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Cu-Al2O3 composite coatings were obtained from a 0.2 M Cu2+ and 0.6 M monosodium glutamate electrolyte whose pH was adjusted
at different values in the 3–10 range. Particle charging behavior was studied through ζ-potential measurements and the potential
of zero charge of the electrode was determined using Electrochemical Impedance Spectroscopy. Scanning Electron Microscopy
was used to characterize coatings surface and to detect particle incorporation. The wt% of alumina in the deposits was estimated
using Energy Dispersive Spectroscopy performed on their cross section. Under these experimental conditions high incorporation of
particles into the copper matrix was observed, which was ascribed to the increased Cu2+ adsorption on Al2O3 surface induced by
the presence of glutamate in the electrolyte. It was found that hydration forces strongly influence the codeposition of particles as
proposed by Fransaer et al. The results were used to identify the relevant steps in the process and to develop a semi-empirical model.
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Electrocodeposition is a well-known process in which inert parti-
cles are embedded in a metallic matrix during electrodeposition. The
result of this process is a metallic coating containing micro or nano
particles of a different material dispersed throughout the deposit, i.e.
a composite coating. In order to produce such coatings, particles are
added to the plating bath and are kept in suspension either by mechan-
ical or ultrasonic agitation or by the addition of a dispersant agent.
The main advantage of this technique is that it provides an effective
method to obtain deposits with unique properties, resulting of the com-
bination of the particles’ characteristics (ceramic, metallic, organic)
with those of the electrodeposited metal. As a consequence composite
coatings have several applications, among which the development of
wear and corrosion resistant deposits,1,2 self-lubricating coatings3,4

and dispersion strengthened coatings5 are the most important, as has
been already stated by Celis et al.6 However, these are just some uses
of the codeposition technique that have been reported so far; several
new applications have been envisaged in the last decade7 and many
others are still to be developed.8,9

Although the incorporation of particles during electrodeposition
has been known since the advent of the electroplating industry10,11 the
first attempt to produce a technological coating using this method dates
from 1928.12 However, it was not until the sixties that a strong inter-
est in this field emerged. Since then, several authors have studied the
codeposition of particles trying to give an insight into the mechanism
of this process and to develop novel coatings with special properties.
During the last decades a large number of different metal-particle
systems have been investigated: Cu-Al2O3,13–16 Ni-Al2O3,17–21 Ni-
WC,22 Ni-SiC,1,2,23 Ni-P,24 Ni-W,25 Ni-W-P,24 Ni-W-P-SiC,24 Ni-P-
diamond,26 Cr-SiC, Cr-C,5 bronze-graphite,4,27,28 Ni-oil-containing
microcapsules,3 Zn-TiO2.29,30

As was stated before, many researchers have focused their efforts
on understanding the influence of different variables in the amount
of incorporated particles. Their results show that the factors affect-
ing this process include particle properties (material, size and shape),
bath composition (constituents, pH and additives) and deposition con-
ditions (current density, particle concentration, agitation, etc.).10,31

Based on their findings, many authors have proposed different mecha-
nisms to account for the behavior found experimentally.32–39 However,
none of the models developed proved to be useful in making consis-
tent predictions. Furthermore, some results obtained are contradictory
and cannot be interpreted by any of the existing models. For example,
Bund and Thiemig15,20 found that particle content was higher in elec-
trolytes where particles were negatively charged. Since they carried
out their experiments under potential conditions for which the elec-
trode also had a negative charge, these results could not be interpreted
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using Guglielmi’s model which states that particle incorporation oc-
curs via an electrophoretic mechanism. Likewise, all existing models
failed to explain the incorporation behavior observed by Hovestad
et al. when surfactants were added to the solution.40

Despite the discrepancies among the different proposed mecha-
nisms, it has been established that the codeposition of particles in-
volves the following steps:9,41

1. Ion adsorption on particles surface, including electroactive
species (formation of the ionic cloud).

2. Convective-diffusive transport of particles from the solution’s
bulk to the surface of the electrode.

3. Adsorption of particles at the cathode (Langmuir Isotherm).
4. Final incorporation to the growing deposit.

Several attempts have been made to describe the mechanism
through which the particles are entrapped in the metallic matrix. In
fact, the main differences between the existing models rely on this
step. For example, the mechanism proposed by Celis et al.34 suggests
that the adsorption of the electroactive species onto the surface of
the particles, is a fundamental step of the codeposition process. The
authors applied their model to interpret the experimental data gath-
ered for the Cu-Al2O3 system. In their work, a regular copper sulfate
electrolyte (pH = 0.3) was used to obtain the composite deposits.
However, the adsorption of Cu2+ on alumina surface is strongly pH-
dependent,42 being insignificant at pH values lower than 5.43,44 This
could explain the low amount of particles embedded that has hitherto
been reported. Preliminary studies carried out in our laboratory at pH
≈ 4 in the same electrolyte, indicated that an increase in pH promotes
the incorporation of alumina into the copper matrix, in accordance
with the hypothesis of Celis et al. Due to copper oxide/hydroxide
precipitation,45 this pH value could not be surpassed to further verify
this postulate. Therefore, literature was revised in order to find com-
pounds capable of complexing Cu2+ and making it possible to vary
the pH of the solution over a wider range. It was found that gluta-
mate ion (Glu2−, C5H7NO4

2−) not only fulfills this task46 but also
promotes adsorption of Cu2+ on alumina44,47 through the formation of
ternary surface complexes. In acidic suspensions (pH < 7), glutamate
ions bond to the positively charge sites of alumina’s surface through
its γ-carboxyl group, leaving the cation free to coordinate with an-
other Glu2− and to interact with the electrode (complex SL, Fig. 1a),
whereas in alkaline conditions Cu2+-Glu2− complexes interact with
Al2O3 through the metallic ion (complex SM, Fig. 1-b).44,47 Based
on this evidence, it seems logical to think that the use of this system
in codeposition experiments could help to give a step forward in un-
derstanding this phenomenon. Moreover, since Glu2− promotes the
adsorption of Cu2+ on alumina, the addition of this organic compound
to the electrolyte might be useful to identify the role of this step on
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Figure 1. Chemical structure of Cu2+-Glu2− complexes formed at the surface
of Al2O3. (a) SL complex and (b) SM complex.44

the codeposition process. This kind of approach has never been used
before in the study of this phenomenon.

The aim of this work is to give an insight into particle codeposition
mechanism, giving special attention to the influence of bath composi-
tion and adsorption of the electroactive species on particle incorpora-
tion into the metallic matrix. To that end, composite copper-alumina
deposits were obtained from a Cu2+-Glu2− electrolyte at different pH
values and current densities. Alumina content was measured and cor-
related with electrochemical parameters to develop a semi-empirical
model.

Materials and Methods

α-Al2O3 particles (Alcoa A2G) with a specific BET-surface of
0.93 m2g−1, determined by N2 adsorption (Micromeritics ASAP 2020
V1.02 E), were used throughout this study. According to XRD mea-
surements, these particles have a 97.5 % purity containing traces of
NaAl11O17 (2 %) and Al3Na7O8 (0.5 %). No purification treatment
was applied to this sample. The size distribution of these particles
shown in Fig. 2 was measured using a Malvern Mastersizer 2000. The
latter has two peaks, which are located at 0.54 μm and 5.6 μm.

Electrodeposition experiments were carried out in a three-electrode
cell using an EG&G Princeton Applied Research potenciostat-
galvanostat (model 273A) controlled by Corrware2 software. Flat
copper substrates with an active area of 0.2 cm2 were placed verti-
cally inside the cell and used as cathodes. A flat counter electrode of
pure copper ( 14.4 cm2) and a saturated calomel reference electrode
(SCE) were used. All potential values reported in this work are versus
this reference electrode. Based on the results of Pary et al.,48 a 0.2 M
CuSO4 (Cicarelli, 100 %) and 0.6 M NaC5H8NO4 (Cicarelli, 99 %)
solution was prepared, whose pH was adjusted between 3 and 10 by
addition of either H2SO4 or KOH. Cu-Al2O3 deposits were obtained
galvanostatically at different pH values at various current densities
(−10 A dm−2 < j < −1 A dm−2) and the electrode potential (E) was
registered. Deposition time, calculated using Faraday’s law assuming
an efficiency of 100 %,48 was set to reach a 20 μm thickness. A par-
ticle concentration of 20 g L−1 and a temperature of 60◦C were used
in all codeposition experiments. To ensure a good particle dispersion,
the suspension was stirred for two hours previous to deposition exper-

Figure 2. Volume-based normal (f(d p)) and cumulative F(d p) particle size
distribution vs particle diameter of α-Al2O3 used in codeposition experiments.
Measurements were carried out in water.

iments. Likewise, particles were kept in suspension by constant me-
chanical agitation using a magnetic stirrer (800 rpm) while deposition
was carried out. It is important to recall that magnetic stirring gener-
ates poorly defined and hardly reproducible hydrodynamic conditions.
Therefore, studies using electrodes with well-known hydrodynamics
(RDE, RCE) should be performed in the future.

To characterize particles charging behavior, their isoelectric point
(IEP) was determined by dynamic light scattering using a Brookhaven
90 Plus/ Bi-MAS analyzer. Alumina particles were dispersed in a
10−3 M KCl solution to a concentration of 0.5 g L−1 and ζ-potential
was measured in the pH range 4.5–9, which was adjusted with KOH
or HCl. Furthermore, the same measurements were carried out in a
diluted Cu2+-Glu2− electrolyte with 0.01 M Cu2+ and 0.2 M Glu2−
concentration to which 0.2 g L−1 of Al2O3 was added (pH range
from 3 to 10). This dilution is necessary since both the high ionic
strength of the bath and particle concentration used in deposition
experiments hinder the determination of ζ-potential values.29,49 Glu2−
concentration was set to 0.2 M to keep the speciation unchanged
(determined using MEDUSA software).

The potential of zero charge (EP ZC ) of the copper substrates
in the Cu2+-Glu2− electrolyte was determined using electrochemi-
cal impedance spectroscopy (EIS), performed in diluted electrolytes
( 0.01 M Cu2+, 0.2 M Glu2−).50,51 First, impedance spectra at open
circuit (EOC ) potential were recorded in the frequency range of 65,5
kHz–0.1 Hz applying an AC disturbance signal of 8 mV. From these
results, several frequencies were chosen following the procedure of
Ter-Ovanessian et al.52 and single-frequency EIS measurements were
carried out sweeping the electrode potential from 0.10 V to −0.50
V (0.02 V steps). Impedance values were corrected by subtraction
of the solution resistance50,51 and differential capacitance (Cdi f f ) was
then calculated according to Eq. 1. Since the EP ZC corresponds to the
potential at which Cdi f f reaches its minimum,51 its value was obtained
from Cdi f f vs E curves.

Cdi f f = Y ′′

ω
[1]

where Y ′′ is the imaginary part of the electrode admittance and ω is
the frequency at which the admittance was determined.

Scanning electron microscopy (SEM) was used to examine the
morphology of the coatings and the particle content (Quanta200 FEI
microscope). In order to observe coatings cross section, samples were
embedded in an epoxy resin, ground using 80 to 2500 grade silicon
paper and polished with 6 μm and 1 μm diamond paste. The alumina
content in the deposit was estimated through energy dispersive spec-
troscopy (EDS) analysis performed at a 1500× magnification in an
area equal to the visible cross section of the coating. Values reported
in this study are the average of at least three measurements.
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Figure 3. Species distribution of the Cu2+-Glu2− system in an alumina-free
electrolyte: 0.2 M Cu2+ and 0.6 M Glu2−.

Results

The Glu2−/Cu2+ ratio chosen, ensures the formation of complexes
both in the solution and at the alumina surface and avoids the inhibi-
tion of Cu2+ adsorption that can be caused by an excess of ligand.47

According to equilibrium calculations made with MEDUSA software
(equilibrium constants and potentials were taken from Refs. 45,46),
the main species present in the solution changes with pH (Fig. 3) and,
consequently, deposition potential might vary too. It is worth remark-
ing that Fig. 3 describes the speciation in an alumina-free system and
that surface complexes which form onto Al2O3 particles (Fig. 1) at
each pH differ from those found in solution.44,47

Fig. 4 shows the influence of current density on the alumina con-
tent of copper coatings at different pH conditions. The same trend
was observed for all pH values higher than 3 considered in this study.
In particular, virtually no differences were observed between results
obtained at pH = 6 and 8, suggesting that the electrochemistry of the
system (reactions involved, ζ-potenial and adsorbed complexes) is the
same at both pH values. Under these conditions (pH > 3), particle
content decreased sharply as current density was raised, becoming
negligible for j < −5 A dm−2. Similar results have been previously
reported for many metal-particle combinations.27,29,53 On the other
hand, at pH = 3 relatively high alumina contents were measured in
the whole current density range. For this pH value, a maximum in
particle incorporation appeared at j = −2.5 A dm−2. This kind of be-
havior has already been observed by several authors9,11,13,37,54,55 and

Figure 4. Variation of Al2O3 wt% with current density at different pH values.
Content of particles was measured on the cross section of the coatings.

Figure 5. Cross section of Cu-Al2O3 deposit obtained at pH = 3 and j = −1
A dm−2: (a) 1500 X and (b) 5000 X.

the presence of a maximum in the content vs j curve has been a topic of
discussion for many years. Further information on this matter is given
in the following paragraphs. It is noteworthy that the wt% of alumina
registered in the copper deposits, widely surpassed values reported by
other authors11,13,15,34,56,57 (less than 10 wt% for similar bath particle
concentrations and current densities). Considering that the presence
of glutamate in the bath favors the uptake of Cu2+ on alumina surface
even in low pH solutions,44,47 these results suggest that adsorption of
the electroactive species is a relevant step in codeposition in agree-
ment with Celis et al. postulate.34 Another important feature of the
deposits obtained, is that particles were homogeneously distributed
throughout the metallic matrix (Fig. 5), which may be indicative of an
adequate dispersion in the solution. The latter can be ascribed to an
increase in steric repulsion between particles caused by the presence
of Cu2+-Glu2− complexes adsorbed on alumina surface.58,59 Accord-
ing to Guglielmi’s model,33 the entrapment of particles occurs via
an electrophoretic mechanism. This means that, for the particles to
reach the electrode, a favorable electrostatic interaction must exist
between these elements. Therefore, it is relevant to characterize the
charging behavior of both particles and electrode at the experimental
conditions used for deposition experiments. ζ-potential measurements
in a diluted Cu2+-Glu2− electrolyte (Fig. 6) indicated that particles
are positively charged in solutions with pH < 3.5, probably due to
low copper complexes uptake.47 As a consequence, ζ-potential sign
is likely governed by the protonation of hydroxyl groups since IEP
(10−3 M KCl) of Al2O3 used in this study is located at pH = 5.8
(Fig. 6). It is important to remark that despite this, the amount of
adsorbed Cu2+ in the presence of Glu2− is significant compared to
adsorption in Glu2−-free electrolytes,44,47 which could explain the
high particle contents measured. Another plausible cause of the pos-
itive ζ-potential values, is the protonation of the γ-carbonyl group

Figure 6. ζ-potential of Al2O3 particles determined in a 0.01 M Cu2+, 0.2 M
Glu2− electrolyte.

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 128.197.26.12Downloaded on 2016-11-09 to IP 

http://ecsdl.org/site/terms_use


Journal of The Electrochemical Society, 163 (14) D780-D786 (2016) D783

Figure 7. Cdi f f vs E curves from which EP ZC values were obtained.

(pKa = 4.3) of adsorbed Glu2− molecules (see Fig. 1). A comment
regarding the IEP (10−3 M KCl) of the alumina sample is necessary:
although its value differs from the typical IEP reported for Al2O3 par-
ticles (8-960–62), such a behavior has already been observed and has
been ascribed to the presence of impurities in the sample.63

As the pH increases from 3 to 5, so does the uptake of Cu2+

complexes,47 leading to a decrease in ζ-potential due to the negative
charge of SL type complex. A further increase in pH yields a decrease
in ζ absolute value and the cause of this reduction is not entirely clear.
According to results reported by other authors, copper adsorption in a
0.0005 M Cu2+ solution is maximum at pH = 6.47 It is possible that at
the concentration used in this work for ζ-potential measurements (0.01
M Cu2+) the maxima in copper uptake is located at lower pH values
(≈5), which could explain the variation of ζ found. Lastly, for pH >
7.5 a continuous decrease in ζ-potential is observed. Considering that
the adsorption of complexes is hampered to some extent in alkaline
conditions,44,47 this trend can be ascribed to the deprotonation of
free hydroxyl groups on alumina’s surface. It is worth mentioning
that SO2−

4 ion adsorption onto alumina surface has been reported.
According to Kosmulski et al.64 sulfate ions adsorb on particles surface
yielding a negative ζ-potential. This effect is stronger at low pH values,
i.e. ζ absolute value decreases as pH increases. Since the measured ζ
of alumina is positive at low pH values, it can be assumed that SO2−

4
ions does not play an important role in a Cu2+-Glu2− electrolyte. This
can be the result of the higher stability of surface complexes, which
inhibit sulfate adsorption

Fig. 7 shows the Cdi f f vs E curves recorded at each pH consid-
ered in this study while the EP ZC values obtained are summarized
in Table I together with the EOC . As expected, these potentials vary
considerably with pH. A steady decrease of EP ZC is observed as the
pH increases from 4.5 to 10. The same behavior has been reported for
various substrates such as Pt,65 Au, Ag66 and Cu,67 which has been
ascribed to an increase in the amount of adsorbed OH− at the electrode
surface. However, EP ZC at pH = 3 turned out to be more cathodic than
at 4.5. This inversion in the usually observed trend in simpler com-
position solutions, could be caused by Glu2− adsorption onto copper
electrode.68,69 The latter may be higher at lower pH values due to a

Table I. EOC and EP ZC of copper electrodes at various pH values.

pH EOC /V EP ZC /V

3 0.02 −0.22
4.5 −0.07 −0.15
6 −0.12 −0.19
8 −0.21 −0.29
10 −0.31 −0.45

Figure 8. Dependence of Al2O3 wt% with the difference E-EP ZC .

smaller OH− concentration and a higher excess of ligand, since at pH
= 3 the main species in solution is a 1:1 Cu2+-Glu2− complex.

To clarify the effect of charge of the electrode on particle incorpo-
ration, alumina contents were plotted against the difference between
the deposition potential and EP ZC . The former was taken from the data
recorded during electrodeposition experiments. Fig. 8 clearly shows
that, regardless of the pH of the electrolyte, the amount of particles
in the coating diminishes when E departs from EP ZC . Moreover, the
decrease in alumina content is more abrupt for pH values at which
particles possess a higher surface charge (4.5 and 10), than for those
at which the ζ-potential is close to 0 (6 and 8). This behavior and
the similarities between results obtained in the pH range 6-8, suggest
that electrode-particle electrostatic interactions may be involved in the
codeposition process. Comparison of Figs. 4 and 8, further clarifies
the variation of Al2O3 wt% with current density detailed before. For
example, it shows that at the working current densities the potential
values for pH 3 and 10 are closer to the EP ZC than for the other pH
conditions. This could explain the higher particle incorporation ob-
served at pH = 10 for j < −2.5 A dm−2 and at pH = 3 for the whole
j range. To verify the behavior observed in Fig. 8 for pH 4.5-10, a
deposit was obtained from a pH = 3 electrolyte at a current density
for which E-EP ZC ≈ −0.45 V. At this E-EP ZC value, no particles were
detected in the Cu matrix for any of the pH values considered in this
study (Fig. 8).

Even though it was stated that electrostatic interaction might play
some role in the codeposition process, the high alumina contents mea-
sured at pH = 4.5 where both particle and electrode are negatively
charged indicate that it is not a relevant step. Furthermore, the sharp
decrease in particle incorporation as E becomes more cathodic ob-
served at pH = 3, supports this idea (positively charged particles, see
Fig. 6). Hence, it can be concluded that the electrophoretic movement
contributes to the codeposition of particles, as previously reported,70

though it is not a fundamental factor for their entrapment. In fact,
Fransaer et al.37 established that the electrophoretic force can be ne-
glected when deposition takes place on a rotating disk electrode.
However, years later they also found that the predominant force be-
tween a silica particle and a copper electrode was electrostatic in
nature.71 Moreover, Soccol et al. found that the ζ-potential strongly
influences the codeposition of brownian particles.70 It is then clear
that the relevance of this kind of interaction is different for each case.

The results obtained at pH = 3 suggest that the maximum amount
of particles is reached in the vicinity of EP ZC . To verify the position
of this maxima, deposition was performed in a pH = 10 electrolyte
at j = −0.7 A dm−2. At this current density E ≈ EP ZC and the
content of alumina measured was the highest for this pH value (Fig.
8). Similar experiments could not be carried out at other pH values
since EOC is too close to EP ZC (Table I). The dependence of particle
content with electrode potential observed in these experiments is in
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Figure 9. Surface and cross section of Cu-Al2O3 deposit obtained from (a)
and (c) a copper sulfate bath at pH ≈ 4; (b) and (d) a Cu2+-Glu2− bath at
pH = 4.5 (5000 X).

agreement with the results of Fransaer et al.,37 who also found that
the highest incorporation rate is achieved when E ≈ EP ZC . They
ascribed this behavior to the presence of a hydration layer at the
surface of the electrode, which hinders the approach of particles to
the growing metal. Studies performed afterwards with an atomic force
microscope71–73 confirmed the presence of this layer and the particle-
electrode gap that it creates. It is known that when the electrode posses
a zero net charge, i.e. E = EP ZC , water molecules are loosely attached
to its surface and can be easily removed by an approaching particle.
Therefore, at this condition particle incorporation is maximum.

Discussion

Some conclusions on the electrocodeposition process can be
reached based on the information gathered during this study. First,
adsorption of the electroactive species onto the particles surface is
determining for their subsequent incorporation in the deposit, in ac-
cordance with Celis et al.34 This stems from the high alumina contents
achieved after addition of Glu2− to the electrolyte, which promotes
Cu2+ uptake. Moreover, it was found that in the presence of this
organic compound, the excess of particles at the surface of the de-
posit is less than the one observed in coatings deposited from a sul-
fate bath at pH ≈ 4 (Fig. 9). The latter suggests that Glu2− makes
the Cu2+-Al2O3 bond stronger favoring entrapment and reducing the
‘riding’ effect which pushes the particles toward the electrolyte-metal
interface.57,72–74

Additionally, the results support the role of the repulsive hydra-
tion force previously proposed by Fransaer et al. This force reaches
a minimum value at EP ZC ,37,39 allowing the particles to come closer
to the electrode surface. When the distance between them is small,
attractive forces (such as dispersion forces) keep the particles attached
to the growing deposit and, consequently, incorporation is maximum
at this potential. The fact that the maximum alumina content at pH =
3 is shifted from the EP ZC can be attributed to intrinsic uncertainties
of the method used to determine this parameter. Taking into account
that high alumina contents were attained even in conditions at which
particles and electrode have charges of the same sign, it is obvious
that particle entrapment does not occur through an electrophoretic
process as suggested by Guglielmi. Since adsorption of the electroac-
tive species plays a major role in codeposition, it is likely that particles

are embedded as a result of the reduction of adsorbed ions on their
surface.34

Based on the shape of the curve obtained for pH = 3 (Fig. 8), a
semi-empirical mathematical model was proposed, in which the de-
pendence of alumina content with E-EP ZC is described by a Gaussian
function (Eq. 2). In this equation, Wmax represents the maximum con-
tent that can be achieved at a given pH. By fitting and extrapolation of
the model to E = EP ZC , it was found that this parameter lies between
16–41 wt% in the pH range considered in this work. As regards the κ
coefficient, the results indicated that its value is strongly dependent on
the ζ-potential (Eq. 3, r2 = 0.9993), which demonstrates the influence
of particles surface charge on the process. From this quadratic depen-
dence it can be inferred that an increase in surface potential, regardless
of sign, hampers the approximation of particles to the electrode surface
as the potential steps away from EP ZC . This effect could be caused by
the hydration layer of particles: water molecules polarization would
increase as the surface charge of the particle increases, regardless of
its sign. Thus, water molecules become more strongly attached to the
particles, which leads to an increase in the hydration force and hinders
real contact between particles and the electrode surface.

wt% = Wmax e−κ(E−EP ZC )2
[2]

κ = 0.07ζ2 + 1.03ζ + 15.29 [3]

Fig. 10 shows that the proposed mathematical expression is capable
of reproducing the main trends observed in the experimental data in
the range −0.70 V < E-EP ZC < 0.10 V. For instance, at E-EP ZC <
−0.30 V the calculated alumina content is higher at pH = 6 than for
other pH values, being almost zero at pH = 3 and 10. Likewise, Al2O3

wt% is higher for pH = 3 than for pH = 10 at E = EP ZC , in agreement
with experimental results. The adequacy of this model to describe the
Cu-Al2O3 in a glutamate bath is evidenced by the fact that r2 > 0.92
for the whole pH range, except for pH = 4.5. The latter, together
with its mathematical simplicity and the low number of parameters
to be fitted, may make it a useful tool to describe the codeposition of
particles. Another interesting feature of the Wmax values obtained from
the fitting procedure, is that this parameter varies with pH in a similar
way to ζ-potential (Fig. 11). This suggests that the magnitude of the
surface charge of the particles has some influence on codeposition
even when the electrode bears no charge. However, since it was not
possible to obtain deposits at EP ZC for all pH values under study, this
trend could not be confirmed with experimental data. Further studies
will be carry out in the future to find particle-metal systems for which
deposition at the potential of zero charge is feasible in order to verify
the relation between Wmax and ζ.

Conclusions

Deposition experiments and the analysis carried out in this study
have allowed the identification of the steps involved in the codepo-
sition of particles present in an electrolytic bath. It was shown that
adsorption of the electroactive species on the surface of alumina parti-
cles, i.e. Cu2+, is a requirement for the successful entrapment of parti-
cles in the growing deposit. Moreover, the role of hydration forces was
confirmed whereas the electrophoretic movement of particles proved
not to be a relevant step in this process. High alumina contents were
attained in the presence of Glu2−, which indicates that particle incor-
poration can be significantly improved by addition of compounds that
promote adsorption of the electroactive species on the particles sur-
face. This would permit the production of new composites materials
via electrolytic deposition. Hence, the results of this work provide a
new approach for the design of novel composite materials.

Finally, a semi-empirical model was proposed, capable of repro-
ducing the experimental data obtained during codeposition of Cu-
Al2O3 coatings on static electrodes from a Cu2+-Glu2− electrolyte.
Future investigations will be devoted to validation of this model us-
ing other metal-particle systems in which the electroactive species
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Figure 10. Results yielded by the proposed model in the potential range −0.70 V < E-EP ZC < 0.10 V. The experimental data are also presented for comparison
purposes.

Figure 11. Wmax and ζ as a function of pH.

readily adsorbs on the particles and under controlled mass transport
conditions.
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