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Cyanide-Free Displacement Silver Plating Using Highly
Concentrated Aqueous Solutions of Metal Chloride Salts
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We report a novel, cyanide-free, and low-cost displacement silver (Ag) plating bath, i.e., AgCl-dissolved highly concentrated
CaCl,/LiCl aqueous solution. Compared to dilute CaCl,/LiCl solutions, this aqueous solution exhibited much higher AgCl solubility
because of the high activity of CI~; the maximum AgCl solubility was achieved at 44.4 mmol dm™ (i.e., [Ag(I)] = 8.07 g kg~ ! H,0).
Smooth Ag deposits with a lusterless gray-colored appearance were successfully obtained by displacement plating on a Cu substrate.
The mechanism of smooth Ag plating is discussed in terms of its electrochemical and diffusive properties.
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Silver (Ag) has excellent electrical conductivity, optical reflectivity,
antibacterial activity, decorative effects, and anticorrosive properties,
which support its use in fields such as microelectronics, anti-bacterial
applications, jewelry, and aerospace materials."> Hence, electrochem-
ical Ag plating, including electroless and displacement methods, is an
industrially important process, which has been used as the final fin-
ishing process for copper wires before soldering for printed circuit
boards and electronic components.> Currently, almost all the indus-
trial Ag electroplating baths contain inexpensive but very toxic cyanide
ions as complexing agents. Without strong complexing agents such as
cyanide ions, the inherent high exchange current density of Ag*/Ag®
redox causes dendrite formation of Ag.* The use of cyanide baths, how-
ever, is problematic because of the threat to operator health and the
increasing cost of the disposal of exhausted plating baths and wastew-
ater treatment. Although aqueous solutions of silver nitrate (AgNOs3)
have been used with ammonia as cyanide-free silver plating baths,’
they have another safety problem: fulminating silver compounds such
as silver azide can be produced as a by-product.

Many studies on how to develop safe Ag plating baths have been
strenuously carried out. Some aqueous Ag plating baths contain or-
ganic complexing agents including hetero-elements such as C, N, O,
and S.%7 These baths can cause the contamination of C, N, O, and/or S
in the Ag plating layer, and difficulty in stable operation due to changes
in the concentration of additives, as organic additives can be easily de-
composed chemically and/or electrochemically. Ionic liquids, which
are not toxic and not volatile, have been studied for Ag plating,®!'! but
they are still far from industrial use on account of their high material
cost and moisture sensitivity in air. Consequently, a safe, inexpensive,
and organic-free Ag plating bath has been sought.

In the present work, we investigated the electrochemical proper-
ties of AgCl-dissolved highly concentrated metal chloride aqueous
solutions of CaCl, and LiCl for a novel Ag plating bath. These con-
centrated solutions are classified as hydrate melts, in which most of
the H,O molecules are coordinated to Ca>* or Li*,'? while their Ag
redox properties have been unknown.

Experimental

Preparation of the AgCl-dissolved chloride solution.—All
reagents were used as purchased. To prepare a highly concentrated
chloride solution, CaCl, (95% purity, Wako Pure Chemical Industries
Ltd.) or LiCl (99.5% purity, Wako) was added to deionized water.
AgCl (95% purity, Wako) was added to the resulting concentrated
chloride solutions with an agitation speed of 300 rpm for 72 h at room
temperature(RT), then the AgCl-dissolved chloride solutions were ob-
tained. Note that the AgCl-saturated solutions were prepared by adding
an excess amount of AgCl and then filtering out undissolved AgCl.
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For comparison, the AgNOs-dissolved Na, SO, solution was also pre-
pared by the same procedure using AgNO; (99.8% purity, Wako) and
Na, SOy (98.5% purity, Wako).

Solubility of AgCl and viscosity of concentrated chloride
solution.—The solubilities of AgCl in the concentrated chloride solu-
tions were determined by measuring the Ag(I) concentration, [Ag(I)],
using an inductivity coupled plasma optical emission spectrometer
(ICP-OES; PSP3500, SII Nanotechnology Inc., Hitachi High-Tech
Science Corporation, Tokyo). For the measurements, a matrix aqueous
solution containing 0.1 mol dm™ nitric acid (99.0%, Tokyo Chemical
Industry) and 0.1 mol dm~ thiourea (99.0%, Tokyo Chemical Indus-
try) was used to prevent the precipitation of AgCl. The calibration
curve was drawn using the standard Ag solution (1000 ppm, Wako).
The viscosity of the samples was measured at RT by the viscometer
(Kyoto Electronics Manufacturing, EMS-1000), and was divided by
the density (d) to obtain the kinematic viscosity (v).

Displacement Ag plating tests.—Displacement plating tests were
carried out with 1 x 5 cm? Cu metal sheets (0.5 mm thickness, Hull
Cell Cathode Plates, Yamamoto-MS) as a substrate and the AgCl-
dissolved concentrated aqueous CaCl, solution and AgNOs-dissolved
diluted Na,SO, solution as plating baths. Prior to the tests, the Cu
sheets were degreased in acetone for 15 min with sonication. The Cu
sheets were soaked into the solutions for 15 min at RT without agitation
to obtain the Ag-plated sample. During each displacement plating, the
rest potential of the Cu sheet was measured using a potentiostat (Bio-
Logic Science Instruments, SP-50) and a reference electrode (RE)
Ag/AgCl (Horiba 2565A) in 3.33 mol dm= KCI aqueous solution
with a salt bridge. To characterize the deposits, we performed X-ray
diffraction (XRD) using RIGAKU RINT2200, scanning electron mi-
croscope (SEM) observation using KEYENCE VE-7800, and energy
dispersive X-ray (EDX) spectrometry using EDAX VE-9800.

Electrochemical measurements.—Voltammetry was conducted to
investigate the redox behavior of the chloro-complexes of Ag and Cu
in the concentrated chloride solutions at RT by the same potentiostat
and RE referred before. The working electrode (WE) was a Pt, Ag, or
Cu disk (99.95% purity, 0.1 mm thickness, 10 mm diameter, Nilaco).
Glassy carbon (Toyo Tanso) was used as the counter electrode (CE),
and a glass cell of 100 cm? capacity was used. The diffusion coeffi-
cients of Ag ions in the concentrated chloride solution were estimated
from the linear sweep voltammograms obtained with a rotating disk
electrode (RDE; Hokuto Denko, Dynamic Electrode HR-201). Prior to
the measurements, WE and CE were cleaned in a diluted 0.2 mol dm™
HNOj3 aqueous solution (Tokyo Chemical) for 30 min and degreased
in acetone for 15 min with sonication. All electrochemical experi-
ments were commenced after degassing the electrolyte solutions with
nitrogen gas purging for 15 min.
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Figure 1. Solubilities of AgCl in CaCl, aq. and LiCl aq. measured in the
present work and those in KCl aq. and NaCl aq.'?

Results and Discussion

Solubility of AgClin concentrated chloride solutions.—Figure 1
shows the solubility of AgCl at RT in aqueous solutions of CaCl,
(present work), LiCl (present work), KC,'?> and NaCl'? with different
CI” concentrations. For each alkaline/alkaline earth chloride solution,
the maximum CI~ concentration is near saturation. The solubility of
CaCl, and LiCl is much higher than that of KC1 and NaCl due to the
formation of hydrated melts.'>'*

When compared at “relatively low” Cl~ concentrations (m <
5 mol kg™'), aqueous KClI solutions exhibited the highest AgCl sol-
ubility, followed in order by NaCl, CaCl,, and LiCl solutions. This
solubility order is attributed to the decrease in Cl~ activity by the
larger interactions related to the ionic radius and the cation valence.

The AgCl solubility increased monotonically with CI~ concentra-
tion up to [CI"] = 12.3 mol kg! for the aqueous CaCl, solution,
reaching [Ag(I)] = 44.4 mmol dm™ (i.e., [Ag(D] = 8.07 gkg™' H,0),
and up to [C1"] = 15.8 mol kg™! for the aqueous LiCl solution, reaching
[Ag(D] = 50.2 mmol dm™ (i.e., [Ag(D)] = 7.10 g kg™! H,0). In such
concentrated chloride solutions, Ag(I) species can dissolve as stable
chloro-complexes [AgCl, ]~ 1215

Ag™ + CI™ = AgCl [1]
AgCl+Cl™ = [AgCL ] [2]
[AgCL]™ +CI™ = [AgCl ] [3]
[AgCL]™ +CI = [AgCL]™ [4]

At higher CI” concentrations, however, the AgCl solubility de-
creased to [Ag(I)] = 25.1 mmol dm™ at [CI"] = 9.3 mol kg™' for the
aqueous CaCl, solution and to [Ag(I)] = 24.2 mmol dm™ at [CI"] =
24.2 mol kg! for the aqueous LiCl solution. At such high concen-
trations, the solutions are overcooled at RT. For instance, the melting
point at [C]"] = 5.3 mol kg’1 (e.g., CaCl,-8.6H,0) is 25°C, while
that at [CI"] = 9.3 mol kg™! (e.g., CaCl,-6H,0) is 33°C.'® Under
overcooling condition, though the solution remains as liquid without
forming solid structure, the degree of cation-anion dissociation should
be lower. Thus, the lower activity of CI™ or the lower solubility of AgCl
is speculated.

Consequently, the highly concentrated aqueous solutions of CaCl,
and LiCl exhibited an AgCl solubility as high as 40-50 mmol dm>
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Figure 2. (a) Photograph and (b) SEM image of Ag deposits obtained on Cu
substrate through displacement plating using 5.6 mol kg~! CaCl, aq. containing
44.4 mmol dm— AgCl and (c) photograph and (d) SEM image of that prepared
using 0.1 mol kg~! Na,SQy aq. containing 44.4 mmol dm— AgNOs.

at RT. Because the lowest Ag concentration in industrial plating baths
is approximately 15 mmol dm™,' the CaCl, and LiCl solutions have
sufficient AgCl solubility for some Ag plating to be performed. Partic-
ularly, they are expected to be used for displacement plating or strike
electroplating, which require similar Ag(I) concentrations in aque-
ous solutions. From the viewpoint of material cost, CaCl, is more
preferable than LiCl. In the following section, we focus on the AgCl-
dissolved aqueous solution of CaCl, for Ag plating.

Displacement Ag plating on Cu substrate—Fig. 2a and Fig. 2b
show the photograph and the SEM image, respectively, of the deposit
obtained through the displacement of Ag plating on the Cu substrate
using 44 mmol dm~> AgCl-dissolved 5.6 mol kg~' CaCl, aqueous so-
lution. The immersion area was covered with gray-colored Ag deposit,
composed of stacked submicron-diameter particles showing a smooth
and lusterless surface. By contrast, as displayed in the photograph
(Fig. 2¢) and the SEM image (Fig. 2d), the immersion area was cov-
ered with the black-colored Ag deposit composed of dendritic shape
in the case of displacement Ag plating using 44 mmol dm= AgNO;-
dissolved 0.1 mol kg™' Na,SO, aqueous solution. Consequently, the
Ag-chloro-complexes [AgCl, ]V, formed in the concentrated chlo-
ride solution, enabled the smooth Ag plating. The XRD pattern and
EDX spectrum of the deposits prepared in the AgCl-dissolved CaCl,
aq., shown in Fig. 3a and in Fig. 3b, confirms that the deposit consists
of crystalline Ag metal without trace impurities such as AgCl, and the
constituent is mainly Ag with a very small amount of Ca and Cl.

Consequently, the AgCl-dissolved concentrated chloride aqueous
solution serves as the displacement Ag plating bath that provides the
Ag metal deposit with a smooth surface. The leveling of the surface
is related to electrochemical properties such as the exchange current
density and equilibrium potential of the redox reaction. For example,
when ammonium ions coordinate to Ag(I) ions to suppress dendrite
formation, the exchange current density significantly decreases.® In
addition, diffusive properties such as thickness of the diffusion layer
are related to the roughness of the surface.!” Below, we estimate and
discuss these properties.

Cyclic voltammograms.—Cyclic voltammograms (CVs) recorded
at Pt flag electrodes of 3 mV s~! are shown in Fig. 4 for AgCl-dissolved
CaCl, concentrated aqueous solutions (Figs. 4a—4c). For comparison,
a CV was measured for the AgNO; aqueous solution with 0.1 mol
kg! Na,SO, as a supporting electrolyte (Fig. 4d). In all cases, the
concentration of Ag(I) is 4.4 mmol dm~> and second-cycle CVs are
shown as typical steady-state voltammograms. Each inset shows the
positive-directed voltammogram near the intercept of the potential
axis with which we tried to estimate the exchange current density of
Ag*/Ag® redox by the low-field approximation of the Butler-Volmer
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Figure 3. (a) XRD pattern and (b) EDX spectrum of Ag deposits obtained
on Cu substrate though displacement plating using 5.6 mol kg~! CaCl, aq.
containing 44.4 mmol dm=> AgCl.

equation'® as below

. ioF 5

i= —op" (51
where i is current density, iy is exchange current density, F is the
Faraday constant, R is molar gas constant, 7 is absolute temperature,
and m is overpotential. The rest potentials of the Ag electrodes, the
estimated values of iy and the limiting current densities under static
condition iy, are listed in Table I. As the limiting current densities,
the constant values of current densities near the switching potentials
is used. Note that the estimated i, is not a true value because the
Ag(I) concentration at the surface of the electrode is somewhat lower
than that of the bulk when the potential was swept to the intercept.
The iy calculated here, however, can be substituted to compare semi-
quantitatively the rate of the reaction Ag — Ag(l) + e.

It is revealed that the lower cathodic current was observed for the
higher CaCl, concentration. The rest potentials of Ag in the concen-
trated chloride solution were more negative than those in the CI -free
AgNO; solution by at least 0.35 V, which is reasonable with the fol-
lowing standard electrode potentials:

Agt4e=Ag, E°=-+0.57Vvs. Ag|AgClin 3.33 M KCl aq. [6]

[AgCL]"™ +e = Ag+4CI,
E° =40.22 V vs. Ag|AgClin 3.33 M KCl aq. [7]

The value for Eq. 7 is calculated using the complex formation constant
of [AgCl4]* = Ag® + 4CI: log K = 6.0."° The i value for 9.3 mol
kg! CaCl, was 19 mA cm2, one order of magnitude lower than that
for the AgNOj solution. The contrast of the electrochemical properties
between the CaCl, and the AgNO; solutions is due to the increased
activation energy for [AgCl,]*D/Ag® redox compared to that for
[Ag(H,0),]*/Ag’ redox.

Linear sweep voltammograms using rotating disc electrode.—
Figure 5 shows a set of cathodic linear sweep voltammograms using
Pt rotating disc electrodes (RDE) voltammograms at Pt electrodes at
10 mV s7! in AgCl-dissolved CaCl, concentrated aqueous solutions
(Figs. 5a-5c¢) and the AgNO;-dissolved Na,SO,-diluted aqueous so-
Iution (Fig. 5d). The linear sweep voltammograms are measured at a
rotating rate between 200 and 2000 rpm. The insets display the Levich
plot that demonstrates the relationship between the rotating rate and
the limiting current density in the RDE voltammetry. To estimate the
diffusion coefficient of Ag(I) ion, the following Levich equation is
used.??

i =0.62zF D02 v/ (8]

where 7 is the limiting current density, z = 1 represents the number of
electrons involved in the electrodeposition reaction, Dy is the diffusion
coefficient, w is the angular velocity, v is the kinematic viscosity, and
c is the bulk concentration of Ag(I).

The Levich plots show good linearity of the limiting current den-
sities to the root of the angular velocities. Table II lists the kinematic
viscosity, density, diffusion coefficient of Ag(I) calculated using the
Levich plot, and thickness of the diffusion layer 8 of Ag(I) formed
during displacement Ag plating without agitation which are calcu-
lated by the limiting current densities measured under static condition
and the concentrations of Ag(I) explained in the former section and
the equation below.!®

z2F Dy ¢
§= =0

- 91
lim

As the CaCl, concentration increases, the value of 3 decreases by
79% with the CaCl, concentration. This is because Dy is much smaller
than that in the solution with lower CaCl, concentration. For example,
Dy =0.5 x 10 cm? s7! for 9.3 mol kg™' CaCl, electrolyte is less
than one-thirtieth compared to that for the AgNO;-containing dilute
solution, which is attributed to the increase in viscosity and ionic
strength. The observed smooth Ag plating should be related to the
decrease in the thickness of the diffusion layer. In general, elevated
bath temperature and/or higher stirring rate is employed to achieve
“desired” diffusion layer.”’ The present work demonstrates that the
thickness of the diffusion layer of Ag(I) can be decreased only by the
use of a concentrated CaCl, aqueous solution, without elevating the
temperature or agitating the solution.

Determination of mixed potential for displacement Ag plating
on Cu.—To discuss the local reaction and the mixed potential of dis-
placement Ag plating on Cu (Eyixeq; Table III or E, — Ey; Fig. 6), we
examined the anodic dissolution of Cuin Ag(I)-free CaCl, and Na, SOy
aqueous solutions. In the chloride-free aqueous solution, Cu(II) is sta-
ble, and the displacement reaction is 2Ag* + Cu = 2Ag + Cu’>*. In
the concentrated chloride solution, however, Cu(I) is more stable than
Cu(II) and exist as [CuCl4]*,>' and the displacement reaction is Ag*
+ Cu = Ag + Cu®. The half-cell reactions are as follows:

Cu+4Cl™ = [CuCL "+ e [10]

[AgCL]" "™ + e = Ag+xCI- [11]
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Figure 4. Cyclic voltammograms (ond cycle) on Ag electrodeposition at RT in each electrolyte, CaCl, aq. at the concentrations of (a) 9.3, (b) 5.6, and (c) 3.1 mol
kg~! containing 4.4 mmol dm~> AgCl and (d) 0.1 mol kg~! NapSOy aq. containing 4.4 mmol dm= AgNO3, at a scan rate of 3 mV s~! with the inset showing the

positive-directed voltammograms near the intercept of the potential axis.

Figure 6 shows a set of anodic linear sweep voltammograms for
Cu WE in CaCl,-concentrated and Na,SO,-diluted aqueous solutions
(Figs. 6a—6¢ and 6d, respectively). In the CaCl,-concentrated aqueous
solutions, thought the voltammograms (Figs. 6a—6c) are similar, the
redox potentials of Cu estimated by the intercepts are more negative
at higher CI” concentration. This fact is consistent with the Nernst

Table 1. Rest potentials of Ag (EAg), exchange current densities (ip)
of Ang/Ag0 redox and limiting current densities (iji,) in CaCl, aq.
and AgNOj aq., containing 4.4 mmol dm™3 Ag(I) species.

equation. However, the redox potentials of Cu in the Na,SO,-diluted
aqueous solution were much more negative than thatby 0.4 V (Fig. 6d).
This is attributed to the fact that Cu dissolves as Cu(I) in the chloride
solution, while Cu dissolves as Cu(Il) aquo-ion in the chloride-free
solution.

TableII. The properties related to the diffusion of Ag* in CaCl, aq.
at each concentration: kinematic viscosity (v), density (d), diffusion
coefficient (Dg) of Ag(I), and the estimated thickness of diffusion
layer (8) during the electrodeposition of Ag without agitation.

CaCl, Eag (V vs. CaCl; con-
concentration Ag|AgClin centration
(mol kg™1) 333MKClaq)  ip (mAcm™2) iy (mA cm™2) (molkg™) v(mm?s™!) d(gem?) Dy (10°cm?®s!) 8 (um)
9.3 -0.15 18 -0.03 9.3 20.20 1.47 0.5 7.8
5.6 -0.13 34 -0.05 5.6 4.48 1.34 15 12.5
3.1 -0.06 66 -0.08 3.1 2.50 1.24 3.7 18.8
0 +0.42 126 -0.19 0 1.09 1.01 16.1 36.9
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Figure 5. A set of voltammograms on Ag electrodeposition using platinum rotating disc electrode at RT in each electrolyte, CaCl, aq. at the concentrations of (a)
9.3, (b) 5.6, and (¢) 3.1 mol kg‘l containing 4.4 mmol dm™ AgCl and (d) 0.1 mol kg‘1 NaS0Oy4 aq. containing 4.4 mmol dm™ AgNO3 at a scan rate of 10 mV s

and at several rotating rates with the inset showing Levich plots.

A set of cathodic voltammograms for Ag electrodeposition (see
Fig. 4) are also reshown in Fig. 6. The mixed potentials Exeq are
indicated as E, — Eq, at which the cathodic current and the anodic cur-
rent are equal.?? Table III summarizes the estimated mixed potentials
(Emixed> OF E, — E4) and the overpotentials (1) of the reduction of Ag(I)
that is calculated by N = Eay — Epixea (see Table I). The rest potentials
of Cu monitored during displacement Ag plating (E\ey, cy) are simi-

Table III. The mixed potentials (Enijxea) and overpotentials of
the Ag reduction reaction (n) during displacement Ag plating on
Cu substrate in CaCl, aq. containing 4.4 mmol dm—> AgCl and
Na;SOy4 aq. containing 4.4 mmol dm= AgNOs.

CaCl, Enixed (V vs.
concentration Ag|AgClin
(mol kg’l) 3.33 M KCl aq.) n V)
9.3 E,,—0.34 0.18
5.6 Ep,—0.31 0.18
3.1 E.,-0.28 0.22
0 Eq, +0.04 0.34
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lar to the values of Ejixed, although E\.y cy Was measured in the case
of [Ag(I)] = 44.4 mmol dm™> and Ej.q was estimated in the case of
[Ag(I)] = 4.4 mmol dm™. Asresults, Erest.cu =—0.23 Vand Eixed = —
0.31 V for 5.6 mol kg™' CaCl, aqueous solution and Eyeg, cy = +0.13 V
and Eixeq = +0.04 V in 0.1 mol kg™' Na,SO, aqueous solution. In
CaCl,-concentrated aqueous solutions, the overpotential 1 is +0.18 V
and 40.22 V,0.12-0.16 V lower than that in the Na, SO,-diluted aque-
ous solution, 1 = +0.34 V. Reduction in overpotential is one of the
common mechanisms of leveling deposit for other Ag plating baths.’

Finally, we would like to discuss the mechanism of smooth Ag
plating in terms of its electrochemical and diffusive properties. Simi-
lar to the case of ammonia baths,® strong complexation of Ag* occurs
to cause significant decrease in the exchange current density and over-
potential. Compared with the diluted aqueous solution, the exchange
current density is one order of magnitude smaller and the overpoten-
tial of Ag reduction is 0.12-0.16 V lower in the case of the CaCl,-
concentrated aqueous solutions. We would stress, however, that a line
should be drawn between the previous and present baths in terms of
their diffusive properties. That is to say, a very small diffusion coeffi-
cient (0.5 x 107 cm? s7') causes a 79% decrease in the thickness of
the diffusion layer, which should be specific to the concentrated CaCl,
baths. We would also like to note that, since the diffusive properties
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Figure 6. Linear-sweep voltammograms for Cu anodic dissolution at RT in
each electrolyte, CaCl, aq. at the concentrations of (a) 9.3, (b) 5.6, and (c)
3.1 mol kg’] and (d) 0.1 mol kg’I Na;SO4 aq., at scan rate of 3 mV sl
Negative-directed voltammograms on Ag electrodeposition, which have been
shown in Fig. 4, are imposed to determine the mixed potentials E, — Eq4 (see
text for details).

of Ag ions can be affected by Cu species during displacement plat-
ing, further study on the local profile of Ag(I) concentration near the
electrode is of interest.

Conclusions

Using a concentrated calcium chloride solution that can suffi-
ciently dissolve AgCl, smooth Ag coating on Cu was successful,
which demonstrates the properties as a novel cyanide-free displace-
ment Ag plating bath. The electrochemical properties of the redox
reaction of Ag-chloro-complexes [AgCl,]*~D- are revealed. For re-
dox of [AgCl,]*V-, its exchange current density and overpotential is
lower than that for the redox of Ag* aquo-ion. Additionally, the diffu-
sion coefficient of [AgCl,]*~D~ is low, which decreases the thickness
of the diffusion layer. These properties can contribute to the absence
of dendrite formation. For practical or industrial utilization, further
studies on the morphology of the surface and the effect of additives,

such as a leveler or brighter, may be required to obtain a highly flat or
mirror-like surface.
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