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Abstract Using cyclic-voltammetric techniques, a pyro-

phosphate-cyanide electrolyte for the electrodeposition of

compact Ag–Sn alloy coatings is investigated. This elec-

trolyte is suited to further investigations on the alloy

composition, structure and properties. The electrodeposit-

ion of coatings with up to 40 wt% Sn is possible from the

investigated complex electrolytes. The alloy surpasses the

saturation limit of the silver lattice with Sn and allows the

formation of coatings with phase heterogeneity. At high tin

content an ordered spatial distribution of different alloy

phases on the cathodic surface can be observed. The pat-

tern formation in this system looks very similar to the

phenomena and structures observed during electrodeposit-

ion of other silver alloys, such as Ag–Sb, Ag–Bi and

Ag–In.

Keywords Silver–tin alloys � Electrodeposition �
Electrolytes � Spatio-temporal structures

1 Introduction

Electrodeposited silver finds wide application in contem-

porary technology due to its excellent properties such as

high electrical and thermal conductivity, high reflexion

coefficient, and excellent catalytic and antibacterial prop-

erties [1]. Alloying with other metals can achieve an

enhancement of some properties of silver, like low hard-

ness, wear and tarnish resistance. Several electrolytes and

processes for electrodeposition of silver alloys with

antimony [2–10], copper [5, 11–14], cadmium [5, 12, 15–19],

bismuth [3, 20–24], lead [5, 12, 25–27], indium [3, 5, 28–35],

tin[36–39]andothermetalshavebeenreported.

In most cases, electrodeposits which contain the alloy-

ing element up to several weight percents are of practical

importance. In such alloys an enhancement in the physico-

mechanical properties of the basic metal is observed,

especially in the region of solid solution formation [40].

Coatings with increased content of the alloying element

could be of increased scientific interest when simultaneous

different phases of the alloy system are formed during

deposition. In such cases self-organization phenomena and

formation of ordered spatio-temporal structures on the

cathode surface may be observed. Such structure and pat-

tern formation occurs during co-deposition of silver with

antimony [41–43], indium [28, 29, 32], and bismuth [22].

Silver alloys with tin are important because of their

improved corrosion and tarnish resistance (at high silver

contents in the alloy) compared to pure silver, as well as for

their better physico-mechanical properties and increased

melting point (at high tin contents) compared to pure tin,

the latter being important when several contact elements

for electronics are plated. The physical properties of Ag–Sn

alloys were established a long time ago [44]. The best and

relatively long-lasting strength properties are observed in

the eutectic alloy [45]. Alloys with 2.5–5 wt% Ag show

higher resistance to plastic deformations compared to pure

tin [45], and alloys with 11 wt% Ag form solder joints with

2–4 times higher strength than pure tin or tin-lead alloys

[46]. Alloys with 5–7 wt% Sn have a significantly better

tarnish resistance compared to pure silver [47].

The difference between the standard potentials of Ag

and Sn is large (0.94 V) and therefore the alloy can be

deposited only from electrolytes where silver is bonded in

strong complexes. As possible complex forming agents
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CN-, SCN-, S2O3
2- and S2O8

2- anions are mainly used.

The reduction potentials of silver from these complexes are

within the interval 0.21 to -0.3 V versus the normal

hydrogen electrode. Electrodeposition of the alloy is pos-

sible from electrolytes on a different basis. Literature data

exist about the application of alkaline [48], cyanide [49]

cyanide-pyrophosphate [36, 39, 50–52], iodide-pyrophos-

phate [53, 54] and acid electrolytes, the latter based on salts

of both metals and thiourea as a complex forming agent for

silver [55], and methanesulphonic [56], mercaptopropion-

sulphonic [57] and other electrolytes. There are variants for

both tin-rich, as well as tin-poor coatings and it is possible,

under certain conditions, to achieve simultaneous deposi-

tion of phases with different tin content, which can self-

organize to form ordered periodic structures on the cathode

surface.

The aim of the present work is to find, on the basis of

cyclic-voltammetry, an electrolyte for the electrodeposition

of compact Ag–In alloy coatings, appropriate for further

investigations on their composition, structure and proper-

ties, as well as to find conditions for the formation of

periodic spatio-temporal structures on the electrode surface.

2 Experimental

The composition of the investigated pyrophosphate-cya-

nide electrolytes is given in Table 1. All solutions were

made with p. a. purity chemicals and distilled water.

Both salts SnCl2 and K4P2O7 were dissolved separately

in water and the tin containing solution was added to the

pyrophosphate one under continuous stirring with a mag-

netic stirrer. Then KOH was added to the solution in small

portions and the electrolyte became milky white. Na2ED-

TA � 2H2O was then added in small portions, so that the

electrolyte became clear. The next step involved the

addition of H2O2 and, after half an hour, the last solution

containing KAg(CN)2 and KCN was added. In some

electrolytes Sn2P2O7 was used instead of SnCl2 � 2H2O.

The experiments were performed in a 50 cm3 three-

electrode glass cell at room temperature without agitation

of the electrolyte. The vertical working electrode (area

0.6 cm2) and the two counter electrodes were made of

platinum. An Ag|AgCl reference electrode (EAg|AgCl =

-0.197 V vs. SHE) was used. The reference electrode was

placed in a separate cell filled with 3 M KCl solution

(Merck), connected to the electrolyte cell by a Haber-

Luggin capillary through an electrolyte bridge also con-

taining 3 M KCl solution. All potentials are given against

this reference electrode.

The experiments were carried out at room temperature

by means of a computerized PAR 263 A potentiostat/gal-

vanostat using the Soft Corr II software. The sweep rate

was varied between 0.005 and 1 V s-1.

The Sn percentage in the coatings was determined by X-

ray fluorescence analysis (Fischerscope X-RAY HDVM-

W). The surface morphology of the coatings was studied by

optical and scanning electron microscopy (SEM). The

phase analysis was performed by means of a Philips PW

1050 diffractometer at 2h angles from 25 to 80� with CuKa

irradiation and a scintilation detector.

3 Results and discussion

The hydrogen evolution in the absence of Ag and Sn in the

basic electrolyte starts at about -1,000 mV (Fig. 1, curve

1). Silver deposition starts in the absence of Sn at similar

potentials (curve 2). Two cathodic maxima are registered at

about -1,030 and -1,174 mV possibly due to the depo-

sition of silver from different complexes [58] and the silver

dissolution reaction runs in one stage starting at about

-730 mV reaching its maximum rate at a potential of

-450 mV.

One cathodic maximum at about -1,190 mV is

observed during electrodeposition of tin (curve 3) in the

absence of silver, i.e. in the region of the second cathodic

Table 1 Composition of the

electrolytes for Ag–Sn alloy

electrodeposition

Components Composition (g dm-3)

Basic

electrolyte

Electrolyte 1 Electrolyte 2 Electrolyte 3 Electrolyte 4

Ag as KAg(CN)2 15.5 15.5 8 15.5 15.5

Sn as SnCl2 � 2H2O 15.5 20 8 – –

Sn as Sn2P2O7 – – – 20 20

K4P2O7 137 137 137 200 200

KOH 8 8 8 – –

Na2EDTA � 2H2O 60 60 60 60 60

H2O2 (30%) 2 ml 2 ml 2 ml 2 ml 2 ml

KCN 60 60 60 60 90
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maximum of silver, which offers the opportunity for

co-deposition of both metals.

Two tin dissolution maxima are observed in the anodic

cycle at about -840 and -640 mV. The first one is much

more negative than the silver dissolution potential in this

electrolyte. The second cathodic maximum is in the region

of silver dissolution. In this system, silver is a more posi-

tive element than tin. The electrodeposition of the alloy is

of regular type according to Brenner [12].

In the presence of both metals in the electrolyte (curve

4), silver is deposited at more negative potentials

(-1,060 mV) compared to deposition in the tin-free elec-

trolyte (-1,030 mV). The first cathodic maximum in the

cyclic voltammetric curve corresponds to pure silver. At

the position of the second cathodic maximum of silver (see

curve 2), as well of the cathodic maximum of tin (see curve

3) a hump in the curve appears. At this potential a silver–

tin alloy coating is probably deposited. Tin is deposited in

the presence of silver with a polarization of about 130 mV

and its deposition potential shifts -1,190 to -1,320 mV

(see curve 3).

In the anodic part of the cyclic voltammetric curve three

electrochemical reactions are registered. The first two of

them, at about -580 and -430 mV, respectively, appear in

the silver dissolution region, i.e. the alloy coating is dis-

solved at more positive potentials than pure tin. There is no

maximum that can be ascribed to the tin phase. i.e. tin is

probably combined in alloy phases with silver and the alloy

coating is nearly as noble as the silver itself. Another

possibility is that pure tin in the coating is covered by silver

due to a replacement reaction when the system passes over

the potential range of the tin dissolution reaction in the

sweep in the anodic direction. The third anodic maximum

at about ?400 mV probably corresponds to the dissolution

of passive films formed at more negative potentials in the

anodic cycle.

In order to ascribe the anodic peaks to the different phases

of the alloy system electrodeposited in the cathodic cycle, the

potential scan direction was changed at different cathodic

potentials within the interval -1,060 to -1,400 mV.

When the potential sweep direction is changed in the

region of the first cathodic maximum, i.e. in the region of

pure silver deposition, the anodic maximum corresponds to

the dissolution of this metal (Fig. 2). When the scan

direction is changed in the region of the hump in the curve

after the first cathodic maximum, i.e. in the region where

the co-deposition of both metals and the alloy formation is

possible, the electrodeposit is dissolved at slightly more

positive potentials and the silver dissolution peak becomes

a hump on the left side of the maximum. The X-ray dif-

fraction spectrum (Fig. 3, solid line) of a sample deposited

at a potential of -1,235 mV (see Fig. 2, curve 3) shows

only the peaks of the silver lattice with some shift in low 2h
angle direction that corresponds to the expansion of the

silver lattice by tin atoms when the solid solution of tin in

silver (a-phase) is formed. The absence of a tin dissolution

peak in the CV curves (Fig. 2, curve 3) confirms that all the

co-deposited tin is included in the a-phase.

When changing the potential scan direction at more

negative potentials (Fig. 2, curve 6), the anodic maximum

is split into two peaks corresponding to different alloy

phases—possibly a solid solution of tin in silver and some

other tin-richer phase. The corresponding diffraction

spectrum of a coating deposited at -1,400 mV (Fig. 3,

dashed line) shows the maxima of small amounts of tin and

silver. The coating consists mainly of a Ag3Sn phase. In the

corresponding anodic curve of dissolution (Fig. 4, curve 1),

a peak of pure tin is still not registered, possibly due to its

Fig. 1 Cyclic voltammetric curves: 1 (-.-.-.), BE without Ag and Sn;

2 (….), BE without Sn; 3 (- - - -), BE without Ag; 4 (——), BE;

sweep rate 25 mV s-1

Fig. 2 Cyclic voltammetric curves in BE Vertex potentials:

-1,060 mV (——); -1,136 mV (- - -); -1,235 mV (....);

-1,263 mV (-. -.); -1,300 mV (-.. -..); -1,400 mV (—-); sweep rate

25 mV s-1
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passivation or replacement by silver. However, b-tin

reflexes remain in the diffraction spectrum after repetitive

scans in the positive direction up to 0 V (Fig. 3, dotted

line) and the disappearance of the split peak of the silver

containing phases (Fig. 4, curve 2) is observed.

A dissolution peak of tin is registered when a coating

deposited at a potential of -1,400 mV is dissolved in the

same electrolyte in the absence of silver (Fig. 4, curve 3)

which confirms that a replacement reaction of tin with

silver takes place.

As expected, an increase in tin concentration in the

electrolyte leads to an increase in the rate of tin deposition

(Fig. 5). In spite of the possibly higher tin amount

deposited, a tin dissolution maximum is still not observed.

The changes in the anodic part of the CV curves are pos-

sibly connected with increased passivation of the tin richer

phases compared to the case represented by curve 1.

At other metal concentrations, but the same ratio of both

metals in the electrolyte, some depolarization as well as

some acceleration of the cathodic reactions is observed, as

expected. However, significant changes in the ratio of the

rates of the different anodic reactions are not registered

(Fig. 6).

The effects of the tin salt used and of the alkalinity of

the electrolyte are shown in Fig. 7. When using Sn2P2O7

(curve 2) instead of SnCl2 (curve 1) no changes in the

silver deposition reaction are observed, but in the absence

of KOH (curve 2) which influences tin deposition more

strongly than that of silver, some depolarization of tin

deposition, even at higher concentrations of pyrophosphate

ions, occurs (compared to curve 1).

The alloy dissolution reaction is also well expressed due

to the contribution of K4P2O7. An increase in the

Fig. 3 XRD of Ag–Sn coatings deposited in BE at constant potential

for 1 min: (——) E = -1,235 mV; (- - -) E = -1,400 mV; (...) after

a repetitive scanning in a positive direction

Fig. 4 Anodic linear sweep voltammograms of Ag–Sn coating: 1

(——), deposited at a potential E = -1,400 mV, first scan; 2 (- - -),

after repetitive scans in positive direction; 3 (...), in BE in absence of

Ag, first scan

Fig. 5 Influence of CSn: (——) 15 g dm-3 Sn (BE); (- - -) 20 g dm-3

Sn (electrolyte 1); sweep rate 25 mV s-1

Fig. 6 Influence of metal ion concentration at constant ratio (1:1) on

the electrode processes: BE (——); electrolyte 2 (- - -); sweep rate

25 mV s-1
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concentration of free KCN (curve 3) causes polarization of

the cathodic reactions and additional depolarization of the

anodic reaction due to the strong complex forming effect of

KCN on silver.

The investigations show that the electrodeposition of the

alloy from this type of electrolyte and the formation of

different alloy phases are possible. Due to its passivation or

replacement of tin with silver, dissolution of pure tin phase

cannot be detected in the anodic branch of the

voltammograms.

The complex forming agent EDTA affects the first

cathodic reaction of silver deposition more strongly com-

pared to K4P2O7. The effect of both complex forming

agents on the second cathodic reaction is similar (Fig. 8).

Their combination exerts a weak synergetic effect leading

to additional inhibition of the first cathodic reaction which

reflects in the diminished anodic maximum in the presence

of both substances. An electrolyte containing a combina-

tion of both complex forming agents should have better

exploitation parameters.

The deposition of coatings with up to 40 wt% tin is

possible from the investigated electrolytes (Fig. 9). Tin

percentage was measured on a Hull cell (25 cm3) sheet

covered with the alloy with a current of 100 mA for

10 min. The percentage values were measured in the

middle height of the covered area. The system is of regular

type according to Brenner [3], so tin percentage increases

with increasing current density up to about 1.5 A cm-2.

There are no further changes at higher current densities

because of diffusion limitations for the deposition of both

metals.

The possibility for electrodeposition of alloy coatings

with significant amounts of tin which surpasses the satu-

ration limit of the silver lattice with this metal and,

therefore, the limit for the formation of a solid solution of

tin in silver, allows the deposition of coatings with phase

heterogeneity. In such a case the question about the spatial

distribution of the different phases in the coating and on its

surface arises. Figure 10 shows a heterogeneous coating (in

Fig. 7 Influence of tin (II) salt type and KCN amount on the

electrode processes: electrolyte 1 (——); electrolyte 3 (- - -);

electrolyte 4 (...); sweep rate 25 mV s-1

Fig. 8 Effect of complexing agents Na2EDTA and K4P2O7 on silver

deposition in the absence of Sn: curve 1 (——) BE; curve 2 (- - -) BE

in the absence of K4P2O7; curve 3 (…….) BE in the absence of

Na2EDTA; sweep rate 25 mV s-1

Fig. 9 Effect of current density on alloy composition. Hull plate

from electrolyte 1

Fig. 10 Surface morphology of an Ag–Sn coating deposited in the

Hull cell from electrolyte 1. Current density region between 0.8 and

1.0 A cm-2; Sn content in the deposit about 35–40 wt%
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the middle part of the Hull cell cathode) deposited at

current densities between 0.8 and 1.0 A dm-2, with a tin

content between 35 and 40 wt%. Self-organization phe-

nomena, like waves and periodic spatio-temporal structures

consisting of phases with different tin content were

observed on the electrode surface; these are very similar to

the structures observed during electrodeposition of other

silver alloys, such as Ag–Sb [41–43], Ag–Bi [22] and Ag–In

[32, 33]. Investigations of the changes in the scale and in

the period of the observed spatio-temporal structures

depending on the electrolysis conditions and the compo-

sition of the alloy coating are still in progress.

4 Conclusions

The deposition of Ag–Sn coatings with up to 40–50 wt%

Sn is possible from the investigated electrolytes. XRD

results show the presence of Ag, Sn and Ag3Sn phases in

the coatings. Phase heterogeneity is observed at high tin

content in the coatings and results in ordered spatio-tem-

poral structures similar to the structures observed in the

electrodeposition of other silver alloys.
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