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a b s t r a c t
The rate of cathodic electrophoretic deposition (EPD) of TiO2 nanoparticle agglomerates and the density
of the obtained ﬁlms were measured as a function of the suspension composition, such as the particle
concentration and the type of solvent. The difference in the dielectric constants of the solvents determines
the ratio between ions and charged particles in the different suspensions and thus the deposition rate. We
show that high quality mesoporous TiO2 ﬁlms can be produced by EPD with a well controlled thickness.
In the mesoporous ﬁlms we observe a high particle density close to the substrate while further apart the
particle density is very low resulting in ﬁlms with a very high porosity. We show that this density proﬁle
is independent of the speciﬁc solvent or particle concentration used in the suspension.

1. Introduction
Highly porous layers of metal oxide nanoparticles such as ZnO,
SnO2 , Nb2 O5 , TiO2 have become the focus of many recent investigations due to their large potential for application in batteries [1],
displays [2], photocatalysis [3] and solar energy conversion [4–6].
Porous metal oxide layers consist of a network of interconnected
nanometer sized particles, where the porosity has a huge effect
on the diffusion and electrical properties [7]. Therefore, the ability to control the layer thickness and especially the microstructure
porosity is very important. The conventional method to prepare
nanocrystalline porous metal oxide electrodes is usually based on
a viscous particle paste containing organic additives that can be
deposited on a substrate by screen-printing or blade-coating. In
most applications the electrical contact between the particles and
the removal of the organic additives is achieved by sintering at
temperatures of 450–550 ◦ C. Electrochemical methods such as electrolytic deposition (ELD) and electrophoretic deposition (EPD) can
also be used for the fabrication of thin ﬁlms and coatings [8,9].
EPD is a technique where charged, colloidal particles from a
stable suspension are deposited onto an oppositely charged substrate by the application of a DC electric ﬁeld. Particles must be
electrically charged to permit ﬁlm formation by EPD and also for
the stabilization of the suspension. Therefore, the important task
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is to ﬁnd effective additives for particle charging. Few processes
are known for particle charging, most of them are based on dissociation and ionization of surface groups [9]. For most applications
using nanoporous metal oxides electrodes it is important to minimize the contamination of the ﬁlms with non-volatile impurities.
Typically this is achieved by burning of organic components at
high temperatures which limits the choice of substrates, mainly
excluding plastics and disable manipulation of the deposited ﬁlms,
e.g. compression before sintering. Electrophoretic deposition of
nanoparticles, charged by adsorption of protons, overcomes both
limitations. As deposited, these ﬁlms are almost binder-free, a
result that cannot be fabricated using screen-printing techniques
[10,11].
Recently we reported the fabrication of mesoporous TiO2 electrodes by EPD for dye-sensitized solar cells [4]. We used a technique
proposed by Zhitomirsky who showed that a relatively stable suspensions of diamond particles could be prepared in iso-propanol as
a solvent when a small iodine–acetone–water additive was applied
for particle charging [12]. Partial amount of the H+ formed by the
reaction between the additives charged the particle surfaces and
enabled them to migrate under the electric ﬁeld towards the cathode. The deposition itself was due to particle coagulation at the
substrate and therefore depended on the repulsion between the
colloidal particles which is strongly related to the solvents dielectric constant. Deposition from water based suspensions causes a
number of problems such as electrolysis starting at low voltages
with the formation of bubbles which are the main reason for pinholes in the deposit. Thus it is more common to use organic solvents
in suspensions for EPD.
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In this paper we investigated the impact of the suspension composition on the deposition of TiO2 mesoporous electrodes. EPD
from well-dispersed suspensions of commercial TiO2 nano-powder
(Degussa P-25) was performed and the deposition rate and the ﬁlm
morphology were investigated.
2. Experimental
2.1. Materials and methods
TiO2 nano-powder (P-25 from Degussa AG, Germany), alcohols
absolute anhydrous (Gadot) with maximum water content of 0.1%,
acetone analytical (Frutarom Ltd.), iodine 99.8% (Aldrich), acetylacetone ≥99.5% (Fluka) were used as received without further
puriﬁcation.
Glass substrates covered with a conducting Fluorine-doped
SnO2 layer (Pilkington, Hartford Glass Co. Inc., USA) having a sheet
resistance of 8 /square were cleaned with ethanol, mild soap,
thoroughly rinsed with de-ionized water (18.2 M) and dried in
a ﬁltered air stream.
2.2. Electrophoretic deposition
TiO2 nanoparticles (P-25) were mixed with 150 ml organic solvent (ethanol, methanol or iso-propanol) and 0.4 ml of acetylacetone to prepare the suspensions. The suspensions were covered with Paraﬁlm to prevent evaporation and stirred for 15 h with
a magnetic stirrer before each suspension was added to a solution of 4 ml acetone, 2 ml de-ionized water (18.2 M) and 27 mg
iodine dissolved in 100 ml of solvent (ethanol, methanol or isopropanol) [4]. The prepared suspensions were ultrasonically treated
just before the EPD. The -potential was measured with a Zetasizer (3000HSa, Malvern Instruments Ltd., UK). The agglomerate
size distribution was measured with a Malvern Zetasizer Nano ZS
(Malvern Instruments Ltd., UK). The electrophoretic cell contained
two glass electrodes (25 mm × 80 mm) covered with conductive
F-doped SnO2 , one was used as the cathodic substrate and the second was used as anode. The electrodes were immersed vertically
in a 250 ml beaker containing the suspension. The standard distance between the electrodes was 55 mm, though varying distances
were also examined. During deposition the current and voltage
were recorded, at constant voltage and current modes respectively,
using a Keithley 2410 source meter. The suspension conductivity
was derived from the current density and the applied ﬁeld during
the electrophoretic deposition and directly measured with a conductivity meter (CDM210, Radiometer Copenhagen). After drying
the deposited ﬁlms at 150 ◦ C for 30 min, the ﬁlms were sintered
at 450 ◦ C for 60 min to improve mechanical stability for proﬁlometer measurements. The thickness of electrophoretic deposited TiO2
ﬁlms was determined with a height resolution of around 100 nm
using a Surftest SV 500 proﬁlometer (Mitutoyo Co). For several TiO2
ﬁlms the thickness was measured using a scanning electron microscope (SEM) to conﬁrm the proﬁlometer results. Cross-sections
were prepared by a focused ion beam (FIB) and recorded with a
SEM in a dual beam system (Helios 600, FEI). Afterwards the TiO2
ﬁlm was scraped off with a razor blade to measure the deposition
yield using an analytical balance (Scientech SA 210) with a 0.1 mg
precision. Film densities were calculated from the deposition yield
and layer thickness. X-ray diffraction analysis was performed with
a Bruker AXS D8 Advance Diffractometer (Cu K␣  = 1.5418).
3. Results and discussion
A schematic drawing of the EPD setup is presented in Fig. 1a,
showing the two FTO covered glass slides immersed into the sus-

Fig. 1. (a) Schematic drawing of the experimental setup, showing the electrodes
immersed into the suspension. Deposition occurs at the cathode due to the positively charged TiO2 particles and aggregates. (b) Electric potential in between the
electrodes.

pension. Deposition at the cathode occurs due to movement of
the positively charged TiO2 particles and aggregates in the electric
ﬁeld present in between the electrodes. The potential distribution
according to Van der Biest et al. [13] is shown in Fig. 1b, where Va is
the applied potential, ˚1 and ˚2 are the potential drops at the
suspension/electrode interfaces, ˚dep is the potential drop across
the deposited ﬁlm and ˚ is the potential drop in the suspension.
The time dependence of the deposition yield in an EPD system
was derived by Hamaker [14]:
dY
= fcES
dt

(1)

in which the yield is Y (g), the time t (s), the electrophoretic mobility  (m2 V−1 s−1 ), the electric ﬁeld E (Vm−1 ), the concentration of
powder in suspension c (g l−1 ), the electrode surface area S (m2 ) and
a dimensionless factor f which takes into account that not every particle that moves toward the electrode will be eventually deposited
(f ≤ 1). The electrophoretic mobility in Eq. (1) can be derived from
Hückel equation;
=

2εε0 
3

(2)

where ε represents the dielectric constant, ε0 the vacuum permittivity,  the zeta potential and  the solvents viscosity, respectively.
The suspension conductivity
(Sm−1 ) can be calculated from
the current ﬂowing through the cell, I (A), the electric ﬁeld E (Vm−1 )
and the electrode surface area S (m2 ):
=

I
ES

(3)

In our study suspensions were prepared from different solvents
and with different particle concentrations.
X-ray diffraction (XRD) patterns of electrophoretic deposited
ﬁlms were used to determine the TiO2 nanoparticle size from the
peak broadening according to Debye–Scherrer equation [15]. The
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Fig. 3. Electrophoretic mobility (vertical bars), deposition rate (circles) and ﬁlm
thickness (triangles) for 3 ﬁlms deposited from different suspensions at constant
voltage (100 V at 55 mm cathode-anode distance) recorded at 20 s of EPD.

Fig. 2. (a) XRD pattern of a mesoporous TiO2 ﬁlm deposited onto FTO glass by EPD
from which an average diameter of 26 nm and 42 nm is derived for anatase and
rutile particles, respectively. (b) Size distribution of the nanoparticle aggregates in
suspensions with different solvents.

used TiO2 (P-25) is a mixture of anatase and rutile particles [16],
which can be seen from the XRD pattern (Fig. 2a), with an average
diameter of 26 nm for anatase and 42 nm for rutile particles. Additional peaks originating from the conducting FTO substrate [17] are
marked by red bars. Fig. 2b shows the aggregate size distribution
in the different suspensions determined by hydrodynamic particles size measurements. Iso-propanol based suspensions show a
large range of aggregate sizes, ranging from 100 nm to more than
1 m, while the distribution width is decreasing in ethanol and
methanol based suspensions. The average aggregate size in isopropanol, ethanol and methanol based suspensions was 296, 264,
and 244 nm, respectively. The  potential of all three suspensions
was approximately +40 mV, indicating that the particles are positively charged and that the suspensions can be considered as stable.
Therefore, the electrophoretic mobility of the suspended charged
particles is mainly determined by the ratio between the solvent’s
dielectric constant and the viscosity (Eq. (2)), which are also summarized in Table 1.
A clear correlation between the electrophoretic mobility (gray
vertical bars, calculated according to Eq. (2)) and the deposition rate measured at constant voltage (black points) as expected
from Hamaker equation (Eq. (1)) is shown in Fig. 3. The highest deposition rate and ﬁlm thickness (triangles) was obtained in

Fig. 4. (a) Applied potential as a function of time at a constant current density of
0.4 mA cm−2 at an electrode distance of 55 mm for three suspensions based on different solvents. (b) Applied voltage as a function of the electrode distance at a constant
current density of 0.4 mA cm−2 .

methanol suspension, followed by the ethanol suspension while
the lowest rate and thickness were observed with iso-propanol
suspension.
A typical evolution of the voltage with time at applied constant
current of 0.4 mA cm−2 is presented in Fig. 4a, showing a moderate
increase within the ﬁrst 10 s and a slow increase afterwards, which
is very small for ethanol and methanol based suspensions and most
pronounced in iso-propanol suspension. We attribute this to the

Table 1
Parameters for the three different solvents (solv.) and suspensions (susp.) used for EPD. The conductivity was measured by a conductivity meter (CM) and derived from the E
ﬁeld measurements at constant current (EPD).

Dielectric constant
Viscosity
Electrophoretic mobility 
Electric ﬁeld
Conductivity (CM)
Conductivity (EPD)

[10−3 Pa s]
[10−6 cm2 V−1 s−1 ]
[V cm−1 ]
[S cm−1 ]
[S cm−1 ]

Solv.
Solv.
Susp.
Susp.
Susp.
Susp.

Methanol

Ethanol

Iso-propanol

34.64
0.544
150.28
5.6
71.5
46.8

24.31
1.074
53.42
14.3
28.0
11.1

18.3
1.945
22.20
29.6
13.5
5.8
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Fig. 6. (a) Deposition yield as a function of time at constant current (0.4 mA cm−2 ) for
three different TiO2 particle concentrations in ethanol suspension. (b) Film density
as a function of the deposited thickness.

Fig. 5. (a) Deposition yield as a function of time for three different suspensions at
a constant current density of 0.4 mA cm−2 and a cathode-anode distance of 55 mm.
(b) Porous ﬁlm thickness for the same electrodes measured in (a). (c) Film density
as a function of the deposited ﬁlm thickness.

consumption of charged particles in between the electrodes during deposition. The voltage recorded at 20 s is shown in Fig. 4b as a
function of the anode–cathode distance for the three EPD suspensions prepared with different solvents, where the voltage at each
distance was measured using a new electrode. Linear ﬁts were used
to derive the electric ﬁeld in between the electrodes, where the
extrapolated voltage at zero distance includes the potential drops
˚1 , ˚dep and ˚2 (Fig. 1) [18]. At constant deposition current
we observe a strong dependence of the electric ﬁeld on the solvent
of the suspension. The electric ﬁeld and the derived conductivities (Eq. (3)) for all three suspensions are summarized in Table 1.
These conductivities were smaller compared to measured values
using a conductivity meter, which we attribute to the different measurement techniques. EPD based values were acquired at constant
current, such that a decrease of charged species in between the
electrodes during the deposition decreases the conductivity, while
the meter measures the conductivity using alternating current. Suspension conductivities measured with the conductivity meter were
only 3–5 S cm−1 smaller than the values of the same solutions
without TiO2 particles. This implies that only a small fraction of

protons charged the particles while most of the protons remained
free in the suspension. The difference in the suspension conductivities for equal concentration of particles and additives can be
attributed to the difference in the dielectric constant of the solvents.
Solvents with a high dielectric constant enable the formation and
storage of more charges in the suspension, thus, increasing its electrical conductivity, which can be seen from the dielectric constants
summarized in Table 1.
Electrophoretic deposition at constant applied current
(0.4 mA cm−2 ) as a function of time is shown in Fig. 5. The
yield and the ﬁlm thickness as a function of time are represented
in Fig. 5a and b, respectively, where the black lines are linear
ﬁts showing a constant deposition rate for all three suspensions.
Similarly the thickness growth rate is constant over most of the
time except a signiﬁcant slower growth below 20 s and some
deviations at 140 s. From Fig. 5a and b one observes that the
growth rate is different for the various suspensions, and was higher
in iso-propanol in comparison to ethanol and methanol. Two
explanations can be suggested: ﬁrst, the suspension conductivity,
as explained above, is a measure of the ratio between the H+
ions and the charged particles. Higher conductivities (such as in
methanol) imply a higher fraction of ions in suspension. Therefore,
at constant current a decreased fraction of charged particles
contributes to the total current, which leads to a lower deposition
rate. The second explanation is the different size of nanoparticle
aggregates in the different suspensions. From the data in Fig. 5a
Table 2
Deposition yield rate for suspensions with different concentrations and deposition
yield rate divided by the suspension concentration.
concentration [g/l]

yield rate
[10−6 g cm−2 s−1 ]

yield rate/conc.
[10−6 g cm−2 s−1 ]

4.4
3.2
1.4

18.0
12.9
6.7

4.10
4.03
4.76
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affect the growth rate. However, only very minor changes are
observed after normalizing the yield rate with the particle concentration, indicating that the system shows a nearly ideal behavior
with a yield rate that scales linear with the particle concentration.
Fig. 6b shows the layer densities as a function of their thickness
which exhibit the same trend of decreasing densities for thicker
layers.
Thickness measurements with a proﬁlometer revealed that the
surface roughness increased with increasing thickness. This phenomenon was also conﬁrmed by SEM images. Fig. 7a shows a
1.3 m thin layer without cracks while the 6.8 m thick ﬁlm, presented in Fig. 7b, shows cracks over the entire surface area. For
applications such as dye-sensitized solar cells [5] we have recently
shown that these inhomogeneities can be smoothed using mechanical pressure, which leads to homogenous mesoporous ﬁlms with
a decreased porosity [4]. To investigate the origin of the density
gradient in more detail we used a focused ion beam and a scanning electron microscopy for cross-section imaging. Fig. 7c shows
that at a distance of around 3–4 m from the FTO substrate hollow
channels (marked by arrows) are formed in the ﬁlm. The number of
these channels is increasing with increasing ﬁlm thickness, explaining the low density (high porosity) further away from the substrate.
We propose that the density close to the FTO substrate is due to
the deposition of small and large nanoparticle aggregates, which
arrange in a nearly optimized manner such that densities comparable to closed packed structures are achieved. According to Stokes
law small particles migrate faster within the electric ﬁeld than
large ones such that small aggregates are predominantly deposited
at the beginning of the EPD process while the fraction of large
aggregates is increasing with deposition time. Geometrically it is
more difﬁcult for larger aggregates to arrange in a nearly closed
packed structure, which results in a lower density at larger ﬁlm
thickness.
We have shown that EPD can be a very powerful tool to
produce thin layers with a density gradient of sub-wavelength
structures. Such ﬁlms can be very interesting for optical applications such as antireﬂection coatings. Furthermore high porosities,
as demonstrated at longer deposition times, can be very attractive
for application where the mesoporous layers should be ﬁlled with
a different material, e.g. in dye-sensitized solar cells with a solid
state hole conductor.

4. Summary

Fig. 7. (a). Top view SEM image of a 1.3 m thick mesoporous TiO2 ﬁlm. (b) Top view
of a 6.8 m thick mesoporous TiO2 ﬁlm, showing a signiﬁcant number of cracks. (c)
Cross-section image of a 6.8 m thick TiO2 ﬁlm showing hollow channels further
away from the substrate, marked by red arrows.

and b the ﬁlm density as a function of its thickness is derived for
the different suspensions (Fig. 5c). The density gradient with the
layer thickness is most pronounced in the ﬁrst 20 s of deposition.
The density is highest close to the substrate, which approaches the
density of closed packed spheres of nanosized anatase TiO2 , which
is ∼3 g cm−3 .
Changing the particles concentration in the suspension affects
the deposition yield according to Hamaker equation (Eq. (1)). Fig. 6a
summarizes the deposition yield for 3 different particles concentration in ethanol, while the amount of additives was kept constant.
The deposition yield rates derived from the linear ﬁts are summarized in Table 2. It is known that the aggregate size in diluted
suspensions is smaller than in concentrated ones [19], which could

Our study of mesoporous TiO2 layers prepared by electrophoretic deposition shows that this method is convenient for the
preparation of ﬁlms with deﬁned thickness in a very reproducible
and controllable manner. The deposition rate can be controlled by
the ratio between the charged particles and the free ions in the
suspension, which can be determined by the particle concentration and the choice of solvent. It is shown that the layer density
decreases with increasing layer thickness and that this density proﬁle does not depend on the solvent or the particle concentration.
At a layer thickness above 5–10 m the density remains constant at
slightly above 1 g cm−3 , leading to highly porous ﬁlms. Future investigations will show if it might be possible to control accurately the
layer density by changing the applied current during deposition or
by working with current pulses.
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