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Abstract

The mechanism of the electrocrystallization of silver in an acidic perchlorate solution
was studied by means of a galvanostatic method. Three types of the transient curves of
the polarization were observed by a galvanostatic pulse according to the conditions of the
pretreatment of the electrode. The 7—¢ curves were analysed with regard to one of the
three types by means of a new mathematical treatment for the parallel reaction mechanism,
in which the electrode reaction of silver proceeded through the direct electrocrystallization
with an adsorption process in parallel, and for the successive reaction mechanism proposed

by BOCKRIS et al.

The overpotential- and the current density-dependence of the concentration of ad-
sorbed-Ag (Cag), in steady states and the impurity effect on the overpotential and Cag,
were in favor of the parallel reaction mechanism. The nonlinearity and the asymmetry

of the i—7% curve in the low overpotential region were discussed.

Introduction

The kinetics of electrocrystallization and dissolution process of silver in
an acidic perchlorate solution have been investigated by GEeRriscHER and
TiscHErR?, and GeriscHER?, and MeuL and Bockris®, and Dgspic and
Bockris?. GERISCHER, and MEHL and Bockris observed that the transient
curve of the polarization by a galvanostatic pulse exhibited a much longer
rise time than that calculated based on the charge transfer reaction which
occurred in parallel with the double layer charging. They proposed a
mechanism following the interpretation of crystallization from the vapor
phase that the rate determining step in the low overpotential region was the
surface diffusion of Ag-atom from an ordinary adsorption site to an adsorp-

*) Department of Chemistry, Faculty of Science, Rikkyo (St. Paul’s) University, Nishi-
ikebukuro, Toshima-ku, Tokyo, 171 Japan.
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tion site adjacent to a lattice site. Kira, ENvo and Bockris® proposed
that the number of crystallization points (growth sites on the electrode
surface) increased when the overpotential became high so that the rate
determining step changed from the surface diffusion to the charge transfer.

In earlier work, ErRDEY-GRUZ and VOLMER® proposed a discharge me-
chanism for the electrode reaction of silver. They suggested that the charge
transfer of Ag ion in solution did not occur at the point where the ion
arrived in the double layer; the diffusion of Ag ion in the double layer
occurred until it arrived above a growth site of the electrode surface where
the direct electro-crystallization occurred.

Recently the present authors proposed a mechanism for the copper
electrode reaction in a sulphate solution” which excluded any possibility of
the surface diffusion.

As shown in Fig. 1, in experimental prac-
tice, differently shaped transient curves were
conditionally observed with a galvanostatic - 5
pulse. MeuHL and Bockris® analysed the B

type curve and GERISCHER? analysed the C ¢
type curve.
In this report, the B type galvanostatic 1

transient curves will be analyzed on the basis Fig. 1. Types of T—¢ curves.

of a parallel reaction mechanism, A: super polarization curve

B: normal polarization curve
+ ’
Agtte Agau» (1> C: polarization curve by ac-
Agt+e=—Ag,. (2) tivated electrode surface.

and the successive reaction mechanism (surface diffusion mechanism) proposed
by Bockris et al,

Agt +e=Agu, (3)
Ag,s —Ag} (surface diffusion), (4)
Ag¥, =—=Ag. (crystallization), (5)

where reaction (1) is the direct electrocrystallization and reaction (2) is the
adsorption process, in which its equilibrium depends on the electrode potential,
and Ag.q, Agl and Ag,.: represent respectively the Ag atom in an ordinary
adsorption site, in an adsorption site adjacent to lattice site and in a lattice
site. The results of the analysis of the transient curves in the whole region
from £=0 to t=o0 will be compared between the two mechanisms.



Mechanism of Electrode Reaction of Ag in Acidic Perchlorate Solution

Theoretical

1. Parallel Reaction Mechanism.

The authors first treat the silver electrode reaction by the parallel me-
chanism. In the galvanostatic pulse method, supplied current density i, may
be composed of three components,

ts=ic+i+1s, (6)
where ¢, is the charging current density of the electrical double layer at the
electrode-solution interface, and ¢; and 7, are the faradaic current densities
of reaction (1) and (2), respectively. Assuming that the double layer capacity
is independent of the overpotential and the concentration polarization is
negligible, and that the overpotential is substantially caused by charging up
of the double layer, we have

ic:—C%, (7)
11 =1, [exp <%€ﬂ_> —exp {*u——Ra%ﬂ}] R (8)

where cathodic current has a positive sign, C is the double layer capacity,
71,0 is the exchange current density of reaction (1), « is the transfer coefficient,
7 is the overpotential (cathodic overpotential has a negative sign), and F, R,
and 7 have their usual significance.

The adsorption isotherm of Ag,, will be given by Eq. (9) in accordance
with GERISCHER? ;

C.
F‘adzﬂga—%-RTlnm, (9)

where p,q is the chemical potential of Ag,y, and C, and Cigmex are the
concentration of Ag,s and its maximum value, respectively. When C;«
Cioamax» We have,
C
Uaa = plaa+RT In "C—L

ad,max

(10)

Further the equilibrium of reaction (2) is expressed as

ﬂad:/«‘Ag'*'_FQS; (11)

where pap+ is the electrochemical potential of Ag* in solution, and ¢ is the
electrode potential. When pa.+ is constant, from Egs. (10) and (11), we have,

_RT | Cuy

d¢ = Tlnm, (12)
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where Chq0 and C,yy are the concentration of Ag,; at the reversible state
of the overall reaction and state I, respectively, and 4¢ is the electrode po-
tential difference between the two states. Then the rate of adsorption may
be expressed as,

. dC,
=P gt

=izg [eXp {%TF (v—AszS)} —exp {(1;3# (77—4925)}] o (13)

where C,q, is the concentration of Ag,q at £=¢, and o« is the transfer coeffi-
cient of reaction (2), and i, is the exhange current density of reaction (2).

When 7 is small as compared with RT/F, we have from Egs. (8), (12), and
(13),

. . F
L= "% RT 7> (14)
. ] F
= —Zz,oﬁ(ﬁ_dw, (15)
_ RT4C,,,
4= — FCuo ' (16)
where
1 1.
4C4,t = Coa,t—Cago = —F‘So i, dt = % ’ 17)

and Q is the quantity of electricity consumed in reaction (2). From Egs.
(7) and (14)~(17) we have

RT . 1. . RT . RT
_v:iLTh—_C_SoZCdt_ iz,oF 1o+ C '0F2 Q (18)

It follows from Egs. (6) and (18),

. _CRT&Q [ CRT iy ) 40 | i

= Fde <C,m,oF2 Tt to e 19
The solution of Eq. (19) is given elsewhere® as,

. d i2.0F 1

iy = d;Q = CR’TZ"E = B {exp(—Bt)—exp(——At)}, (20)

where

*) Y. IKEZAWA, Thesis, Rikkyo (St. Paul’s) University, Tokyo (1976).



Mechanism of Electrode Reaction of Ag in Acidic Perchlorate Solution

A=5er |G+ i+
R R L 2y
and
5= aéfer |(Cur i +1)
eow s -2 22

The values of unknown parameters (C, 7,4, 75 and C,a,) in Egs. (20)~(22)

can be evaluated at the limiting cases as

s

C= - @dna

. RTiy

11,0"‘ - F778 ’
where 7, means 7 at a steady state. When 7 approaches zero,

.. . ot a0 I

(ts— Tt = (1 12)seg = — %L Ne-0 « (25)
Rewriting Eq. (25), we have

 l—iuoRT

Ig0= — Frio — 11,0 (26)
The value of C,y, is given by Egs. (16) and (17) and 5,=4¢, as

RT (=, . .
Cuso= = | lis—is =i . 27)

2. Successive Reaction Mechanism.

MEnL and Bockris® presented a mathematical treatise on the surface

diffusion mechanism, in which they assumed the following relations :

ACad,t
vT% Cs.d 0 ’
dCad,t . _E_ —v
dt —F ’
RTi; RTACu.

7= Fif,o - FCad,O

where v is the rate of the surface diffusion flux of Ag,qs, v, is the rate con-

(28)
(29)

(30)
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stant, and 4; is the current density of the formation of Ag,,.
Using the above relations, we have

iszic+z‘f=ic+Fv+Fi(;‘7‘“—, (31)

From Egs. (7), (30) and (31), we have

. CRTd*C,q, CRTv, CRT ) dCu: . wF
= ir,od2? (if,ocad,o + Caa, o +F de + Ciano ACoas
(32)
The solution of Eq. (32) is given® as
dC, 't ols
&= CRT(D=E) {eXp(—Eﬂ —exp(=D t)} ’ 39

where D stands for
ifyoF CRT‘UQ CRT >
2CRT K feCoao T CuaoF TF

CRTw, CRT >2_ 4CRT'v, }1/2]
+{< if,OCad,O + Cad,OF +F Z'f,OC‘s.d,O ’ <34)

and E stands for
i CRTv, CRT )
2CRT [( iroCoao T CuaoF TF
CRTw, CRT )2 4CRTv, }1/2] ~
{< irCoro T CaadF T iraCoao § 1" (35)
The values of unknown parameters (C, i:4, v, and Caqp) in Egs. (33)~(35)
can be evaluated at the limiting cases. When ¢ approaches zero, 4C,, tends
to 0. Then from Egs. (30) and (31) we have,

.. Fi
(1s—lc)t—»o = — R’}o Ne—-0 » (36>
or
. .s'_ 'c = RT
irg= — “—;}F—~—— . (37)

In the steady state i;=Fv=i;, then we have from Egs. (28)~(30),

iRT iRT
T T el F T w0 (38)

or

*) Y. IKEZAWA, Thesis, Rikkyo (St. Paul’s) University, Tokyo (1976).
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_ igie o RT
Y= T FGRT+irgF)

(39)

Using the whole region of the transient from #=0 to t=oc0 and dC,4,/dt=0

in the steady state, C,q, is given by Egs. (28)~(31) as

Cuo="22 Sm(is— io— Fo) dt . (40)

s JO

Experimental

1. Reagents and Solutions.

All chemicals used were of reagent grade. Perchloric acid was purified
electrolytically with platinum electrodes. Silver perchlorate was prepared
from purified silver carbonate (made from silver nitrate and sodium carbonate)
by decomposition with perchloric acid. Water used was distilled four times in
a quartz still. Before every measurement, purified nitrogen gas was intro-
duced into the cell to purge dissolved oxygen from the solution. The con-

centrations of silver perchlorate and per-
chloric acid were given in the figures
and tables. Measurements were carried
out over the temperature range from
15 to 35°+0.1°C.

2. Electrodes.

The working, reference and counter Z
electrodes were made of platinum and
mounted in a cell as shown in Fig. 2.
These platinum electrodes were electroly- lf
tically cleaned in a perchloric acid solu-
tion. The spherical working electrode

was prepared by heating a thin platinum c

wire (0.bmm in diameter) to partial LI,
melting in a flame. On the working

and reference electrodes, silver was elec- ,lg
trodeposited in situ just before the meas- W

urements. The surface area of the elec-
trodeposited silver electrode was deter-
mined from the value of the double laye

. . ayer W : working electrode, C: counter
capacitance, assuming the standard value electrode, R: reference electrode,
to be 20 p F/em? P: pre-electrolytic electrode.

Fig. 2. Scheme of the electrolytic
cell and the platinum electrode.
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In some cases, all-silver spherical working

and reference electrodes were used. OSCILLOSCOPE

3. Apparatus.
PRE- - DIGITAL WAVE

A galvanostatic pulse generator with rise AMP. [ | MEMORY

time < 107% sec was used. The electrode poten-
tial was measured with a two-channel digital R

wave memory (memory capacity; 7 bit, 1024

words, maximum writing rate; 100 n sec/word) wc | GALENOSTATIC
through a pre-amplifier (amplification factor ; GENERATOR
100, rise time;<C0.1 gsec/V). The diagram of Fig. 3. Diagram of electric
the electric circuit is shown in Fig. 3. circuit.
W : working electrode,
Results R: reference electrode,

C: counter electrode.
1. Types of "—¢ Curves.

Although the shapes of yp—¢ curves obtained by a given magnitude of
pulses differ from each other, the author classified them into three main
types A, B, and C, as shown in Fig. 1. Every curve of the type A, B, or
C could be intentionally obtained by an appropriate preliminary treatment
of the electrode as described in the following. First, the height and the
duration time of the measuring pulse were set at 0.1 mA and 5 msec, re-
spectively. Secondly, an activation pre-pulse of 0.1 mA height and duration
time of 1sec was applied, and the working electrode was allowed to stand
more than a few minutes in the solution for the de-activation of the electrode :
then when a measuring pulse was applied, a curve of type A was obtained.
The curves of type B and C were obtained by setting the time of the
de-activation shorter, from a few seconds to one minute; the shorter the
time, the more active the electrode. GERISCHER? obtained an active electrode
of type C by a chemical etching in a cyanate solution.

In the present work the duration time of the activation pulse and the
interval of the de-activation time were chosen so as to give a curve of type
B in every case. It was assumed that the activity of the electrode giving
a curve of type B could not be changed by a measuring pulse; i.e., the
surface density of the active points remained almost constant during the
measuring pulse.

2. Accuracy of Analysis and Results for the Two Mechanisms.

Fig. 4 shows the results of the analysis of a galvanostatic transient
curve. For this analysis, the parameters C, 7, and ¢, were evaluated™®

*) Y. IKEZAWA, Thesis, Rikkyo (St. Paul’s) University Tokyo (1976).
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respectively on the basis of Egs. (23),
(24), and (37). The accuracies of
these parameters evaluated by the
analysis were examined by the use
of equivalent circuits® with known
values of the parameters: the ac-
curacy obtained by the equivalent
circuit was within =5% for every
parameter.

Table 1 shows the four para-
meters obtained in the actual meas-
urements at several current densities
for both mechanisms. The con-
stancies of these parameters, except
;0 and Fuy, at high 4, are fairly
good. Since the values of measuring
pulse 7, was chosen as low as 0.1
mA/cm? the assumption that the

1.0

0.8

2 3
{msec)

3

Fig. 4. Results of the analysis of a gal-
vanostatic transient curve (for the par-
allel reaction mechanism). Suffix x of
the ordinate represents 1, 2 or 3.

activities of crystallization points do not change by a measuring pulse, is

clearly fulfilled.

TaBLE 1. The four parameters of the electrode reaction
of silver at several current densities.

The values of C are the same for both mechanisms,
solution: 0.5 M AgClO,+0.5M HCIO,, temp.: 15°C

, c Parallel mechanism Successive mechanism
is
1,0 72,0 Cag,oX 1011 1,0 Fu, Cag,o X101
mA/cm? #F mA/cm? | mA/cm? M/cm? mA/cm? | mA/cm? M/cm?

0.25 16 24 12 5.6 14 24 5.6
0.50 16 2.4 13 5.0 15 2.4 3.9
0.75 16 3.0 11 5.6 14 3.0 5.1
1.00 16 3.7 13 55 17 3.6 4.3

The variation in the accumulation rate of Ag, with time is shown in
Figs. 5 and 6, respectively for the parallel and successive mechanisms. In
Fig. 5., the experimental curve (full line) was obtained by Egs. (6), (7), and
(14) using observed values of 7;, and C, and the experimental polarization
curve p—t; and the calculated curve was obtained from Eq. (20). In Fig.

*) Y. IKEZAWA, Thesis, Rikkyo (St. Paul’s) University, Tokyo (1976).
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O.5F
o4
T
o 03
~N
<L
€ o2
D
O.!
0
t (msec) t (msec)

Fig. 5. Variation in the accumulation Fig. 6. Variation in the accumulation
rate of Cag,; with time for the rate of Caq,; with time for the
parallel mechanism. successive mechanism.

——: experimental curve, ———: calcu- ——: experimental curve, —--: calcu-

lated curve, Solution: 05M AgClO;+ lated curve, solution is the same as in

05M HCIO,, Cell: Fig. 2, Temp.: 25°C. Fig. 5.

6, the experimental curve was obtained from v, C, and the experimental
polarization curve y—¢ and the calculated curve was obtained from Eq. (33).
The figures show good coincidence between the calculated and experimental
curves for both mechanisms. Therefore it seems to be impossible to deter-
mine which mechanism is valid for the electrodeposition of silver insofar as
the time dependence of C, . is concerned.

3. Criteria for Distinguishing between the Two Mechanisms.
3-a). Variation in Cu ¥ with n or i

In the low overpotential region where i, is linear against x, the four
parameters mentioned before may be kept constant in each mechanism.
From Egs. (16) or (28), and steady state condition dg=ys or i;=Fv, we
have,

_ RT Cunw
BETTF Cu “h
or
o F‘UO
s — Cad,o Cad,oo ’ (42>

*) Hereinafter 4Cad,z»» is abbreviated simply as Cag,o.
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for the parallel or successive mechanism. The values of C,. are plotted
against 7, in Fig. 7 or against 4, in Fig. 8. These figures show that the
linearity between C,q. and 7 is clearly better than that between C,q. and
7. Thus the theoretical treatment of the transient curve on the basis of
the parallel mechanism is found to be self-consistent.

3 __ 20}
— o’ ‘“E
o » =
g IS o o
<L J/ S 15k Q
= o o
D —
W o o
= ~ 10OF (e}
-g“ o t8:‘ i %
‘53 S (_)O 5
L1 ] ] 1 L i 1 ) 1 1
0 2 4q 6 0 0.5 1.0
-ng (mMV) ig (MA/cm?3)
Fig. 7. Relation between 75 and Caq,o Fig. 8. Relation between 75 and Caa, for
for the parallel reaction mechanism. the successive reaction mechanism.
Solution: 0.5 M AgCl0O4+0.5M HCIO,, Solution: 0.5 M AgClO4+0.5M HClO,,
Temp.: 15°C, Cell: Fig. 2. Temp.: 15°C, Cell: Fig. 2.

3-b). Effect of Impurities on 5, and Chaeo in the Steady State.

A small amount of Cu?" ion or CS, was added to the solution as an
impurity after the measurements had made in the pure solution, then the
subsequent measurements were made. The adsorption of copper ion in an
electrocrystallization process of silver has been reported®, and the role of CS,
added to obtain luster surface in electrocrystallization of silver has also been
reported. There is no doubt that these substances are adsorbed on the
electrode surface. Table 2 shows several results of the impurity effects, in
which —7, on a contaminated sample with CS, is higher than that on a pure
one and Cyq, on a contaminated sample with Cu?* jon is much lower than
that on a pure one.

According to the surface diffusion mechanism, the value of Ca, increases
with increasing value of —7,. The experimental results are contradictory to
the successive mechanism; —7, remained at constant on a contaminated sample
with Cu?" ion while C,4 ., decreased to about one fouth: or —7, Increased
while Cyg, remained almost at constant. On the other hand, for the parallel

117
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TaBLE 2. Effect of impurity on Cu4, and 7. Current
densities of Case I and II are 0.51 mA/cm?
and 0.48 mA/cm?, respectively. Temp.: 25°C

Solution Impurity i Parallel | Successive
I —7g mechanism | mechanism
ase | AgClO, | HCIO, Material | CORC- Cua, 1011 | Cad,o101
M M M mV M/cm?2 | M/cm?
— — 74 5.2 6.3
I 0.2 1.0
Cuzt 10—¢ 75 1.2 14
— -— 75 5.6 7.0
11 0.25 0.5
CS; 105 9.6 5.1 6.2

mechanism, the behavior of —z, and C,4,.c can be independent of each other,
because the adsorption of impurity can occur independently on the adsorption
sites of Ag,s and on the crystal growth sites, the latter adsorption causes
the increase of —zs as shown in Table 2. These results clearly show that
the parallel mechanism is the more adequate one for understanding the mech-
anism of electrodeposition of silver.

Discussion

In this article, the authors presented new mathematical treatise on the
deposition reaction of Agt—Ag from acidic perchlorate solution, on the basis
of the parallel and the successive mechanism under a premise that the over-
potential is caused by the difference of the charging-up of the double layer
with neglection of possible effect which might be caused by the change of
the work function of the electrode by the adsorption of Ag. In this respect,
the original treatise of Bockris and others on the successive mechanism
stands on the same view point. The propriety of the parallel mechanism
against the successive mecanism, discussed below, is thus within a limit of
the premise mentioned above. Although the occurrence of the simultaneous
complicated reactions of the parallel and the successive reactions are not
denied, the authors did not pay any attention to the diffusion of Ag
from adsorption site to lattice site in the treatise on the parallel mecha-
nism, and contrariwise the authors did not take any attention to the fast
dissolution of Ag from adsorption site and the fast direct re-adsorption
to the lattice site on the successive mechanism with the assumption of
slow-surface diffusion. Thus the authors treated the both mechanism,
evenly.

The nonlinearity of the i—7 curve in the low overpotential region (<10
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mV) has been observed by many au-

thors.2® The asymmetry of the i—y is (mMA/cm?)

curve between anodic and cathodic I.Z:l:

regions has also been reported*?. os+ /0
Similar results were obtained in the i A A
present experiments (Fig. 9). In the o4r /0
cathodic region where 7,<0.5 mA/cm? o _/0 s
in Fig. 9, we see that 7, is linear * 6 4 271 -2 -4 -6
against —7,. In the preceeding sec- /0_0'4-- 7 (MV)
tion, the authors showed the relation /O T

between Cyq e and —i; for the parallel ° -08T

mechanism (Fig. 7) and the relation _ |.2:£

Cuio and #; for the successive mecha-
nism (Fig. 8), the latter relation may
be judged as not linear, even in the

Fig. 9. {s—7s curve in the steady
state.

. ) Solution: 0.5 M AgClO,+0.5M HCIOy,
low 4, region (<0.50 mA/cm?). On Temp.: 25°C, Cell : Fig. 2.

the otherhand the relation of C,qyo vs
—7, for the parallel mechanism is linear and passes through the origin. It
became clear that the theoretical treatments of the transient curve on the
basis of the parallel mechanism and the effect of impurities on 7, and
Cii are found not only to be self-consistent but more favoured than these
obtained on the basis of the successive mechanism. Damjanovic and
Bockris® had explained the non-linearity of the iz, vs #; relation as being
due to the change in the number of active points for the successive me-
chanism, but the same interpretation is hereby valid for the parallel me-
chanism. It remains not clear whether the adsorption site is one of the
lattice sites which loses its activity in the early stage of the reaction or not.
The confirmation of these views by other experiments will be reported
in the near future.
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