from
a [Sn(1)]/[Co(11)] = 1/2 bath (curves (b)—(d)). All strip-
ping curves show a single peak (peak I) over a limited
potential range for both pure Sn and Sn + Co alloys,
no new peaks appearing when the deposition time was
increased. On the one hand, the peak potential shifted to
slightly more positive potentials as the deposition
potential was made more negative, which also effected
a gradual decrease of the Q,x/Qcq ratio. On the other
hand, for the deposits obtained from the [Sn(II)]/
[Co(11)] = 1/2 bath at deposition potentials more nega-
tive than —1000 mV, hydrogen evolution was evident,
even for short deposition times. In these cases the
stripping curves showed nearly no current, in agreement
with the voltammetric results at very negative limits.
Similar behaviour was observed for [Sn(11)]/[Co(1I)]
ratios greater than 1/5.

With deposits obtained from solutions with [Sn(I1)]/
[Co(11)] ratios lower than 1/5, a more positive second
stripping peak appeared (peak II), which increased upon
decreasing the deposition potential (Figure 4A) and
increasing the deposition time (Figure 4B). In all cases
peak I appears first, peak II being observed only with
deposition times longer than a few seconds. When peak
IT predominates, a high Q,x/Q.cq i1s always obtained.

3.3. Morphological, compositional and structural results

Morphological, structural and compositional analysis of
the deposits obtained under different experimental
conditions were carried out in order to correlate the
type of deposit obtained with the electrochemical
response. The deposits were effected on a copper
substrate in order to improve the adherence. The
stripping curves of deposits on copper (Figures 5(a)
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Fig. 4. Stripping voltammograms of deposits obtained potentiostati-
cally on a vitreous carbon electrode rotating at 1000 rpm in a 0.1 M
CoSO4 + 0.0l M SnSO4 + 0.2M NaCgH;;0; + 0.2 M Na,SO,
solution. (A) With a deposition time of 20 s at: =950 mV (curve (a)),
—1000 mV (curve (b)) and —1050 mV (curve (c)). (B) Deposition at
-950 mV for 20 s (curve (a)), 60 s (curve (b)) and 100 s (curve (c)).

and 6(a)) were similar to those of deposits on vitreous
carbon (Figures 3 and 4), and this was also the case for
long deposition times.

To facilitate the correlation between stripping curves
and type of deposit, deposition conditions were chosen
such that only one stripping peak appeared. Previously,
it was confirmed that, irrespective of the deposition
conditions chosen, the potential of the stripping peak
did not change much upon increasing the deposit
thickness, although, as usually observed, stripping
curves are not useful for thicker deposits.

Deposits yielding the stripping peak I were favoured
from baths with [Sn(I1)]/[Co(11)] ratios greater than 1/5
and for not too negative deposition potentials, near that
at which only Sn is deposited. Figure 5(b) and (c) show
the morphology of these deposits, obtained from a bath
with [Sn(11)]/[Co(11)] = 1/2 at =950 mV. The morphology
of the deposit obtained with 5 min of deposition is shown
in Figure 5(b). The deposit contained 34% Co by weight,
which corresponds to an atomic Sn:Co ratio of 1:1. With
longer deposition times a second growth occurred
(Figure 5(c)), which corresponded to tin with a very
low Co content, less than 0.3%. The deposition time that
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Fig. 5. Deposit obtained on a copper electrode rotating at 1000 rpm in a 0.06 M CoSO4 + 0.03 M SnSO4 + 0.2 M NaC¢H;,0; + 0.2 M
Na,SO, solution at a deposition potential of =950 mV. (a) Stripping voltammogram of deposit obtained for 30 s. (b) SEM micrograph of deposit
obtained during 5 min. (¢) SEM micrograph of deposit obtained during 20 min. (d) X-ray diffractogram of deposit of Figure 5(c). The peaks
marked “*’ are the main peaks of the new tetragonal SnCo phase, and are listed in Table 1. (e) Profile pattern matching of the diffractogram of
Figure 5(d).

gave only the homogeneous phase with a Co content of  slightly modified tin, and the other ones (labelled “*’) do
34% w/w, and consequently the thickness of this homo- not correspond to any of the phases described in the
geneous deposit, depended on experimental conditions.  thermal phase diagram of the tin—cobalt system [14]. All

The diffractograms of these deposits showed narrow these peaks have been introduced in the TREOR
peaks (Figure 5(d)), some of which correspond to very indexation program [15], which assigned them to a
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new tetragonal phase. The cell parameters of this
tetragonal structure have been refined, together with
the tin phase parameters and those corresponding to the
copper substrate, by profile pattern matching using
FULLPROF [16]. All the peaks of the diffractogram
could be indexed (Figure 5(e)). A list of the 26 positions,
h k ¢ indexes and relative intensities of the main peaks is
given in Table 1. The cell parameters assigned to the
new tetragonal phase are a = 3.0870(3) A and
¢ = 5.849 0(11) A.

Deposits yielding the stripping peak II were favoured
with [Sn(11)]/[Co(11)] ratios lower than 1/5 and for
deposition potentials more negative than —1000 mV.
Figure 6(b) shows the morphology of deposits yielding
mainly peak II. Homogeneous deposits with nodular
morphology were obtained in the range of —980 to
—1050 mV. These deposits are cobalt rich, in all cases
the Co percentage in the deposits increasing when the
deposition potential was made more negative.

The diffractogram corresponding to these nodular
deposits which yield peak II showed (Figure 6(c)) only
one broad, irregular peak around 26 = 44°, next to the
(1 1 1) line of cobalt. This deposit appeared to corre-
spond to a single phase with a significant preferred
orientation, with a partially amorphous structure, or
with a crystalline structure of nanometric crystal size.
The latter hypothesis was confirmed by an estimation of
the crystallite size domain from the broadening of the
peaks, using Scherrer’s equation.
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Fig. 6. (a) Stripping voltammogram of deposit obtained with 20 s at
—1050 mV on a copper electrode rotating at 1000 rpm in a 0.1 M
CoSO,4 + 0.01 M SnSO,4 + 0.2 M NaCgH ;07 + 0.2 M Na,SOy so-
lution. (b) SEM micrograph of deposit obtained under the same
conditions of Figure 6(a), but with 20 min at —1020 mV. The deposit
contained 65% Co w/w. (c) X-ray diffractogram of the Sn + Co
deposit of Figure 6(b).

Table 1. Main peaks of the new SnCo tetragonal phase

20 position hk? 1/,
(Cuk,)/degrees

28.900 100 0.84
32.777 101 1
41.328 110 0.82
42.548 102 0.66
44.254 111 0.60
52.252 112 0.39
55.717 103 0.58
59.876 200 0.63
67.831 210 0.29
76.197 212 0.31

4. Discussion

Stripping analysis has been revealed as a useful tool for
detecting the initial formation of each Sn + Co alloy
type, since a direct correlation between the stripping
curve and the morphology and structure of the deposits
has been found. Two major stripping peaks are ob-
served, each one related to the formation of a kind of
deposit. Peak I is related to a new SnCo tetragonal
phase, while peak II corresponds to Co-rich nanocrys-
talline deposits.

The SnCo tetragonal phase is a new phase that does
not appear in the thermal phase diagram, [14]. Other
tetragonal structures have been proposed for Sn—Co
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alloys obtained either thermally or by electrodeposition,
but they are different from that reported here. Hemsley
et al. [1] and Abd el Rehim et al. [8] proposed the
formation of a CoSn, tetragonal structure from a
gluconate bath under different conditions, the latter
authors assigning the cell parameters to the thermal
CoSn; phase.

The same 1:1 stoichiometry of our SnCo phase was
observed for the Sn + Ni system, for which a metasta-
ble SnNi phase can also be obtained either by electro-
deposition or sputtering techniques, although for SnNi a
hexagonal structure was identified [17, 18].

The SnCo phase oxidizes at potentials corresponding
to peak I, which are similar to those of pure Sn
oxidation. The SnCo phase is very electrocatalytic for
hydrogen evolution, which may be the cause of the
suppression of SnCo formation at the low negative
potentials. The simultaneous hydrogen evolution pro-
duces a local pH increase, even under stirring, that
favours the precipitation of hydroxides. This fact
provokes the clear diminution of Co(1I) in the surround-
ings of the electrode specially for the higher [Sn(11)]/
[Co(11)] ratios. Then, cobalt deposition already unfa-
voured at these low negative potentials, is slowed still
further and, while tin precipitation may still take place,
and tin deposition becomes the main process. Also, due
to the hydroxide precipitation the peak potential of peak
I increases with increasingly negative deposition poten-
tials, that is, with increasing formation of hydroxides.

The SnCo phase is formed at deposition potentials
more negative than those at which pure Sn deposition
occurs. In all conditions SnCo is the first deposit
formed, and is favoured by solutions with higher Sn(11)
concentrations, although for the highest one used here
the deposition of the more noble metal (Sn) is favoured
after some minutes of SnCo electrodeposition. There-
fore, with higher [Sn(11)]/[Co(11)] ratios it is necessary to
control the electrodeposition charge in order to obtain
thin films of tin-rich tetragonal deposits (SnCo). The
thickness of the SnCo film depended strongly on the
deposition potential as well.

Moreover, working at the lower [Sn(1)]/[Co(1I)] ra-
tios, the bath used allowed us to obtain, after deposition
of some initial SnCo, coherent Co-rich nanocrystalline
deposits. The cobalt contents increased with increasingly
negative electrodeposition potential. These deposits
oxidize at potentials corresponding to peak II, at more

positive values than that corresponding to pure Co,
which indicates that the presence of some Sn in the
deposit leads to an alloy more noble than pure Co.
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