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bstract

lectrophoretic deposition (EPD) performance strongly depends on the particles surface chemistry and the ability to manipulate surface–liquid
nterfaces. In this study an extensive investigation of YBCO suspension in dry acetone, acetone–water mixtures and acetone–iodine is reported.
hemical instability of YBCO particles determines their colloidal behaviour. Charging mechanism of particles has therefore had to be deeply

nvestigated for complete dispersion understanding. In order to determine the conditions of the YBCO suspension stability, measurements of pH,

onductivity, zeta-potential, settling tests, modelling of the particle networks and electrophoretic deposition were done. The influence of the water
nd iodine concentration, and their role as stabilizers was evaluated. Based on experimental results, pair particle potentials were calculated and
hen different charging mechanisms of YBCO surfaces in acetone were proposed.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Electrophoretic deposition (EPD) technique is a suitable
ethod to produce a wide range of structures and materials.1,2

his coating process is based on the migration of charged par-
icles in a colloidal suspension by the application of an electric
eld between two electrodes. Once at the electrode, particles
oagulate and solvent evaporates. During EPD, electric field

s the driven force promoting particle packing, so film den-
ity depends on the solvent evaporation but also on the electric
eld strength. Consequently, particles surface chemistry and
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roperties of surface–liquid interfaces strongly affects to the
omogeneity and reliability of films shaped by EPD.

YBa2Cu3O7−x (YBCO) is the current material of choice for
econd-generation superconducting wires. High-Tc supercon-
uctor research has been dealing with the properties of the final
aterial, but today it is focus on the improvement of YBCO

oated conductor fabrication.3–5 In this sense EPD should be
onsidered as a potential applicable technique, offering a real
ossibility of industrial scalabilty and reliability. In fact, EPD
as been successfully considered for applications such as mag-
etic shielding in low frequencies.6–12 However, much effort is
till necessary to understand and control the complex colloidal
ehaviour and the surface reactions occurring when YBCO pow-
ers are dispersed in a liquid. Degradation of YBCO in water
as been observed, mainly due to an incongruent dissolution
f Ba2+. Later carbonation and/or hydroxylation of Ba2+13,14
etermine the surface charge behaviour of YBCO in aqueous
uspensions.15–18

Organic solvents have been therefore used for EPD of YBCO,
.e. acetone,10,12,19–32 isobutylmethylketone,11 propanol and
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Table 1
Data collected from published dispersing studies of oxide particles in organic solvents with I2. The nature, size, and specific surface area (SSA) of the particles, solid
content, solvent, pH, specific conductivity (σ), I2 content, zeta potential (ZP) of the suspensions, and mass per unit area deposited (m) under determined electrical
conditions (EC) are shown.

Ref Particle Suspension EPD

Oxides Size (�m) SSA (m2/g) Solids (g/l) Solvent pHa σb (mS/cm) I2
c (g/l) ZPd (mV) md (mg/cm2) EC (V × min)

[49] YSZ 0.25 12 10 IPA – – 0.5 +15 60–65 10 × 60
[50] YSZ 0.25 12 10 IPA 6–2 – 0.6 +40 – –

0.008 117 10 IPA 7–2 – 0.2 +35 4 10 × 20

[52] YSZ 0.25 12 9

EtOH – – 0.4 +20 – –
Ac – – 0.4 +65 – –
AcAc – – 0.4 +45 – –
Ac/EtOH 7–2 <14 0.4 +60 12 20 × 8

[53] YSZ 0.25 12 2 Ac/EtOH – – 0.6 +45 1 10 × 1
[45] YSZ 0.25 12 10 AcAc <12 0.5 +50 65 10 × 20
[12] YBCO 1–5 – 10 Ac – – – – 50 –
[20] YBCO – – 10 Ac 3–4 <0.2 1 +65 4 150 × 0.5

BT – – 10 Ac – – 0.5 +70 – –
[10] YBCO 2–6 – 10 Ac – <0.13 – – – –

a pH range from suspensions prepared adding I2 up to 1 g/l.
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Conductivity measured for suspensions prepared adding I2 up to 1 g/l.
c I2 concentration of the suspensions with maximum zeta potential and for a
d Maximum zeta potential and mass per unit area deposited under described e

utanol,31,32 acetone being the most used solvent. In acetone, a
egative value of zeta potential for 0.01 g/l YBCO suspensions
ave been determined by Koura et al.,20 while more concen-
rated suspensions promote a positive surface charge, leading
o cathodic deposition.12,21–35 Other studies show that it is cus-
omary to use iodine (I2) as stabilizer in acetone.10,12,19,20,27–30

eta-potentials of YBCO in acetone-I2 solutions are always
ositive, forming also cathodic deposits.

Positive surfaces have been measured for other materials
ispersed in I2 solutions in acetone, i.e. SiO2,19,33 V2O5,34

ollastonite,35 zirconia stabilized with yttria (YSZ),36,37 B,38

iO2,39–41 LSCF, CGO42 and LSGM.43,44 Moreover, I2 has been
lso used as dispersing agent in other organic solvents, such as
cetilacetone (AcAc),45–48 isopropanol (IPA)49–51 or a mixture
f acetone (Ac) or acetilacetone and ethanol (EtOH).37,42,52–55

Charging mechanisms of oxide particles in I2 solutions in
cetone have been proposed in the literature. The mechanism
idely used considers the formation of iodoacetone in the pres-

nce of H2O (Eq. (1)), suggesting that particle surfaces become
ositive as a consequence of the proton formation during the
cetone iodination.19,20,56 A similar mechanism was proposed
n other organic solvents.45,49–53

(CH3)2CO + I2 ↔ CH3C(OH)CH2

→ CH3COCH2I + I− + H+ (1)

Table 1 summarizes the main results for EPD studies using
2 as dispersing agent. Collected data are related to the char-
cterization of particles and suspensions, attending to optimal
onditions to obtain deposits by EPD. Most of them are devoted

o YSZ and YBCO particles with different size and surface area.
he main suspension parameters measured are pH, conductiv-

ty and zeta potential. In most of these studies concentrated
uspensions (10 g/l) have been prepared to shape films by EPD.

s
s
n
m

um in the deposited mass.
cal conditions related to a I2 concentration.

Results summarized in Table 1 show that liquid medium
cidulates with I2 concentration (from 0 to 1 g/l). Acidification of
rganic medium by I2 addition was expected due to the I2 acidic
haracter.57 Lee et al.50 and Chen and Liu52 measured a decrease
f the operational pH (7–2) with the I2 addition (until 1 g/l) in
SZ suspensions prepared in isopropanol and acetone–ethanol,

espectively. However, Koura et al.20 measured a slight varia-
ion of the proton concentration in acetone when adding I2 until
g/l in YBCO suspensions. Moreover, suspensions conductivi-

ies measured were extremely different in ketones and alcoholic
edia for similar solid loadings, corresponding to differences

mong solvent dielectric constants.58 Conductivities of YSZ
uspension in alcohols range from 1 to 12–14 mS/cm as a func-
ion of I2 addition (0–1 g/l), while maintain below 0.2 mS/cm
or reported YBCO suspensions in acetone.

Otherwise, zeta potential of YSZ/isopropanol and
BCO/acetone behaves similarly with I2 addition. In all

ases, zeta potential sharply increases resulting in positively
harged particles with a small addition of I2. Generally, a max-
mum zeta potential was achieved at I2 concentrations ranging
.2–0.6 g/l, being independent of larger additions. Suddenly, a
aximum of zeta potential results in the obtention of heavier

nd homogeneous films by EPD. Higher zeta potential values
ere measured in ketones, but optimal amount of I2 depends on

he particle characteristics (size and specific surface area).50,52

The aim of this work is to analyse in depth the mechanism
f surface charging of YBCO in acetone, and key parameters
o control the suspension stability and the subsequent process-
ng. Two main sections are developed in view to understand the
harging mechanism. Firstly the influence of water in acetone

uspensions has been determined. Later, the effect of iodine as
tabilizer in acetone has been analysed. Based on the results, a
ew approach to explain the role of water and I2 in the charging
echanism of YBCO powders in acetone has been proposed.
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. Materials and methods

As starting material a commercial YBa2Cu3O7−x (99.9%
urity) powder from Alfa-Aesar (Germany) was used. A particle
ize around 4 �m, a specific surface of 1.4 m2/g and a density of
.91 g/cm3 are the main characteristic of this powder. Particle
ize distribution was determined by laser diffraction particle size
nalysis (Mastersizer S, Malvern, UK), surface area by single
oint N2 adsorption (BET Monosorb, Quantachrome, USA), and
ensity by He-multipicnometry (Quantachrome, USA). No pre-
reatments were made on the powder for suspension preparation.
wo grades of acetone were used: technical grade (estimated
2O content of 2.5 vol.%) and grade HPLC (H2O < 0.01 vol.%).
eionised H2O and I2 (ref. A12278, Alfa-Aesar, Germany) were

dded to dry acetone as stabilizers.
Acetone solutions of I2 up to 1 g/l were considered as sus-

ension medium. UV–visible adsorption (PerkinElmer, UV-Vis.
pectrometer, Lambda 14P, UK) measurements were done to
ollow I2 dissolution in acetone. A standard glass electrode was
sed to measure pH and conductivity (0.1 cm−1 conductimetry
lectrode). Although the operational pH concept should be used
o study acid–base reactions in non-aqueous systems,59 in this
ork, pH was measured using a pH-meter calibrated for aqueous
edia to allow comparison of our own results. The “operational

H” measured using a pH meter calibrated for aqueous solvents
iffers from the real paH in a non-aqueous solvent (Eq. (2) at
5 ◦C):

H = paH + �Ej

0.05916
(2)

here paH (=−log aH) is the negative logarithm of the proton
ctivity in a non-aqueous solvent, �Ej is the residual junction
otential encountered in the standardization and testing step of
standard pH meter.

Suspensions were dispersed applying ultrasonication
Hielscher UP400S probe, Germany) during 30 s in a glass
ontainer. Suspensions were maintained stirring at room con-
itions and pH was measured during 40 min after sonication.
o study the surface behaviour of YBCO powders, suspensions
ere prepared: (i) in technical grade acetone, where different

olid contents were considered ranging from 0.1 to 10 g/l, (ii)
n dry acetone, where different amounts of water was added to
.1 g/l YBCO suspension, and (iii) in 10 g/l YBCO suspensions
n technical acetone considering I2 concentrations up to 0.5 g/l.

Stability studies were performed in terms of pH, conductiv-
ty, zeta potential and settling measurements. Zeta potential was
one by laser Doppler velocimetry (Zetasizer NanoZS, Malvern,
K). Values were calculated from mobility data considering

he Smoluchowski approximation for relative large particles and
hort Debye lengths.

Finally, YBCO coatings were shaped by EPD on nickel foils
Goodfellow, 99%) of 40 mm × 15 mm × 0.5 mm. EPD suspen-
ions were prepared in different mixtures of dry acetone and

ater, and solutions of I2 in technical grade acetone. The counter

lectrode was also a nickel foil of similar dimensions, separated
rom the work electrode by a distance of 2 cm in the electrophore-
is cell. EPD was done under potentiostatic conditions using a

(
i

t

Time (min)

ig. 1. Evolution of pH for suspensions in technical grade acetone with 0.1, 1
nd 10 g/l YBCO concentrations.

igh voltage power source (DC Apelex PS9009TX, France). The
oltage applied in all cases was 200 V during times up to 180 s.
amples were dried at room conditions after EPD, and the mass
f each deposit was characterized by gravimetry.

. Results and discussion

.1. Dispersions in water–acetone mixtures for EPD

It has been demonstrated elsewhere18 that surface dissolution
ccurs when YBCO particles are suspended in water. Carbona-
ion and hydroxilation of solved ions affects to the concentration
f potential determining ions (H+ and OH+), fixing the suspen-
ion stability. It is well known that those reactions may also occur
n technical grade acetone at room conditions. Therefore, the sur-
ace behaviour of YBCO in acetone have to be also evaluated in
erms of pH, conductivity and zeta potential, taking as variables
he concentration of solids and water at the suspensions.

In this study, suspensions were prepared using technical ace-
one (water content of 2.5 vol.%) at YBCO concentrations of
.1, 1 and 10 g/l. The pH evolution was measured during this
ime, and plotted in Fig. 1. The pH of 0.1 and 1 g/l suspensions
aries from 9.4 to 8.9, and from 9.3 to 9.0 in 40 min, respectively,
hile the pH of the 10 g/l suspension changes from 9.5 to 8.6 in
0 min. An acidification tendency of the suspension media can
e noted when solid concentration increases. Although suspen-
ions are prepared in acetone both, the environmental humidity
nd the water content of technical grade acetone, promotes the
low carbonation of the Ba2+ leached from the YBCO particle
urfaces.18 The surrounding conditions of YBCO particles are
consequence of the powder dissolution and related reactions.
ence, low chemical stability of YBCO surfaces is also expected

o determine dispersing conditions in acetone.
Fig. 2 shows the variation of zeta potential with the amount

f water added to 0.1 g/l suspensions prepared in dry acetone

curve a), and with YBCO concentration at suspensions prepared
n technical grade acetone (curve b).

In curve a, to avoid as much as possible YBCO dissolu-
ion, 0.1 g/l suspensions in dry acetone were considered. Then,
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Fig. 2. Zeta potential of YBCO suspensions prepared: curve (a), in dry ace-
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Table 2
Electrophoretic migration and deposition sense related to the suspensions solid
contents and the solvent analytical grade.
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is also noticeable through the relative increase of the depo-
one with a solid content of 0.1 g/l, related to the added amount of water, and
urve (b), in technical grade acetone (∼2.5 vol.% of water), related to the solid
oncentration increase.

ifferent amounts of water (up to 12 vol.%) have been added
o study their effect in the suspension stability. YBCO parti-
les in dry acetone develop a strongly negative surface charge
−35 mV) as shown at curve a in Fig. 2. Strong negative sur-
aces (>30 mV) maintain until water content of 3 vol.%. Zeta
otential absolute values decrease with higher water additions,
chieving zero at 7 vol.%. YBCO particles maintain zero zeta
otential, or even reverse their surface charge for water con-
ents around 12 vol.%. In all cases, suspension conductivity

aintains below the technical accuracy of the conductimeter
0.2 �S/cm).

Similarly in curve b, zeta potential strongly changes with
olid content in suspensions prepared in technical grade ace-
one. In fact, negative surfaces (−38 mV) in 0.1 g/l suspensions
ecome positive at solid concentrations over 1.5 g/l. Neverthe-
ess, a strong positive zeta potential (+30 mV) was measured
or 10 g/l suspensions, whereas conductivity maintains always
onstant and below 0.2 �S/cm.

It is important to note that comparable zeta potential val-
es have been measured for similar suspensions prepared
nder different conditions. In curve a, zeta potential of
.1 g/l suspension prepared through the addition of 3 vol.%
f deionised water to dry acetone is marked, while the value
n curve b is the measure of 0.1 g/l suspension directly pre-
ared in technical grade acetone (2.5 vol.% water content).
ubsequently, results plotted in Figs. 1 and 2 (curve b) indi-
ate the charge reversal is a consequence of the medium
cidification promoted by the solid increase in presence
f water. Otherwise, the development of charged surfaces
n 10 g/l suspensions (+30 mV) has not any effect in the
onductivity.

Consequently, YBCO surface reactions affect to the surface
harge even in organic media.18 Indeed, both suspension param-
ters solid and water content determine YBCO particle stability
n acetone, being key for later shaping process.
Table 2 summarizes the sense and deposition of the parti-
le electrophoresis for different suspensions. Diluted suspension
0.1 g/l) of YBCO in dry acetone represents in this work the most

s
t
r

echnical Anodic Cathodic Cathodic
ry Anodic Cathodic Cathodic

avourable conditions to avoid YBCO dissolution. The surface
f the YBCO particles in dry acetone is negative, as plotted
n Fig. 2 (curve b), and deposition takes place at the anode
uring EPD. However, reliability of EPD with 0.1 g/l suspen-
ions in technical grade acetone is very low. Deposition mainly
ccurs at the anode (Table 2), as expected for negative zeta poten-
ials in Fig. 2, but occasionally deposition takes also place on
oth electrodes, simultaneously. Kinetics of Ba2+ carbonation
t room conditions in the presence of a small amount of water
2.5 vol.%) affects to the particle charging mechanism, espe-
ially for low solid contents. Particle surface should become
ositive after the homogenization time as a consequence of the
edium acidification, YBCO depositing in the cathode.
Cathodic deposition occurs for 1 and 10 g/l suspensions. This

as expected for 10 g/l suspensions in technical grade acetone,
ue to the strongly positive character of particle surfaces, and
lso for 1 g/l suspension attending to the low accuracy of zeta
otential measurements in Fig. 2, curve b. However, it was unex-
ected for suspensions prepared in dry acetone. Since EPD tests
ere performed at room conditions, cathodic deposition for dry

cetone evidences the effect of the hygroscopic character of the
olvent, affecting the YBCO surface stability, stepping up by a
igher amount of powder in suspension.

Fig. 3 plots the variation of the suspension conductivity and
he deposited mass as a function of water content at the sol-
ent, for EPD in 10 g/l suspensions at 200 V for 180 s. Pictures
ithin this figure show the appearance of the obtained deposits

or water contents of 2.9 (b), 6.5 (c) and 10.7 vol.% (d). As
xpected the suspension conductivity increases with the amount
f water, from values below 0.5 �S/cm for technical grade ace-
one to 6 �S/cm. Regarding the deposit quality, when dry acetone
as used as dispersing media, the YBCO particles deposited het-

rogeneously in the anode. The addition of a small amount of
ater leads to a poor and heterogeneous deposition as Fig. 3b

hows. The increments in water contents to a range between 6.5
nd 8 vol.%, leads to uniform YBCO coatings (Fig. 3c). Larger
ater additions promote worse quality films and low growth as

an be clearly observed in Fig. 3d. In fact this phenomenon, a
indow for the homogeneous deposition conditions, has been
reviously observed by other authors for other polar/non-polar
olvent mixtures.37,52,53

Although water addition promotes a slightly film growth,
he achievement of homogeneous films concurs within the
nterval of higher deposited mass observed in Fig. 3a. There-
ore, suspension stability evidenced by the film homogeneity
ition rate. The stability of the suspension is associated to
wo phenomena. One is the particle deagglomeration, which is
elated to the film homogeneity, and the other is the particle
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ig. 3. (a) Deposited mass and suspension conductivity as a function of the wat
0 g/l suspensions prepared in acetone with 2.9 (b), 6.5 (c) and 10.7 (d) vol.% o

lectrokinetics where faster particles lead to higher deposited
ass. For that reason a narrow range of stability could be

etermined where homogeneous and heavier coatings can be
roduced.

Labib and Zanzucchi16 have studied the donor–acceptor
ehaviour of organic solvent with oxides, suggesting that par-
icles acquire their charge from direct electron transfer from a
eutral liquid molecule in most cases. The donor–acceptor role
epends on the electron donicity of the solvent linked to the
article. Some publications dealing with EPD films report the
ispersion of several particles in acetone. In these works, oxides
such as SiO2) in which acid sites predominate at the surface
evelop a negative charge in acetone dispersions.19,33,35,51,60

ince the solvent acts as donor, electron transfer occurs from
he liquid to the solid. Oxides such as ZrO2 show a zero sur-
ace charge in acetone,52,53,61 while other oxides, i.e. ZnO,
gO, SbO, etc., behave as positive particles depositing in the
athode.62–67 In later cases, electron transfer occurs from solid
o liquid, having the solvent a lower donicity character than
onsidered oxides. Similarly occurs for the SbO or PZT when

i
a
o
b

tent for 10 g/l suspensions in acetone. YBCO coatings obtained by EPD using
r.

norganic bases or acids, i.e. NH4OH and HNO3, were added in
cetone66–68 or alcoholic media.59,68,69

In 0.1 g/l suspensions in dry acetone, the solvent acts as donor,
nd electron transfer takes place from the liquid to the solid
eading to negative surfaces. In acetone–water mixtures, the
resence of water steps up YBCO dissolution and BaCO3 for-
ation. Since YBCO dissolution occurs in a lower ratio than in

queous suspensions, protons liberated by the Ba2+ carbonation
Fig. 1) promote the acetone protonation, displacing the equi-
ibrium through the enol formation.70 In this case, the change in
he donor–acceptor character of the solvent is the main cause of
he evolution of the YBCO charged surfaces. This behaviour is

ore evident for concentrated suspensions, where YBCO par-
icles have higher zeta potentials leading to a clear cathodic
eposition.

Moreover, the adsorption of water at the particle surface

ncreases its donicity, helping to charge transfer.55 Hence, larger
mounts of water enhance charging and improve the uniformity
f the coatings, as seen in Fig. 3c. The presence of ions produced
y the YBCO dissolution in 10 g/l suspensions fits the increase of
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onductivity. If the amount of water is larger the charging mecha-
ism by selective adsorption of ions (H+, Ba2+ and Ba(OH)+) on
ydrated surfaces18 should displace the donor–acceptor mecha-
ism. In those cases, stability conditions should be studied and
djusted, because of those YBCO suspensions lead to heteroge-
eous deposits (Fig. 3d).

Finally, although homogeneous YBCO films can be achieved
ith water as dispersing agent, stability attained through

bove described mechanisms depends on the weak chemi-

al stability of YBCO surfaces, which can jeopardize process
eliability. In view of these results further studies con-
idering other stabilizers combined with water should be
eveloped.
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acetone. (b) UV/visible spectra evolution with time in a solution of 0.2 g/l of

.2. Dispersing mechanism of YBCO particles in
cetone-I2 solution

Early studies dealing with structures formed by halogen
olecules with oxygenated solvents reveal the presence of

:1 complexes in solutions of iodine in alcohols and ketones,
orresponding to the form: RR′O+·I2

− or RR′CO+·I2
−.71 Com-

lexes result from an acid–base interaction in the electron-donor
ense in which iodine acts as the acid or electron-acceptor. The

ncrease of Lewis basicity of the organic oxygenated solvents
eads to a high interaction with iodine. Recently, Kebede and
indquist72 has demonstrated that solvent–I2 complex remains

n equilibrium with a charged complex form while generates
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for 10 g/l YBCO suspensions prepared with similar amounts of
I2. Actually, charged particles should increase the number of
conductive species in the suspension contributing to increase
its conductivity.1,73 However, reported results for concentrated
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riiodine (I3
−). The increase of the solution conductivity and

he shift to shorter wavelength of the absorption peak of I2 in
he visible region (usually at 500 nm), evidence the presence of
he solvent·I2 complex, which later promotes the formation of
ationic solvent·I+ complex and I3

−.72 Proposed reactions of
he I2 solutions in acetone are:

CH3)2CO + I2 ↔ (CH3)2CO+ I2
− (3)

CH3)2CO+ I2
− → CH3CH2ICOH+ + I− (4)

CH3)2CO+ I2
− + I− → (CH3)2CO + I3

− (5)

2
− + I− → I3

− (6)

here reaction (4) summarized the acetone halogenation catal-
sed by the presence of H2O, which results in the formation of
stable cation CH3CH2ICOH+.70

The evolution of specific conductivity with time of techni-
al grade acetone solutions of different I2 concentrations (0.1,
.2, 0.4 and 1.0 g/l) is plotted in Fig. 4a. A sharp increase
f conductivity takes place after a certain time for any iodine
oncentration. This gap is higher and takes place faster as the
oncentration of I2 increases. Solution conductivity rises from
0 �S/cm for 0.1 g/l of I2 to 325 �S/cm at the 1 g/l of I2 solu-
ion. These data are in good agreement with those reported in
he literature.20

In addition to specific conductivity measurements,
V/absorbance has been measured for all considered iodine

oncentrations. Fig. 4b shows the evolution of absorbance
pectra of solution of 0.2 g/l I2 in acetone. The maximum
bsorption is located at 449 nm and is due to polarization of
2 molecules, as reported by Kebede and Lindquist.72 During
0 min, I2 adsorption maintains constant. Then, absorbance
etween 350 and 400 nm grows quickly after about 25 min
hile the peak at 450 nm disappears. This phenomenon happens

imultaneously with the increase of conductivity (Fig. 4a).
− absorption is located below 300 nm and could not be
esponsible of this double effect. The occurrence of species
bsorbing between 350 and 400 nm is related to I3

−. Hence,
he formation of I3

− through Eqs. (4)–(6), verified by the UV
pectra, becomes associated to the conductivity increase of I2
olutions in acetone. After complete I2 dissolution, the ionic
pecies responsible for the high conductivity are the products
f Eqs. (4)–(5): I3

− and CH3CH2ICOH+.
The pH of 0.1, 1 and 10 g/l YBCO suspensions in technical

rade acetone with 0.2 g/l of I2 are plotted in Fig. 5. YBCO pow-
ers were added to the solution of I2 in acetone, and then starting
H of suspensions indicates the I2 acid character.57 Acidifica-
ion when increasing concentration of I2 has been reported in
he literature for YBCO in acetone20 and YSZ in isopropanol or
mixture of acetone and ethanol.50,52

The starting pH of 0.1 and 1 g/l YBCO suspensions are by
.5, while the concentrated suspension shows a pH close to 6.
oreover, the pH of 1 and 10 g/l suspensions slowly increases

ith time, while in the diluted suspension pH roughly maintains
uring 40 min.

Surface reactions in YBCO powders also determine the
ispersing conditions in I2-acetone solution. When powder is
ig. 5. Evolution of operational pH for suspensions of different amounts of
BCO in a solution of 0.2 g/l I2 in acetone.

dded, the acidic medium promotes the YBCO dissolution being
his effect more evident as solid concentration increases. In fact,
a2+ concentration has been determined by ICP at the super-
atant of 10 g/l suspensions being [Ba2+] = 2 × 10−2 mol/l. The
BCO surface reaction with solvent promotes neutralization

Fig. 5), and then dissolved ions,18 i.e. Ba2+, join ionic species
oming from I2 dissolution (I3

− and CH3CH2ICOH+).
Suspensions of 0.1 g/l of YBCO were prepared in solutions

f I2 in technical grade acetone to determine surface charges.
he variation of zeta potential and conductivity with iodine
ontent is represented in Fig. 6. Conductivity increases linearly
ith I2 content. Conductivity values at such low solid contents

re similar to those registered for iodine solutions in Fig. 4a,
uggesting that the formation of triodine and CH3CH2ICOH+

ons after I2 dissolution (Eqs. (4)–(6)) results in the largest
ontribution to the conductivity of 0.1 g/l YBCO suspensions.
owever, lower conductivity values have been also reported10,20
50403020100

I2 Concentration (mg/100 ml)

Fig. 6. Zeta potential and specific conductivity with iodine content.
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to the presence of I3

− and CH3CH2ICOH+ species. However,
ig. 7. Sedimentation behaviour of acetone suspension with and without iodine.

uspensions10,20 verified the decrease of conductivity with the
ddition of YBCO particles. Considering the ionic species
olved in the suspension (Ba2+, I3

− and CH3CH2ICOH+) the
ormation of Ba(I3)2

74 could be the cause of the suspension
onductivity decrease. Concluding that solid-solvent reactivity
educes or inhibits the presence of some ionic species solved in
he suspension medium.

The behaviour of zeta potential vs. the I2 content of the sol-
ent is similar to that described in the literature for YBCO20 and
SZ45,49–53 suspensions in different organic solutions of I2. Zeta
otential is strongly negative (−43 mV) in suspensions without
2, fitting results plotted in Fig. 2, while a small amount of I2
evelops positive zeta potentials. A maximum value (+40 mV)
as achieved with 0.04 g/l of I2, while zeta potential maintains

onstant for further I2 additions.
The stability of the suspension in technical grade acetone

ithout and with 0.2 g/l iodine has been also qualitatively
valuated by settling tests, plotted in Fig. 7 for 10 g/l YBCO
uspensions. Suspensions prepared in acetone sediment faster,
owders being completely settling in 10 min. Addition of 0.2 g/l
f iodine increases the suspension stability to several hours,
lthough both suspensions, without I2 and with 0.2 g/l of I2,
ave high positive zeta potential values ∼30 mV (plots in Fig. 2,
urve a, and 6). Since zeta potential only reflects electrostatic
tabilisation, a low sedimentation suggests the presence of steric
ispersive forces acting with the I2 addition, which contributes
o suspension stability enhancement.

In order to explain differences in the settling behaviour, the
nterparticle potentials acting between particles have been mod-
lized. The Derjaguin, Landau, Verwey and Overbeck (DLVO)
heory was used. In the case of the suspension without I2, the
lectrostatic stabilization is only considered. Therefore the total
nteraction potential is determined by electrostatic interactions
Va and Vr matt addend). However, when I2 is added, results sug-
est that an electrosteric stabilization mechanism acts between

BCO particles. In this case, the interparticle interaction poten-

ial was calculated considering the attractive (Va), repulsive (Vr)
nd steric (Vste) effects. The attractive stabilization (Va) was

w
a
Y

Ceramic Society 31 (2011) 1075–1086

pproximated by the Gregory’s model due to the particle size.75

a(d) = −AHa
12d

[
1 − bd

λ0
ln

(
1 + λ0

bd

)]
(7)

here a is the particle radius, d is the distance between particles,
H is the Hamaker constant, λ0 and b are constants.

The spectral parameters of YBCO and acetone, such as
he refractive index, n, and the characteristic adsorption fre-
uency, ω, have been considered to determine the Hamaker
onstant.76,77 The refractive index (nAC) and the characteris-
ic absorption UV frequency (ωAC) of the acetone are 1.36 and
89 nm, respectively.70 However, when 0.2 g/l I2 has been dis-
olved in the acetone, the maximum absorption UV frequency of
he liquid medium (ωAC/I2 ) is ∼400 nm (Fig. 4b).72 A character-
stic absorption frequency in the UV range of 300 nm (ωYBCO)
nd a related refractive index of 1.69 (nYBCO) have been con-
idered for YBCO particles,78–80 neglecting the anisotropy of
ts optic and dielectric functions.81 The Hamaker constant cal-
ulated for this approximation results on 4.73 × 10−21.

The Hogg–Healy–Fuerstenau (HHF) theory, that considered
constant surface charge, was selected to calculate the repulsive
lectrostatic interaction:

r(d) = πεε0
a

2
[4ψ2 ln(1 + exp(−κd))] (8)

here a is the particles radius, ψ is the surface potential, ε0 is
ielectric constant, ε is the electric constant and yκ is the inverse
ebye length.
Finally, the simple hard wall model described by Bergström82

as used to approximate the steric stabilization in the YBCO
uspension stabilized in I2 solution, by means:

s(d) =:
πakT

V 3 Φ2
(

1

2
− χ

)
(2δ+ 2a− d)2 (9)

represents the thickness of the adsorbed layer, Φ the volume
raction of the adsorbent in the adsorbed layer, χ is the solvent-
dsorbent interaction parameter and V is the molecular volume
olvent. This equation is valid in the interpenetrational domain
δ< (D − 2d) < 2δ).82

As it is discussed above, particles are positive in charge in
oth suspensions while solved ionic species are different in
ature and concentration. In acetone, the conductivity of the
BCO suspension is very low (<0.2 �S/cm), so the concentra-

ion of both co-ions and counter-ions can be also considered
ow. The operational pH changes toward acid values (�pH = 1),
ointing up a slightly YBCO dissolution and subsequence
uickly Ba2+ carbonation. Attending to the pH, only an excess
f OH− ions remains in the suspension (Fig. 1). Hence, further
alculations have been done considering the operational pH in
ig. 1 to determine the concentration of the only positive ionic
pecie, i.e. [H+] = 10−8.5 mol/l.

It has been also verified that conductivity measured in 0.2 g/l
2 dissolution in acetone (75 �S/cm in Fig. 4a) is mainly due
hen YBCO is added, it dissolves leading to the Ba2+ leaching
nd later Ba(I3)2 precipitation. In this case, the presence of the
BCO, and related surface reactions, determines the pH (Fig. 5)
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dispersion with I2 is more effective in solvents mainly com-
posed by ketones. A recent study demonstrates that dispersion
depends on the I2–solvent interaction,37 while results in Table 1
-500

Fig. 8. Interaction potentials for 10 g/l YBCO suspensions prepared

nd the conductivity of the suspension.10 Besides species solved
ue to the acetone halogenation, the main positive ionic species
re Ba2+ and H+. As determined above, Ba2+ concentration in
his suspension is [Ba2+] = 2 × 10−2 mol/l. Operational pH is 4
n Fig. 5, so the H+ concentration is [H+] = 10−4 mol/l. Conse-
uently, further calculation has been made considering Ba2+ as
he only co-ion due to its valence (z = +2) and in view of Ba2+

oncentration is two orders of magnitude higher than H+ concen-
ration. It is important to note that mistakes done by considering
he operational pH, contribute to maximize H+ concentration in
oth suspensions (Eq. (2)).83

Fig. 8 shows the calculated interparticle potential for 10 g/l
BCO suspensions prepared in technical acetone (2.5 vol.%
2O) (solid line), which presents a primary minimum at short

nterparticle distances. The energy barrier localizes between 0.5
nd 1.5 nm, preventing the attraction between particles. High
alues of potential interaction at the energy barrier is mainly
ue to high particle size (4 �m), suggesting that particle coag-
lation should be avoided for distances higher than 1.5 nm.
onsequently, the adsorption of short organic molecules onto

he particle surface should be enough to stabilize YBCO sus-
ensions by means a steric mechanism.

Besides positive species solved in presence of 0.2 g/l of I2,
H3CH2ICOH+ can be adsorbed onto the particle surface fit-

ing the characteristic curve of the reversal zeta potential sign
n Fig. 6. Considering an adsorbed layer of 1 nm,84 dot line
n Fig. 8 shows the total interaction potential for 10 g/l YBCO
uspensions prepared in 0.2 g/l I2-acetone solution. The pri-
ary minimum disappears since the adsorption of the molecules

voids the direct contact between particles, and the barrier
nergy moves to 2–2.5 nm. Hence, suspension stability increases
ustifying settling results in Fig. 7. The addition of I2 avoids
owder sedimentation for 9 h.

Fig. 9a shows the evolution of deposited mass per unit area
ith increasing I2 contents in 10 g/l YBCO suspensions in tech-
ical grade acetone. EPD tests were carried out applying 200 V
or 60 s. The film growth with water addition (Fig. 3a), under
imilar electric conditions (200 V) for 180 s, has been also plot-
ed for comparative proposes. Particle migration always occurs
oward the negative electrode (cathode) with I2, as expected from

ositive zeta potential values of YBCO (Figs. 2, curve b, and 6).
eposit growths homogeneously compared to low reliability

nd uniformity of deposits without I2. Maximum deposition
akes place for 0.04–0.05 g/l of I2, while a larger addition of

F
a
a
o

tance (nm)

hnical grade acetone (—) and a 0.2 g/l I2 solution in acetone (- - -).

2 (>0.15 g/l) reduces the deposit yield because of higher sus-
ension conductivities.10,73

In agreement with other authors (Table 1), deposition with
2 as stabilizer achieves a maximum fitting higher zeta potential
alues. A picture of a deposit obtained applying 200 V for 60 s
n a 10 g/l suspension in 0.2 g/l of I2 acetone solution was shown
n Fig. 9b.

Finally, I2 plays an important role in the charging mecha-
ism of the YBCO surfaces. The stability in acetone without
2 depends on the donor–acceptor character of the pair powder-
olvent, while an optimal I2 content assures suspension stability,
nhancing film growth in terms of higher reliability, homogene-
ty and deposit yield.

The interaction of I2 with solvents depends on their basic
haracter. Detailed studies summarized in Table 1 suggest that
ig. 9. (a) YBCO deposit mass per unit area as a function of the iodine content
nd water in 10 vol.% acetone suspensions. (b) Picture of a deposit obtained
pplying 200 V for 60 s in a 10 g/l suspension dispersed by the addition of 0.2 g/l
f I2.



1 pean

v
s
c
t
p

i
i
(
t
m
s
h
h
t
a
i

i
t
m
t
t
a
d
t
t
s
o
c
a
a

4

b
t
o
i
C
o
m
s
h

Y
s
a
d
z
d

p
k
d
s

e
t
Y
g

A

t
A
t
P

R

084 L. Dusoulier et al. / Journal of the Euro

erify that the amount of I2 for each system solvent-particle
hould be optimised. In fact, the surface charge of the parti-
les becomes positive whatever was their nature,19,33–44 and
he effective amount of I2 added is related to the morphologic
roperties of the particles.38,58,85

In the case of acetone, the effectiveness of I2 as stabiliz-
ng agent should be mainly attributed to the formation of the
odine complex cation CH3CH2ICOH+ in acetone solutions
Eqs. (3)–(6)). This ion adsorbs onto YBCO surfaces leading
o a positive charge. Moreover, according to the stabilization
echanisms proposed for organic media,86 the presence of a

mall amount of water (2.5 vol.% in technical grade acetone)
elps to the CH3CH2ICOH+ adsorption. This assures a steric
indrance operating at very short interparticle distances, while
he presence of charges provides a high positive zeta potential
nd hence, the electrostatic repulsion at longer distances shown
n the interparticle potential plot in Fig. 8.

Concluding, the experimental techniques used in this work,
ncluding conductivity, pH measurements, zeta potential, set-
ling tests and visible/UV spectra support the proposed charging

echanism. The CH3CH2ICOH+ surface adsorption is consis-
ent with the zeta potential plots in Fig. 6, and those collected in
he literature (Table 1). The steric effect of the CH3CH2ICOH+

dsorption contributes to prevent the particles coagulation pre-
icted by the calculated interparticle potential interaction in
echnical grade acetone (Fig. 8), and explain the low sedimenta-
ion rate of 10 g/l YBCO suspension prepared in a 0.2 g/l I2
olution in acetone (Fig. 7). Otherwise, the presence of that
rganic short chain at the particle surface promotes a higher
ohesion between particles and improves particles-substrate
dherence leading to a homogeneous and reliable film growth,
s shown in Fig. 9.

. Conclusions

Charging of YBCO particles in an acetone-I2 solution has
een described. This stabilisation mechanism can be extensive
o the dispersion of such a kind of particles in a halogenated
rganic liquid. The present work states that surface charging
n I2 acetone solution takes place through the formation of
H3CH2ICOH+ intermediated complex cations. The adsorption
f this species provides a steric contribution to the stabilisation
echanism. Hence an optimal I2 content assures suspension

tability, enhancing film growth in terms of higher reliability,
omogeneity and deposit yield.

Specifically, the iodine complex cation CH3CH2ICOH+ in
BCO suspensions stabilized by I2 addition adsorbs onto YBCO

urfaces helped by the presence of a small amount of water. This
ssures a steric hindrance operating at very short interparticle
istances, while the presence of charges provides a high positive
eta potential and hence, the electrostatic repulsion at longer
istances.

Low chemical stability of YBCO surfaces determines dis-

ersing conditions in acetone, solid and water contents being
ey parameters for later shaping process. Solid-solvent reactivity
etermines the number of positive/negative sites at the particle
urface. The Ba2+ carbonation kinetics determines the keno-enol
Ceramic Society 31 (2011) 1075–1086

quilibrium changing the solvent donor–acceptor character, and
hen the YBCO surface charge. In order to obtain homogeneous
BCO deposits by EPD, 10 g/l suspensions in at least technical
rade acetone (2.5 vol.% of water) are desirable.
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