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Abstract-The ac impedance behaviour of electrochemically grown dendritic Ag three-dimensional elec- 
trodeposits grown from aqueous Ag+ ion containing solutions has been studied in the blocking regime 
covering the 1 <f< l@Hz frequency range (o = 2x!). These deposits exhibit fractal surface and non 
fractal mass (volume) characteristics. Impedance data displayed a.s log Z” vs. log w plots show two linear 
portions with different frequency dispersion exponents (a) = 0.95 f 0.03 and (a) = 0.67 f 0.05, respec- 
tively. The crossover frequency, ol. as determined from those plots, mainly depends on the electrolyte 
resistivity and, to a minor extent, on the Ag+ ion electrodeposition charge. For w > ol, the surface 
fractaf dimension derived from the reciprocal relationship, D, = (l/a) + 1, is D, = 2.45 f 0.1. This figure 
agrees with that obtained from the log (area) vs. log (volume) plots. 
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INTRODUCTION 

The possibility of evaluating the fractal dimension of 
rough metal surfaces by the UC impedance technique 
has attracted a considerable interest over the past 
years[l-51. The following relationship between Z”, 
the electrode impedance, and w, the frequency, is ful- 
filled for these surfaces in the blocking regime: 

z” cc jo-” (1) 

where j = fl, w = 27cJ f is the frequency of the 
ac signal in Hz and a! is the frequency dispersion 
exponent, denoted as the constant phase angle 
(CPA). For a perfectly smooth metal surface showing 
ideal capacitive behaviour a = 1; whereas for irregu- 
lar surfaces in diluted solutions a < l[l, 61. 

Although different models have been proposed to 
relate a to D,, the fractal dimension of the metal 
electrode surface, no reliable relationship between 
these two parameters could be established as yet[7- 
111. However, in a recent approach to this problem, 
it was found that for a diffusion limited aggregation 
(DLA) type electrode, the following equation 
holds[12]: 

D, = (l/a) + 1. (2) 

Equation (2) offers the possibility of evaluating DS 
through analysis of the impedance diagrams. 

ac impedance data of Ag dendritic three- 
dimensional electrodeposits are reported in the pre- 
sent work. The surface of these deposits can be 
described in terms of DLA-type metallic surface[13]. 
These data have fuJ6lled equation[l] over about 
three decades of UI with either a z 1 or a r 0.67, 

depending on whether o is lower or greater than a 
certain crossover frequency. From the a value found 
for w greater than the crossover frequency, it results 
in D, = 2.45 + 0.10, a figure which agrees with the 
value of 0, derived from the analysis of the log (area) 
vs. log (volume) plots[13]. Accordingly, the D, value 
for Ag dendrites electrodeposits agrees with the pre- 
diction for three-dimensional deposits generated 
from DLA models[14]. 

EXPERIMENTAL 

The Ag dendritic electrodeposits were grown 
under potentiostatic conditions on a Pt quasi- 
spherical (0.055cmz area) working electrode placed 
axially at the top of a cylindrical cell. A large Pt 
plate counter-electrode and a saturated calomel ref- 
erence electrode (ace) were used. Voltammograms 
show that the Ag electrode behaves as an ideal 
blocking electrode in Na,SO, + H,SO, aqueous 
solutions. These solutions were prepared from a.r. 
chemicals and Milli*-Q water. 

The Ag electrodeposition was made at -0.2OOV 
(vs. see) from 0.01 M Ag,SO, + 0.01 M H,SO, 
+ 0.5 M Na2S0, solution[13]. After a preselected 

Ag electrodeposition charge, Q, has been passed, the 
working electrode was removed from the cell, 
washed with water, and immersed in the electro- 
chemical cell containing a x M H,SO, + y M 
Na,SO, solution (lo-’ < x d 10m5, 0.5 d y d 5 
x 10e2) for the ac impedance measurements. The 
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composition range covered by these solutions 
allowed us to determine the influence of the solution 
resistance on the impedance response of different Ag 
dendritic electrodeposits. 

The impedance measurements were performed at 
-0.1 V (vs. see) using a 0.005 V signal amplitude in 
the 1 Hz <f < lo4 Hz frequency range. These input 
variables, including the frequency range, provided 
the maximal reproducible information of the electro- 
chemical system. 

shown in Fig. la-c. A sponge-like deposit with a self- 
similar appearance can be seen. The inspection of 
these deposits at a higher magnification reveals 
forest-like patterns (Fig. Id) similar to those already 
reported for structures fulfilling DLA models[ 153. 
Macroscopically, Ag deposits can be described as 
axially symmetric objects, the growing contour 
having a two symmetry axis, u and h in the vertical 
and the horizontal directions, respectively (Fig. 2). 

The uc impedance measurements were performed 
with a Solartron FRA 1250 unit coupled to an Elec- 
trochemical Interface 1186. A potentiostat EG&G 
Model 173 was used for Ag electrodeposition. Runs 
were made under purified Ar at 25°C. 

RESULTS AND DISCUSSION 

The evolution of Ag dendritic electrodeposits com- 
prising Q values in the 0 < Q < 60mC range is 

The mass (M) vs. volume (V) relationships can be 
used to characterize volume fractals. In this case, as 
M a Q, a Q vs, 1/ plot allows us to characterize the 
dendritic Ag three-dimensional deposit. Q was evalu- 
ated from t = 0, the beginning of the Ag electro- 
deposition process up to the time t required for the 
object to reach the volume I/. Otherwise, V values 
were calculated by assuming that the growing object 
can be modeled as a cylinder with height L, and base 
diameter I+ (Fig. 2) after correcting for the volume 
of the Pt substrate. This volume was attributed to 
the volume of a sphere of radius rO. In this way a 
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(a) Initial single crystal polyfaceted Pt substrate; (b) Three-dimensional Ag dendritic 
lOmC); (c) Three-dimensional Ag dendritic deposit (Q = 55mC); (d) SEM micrograph of 

drites. Scale bars are shown in the figure. 
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Fig. 2. Geometrical model for scaling the Ag dendritic 
deposits. Dotted traces represent the contours of the den- 
dritic object at different stages of growth. The quasi- 

spherical initial substrate is shown as a black surface. 

linear Q vs. V plot was obtained (Fig. 3). From the 
slope of this straight line p value, the apparent 
density of the Ag dendritic deposit, results in 
p = 1.66 x 10-3gcm-3, a figure which is slightly 
higher than the density of the Ag+ ions in the solu- 
tion in which the Ag dendrites were grown. This 
constant value of p indicates that D,, the mass 

60, I I I I 

V/cm3 

Fig. 3. Q vs. V plot resulting from the threediiensional 
Ag dendritic deposit at different stages of growth; 25°C. 

(volume) fractal dimension, is D, = 3, ie the growing 
object behaves as a Euclidean object. 

Impedance data of Ag dendritic deposits displayed 
as log Z” vs. log w plots (Fig. 4) show two broad 
domains depending on whether w is lower or greater 
than a certain critical frequency w,. For w < o, 
equation (1) is obeyed, in contrast to o > 0,. Thus, 
the log Z” vs. log o plots resulting in 10m2 M 
Na,SO, + 2 x 10m4 M H,SO, solutions for 
Q<8mC and o < 3OOOrads-‘, show a single 
decreasing straight line portion with an average 
slope (a) = 0.95 + 0.03. In this case, for o > w, g 
3OOOrads-‘, a continuous increase in logz” vs. 
log w can be observed. 

On the other hand, the log 2” vs. log o plots from 
Ag deposits in the 8 mC < Q < 60mC range and 
o < o,, show two decreasing linear portions defin- 
ing a crossover frequency at wl. The w, and w1 fre- 
quency ranges are indicated in Fig. 4. For o < ol, 

Fig. 4. Log Z” vs. log o plot for thmedimensional Ag dendritic deposits in lo-*M Na,SO, + 2 
x lo-•M H,SO, solutions; (0) Q = 4mC; (A) Q = 8mC; (A) Q = 16mC; (0) Q = 36mC; (0) 

Q = 6OmC. 25°C. The w1 and W, fkequency ranges are indicated in the figure. 
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the average slope of the linear portion is 
<a) = 0.95 f 0.03; whereas for the w1 < o < 
3000rad s- ’ range, (a) = 0.67 f 0.05. Furthermore, 
as Q increases from 8 to 60mC the trend of the value 
of w1 to decrease from 50 to 36 rad s- ’ is observed. 

Impedance data depend on the electrolyte com- 
position. As the electrolyte concentration is 
increased from lo-‘M Na,SO, + 2 x 10m4M 
H,SO, (Fig. 4) to 0.5 M Na,SO, + lo-’ M H,SO, 
(Fig. 5) the value of wL in the log 2” vs. log o plot 
increases from 35-65 rad s-i to 630-1900rad s-i, 
but the value (a) = 0.67 f. 0.05 remains constant. 
Nevertheless, it should be noted that the frequency 
range related to the second linear portion in this 
solution is shorter than at lower solution concentra- 
tions. Furthermore, as the electrolyte concentration 
is increased, the rising portion for o > o, is no 

longer observed (Fig. 5). A similar feature in the 
log Z” vs. log w plot at high o can be observed for a 
smooth Pt electrode in lo-‘M Na,SO, + 2 
x 10m4 M HrSO, (Fig. 6). Therefore, this behaviour 

for Ag dendrites can hardly be attributed to surface 
roughness effects. 

Note that the UC impedance response of a smooth 
Pt electrode in 0.5M Na,SO, + lo-*M H,SO, 
shows only one straight line with a = 0.95. (Fig. 6). 
Hence, the log Z” vs. log w plot plot for ce > w, 
appears to be considerably dependent on the electro- 
lyte solution resistance in a way which is still far 
from being understood. Thence, ac impedance data 
fulfilling equation (1) will be only considered for the 
purpose of this work. 

The value of wI. can be used to define a boundary 
in the log Z” vs. log w plot between the frequency 

Log (0 /t-ad I-‘) 

Fig. 5. Log Z” vs. log o plot for three-dimensional Ag dendritic deposit in 0.5 M Na,SO, + 2 x lo-* M 
H,SO,; (A) Q = 16mC; (A) Q = 20mC; (0) Q = 36mC; (0) Q = 60mC. 25°C.. 
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Fig. 6. Log 2” vs. log o plot for a smooth polyfaceted I? single crystal in (0) lo-‘M Na,SO, + 2 
x lo-* M H,SO, at 25°C and (0) 0.5 M Na,SO, + lo-’ M H,SO,. 
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domains involving (a) s 0.95 * 0.03 and 
(a) s 0.67 f 0.05. A relationship between w1 and 
I,, the critical penetration length of the electric 
signal, has been found for Ag dendritic depositsC4, 
163. 

1, = l/p&, (3) 

where p is the resistivity of the electrolyte solution 
and C, is the specific capacitance of the electro- 
chemical interface. 

Attempts made to estimate & from equation (3) 
for w = ml, using o1 values derived from Figs 4 and 
5, C, = 5 x 10-5Fcm-2, p r 5OORcm for lo-‘M 
Na,SO,, and p g 1Oncm for 0.5 M Na,SO,, result 
in values of 1, nearly one decade greater than the 
size of three-dimensional Ag dendritic deposits. 
Equation (3), which has been successfully applied to 
volume fractals, appear to be insufficient to render a 
quantitative interpretation of these data. 

The CPA behaviour resulting from the UC imped- 
ance data of three-dimensional Ag dendrites can be 
explained in terms of a uniform mass (volume) object 
presenting fractal surface characteristicsCl3, 141. 
Seemingly, the very little dependence of wI. on Q is 
consistent with a surface fractal object. 

Presently, there is no agreement about the validity 
of parametric relationships between LY and D, for 
rough metal surfaces[l I]. However, it has been 
recently proved that equation (2) holds for a DLA- 
like electrode[12]. If one assumes that equation (2) is 
valid for three-dimensional Ag dendritic deposits, 
then it results in D, = 2.45 f 0.1. This figure coin- 
cides with the value of D?.for the surface of three- 
dimensional Ag dendrltlc deposits previously 
determined[13]. It should be noted that equation (2) 
has fulfilled best the correlation between a and D, for 

two-dimensional Ag dendritic deposits grown in a 
pseudo-two-dimensional electrochemical cell[17l. 
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