Effects of Additive Agents on the Kinetics
Of Tin Electrodeposition from
An Acidic Solution of Tin(ll) Sulfate

By G.-S. Tzeng

polarization behavior and kinetic parameters of the electrode
reaction in acidic solutions of stannous sulfate were investi-
gated. More information about electrodeposition of tin from
these solutions, with and without additives, resulted from use
of cyclic voltammetry. Finally, the correlation of overpotential
with the diffusion coefficient of Sn(ll) in acidic solutions of
Sn(ll) sulfate containing varied organic additives was also
assessed.

The effects of benzaldehyde, acetophenone and 4-me-
thyl 2-pentanone additives on deposition of tin in acidic
solution of tin(ll) sulfate were investigated. The
solution containing the first two additives produced
greater cathodic polarization than that of the other
ketone, according to galvanostatic experiments. The
kinetics of deposition of tin, with or without additives,
were investigated with cyclic voltammetry and Tafel
plots. Based on these results, a mechanism is proposed
for the deposition process. The correlation of
overpotential with the diffusion coefficient of Sn(ll) in
various solutions was also investigated.

Experimental Procedure
A conventional three-electrode cell was used throughout. The
working electrode, a platinum rotating disk (Pt-RDE), was
electroplated with a layer of copper at a constant current (10
Stannous sulfate electrolytes are widely used for depositimA\) for 500 sec (referred to as Cu-RDE), or electroplated
oftinin electronics and related industries, but tin is electrodeith tin under the same conditions, except using acidic Sn(ll)
posited with little activation polarization from acidic solusulfate as the plating solution (referred to as Sn-RDE), and
tions of stannous sulfate in the absence of added agents. Usexl as cathode, except as explained otherwise. The Pt-RDE
deposits obtained under such conditions are porous, cpdrae a working area of 0.164 gnand was mounted on a
and poorly adherent, with formation of needles, whiskers|avariable speed motor. Platinum wire and a saturated calomel
dendrites that cause short circuits between anode and|catéetrode (SCE) were used as counter and reference elec-
odeir2 Many authors have suggested addition of orgartimdes, respectively. All electrolytes were prepared with
compounds to ensure fine-grained, smooth and compeegent grade chemicals and deionized water at room tem-
deposits-6Various organic additives, such as surface agentgerature. An acidic solution of Shg®.01 M) and HSO,
aromatic carbonyl compouneésand amine-aldehyde reac{10% by volume) was used in all experiments except for
tion productsio are used in plating solutions. Althouglcyclic voltammetry measurement, where Sp@1 M) and
considerable efforts are directed to finding additive agetisSO, (3% by volume) was substituted. Benzaldehyde,
for tin plating and to examine the effects of these agentsametophenone or 4- methyl 2-pentanone was used as a repre-
structural properties of deposits, little attention has hesentative organic additive at 1 or 2 mL/L. The Pt-RDE was
focused on establishing the way in which such orgariteaned before each experiment with @ ¥H,S0O, (5:1)
additives influence the kinetics of electrodeposition. solution for 30 min,

In this study, the effects of three compounds—benzalde- strip impurities p
hyde, acetophenone and 4-methyl 2-pentanone, which remanpletely. [
sent organic additives used in plating solutions—on [the |
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Fig. 1—Cathodic potential vs. time of deposi-
tion of tin on Pt-RDE or Cu-RDE (i =5 mA; conc.
of additive, 1 mL/L): (1) no additive, Cu-RDE;
(2) no additive, Pt-RDE; (3) 4-methyl
2-pentanone, Cu-RDE; (4) benzaldehyde,
Cu-RDE; (5) acetophenone, Cu-RDE.
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Fig. 2—Tafel plots of tin plate electrode in
solution with 1 mL/L additive: (1) no additive;
(2) benzaldehyde; (3) acetophenone; (4)
4-methyl 2-pentanone.

Fig. 3—Cyclic voltammograms of Pt-RDE in
acidic solution of tin(ll) sulfate at various scan-
ning rates: (1) 50 mV/sec; (2) 100 mV/sec; (3) 2
mV/sec (X 2.5).
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The rotational speed of the
Cu-RDE electrode was set at 1000
rpm, connected to an electrochemi-
in the

Table 1
Kinetic Parameters of Tin Deposition for Different Additives*

cal interface system
galvanostatmode. Tinwas platedat  aAqgitive b, b, a, a, .+ o
a constant current of 5 mA on the None 52.2 105.2 1.13 0.56 1.69
Cu-RDE, with electrode potential  benzaldehyde 4838 1075 121 0.55 1.76
(vs. SCE) recorded against time. acetophenone  52.5 108.1 1.12 0.55 1.67
Data obtained from electrolytes,  4-methyl

2-pentanone 48.8 103.7 1.21 0.57 1.78

with or without additives, were
transferred to a microcomputer for
storage and analysis. The electro-
plated tin was easily stripped with
NH,HF; (4 M) plus HO, (5% by
volume) solution.

Tafel plots were made in the same way as electijodelution containing benzaldehyde, acetophenone or 4-me-

potential measurements, but in a potentiodynamic miodehyl 2-pentanone, or without additive. According to Fig. 1, in
Experiments were made in a static solution with and withotlte nonsteady state (the first 100 to 150 sec), tin is deposited
organic additives. Pure tin plate was used as a workiog the Pt or Cu substrate with high overpotential whether the
electrode. The Tafel plot of a given solution was obtainegiating solution has additives (4-methyl 2-pentanone, plating
from an initial potential of about -0.6 V (vs. SCE) ahan Cu-RDE) or not. Once the substrate is covered with some
scanning anodically at a rate of 2 mV/sec, to the fin&In, the overpotential decreases (curves 1-3) and, at the steady
potential of -0.3 V. Because surface conditions affect Tafgtiate, Sn is deposited on the substrate overpotential. In the
plots, all plots were made without prescan. steady state, all three plating solutions had nearly the same

The cyclic voltammograms were measured with averpotential, within experimental error, whether the work-
potentiostat/galvanostat, connected to an X-Y recorder. Ting electrode was Pt-RDE or Cu-RDE and whether or not the
working electrode was either the Cu-RDE or Sn-RDE. Eseolution contained additives. These results show that under
periments were carried out in a static solution with or withpstich plating conditions, adsorption of 4-methyl 2-pentanone
organic additives. Cyclic voltammograms were measyred the electrode surface was too small to alter the electrode
with potential scan starting at -0.3 V (vs. SCE) and scannipgtential. In the case of large adsorption, as with benzalde-
cathodically; finally, scanning was reversed at -0.8 V. Alyde and acetophenone, the high overpotential is maintained
voltammograms were measured without prescan. in the steady state (Fig. 1, curves 4 and 5).

The diffusion coefficient of Sn(ll) in the acidic solution, In the steady state, on comparison of the electrode poten-
with or without additives, was measured with a potentiostaal of curve 3 (4-methyl 2-pentanone additive) with curve 4
and a rotating disc electrodelThe concentration of Sn(ll) in (benzaldehyde additive) or 5 (acetophenone additive), we
the electrolytes was determined with an atomic absorptiind that a solution containing a carbonyl compound as
spectrophotometer. The kinematic viscosity of solutions ywasdditive which, having a phenyl group, had a more negative
measured with an Ostwald viscometer. electrode potential than one having only an alkyl group;
accordingly, an additive with a phenyl group was easily
Results and Discussion adsorbed on an electrode surface, resulting in greater elec-
Polarization Measurement trode potential needed to deposit tin on Cu-RDE. Therefore,
Figure 1 shows a continuous recording of cathodic potentisé can reasonably predict that a plating solution containing
against duration of deposition of tin on Pt-RDE or Cu-RDHenzaldehyde or acetophenone additive enables more com-
at 1000 rpm and constant current of 5 mA, for a plafingact, smooth and fine-grained electrodeposits of {Gom-

*Units of b are mV/decade; subscripts a and c denote the anodic and cathodic values,
respectively.
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Fig. 4—Cyclic voltammograms of Cu-RDE in

acidic solution of tin(ll) sulfate at various scan-

ning rates: (1) 50 mV/sec; (2) 100 mV/sec.
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Fig. 5—Cyclic voltammograms of Sn-RDE in
acidic solution of tin(ll) sulfate at scanning rate
of 100 mV/sec.

Fig. 6—Voltammograms at times after one
drop H,O,added to an acidic solution of tin(ll)
sulfate at a scanning rate of 50 mV/sec: (1) t=
0; (2) 5 min; (3) 30 min; (4) 60 min; (5) 75 min.

PLATING & SURFACE FINISHING



in
| | |
| |
| | |
|I | |
| |
fuf J | |
] P
/ [22ma / | 05 I|
/ / LA |
i A __.-" — i I k
F. || anadic | ____-——__' _."I ,' V' aamal
_.I—--_—__ - FI callsdic " | | L L J 1 - -":.-_I-I_ r
e 48 07 48 BF 04 03 ~d .\ .
N Palamtial EV va SCE i i
i z o ——
___.-" ' ) Fig. 8—Voltammogram of Pt-RDE in acidic so- __--"‘ul v ‘pthodiel
I I*_'—,_ — lution of tin(ll) sulfate, scanning from -0.8 V to S Ko
R L '“H.I' L -0.3 V at 100 mV/sec. L e =
48 0T 0K 4.5 ETIT 1Y TR TR NN e e M B I SN
Paiamial E, V va. SCE e af o 45 a4 4
- - " Paotendial E\V w5 SCE
Fig. 7—Cyclic voltammograms of Pt-RDE in i ; ;
various solutions at a scanning rate of 2 mv/ Table 2 Fig. 9—Cyclic voltammograms of Cu-RDE in

sec: (1) scanning forward and backward in Diffusion Coefficient (10-scmz2/sec)
SnSO, (0.01 M) + H,SO, (3%); (2) scanning for- of Sn(II) for Solution

acidic solution of tin(ll) sulfate: (1) no additive;
(2) benzaldehyde, 1 mL/L; (3) benzaldehyde,

ward in SnSO, (0.01 M) + H,S0, (3%), but . y . 2 mL/L.
backscan in H,S0, (3%) only. With or without Additive

no additive
parison of all curves in Fig. 1 indicates 6.23 £0.04 shown in Figs. 3, 4 and 5. Whether the
that at the initial stage (less than 10( working electrode was Pt-RDE,
sec) of deposition of tin on Pt-RDE, a benzaldehyde Cu-RDE or Sn-RDE, these figures ex-
somewhat larger electrode potential is 5.48+0.13 hibit similar shapes (i.e., every curve
exhibited than that on Cu-RDE, regard- has three maxima at about the same
less of whether the plating solution con- ac?;f:‘g?g“e electrode potential); when the scan rate

tained an additive.

4-methyl 2-pentanone
Tafel Plots 3.98 0.11

Tafel plots, electrode potential againsi
log i, appear in Fig. 2. Addition of any
of the three specified additives to the
plating solution had little effect on the
equilibrium potential (about -0.5 V vs. SCE) of Eq. (1):

8n+ 2e - Sn (

Calculation of the Tafel slope (b) and transfer coefficiaht

was 2 mV/sec, only two maxima ap-
peared in Fig. 3, but the magnified
curve also exhibited three maxima.
Sn(ll) is easily oxidized by oxygen;
accordingly, the tin(ll) sulfate com-
pound without purification may con-
tain Sn(1V) species as a small fraction.
When the potential was scanned cathodically, each curve in
Figs. 3, 4 and 5 consisted of two reduction peaks. Peak I,
)about-0.47V,was smaller, corresponding to the Sn(IV)-Sn(ll)
reaction, whereas peak I, about-0.53 V, corresponded to the
(Sn(I1)-Sn couple reaction. These two maxima resembled

of anodic or cathodic electrodes in various plating solutiotisose observed by Glodowski et@ffor reduction of Sn(1V)

led to the results listed in Table 1. These values of the
slope and transfer coefficients of anodic and cathodic r
tions are approximately constant, whether the plating
tion contain an additive or not. According to Nagesw
investigatiorssthe variation of Tafel slope indicates whet
the reaction mechanism of the active species remain
same. Therefore, from the values of the Tafel slope (Tab
the reaction mechanism of Eq.(1) remains the same re
less of whether the solution contains an additive or not
The sum of values of, + o, is another important paral

aétl dropping mercury electrode. The reason that peak Il was
dlee Sn(ll)-Sn couple reaction at the electrode substrate re-
olyuires further discussion.

r's When a drop of hydrogen peroxide solution was added to
ethe acidic solution of tin(ll) sulfate, the results were as shown
thd=ig. 6. The maximum current of peak Il was gradually
e djninished to some extent after 5 min; thereafter there was
aatinost no effect. The reason is that a small fraction of Sn(ll)
was oxidized by hydrogen peroxide to Sn(lV); consequently,
-the concentration of Sn(ll) was decreased, resulting in de-

eter in Table 1; the sum is about 1.7 (i.e., approaching 2)eased peak current at Il. Evidently, peak Il corresponds to

whether the plating solution has an additive or not. There

otbe Sn(I1)-Sn couple reaction, and belongs to a two-electron

for all plating solutions, the discharge of Sn(ll) ions is @wansfer reaction. This result is consistent with the Tafel plots

two-electron transfer per Sn(ll) ien.

Cyclic Voltammetry
The reaction mechanism of Sn(ll) in acidic solution, acc

(i.e., reduction of tin(ll) ions was a two-electron transfer
reaction. The maximum current of peak | did not increase
explicitly, but resulted in a gradually decreased maximum
praurrent. An explanation is that Sn(lV) formed a white pre-

ing to cyclic voltammetry, is not clearly elucidated in theipitate (SnQ) in our test solution, and the reduction poten-

literature; therefore, qualitative assignments
voltammograms were primary objectives in the cyq
voltammetry experiments. The effects of the working e

dfal of SnGQ was beyond our experimental range.
lic When the potential was scanned from -0.8 V to -0.3 V,
ethere was only one oxidation maximum peak (lll) in each

trode on the cyclic voltammetry of the Sn(ll) reaction
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areurve in Figs. 3,4 and 5. The area of peak lll is larger than that
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Fig. 10—Cyclic voltammograms of Cu-RDE in
acidic solution of tin(ll) sulfate: (1) no additive;
(2) acetophenone, 1 mL/L; (3) acetophenone,
2 mL/L.

Fig. 11—Cyclic voltammograms of Cu-RDE in
acidic solution of tin(ll) sulfate: (1) no additive;
(2) 4-methyl 2-pentanone, 1 mL/L; (3) 4-methyl
2-pentanone, 2 mL/L.

Fig. 12—Regression lines describing limiting
current density vs. square root of rotational
speed for solution with and without

additives: m no additive; A benzaldehyde;
0 acetophenone; * 4-methyl 2-pentanone.

of peaks | and Il, showing that in the anodic reaction rangpproximately the same potential randbereby affecting
(i.e., potential between -0.5 V and -0.4 V), there mighi ltkee shape of the voltammograms; at a smaller concentration
superimposed oxidation of Sn and Sn(ll). This prompted benzaldehyde (1 mL/L), only the anodic oxidation peak
investigation of the reaction of peak III. was affected (curve 2). The limiting current decreased gradu-
Figure 7 shows cyclic voltammograms on Pt-RDE fally when the system reached the region of control by mass
various electrolytes. In the backscan process of curvetransfer.
H,SO, solution (3%) was used instead of an acidic solutiop of
tin(ll) sulfate. The area of peak Il (curve 2) was smaller th@iffusion Coefficient
that of peak Il (curve 1), indicating that the Sn-Sn(ll) couplEhe diffusion coefficient of Sn(ll) in solution, with or with-
oxidation reaction really appeared at a potential between -0Ui additives, was determined with an RDE system. Accord-
Vand -0.4 V. ing to Fig. 12, the limiting current of four types of solution
Voltammograms of Pt-RDE in acidic solution of tin (ll)was proportional to the square root of the speed of rotation
sulfate, scanned from -0.8 Vto -0.3 V, appear in Fig. 8. Thered obeyed a linear relationship; the diffusion coefficient
is an oxidation peak at a potential between about -0.5 V| amas then calculated from the slope of these lines according to
-0.38 V, this peak indicates the Sn(Il)-Sn(IV) couple oxigd-evich’'s equationzThe results appear in Table 2. Itis known
tion reaction. The couple oxidations of Sn-Sn(ll) and| #at when the solution contains more electrolyte or mol-
Sn(1)-Sn(IV) were actually superimposed on each otherextules, the active ions coordinate with these foreign electro-
potentials between about -0.5 V and -0.4 V. Therefore, ltes or molecules, or form a chemical interaction with them,
Figs. 3,4 and 5, the area of peak (111} is larger than that of pelagreby resulting in decreased rate of diffusion of active ions;
(I) and (I). As electroplated tin was oxidized to Sn(ll) andccordingly, the diffusion coefficient of active ions de-
promptly to Sn(lV), so in curve 2 (Fig. 7) the area of peakdteases. Figure 1 shows that the overpotential of a solution
exceeded that of peak I. containing benzaldehyde or acetophenone additive is greater
The effects of organic additives on cyclic voltammograntkan that of 4-methyl 2-pentanone, so benzaldehyde or
on Cu-RDE in acidic solution of tin(ll) sulfate are shown| iacetophenone additives are more easily adsorbed on the
Figs. 9-11. According to Fig. 1, in the initial step, thelectrode surface. The former additives remain in solution for
electrode potential of deposition of tin on Cu-RDE washorter times than the latter, and the diffusion coefficient of
nearly the same, regardless of whether an additive was u&sll) is more strongly affected by 4-methyl 2-pentanone
As evident in Figs. 10 and 11, the cyclic voltammograms afiditive than by the other two. The results in Table 2 show
a solution containing up to 2 mL/L of acetophenone| tinat the diffusion coefficient of Sn(ll) was the largest in
4-methyl 2-pentanone additives are similar to those ofaaidic solution of tin(ll) sulfate without additive, smaller for
solution without additive. Because of adsorption |dfenzaldehyde and acetophenone and smallest for 4-methyl
acetophenone or 4-methyl 2-pentanone (slight) on the elgepentanone, consistent with our predictions.
trode surface, resulting in decreased deposition or dissolution
of tin, the total peak area of the anodic reaction was smaBermmary
than for an additive-free solution. Figure 9 shows that wh&he effects of two aromatic carbonyl compounds, benzalde-
2 mL/L (curve 3) of benzaldehyde was added to the acidigde and acetophenone, and an aliphatic ketone, 4-methyl
solution of tin(ll) sulfate, the shape of the voltammogrgn¥spentanone, on the kinetics of tin electrodeposition from an
differed from that of the corresponding solution withowcidic solution of tin(ll) sulfate were investigated. In the
additives (curve 1). An explanation is that benzaldehyde cstrady state, benzaldehyde and acetophenone additives had a
be oxidized to benzoic acid or reduced to benzyl alcoholdreater overpotential on electrodeposition of tin in acidic
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solution of tin(ll) sulfate than for 4-methyl 2-pentano
additives. Therefore, a carbonyl compound containin
phenyl group may act as a good grain refiner. Under s
plating conditions, an aldehyde compound, such as benz
hyde, can be oxidized to carboxylic acid or reduce
alcohol, so may be able to affect the deposition propertieq
tin or the limiting current of deposition of tin, but a keton
compound cannot be oxidized or reduced during deposijt
of tin; therefore, a ketone compound containing a phern
group may be a better additive than an aldehyde.
According to cyclic voltammetry and Tafel plots studi
electro-deposition of tin in an acidic solution of tin(ll) sulfat
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