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bstract

polymeric yttrium silicate sol was prepared for the electrophoretic deposition of Y2SiO5 on C/C composite materials. The properties of the sol
nd the process of electrophoretic deposition (EPD) from the sol on glassy carbon substrates were studied using impedance spectroscopy. During
onstant voltage electrophoretic deposition first a rapid and thereafter a more gradual decay in current was observed, accompanied by the formation
f a thin layer of an Y2SiO5 green body. Impedance spectroscopy after the end of the EPD experiment revealed that the resistance of the green
ody did not significantly increase the impedance of the EPD setup. The impedance spectra measured after EPD changed rapidly with time within
he first few minutes, showing a decrease in the resistance of the green body and an increasing charge transfer resistance at the electrodes. This

ehavior could be related to the formation of a reaction product of electrochemical processes taking place during EPD, and points to ion depletion
n the deposit layer.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Their outstanding mechanical properties and high strength
ake C/C composites an attractive structural material for high

emperature applications.1 The major advantage is their excel-
ent thermal shock behavior combined with a relatively low
ensity. Likewise, the materials have great potential in harsh ter-
estrial temperature environments. One serious drawback is their
oor oxidation resistance.2,3 To take advantage of these mate-
ials’ benefits a suitable protection against oxidation is needed.
or this purpose SiC layers are employed which are usually
eposited by means of chemical vapour deposition and allow
emperatures of up to 1300 ◦C.4 For higher temperatures the
oating must be complemented by an outer oxygen diffusion
arrier coating.
Yttrium silicate with its high melting point, low oxygen per-
eation and a thermal expansion coefficient similar to SiC is
promising material for such an outer barrier coating.5,6 Var-
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ous coating procedures have been applied to create protective
oatings on the C/C–Si–SiC composites such as slip casting,7

lasma spray8 and electrophoretic deposition.9,10

Electrophoretic deposition (EPD) in this context favours high
acking densities and easy control over the deposit thickness. In
his technique usually powder particles are dispersed in a solvent
here they acquire a certain charge. Under the influence of an

lectric field these charged particles will move to the oppositely
harged electrode where they will be deposited.

Sol–gel synthesis provides an elegant method to directly
repare such a colloidal system of ultrapure nano-sized homoge-
eously dispersed particles. Therefore the preparation of suitable
ol–gel systems for EPD is of great interest. EPD from partic-
late sols of mullite11 or silica12 as well as from polymeric
recursor sols13 are reported in literature.

EPD processes have found numerous applications for the
nexpensive and controlled preparation of coatings and ceramic

aterials, and therefore are of high technological importance.

everal reviews have been published.14–18 Despite a num-
er of papers discussing kinetics and mechanism of EPD
rocesses14,16,19–24 there is still a lack of understanding regard-
ng the detailed mechanisms involved. This especially concerns

mailto:oliver.schneider@tu-clausthal.de
dx.doi.org/10.1016/j.jeurceramsoc.2009.07.020


1 pean

t
g
r
b
p
a
c
t
s
t
i
O
r
p
d
l
a
d
p
t
D
t
o
t
s
d
e
p
t
f

2

(
p
i

t
T
a
p
c
a
s
a
d
s
y
i
b
Y

m
(

d

i
u
p
a
w
o
s
b
s
e

a
e
n
s

p
t
v
t
t
f
o
o
w
c
b
1
t
e
p
w
s
w
r

3

3

m
T
σ

b
v
q
c
I
t
A
l
I

090 O. Schneider et al. / Journal of the Euro

he microscopic processes taking place during formation of the
reen layer. Even though EPD is not a faradaic process the cur-
ent flowing through the suspension has to cross the interface
etween suspension and substrate. Therefore electrochemical
rocesses must be taking place at this interface. Such reactions
re only occasionally discussed in literature.20,22,23,25 Charge
arriers must be transported through the deposited layer to
he substrate surface. Depending on the deposition conditions
uch transport processes can then control the further growth of
he layers.21,26,27 This can be one of the causes for the typ-
cal decay in electrical current during constant voltage EPD.
ther contributions to this behavior can arise from a large

esistance of the as-deposited layer,19,21,28 a depletion of sus-
ended particles,21 a change in local field strength,19,29 ionic
epletion,22,23,25 and ion-selectivity of the green layer by over-
apping of diffuse double layers of the particles in the deposit
cross the pores.24 An elegant way to study the effect of a
eposited layer and to determine some of the relevant electrical
roperties of a suspension or sol for EPD is impedance spec-
roscopy (IS).22,26,30 In IS, one applies (or superimposes to a
C voltage) a small sinusoidal alternating voltage, and measures

he resulting alternating current.31,32 The obtained dependence
f the complex impedance on the angular frequency ω allows
he extraction of parameters like conductivities, dielectric con-
tants, electrochemical reaction rates, double layer capacitances,
iffusion constants, and others. It is a standard technique in
lectrochemistry31,32, but rarely applied for the analysis of EPD
rocesses.22,26,30 The aim of this work therefore was to apply
his method to study the EPD of yttrium silicate green bodies
rom a polymeric precursor sol.

. Experimental

The yttrium silicate sol was prepared from tetraethoxysilane
TEOS, Si(OC2H5)4, Merck for synthesis) and yttriumoxoiso-
ropoxide (YPr, Y5O(OC3H7)13, Strem Chemicals, 98%+). Dry
sopropanol (IPr, Fluka, c(H2O) < 0.005%) was used as solvent.

In order to adjust the reaction rates separate 0.1 M solu-
ions of the two alkoxides were prepared. The one containing
EOS was pre-hydrolyzed for 2 days with water of pH 2
nd a water to alkoxide ratio (rW) of 10. Yttriumoxoiso-
ropoxide was dissolved and stabilized in isopropanol using
oncentrated nitric acid (HNO3-65%, Merck, Suprapur) and
cetyl acetone (AcAc, Merck, for analysis) under argon atmo-
phere in a glove-box. For 1 mol Y3+ cations, 2.65 mol HNO3
nd 1 mol AcAc were added. The as prepared sols were
iluted to a concentration of 0.025 mol/l and mixed corre-
ponding to the Y/Si ratio in Y2SiO5. A polymeric clear
ellowish sol resulted. To increase the electrophoretic mobil-
ty of the sol species, 0.25 M KOH was added to the sol
y means of a titrator. The resultant sol composition was:
Pr:TEOS:HNO3:KOH:IPr:H2O = 2:1:5.3:1:1620:34.23.
Electrophoretic mobility and conductivity of the sol were
easured in a folded capillary cell using a Zetasizer NanoZS
Malvern, UK).

EPD experiments were carried out using a home-built setup
escribed elsewhere.13 For the sol characterization two partially
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mmersed glass slides sputter-coated with gold on one side were
sed. Contact with the cables was made on the non-immersed
arts. The immersed electrode area was Aim = 4.8 cm2, the area in
ir Aair = 3.5 cm2. During the EPD experiments, these electrodes
ere shortened and used as counter electrodes. Polished plates
f glassy carbon (GC, 1 mm × 10 mm × 10 mm) were used as
ubstrate and therefore as working electrode. The distance d
etween the electrodes was controlled by means of micrometer
crews and fixed to 10 mm (between GC substrate and each Au
lectrode) for the deposition experiments.

Deposition was performed by applying a voltage supplied by
Lambda Genesys power supply between substrate and counter
lectrodes. The glassy carbon substrate was connected to the
egative pole and current transients were recorded during depo-
ition experiments.

Impedance measurements were carried out at open circuit
otential in the two electrode configuration using a Zahner Elec-
ric IM6 impedance spectrum analyzer. The amplitude of the AC
oltage was set to 10 mV (100 mV for measurements in air), and
he frequency f varied between 500 mHz (100 mHz for deposi-
ion studies) and 100 kHz, except if noted otherwise. For each
requency the ac current was measured for several cycles in
rder to increase accuracy. For the measurements in sol with-
ut deposition, one of the Au electrodes was connected to the
orking electrode (WE) cable of the IM6, and the other one to

ounter (CE) and reference electrode (RE) cables. The distance d
etween the electrodes was varied in 2 mm increments between
.3 and 2.9 cm. For the measurements after EPD experiments,
he substrate was connected to the WE cable, and both gold
lectrodes (shortened) to CE and RE cables. A measurement in
arallel to EPD as in the work of Stappers et al. was not possible
ith the equipment.22 After selected EPD experiments a time

eries was performed, where within 10 min impedance spectra
ere recorded quickly one after the other in a limited frequency

ange.

. Results

.1. Characterization of the sol

The sol was characterized by measuring the electrophoretic
obility μ and specific conductivity σ in the Zetasizer.
he results obtained were μ = 1.2 × 10−5 cm2 V−1 s−1 and
= 1.7 × 10−5 S cm−1. In addition impedance measurements

etween two partially immersed gold-coated glass slides with
arying distance d were performed in the same cell used subse-
uently for EPD. The resulting spectra are shown in Fig. 1 in the
omplex plane plot, where the imaginary part of the impedance
m(Z) is plotted as a function of its real part Re(Z). Each spec-
rum showed a portion of a semicircular arc at high frequencies.
t intermediate frequencies, Im(Z) decreased to ∼0 �. At even

ower frequencies the spectrum has the shape of a tilted line, i.e.
m(Z) increased linearly with Re(Z). A stepwise increase in dis-

ance from d = 1.3 cm to d = 2.9 cm caused a shift of the spectra
o higher Re(Z)-values, and a more pronounced linear region of
he spectra. Re(Z) at Im(Z) = 0 � increases from 12.8 to 20.3 k�.
mpedance data measured between a GC electrode centered
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between the Au electrodes (cf. Fig. 3). However, in some cases
instead of a line rather a second semicircle was seen at low fre-
quencies. In the high frequency region the shape of the spectra
ig. 1. Impedance spectra measured in a polymeric yttrium silicate sol at elec-
rode distances d between 1.3 and 2.9 cm. For each spectrum the exact value of
is given in the figure ([d] = cm).

etween the two Au electrodes, and the shortened Au elec-
rodes prior to any electrophoretic deposition sometimes showed
nother semicircle at low frequencies rather than a straight line,
nd sometimes there was also a (partial) semicircle followed by
straight line.

Impedance measurements with the same setup were also per-
ormed in air at d = 1.58 cm (105 to 103 Hz) and at distances
etween d = 1.58 cm and d = 2.5 cm in 0.5 M NaCl. This was
one in order to check for contributions of the experimental
etup, especially the resistance of the gold layers on the glass
lides, to the overall impedance. From the measurements in air a
apacitance of 3.4 × 10−11 F was obtained, which is much larger
han expected for the geometric capacitance of two gold elec-
rodes alone. The measurements in NaCl showed Re(Z) values
f around 6 � at high frequencies.

.2. Electrophoretic deposition

Electrophoretic deposition was performed from the sol on
lassy carbon substrates at voltages of 100 and 200 V for dif-
erent deposition times. In some experiments, deposition was
erformed stepwise in order to measure impedance as a func-
ion of deposition time. Fig. 2 shows typical current transients
btained during stepwise and one-step depositions. The repro-
ucibility of the measurements was not always as good as in
ig. 2, probably caused by minor asymmetries in the electrode
etup. On bare substrates, the current initially decayed rapidly.
his period can be satisfactorily described by an exponential
ecay. After a few seconds, the current decreased more slowly.
t longer times, the current decayed with d2I/dt2 > 0, and was

loser to a dependence of I on t−0.5.
During one-step experiments, the current decayed through-

ut the deposition. In the example shown in Fig. 2 the current
ropped within 4.5 min to roughly one-third of its original value.
f one interrupted the deposition, however, for a few minutes,

he current in the next deposition step was much larger than dur-
ng continuous deposition. The initial currents scaled roughly
ith the deposition voltage. In terms of ohmic resistances,

hey corresponded to values of 11–12 k�. After a few minutes,

F
t
e
t

ig. 2. Current transients measured during stepwise EPD (circles, 90 s deposi-
ion time each) and one-step deposition (line, 270 s) at a deposition voltage of
00 V between Au counter electrodes and GC substrate.

he difference in currents became less than expected from the
oltages applied. Typically, the currents after 4 min (R = U/I)
orresponded to numbers between 22 and 32 k�.

The mass of the green layers formed after deposition with a
eposition charge of 0.7C–3C varied between 0.4 and 2.4 mg.
or deposition times shorter than 60 s no deposit was observed.
he composition of the deposits was checked after drying by
DX. Measurements on different substrates revealed a Y:Si
tomic ratio of 2:1, as expected from the composition of the
ol.

The impedance spectra measured between the GC substrate
nd the Au counter electrodes was similar to the one measured
ig. 3. Impedance spectra measured between GC substrate and Au counter elec-
rodes before (0×) and after three consecutive deposition steps (120 s, 100 V
ach). The IS spectra were recorded ∼730 s (first step) and ∼650 s (second and
hird step) after the respective deposition step.
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Fig. 4. Time series of impedance data recorded at frequencies of 0.5 and 0.6 Hz,
and full impedance spectrum measured after the end of the time series. Data
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Fig. 5. Equivalent circuits. (a) Full EC to explain impedance between two elec-
trodes partially immersed in a sol for EPD. R represents resistances of cables
(cab), the sol between the two electrodes (sol), a deposited green layer (lay),
Rct the charge transfer resistance of an electrochemical reaction taking place,
Cg the geometric capacitances between the electrode parts in air and in the sol.
CPEdl is a constant phase element representing the double layer capacitance of
the electrodes, and ZW is a Warburg impedance. Mathematically ZW can also be
described by a CPE in some cases. (b) Simplified EC to fit the impedance spectra
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ere recorded after one deposition step (120 s, 100 V) on a GC substrate and
ecording started at times of 207, 246, 268, 291, 313, 334, 356, 378, 400, 422,
43, 465, 487, 509, 531, 553, 575, 597.5, 619.6, 642, 664 and 730 s after the
nd of the deposition.

as not strongly altered after the individual deposition steps.
nly a slight increase of the intercept of the high frequency

rc with the abscissa was seen, amounting to about 600 � for
he example shown in Fig. 3(insert). The diameter of the low
requency semicircle decreased during subsequent deposition
teps. However, it was found that the diameter of the low fre-
uency semicircle depended significantly on the time passed
etween the end of the deposition experiment and the impedance
easurement. In general it was very small immediately after

eposition, and thereafter increased with time. Therefore the
bserved impedance decrease with thickness might be in truth a
ime effect. In order to study this behavior more closely, a series
mpedance experiment was performed immediately after the end
f a deposition step at only two frequencies located well in the
ow frequency semicircle (Fig. 4).

Both real and imaginary part of the impedance increased with
ime in magnitude but the changes in Im(Z) were larger. Some-
imes in the beginning of the measurements the slope of the
urves was even negative, indicating a position on the right side
f the semicircle. In the complex plane plot the data recorded
n a limited frequency range approached gradually the curve of
he full impedance spectrum measured after the end of the time
eries. In order to study if also the high frequency arc shows
ome dependency on time after deposition, analogous experi-
ents were performed in the high frequency region (20–1 kHz).
hese experiments indeed show a small shift of the curves and
f the intercept with the abscissa to lower values of Re(Z).

. Discussion
.1. Equivalent circuits

The complete equivalent circuit (EC) to describe the
mpedance response between the two gold electrodes or between

s
t
a
b

etween two Au electrodes in the absence of a deposited layer. (c) Simplified EC
o fit the impedance spectra between a GC electrode and Au counter electrodes
n the presence and absence of a green layer on the GC substrate.

GC electrode and the Au counter electrodes in order to charac-
erize the sol and the EPD process is shown in Fig. 5a. Besides
he resistance of cables and the Au electrodes Rcab it contains
he geometric capacitances Cg,air, describing the capacitance
etween the non-immersed parts of the Au-coated glass slides
nd parasitic capacitances associated with the entire measure-
ent setup, and Cg,sol, the contribution of the immersed parts.
he latter is determined by the dielectric constant of the sol.
rom a single impedance spectrum only the sum of these two
apacitances can be determined. The ohmic resistivity of the
recursor sol Rsol is electrically connected in parallel with the
eometric capacitances. The resistance of an electrophoretically
ormed deposit layer Rlay is connected serially with Rsol. The

ame is true for the interfacial impedance associated with elec-
rochemical reactions taking place at the surface of the electrodes
nd their double layer capacitance. It consists of two parallel
ranches, one containing the charge transfer resistance Rct in
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eries with a diffusional impedance, the Warburg impedance ZW,
he other one a constant phase angle element1 CPEdl describing
he double layer capacitance.33 This interfacial impedance cor-
esponds to the typical modified Randles circuit widely applied
n electrochemistry.32,34 This EC still is a simplification, because
n a more strict sense one would have to place two of these inter-
acial impedances in series, one for each Au electrode. In the case
f the data shown in Fig. 1, Rct was neglected because no elec-
rochemical reactions were expected to take place under these
onditions at open circuit potential, and therefore the simplified
C shown in Fig. 5b was used for data analysis. For the mea-
urements between deposit-free GC and two Au electrodes Cg,air
ould be omitted, since the GC substrate is fully immersed in the
ol. However, now Rct had to be considered (Fig. 5c), and the fit
btained with the equivalent circuit was not always satisfactorily,
ecause the two interfaces (GC and Au) were different. In fact,
full description would contain three interfacial impedances,

wo in parallel (Au), one in series (GC), and also consider the
eometry of the experimental arrangement. However, this was
ot necessary for the purpose of this work.

The impedance spectra after EPD looked similar and there-
ore were described with the same EC. Diffusion impedances
ere neglected in the current treatment (however, see discussion
elow).

.2. Sol properties

Resistivity R and capacitance Cg obtained by fitting to the EC
hown in Fig. 5b for the measurements in the sol are expected
o obey the following relations:

= σ−1 d

Aim
+ R0 (1)

g = C0 + ε0(Aair + εrAim)
1

d
(2)

n these equations σ and εr represent the specific conductivity
nd the relative dielectric constant of the sol, respectively, and
0 and C0 account for non-zero intercepts. The other symbols
ave the same meaning as explained above.

R indeed depends linearly on the electrode dis-
ance (Fig. 6). From the linear fit one obtains
= 4.1 × 10−5 ± 8 × 10−7 S cm−1 and R0 = 6300 �. This

alue for σ is larger than the number obtained by the Zetasizer
easurements, but of the same order of magnitude. The

ifferences might be caused by additional water uptake of the
ol during the experiments in the EPD cell, which was open to
he air. C scaled approximately linear with d−1 if one neglects
he values for the largest and the smallest d. C0 is rather large,
7 pF, and caused by the experimental arrangement (cables
nd connectors). This contribution also explains the large

apacitance measured in air, that cannot be explained by the
apacitance of two capacitor plates. From the slope of the linear
t (2.2 × 10−11 ± 1 × 10−12 F cm) one obtains εr = 50.5 ± 3.

1 ZCPE = Y−1
0 (jω)−α, for α = 1 equivalent to an ideal capacitance, for α = 0.5

o a Warburg impedance, and for α = 0 to a resistor.

d
t
i
a
f
o
a

sol

he linear fit (neglecting the two values at largest d) is given by

sol = (6300 ± 200) � + (5060 ± 100) � cm−1 d.

his is much larger than the value for pure isopropanole, which
s 20.18,35 and also larger than values found for a powder-based
SI suspension. This might be in part due to the addition of
itric acid to the sol and some water uptake.

The origin of R0 and the nature of the linear section shown in
ig. 1 are not fully clear. R0 cannot be related to ohmic contri-
utions of the cables or the Au-coated glass electrodes because
n 0.5 M NaCl with the same setup resistances of less than 6 �

ere obtained. R0 could be due to an interfacial contribution of
n electroactive species (i.e. Rct in Fig. 5a), that would not be
ependent on electrode distance. However, this could only be
rue if the corresponding double layer capacitance Cdl was of
imilar order of magnitude as Cg. Otherwise the fit and the data
ould not match. This in turn is six orders of magnitude less than

ypical values for Cdl, and therefore very low even considering
he low ionic concentrations and the organic solvent. Addition-
lly, the value of R0 is too low given the absence of significant
mounts of electroactive species in the sol. Therefore R0 is not
charge transfer resistance. The linear region of the impedance

pectra at low frequencies (cf. Fig. 1) could be due to the double
ayer capacitance or to a diffusional impedance. The exponents
f the fits with a constant phase element are approximately 0.67,
nd therefore larger than expected for a Warburg impedance
0.5), but smaller than expected for a double layer capacitance
t smooth electrodes (close to 1). However, if one plots for the
pectra from Fig. 1 1/Im(Z) for low frequencies versus ω one
btains straight lines and from the slope one can estimate Cdl as
2–18 �F cm−2, without any clear dependence on the electrode
istance. These values are large given the small ionic strength of
he sol, but of the correct order of magnitude. A fit with a Warburg
mpedance, on the other hand, would require a concentration of
n electroactive species of about 10 �mol l−1 assuming a dif-

usion coefficient of 10−6 cm2 s−1. Therefore the interpretation
f the line at low frequencies as double layer capacitance in the
bsence of any faradaic reaction seems to be more reasonable.
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to experimental findings and calculations by Stappers et al.22 De
and Nicholson suggested that the consumption of H+ in acidic
suspensions will cause the formation of an ion depleted layer at
the electrode.25 This idea was further elaborated by van Tassel et
ig. 7. Resistance of green layers obtained from impedance measurements after
tepwise and one-step depositions.

.3. Impedance in the presence of a deposit

The presence of the deposit did not alter the impedance behav-
or significantly. It was still mainly controlled by the properties
f the sol. The slight curvature of the low frequency part before
PD was probably caused by the substrate geometry and small
symmetries in the experimental setup. The equivalent circuit
n Fig. 5c described the data satisfactorily. The most important
hange in the impedance spectra during stepwise deposition was
small increase in the values found for Rsol + Rlay (Fig. 7), that
an explain that the first current measured in a deposition exper-
ment after a break was somewhat less than in the beginning of
he first deposition (Fig. 2). The amount of increase in Rlay scat-
ered from experiment to experiment, and did not show a clear
ependence of the applied voltage. This is very different com-
ared to deposition from a powder-based Y2SiO5 suspension,26

here an increase in deposition time and in deposition voltage
aused a reproducible increase in Rlay. In both cases, however,
he increases in Rlay were much less than the resistance of the
ol itself, and therefore did not contribute to explain the cur-
ent transients during EPD (Fig. 2). However, Stappers et al.
howed performing impedance measurements at 1 kHz during
PD from alumina suspensions that the resistance of the layer
easured during EPD was much larger than after turning off the

xternal field.22

This is supported in this work by the rapid changes in
mpedance response after turning off the deposition voltage,
s described above (cf. Section 3.2 and Fig. 4), both at low
nd especially at high frequencies. From fits with simplified
quivalent circuits the corresponding resistances were extracted
Figs. 8 and 9). The resistance at low frequencies (R2 in Fig. 5c,
ig. 8), which is in parallel to the double layer capacitance,
an be considered as a charge transfer resistance. It clearly

ncreased with time after the end of deposition. At the same
ime the corresponding double layer capacitance also increased
o some extent. The behavior after the first and following depo-
ition steps was very similar, indicating that the thickness of the

F
o

ig. 8. Changes in charge transfer resistance with time after the end of each of
hree consecutive EPD steps (100 V, 120 s).

eposit had not as big an impact as might have been expected
rom Fig. 3.

The resistance at high frequencies decreased with time
Fig. 9, R1 from Fig. 5c, equals sum of Rsol and Rlay from Fig. 5a).
his decrease was associated with a decrease in the layer resis-

ivity. This is consistent with the rapid drop in Rlay reported in
iterature after turning off the deposition.22 There are a number
f explanations in literature to explain the potential drop over
he deposit layer causing transients like the ones in Fig. 2 (see
lso Section 1). Anné et al. suggested that if the Debye length
s of the same order of magnitude as the pore diameters the cor-
esponding potential covers the entire diameter of the pore and
mpedes ionic mass transport.24 This model was in contradiction
ig. 9. Changes in sol and EPD layer resistance with time after the end of each
f two consecutive EPD steps (100 V, 120 s).
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l for HCl containing suspensions, where in addition to the con-
umption of H+ the rapid migration of counter ions away from
he cathode was postulated, leading to a severely ion depleted
ayer close to the electrode, which is stabilized by the deposit.23

uch an ion depleted layer would cause high resistances during
eposition, and after turning off the voltage, diffusion of H+ and
l− (or nitrate in this work) from suspension would cause it to
ecrease again rapidly. This model was consistent with the find-
ngs of Stappers, and could also explain the change of Rlay seen
n this work (Fig. 9). It could not explain the low values of Rct
mmediately after the end of deposition (Fig. 8).

The latter could be explained by an influence of the elec-
rode reaction product formed during EPD. The charge carriers
or electrical current flux through the sol are the yttrium sil-
cate particles and dissolved ions, mainly protons, potassium
ons and nitrate ions. While the deposition voltage is turned
n, at the negative electrode a porous, solvent-rich layer forms
ue to EPD. In parallel electrochemical reactions take place at
he interface between substrate/sol (beginning of deposition) or
ubstrate/layer (deposit present) in order to supply the elec-
rons flowing in the outer circuit. In the isopropanol solution
ontaining some water and nitric acid as well as the positively
harged YSI particles the most probable cathodic electrode reac-
ion is hydrogen evolution,15,24,25 leaving behind nitrate ions,
nd, depending on local pH, possibly hydroxyl ions (from dis-
olved water) and of course the deposit. Nitrate ions migrate
ut of the deposit for sake of charge balance and due to the
pplied field. After turning off the externally applied deposition
oltage, deposition stops, and the hydrogen present in the layer
orms (together with protons or water) a reversible redox cou-
le, that controls the open circuit potential of the electrode and
rovides a low charge transfer resistance (R2 in Fig. 5c). If this
ydrogen partially blocks pores in the deposit and parts of the
urface, then it contributes to the higher resistance of the deposit
R1 in Fig. 5c). With time, hydrogen diffuses out of the pores,
ausing an increase in Rct, an increase in the accessible electrode
rea and thus Cdl, and possibly a decrease of pore clogging and
herefore in Rlay. Such effects can also have an impact on the
eposition process itself.

.4. Electrophoretic deposition process

The mechanisms involved even in the formation of elec-
rophoretic deposits from simple powder suspensions are not
ully understood. This concerns also the role of the electrode
eactions involved in the EPD process and the explanation of
he kinetics. The situation is even more complicated in the case
f EPD from a sol containing a number of ionic species and par-
icles with a possibly different surface chemistry as compared to
ispersed oxide particles. This study clearly confirms that elec-
rophoretic deposition of ceramic materials from a polymeric
recursor sol is possible, and that impedance spectroscopy can
elp to provide some insight in the processes involved. Of the dif-

erent explanations provided in literature for the decay of current
uring potentiostatic deposition (Fig. 2) the role of a resistance
f the layers caused by the solid volume content as the major cul-
rit was not supported. However, results were in agreement with

m
i
t
p
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on depletion within the film during EPD, even though no direct
roof can be obtained from these measurements. The formation
f hydrogen, however, could have some influence as well as
he rate of outward diffusion of reaction products (nitrate ions,
ydrogen, hydroxyl ions) and the inward transport of charge
arriers (protons) towards the electrode. These transport pro-
esses will become more and more difficult with increasing layer
hickness. The data presented here delivered some evidence for
he role of electroactive intermediates during EPD. Evidence
or diffusion-controlled processes was seen in the time depen-
ence of the current transients at longer deposition times. With
ncreasing deposit thickness the hydrogen formed needs more
ime to diffuse out of the layer, and the solvent and protons more
ime to reach the surface (even though proton transport might
e accelerated due to the increasing field strength across the
eposit). In order to obtain direct evidence for transport control
rom impedance data and to probe the existence of a ion deple-
ion layer for EPD from the polymeric precursor sol it would
e necessary to perform IS measurements in the presence of an
pplied electric field, similar to procedures in earlier work26 and
n literature.22

In the very beginning the EPD currents correlated very well
ith the resistance of the sol (+R0). This indicates that electro-

hemical reactions are taking place fast. During the early stages
f EPD apparently no deposit was formed at all, even though
he formation of a monolayer cannot be excluded. Therefore the
urrent changes there could be related to electrochemical reac-
ions (hydrogen evolution) and formation of concentration/pH
radients as well as reactions between the particles, before the
ormation of the deposit influences the further kinetics. Such
elays were explained in literature by a need for an increase
n electrolyte15 or particle concentration16 or in pH25 to induce
occulation. The overall amount deposited was much less than

ypically obtained from powder-based suspensions, even though
uch higher voltages were applied. In addition there was no

lear correlation between deposition conditions (time, charge,
oltage) and mass. Obviously the deposition mechanism from
olymeric precursor sols is more complicated than from powder
eposits, and sensitive regarding the exact chemical composi-
ion and therefore the zetapotential and mobility of the particles.
owever, the deposition from these precursor sols led to the cor-

ect chemical composition of the green layer, and offers a larger
ersatility in comparison to powder dispersions.

. Conclusions

A polymeric precursor sol allowed the EPD of yttrium silicate
nder varying experimental conditions. Similar to powder-based
uspensions the current transients showed a rapid decrease in
urrent and therefore in deposition rate. However, the relation
etween the preparation conditions and the obtained amounts of
eposit were not as well defined for the employed sol compo-
ition and the applied deposition conditions. Nevertheless this

ethod opens new prospects for the formation of ceramic coat-

ngs by EPD. Impedance spectroscopy allowed to characterize
he properties of the sol before the deposition experiments, and
ointed to an important role of electrochemical reaction prod-
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cts to the deposition kinetics, indicated by a rapid change in the
esistance of the green body and the charge transfer resistance,
hat determined the diameter of the low frequency semicircle in
he impedance spectra. In addition a contribution of mass trans-
ort processes through the deposited layers is possible. In order
o completely understand the EPD kinetics and check for the
nfluence of the deposit resistance during EPD IS measurements
n presence of an applied electric field are required.
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