ADVANCED
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Sol-Gel Electrophoretic Deposition for the
Growth of Oxide Nanorods**

By Steven J. Limmer and Guozhong Cao*

By combining sol-gel processing with electrophoretic deposition, we have developed
a new method for the growth of oxide nanorods. Both single metal oxides (TiO,
Si0;) and complex oxides— BaTiO3, SroNb;O,, and Pb(Zr5:Tip 45)O3—
grown by this method. Uniformly sized nanorods 45-200 nm in diameter and 10 um

have been

in length can be grown over large areas with near unidirectional alignment. The nanorods have the deszred
stoichiometric chemical composition and crystal structure, after firing to 500-700 °C for up to one hour.

1. Introduction

Metal oxides, particularly complex metal oxides, are impor-
tant materials for various applications in industry and technol-
ogy. They are used in such diverse areas as piezoelectrics for
micro-electromechanical systems (MEMS) (typically lead zir-
conate titanate, PZT),!!! optically transparent electrodes in
light-emitting diodes (such as tin oxide doped indium oxide
(ITO)),”! TiO, hybrid inorganic-organic photoelectrochem-
ical cells,”) and complex oxide catalysts and sensors.*! In
many of these applications, the sensitivity or efficiency is pro-
portional to surface area. Nanorods or nanowires offer a larg-
er surface area compared to that of films or the bulk material.
Nanorods or nanowires also offer the opportunity to study the
physical properties of one-dimensional structures. Numerous
researchers have studied the synthesis and fabrication of
nanorods and nanowires. Many different synthesis techniques
have been developed, such as oxidation of metallic nanorods
or nanowires,” vapor-liquid-solid (VLS) growth of oxide
nanorods and nanowires,® and filling templates with sols or
colloidal dispersions,”’s] allowing the synthesis of many oxide
nanorods. Of these techniques, the sol-filling method offers
several advantages over both the VLS technique and oxida-
tion of metallic nanorods or nanowires, and particularly facili-
tates the fabrication of complex oxide nanorods. However,
the complete filling of solid inside the template holes could be
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challenging, considering the fact that typical sols or colloidal
dispersions consist of 90 % or more solvent. In fact, the struc-
tures synthesized by this technique are often hollow tubes
rather than solid rods.

We have developed an approach to synthesize and fabricate
nanorods of complex oxides that combines several processing
methods together, including sol-gel processing, electrophoret-
ic deposition, and template-based growth. This method offers
the possibility of making nanorods of any complex oxides, or-
ganic—inorganic hybrids and bio—inorganic hybrids. In addi-
tion, this technique allows the fabrication of unidirectionally
aligned and uniformly sized nanorods with desired patterns
for device fabrication, physical property measurements, and
characterization.

2. Nanorods via Electrophoretic Deposition
of Sols

Sol-gel processing is a wet chemical route for the synthesis
and processing of inorganic and organic-inorganic hybrid
materials. It is particularly useful in making complex metal
oxides and temperature sensitive organic-inorganic hybrid
materials. Typical sol-gel processing results in the formation
of nanoscale particles of metal oxides. The particle size can be
varied by changing the concentration and aging time."”) In a
typical sol, nanoparticles formed by hydrolysis and condensa-
tion reactions have a size ranging from 1 to 100 nm. These
clusters are often stabilized electrostatically against agglom-
eration. Electrostatic stabilization is based on the surface
charge of nanoparticles in a sol. Such a surface charge will
interact with other charged species in the sol to form a
charged structure around the particle, which in turn intro-
duces an electric potential barrier to prevent two particles
from approaching one another.
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Upon application of an external electric field to a sol, the
charged particles are set in motion in response to the electric
field. This type of motion is referred to as electrophoresis.
When a charged particle is in motion, some of the solvent sur-
rounding the particle will move with it, since part of the solvent
is tightly bound to the particle. The plane that separates the
tightly bound liquid layer from the rest of the liquid is called the
slip plane. The electric potential at the slip plane is known as
the zeta potential. The zeta potential is determined by a number
of factors, such as the particle surface charge density, the con-
centration of counter-ions in the solution, solvent polarity, and
temperature. The mobility of a nanoparticle in a sol is depen-
dent on the dielectric constant of the liquid medium, the zeta
potential of the nanoparticle, and the viscosity of the solvent.

Electrophoretic deposition simply uses such an oriented
motion of charged particles to grow films or monoliths by
depositing the solid particles from a colloidal dispersion or a
sol onto the surface of an electrode. If particles are positively
charged (more precisely speaking, having a positive zeta po-
tential), then the deposition of solid particles will occur at the
cathode. Otherwise, deposition will be at the anode. At the
electrodes, surface electrochemical reactions proceed to gen-
erate or receive electrons. The electrostatic double layers col-
lapse upon deposition on the growth surface, and the particles
coagulate. The films or monoliths grown by electrophoretic
deposition from colloidal dispersions or sols are essentially a
compaction of nanosized particles. Such films or monoliths
are porous, i.e., there are voids inside. Typical packing densi-
ties, defined as the fraction of solid (also called green density)
are less than 74 %, which is the highest packing density for
uniformly sized spherical particles."” The green density of
films or monoliths by electrophoretic deposition is strongly
dependent on the concentration of particles in sols or colloi-
dal dispersions, zeta potential, externally applied electric field,
and reaction kinetics between particle surfaces. Slow reaction
and slow arrival of nanoparticles at the surface would allow
sufficient particle relaxation on the deposition surface, so that
a high packing density is expected.

Many theories have been proposed to explain the processes
at the deposition surface during electrophoretic deposition.
Electrochemical process at the deposition surface or elec-
trodes is complex and varies from system to system. However,
in general, a current exists during electrophoretic deposition,
indicating reduction and oxidation reactions occur at elec-
trodes and/or deposition surface. In many cases, films or
monoliths grown by electrophoretic deposition are electric in-
sulators. However, the films or monoliths are porous and the
surface of the pores would be electrically charged just like the
nanoparticle surfaces, since surface charge is dependent on
the solid material and the solution. Furthermore, the pores
are filled with solvent or solution that contains counter-ions
and charge-determining ions. The electrical conduction be-
tween the growth surface and the bottom electrode could
proceed via either surface conduction or solution conduction.
For the growth of nanorods, a porous template is used to
restrict the deposition to occur inside the pores only.
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Since films or monoliths grown by electrophoretic deposi-
tion are porous, post deposition sintering at elevated tempera-
tures is usually required to form a dense material. However,
considering the fact that the films or monoliths are a compac-
tion of nanosized particles, sintering or densification is rela-
tively easy compared to conventional ceramic sintering. If the
initial solid particles were amorphous, sintering would also
induce crystallization.

3. Oxide Nanorods by Sol-Gel Electrophoresis

A combination of sol-gel processing and electrophoretic
deposition has been used to synthesize a variety of oxide
nanorods, such as TiO,, SiO,, BaTiO;, PZT, and
Sr,Nb, 0,112 Figure 1 shows sample results obtained for
TiO, nanorods. Scanning electron microscopy (SEM) images
of three different sizes of TiO, nanorods grown in a polycar-
bonate membrane by sol-gel electrophoresis are shown.
These nanorods have a uniform diameter throughout their en-
tire length, with a surface that is smooth over much or all of
the length. Comparing the various rods in each image, one
can see that they all have roughly the same length and diame-
ter. These images show that the rods are roughly parallel to
one another over a large area. The diameters of the TiO,
nanorods are estimated to be ~180 nm (for the 200 nm tem-
plate), ~90 nm (for the 100 nm template), and ~45 nm (for
the 50 nm template). This corresponds to approximately 10 %
lateral shrinkage with respect to the membrane pore diame-
ter. This size difference is most likely due to the volume
shrinkage caused by densification during the heat treatment.
Figure 1D shows a transmission electron microscopy (TEM)
image of a TiO;, nanorod, demonstrating that the nanorods
are quite smooth and dense. Figure 1E shows a high-resolu-
tion TEM image and electron diffraction pattern, demonstrat-
ing that the nanorods are polycrystalline, with grains that are
~5 nm in size. An X-ray diffraction (XRD) spectrum of the
TiO; rods is shown in Figure 1F, along with the spectrum for a
powder formed from the same sol and fired at 500°C for
60 min. From the powder XRD spectrum, it can be seen that
the sample consists entirely of the anatase phase. Comparison
of the two spectra shows that there are identical peaks in both
samples. Further, the peak positions are the same and the in-
tensity ratios among various peaks are similar. Note that there
is a large amorphous background associated with the TiO,
nanorods. This is due to the small volume of rods available for
analysis, meaning that much of the X-ray beam was hitting
the (amorphous) sample holder. For the TiO, rods grown in
50 nm templates, it was found that the drying time used has a
strong influence on the durability of the nanorods. When the
samples were dried at 100 °C for times up to 24 h, no nano-
rods were observed after firing at 500 °C. However, if the sam-
ples were dried for ~48 h prior to firing, nanorods were ob-
served. It is likely that this result is due to the increased
degree of condensation that occurred in the sample dried for
a longer time. By allowing the samples to undergo further
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Fig. 1. SEM micrographs of different sizes of TiO, nanorods grown in a polycarbonate membrane by sol-gel electrophoresis. The diameters are approximately:
A) ~180 nm (for the 200 nm template) diameter rods, B) ~90 nm (for the 100 nm template), and C) ~45 nm (for the 50 nm template). D) TEM micrograph of
a TiO, nanorod, demonstrating that the nanorods are quite smooth and dense. E) High-resolution TEM image and electron diffraction pattern, demonstrating
that the nanorods are polycrystalline, with grains of ~5 nm in size. F) XRD spectra of both the grown TiO, nanorods and a powder derived from the same sol.
Both samples consist the anatase phase, and there is no observed shift in the peak positions for the nanorod sample. In addition, the relative intensities of the
peaks are the same for the nanorod sample, showing that there is no preferred orientation in the sample.

condensation reactions, the rods formed were likely stronger,
and thus better able to resist breakage upon firing.

Similar results have been obtained for BaTiOs, SiO,,
Sr,Nb,O5, and PZT nanorods grown by sol-gel electrophore-
sis.'”! The nanorods show shrinkages from ~0-37 % in diame-
ter, have a relatively smooth surface, and are uniform in diam-
eter throughout their entire length of ~10 um. For a given
composition, the nanorods all have roughly the same length
and diameters, are formed over a broad area on the surface,
and are arranged roughly parallel to one another. They also
demonstrate the desired crystal phase as determined by XRD.

Upon application of an appropriate electric potential, the
charged nanoparticles in the sol will be drawn towards the an-
ode for SiO,, and the cathode for the other oxides. The nano-
particles will fill the pores of the membrane, starting at the
bottom, which is directly connected to the working electrode.
In this manner, all the pores will eventually be completely
filled. Prolonged deposition times lead to a layer of oxide
forming on the membrane surface after the pores are filled. If
we assume that the nanoparticles are uniformly sized spheres,
then the highest possible packing density is 74 %."'") This
would also be the highest achievable density of the nanorods
before densification. If there is a range of sizes in the nanopar-
ticles, even denser packing could be possible. Upon heating
the nanorods to an elevated temperature, densification will
occur along with shrinkage. This explains why the observed
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diameter of the nanorods is smaller than that of the mem-
brane pores. Although we do not know how closely the nano-
particles packed during the electrophoretic deposition, a lat-
eral shrinkage of up to approximately 30 % was observed
when the nanorods were fired. Since the times and tempera-
tures used are sufficient to form fully dense films from these
sols (except SiO,), it is reasonable to assume that the nano-
rods are also fully dense after firing. This in turn implies that
near ideal close packing of nanoparticles, for some systems
such as TiO,, might be achieved by this process.

The existence of broken nanorods in these figures could be
explained as follows. The polycarbonate membrane templates
burn off at approximately 400 °C in air, but the oxide nano-
rods are not likely to be fully dense (or crystallized) at this
temperature, and thus have very limited mechanical strength.
As the membrane and rods are heated, it is expected that
some nanorods would break due to the differences in thermal
expansion coefficients and distortion of the membranes. As
noted earlier, the use of longer drying times induces a greater
degree of condensation prior to firing of the samples. This in
turn should make the samples stronger and more resistant to
breakage during firing. This is being investigated in the forma-
tion of smaller TiO, nanorods, as well as the other oxide ma-
terials.

During nanorod growth, charged sol particles move due to
electrophoresis towards the working electrode. They deposit
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at the bottom of the pore, while counter ions move in the op-
posite direction. As time increases, the densely packed sol
particles fill more of the pore, until the pore is completely
filled. Dense cross-sections of TiO, nanorods observed by
SEM and TEM, shown in Figure 1, suggest that the growth of
oxide nanorods does indeed follow this proposed mechanism.

The results presented so far clearly demonstrate the ability
of the sol electrophoresis technique to form non-conductive
nanorods. Beyond this, however, there is no kinetic informa-
tion about the process by which nanorod formation occurs.
Monitoring the current that flows in the growth cell during
nanorod formation can yield some insights into the growth
process and kinetics of the electrophoresis.

Figure 2A is a sample of the recorded current as a function
of growth time for TiO, nanorods grown in a 100 nm tem-
plate, with 5 V applied potential, and a spacing of 3 cm be-
tween the electrodes. From this data, one can see that the cur-
rent rises quickly in the beginning of growth, and follows with
a gradual increase after ~ 1500 s. It is postulated that the ini-
tial sharp current rise corresponds to the filling of the tem-
plate pores from the bottom through the template. As the
template pores are being filled with TiO, nanoparticles, the
distance that charged species must move through the small
template pores decreases. This results in a drop in the total re-
sistance of the system, increasing the current. There is another
possible mechanism leading to an increase in current due to
the formation of a conductance path through the deposited
TiO,. Anatase is a wide bandgap semiconductor, and thus
may conduct some of the current. It is possible that the resis-
tivity of the deposited anatase is less than that of the anatase
clusters moving in the sol, raising the current as the nanorods
grow. After the pores are completely filled,
the current rise with time is more gradual.
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Fig. 2. A) A sample of the recorded current as a function of growth time for
TiO, nanorods grown in a 100 nm template, with 5 V applied potential, and a
spacing of 3 cm between the electrodes. B) A sample calculation of the current
for TiO, grown in 100 nm templates at 5 V and 3 cm separating the electrodes.

depend on the cross-sectional area per template pore, the to-
tal number of pores, the cross-sectional area of the growth
cell, the ionic resistivity of the sol, the resistivity of the TiO,
deposit, the mobility of the TiO, nanoparticles, the effective
charge per unit mass of the TiO, nanoparticles, and the con-

«
This corresponds to the formation of a film A % C
of TiO, on top of the template. §

To see how the data fits with the pro- § N
posed growth model, it is useful to calculate § 3
the current vs time behavior assuming the s § 2 3
model, to see if it fits with the observed -,% § p
data. The current was calculated using a 5 §§
method similar to that of Vandeperre and g % e
Van Der Biest,'¥ where the current path § %\ %
was broken into three sections, as shown in g % 2,_ N
Figure 3A. In each section, the resistance % s —> % 8_
of the circuit is considered to consist of two § ® N
parallel components. In section 1, the com- Secztion Sec;ion ‘% Section Section 3
ponents are counter-ions diffusing through empty | bulk sol § Ti102 R bu"fsol
the pores of the TiO, deposit and conduc- :fe;g:’e"s % deposit Se°2t'°"
tion through the TiO, deposit. In sections 2 [N POres — Tig2
and 3, they are TiO, nanoparticles and film
counter-ions diffusing in the sol. Figure 3B B R1,sol R2,so0l R3,sol

shows the equivalent circuit used to calcu-
late the current. The resistances are func-
tions of the thickness of the template (s),
the thickness of the deposit (d;), and the
distance between electrodes (d). They also
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Fig. 3. The models used in calculation: A) the three sections of the growth process, for d;<s, B) the
equivalent circuit for (A), and C) the three sections of the growth process, for d; > s.

Adv. Mater. 2003, 15, No. 5, March 4



S. J. Limmer, G. Z. Cao/Sol-Gel Electrophoretic Deposition to Grow Oxide Nanorods ADVANCED

centration of the sol. Because of the small volume of TiO,
depleted from the sol by nanorod growth (approximately
~1% for the volume of sol used), the concentration of the sol
is assumed to remain constant. In this circuit, the resistances
due to the electrodes and the interface reactions are ne-
glected, as they are likely to be constant with time.

This circuit only applies for times up to the moment when
the template pores are completely filled; after that the system
consists of three different sections as shown in Figure 3C. For
this circuit, the resistances in sections 1 and 3 are similar to
those above, modified for the fact that d,>s. However, in sec-
tion 2 the resistances are similar to those in section 1, with the
pore area replaced by the growth cell cross-sectional area.

Combining these resistances with the mass deposited as a
function of time,™* the volume of the deposit, and the voltage
drop across the growth cell, it is possible to determine the
growth current as a function of time. A plot of such a calcula-
tion is shown in Figure 2B for TiO, grown in 100 nm tem-
plates at 5 V with 3 cm separating the electrodes. While the
currents calculated by this method are much larger than those
measured, they show the identical qualitative trend. That is,
the current increases sharply up to the time when the tem-
plate pores are completely filled, and then increases more
gradually as a film of TiO, forms over the entire template. It
is observed that samples grown for longer times have a thick
film attached to the nanorods, while those grown for shorter
times have little or no film. Both experimental results and cal-
culation strongly support the proposed model for the growth
of non-conductive oxide nanorods by electrophoresis, in
which nanorod growth proceeds via motion of the nanoparti-
cles to the bottom of the template pores, filling them up as
time proceeds.

4. Conclusions

The use of sol-electrophoresis with a template is a flexible
method for synthesizing nanorods. In addition to the many
materials we have synthesized, Miao et al™! have recently
demonstrated a modified version of this technique. They pre-
pared single-crystalline TiO, nanowires by template-based
electrochemically induced sol-gel deposition. Titania electro-
lyte solution was prepared using a method developed by
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Natarajan and Nogami,l'® in which Ti powder was dissolved

into a H,O, and NH4,OH aqueous solution, forming TiO*
ionic clusters. When an external electric field was applied,
TiO** ionic clusters diffused to the cathode and underwent
hydrolysis and condensation reactions, resulting in depositing
relative amorphous TiO, gel. After heat treatment in air at
240 °C for 24 h, nanowires of single-crystalline TiO, with ana-
tase structure, diameters of 10, 20, and 40 nm, and lengths
ranging from 2 to 10 um were synthesized.

A number of possible applications exist for nanorods
synthesized in the manner described in this paper. One exam-
ple is current research we are conducting in fabricating TiO,
nanorod photoelectrochemical cells. The higher surface area
of nanorods and their relatively shorter conduction path
should combine to make solar cells that are more efficient.
Another application is the use of the higher surface area of
nanorods for sensors, detectors, and catalysts. Patterned, or-
dered arrays of unidirectionally aligned nanorods could serve
as the foundation of two-dimensional photonic bandgap crys-
tals. Lastly, nanorods allow one to study the physical proper-
ties of one-dimensional structures.
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