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tured silica shell (Fig. 4c), which when thermally treated gives
rise to mesoporous nanoparticles with radial channels.

The uniform fragment length within the interior of the
nanoparticles can be explained by the radial nature of the
deformation field around each defect, or site-specific break-
age of the 300 nm long native TMV rods. Indeed, chemical
degradation of TMV does produce a stable fragment about
50 nm in length,”*! which is similar in size to those encapsu-
lated in the silica shell of the nanoparticles. However, we
observed only a random distribution of particle lengths in
control samples containing broken TMV tubes. Further work
is in progress to confirm the model.

In conclusion, nematic liquid crystals of TMV can be used
to prepare silica mesostructures and nanoparticles with paral-
lel or radial arrays of linear channels, respectively. The meso-
structures are produced as micrometer-size inverse replicas of
the nematic phase, and have a periodicity of approximately
20 nm, which is larger than that generally attainable by cur-
rent methods. In contrast, the nanoparticles are less than
150 nm in size and consist of a dense silica core surrounded
by an unusual radial array of mineralized TMV fragments,
50 nm in length. The channeled nanoparticles are produced at
lower reactant concentrations and appear to originate from
topological defects associated with the deformation and frac-
turing of silica-TMV clusters as the liquid crystalline state is
re-established in the reaction mixture. The general stability of
TMYV liquid crystals suggests that it should be possible to use
a similar approach to prepare a wide range of inorganic
oxides, semiconductors and metal-based mesophases and
nanoparticles with mesostructured interiors.

Experimental

TMV liquid crystals were prepared in a nuclear magnetic resonance (NMR)
tube using 200 uL of a 16 mgmL™ buffered aqueous suspension of the virus
particles. The tube was left for 1 h to give a birefringent viscous gel and 120 pL
of a mixture containing 90 mol-% TEOS and 10 mol-% APTES was then
added, and the tube agitated gently to mix the two components. The tube was
placed in an upright position, and the sample aged for 4 days at room tempera-
ture. After this time, the tube was placed in a water bath at 45 °C for 48 h to in-
crease the degree of silica condensation. The resulting white gel was removed
from the tube and dried at room temperature overnight. Experiments were also
undertaken in the presence of TEOS with 5 and 0 mol-% APTES, and at a con-
stant molar ratio of TEOS/APTES = 9:1 but using 60 % or 30 % of the original
volume of organosilane mixture (72 and 36 uL, respectively, to 200 uL of a
16 mgmL™ gel of TMV particles).

Inorganic replicas were prepared by removing the virus from the silica
framework on heating to 540 °C at a rate of 1°Cmin™". TGA of the silica-TMV
mesostructure showed various stages of weight decrease including; loss of
adsorbed water (20 to 180°C, 15.9 wt.-%,), thermal decomposition of TMV
template and amino-propyl moieties (180 to 430 °C, 17.2 wt.-%, and release of
water during thermal condensation of the silica framework (430 to 800°C,
10.6 wt.-%).

Samples for TEM were ground in a mortar and pestle, re-suspended in water,
and droplets air-dried onto formvar-covered, carbon-coated copper EM grids.
Samples were examined by FTIR spectroscopy using Nujol mulls.
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Electrophoretic Growth of Lead Zirconate
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The synthesis of nano-sized materials has been a very active
research area over the past few years, for a variety of reasons.
For instance, some materials show markedly different proper-
ties when their size is suitably constrained, and nano-sized
materials give scientists an opportunity to analyze many quan-
tum phenomena, which were not available for study pre-
viously. In addition, the process of miniaturization is impor-
tant in itself, in both the microelectronics industries, as well as
in the development of micro electromechanical systems
(MEMS). A number of different techniques exist for the for-
mation of various nanostructures. For instance, small nanopar-
ticles, or quantum dots, have been fabricated by using micelles
as miniature reactors, in which the reactions are carried out,
yielding fairly monodisperse particles.[l] Films on the order of
less than one nanometer to a few nanometers thick have been
fabricated by using self-assembled monolayers.m
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One of the most common techniques used for the formation
of certain nano-sized structures (such as rods, wires, and hol-
low tubules) is template-based synthesis, in which the desired
materials are grown within the pores of a porous membrane
(such as track-etched polycarbonate (PC) or anodic alumina).
This technique has been widely used to form numerous mate-
rials, including metal and polymer nanorods,*! oxide nano-
rods,**78 and composite nanostructures.” For the template
formation of oxide nanorods, two main techniques are used.
The first involves a two-step process. Using electrochemical
methods, metal wires are grown in the template (the same
technique used to form metal nanorods). Then, the metal
wires are oxidized, either electrochemically or by heating
them in air, to form the oxide nanorods.’! The other method
has been to use sol-gel processes to directly fill the template
with the desired oxide, which is then crystallized by heat-
ing.®”! Both approaches have limitations, however. For in-
stance, it is very difficult to make complex metal oxides with
the first method. While mixed-metal nanostructures have
been made,! they are generally comprised of discrete layers,
rather than being homogeneously distributed. Thus, there is
no guarantee that oxidizing them would directly result in an
oxide compound of the desired stoichiometry and crystal
structure. Since complex oxides comprise so many important
and interesting materials (e.g., ferroelectrics, piezoelectrics,
conducting oxides, and magnetic materials), a method to grow
complex oxide nanorods would be of great interest.

Direct sol filling can also be used to grow nanorods. For
instance, nanorods of TiO, have been grown by immersing a
template membrane in a titania sol.*’! However, there are
some potential limitations to this tech-
nique. The main drawback is that capil-
lary action is the only driving force to
form nanorods from the sol. Also, sols
commonly have a very low solids con-
tent (=5 vol.-%), so that 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
help this somewhat, but raising the con-
centration too high would result in
either a sol so viscous that filling of the
pores would be difficult, or destabiliza-
tion of the sol. Thus, the packing of ma-
terial within the pore is likely to be sig-
nificantly less than the maximum
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,
leading to nanorods that do not have
the shape and dimensions of the tem-
plate used, or are hollow tubes. One
technique that might overcome these
limitations is the electrophoretic sol-gel
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method, in which an applied electric field induces electro-
phoretic motion of the nanoclusters in the sol. When used to
form coatings, this method has been shown to yield films of
greater thickness, density and quality than traditional sol-gel
methods alone.['"¢!

In this paper, we describe the use of sol-gel electrophoresis
in the template-assisted growth of lead zirconate titanate
(PZT) nanorods. Because of its ferroelectric and piezoelectric
properties, PZT is a potentially important component of many
systems, such as MEMS. As such, any method for producing
PZT nanorods would be of great interest. In addition, we also
believe that this technique should be adaptable to any oxide
(single metal or complex) and organic—inorganic hybrids that
can be synthesized by sol-gel methods. Details to the sol-gel
electrophoresis of PZT are given in the experimental section.

Figure 1 shows SEM images of the PZT nanorods grown
from the PZT sol by means of electrophoretic deposition and
fired at 700-800 °C for 15-30 min in air. PZT nanorods grown
in PC membranes with pore sizes of 100 and 200 nm show uni-
form size and near unidirectional alignment. The PZT nano-
rods have diameters smaller than that of the pores in the tem-
plate membranes. The PZT nanorods have a size of
approximately 70 nm when grown in a PC membrane with
pores of 100 nm (Fig. 1a) and of 150 nm in a membrane with
pores of 200 nm (Fig. 1b). The diameter difference of the
grown nanorods and pores in the membranes could be attrib-
uted to the densification of nanorods when fired at 700-
800 °C, which will be discussed further later in the paper. No
PZT nanowires are observed from samples grown with 50 nm
membranes. For the samples grown in 100 nm and 200 nm
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Fig. 1. a) PZT nanowires grown in a 100 nm diameter membrane. b) PZT nanowires grown in a 200 nm
diameter membrane. c) Close up showing the films to which the nanowires are attached. d) Image showing
the large area over which the wires are grown. The scale bar on all four images is 1 pm.
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membranes, it is seen that all the nanorods grew through the
membrane from one side to the other, and that the length of
the nanorods (~10 wm) resembled the thickness of the mem-
branes. The PZT nanorods grown in both the 100 nm and
200 nm membranes show a uniform diameter throughout the
entire length (Figs. 1a and b), with a surface that is smooth
over much or all of the length. Furthermore, Figure 1b shows
that a thin layer was formed at one end of the nanorods (left-
hand side), which was exposed to the sol during the deposi-
tion. Such a thin PZT film is further demonstrated in Fig-
ure 1c. Figure 1d shows that PZT nanorods of uniform size
and near-unidirectional alignment can be grown over a large
area.

Figure 2 shows XRD spectra of the PZT nanorods and PZT
powder prepared from the same sol; both PZT nanorods and
powder consisted of only one crystalline phase, perovskite
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Fig. 2. XRD spectra of both the grown PZT nanowires and a powder derived
from the same sol. Both samples show only a single perovskite phase, and there
is no observed shift in the peak positions for the nanowire sample. In addition,
the relative intensities of the peaks are the same for the nanowire sample, show-
ing that there is no preferred orientation in the sample.

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. The above
XRD results indicate that the electrophoretic deposition has
no detrimental influence on the stoichiometry and chemical
compositional homogeneity that is achieved during the sol
preparation. Furthermore, there is no preferred orientation of
the crystals in the PZT nanorods.

Sol-gel processing offers two advantages for the formation
of complex oxide nanorods or nanorods. One of the advan-
tages of sol-gel processing is that it allows molecular level
chemical composition homogeneity. Appropriate sol prepara-
tion procedure yields solid nanoclusters with the desired stoi-
chiometric chemical composition. These clusters are typically
on the order of a few nanometers in size.'’’ Another advan-
tage of sol-gel processing is that solid nanoclusters will devel-
op surface charge when dispersed in an electrolyte solvent,
and are commonly stabilized by means of electrostatic double
layers, which are formed by counter-ions surrounding the
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nanoclusters. Such charged nanoclusters will have an oriented
diffusion when an electric field is applied to the system. In the
present study, an electrophoretic deposition was applied to
grow nanorods of PZT, capitalizing on the above advantages
of sol-gel processing. Figure 3 is a schematic drawing of the
electrophoretic deposition process. Under the experimental
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Fig. 3. This schematic demonstrates the progression of the growth process. At
the left, we see the beginning of the nanowire growth. Positively charged sol
particles are moving electrophoreticaly towards the negative electrode, deposit-
ing 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 up more of the pore. Lastly, the right side
of the diagram shows a completely filled pore.

conditions applied in the current study, both the surface
charge of the nanoclusters and the zeta-potential of the sol
would be positive, since the pH of the sol (~4) is below the
reported isoelectric point of PZT (~7.6),"¥ and the sol con-
centration is low (~5 vol.-%). As such, the nanoclusters will
be drawn towards the cathode and fill the pores of the mem-
brane from the bottom of the pores, where is directly con-
nected to the cathode. As the deposition proceeds, the electri-
cal conduction between the cathode and the growth surface
would be accomplished by the diffusion of counter-ions
through the voids of packed nanoclusters. In this manner, all
the pores will be completely filled. A thin layer of PZT could
be formed on the membrane surface with prolonged deposi-
tion times. If we assume the nanoclusters are uniformly sized
spheres, the highest packing density is 74 %,"'” which would
be the highest achievable density of the nanorods before den-
sification. When the nanorods are fired at elevated tempera-
tures, densification would occur accompanied with shrinkage.
The smaller diameter of nanorods relative to that of the mem-
brane pores would be well explained by the shrinkage due to
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densification. A lateral shrinkage of approximately 25-30 %
in diameter was observed when the nanorods were fired at
700-800°C for 15-30 min. Although it is not known how
closely the nanoclusters were packed during the electropho-
retic deposition, since these times and temperatures are suffi-
cient to fully densify PZT sol films, it is reasonable to assume
that the nanorods are also fully dense after firing. This in turn
implies that near ideal close packing might be achieved by this
process.

The broken nanorods observed in Figure 1 could be ex-
plained as following. The PC membranes pyrolyze at approxi-
mately 400 °C in air, but the PZT nanorods are not fully dense
or crystallized at this temperature, and thus have very limited
mechanical strength. It is anticipated that some nanorods
would break due to the different thermal expansion coeffi-
cient and distortion of PC membranes when they are heated
to elevated temperatures and pyrolyzed. This also explains
why some of the rods are slightly bent or curved. Since the PC
membrane is not a perfectly rigid support, but distorts upon
heating, some of the (not yet fully dense) nanorods will distort
with it. The cause of the rough morphology observed on
portions of some of the nanorods is unknown. This rough
morphology was observed on most of the 150 nm PZT wires
(the left side of Fig. 1b), but only rarely in 70 nm PZT wires
(compare Figs. 1a and c, for instance). It is possible that the
membranes cause this morphology, and further testing is
being done to determine this.

At this time, efforts to synthesize PZT nanorods in the
50 nm diameter pores have not been successful. This may
be due to a size effect. In the pores of the 50 nm membrane,
diffusion of clusters may be very slow, even with an applied
electric field. Another possible reason is that the nanorods
of <50 nm in diameter may not have the mechanical
strength to survive heating and subsequent handling.
Further attempts to grow 50 nm diameter nanorods are un-
derway.

In summary, we have demonstrated a new technique for the
creation of complex oxide nanorods, specifically, PZT nano-
rods, using sol-gel electrophoresis. PZT nanorods with a di-
ameter of 70-150 nm and a length of 10 pm were grown in PC
membranes. This technique offers the advantages of growing
large areas of uniformly sized and near unidirectionally
aligned nanorods of complex oxide. It is also anticipated that
nanorods with an aspect ratio far greater than 100 would be
readily achievable. Desired stoichiometric chemical composi-
tion is readily obtained when an appropriate sol preparation
procedure is used, whereas a post-deposition annealing at ele-
vated temperatures is required to crystallize and densify the
nanorods.

Experimental

For the formation of the PZT sol, the chemicals used were lead(ir) acetate
(99 %, Alfa Aesar, Ward Hill, MA), titanium(1v) isopropoxide (97 %, Alfa
Aesar, Ward Hill, MA), zirconium n-propoxide (70 % in propanol, Alfa Aesar,
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Ward Hill, MA), glacial acetic acid (Fisher Scientific, Fair Lawn, NJ), lactic acid
(Sigma Chemical, St. Louis, MO), ethylene glycol, and glycerol (both J. T. Ba-
ker, Phillibsburg, NJ). The template membranes used for the growth of PZT
nanorods were track-etched hydrophilic PC (Millipore, Bedford, MA), with
pore diameters of 50, 100, and 200 nm, and a thickness of 10 um. These mem-
branes are formed by irradiating a polymer sheet with fragments from a nuclear
fission reaction, creating damage tracks in the polymer. These tracks are then
preferentially etched to give randomly distributed, cylindrical pores of roughly
uniform size [3].

The PZT sol is made in the following manner. First lead(ir) acetate is dis-
solved in glacial acetic acid, heating to 110 °C for ~15 min to dehydrate the lead
acetate. The sample is then allowed to cool back to room temperature. Because
of the volatility of PbO, an excess amount of lead (5 mol-%) is used in the fabri-
cation of this sol. Then titanium(1v) isopropoxide and zirconium(iv) n-propox-
ide 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, glycerol and ethyl-
ene glycol are added to adjust the viscosity and stability of the sol. Such pre-
pared sols have a concentration of about 5 vol.-% PZT, and are stable for sever-
al weeks at room temperature.

For the growth, an anode of Pt mesh is immersed in the sol. The cathode
used is aluminum, covered with the PC template. The PC membrane is attached
to the cathode with a piece of double-sided conductive (carbon) tape, to pro-
vide a conductive path from the membrane to the cathode. The cathode is
placed on top of and just in contact with the sol, and the sol is drawn into the
membrane pores by capillary action. For the electrophoretic growth, a potential
of 5V is applied between the electrodes, and held for 1 h. At the end of the
electrophoretic deposition, excess sol is blotted off the membrane, and the
membrane is then transferred from the cathode to a clean piece of Si wafer.
Samples thus prepared are dried at ~100 °C for several hours, then placed in an
oven and heated to between 700-800 °C for 15-30 min, to both densify and
crystallize the PZT nanorods, as well as to burn off the PC membranes. The
nanorods were sputter-coated with a thin Au/Pd layer, prior to morphology
analysis using scanning electron microscopy (SEM, JEOL JSM-5200 and JEOL
840A). X-ray diffraction (XRD, Phillips PW1830) is used to determine the crys-
tal structure and the formation of PZT phase.
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