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Abstract The electrodeposition of silver on platinum

from ammonium-buffered solutions containing HEDTA

(N-(2-hydroxyethyl)ethylenediaminetriacetic acid) at vari-

ous concentrations was investigated. Potentiometric

titration and voltammetric studies indicated that in the

presence of 2.0 · 10–1 M HEDTA, the deposited silver

was reduced from a mixture of [AgHEDTA]2– and

[Ag(NH3)2]+ complexes, whereas at 2.0 · 10–2 M and

2.0 · 10–3 M HEDTA in the electrolyte, the silver was

reduced from the [Ag(NH3)2]+ complexes alone. Hydro-

dynamic studies showed variation in the diffusion

coefficient for the electroactive species in solution,

depending on the HEDTA concentration. Chronoampero-

metric study in a solution containing 2.0 · 10–1 M HEDTA

at low overpotential (0.000 V to –0.050 V) showed a

transition from progressive to instantaneous nucleation in a

single current transient, whereas, at –0.200 V only 3D-

progressive nucleation controlled by mass transport was

observed. Scanning electron microscope images showed

that the silver films produced in silver baths with HEDTA

were uniform, without cracks, and fine-grained, regardless

of its concentration, while in the absence of HEDTA the

morphology was rough and dendritic. X-ray diffraction

analysis of the films obtained at various HEDTA concen-

trations revealed polycrystalline silver, similar to film

obtained in cyanide and EDTA/ammonia baths.

Introduction

An extensive search has been made in the electroplat-

ing industry for novel electrolytes for silver

electrodeposition as alternative to cyanide solutions

[1–16]. For this purpose, several additives are employed in

the plating bath for their beneficial effect on film mor-

phology. In general, these additives are organic substances,

which may act as smoothing, brightening, complexing

agents, etc.

Silver electrodeposition on a platinum substrate from

silver nitrate solutions, without any additives in the plating

bath, results in poor films, which are formed by clusters of

crystallites and dendrites dispersed on the Pt substrate [17].

In addition, it has been observed that silver film deposited

on platinum from ammonium-buffered solutions has a

similar morphology, although the substrate is covered

better. On the other hand, the presence of the EDTA

(ethylenediaminetetraacetic acid) in the plating bath leads

to films of high quality [15].

In this study, silver electrodeposition on platinum was

investigated in ammonium-buffered solutions with various

concentrations of HEDTA (N-(2-hydroxyethyl)ethylenedi-

aminetriacetic acid), an aminopolycarboxylate ligand

similar to EDTA. Although the additives HEDTA and

EDTA are similar, they can affect the silver electrode-

position process differently, since different charged species

can be formed at a specific pH, leading to silver films with

distinct morphologies. The results described here illustrate

how the HEDTA influenced the deposition kinetics, the

mechanism by which the crystals nucleate and grow and

the morphology and the structure of the silver

electrodeposits.
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Experimental details

All chemicals were analytical grade. Double-distilled water

was used throughout. Each electrochemical experiment

was performed in a freshly prepared solution, containing

1.0 · 10–1 M AgNO3 + x HEDTA + 5.0 · 10–1 M NH3 +

1.0 · 10–1 M NH4NO3 (pH = 10.5), where x may be 0 M;

2.0 · 10–3 M; 2.0 · 10–2 M; and 2.0 · 10–1 M.

Potentiometric measurements were performed with a

Micronal B474 pH-meter. A silver wire of 2 cm and cal-

omel (Hg/Hg2Cl2, 1.0 M KCl) were used as indicator and

reference electrodes, respectively.

Voltammetric and chronoamperometric curves were

recorded with an EG&G PAR electrochemical system

consisting of a Potentiostat/Galvanostat, model 173 and the

signal were recorded by x-y-t ECB RB400 recorder.

Hydrodynamic measurements were carried out with a

rotating disk electrode system, PAR model 366. Deposition

charge density was measured with an EG&G PAR Cou-

lometer 179. All experiments were carried out at room

temperature (25 �C). A platinum disk (0.196 cm2), a Pt

plate, and an appropriate Lugging capillary containing Hg/

HgO, 1.0 M NaOH, were employed as working, auxiliary,

and reference electrodes, respectively. Immediately prior to

the electrochemical measurements, the working electrode

was rinsed with a mixture of concentrated sulfuric and

nitric acids. All values of current density shown in the

voltammetric and chronoamperometric curves were cal-

culated with respect to the initial platinum electrode area.

In this work we studied the influence of HEDTA on the

deposition process and in the morphology and structure of

silver deposit, then, the platinum substrate was only

employed as work electrode due to its noble character.

Scanning Electron Microscopy (SEM) photographs were

taken with a Leica Stereoscan 440 [15, 18–25].

X-ray diffraction (XRD) patterns were produced with

Cu Ka radiation (1.5406 Å), using a Rigaku Rotaflex

RU200B X-ray goniometer, in 2h scanning mode (fixed

x = 2�) [15, 19, 20, 24–26].

SEM and XRD analyses were carried out on silver films

deposited by chronoamperometry at –0.200 V (referred to

the Hg/HgO, 1.0 M NaOH electrode) with 2.0 C cm–2.

Results and discussion

Potentiometric titration study

In order to establish the species of complex formed in the

electrolytic solutions used in this study of silver deposition,

a series of potentiometric titrations were performed

(Fig. 1). The potential values were referred to the Hg/

Hg2Cl2, 1.0 M KCl electrode, which was only used for

potentiometric titrations. Table 1 shows the composition of

the solutions used in the titrations shown in Fig. 1 and the

respective ratios of [HEDTA]/[Ag+] and [NH3]/[Ag+] at

the end point.

When AgNO3 was titrated with HEDTA (Y3–),

(Fig. 1(h h h)), a well-defined end point was seen at a

ratio of 1.17:1.00 [HEDTA]/[Ag+], indicating the forma-

tion of the complex ion [AgHEDTA]2–. However, the

titration with ammonium-buffered solution (Fig. 1(j j

j)) showed an end point at 1.96:1.00 ratio of [NH3]/[Ag+],

which corresponds to the ion complex [Ag(NH3)2]+. It is

important to observe that the potentials of the electrode at

the end of the two titrations were very close, since the

complex ions [AgHEDTA]2– and [Ag(NH3)2]+ have similar

stability constants (b), i.e., 106.7 and 107.24, respectively

[27]. This result showed that [AgHEDTA]2– and

[Ag(NH3)2]+ were the main complex species formed in

solution containing HEDTA and ammonia, respectively.

With the purpose of finding out whether solutions con-

taining NH3 and HEDTA, a mixed complex could be

formed, for example [Ag(NH3)(HEDTA)]2–, or a mixture

of complex ions, various titrations with differing ratios of

[NH3]/[HEDTA] were performed. Also, the effect of

ammonium nitrate on the titration process was verified.

During the titration, for any mixed complex, the end

point should be given by the limiting-ligand reactant and

silver ion concentrations for the various ratios of [NH3]/

[HEDTA] in the solution. The titration curves for solutions

containing NH3 and HEDTA showed one end point each

(Fig. 1: S3, S4, S5, and S6). In this case, it was found that on

increasing or decreasing the ratio of [NH3]/[HEDTA] from

2.5 to 5.0 or 1.3, neither [HEDTA]/[Ag+] nor [NH3]/[Ag+]

Fig. 1 Potentiometric titration curve of 50 mL of 2.00 · 10–2 M

AgNO3 with solutions of NH3, HEDTA, or NH3 + HEDTA with

different ratios of NH3 and HEDTA. The compositions of these

solutions are given in Table 1. Potential values were referred to the

Hg/Hg2Cl2, 1.0 M KCl electrode
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remained similar at the end point. These results indicated

that probably mixed complex were not formed. Actually, it

is probable that formation of a mixture of two complexes

did occur, viz., [AgHEDTA]2– and [Ag(NH3)2]+, since

these complexes have similar stability constants.

This hypothesis was supported by the fact that at the end

point in the titration the following relation should apply:

EP ¼ ½NH3�=2þ ½HEDTA�
� �.

½Agþ� ¼ 1 ð1Þ

where [NH3], [HEDTA], and [Ag+] are the total concen-

trations of the species at the end point (EP). Table 1 shows

that EP was close to 1 for all the titrations containing NH3

and HEDTA, indicating that in these solutions, mixtures of

complexes [AgHEDTA]2– and [Ag(NH3)2]+ were formed.

Moreover, it was shown that NH4NO3 did not affect the

titration curve, showing that it was not necessary to con-

sider its concentration in the calculation of the end point.

Electrochemical study

Voltammetric study

Figure 2(a) shows voltammetric curves for silver electro-

deposition on a platinum electrode from solutions of

various compositions, containing AgNO3, HEDTA, NH3,

and NH4NO3. It was found that changing the [NH3]/[NH4
+]

ratio in solution (Fig. 2, solid (——) and dashed (- - -)

curves) did not alter the silver deposition potential, indi-

cating that NH4
+ did not affect the silver deposition

potential. However, the current density was changed,

probably due to NH4
+ adsorption at the surface of the

platinum electrode. Moreover, the voltammetric curves

indicated that while the silver (I) ions were reduced from

[Ag(NH3)2]+ (Fig. 2, solid (——) curve) and from

Ag(HEDTA)2– (Fig. 2, dotted (•••) curve) at approxi-

mately the same potential, the rate of silver reduction from

[Ag(HEDTA)]2– was appreciably lower than from

[Ag(NH3)2]+, i. e., the current density for [Ag(HEDTA)]2–

reduction in the potential region from 0.00 V down to

–0.70 V was half that for [Ag(NH3)2]+. This result can

been explained by the fact that [Ag(HEDTA)]2– has a

lower diffusion coefficient than [Ag(NH3)2]+ and, in this

potential region the kinetics is controlled by mass transport.

When NH3 and HEDTA were both present in the solution

of silver (I) ions, in the ratio 2.5:1.00 (same ratio of NH3

and HEDTA that was used in the potentiometric titration of

S3 solution), a change was observed in the silver deposition

potential and current density (Fig. 2, dashed- pointed curve

(- • -)), in comparison with the voltammetric curves

obtained with solutions containing only NH3 or HEDTA.

This result indicated that in this solution, the silver(I) ions

were reduced from a mixture of [AgHEDTA]2– and

[Ag(NH3)2]+.

Figure 2(b) shows voltammetric curves for silver elec-

trodeposition on a platinum substrate from ammonium-

buffered solutions containing various HEDTA concentra-

tions. It can be observed that the current density and the

potential of silver deposition with 2.0 · 10–3 M and

2.0 · 10–2 M HEDTA were not significantly different from

the values without additive, indicating that silver was

reduced from the same ion complex, i. e., [Ag(NH3)2]+.

The small shift in the deposition potential may be attrib-

uted to the HEDTA anion adsorption on the Pt substrate.

Conversely, with 2.0 · 10–1 M HEDTA (solid curve) in

the plating bath, the silver deposition potential was chan-

ged by about 100 mV in direction to more negative values,

and the deposition current density is significantly decreased

twofold in the region from –0.100 V down to –0.700 V. As

mentioned above, this occurred due to the silver reduction

from a mixture of [AgHEDTA]2– and [Ag(NH3)2]+.

Silver electrodeposition on to a Pt rotating disk electrode

(RDE) was studied in ammonium-buffered plating baths

with 2.0 · 10–2 M, 2.0 · 10–1 M HEDTA and without

HEDTA, in order to confirm that the silver deposition

process was controlled by mass transport and that the

decrease in current density occurred because of a change in

the electroactive species. Figure 3 shows the plots of i–1

versus f–1/2 for these solutions, which verified that the

deposition process was controlled by mass transport. The

diffusion coefficients (D) for silver complexes in the plat-

ing baths without and with HEDTA were estimated based

on a kinematic viscosity of 0.01 cm2 s–1. The value of D in

Table 1 Ratios of [HEDTA]/[Ag+] and [NH3]/[Ag+] at the end point in the potentiometric titration of 50 mL of 2.00 · 10–2 M AgNO3

Solution in the burette [NH3]/[Ag+] [HEDTA]/[Ag+] EP

S1 4.39 · 10–1 M NH3 + 8.76 10–2 M NH4NO3 1.96

S2 2.0 · 10–1 M HEDTA 1.17

S3 4.39 · 10–1 M NH3 + 8.76 10–2 M NH4NO3 + 1.752 · 10–1 M HEDTA 1.21 0.484 1.09

S4 4.39 · 10–1 M NH3 + 8.76 10–2 M NH4NO3 + 8.76 10–2 M HEDTA 1.44 0.287 1.00

S5 2.28 · 10–1 M NH3 + 8.76 · 10–2 M NH4NO3 + 1.752 · 10–1 M HEDTA 0.910 0.699 1.15

S6 4.39 · 10–1 M NH3 + 1.752 · 10–1 M HEDTA 1.21 0.481 1.08
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the absence of HEDTA (1.86 · 10–5 cm2 s–1) and in the

presence of 2.0 · 10–2 M HEDTA (1.87 · 10–5 cm2 s–1)

in the plating bath are very similar, whereas that

for 2.0 · 10–1 M HEDTA is significantly smaller

(0.55 · 10–5 cm2 s–1). This result corroborates the

hypothesis, based on the data in Fig. 2(b), that at a low

HEDTA anion concentration (£ 2.0 · 10–2 M) the silver is

deposited from the diamminesilver(I) complex, whereas at

a high HEDTA anion concentration (‡2.0 · 10–1 M) the

deposition probably occurs from a mixture of complexes.

Considering that in ammonium-buffered solution con-

taining at 2.0 · 10–1 M HEDTA, silver (I) ions are

complexed with HEDTA and NH3 further electrochemical

studies were carried out for silver electrodeposition on the

Pt substrate. To explain the deposition voltammogram

(Fig. 4(a)) more clearly, it has been divided into four

regions: I, II, III, and IV. In region I the increase in the

cathodic current density is due to a rising rate of reduction

of the silver (I) complex with rising polarity, while region II

is characterized by a diffusion-limited current density.

Beyond this region, the current density increases again, due

to the hydrogen evolution reaction (HER), which occurs in

parallel with silver deposition (region III). Finally, beyond

*–1.100 V (region IV), the current density increases fur-

ther, due to the significant hydrogen evolution. In the anodic

branch, two regions labeled a1 and a2 can be seen. The

region a1 was attributed to the formation of silver oxide,

which at the peak fell from the electrode surface, leading to

decrease in the current density and formation of the peak in

the region a1. After this, the current density increased a little

(region a2) until the silver film had gone from the electrode

surface, leading to a decrease in the current density to zero.

Han et al. [28] report a Pourbaix diagram (Eh – pH) for

silver in ammonia solution. This Pourbaix diagram indi-

cates that at pH greater than about 6, silver can form either

diaminesilver(I) complex or oxide, depending on the

potential and pH.

Fig. 2 Voltammetric curves for silver deposition on a platinum

substrate from: (a) (——) 1.0 · 10–1 M AgNO3 + 5.0 · 10–1 M

NH3 + 1.0 · 10–1 M NH4NO3, (– – –) 1.0 · 10–1 M AgNO3 + 6.0 ·
10–1 M NH3, (• • •) 1.0 · 10–1 M AgNO3 + 2.0 · 10–1 M HEDTA

and (- • -) 1.0 · 10–1 M AgNO3 + 2.0 · 10–1 M HEDTA + 5.0 ·

10–1 M NH3 + 1.0 · 10–1 M NH4NO3; (b) 1.0 · 10–1 M AgNO3 + 5.0

· 10–1 M NH3 + 1.0 · 10–1 M NH4NO3 with: (——) 2.0 · 10–1 M

HEDTA, (– – –) 2.0 · 10–2 M HEDTA, (• • •) 2.0 · 10–3 M HEDTA

and (� � �) without additive. t = 10.0 mV s–1. Potential values were

referred to the Hg/HgO, 1.0 M NaOH electrode

Fig. 3 Plot of i–1 versus f–1/2 obtained from voltammetric curves for a

rotating platinum substrate in 1.0 · 10–1 M M AgNO3 + 5.0 ·
10–1 M M NH3 + 1.0 · 10–1 M M NH4NO3, with various HEDTA

concentrations: (D D D) 2.0 · 10–1 M HEDTA, (� � �) 2.0 · 10–2 M

HEDTA and (h h h) without additive. t = 2.0 mV s–1

Fig. 4 (a) Voltammetric curve for a platinum substrate in 1.0 ·
10–1 M AgNO3 + 2.0 · 10–1 M HEDTA + 5.0 · 10–1 M NH3 + 1.0

· 10–1 M NH4NO3; (b) Voltammetric curves for (– – –) platinum and

(• • •) silver substrates in 2.0 · 10–1 M HEDTA + 5.0 · 10–1 M

NH3 + 1.0 · 10–1 M NH4NO3. t = 10 mV s–1. Potential values were

referred to the Hg/HgO, 1.0 M NaOH electrode
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Thus, the dissolution of silver film in the regions a1 and

a2 occurred probably as described in Eqs. 2, 3, and 4:

Agþ 2NH3 þ H2O! Ag2OðsÞ þ 2NHþ4 þ e� ð2Þ

Ag2OðsÞ þ 4NH3ðaqÞ þ H2O�2[Ag(NH3)]2þ þ 2OH�

ð3Þ

Ag2OðsÞ þ HEDTA3�
ðaqÞ þ H2O�Ag(HEDTA)2� þ 2OH�

ð4Þ

Figure 4(b) shows typical cathodic voltammograms for

platinum and silver electrodes in electrolytic solutions

without silver ions. It can be seen that the HER, on plati-

num and silver, begins at –0.800 and –0.900 V,

respectively. These results imply that HER is not a sig-

nificant side reaction during the initial moments of the

silver-plating process. Indeed, it is only significant beyond

region II.

Sweep-reversal experiments were carried out in the

early stages of silver deposition in a plating bath with

2.0 · 10–1 M HEDTA. Voltammetric curves with the

sweep reversed at several different cathodic limit potentials

are shown in Fig. 5. At a final potential of 0.000 V, the

cathodic current in the reverse scan was greater, suggesting

that the silver deposition occurred by nucleation [29, 30].

On the other hand, at limit potentials of –0.100 and

–0.300 V, the current falls as the scan is reversed and a

crossover is observed, showing that the silver deposition

process is controlled by mass transport and occurs by

nucleation, respectively.

A set of silver deposition voltammograms at various

sweep rates (v) was recorded in the silver bath with

2.0 · 10–1 M HEDTA (Fig. 6(a)). Figure 6(a0) shows the

influence of m in the region I of the voltammetric curve

better. In Figs. 6 (b) and (c) the peak current density (ip)

from Fig. 6(a) is plotted against the square root of sweep

rate (v1/2) and the peak potential (Ep) versus v, respectively.

These two graphs refer only to data from region I in

Fig. 6(a), since in region III the HER occurs simulta-

neously with silver deposition. It can be seen in Fig. 6(b)

that ip increased non-linearly with v1/2. Moreover, the

peak potential (Ep) shifted negatively with increasing v

(Fig. 6(c)). These results suggest that the silver electrode-

position process is quasi-reversible in this region [15,

22, 23].

Chronoamperometric study

Chronoamperometric study of silver electrodeposition

from ammonium-buffered solution with 2.0 · 10–1 M

HEDTA was carried out by step from 0.30 V to various

potentials, corresponding to the beginning of the voltam-

metric curve (typical current transients in Fig. 7(a)), and at

–0.200 V (Fig. 7(b)). This plating bath was chosen since it

contains two silver complexes, which led to significant

variation in the deposition voltammetric curve. At low

overpotential (0.000 V to –0.050 V) the current transient

curve showed two regions (I and II) of current density

increases (typical transient was inserted in Fig. 7(a)) which

correspond to different nucleation and growth processes.

However, at –0.200 V (Fig. 7(b)) only one process was

observed.

The current transients were analyzed by the equations of

Scharifker and Hills [30] for 3D instantaneous and pro-

gressive nucleation controlled by mass transport.

According to these authors, the instantaneous nucleation is

given by:

I ¼ zFpð2DcÞ3=2
M1=2t1=2

q1=2
ð5Þ

and the progressive nucleation by:

I ¼ zFpð2DcÞ3=2
M1=2Nt3=2

q1=2
ð6Þ

Fig. 5 Voltammetric curves for a platinum substrate in 1.0 · 10–1 M

AgNO3 + 2.0 · 10–1 M HEDTA + 5.0 · 10–1 M NH3 + 1.0 ·
10–1 M NH4NO3, showing effect of limit potentials: (——)

0.000 V, (– – –) –0.100 V and (• • •) –0.300 V. Potential values

were referred to the Hg/HgO, 1.0 M NaOH electrode
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where D is the diffusion coefficient, c the bulk concen-

tration, zF the molar charge on the electrodepositing

species, M the molecular weight, q the density of the

deposited metal and N the number of nuclei.

The analyses of regions I (Fig. 8(a, b)) and II (Fig. 8(c,

d)) were carried out by plotting i versus t1/2 and i versus t3/2.

The reasonable linearity of the curves showed in 8(b) and

8(c) suggests that at low overpotential, the nucleation

changes form progressive (in region I) to instantaneous (in

region II), during the same current transient.

Moreover, the current transient obtained by step from

0.30 V to –0.200 V was also analyzed by the dimension-

less plot [31] for instantaneous nucleation, which is given

by:

I2

I2
m

¼ 1:9542

t=tm

� � 1� exp �1:2564
t

tm

� �� �� �2

ð7Þ

and for progressive nucleation by:

I2

I2
m

¼ 1:2254

t=tm

� � 1� exp �2:3367
t

tm

� �2
" #( )2

ð8Þ

since at this potential the curve showed only one process.

The current transient obtained by step from 0.30 V to

–0.200 V was analyzed by plotting (i/imax) versus (t/tmax)

and i verus t3/2 (Fig. 9(a, b)). The results indicated 3D

progressive nucleation controlled by mass transport.

Fig. 6 (a) Voltammetric curves

for a platinum substrate in

1.0 · 10–1 M AgNO3 +

2.0 · 10–1 M HEDTA +

5.0 · 10–1 M NH3 + 1.0 ·
10–1 M NH4NO3, at various

sweep rates (t/mV s–1): (a)

(——) 500.0; (– – –) 200.0;

(• • •) 100.0; (– • – •) 50.0, and

(– • • –) 20.0. (a0) (——) 200.0,

(– – –) 100.0, (• • •) 50.0,

(– • – •) 20.0, (– • • –) 10.0, and

(– • • •) 5.0; (b) Variation of ip
with t1/2 and (c) variation of Ep

with t. Potential values were

referred to the Hg/HgO, 1.0 M

NaOH electrode

Fig. 7 Chronoamperometric curves for a platinum substrate in

1.0 · 10–1 M AgNO3 + 2.0 · 10–1 M HEDTA + 5.0 · 10–1 M

NH3 + 1.0 · 10–1 M NH4NO3, obtained with step from 0.300 V to:

(a) initial region of voltammetric deposition potential and (b)

–0.200 V. Potential values were referred to the Hg/HgO, 1.0 M

NaOH electrode
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These results showed that the nucleation was three-

dimensional and corroborated the potentiodynamic studies

with varying sweep-reverse potential, which indicated sil-

ver deposition by nucleation.

Analysis of the silver films by scanning electron

microscopy

The morphology of the silver films was studied by scan-

ning electron microscopy (SEM), in order to discover

whether it was affected by the HEDTA anion concentration

in the plating bath. The deposition potential was –0.200 V

(region of diffusional control in the deposition voltam-

metric curve, Fig. 2(b)). In general, deposition on

diffusional control leads to films of poor morphological

quality. Then, the influence of additive was verified in this

condition.

Figure 10(a–d) shows SEM micrographs of silver films

deposited on Pt substrates from the plating bath, in the

absence and presence of various HEDTA concentrations.

Small globular crystallites and larger clusters of silver

were obtained in the absence of HEDTA (Fig. 10(a)) in

the plating bath. In contrast, when HEDTA was present,

coalesced silver crystallites were obtained, regardless of

its concentration (Figs. 10(b–d)). Comparing Fig. 10(a)

and Fig. 10(b–d), it can be seen that HEDTA has bright-

ening properties and improves the quality of the silver

film.

These results are very significant for practical applica-

tions, since silver film morphology was not affected

significantly by variations in the HEDTA anion concen-

tration, from 2.0 · 10–3 M to 2.0 · 10–1 M, in the plating

bath.

Moreover, the SEM results corroborated the chrono-

amperometric studies from solution containing 2.0 ·
10–1 M HEDTA at –0.200 V, which indicated progressive

nucleation, resulting in a film of crystallites with different

size.

X-ray diffraction analysis of the silver films

X-ray diffraction analyses were carried out to establish the

influence of the deposition potential and HEDTA concen-

trations on the silver film structure. The observed

crystallographic distances, d(hkl), were compared with the

expected distance values given in JCPDS [32].

Fig. 8 Plots of i versus t1/2 and

i versus t3/2 for current transient

obtained with a step of potential

to the beginning of the

voltammetric deposition: (a, b)

region I and (c, d) region II of

the current transient shown in

Fig. 7(a). Potential values were

referred to the Hg/HgO, 1.0 M

NaOH electrode

Fig. 9 Plots of (a) (i/imax)

versus (t/tmax) and (b) i verus

t3/2 for current transient

obtained at –0.200 V versus

Hg/HgO, 1.0 M NaOH

electrode
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Figure 11 shows typical X-ray diffraction patterns of

silver films deposited on platinum substrate by step from

0.30 V to –0.20 V from a solution with various HEDTA

concentrations (Fig. 11(a–d) and from solution containing

2.0 · 10–1 M HEDTA at various deposition potential

(Fig. 11(d–f)). These diffractograms showed similar pat-

terns, indicating the occurrence of polycrystalline silver

with the following reflections: (1 1 1), (2 0 0), (2 2 0), (3 1 1),

(2 2 2), (3 3 1), and (4 2 0). Then, it could be concluded that

neither the potential of deposition (Fig. 11(a), (e), and (f))

nor the HEDTA concentrations (Fig. 11(b–d)) led to

changes in the silver structure. Moreover, the crystallo-

graphic structures of silver film obtained from solution

containing different composition were similar, although its

morphologies were different.

Conclusions

Potentiometric titrations and voltammetric studies showed

that the HEDTA in the bath affected the silver electrode-

position process at high concentrations, when the silver

reduction process occurred via a mixture of [Ag(NH3)]+

and [Ag(HEDTA)]2– complexes. The silver electrodepos-

ition process is limited by mass transport and in solution

containing 2.0 · 10–1 M HEDTA the diffusion coefficient

of the mixture of silver(I) complexes was 5.5 · 10–6 cm2

s
–1

. Chronoamperometric study in solution containing

2.0 · 10–1 M HEDTA at low overpotential showed a pro-

gressive-instantaneous transition within a single transient,

whereas at –0.200 V only 3D progressive nucleation

controlled by mass transport was observed.

Fig. 10 SEM micrographs of

silver deposited on platinum

substrate a potential of

–0.200 V (referred to the Hg/

HgO, 1.0 M NaOH electrode)

and qd = 2.0 C cm–2 from

1.0 · 10–1 M

AgNO3 + 5.0 · 10–1 M

NH3 + 1.0 · 10–1 M NH4NO3

at various HEDTA

concentrations: (a) in the

absence of HEDTA, (b)

2.0 · 10–3 M, (c) 2.0 · 10–2 M,

and (d) 2.0 · 10–1 M

Fig. 11 Diffractograms of

silver electrodeposited on

platinum substrate at potential

of –0.200 V (referred to the Hg/

HgO, 1.0 M NaOH electrode)

and qd = 2.0 C cm–2, from

1.0 · 10–1 M

AgNO3 + 5.0 · 10–1 M

NH3 + 1.0 · 10–1 M NH4NO3

at various HEDTA

concentration: (a) in the absence

of HEDTA, (b) 2.0 · 10–3 M,

(c) 2.0 · 10–2 M, and (d)

2.0 · 10–1 M, and at potentials

of (e) –1.100 V and (f)
–0.050 V, with 2.0 · 10–1 M

HEDTA in the plating bath.

* platinum peaks
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From the SEM micrographs, it could be inferred that

HEDTA acted as a brightener. Silver films were adherent,

uniform with fine granularity and fully covered the sub-

strate. X-ray diffraction analysis of the silver films obtained

from solutions containing various HEDTA concentrations

indicated the occurrence of polycrystalline silver.
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