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Abstract

The stripping and electrodeposition of silver in fluorosilicic acid solution are irreversible reactions as indicated by
cyclic voltammetry. The rate constant for the intrinsic heterogeneous cathodic deposition of silver was obtained as
K. = 40.77 exp(1.88 — 29.43EY) and the diffusion coefficient of the silver ion in fluorosilicic acid solution as
5.17 x 1072 cm? s~!. Theoretical calculations of the concentration of silver ion correlated well with experimental
data. The relationship between the diffusion layer thickness and the stirring rate was also obtained. Increasing the
stirring rate and temperature, and decreasing the current density and concentration of fluorosilicic acid, caused an
increase in the current efficiency for silver deposition on graphite.

1. Introduction

Silver powder is an important material used in silver
paints, conductive pastes and resins, printed circuit
boards and contacts, and also as an electrode in
batteries, as well as being a catalyst for a number of
chemical reactions [1], for example, the oxidation of
methanol to formaldehyde. Three conventional methods
are available for producing silver powder. The first is the
physical method [2, 3] in which molten silver is injected
into a low temperature fluid (gas or liquid) and cooled to
a solid silver powder. Another method is the chemical
reduction of silver ion and suspended silver peroxide
particles in solution [3-8]. Formaldehyde, glycerin,
hydrazine and glucose have been used for reducing
silver ions to powder form [4-7]. Silver—palladium alloy
powder can also be produced by adding hydrazine to an
acidic solution containing silver and palladium ions [8].

The third method is the cathodic reduction of silver
ions. The electrodeposition method for the production
of silver powder has several advantages: (a) the proce-
dure is relatively simple; (b) high purity silver powder is
obtained; and (c¢) the properties of silver powder can be
controlled by altering the electrochemical experimental
parameters, for example, electrolyte composition, con-
centration of silver ion in the solution, temperature,

agitation rate and current density. Previous literature
has described the feasibility of electrodepositing silver in
silver nitrate [3, 9-13], silver sulfate [10, 14], fluorosilicic
acid [10, 15] and silver cyanide [1] solutions.

Recently, light, small and portable electronic devices
have been widely used in a variety of applications,
mainly for consumer use. A light weight, small volume,
high energy density power source is needed to satisfy the
requirements of such applications. The silver-zinc bat-
tery has been widely used in military and space
applications due to its higher energy density. This
battery is a highly promising candidate as a power
source for use in portable electronic devices. Silver
powder produced in fluorosilicic acid electrolyte has the
properties of a small apparent density and light colour,
and is appropriate for manufacturing silver electrodes
used in silver—zinc batteries [10, 15]. The silver electrodes
are porous, of regular structure and produce a flat
discharge voltage curve when used in the silver—zinc
battery [10]. However, the mass transfer characteristics
and the factors affecting the current efficiency of the
electrodepostion of silver ion in fluorosilicic acid solu-
tion still remain unclear.

This study examines the characteristics of the cathodic
deposition of silver on graphite in fluorosilicic acid
solution by cyclic voltammetry. The mass transfer
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coefficient, diffusivity, the diffusion layer and the factors
affecting the current efficiency of the cathodic deposi-
tion of silver powder are also discussed.

2. Experimental details
2.1. Cyclic voltammetry

Graphite was polished with fine emery paper and
washed with distilled water in an ultrasonic cleaner.
Cyclic voltammetry was performed in an undivided cell
with graphite as working electrode, a platinum wire as
counter electrode, and Ag/AgCl/3 M KNO; (0.410 V vs
NHE) as a reference electrode. An electrochemical
analyser (BAS 100B) was used to perform the experi-
ment. All potentials are referred to the Ag/AgCl/3 M
KNOj; electrode.

2.2. Cathodic deposition of silver powder

A silver plate of Scm x 3 cm x 0.5cm was used as
anode. The silver plate was polished with fine emery
paper and washed with distilled water in an ultrasonic
cleaner for 15 min. The silver plate was dipped in a 10%
HCI aqueous solution for 15 min to remove oxides
formed on the surface and then washed with distilled
water. The silver plate was then dipped in a 10% NaOH
aqueous solution to remove the grease on the surface.
Finally, the plate was washed with distilled water again.
A graphite plate, pretreated as described in the above
section, was used as the cathode for electrodepositing
the silver powder. The experiment was performed in a
1000 ml plastic beaker with an axial flow stirrer. Power

(d.c.) was supplied with a potentiostat/galvanostat
(Nichia G1005E).

3. Results and discussion

3.1. Cyclic voltammograms

Figure 1 depicts cyclic voltammograms of 8§ mM AgNO;
at various scan rates using 0.1 M H;SiFg¢ and graphite as
electrolyte and working electrode. The reduction peaks
represent the deposition of silver ion

Agh+e — Ag (1)

The anodic peaks denote the anodic oxidation of silver
deposited on the graphite to argentic oxide

2Ag + H,O — Ag,0 +2H" +2e (2)
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Fig. 1. Cyclic voltammetry of the electrodeposition of silver ion.
Working electrode: graphite (area 0.14 cm?), counter electrode: Pt wire,
reference electrode: Ag/AgCl/3M KNO;s, [Ag™] = 0.008 M, electrolyte:
0.1 M H;,SiFq, T = 30°C. Scanning rate: (a) 60, (b) 40, (c) 20, (d)
10mV s~

The generated argentic oxide is dissolved in the fluoro-
silicic acid solution

Ag,0+2H" — 2Ag" + H,O (3)

The anodic and cathodic peak currents increase with
increasing scan rate (Figure 1). Increasing the scan rate
from 10 to 60 mV s~! causes the reduction peak current
to increase from 0.19 to 0.50 mA and the peak potential
to decrease from 350 to 319 mV. The straight lines are
obtained by plotting the cathodic peak current against
the square root of the scan rate (v'/?) and the peak
potential against logarithmic scan rate (In v) as shown in
Figures 2 and 3.

The cathodically reduced silver ion on the graphite is
shown to be a totally irreversible reaction [16]. The
relationship [16] between the peak current and the peak
potential is

F
In ipe = |In(0.227 ncFAC) - k2) + i EY
RT
ochCdF
T RT Epc 4)

/
where nc, F, 4, k2, Cag+» %c, nca and EY denote the
number of electrons per silver ion reduced, faraday
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Fig. 2. Plot of I, against v1/2. Working electrode: graphite (area
0.14 cm?), counter electrode: Pt wire, reference electrode: Ag/

AgCl/3M KNO;s;, [Ag"]=0.008 M, electrolyte: 0.1 M H,SiFg
T=30°C.
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Fig. 3. Plot of E, against In v. Working electrode: graphite (area
0.14 cm?), counter electrode: Pt wire, reference electrode: Ag/
AgCl/3M KNO;, [Ag']=0.008 M, electrolyte: 0.1 M H,SiFg,
T=130°C.
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constant, surface area of working electrode, intrinsic
heterogeneous cathodic reaction rate constant, concen-
tration of silver ion in the bulk solution, cathodic
transfer coefficient, number of electrons involved in the
cathodic rate determining step, and cathodic formal
potential, respectively. A straight line is obtained from
plotting the logarithmic peak current against peak
potential as in Figure 4. The slope of the straight line
is —29.43, corresponding to an acncq value of 0.76. The
intercept of this line is 1.88 and the intrinsic heteroge-
neous cathodic reaction rate constant is obtained as

kS = 40.77 exp(1.88 — 29.43EY) (5)

The values of wacncg and kg are only approximate
because the correlation between experimental data and
Equation 4 is not completely perfect.

3.2. Electrodeposition of silver powder

3.2.1. Effect of stirring rate

The concentration of silver ion in the electrolyte is
initially zero. The concentration of silver ion increases
sharply from 0 to 13.2 mM when the charge increases
from 0 to 900 C at a stirring rate of 1000 rpm. The rate
of electrodepositing silver (the consumption of silver
ion) on the cathode increases because of the increase in
silver ions in the solution when the run time increases.
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Fig. 4. Plot of In I, against E,. Working electrode: graphite (area
0.14 cm?), counter electrode: Pt wire, reference electrode: Ag/AgCl/
3 M KNOs, [Ag"] = 0.008 M, electrolyte: 0.1 M H,SiFs, 7= 30 °C.
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At the same time, the rate of stripping of silver (the
generation of silver ions) from the anode is constant due
to the constant current applied. The increase in concen-
tration of silver ion thus slows down as the electrolysis
time increases. The generation of silver ions from the
anode is then equal to the consumption of silver ions at
the cathode. A steady silver ion concentration is
ultimately reached. The experimental results demon-
strate that the steady state concentration of silver ions is
15.0 mM at a charge exceeding 1800 C and a constant
stirring rate of 1000 rpm (Figure 5).

Increasing the stirring rate from 100 to 1000 rpm
causes the steady state concentration to decrease from
43.0 to 15.0 mM (Figure 5). When the system reaches
steady state, the stripping current is equal to the deposi-
tion current and is proportional to the mass transfer
rate of silver ion from bulk solution to cathodic surface.

istripping = ideposition X km(CRg+ - CZng) (6)

where &y, C/'i . and C% . denote the mass transfer
. g A . . .

coefficient, the concentrations of silver ions in the bulk
solution and at the cathodic surface, respectively.

When the reaction is controlled by the mass transfer
rate, the concentration of silver ions at the cathodic
surface approaches zero. Therefore, the deposition rate
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Fig. 5. Effect of charge passed on the concentration of silver ion for
various stirring rate. Cathode: graphite (area 77 cm?); anode: silver
plate (area 34 cm?), [H,SiFg] = 0.208 M. Volume of solution 500 ml;
cathodic current density 39 mA cm~2, T = 40 °C. Stirring rate: (x) 100,
(O) 200, (O) 300, (A) 500, (<) 800 and (A) 1000 rpm.

is proportional to the product of the mass transfer
coefficient and the silver ion concentration in the bulk
solution. When the constant current is applied, the gen-
eration of silver ions by stripping silver from the anode
remains constant for various stirring rates. Increasing the
stirring rate causes the diffusion layer thickness to
decrease and the mass transfer coefficient (ky) to in-
crease. Since the stripping current is maintained con-
stant, the right hand side of Equation 6 remains constant.
As a result, the silver ion concentration decreases as both
the stirring rate and mass transfer coefficient increase.

When the stirring rate decreases, the concentration of
silver ion increases, which subsequently causes a de-
crease in the overall current efficiency for cathodic silver
powder production. As seen in Figure 6, the overall
current efficiency decreases from 88.0 to 66.1% when
the stirring rate decreases from 1000 to 100 rpm at a
charge of 10800 C.

3.2.2. Mass transfer of silver ion
If the current efficiency for stripping silver from anode is
assumed to be 100%, the mass balance for the silver ion
in the bulk solution is
b
dcC Agt I

_ b
2 — A (7)
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Fig. 6. Effect of stirring rate on the current efficiency. Cathode:
graphite (area 77 cm?); anode: silver plate (area 34 cm?),
[H,SiFs] = 0.208 M. Volume of solution 500 ml; cathodic current
density 39 mA cm~2; T = 40 °C, charge passed = 10 800 C.



where V, I and A are the volume of the electrolyte, the
applied current and the cathodic surface area, respec-
tively. The first and second terms on the right hand side
of Equation 7 represent the generation of silver ion from
the anodic stripping of silver and the consumption of
silver ion by the cathodic deposition of silver powder,
respectively. The first order ordinary differential equa-
tion is solved as

1 kmA
C2g+:m[l—exp[—7t]] (8)

Figure 5 compares the theoretical calculation of the
concentration of silver ion with experimental results.
The theoretical calculations basically correlate well with
the experimental data. Definite concentration peaks are
formed at stirring rates less than 300 rpm before settling
down to more steady values (Figure 5). The experimen-
tal results show slow nucleation (slow consumption of
silver ions) in the initial stage of deposition, resulting in
a higher concentration of silver ions than predicted.
Increasing the run time causes formation of silver
dendrites, which increases the surface area of the
cathode. The consumption of silver ions (deposition of
silver) hence increases and the concentration of silver
ions decreases.

Table 1 lists the mass transfer coefficients (k) for
various stirring rates. The mass transfer coefficient
increases from 0.008 52 to 0.0210 cm s~! with an in-
crease of the stirring rate from 100 to 500 rpm. The mass
transfer coefficient can be expressed as

Table 1. Mass transfer coefficients of silver ion in the fluorosilicic
acid solution. Cathode: graphite; cathode area 77.0 cm?; anode: silver
plate; anode area 34.0 cm?; cathodic current density 39 mA cm™2,

[Ag'li=0Mm

Stirring rate Temp. [H,SiFg] km Error*

/rpm /°C /mM Jem s7!
100 40 208 0.00852  1.93x 1071
200 40 208 0.0114 8.45x 107!
300 40 208 0.0161 6.88 x 107!!
500 40 208 0.0210 5.43 x 10712
800 40 208 0.0233 3.45 % 10712

1000 40 208 0.0262 7.47 x 10712
600 5 208 0.0138 493 x 107!
600 10 208 0.0157 4.17 x 107"
600 20 208 0.0172 321 x 107!
600 30 208 0.0201 1.94 x 10711
600 50 208 0.0242 4.00 x 10712
600 65 208 0.0333 3.30 x 10712
600 5 69 0.0172 5.44 x 10712
600 5 139 0.0159 2.69 x 107!
600 5 278 0.0128 6.13 x 107!

2

*error = YL, ([Ag )y — A2 o)
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km = Dpg+ /L 9)

where Do+ and L denote the diffusion coefficient of
silver ion and the diffusion layer thickness, respectively.
In general, the relationship between the diffusion layer
thickness and the stirring rate [16, 17] is

L=ar? (10)

where r represents the stirring rate, and a and b are
constants. Substituting Equation 10 into Equation 9,
the relation between mass transfer coefficient and the
stirring rate is

Dyt
a

+blnr (11)

In by, = In

A straight line is obtained by plotting the log of mass
transfer coefficient against log of stirring rate, as
illustrated in Figure 7. Notably, the value of b obtained
from the slope of the straight line is 0.49. The intercept is
—7.0, which corresponds to a value of Dy,+/a of
9.12 x 1074 cm (rpm) ** 571,

Because the cathodic deposition of silver ion on
graphite is totally irreversible, the relation of the peak
current to the scan rate [16] is

ip = (2:99 % 10°)n(any)2AC D)2V (12)
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Fig. 7. Plot of In ky, against In r. Cathode: graphite (area 77 cm?);
anode: silver plate (area 34 cm?), [H,SiFg] = 0.208 M. Volume of
solution 500 ml; cathodic current density 39 mA cm~2, T = 40 °C.
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The slope of the straight line obtained from the plot of i,
against v'/2 (Figure 2) is 0.0021 4(V s~1)~"/%, as shown
in Equation 13

(2.99 x 105);1(0%)‘“ADXgic};g+ =0.0021 (13)
Substituting the relevant parameters into Equation 13
yields a diffusion coefficient for silver ion at 30 °C of
5.17 x 107> cm? s~!. Both the empirical correlation and
the Stokes—Einstein equation indicate that the diffusivity
of solute in the liquid phase is first order proportional to
the temperature [18, 19]. Correspondingly, the diffusi-
vity of silver ion at 40°C is estimated as
5.34 x 1072 cm? s~!. Substituting the diffusion coeffi-
cient at 40 °C the term Dy, /a yields a value for
the constant a of 0.059 cm rpm®#°. Therefore, the
relationship between the diffusion layer thickness and
the stirring rate is

L =0.059 "% (14)

3.2.3. Effect of temperature

Figure 8 shows that the concentration of silver ions for
various temperatures obtained from the experimental
data correlates well with the theoretical calculations.
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Fig. 8. Effect of charge passed on the concentration of silver ion for
various temperature. Cathode: graphite (area 77 cm?); anode: silver
plate (area 34 cm?), [H,SiFs] = 0.208 M. Volume of solution 500 ml;
cathodic current density 39 mA cm~2; stirring rate 600 rpm. Temper-

ature: (W) 5, (A) 10, (0) 20, (O) 30, (x) 50 and (A) 65 °C.

Increasing the temperature from 5 to 65 °C causes an
increase of the mass transfer coefficient for the silver ion
from 0.0138 to 0.0333cms~' at a stirring rate of
600 rpm (Table 1). On the one hand, the solution
viscosity and the diffusion layer thickness decrease as
temperature increases. On the other hand, the diffusivity
of silver ion increases with temperature [18, 19]. Ac-
cording to Equation 9, the mass transfer coefficient
increases with temperature. Interestingly, Equation 6
shows that maintaining the current constant and in-
creasing the temperature results in a decrease in con-
centration of silver ions and an increase in current
efficiency for silver powder deposition. Experimental
results indicate that the steady state concentration of
silver ions decreases from 29.0 to 12.0 mM with an
increase in temperature from 5 to 65°C (Figure 8).
Moreover, accompanying this temperature increase
from 5 to 65 °C with a decrease in silver ion concentra-
tion increases the current efficiency from 87.0 to 93.0%.

3.2.4. Effect of current density

Increasing the applied current density increases both the
generation of silver ions and the consumption of silver
ions at steady state. Notably, the mass transfer coeffi-
cient stays fixed if the temperature and the stirring rate
remain constant. Increasing the applied current density
increases the concentration of silver ions which decreas-
es the current efficiency for silver powder production.
The steady state concentration of silver ions increases
from 15.0 to 54.0 mM when the current density increases
from 39 to 258 mA cm™2, respectively. Moreover, in-
creasing current density may cause a side reaction (i.e.,
the evolution of hydrogen) on the cathode. This would
decrease the current efficiency for silver powder depo-
sition. According to Figure 9, increasing the current
density from 39 to 258 mA cm~? leads to a decrease
from 90.0 to 71.0% in current efficiency.

3.2.5. Effect of concentration of fluorosilicic acid

The physical properties of the electrolyte, such as
viscosity, change with varying fluorosilicic acid concen-
tration. The steady concentration of silver ions increases
from 23.1 to 30.0 mM when the concentration of
fluorosilicic acid is increased from 69 to 278 mM, as
illustrated in Figure 10. The mass transfer coefficient
decreases from 0.0172 to 0.0128 cm s~! with increase in
fluorosilicic acid concentration from 69 to 278 mM
(Table 1). An increase in fluorosilicic acid concentration
increases the viscosity of the electrolyte, which leads to a
decrease in the mass transfer coefficient, and an increase
in the concentration of silver ions. In addition, the
increasing concentration of silver ions causes a decrease
in the current efficiency for silver powder deposition.
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Fig. 9. Effect of current density on the current efficiency. Cathode:
graphite (area 23 cm?); anode: silver plate (area 10 cm?), [H,SiFg] =
0.139 M. Volume of solution 150 ml; stirring rate 600 rpm; 7 =5 °C;
charge passed 3240 C.

Increasing the concentration of fluorosilicic acid from 69
to 278 mM is shown to decrease the current efficiency
from 87.0 to 85.0%.

4. Conclusions

Cyclic voltammetry performed demonstrates that the
cathodic deposition of silver ions on graphite is a totally
irreversible reaction. The cathodic peak current increas-
es from 0.19 to 0.50 mA and the peak potential
decreases from 350 to 319 mV as the scan rate increases
from 10 to 60 mV s~!. The intrinsic heterogeneous
reaction rate constant and the value of acncq are
approximately obtained as 40.77 exp(1.88 —29.43 EY)
and 0.76. The diffusion coefficient of silver ion is
evaluated as 5.17 x 1073 cm? s~ at 40 °C in 208 mM
H,SiF4 aqueous solution. Theoretical calculations of the
concentration of silver ions correlate well with experi-
mental data. Increasing the stirring rate and the tem-
perature while decreasing the concentration of
fluorosilicic acid has three interrelated effects. First, it
increases the mass transfer coefficient, which in turn,
decreases the concentration of silver ions. This latter
effect leads to an increase in the current efficiency for
silver powder deposition.
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Fig. 10. Effect of charge passed on the concentration of silver ion for
various concentration of fluorosilicic acid. Cathode: graphite (area
77 cm?); anode: silver plate (area 34 cm?). Volume of solution 500 ml;
cathodic current density 39 mA cm~2; T = 5 °C; stirring rate 600 rpm.
[H,SiFs]: (O) 69, (O) 139, (%) 208 and (<) 278 mM.
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