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Template-Based Growth of Various Oxide Nanorods by Sol-Gel

Electrophoresis**

By Steven J. Limmer, Seana Seraji, Yun Wu, Tammy P. Chou, Carolyn Nguyen, and Guozhong Cao*

The ability to form oxide nanorods is of great interest in a number of areas. In this paper, we report the template-based growth
of nanorods of several oxide ceramics, formed by means of a combination of sol-gel processing and electrophoretic deposition.
Both single metal oxides (TiO,, SiO,) and complex oxides (BaTiOs, Sr,Nb,O7, and Pb(Zr 5, Tip 45)O3) have been grown by this
method. Uniformly sized nanorods of about 125-200 nm in diameter and 10 um in length were grown over large areas with
near unidirectional alignment. Desired stoichiometric chemical composition and crystal structure of the oxide nanorods was
readily achieved by an appropriate procedure of sol preparation, with a heat treatment (700 °C for 15 min) for crystallization

and densification.

1. Introduction

In recent years, one of the most active areas of research has
been nanotechnology. Besides the general drive towards minia-
turization (as in the microelectronics industry), nanosized mate-
rials are interesting for the new range of physics that they allow
one to study. For example, quantum dots of CdSe show size-
dependence in several of their properties, such as photolumines-
cence.l!l They also have the potential for many interesting appli-
cations. For example, the high surface area of TiO, nanorods
has been demonstrated to yield far better photocatalytic behav-
ior than bulk TiO; films.”! In addition, analysis of the properties
and features of nanosized structures necessarily requires the
development of techniques for reliably forming nanostructures.

Various growth techniques have been studied for the forma-
tion of nanorods and nanowires. For example, nanorods of Si
have been grown by a vapor-liquid—solid (VLS) method,"! in
which a gaseous Si source (e.g., SiCly) diffuses into a drop of
molten Si-Au alloy, causing Si to nucleate and grow from the
droplet. A variant of this technique using laser ablation (laser-
assisted catalytic growth, LAC) has been used to form nano-
rods of compound semiconductors.! A third example is the
solution-based growth of Se nanowires.”) Thermal evaporation
of oxide powders has been demonstrated as a means of forming
ribbon-like nanostructures of various oxides.["!

Another common fabrication method for nanostructures
such as rods, wires, and hollow tubules is the template-based
synthesis technique. In this method, a porous membrane (such
as radiation track-etched polycarbonate, PC, or anodic alumi-
na) is used as a template for growing the desired materials.
Since the porous membranes are easily fabricated (or commer-
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cially available) with a large range of possible pore diameters,
this provides a simple technique for making nanorods with the
desired diameter. This technique has been widely used to form
numerous materials, including metal and polymer nano-
rods, > oxide nanorods,>7'*'"l and composite nanostruc-
tures.>'?! For metal and conducting polymer rods grown with a
template, the method generally used is electrochemical deposi-
tion. The template is placed in contact with the electrode
where the metal (or polymer) is being deposited, and the pores
of the template are filled. This electrochemical method can
also serve as the first step in growth of oxide nanorods, where
an electrochemically grown metal wire is oxidized by heating
in air to form a metal oxide rod."'!)

Another method used for the formation of oxide rods is di-
rect sol filling, in which a sol of the desired oxide material is al-
lowed to infiltrate the pores of the template. As an example,
Martin and co-workers have succeeded in forming TiO, wires
with this technique.[z’m] However, there are some potential dis-
advantages to this technique. For instance, capillary action
drawing the sol into the template is the only driving force form-
ing nanorods from the sol. In addition, sols commonly have a
low solids content (~5 vol.-%). Thus, even if the pores are filled
with sol, the packing of solids in the pores is very low. Increas-
ing the concentration of the sol could partially alleviate this dif-
ficulty, but using too high a concentration could either result in
a sol so viscous that filling of the pores would be difficult, or in
destabilization of the sol. Thus, the packing of solids within the
template pores is likely to be significantly less than the maxi-
mum possible density. This could potentially lead to cracking
and defects caused by the large volume change upon drying as
the solvent is removed. In addition, the degree of shrinkage
will be very high. This could lead to nanorods that may not
have the shape and dimensions of the template pores, or are
hollow tubes. Some of the difficulties inherent in sol-gel meth-
ods can be overcome by the use of electrophoresis. For in-
stance, sol-gel electrophoresis has been shown an effective
means of making thick films. These films often are of greater
thickness, density, and quality than those formed traditionally
by sol-gel methods (e.g., dip coating, spin coating) alone.['>17)
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We have recently demonstrated a method for using sol-gel
electrophoresis in the formation of a single composition of
oxide nanorod.””! In this paper, we present a systematic study
on the growth of various oxide nanorods. We show that the
sol-gel electrophoresis method is widely applicable, and can
be used for the template growth of a number of different oxide
nanorods. Titania (TiO,), barium titanate (BaTiOj3), silica
(Si0,), strontium niobate (Sr,Nb,O7), and lead zirconate tita-
nate (Pb(Zry.5,Tip45)O3, PZT) nanorods are all discussed here.

2. Results

Figure 1 shows scanning electron microscopy (SEM) images
of TiO, nanorods grown in a PC membrane with 200 nm diam-
eter pores by sol-gel electrophoresis, and fired to 700 °C for
15 min. These nanorods have a uniform diameter throughout
their entire length, with a surface that is smooth over much or
all of the length. Comparing the various rods, one can see that
they all have roughly the same length and diameter. The image
also shows that the rods are arranged roughly parallel to one
another over a broad area on the substrate. The diameter of
the TiO, nanorods is estimated to be ~150 nm, which is ap-
proximately 25 % smaller than the membrane pore diameter.
This size difference is most likely due to the volume shrinkage
caused by densification during the heat treatment. Figure 1b
also shows some broken rods, and it can be seen that these rods
are solid and dense. This implies that the growth of the nano-
rods likely begins at the bottom of the pores, and proceeds
from one side of the membrane to the other, as will be dis-
cussed in detail later in this paper. X-ray diffraction (XRD)
spectra of the TiO, rods are shown in Figure 2, along with the
spectra for a powder formed from the same sol and fired at
700 °C for 15 min. From the powder XRD spectrum, it can be
seen that the sample consists of almost purely

Fig. 1. SEM images of TiO, nanorods grown in a PC membrane with 200 nm di-
ameter pores by sol—gel electrophoresis. A) Lower magnification image, showing
that the rods are aligned and grown over a large area. B) Higher magnification
image of the nanorods. Examination of the broken rods seen here shows that
they are solid and dense.

rods. This is due to the small amount of rods available for anal-
ysis, meaning that much of the X-ray beam was hitting the
(amorphous) sample holder.

Figures 3a—d show SEM images of BaTiO3, SiO,, Sr,Nb,O7,
and PZT nanorods, respectively, grown by sol-gel electropho-
resis. The BaTiO5 nanorods have a diameter of about 150 nm,

the anatase phase, with a small amount of ru-
tile. Normally, the anatase phase converts to
rutile upon heating at 700 °C,”!! which is the
temperature to which these samples were
heated. We believe that the incomplete con-
version to rutile seen here may be due to a
combination of factors. One is the short time
(15 min) for which the rods were held at
700 °C, which may not have been sufficient to
allow for complete transformation. In addi-
tion, the actual temperature that the samples
experienced may have been somewhat less
than 700°C, due to fluctuations in the fur-
nace. Lastly, it is possible that the particular
sol-processing method used in this study is, in
some way, responsible for this delayed con-

Relative intensity

version. Comparison of the two spectra shows kY s
that there are identical peaks in both samples.
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Further, the peak positions are the same and
the intensity ratios among various peaks are
similar. Note that there is a large amorphous
background associated with the TiO, nano-

Fig. 2. XRD spectra of both the grown TiO, nanorods and a powder derived from the same sol. Both
samples consist of largely the anatase phase, with some rutile present, 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. In the figure, “a”
refers to the anatase phase, and “r” to the rutile phase.
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which is about 25 % smaller than the template pores. The
length of the BaTiOj; rods is about 10 um, similar to the thick-
ness of the template membrane. The SiO, nanorods have a di-
ameter of ~200 nm, which is the same as the template pores.
Under the acidic synthesis conditions used, the silica sol should
be polymeric.??* Such a polymeric sol would pack very dense-
ly in the template pores, and the silica would thus contain only
very small pores. This makes it likely that the SiO, nanorods
were unable to densify significantly at the temperature used
(500°C). The Sr,Nb,O7 and PZT nanorods have diameters of
~125 nm and ~150 nm, respectively. This corresponds to shrink-
ages of about 37 % and 25 % for these two
materials, suggesting that Sr,Nb,O; did not (
pack as densely as the other materials. Similar
to the TiO, nanorods, these nanorods also
exhibit a uniform diameter throughout their
entire length and have a relatively smooth sur-
face. For each composition, the nanorods all
have roughly the same length and diameter.
These images also show that the rods are
formed over a broad area on the surface, and
are arranged roughly parallel to one another.
Also similar to the TiO, nanorods, the
composition of a complex oxide formed by

(=1

1)/(110)
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PZT powder

Fig. 3. SEM images of a) BaTiOs;, b) SiO,,
¢) Sr,-Nb,04, and d) PZT nanorods grown in a PC
membrane with 200 nm diameter pores by sol-gel
electrophoresis.

talline phase, perovskite PZT, without any detectable
secondary phase. Comparison of the two spectra shows that
there are identical peaks in both samples. Further, the peak
positions are the same and the intensity ratios among various
peaks are identical. Similar XRD results were obtained
when comparing BaTiO; powder and nanorods. This demon-
strates that the electrophoretic deposition does not negative-
ly affect the stoichiometry and chemical compositional
homogeneity that is achieved during the sol preparation, and
thus yields complex oxide rods of the desired phase and com-
position.

(112)/(211)
(002)/(200)

(102)/201)/(210)

this technique (such as Sr,Nb,O5) will con- PZT nanorods
sist of the desired crystalline phase with the
desired stoichiometry. We have recently
demonstrated this fact’® for the complex T T T T T
35 40 45 S0 &5 60

oxide PZT. Figure 4 shows XRD spectra of e
the PZT nanorods and PZT powder pre-
pared from the same sol; both PZT nano-
rods and powder consisted of only one crys-

20 (deg)

Fig. 4. XRD spectra of both the grown PZT nanorods and a powder derived from the same sol. Both
samples show only a single perovskite phase. This demonstrates that sol-gel electrophoresis can be
used to form complex oxides with the desired stoichiometry and crystal phase.
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3. Discussion

Few processing techniques have the flexibility inherent in
sol-gel processing. An appropriate sol-preparation procedure
yields solid nanoclusters with the desired stoichiometric chemi-
cal composition. These clusters are typically on the order of a
few nanometers in size.”?! One of the advantages of sol-gel
processing is that it allows the formation of compounds that
have compositional homogeneity at a molecular level, which is
very important for the formation of complex oxides. Sol-gel
processing also offers many advantages for the processing of
materials such as organic-inorganic hybrids, nanocomposites,
and coatings on complex patterned surfaces. Another advan-
tage of sol-gel processing is the stability conferred on many
sols by electrostatic stabilization. That is, the nanoscale solid
clusters that form in the sol are dispersed in a dilute electrolyte
solvent. The surface of these nanoclusters becomes charged
and counter ions in the solvent will distribute in such a way that
an electrical double-layer at the vicinity of each nanocluster
will be formed. This layer is due to a combination of electro-
static force, entropic force, and Brownian motion. Such an
electrical double layer will keep the nanoclusters from agglom-
erating, and thus a stable sol is obtained. These charged
nanoclusters have an oriented diffusion, parallel to the field
direction, when an electric field is applied to the sol. In the
present study, electrophoretic deposition was applied to grow
nanorods of various oxides, capitalizing on the above
advantages of sol-gel processing. Figure 5 is a schematic draw-
ing of the electrophoretic deposition process. It demonstrates
the steps we believe occur in the growth process. At the begin-
ning of the nanorod growth, positively charged sol particles
move due to electrophoresis towards the negative electrode.
They deposit at the bottom of the pore, while the negatively
charged counter ions move in the opposite 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 shown in Figure 1b suggest
that the growth of oxide nanorods does indeed follow the
mechanism proposed in Figure 5.

Under the experimental conditions applied in the current
study, both the surface charge of the nanoclusters and the zeta-
potential of the sol are either positive or negative, depending
on the system. For the TiO; sol, the pH is about 2, well below
the isoelectric point (6.2),* and thus the particles would be
positively charged, and the zeta potential would also be posi-
tive in a dilute sol. For BaTiO3, the pH is about 5, which also
leads to positively charged particles and positive zeta potential.
In the SiO; sol, the pH is about 3, which is just above the iso-
electric point (~2), yielding negatively charged particles and a
negative zeta potential. For PZT, since the pH of the sol (~4) is
below the reported isoelectric point (~7.6),”* the zeta potential
is positive. In the case of the Sr,Nb,O; sol, no information
about the isoelectric point of Sr;Nb,O; could be found in the
literature. We assume that it contains positively charged parti-
cles at the given pH (~1), since oxide particles are often pos-
itively charged at such a low pH. The successful growth of
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Fig. 5. This schematic demonstrates the progression of the growth process. At the
left, we see the beginning of the nanorod growth. Positively charged sol particles
are moving electrophoreticaly towards the negative electrode, depositing at the
bottom of the pore, while the negatively charged counter ions are moving in the
opposite direction. The center of the diagram shows a later time, as the densely
packed sol particles fill more of the pore. Lastly, the right side of the diagram
shows a completely filled pore.

Sr,Nb,O5 nanorods demonstrates that this is a reasonable
assumption.

Upon application of an appropriate potential, the charged
nanoclusters dispersed in a solvent will be drawn towards the
anode in the case of SiO,, or the cathode in the case of the other
oxides. The nanoclusters will fill the pores of the membrane
from the bottom of the pores, where it is directly connected to
the electrode. As the deposition proceeds, electrical conduction
between the electrode and the growth surface would be accom-
plished by diffusion of counter-ions through the voids between
packed nanoclusters. In this manner, all the pores will even-
tually be completely filled. Prolonged deposition times may
lead to a thin layer of oxide forming on the membrane surface
after the pores are filled. If we assume that the nanoclusters
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 nanoclusters, even denser packing could be pos-
sible. Upon heating the nanorods to an elevated temperature,
densification will occur along with shrinkage. This explains
why the observed diameter of the nanorods is smaller than that
of the membrane pores. Although we do not know how closely
the nanoclusters packed during the electrophoretic deposition,
a lateral shrinkage of approximately 25-30 % was observed
when the nanorods were fired. Since the times and tempera-
tures used are sufficient to form fully dense films of these sols,
it is reasonable to assume that the nanorods are also fully dense
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after firing. This in turn implies that near ideal close packing of
nanoclusters might be achieved by this process.

The existence of broken nanorods in these figures could be
explained as follows. The PC membrane templates burn off at
approximately 400°C in air, but the oxide nanorods are not
likely to be fully dense (or crystallized) at this temperature,
and thus have very limited mechanical strength. As the mem-
brane and rods are heated, it is expected that some nanorods
would break due to the differences in thermal expansion coeffi-
cients and distortion of the membranes.

4. Conclusions

In summary, we have demonstrated the applicability of
sol-gel electrophoresis to the creation of various simple and
complex oxide nanorods. Oxide nanorods with a diameter
~125-200 nm and a length of about 10 um were grown in PC
membranes using sol-gel electrophoresis. This technique offers
several advantages, including the ability to grow large areas of
uniformly sized and nearly unidirectionally aligned nanorods
of various oxides. It is also believed to yield a more dense oxide
nanorod prior to sintering than sol-gel without electrophoresis.
Appropriate sol preparation can easily lead to formation of the
desired stoichiometric chemical composition, which would be
preserved during the electrophoretic growth of nanorods.
Dense single-phase crystalline oxide nanorods can be readily
obtained by firing at elevated temperatures.

5. Experimental

The chemicals used in making the sols were: titanium(1v) isopropoxide (97 %,
Alfa Aesar, Ward Hill, MA), zirconium n-propoxide (70 % in propanol, Alfa Ae-
sar, Ward Hill, MA), tetraethyl orthosilicate (98 %, Aldrich), lead(ir) acetate
(99 %, Alfa Aesar, Ward Hill, MA), barium acetate (Morton Thiokol, Danvers,
MA), niobium pentachloride (99.8 %), and strontium nitrate (99 %, Aldrich).
Hydrochloric acid (37.5 %, Fisher), glacial acetic acid (Fisher Scientific, Fair
Lawn, NJ), lactic acid (Sigma Chemical, St. Louis, MO), ethylene glycol, glycerol
(both J. T. Baker, Phillipsburg, NJ), and ethanol were also used. The template
membranes used for the growth of the nanorods were track-etched hydrophilic
PC (Millipore, Bedford, MA), with a pore diameter of 200 nm, and a thickness of
10 um. An overview of the chemicals and conditions for the preparation of the
various sols is given in Table 1.

TiO; sol was formed by first dissolving titanium(iv) isopropoxide in glacial
acetic acid and stirring at 400 rpm for 30 min at room temperature. Deionized
(DI) water was then added to the solution, and stirred for another 30 min. Upon
addition of the water, a white precipitate instantaneously formed. However, the
precipitate dissolved and the sol became a clear liquid after the first 5 min of stir-
ring. Lactic acid, glycerol, and ethylene glycol were then added to form a sol that
is stable at room temperature for about a week. The TiO, sol had a pH ~ 2.

BaTiOj; sol was prepared by dissolving barium acetate in glacial acetic acid
while stirring. This was done at room temperature, and the solution was stirred
for about 30 min. To this solution, titanium(1v) isopropoxide was added, and the
mixture was stirred for about 30 min. Lastly, ethylene glycol was added, and the
sol was stirred at 90 °C for 1 h. The resultant sol was stable at room temperature
for a period of months, and had a pH = 5.

S1,Nb,0O5 sol was prepared using the same procedure as reported in [26]. Eth-
anol and ethylene glycol were mixed and heated to 40 °C, followed by the addi-
tion of citric acid and strontium nitrate. This mixture was stirred for 150 min at
40°C. The niobium pentachloride was then added, and the solution was stirred
for another 90 min. During this time, water was slowly added to the mixture,
forming the sol. The final concentration of this sol is about 0.6 M, and it is stable
over a period of months at room temperature. The pH of the Sr,Nb,O7 sol is ~1.

The SiO, sol was made by dissolving tetraethyl orthosilicate in a mixture
of ethanol and DI water. A small amount of hydrochloric acid was added to

Table 1. An overview of the chemicals and conditions for the preparation of the

various sols.

Precursors Solvents / Other chemicals pH
TiO, Titanium (IV) isopropoxide Glacial acetic acid, water, ~2
lactic acid, glycerol, ethylene
glycol
BaTiO, Titanium (IV) isopropoxide,  Glacial acetic acid, ethylene ~5
barium acetate glycol
Sio, Tetraethyl orthosilicate Ethanol, water, hydrochloric ~3
acid
StNb,O, Strontium nitrate, niobjum Ethylene glycol, ethanol, ~1
chloride citric acid, water
Pb(Zr,Ti)O, Lead (II) acetate, titanium Glacial acetic acid, water, ~4

isopropoxide, zirconium
n-propoxide

lactic acid, glycerol, ethylene
glycol

the sol to adjust the pH to ~3 and the sol was stirred for 2 h at room tempera-
ture. The silica sol thus formed was rather stable, and took several weeks to
gel at room temperature.

The preparation of PZT sol was described in detail in [20]. Briefly, lead(ir) ace-
tate is dissolved in glacial acetic acid, and heated to 110 °C for ~15 min to dehy-
drate the lead acetate. The sample is then allowed to cool back to room tempera-
ture. Because of the volatility of PbO, an excess amount of lead (5 mol-%) is
used in the fabrication of this sol. Then titanium(1v) isopropoxide and zirconi-
um(1v) n-propoxide are mixed together for ~10 min at room temperature, and
added to the lead solution once it has cooled to room temperature. Deionized
water is then added to initiate and sustain hydrolysis and condensation reactions,
and the sol is stirred for ~15 min at room temperature. Lastly, lactic acid, glycer-
ol, and ethylene glycol are added to adjust the viscosity and stability of the sol.
Such prepared sols have a concentration of about 5 vol.-% PZT, and are stable
for several weeks at room temperature.

Nanorods of these oxides were formed by the following method. For all mate-
rials except SiO,, an anode of Pt mesh is immersed in the sol, and the cathode
used is aluminum. For SiO,, the electrodes are reversed (Pt cathode, template on
anode) since the SiO, particles are negatively charged. The PC membrane is at-
tached to the electrode with a piece of double-sided conductive (carbon) tape, to
provide a conductive path from the membrane to the cathode. This electrode is
placed on top of and just in contact with the sol, and the sol is drawn into the
membrane pores by capillary action, as shown schematically in Figure 6. For the
electrophoretic growth, a potential of 5 V is applied between the electrodes, and
held for up to 3 h. At the end of the electrophoretic deposition, excess sol is
blotted off the membrane, and the membrane is then transferred from the elec-
trode to a clean piece of Si wafer. Samples prepared in this manner are dried at
~100°C for several hours, then placed in an oven and fired. The temperature for
this firing is either 500 °C (SiO,) or 700 °C (TiO,, BaTiOs, Sr,Nb,O5, and PZT)
for 15-30 min. This is to burn off the PC membranes, make the nanorods dense,

Fower supply

Electrode

Palycarbonate membrane

Sel

— LTS

Pt iecl‘mde

Fig. 6. Diagram of the experimental setup used for growth of nanowires by sol-
gel electrophoresis. One electrode is a Pt mesh, and the other electrode is Al.
The PC membrane is attached to the Al electrode with a piece of double-sided
conductive (carbon) tape, to provide a conductive path. This electrode is placed
on top of and just in contact with the sol, and the sol is drawn into the membrane
pores by capillary action.
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