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Abstract

The use of electrochemical impedance spectroscopy (EIS) for the in situ control of the electrolytic codeposition of
Ni/SiO2 and Ni/SiC was investigated. An attempt was made to clarify why silica particles hardly codeposit in
comparison to silicon carbide particles. It was found that the presence of SiO2 and SiC particles in¯uences the metal
deposition process in di�erent ways. SiC particles that are being embedded in the growing metal layer cause an
apparent decrease in the electrode surface area, probably due to blocking o� a part of the surface by partly engulfed
particles. In the case of SiO2 particles, which embed in the metal matrix to a very limited extent, no blocking was
observed. It was found that the presence of particles in the solution causes an apparent increase in the electrode
surface area, probably due to increased surface roughness.

1. Introduction

Solid particles suspended in a plating bath can adhere to
the cathode during electrolysis and, under certain
conditions, be embedded in the growing metal layer.
This phenomenon can lead to the contamination of the
metal deposit during electrore®ning, but is also the basis
for composite plating technology [1±9]. After recogni-
tion that electrophoresis, proposed initially by Withers
[10] as a mechanism of codeposition, cannot be opera-
tive in highly concentrated plating solutions, mechanical
entrapment was considered for some time [11, 12]. It was
then found that certain cations (e.g., thallium), anions
(e.g., ¯uoroborate) or organic additives (some amines)
have an in¯uence on the codeposition [2, 13]. A ®rst
mathematical description of the electrolytic codeposi-
tion by Guglielmi [14] was based on a two-step
codeposition mechanism. Guglielmi assumed that par-
ticles are ®rst reversibly adsorbed on the electrode
surface. These loosely adsorbed particles are then
embedded in an electrochemical step. The adsorption
of metal cations onto the particle surface was subse-
quently considered [13, 15±20]. Considering the reduc-
tion of the metal ions present on the surface of particles
as the key step in codeposition, Celis et al. [21] derived
an equation which allows a prediction on the degree of

codeposition for systems of de®ned hydrodynamics
(e.g., rotating disc electrode). An attempt to develop a
predictive model was undertaken by Fransaer et al. [22].
The number of particles reaching the surface of a
rotating disc electrode was calculated using a trajectory
analysis, taking into account all forces acting on a
particle. Hydration forces were invoked to explain the
observed dependence of deposition rate on the electrode
potential. These hydration forces hinder particles to
approach closely the electrode surface. Strong repulsion
between hydrated surfaces at short separation distances
in concentrated solutions of inorganic electrolytes has
already been reported in the literature [23].
Watson and Walters [25] and Watson [26] investigated

the codeposition of chromium particles and silicon
carbide particles with nickel by EIS, whereas Yeh and
Wan [27] studied the codeposition of silicon carbide
particles with nickel. Watson and Walters [25, 26]
observed two capacitive loops and two inductive loops
in the impedance Nyquist plots. One of the capacitive
loops, at very high frequency (104 Hz < f < 105 Hz)
was interpreted as the electrical double layer (EDL)
capacitance in parallel with a charge transfer resistance
and the other, in the frequency range of 10 Hz < f <
104 Hz, was related to an adsorption step pseudo-
capacitance in parallel to an adsorption step resistance.
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Based on a graphical analysis of these EIS data, an EDL
capacitance of 2±4 lF cmÿ2 was calculated. This capac-
itance is at least one order of magnitudes lower than
values reported earlier, whereas the pseudo-capacitances
were of the same order of magnitudes as the earlier
reported EDL capacitances [28±33]. Watson [26] report-
ed that the introduction of SiC to the solution at
constant potential causes a signi®cant increase in cur-
rent. However at the same time, an increase in charge
transfer resistance was observed. This is puzzling be-
cause an increase in current should rather be accompa-
nied by a decrease in charge transfer resistance.
Yeh and Wan [27] did not observe the high-frequency

capacitive loop and interpreted the capacitive loop in the
frequency range 10 Hz < f < 104 Hz as the charge
transfer resistance in parallel with EDL capacitance.
They assumed the same equivalent electrical circuit
(EEC) as Watson and Walters [26], and applied the
`simulate-and-compare' method for the interpretation of
their EIS data. Again the interpretation of the imped-
ance measurements by Yeh and Wan is unclear. The
impedance spectra with well developed inductive loop
cannot be simulated by an EEC composed of resistors
and capacitors only, assumed by those authors. Also,
the values of the adsorption step pseudo-capacitance
given by Yeh and Wan [27] are two orders of magni-
tudes higher than those reported by Watson and
Walters. Furthermore, neither Watson and Walters
[25, 26] nor Yeh and Wan [27] analysed the SiC content
of their deposits. Strong in¯uence of the presence of SiC
particles in the solution on the electrode impedance
during nickel electrodeposition was also reported by
Benea and Carac [34].
As previous impedance spectroscopy studies led to

contradictory results, the e�ect of solid particles sus-
pended in an electrolyte on the impedance of the
interface between the electrode and the plating solution
was reconsidered in this work. Two systems were
investigated: nickel/silicon carbide and nickel/silica.
There are many reports on the codeposition of SiC with
nickel [26, 27, 34±36]. SiC is known to codeposit in large
amounts with metals. On the contrary, the codeposition
of silica with metals occurs to a rather limited extent
[36±39]. Amounts of codeposition higher than 1 wt%
(without additives) has not been reported. A codeposi-
tion of silica with zinc up to 6%, was observed only
under conditions where the simultaneous precipitation
of Zn(OH)2 occurred [40, 41].

2. Experimental details

A Watt's bath containing 300 g dmÿ3 NiSO4:6H2O,
35 g dmÿ3 NiCl2:6H2O and 40 g dmÿ3 H3BO3 was
used. The pH was regulated between 2 and 4 by adding
either H2SO4 or NaOH. The experiments were perform-
ed at 55 �C. Analytical reagent grade chemicals and
triply distilled water were used. a-SiC particles (Norton,
Norway, ref. 15-NLC) with a particle size of 0.6 lm

were selected for this study. The silica particles were
obtained by grinding high quality quartz sand in a ball
mill with iron balls. After grinding, the particles were
washed repeatedly in nitric acid and water until no iron
was detected in the supernatant liquid, then deslimed
and ®nally dried. The mean diameter of the particles,
measured by Coulter Counter, was 1.5 lm. The disper-
sion of the particle diameter was rather narrow since
90% of the particles had a diameter between 0.4 and
2.5 lm.
Impedance measurements require electrode surfaces

which react uniformly. Rotating disc electrodes do not
allow a uniform codeposition of particles due to varying
hydrodynamic tangential forces with disc radius [22, 35].
Therefore, three di�erent cell geometries were selected
for this work. The ®rst cell had a volume of about
1.0 dm3 with a cathode area of 25 cm2 placed in the
centre of the cell in a vertical position in between two
nickel anodes. Agitation by air bubbling was done from
the bottom of the cell. Two 65 cm3 cells of similar
geometry but with a smaller electrode surface area were
used for impedance measurements. The electrodes used
in these cells were metal disks embedded in PTFE,
placed in a vertical position in the wall of the cell. The
particles were kept in suspension with a magnetic stirrer
located at the bottom of the cell. One of these cells
contained a stainless steel cathode disc of the area of
1.06 cm2. In the other cell, the cathode was a gold disc
of 1 mm diameter. A reference saturated calomel
electrode (SCE) and a counter electrode of pure nickel
were used. The reference electrode was placed in a glass
arm separated from the main cell, and the counter
electrode was placed as far as possible from the cathode
in order not to disturb the uniformity of the current ¯ow
to the electrode or the particle distribution at the
surface. Impedance spectra were measured with a
frequency response analyser FRA 1250 and an electro-
chemical interface ECI 1286 potentiostat (both Schlum-
berger±Solartron), controlled by a 9000 series 300
Hewlett±Packard computer. All potentials are given
with respect to the SCE and after IR potential drop
correction.
During potentiostatic deposition, the current was

registered continuously. The thickness of the Ni layer
was derived from the online integrated current and the
current e�ciency determined in a separate series of
experiments. Codeposition experiments were performed
in the large cell in the galvanostatic mode to choose the
optimal conditions of suspended particle concentration,
pH and current density. The amount of codeposited
particles was determined by dissolving the coatings in
nitric acid and by weighting the amount of particles
after ®ltration. For the cell containing a disc cathode of
1.06 cm2 surface area the particle content was deter-
mined by stripping and weighing the metal layer then
dissolving it in nitric acid. The nickel content was
determined by titration with EDTA and murexide used
as an end point indicator. The particle content was
calculated from the di�erence in the weight of the
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deposit and the mass of nickel. Under identical condi-
tions of pH and SiC concentration in solution, the
codeposition in that cell was very similar to the one
obtained in the larger cell. The chemical analysis of the
SiC content was not possible in the cell with the 1 mm
diameter gold electrode due to the small mass of
composite.

3. Results

3.1. SiC and SiO2 codeposition with nickel

In agreement with the literature, SiO2 showed only very
limited codeposition with nickel, whereas a high code-
position of silicon carbide was obtained (Figure 1) for
the same conditions. Di�erences in codeposition for SiC
at pH 3 and 4 were not observed, but the codeposition
of SiC at pH 2 was signi®cantly lower. The mechanical
properties of the obtained SiC/Ni composite coatings
have been presented elsewhere [42].
Watson [26] observed a drop in the current e�ciency

from 0.99 to 0.46 in the case of a Watts bath containing
SiC particles in comparison to a bath without particles.
Such an e�ect was not observed in our experiments. For
deposition without particles at a potential of ÿ0:85 V
(IR corrected) and pH between 2 and 4, the current
e�ciency was found to be 0.95 � 0.03 (mean value from
nine experiments). This value is typical for nickel
electrocrystallization from a Watts bath. Only a slight
increase in current e�ciency was observed with increase
of pH in that range. In the presence of SiC particles
(5±150 g dmÿ3) at pH 3.0, only a slight decrease in the
current e�ciency to approximately 0.90 at the highest
particle concentration was observed. Also, the Tafel
slopes in the presence and absence of suspended SiC

particles were similar, namely 95 mV (decade)ÿ1 for the
pure bath and 105 mV (decade)ÿ1 for the bath with SiC
(Figure 2), the di�erence being within the range of
accuracy of the measurements.
In some previously published papers on potentiostatic

codeposition experiments, the e�ect of particles on the
IR potential drop in solution was neglected and thus
false conclusions were drawn about the in¯uence of
particles on the electrode process. For a working
electrode in the form of a disc embedded in a plane,
the resistance of the solution (Rs) may be estimated from
Newman's equation [43]:

Rs � 1

4ja
�1�

where j is the speci®c solution conductivity and a is the
radius of the disc. From the above equation it follows
that for a given current density the IR potential drop is
higher for the electrode of a bigger diameter. Indeed, the
IR potential drop, estimated from the high frequency
part of an impedance spectrum, was always higher in the
case of the electrode of the bigger surface area and
higher in solutions containing particles, because the
speci®c conductivity of the suspension is lower in
comparison to the pure bath. In the cell with the lowest
cathode area, the IR drop was relatively low, namely
�27 mV at the highest current density used of
60 mA cmÿ2. The di�erence in IR potential drop be-
tween the pure plating bath and the bath containing
particles was negligible in that case (less than 3 mV).
However, in the case of the cell with a cathode area of
1.06 cm2, the maximum IR potential drop was 310 mV
and consequently, the di�erence in IR potential drop for
experiments with and without particles was much
higher, namely up to 30 mV. So, only in the cell with
the smallest cathode area, could the experiments per-
formed at the same measured potential with and without
particles be compared directly, since they were perform-
ed at the same real electrode potential.

Fig. 1. Amount of a-SiC (s) and SiO2 (´) particles in the nickel

coating as a function of the particle concentration in the suspension.

Watts bath operated at 55 �C and pH 3. Stainless steel cathode of

1.06 cm2. Potential between ÿ0:83 and ÿ0:86 V for di�erent experi-

ments.

Fig. 2. Tafel plots for a nickel electrode in particle-free nickel Watts

bath (´) and in a Watts bath with 100 g dmÿ3 SiC (s). Reported

potentials were corrected for IR potential drop. Stainless steel disc

cathode of 1.06 cm2, t � 55 �C, pH 3.
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3.2. Impedance of the nickel electrode in a pure Watts
bath and the bath containing particles

Impedance spectra for nickel in a particle-free nickel
Watts plating bath and in a bath containing 100 g dmÿ3

SiC are shown in Figure 3. The impedance spectra
shown correspond to frequencies higher than approxi-
mately 0.1 Hz, where the spectrum is determined mainly
by the nickel ion discharge reaction; the features
connected with discharge of hydrogen ions appear at
lower frequencies. These experiments were performed as
follows. A 20 lm thick nickel layer was deposited at
ÿ0:84 V. The potential was then lowered in steps of
about 50 mV to the rest potential of the nickel electrode
in the same solution. After every step, the electrode was
held for 10 s to stabilise the conditions and the
impedance spectrum was recorded. The experiments
with SiC were performed in the same way, but after
deposition of a 10 lm thick nickel layer from a particle
free Watts bath, SiC particles were added to the
solution. The ®rst spectrum was recorded after deposi-
tion of a second 10 lm thick composite nickel layer. The
stirring was so intensive that the current was indepen-
dent of the stirring rate. Figure 3 shows that spectra
recorded at a given potential in the presence and absence
of suspended SiC particles are very similar.
The spectra obtained at potentials more anodic than

approximately ÿ0:68 V corresponded to the spectrum
generated by the EEC shown in Figure 4(a), whereas the
spectra taken at potentials more cathodic than approx-
imately ÿ0:72 V were similar that generated by the EEC
in Figure 4(b). The change from the inductive to
capacitive behaviour was sharp and occurred over a
relatively narrow range of potentials. The analysis
presented by Cao [44] indicates that both EECs describe
the same reaction mechanism, however with di�erent
values for parameters such as reaction rate constants,
Tafel coe�cients, surface coverages etc.

For the analysis of the impedance data, the capaci-
tance of the double layer (Cdl) in the EEC's was replaced
by a constant phase element (CPE) [45]. It is generally
believed that the origin of the CPE behaviour lies in the
roughness and/or inhomogeneity of the electrode sur-

Fig. 3. Impedance spectra (20 frequencies between 65 535 and

0.125 Hz in logarithmic steps) for a nickel electrode in particle-free

nickel Watts bath (upper) and in a Watts bath with 100 g dmÿ3

SiC (lower), at the IR corrected potentials of ÿ0:728 V (´) and

ÿ0:688 V (s). Stainless steel disc cathode of 1.06 cm2, t � 55 �C,
pH 3.

Fig. 4. Two equivalent electrical circuits (a, b) used to describe a nickel electrode in a plating bath. The impedance plots generated by

these circuits are also shown. Values assumed in the simulation: Rs = 0 X, Cdl = 100 lF, Rt = 10 X, Rc = 3 X, Cc= 10 mF, Rl = 20 X,

L � 1 H.
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face. The CPE model is assumed in this paper to
describe the impedance of the electrolyte/Ni interface:

Z � 1

K
�jx�ÿa � xÿa

K
cos�ap=2� ÿ j

xÿa

K
sin�ap=2� �2�

with K and a frequency independent constants. The
factor K depends on the electrolyte concentration and is
connected to the speci®c electrode capacitance. The
factor a (0.5 < a < 1:0) is thought to be characteristic
for a given interface and independent of the electrolyte
concentration. For electrodes showing a CPE behav-
iour, the electrode capacitance is di�erent at each
frequency and the capacitance of two electrodes may
be compared only if both electrodes show the same
value of a. To overcome that di�culty, Brug and
coworkers [46] proposed for an electrode with faradaic
current, the following equation to calculate the mean (or
corrected) capacitance:

Ccorr � K1=a

Rÿ1s � Rÿ1t

ÿ ��1ÿa�=a �3�

with Rt the charge transfer resistance and Rs the solution
resistance. This equation is correct as long as the CPE
concept is valid.
The EEC were ®tted to the impedance data using the

least-squares regression analysis program MINUIT [47].
The minimized function was

X mod�Zmeas ÿ Zcalc�
mod�Zmeas�

� �2
�4�

with summation over all frequencies. The square root of
the calculated sum of squares in Equation 4 divided by
the number of frequency points gave the mean relative
error of the ®t. All parameters appearing in the equation
describing the EEC from Figure 4(b) were optimized.
The mean relative error of the ®t in most cases was lower
than 0.01. Examples of the ®t are presented in Table 1.
Figure 5 compares the impedance spectra recorded

before and after the addition of particles to the bath.
The experiments were started in a pure bath (without
particles) and nickel deposition was performed at
constant potential. After the deposition of each 5 lm

thick nickel layer, the impedance measurement was
performed. When the layer attained a thickness of
20 lm, particles were added to the solution and spectra
were registered after the deposition of another 5 lm
thick layer. A low area electrode was used in that
experiment to avoid changes of Rs due to the addition of
particles to the baths. On addition of particles to the
solution, the diameter of the activation semicircle
changed slightly, but the addition of silica and silicon
carbide particles have an opposite in¯uence on the
impedance spectrum. An apparent decrease in the
charge transfer resistance takes place on addition of
silica. This decrease is accompanied by an increase in
current and EDL capacitance of the electrode. It

Table 1. Impedance parameters during nickel deposition before and after the addition of particles to the Watts bath (pH 3, 55 °C) on an

electrode of 1 mm diameter at the potential of )0.85 V

The EEC from Figure 4b is assumed in the calculation of parameters. Ccorr was calculated from Equation 3. C10 000 and C100 mean capacitance

calculated for the CPE model (Equation 2) at f = 10 000 Hz and f = 100 Hz, respectively

Type of

particle

Concentration

/g dm)3
Rs

/W cm2
Rt

/W cm2
a 106 K* R1

/W cm2
L

/H cm2
Ccorr

/lF cm)2
C10 000

/lF cm)2
C100

/lF cm)2

SiC 0 0.63 1.75 0.961 110 6.05 0.21 74.0 71.6 85.7

100 0.66 1.86 0.949 119 6.69 0.27 70.0 67.9 72.2

SiO2 0 0.45 1.31 0.939 140 3.21 0.16 73.2 71.7 94.8

100 0.45 1.22 0.943 142 3.59 0.16 77.6 76.0 98.8

*The dimension of K depends on the value of a and may be deduced from Equation 2. For a ' 1, sin(a p/2) is close to 1 and K is equal to the

capacitance of the electrode at a frequency of 1/2p Hz

Fig. 5. Impedance spectra (17 frequencies between 65 535 and 1 Hz in

logarithmic steps) before (+) and after the introduction of

100 g dmÿ3 SiC (s) or 40 g dmÿ3 SiO2 (() particles to a Watts bath

operated at pH 3 and 55 �C. Gold cathode of the diameter of 1 mm.

Potential before introduction of particles ÿ0:83 V (IR corrected).
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suggests an increase in the surface roughness of the
electrode. Such an increase in current after introduction
of solid particles to the solution was reported [48] for
TiO2/Ni and ascribed to the catalytic action of particles
on the nickel reduction. Also Watson [26] observed an
increase in current for SiC/Ni and ascribed it to the
increase in surface area of the electrode.
In the case of SiC particles the observed increase in

charge transfer resistance was accompanied by the
decrease in current and EDL capacitance, which sug-
gests the decrease in electrode surface area. It was really
observed in our previous work [42] that the Ni layers
deposited in the presence of suspended SiC particles
showed increased roughness.
Similar experiments were performed using the elec-

trode with a higher (1.06 cm2) surface area cathode. The
main change observed in the spectrum on addition of
SiO2 to the bath was a horizontal shift of the whole
spectrum (Figure 6) due to the increase in solution
resistance. This may be explained assuming that some
decrease in charge transfer resistance due to particle
introduction (Figure 5) was compensated by an increase
in charge transfer resistance due to the decrease in
overpotential, caused by the increase of the IR potential
drop. The parameter a was almost constant during

deposition (Figure 6, lower part), whereas the parameter
K increased on introduction of particles.
The opposite tendency was observed with silicon

carbide particles (Figure 7), similarly to the experiment
presented in Figure 5. A decrease in current (which was,
however, caused partially by the increase in solution
resistance) was accompanied by an increase in Rt. At the
same time, a decrease in Ccorr was noticed which
suggests a decrease in the surface area of the electrode.
This was, however, due to a change in a, not in K. Thus,
it may be stated that the presence of particles being
embedded in the surface increases the surface inhomo-
geneity. Also the presence of SiC in the nickel deposit
makes the microscopic current distribution over the
surface more uneven, which leads to a decrease of a. To
check whether this was a regular trend or only a
coincidental result, a series of measurements was per-
formed in which Ni/SiC composites were deposited from
baths with di�erent particle concentrations. In each
experiment the deposition was performed at a constant
electrode potential, with the particles present in the
plating bath right from the beginning of the experi-
ments. The impedance spectra were recorded at intervals
corresponding to 5 lm increases in layer thickness. The
electrode capacitance calculated from Equation 3 for a
layer of 20 lm thickness is plotted in Figure 8 against

Fig. 6. Impedance spectra (17 frequencies between 65 535 and 1 Hz in

logarithmic steps) before (´) and after (s) the introduction of SiO2

particles to the Watts bath operated at pH 3 and 55 �C. Potential (IR
corrected) before the introduction of particles ±0.83 V. Steel electrode

of 1.06 cm2. In the bottom part of the ®gure the changes of the

impedance parameters a (() and K (´) during the electrolysis are

shown (see Equation 2 for de®nition). Spectra performed at the 5 lm
intervals of the Ni layer thickness.

Fig. 7. Changes in current and impedance parameters due to the

addition of SiC particles to the nickel Watts bath operated at pH 3 and

55 �C, for the experiment shown in Figure 5, Ccorr values are

calculated according to Equation 3. Spectra performed at the 5 lm
intervals of the Ni layer thickness.
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the volume percent SiC in the composite coating.
Despite the large scatter in the results, the correlation
between Ccorr and the SiC content in the composite
reveals a decrease in capacitance at increasing content of
SiC in the composite coatings (correlation coe�cient
ÿ0:84). The observed decrease in calculated capacitance
was, however, much lower than expected assuming a
decrease in capacitance proportional to the volume
content of SiC in the composite. Most probably there
are two trends. The presence of SiC particles in the
solution causes an increase in surface roughness, as
suggested in the case of SiO2, and on the other hand,
particles partly embedded in the metal deposit block
part of the surface.

4. Discussion

The changes in impedance parameters after the intro-
duction of particles to the solution are given in Table 1:
the relatively high value of a in the deposition experi-
ments is clear. For the electrode of diameter 1 mm a
attained a value between 0.92 and 0.98. Such a value was
noticed, for example, in the case of polycrystalline Pt
electrode [49] and indicates a relatively low dispersion of
the electrode capacitance versus frequency. This may be
connected with the fact that the nickel reduction is
relatively slow, and occurs at high overvoltage, which
reduces the inhomogeneity in current ¯ow due to the
primary and secondary current distributions. The CPE
behaviour of the electrode is evidently in¯uenced by the
macroscopic nonuniform current distribution. For the
larger electrode, a was always lower and the Ccorr was
always slightly lower in comparison to a smaller
electrode operated under comparable conditions. It
may also be ascribed to the in¯uence of the macroscopic
nonuniform current distribution on the capacitance of
the EDL. Such a behaviour may be expected from
Newman's treatment of the capacitance of a disc
electrode [50].

The impedance parameters are not greatly a�ected by
the introduction of particles to the solution, except the
trivial in¯uence on Rs, observable in the case of
the electrode of the higher surface area (Figure 6). Yeh
and Wan [27] observed a signi®cant change in the
adsorption pseudocapacitance of the electrode reaction
due to the presence of particles in the solution. In our
experiments, the changes in impedance parameters
connected to the adsorption step (Rl and L) on addition
of particles to the solution, are comparable to the spread
between consecutive measurements on the same elec-
trode (Table 1). A well de®ned trend was not observed.
When particles are codeposited, the reduction in the
surface area of the electrode causes some increase in Rt

(Table 1) and should cause a similar change in the
parameters characterizing the adsorption step. Last, but
not least, the introduction of particles to the solution
may be accompanied by the introduction of impurities,
which in¯uence the coverage of the electrode by
adsorbed intermediates. The conclusion of Yeh and
Wan [27] that the impedance parameters of the electrode
reaction re¯ect the participation of species adsorbed on
the surface of particles in the electrode reaction cannot
be con®rmed. In the case of micrometre-sized particles,
negligibly small amounts of ions are adsorbed on the
surface in comparison to the amount of ions present in
the layer of electrolyte of the same thickness as the
particle diameter, adjacent to the electrode surface. So,
it is rather doubtful that the current connected with the
reaction of such small amounts contributes to a mea-
surable extent to the electrode reaction. We also cannot
con®rm the large in¯uence of the presence of SiC
particles in the plating bath on the impedance of the
nickel electrode during nickel electrocrystallization,
observed by Benea and Carac [34].
The calculated electrode capacitance (Table 1 and

Figures 7 and 8) seems to be reasonable in view of the
data obtained for other polycrystalline metal electrodes
[51] and is in reasonable agreement with earlier papers
[28±33] concerning nickel electrode.
A reduction in electrode capacitance was not observed

in the case of SiO2 particles, which were embedded in the
electrodeposited layer to a very limited extent (see
Figure 1). This means that particles which do not embed,
are separated from the electrode by a gap larger than the
EDL thickness. Of course there is the possibility, that
SiO2 particles do block some part of the electrode
surface, but the resulting decrease in electrode capaci-
tance is overcompensated by the increase in surface
roughness. However, analysis of the results does not
support this view. In the case of the 100 g dmÿ3 SiC
suspension the expected decrease in capacitance (Figures
1 and 8) was about 12 lF cmÿ2. The observed value was
only 6 lF cmÿ2, about half of the expected value,
supposedly due to the increase in surface roughness
factor. It may be seen in Table 1 that the increase in
capacitance in the case of SiO2 suspension was very close
to that value. Assuming that the presence of SiC and
SiO2 causes the same increase in electrode roughness it

Fig. 8. Dependence of the corrected capacitance of the SiC/Ni

electrode after the deposition of 20 lm Ni layer, calculated from

Equation 3, on the SiC content in the composite coatings. Deposition

conditions like in Figure 1.
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may be concluded that either no blocking is observed for
the case of SiO2 or that the e�ect is negligibly small.
The di�erence in the codeposition rate between silica

and silicon carbide still needs to be explained. According
to the XPS results of Yeh and Wan [27], SiC conditioned
in an aqueous solution is covered by a few nanometre
thick layer of silica. Also the data of Maurin and
Lavanant [35] on the surface analysis of SiC powders,
suggest that the surface of SiC is covered by a layer of
silica. Yeh and Wan [27] established the point of zero
charge of SiC to be 2.2, very close to the point of zero
charge of silica [52]. However, the presence of silica at the
surface of SiC does not mean that both substances show
the same hydrophobicity. The hydrophobicity of many
solid materials was investigated by Drzymaøa [53]. The
collectorless ¯otability was chosen by Drzymaøa to
characterise the hydrophobicity of a material and it was
found that SiO2 is hydrophilic whereas SiC is hydropho-
bic. Flotation is similar to codeposition since in both
processes a solid particle approaches an interface and the
rupture of the aqueous ®lm between the particle and the
interface must occur to allow the capturing of particles at
the interface. This is probably the main reason for the
di�erent behaviour of the two substances in codeposi-
tion, as already suggested by Fransaer et al. [22].

5. Conclusions

The EIS results suggest that particles suspended in a
plating bath increase the roughness of the electrode
surface. Silica, which hardly codeposits, increases the
speci®c electrode capacitance while silicon carbide which
codeposits easily, decreases the electrode capacitance,
but to a lower extent than expected on the basis of the
percentage of embedded particles. It is assumed that the
lowering of the surface area of the electrode by partly
embedded particles is counterbalanced to some extent
by an increase in surface roughness. Indeed on addition
of silica particles an apparent increase in surface
roughness is the only e�ect detected. Blocking of the
electrode by silica particles was not observed.
The EIS results suggest that particles adsorbed on but

not embedded in the electrode, remain separated from
that electrode surface by a liquid ®lm thicker than the
width of the electrical double layer. The rupture of that
liquid ®lm thus seems to be the key factor controlling
the electrolytic codeposition of particles.
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