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Abstract

MgO is extensively used as a basic refractory material, but in the last decade it has also been considered as a suitable material for
technological applications in ®elds such as catalysis or electronics. Such applications have imposed new requirements regarding the

processing techniques. In this way, the electrophoretic deposition (EPD) has been demonstrated to be a useful and simple deposi-
tion method among the available coating technologies. A di�erence with other coating techniques is that the material to be pro-
cessed by EPD does not require de®ned properties and hence, there are a wide number of materials that could be coated and

deposited by EPD. Major advantages of EPD are versatility, low-cost and reproducibility. The aim of this work was to obtain
controlled deposits of MgO onto metallic electrodes by EPD. For this purpose the stability of MgO suspensions in ethanolic media
was studied by electrokinetic sonic amplitude (ESA) at di�erent pH conditions. The EPD kinetics was further studied at di�erent

electrical conditions. The characteristics of the deposits were studied in relation to the suspension properties and the electrical
conditions. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Traditionally MgO has an important role as basic
refractory material, but in recent years a wide number
of structural and functional applications of MgO based
materials have been studied. For example, it has poten-
tial applications as a single crystal insulator and tunnel
barriers in structural devices1,2 or as a catalyst, being
responsible for the oxidative coupling of methane to
produce C2 hydrocarbons.3,4 Furthermore, MgO is
usually considered as a modellic basic oxide often ser-
ving as a reference for new applications.
For these reasons, di�erent processing routes for MgO

powders5±12 and their sintering behaviour12±14 have been
studied. In wet processing methods, the strongly basic and
the hygroscopic character of MgO make di�cult the pre-
paration of either concentratedor diluted suspensions. For
concentrated suspensions the rheological measurements
are adequate for characterising the slip behaviour. How-
ever, the aqueous suspensions of MgO reported for slip
casting (>80 wt% solids content) often show a marked
thixotropic behaviour, due to the strong surface hydration

of MgO powders.9,10 This limits the obtention of crackless
bodies from the mould. On the other hand, when suspen-
sions of low concentration are used, as in EPD processes,
the rheological measurements are not useful, and the sur-
face state of the particles requires a deeper study.
MgO is not stable in water, but forms the hydroxide,

which easily dissolves. However the precipitation phe-
nomena in Mg2+ systems is not only a function of pH,
but is very sensitive to atmospheric CO2, giving place to
carbonates. These play a large role at higher pH, as
carbonate species become more predominant in the
aqueous solutions. The equations governing the solubi-
lity of Mg in water are the following:

1. Solids in equilibrium with dissolved species:
Mg(OH)2! Mg2+ + 2OHÿ log Ks =16.84
MgCO3 ! Mg2+ + (CO3)

2ÿ log Ks =7.46
MgCO3

. 3H2O!Mg2+ + (CO3)
2ÿ+3H2O log

Ks = ÿ5.19
Mg4(CO3)3 (OH)2 . 3H2O! 4Mg2++3 (CO3)

2ÿ

+2OHÿ log Ks = ÿ29.5

2. Dissolved species:
Mg2++H2O!MgOH++H+ logKs=ÿ11.4
MgCO3 (aq)!Mg2++ (CO3)

2ÿ logKs=ÿ2.88
MgHCO3

+ (aq)!Mg2++HCO3
ÿ logKs=ÿ0.95
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According to these reactions, when protons are added
the concentration of Mg2+ ions increases, but in
strongly alkaline conditions carbonates precipitate, thus
a�ecting the chemistry of the system. Solubility dia-
grams can be constructed for Mg diluted in water from
these equations taking into account that Mg does not
change its redox state.15

The high reactivity of MgO in aqueous medium makes
it necessary to consider other solvents, such as alcohols or
ketones, in which it remains stable. Some authors used
organics to slip cast MgO and reached relative densities of
98±99% after sintering at 1450±1600�C.13,14

Whichever was the suspension vehicle, stability studies
of MgO suspensions, in terms of zeta potential, are not
often found in the literature. In 1964, Robinson et al.16

studied the behaviour of Al2O3 and MgO aqueous sus-
pensions and calculated the zeta potential from the
Helmholtz±Smoluchowski equation using a streaming
potential method.17 The range of pH studied was between
10 and 14 of a MgO suspension in a 10ÿ2N NaCl. They
located the isoelectric point between pH 12 and 13.
Several authors have studied the stability, zeta potential

vs pH, of di�erent powders in organic media.18±20 Brown
and Salt19 studied the electrophoretic deposition of a wide
number of materials, measuring the zeta potential of an
organic suspension of 50% v/o ofMgO by electrophoresis
according to a similar equation, where the electrophoretic
mobility was obtained with optical microelectrophoresis.
They obtained a deposit of MgO on a platinum electrode
applying 100 V cmÿ1 from a suspension in ethanol with a
zeta potential of 34 mV.
Other kinds of dispersion have been studied by Mizu-

guchi et al.,21 who tested the agglomeration and elec-
trosteric dispersion e�ects of an organic suspension of
Al2O3 adding nitrocellulose, TMAH and sulphuric acid,
as dispersants. After that, they transferred the results to
other systems like MgO in ethanol.
Several authors19,22±24 have studied the electro-

phoretic deposition behaviour of di�erent systems pow-
der/vehicle, including MgO/ethanol. This system was
®rst reported by Krishna Rao et al.,11 who made a deep
study of the kinetic parameters involved in the electro-
phoretic deposition of MgO in organics.
The aim of this work is to study the stability of MgO

suspensions in ethanol in terms of zeta potential, by the
acoustophoresis method, and the viability of EPD in
order to obtain homogeneous sinterable deposits. The
kinetics of the process has been studied considering the
evolution of voltage and slurry conductivity under di�erent
experimental conditions.

2. Experimental

A 99.5% purity MgO powder (CERAC, USA) with a
density of 2.87 g/cm3, speci®c surface area of 85 m2/g

and a mean particle size of 4.9 mm, was used. A fraction
of the starting powder was calcined at 1800�C/1 h and
subsequently ground by 24 h vibromilling in order to
break down the agglomerates originated during calci-
nation. Grinding was made in a plastic jar with Y-TZP
balls (5 mm in diameter) using high purity ethanol (0.2
% water). After calcination and grinding, the powder
had a density of 3.47 g/cm3, a speci®c surface area of 4.5
m2/g and a mean particle size of 1.6 mm. Surface areas
were determined by single point N2 adsorption, BET
(Monosorb, Quantachrome, USA), the particle size dis-
tributions with a laser particle size analyser (Mastersizer
S, Malvern, UK) and the densities with a He-multi-
picnometer (Quantachrome, USA). Phase analysis was
performed by X-ray di�raction and morphology was
observed by scanning electron microscopy.
Titration and zeta potential measurements were per-

formed for suspensions prepared to a solid loading of
1.37% (v/o) by vibromilling for 20 h with Al2O3 balls to
reduce possible added milling e�ects. The pH was
changed with tetramethylammonium hydroxide (25%
methanol, TMAH) and acetic acid (99.7%, HAc) dilu-
ted in ethanol to a concentration of 1 M. A wide study
of pH stabilisation after the addition of the acid/base, in
both kinds of MgO powders suspensions, was made.
The slurries were always maintained in a dessicator to
avoid exposure to air humidity.
Zeta potential was measured with an Acoustophoresis

Equipment MBS 8000 System (MATEC, USA). Elec-
troacoustic method is based on the movement of parti-
cles when an alternating voltage is applied to a colloidal
dispersion, due to their surface electrical charge. The
oscillatory motion of the particles will result in the
transfer of momentum to the liquid and the develop-
ment of an acoustic wave. This e�ect has been termed
Electrokinetic Sonic Amplitude (ESA). ESA is the pres-
sure amplitude generated by the colloid per unit electric
®eld strength and has SI units on Pa (V m)ÿ1. ESA is
exactly analogous to electrophoretic mobility which is
represented in terms of velocity normalised by strength
of the applied electric ®eld. The mobility by the electro-
acoustic e�ect is the dynamic or AC mobility of the
particle. The basic equation describing ESA is:25

ESA�!� � P

E
� c���Gf�d�!�

where o is the angular frequency, P is the pressure
amplitude of the generated sound wave, E is the ampli-
tude of the applied electric ®eld, c is the velocity of the
sound in the suspension, �r is the density di�erence
between the particles and the liquid, � is the volume
fraction of the particles, Gf is the factor for electrode
geometry and �d (o) is the dynamic or high frequency
electrophoretic mobility.
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For the case of the spherical particles with thin double
layers and low zeta potential, the following formula can
be applied:26

�d � "�
�
G�!a

2

�
�

where a is the particle radius, " is the dielectric permi-
tivity of the suspension, � is the kinematic viscosity of
the liquid, � is the dynamic viscosity of the liquid and �
is the zeta potential.
The formula of the dynamic mobility is identical to

the well known Smoluchowski equation for the electro-
phoretic mobility except for the G��� inertial term. G���
represents the inertial e�ect that particles have due to
their size, density and mobility, and it is a function of
the frequency.
However, the ESA measurements, in opposition to the

electrophoretic methods, do not give any information
about the sign of the surface charge of the particle. For
these reasons, a suspension of particles with known sur-
face charge is used as reference. In this work, a suspen-
sion of Al2O3 in ethanol with pH 4, which has a positive
surface charge,27 was used. If the signal of ESA angle
measured in MgO suspensions is in phase to that of
Al2O3, then MgO particles at this pH are positive, and
negative when the received wave is in opposite phase.
For EPD experiments, suspensions with two di�erent

concentrations (1 and 5% v/o) of calcined MgO powder
were prepared. EPD was performed using a power sup-
plier which allowed us to work under either constant
current intensity or constant voltage conditions. The
slips were stirred during the experiment. The stirrer speed
was maintained constant in order to assure the same
dispersing conditions of suspensions. In the same way,
the temperature of the suspensions was maintained con-
stant in order to avoid disturbances in their conductivity
evolution.28

MgO was deposited onto Ni-coated stainless steel
electrodes with an area of 3.6 cm2 at a constant current
density of 0.05 mA cmÿ2 and at a constant voltage of
100 V, varying the deposition time from 30 to 3000 s in
both cases. Deposits were weighted immediately after
drying. Sintering was performed in air at temperatures
of 1600�C and 1650�C for several soaking times. The
sintered density was measured by the immersion
method.

3. Results and discussion

3.1. MgO characterisation and suspension stability

Phase analysis by XRD of the starting powder reveals
the presence of MgO, but the low intensity of the peaks
and their width suggested an important hydration

degree, which could make di�cult slurry preparation
and further sintering. This was the reason for calcining
the starting powder. The calcined one showed well-
de®ned peaks with better crystallinity.
On the other hand, calcination of a mass of powder

promoted the agglomeration and formation of necks,
which were broken down by grinding. The particle size
distribution of the starting and the calcined and ground
powder is shown in Fig. 1. The mean particle size
changes from 4.9 mm to 1.6 mm, but in the last case a
clear bimodal distribution is observed, probably related
to the formation of necks during heat treatment. How-
ever, the reduction in surface area is much higher than
the reduction in particle size, thus suggesting a higher
surface activity in the starting powder.
Fig. 2 shows the morphology of both powders, in

which the as-received powder (Fig. 2(a)) shows the
agglomerates formed as a consequence of the higher
surface activity, while after calcination (Fig. 2(b)) the
particle size has decreased.
Both powders were titrated. Several suspensions with

a solid content of 1.37% v/o of the as-received MgO
were prepared as it was reported above. The pH of the
prepared suspension without additives was 12.3. The
pH was changed by addition of TMAH and HAc to
di�erent values evaluating the time that the suspensions
take to reach a stable value of pH. It was observed that
the surface state of the particles of MgO suspended in
ethanol reached a stable pH when maintained under
agitation for 5 min after the acid/base was added, for
pH>9.5.
Suspensions of calcined MgO were studied in the same

way. The pH measured for these suspensions without

Fig. 1. Particle size distribution of as-received and calcined MgO

powders.
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additives was 9.1 and the surface state of the particles can
be considered stable after 5 min for pH>7.5.
Fig. 3 shows the titration curves of the as-received

and the calcined MgO suspensions, with a solid con-
centration of 1.37% v/o. In this graphic the volume of
TMAH added has been considered negative. Contrarily,
the volume of HAc has been considered positive. In the
case of calcined MgO, the point of equivalence is sharp
and the curve is vertical in this zone, much more than in
the case of the as-received powder, in which a gradual
variation is observed. This con®rms the measurements
of the speci®c surface area, which di�er by a factor of 20
between both powders. Accordingly, a much higher
quantity of acid is required for the as-received powder
compared to the calcined one for a similar change in
surface area. As more acid is added the starting powder
dissolves more, this consuming protons and, conse-
quently more acid is needed to decrease the pH.
The evolution of zeta potential with pH of both MgO

powders is plotted in Fig. 4. In both cases the maximum

zeta potential value is obtained for suspensions without
acid or base addition. These maxima occur at pH 12.3
and 9.1 for the as-received and the calcined MgO,
respectively. Upon addition of acid the concentration of
Mg2+ increases and then, the concentration of counter-
ions should also increase. As a consequence the zeta
potential decreases. When TMAH is added the hydroxyl
ions will react with protons in the suspension and pH
increases. To counteract the change of pH, protons
adsorbed to the powder surface must desorb, so the
surface charge and the zeta potential decrease.
It must be noted that the as-received powder shows

lower zeta potentials in the whole pH range, which
should be related to the higher solubility in good agree-

Fig. 2. SEM micrographs of as-received (a) and calcined (b) MgO

powders.

Fig. 4. Zeta potential evolution vs pH of as-received and calcined

MgO suspensions in ethanol.

Fig. 3. Titration curves of ethanol suspensions of as-received and cal-

cinedMgO powders, adding TMAH andHAc 1M solutions in ethanol.
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ment with previous data. The isoelectric point of cal-
cined MgO occurs at pH 13.6�0.1, while for the start-
ing MgO no isoelectric point could be detected. The
absence of isoelectric point should be again related to
the surface state, where the presence of hydrated species
promotes an increased isoelectric pH. It has been stated
that the isoelectric point of oxides shifts up in about
1.5±2.5 pH units with the hydration degree.29 In our
case, this can be explained because speci®c adsorption
occurs, that is, hydrolizable cations bond to the surface
and, consequently, pHiep shifts up. A similar e�ect has
been observed for BaTiO3 powders,30 where a partial
dissolution of the powder leads to readsorption of the
Ba2+. From these results it can be assumed that the as-
received MgO easily dissolves and the Mg2+ ions are
readsorbed onto the surface.
All these data indicate that as-received powder will be

di�cult to process by EPD with the desired constancy
of properties, so that calcination becomes necessary to
provide the required surface properties for a proper
processing. Consequently, EPD studies were performed
only for the calcined powder.

3.2. EPD kinetics

In order to assure that the variation of solid con-
centration during the experiment is negligible, a volume
of 250 ml of a 5% v/o suspension of MgO without
additives was prepared. The EPD experiment was per-
formed applying a constant current density of 0.05 mA
cmÿ2 from 30 to 2000 s (test 1). The results of this study
are plotted in Fig. 5 as the relationship between the depos-
ited amount ofMgO per unit area and deposition time. As
it must be expected in EPD experiments performed at

constant current density and constant solid concentra-
tion, the amount of deposited material is proportional
to the deposition time.31 The deposition rate for cal-
cined MgO is in a range of 10ÿ3 g/cm2 Vÿ1 minÿ1. This
value agrees with other authors, that have worked with
MgO in ethanol,11,12 and lower than the values reported
for EPD of MgO suspended in methanol.23

EPD tests were also performed using a lower volume
of slurry (25 ml), prepared to a lower solid loading (1%
v/o) in order to promote a detectable loss-of-powder
during deposition. The results of the experiments per-
formed applying a constant current density of 0.05 mA
cmÿ2 (test 2) or a constant voltage of 100 V (test 3) from
30 to 3000 s, are plotted in Fig. 6. In this ®gure the
fraction of powder deposited with respect to the total
weight of powder tested, is plotted as a function of the
deposition time. The kinetics of experiments performed
at constant current deviates from the linearity, after a
weight fraction of 0.65 of the total starting powder has
been consumed during EPD, and the increment of
deposited weight related to the increment of deposition
time becomes zero. So the deviation is due to the
decreased powder concentration in the suspension,31

and this is the fact stopping the process. For constant
voltage conditions the kinetics deviates before (at a
weight fraction of 0.5%) because of the decreasing con-
centration and the di�erences in the resistivity between
the deposit and the suspension.31 Under constant vol-
tage, the growing deposit is a resistance, thus decreasing
the electric ®eld.
Another important observation is that MgO deposits

up to 95% of the total weight of the particles in sus-
pension, more than that reported for an Al2O3 powder
suspended in ethanol.31

Fig. 5. Deposit yield vs deposition time for the constant current den-

sity and constant solid concentrations test (test 1).

Fig. 6. Fraction of weight vs deposition time for the constant current

density test (test 2) and constant voltage test (test 3).
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Fig. 7 shows the evolution of voltage measured during
the tests performed at constant current density, con-
sidering the powder concentration constant (test 1) or
time dependent (test 2), and the registered current
intensity for EPD tests performed at constant voltage
and time dependent concentration (test 3). In test 1, the
voltage drop between electrodes remains constant along
the experiment. This con®rms that the variation of
powder concentration in the slurry is negligible for the
tested deposition time. Furthermore, the deposit formed
in the electrode does not o�er a signi®cant resistivity to
the applied current intensity. Since the only cathodic
reaction in the working electrode is the gas H2 bubbling,
the formed deposit is not being contaminated by elec-
trode corrosion.28 Then, the conductive character of the
deposit should be related to the presence of the speci®-
cally adsorbed Mg2+ ions on the depositing particles.
The total loss of powder in the slurry after the test is
only about 13% of the starting suspended mass. The
conductivity of the suspension remains constant at
around 2 mS cmÿ1 all along the test, due to the low
change of solid concentration.
However, in test 2 the voltage increases during the

®rst 500 s, and then starts to decrease, so two di�erent
regions in the voltage/time plot can be distinguished.
This behaviour can hardly be related to the deposit for-
mation, since a thicker deposit was formed in test 1 for
similar conditions and no variation was registered. For
test 1 the mass per unit area deposited after 500 s is 0.41
g cmÿ2, while for test 2 it is 0.12 g cmÿ2. This suggests
that the changes should be directly related to the slurry
properties. Among them only two are changing, the
conductivity and the concentration, and both are inti-
mately related. Similar e�ects on slurry conductivity

could be detected for tests performed under constant
voltage (test 3).
A more precise view of the voltage evolution with

deposition time can be obtained when representing the
voltage together with the increment of deposit weight
for successive EPD tests performed at the conditions of
test 2, as it is shown in Fig. 8. In the ®rst region of Fig. 8
the slurry conductivity decreases as powder deposits
because of the lowering concentration of charged parti-
cles in the slurry. However, there is a point (after 500 s)
where the evolution of voltage reverts, that is, suspen-
sion conductivity increases. At this point the increment
weight falls down also. This is not expected because the
constant removal of powder would lead to decreasing
conductivities. Assuming again that Mg2+ ions are spe-
ci®cally adsorbed, as concluded above, MgO/Mg2+

particles and ions are not responsible for the increase of
conductivity, since they have been largely consumed
(around 45±60% of the starting mass). Therefore, the
increase in conductivity must be due to other species in
the medium, namely OH- ions, as indicated by the
registered increment of pH as H2 is bubbling in the
working electrode. Since charged Mg2+ ions would be
the ®rst to deposit, when solids are removed the con-
centration of such ions in the slurry becomes too low to
promote any detectable e�ect. Thus, in the second part
of the curves the conductivity increase is only associated
to the increase of pH.
To evaluate the in¯uence of processing conditions in

the characteristics of the ®nal materials, samples
obtained from the three di�erent tests, after deposition
times of 750 and 2000 s, were sintered at 1650�C/8 h in
air. Table 1 shows the relative sintered density of the
deposits measured by the immersion method. It can be

Fig. 7. Voltage evolution vs deposition time for the constant current

density tests (tests 1 and 2) and current density evolution vs deposition

time for the constant voltage test (test 3).

Fig. 8. Evolution of voltage and weight increment vs deposition time

when applying a constant current (test 2).
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seen that for test 1, a longer deposition time produces a
denser deposit, which is consistent with the fact that no
variation in the voltage or in the conductivity is regis-
tered. A maximum density of 97.1% is reached at these
conditions. However, for tests 2 and 3, the maximum
density is obtained around the maximum in the voltage
versus time curve, thus indicating that the structure of
the deposit starts to modify for longer deposition times.
On the other hand the maximum density for these tests
decreases to around 95%. This con®rms the deleterious
e�ect of the reversed behaviour observed in Figs. 7 and 8
originated as a consequence of powder removal in the
slurry, so that a simple variation of the solids concentra-
tion not only promotes the decrease of the deposition
rate, but leads to a deterioration of deposit character-
istics, that means, in a loss of the process control.

4. Conclusions

The obtention of uniform and reliable deposits of
MgO by electrophoretic deposition in non-aqueous
media is described. The starting powders are highly
hydrated, thus resulting in both a lower crystallinity and
a higher agglomeration. The electrophoretic mobility
presents a maximum at pH 12.3, but the isoelectric
point cannot be detected, thus con®rming the high
hydration degree. After calcining, the concentration of
surface OHÿ groups decreases. As a result, the zeta
potential vs pH curve shifts down, so that the maximum
value is obtained at pH 9.1 and the isoelectric point is
now detected at pH 13.6. Stable suspensions of calcined
MgO can be prepared in ethanol at pH 9.
This suspension results in a controlled EPD kinetics,

whose deposit yield is proportional to the deposition
time up to 3.3 min. When no signi®cant loss of powder
occurs, the voltage and the conductivity of the slurry do
not change with deposition time. However, when there
is an important e�ect of powder removal, the con-
ductivity starts to decrease, because the concentration
of charged particles decreases, but this situation reverts
after a certain time, this being hardly related to the
particles, but easily associated to the increasing pH.
Furthermore, the e�ciency of the deposition process

under the optimised conditions (related to the suspen-
sion parameters and electric experimental conditions)
reaches 95% of the total suspended powder.

Dr. B. Ferrari acknowledges C.S.I.C. for the conces-
sion of a grant and thanks to Professor Nicholson's
research group for their help and friendly reception.
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