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Zirconia Needles Synthesized Inside Hexagonal Swollen
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We report the synthesis of zirconia microneedles by the direct nucleation of particles inside
a hexagonal swollen liquid crystal (SLC) (cell parameter a = 27 nm) prepared by mixing
with the proper ratio, an aqueous solution of sulfated zirconium colloids, a cationic surfactant
(cetylpyridinium chloride), cychlohexane as swelling agent with an oil over water ratio of
2.5 (vol.), and 1-pentanol as cosurfactant. After a slow crystallogenesis that can be enhanced
by an initial induction step under moderate temperature, particles in the centimeter range
can be obtained, with a very high shape ratio (over 100). These particles are made of
crystalline octahydrate zirconium oxychloride containing pores of 20 nm diameter, aligned
along the main axis of the liquid crystal, as the fingerprint of the oil cylinders present in
the hexagonal phase. The morphology of these particles confirms that the shaping mechanism
is based on true liquid crystal templating (TLCT). Further thermal treatment of these
particles, after extraction from the SLC, leads to the crystallization of zirconia with the
same needlelike morphology as the zirconium oxychloride.

Introduction

Besides its tremendous properties as a thermo-
mechanical material or oxygen sensor, stabilized zirco-
nia is currently also studied for more specific applica-
tions such as high-temperature NOx sensor.1~° In these
domains, increasing the exchange surface would help
to increase the catalytic properties or the sensor ef-
ficiency. Different ways were explored to increase the
porosity, among them acid-leaching from composite
cermet,1® sol—gel processes,!! addition of organic addi-
tives,'2 deposition into the inner pores of mesoporous
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MCM-41 silica,® surfactants-based templated struc-
tures,!1718 or syntheses in microemulsions.1%20 In paral-
lel, there is also continuous progress to decrease the size
of sensors, to insert them in smaller and smaller
systems. This implies that the usual ways to produce
materials designed with specific shapes, ceramic pro-
cesses involving sintering of preshaped powder, may
block onto the smaller size threshold and that direct
synthesis of predesigned materials should be carried
out. Such examples of nanocrystals, fibers, nanorods,
or nanowires were reported by various and different
processes.?1=25 We report hereinafter the preparation of
macroscopic zirconia particles that exhibit dimensions
in the micrometric range along two directions. These
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microneedles of zirconia exhibit a very high shape factor
because their length can reach several centimeters.
They represent a first step in the future preparation of
oxygen microprobes made with Y-doped-zirconia. The
present work describes the synthesis process based on
shaping by the help of a hexagonal swollen liquid crystal
(SLC) made with a quaternary system (oil:water:surf-
actant:cosurfactant).

This process is relevant of a more general domain,
basically the preparation of nanostructured materials
with the help of soft matter properties. It may result
from two main approaches, one based on assembly
forces, for example between micelles and reagents, the
other based on confinement inside miniemulsions, micro-
emulsions, or crystallized mesophases. The latter ap-
proach using mesophases has been successfully ex-
plored.26-36 However, from our knowledge, the syntheses
in liquid crystals involved only binary (water:surfactant)
systems. Quaternary systems (oil:water:surfactant:co-
surfactant) may afford new opportunities, but they are
expected to be unstable and unable to stand addition of
reagents or reactions inside. Oil in water (o/w) mini-
emulsions obtained after energetic stirring were used
for the synthesis of nanoparticles.3” The SLCs used in
this study are based roughly on the same components
as miniemulsions, but they build hexagonal liquid
crystals with infinite cylinders swollen by oil in an
aqueous continuous phase, when they are mixed in
proper proportions.3 Such a mesophase with nonpolar
tubes in a polar medium is defined as a direct phase.
Unlike binary liquid crystals, the SLCs contain two
phases (oil and water) that can be modified according
to the respective proportions of each. Swelling of these
hexagonal phases is directed by the increase of the
cylinders radius by increasing the amount of oil without
changing drastically the distance between them.38 The
stability of the hexagonal SLC is also controlled by the
correct adjustment of the spontaneous radius of curva-
ture of the surfactant monolayer that builds the cylinder
walls. This curvature can adapt to the increasing
amount of swelling agent if the ionic force of the aqueous
phase is adapted to partially screen the repulsion
between charges on the surfactant heads. Therefore, the
correct adjustment between the nonpolar solvent swell-
ing the cylinders and salt added in the aqueous phase
is a prerequisite factor if one expects these lyotropic
systems to display at room temperature a o/w hexagonal
phase with amounts of oil that can be twice that of
water. The cosurfactant that combines with the surfac-
tant is another factor that helps to stabilize the cylinder
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walls. These SLCs offer a large range of possibilities in
structure because it has been demonstrated that the
correct adjustment between oil and the ionic force of the
aqueous solution by addition of a salt allowed the
diameter of the nonpolar cylinders to be tuned over 1
order of magnitude (from 3 to 30 nm), while the distance
between adjacent cylinders is kept small and nearly
constant (about 3 nm).38

In parallel with reactions performed in w/o micro-
emulsions or o/w miniemulsions, these mesophases open
a new field of research in the domain of syntheses in
liquid crystal because reactions can be performed in the
aqueous continuous network or in the oil confined inside
cylinders as well as potentially in both together. Unlike
previous syntheses in binary liquid crystal, these SLCs
are a complex mixture with at least four basic compo-
nents. Unlike previous reactions performed in mini-
emulsions, these SLCs are crystallized mesophases that
exhibit a long-range order. Their use as nanoreactors
is demonstrated in the following by the synthesis of
zirconia needles in the aqueous network. The precursors
put in the aqueous phase play also the function of the
structure-stabilizing salt. Because their concentration
is defined by the mesophase geometry, it could be too
low to allow the further solid framework from reaching
the percolation edge required to build significant par-
ticles. A way to overcome this limit is to use colloids
instead of salts: a higher amount of matter is then
added into the aqueous phase with only a rather slight
modification of the ionic force. We report hereinafter a
complete description of the synthesis of centrimetric
needlelike porous zirconia particles from zirconium
sulfate colloids, obtained by combining the destabiliza-
tion of these colloids by anion exchange with the use of
SLCs as structure-directing systems. The shape of the
particles synthesized inside the SLC confirms that this
mesophase exerts a strong LCT effect on the material
shape.

Experimental Section

Synthesis. In the course of preparation of high surface
zirconia, a new process involving the pristine formation of
sulfated zirconia colloids had been obtained by Chiavacci et
al.®® We used the same process for making these colloids, but
with higher concentrations than previously reported. These
colloids are made of 0.6 nm complexes of zirconium sulfate
whose local structure is close to that of Zr;g04(OH)355(0S03)126.
They can aggregate to form small clusters with a correlation
distance of 3.0 nm, which will give a porous gel after aging.3°4°
These zirconium sulfate colloids (ZSC) constitute also second-
ary building blocks that can help to build nanostructured
compounds. The synthesis of the ZSC was performed according
to previous literature, but with higher concentration ratios.
In a typical synthesis, zirconia oxychloride was first dissolved
in deionized water to obtain a final solution volume of 500 mL
with concentration of 1.5 mol L™ in zirconium. The colloidal
suspension was prepared by adding dropwise 450 mL of this
aqueous solution into 30 mL of a sulfuric acid solution (1.5
mol L™1) heated at 80 °C, under magnetic stirring. One
obtained a final (Zr**:H,SO,4) molar ratio of 15:1. After cooling,
aliquots of 15 mL of the colloidal suspension were put inside
an acetyl-cellulose membrane tubing (12—14 000 MW) and
then submitted to static dialysis for 24 h against 150 mL of
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deionized water. The concentration of the colloidal suspension
was further increased by evaporation at 45 °C under dynamic
vacuum up to a final zirconium concentration of 3.4 mol L.
This is the preparation that is named “sulfate zirconium
colloids” (SZC) in the following.

The preparation of the swollen liquid crystal was inspired
from that reported by Ramos et al. with anionic sodium dodecyl
sulfate, but we chose a cationic surfactant for our synthesis
because anionic surfactants lose their surfactant behavior in
aqueous solution with a pH below 1.38 The liquid crystal doped
with SZC was prepared by the following procedure: 1.0 g of
N-cetylpyridinium chloride (Acros) was dissolved in 2.0 mL of
SZC. This solution could be submitted to a crystallization
induction step at temperature up to 56 °C for different times
varying from 0 to 8 h. Among all preparations, we describe
the results obtained with two samples: sample A was not
exposed to the induction step and remained at room temper-
ature during the whole process, whereas sample B was
exposed at 45 °C for 8 h or 56 °C for 4 h. The induction step
does not modify the chemical composition or structure of the
particles, but it increased the crystallization kinetics and the
amount of particles at the expense of the particle size. After
cooling, 5 mL of cyclohexane and 300 uL of 1-pentanol were
further added in this solution and mixed vigorously with a
vortex shaker, until the formation of a transparent gel formed
by the hexagonal liquid crystal. The vessel was sealed and
stocked at room temperature for several weeks to let the
crystallogenesis proceed: samples A and B were left for 120
or 60 days, respectively. The SLC was destabilized by the
addition of 10 mL of cyclohexane, and the particles were
recovered by settling after washing with 20 mL of a mixture
of 1-pentanol (1 mL) in cyclohexane (19 mL). This process was
repeated three times. We observed that washing with pure
pentanol induced the dissolution of crystals, whereas using
pure cyclohexane did not allow a perfect separation of crystals
from remaining surfactants. Crystals were further dried at
room temperature for 72 h, and octahydrated zirconium
oxychloride was identified after this step. Calcination (120 °C/6
h, 200 and 600 °C/2 h) led to the formation of zirconia.

Characterization. The structural array of the SLC con-
taining the sulfate zirconium colloids before and after the
particle formation was checked by means of small-angle X-ray
diffraction (SAXD). SAXD experiments were conducted at the
D24 beamline of the DCI synchrotron ring at LURE (Orsay,
France). A Ge (111) single-crystal curved monochromator
provided a beam focused in the horizontal plane. The selected
wavelength was 1.49 A. The incident beam intensity was
monitored by an ionization chamber, and its size (typically 0.4
x 1.5 mm?) was determined by collimating slits upstream and
downstream from the monochromator. To reduce absorption
and parasitic scattering, the beam path was kept under
vacuum and slits were placed before the sample to suppress
the parasitic signal. The sample-to-detector distance was
adjusted to 2.50 m to cover the required scattering vector
range. The scattering patterns were recorded with an image
plate. The samples were placed in a 2.0 mm Lindeman
capillary tube. Due to the high intensity, the X-ray diffraction
pattern was not corrected for any background scattering. After
extraction and drying, the particles were observed by polarized
light optical microscopy and scanning electron microscopy
(SEM). The optical microscopy was performed with a polarizing
Leica DMR optical microscope coupled with a digital camera.
The SEM micrographs were obtained on a Hitachi S-5400 FEG
microscope, and the samples were fixed on a metallic plate by
a graphite tape. A gold thin film was sputtered onto the
samples before observation. Crystallization of the particles was
studied by means of in situ X-ray powder diffraction (XRPD)
with a Philips X-ray PanAnalytical X'pert-Pro (6—0) diffrac-
tometer coupled with a furnace. The diffractometer is equipped
with an Ni filter, X'celerator detector, and Cu Ko radiation
with a wavelength of 1.5405 A. The current was adjusted to
40 mA, and the potential was 40 kV. The furnace temperature
ramp was adjusted at 20 °C/min and 26 step at 0.033°. XRPD
patterns were recorded at 25, 200, and 300 °C, and from 5° to
50°, between 400 and 850 °C. TEM observation was performed
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Figure 1. Photos of the reaction vessels of samples A and B.
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Figure 2. SAXD pattern of SLC containing a zirconium
colloidal suspension after 48 h (dark line) and after 60 days
(dot line).

with a JEOL JEM 100 CXII transmission electron microscope
at an accelerating voltage of 100 kV. The sample drops were
deposited and dried on carbon-coated copper grids. Thermo-
gravimetry thermal analysis (TGA) was carried out under air
by using a TA TGA2050 high-resolution apparatus. The
nitrogen adsorption isotherm was measured at 77 K on a
Micromeritics 2010 sorptometer using standard continuous
procedures, and samples were first degassed at 150 °C for 15
h. Surface area was determined by the BET method in the
0.05-0.2 relative pressure range.

Results. The crystallogenesis process leads in both cases
to the formation of macroscopic needles with a mean shape
factor of at least 100 (see Figure 1). One may notice that
sample A prepared without the induction step presents fewer
but bigger particles (crystals length up to 2.0 cm) and their
growth occurred mostly from initial seeds at the air/liquid
interface. Sample B contains more but shorter crystals (crys-
tals length of 0.8 cm), and they are randomly dispersed in the
SLC. However, except this difference in size and reaction time,
all results further obtained with one sample were similar for
the others. We selected hereinafter the results regarding
sample B, but no difference in the microstructure of thermal
evolution was detected between both syntheses.

Figure 2 displays the SAXD pattern obtained on the
synchrotron beamline, for sample B, after 48 h (before crys-
tallogenesis) and after 60 days (with crystals inside). The
presence of four diffraction peaks characteristic of a hexagonal
structure (P6mm, a = 26.6 nm) confirms that the well-ordered
structure of the SLC is maintained all over the process and
that no change, except a slight increase in the cell parameter,
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Figure 4. SEM micrographs of crystallized fibers of sample B: particle (a) and a close view of a cross section (b).

is observed. These particles were observed after recovery by
means of optical microscopy (Figure 3a). All particles observed
at this scale present a needlelike structure with length varying
from 50 mm to more than 1 cm. The close observation of bigger
particles under polarized light reveals a birefringent character
(see Figure 3b). Observation by SEM (Figures 4 and SM.1 in
Supporting Information) reveals that these needles are actu-
ally made of aggregated fibers aligned along the main axis and
that this stacking creates interfiber voids whose average
diameter can be visually estimated to 20 nm (Figure 4b and
SM.1b). The weight losses observed in the TGA curve cor-
respond precisely to those of octahydrated oxychloride zirco-
nium ZrOCI,;*8H,0 (Figure SM.2 in Supporting Information).
The nature of the material is confirmed by the XRD pattern
of raw fibers extracted from the liquid crystal (Figure SM.3
in Supporting Information). Hence, it appears that the crystal-
lization of the sulfate zirconium colloids inside the aqueous
framework of the SLC leads first to fibers made of octa-
hydrated zirconium oxychloride.

The structural thermal evolution of the particles was
followed by in situ X-ray powder diffraction as a function of
the temperature. Figure 5 displays some X-ray patterns of
sample B selected at different temperatures. Starting at 25
°C with the structure of ZrOCI,*8H,0, a heating at 200 °C
induces the dehydration of the sample, giving an amorphous
structure up to 350 °C. At 400 °C, the material begins to
crystallize as the quadratic ZrO, (P4./nmc), and it evolves
progressively toward the monoclinic phase (P2,C) that begins
to be observed at 600 °C. Nevertheless, this evolution from
zirconium oxychloride to zirconia through an amorphization
step does not alter the general needlelike morphology, as it
can be checked by SEM on a sample calcined at 600 °C (Figure
6). Specific surface area and pore size as measured by N
adsorption/desorption isotherms show that these particles do
not exhibit any significant porosity (specific surface area close
to 2 m? g~1). However, a mean pore size calculated with the

4V/s formula (V, Nz adsorbed volume; S, specific surface area)
can still be estimated at 20 nm, in good correlation with the
SEM observation (Figure SM.4 in Supporting Information). A
closer analysis of these particles by TEM reveals that they
are made of well-organized nanocrystals stacked together
along the main axis of the needle (Figure 7).

Discussion

The stability of SLCs is based on a close equilibrium
between the quantity of organic swelling solvent (cyclo-
hexane) and the curvature radius of the cylindrical
micelle walls made of surfactant (N-cetylpyridinium
chloride in this case) and cosurfactant (1-pentanol). The
charge matching balance in the micelle wall, which
allows one to tune the final cylinder curvature, is
controlled by the presence of counterions in the aqueous
phase, that screen partly the repulsive charge between
surfactant heads.®® These counterions are usually brought
by a salt such as sodium chloride or sulfate added in
the aqueous phase. Instead of a neutral salt, one may
choose as SLC stabilizer a precursor of the expected
reaction. However, one must bear in mind that the
concentration of the precursor is limited by the general
geometry of the SLC and that it cannot be fixed
independently of it. A too small concentration would
prevent any percolation of a continuous framework and
would lead at best to single particles. Besides, the
advancement of the reaction consumes the precursors,
thus the SLC stabilizer, and can lead to its destabiliza-
tion before the formation of the expected inorganic
framework.
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Figure 5. X-ray patterns of sample B as a function of the
calcination temperature. *, quadratic ZrO, (85—1545); +,
monoclinic ZrO, (78—1807).

For the synthesis of zirconia particles, the reagent
itself, that is, the ZCS, substituted the stabilizing salt.
As stated before, the use of colloidal particles is a good
way to increase the overall concentration in precursors
without changing the ionic force of the aqueous phase.
Nevertheless, one must point out that the particle size
must accommodate the average thickness of the aqueous
network: all previous works upon the insertion of
colloidal particles reported their insertion into the
cylinders of the mesophase, not into the aqueous
phase.*142 Another possible drawback of this reaction
would be the growth of an isotropic solid if the SLC
could not confine it. That would preclude any shape-
directing effect of the mesophase. Our study confirms
that one can prepare a highly swollen hexagonal meso-
phase with the sulfate zirconium colloidal solution
(Figure 2). Indeed, the mesophase obtained with the
SZC and N-cetylpyridinium chloride exhibits the same
hexagonal structure as those obtained with sodium
salts: four peaks are clearly assigned to the hexagonal
P6mm group (cell parameter a = 27 nm).38 Moreover,
the growth of the zirconium oxychloride particles does
not impoverish the medium in a way that would modify
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ChemPhysChem 2003, 4, 526.
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Figure 6. SEM micrographs of ZrO; needles extracted from
sample A and calcined at 600 °C.

e

Figure 7. TEM micrograph of ZrO; fiber treated at 600 °C.

substantially the ionic force because this sample still
exhibits the same structure after 60 days of reaction
(Figure 2).

We performed parallel trials to study the possible
growth of zirconium oxychloride in bulk water. Surpris-
ingly, when the SZC was let alone at rest for several
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weeks, no reaction occurred and the solution remained
perfectly stable. The formation of particles was observed
only when the solubility of these colloids was decreased
by cooling the solution below 10 °C. In this case, the
particles exhibit a lamellar structure that does not
correspond to that observed in the SLC (see Figure SM.5
in Supporting Informatiobn). A similar trend is also
observed when one increases the concentration of the
colloidal solution.

In our study, the crystallization in the SLC leads to
the pristine formation of octahydrated zirconium oxy-
chloride. The origin of the chloride ions is the counter-
ions of CTPCI. Hence, the first action of the SLC is a
chemical effect with the exchange between chloride
counterions of CTPCI with the sulfate ions present in
the colloidal suspension, which, of course, cannot be
observed with the colloidal suspension alone. The
further crystallization process itself is based on a
classical nucleation and growth mechanism. The nucle-
ation is induced either by a local concentration increase
(crystallization of particles at the air—SLC interface for
sample A) or by the temperature (sample B at 56 °C at
4 h) when the mixture of the SZC with the surfactant
is left for several hours at moderate temperature before
the formation of the liquid crystal. As compared to
sample A, reactions performed with sample B allowed
us to obtain numerous but smaller crystals in a shorter
reaction time due to the formation of a larger amount
of seeds. This was verified with different samples left
at different temperatures (45 or 56 °C) for durations
between 2 and 8 h.

If the Kinetics of crystal formation depends on the
occurrence of the induction step, the micrographs of both
samples show that the morphology and the lateral
dimensions of the crystals do not. The formation of one-
dimensional particles must be closely related with the
anisotropy of the hexagonal swollen liquid crystal that
can form large single domains. Nucleation of zirconium
oxychloride is thus confined in the interspace between
the cylinders of the organic phase, and it leads to fibers
that will further aggregate inside the SLC with the
cylinders trapped by the solid framework at the origin
of the future pores of 20 nm in diameter, as revealed
by SEM (Figures 4.b and SM.1) and confirmed by N
isotherm measurements (Figure SM.4). Hence, the final
morphology of the needles appears as built from the
aggregation of smaller microfibers that grew along the
main axis of the hexagonal liquid crystal, fed by the
diffusion of colloids in the aqueous phase up to the first
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seeds, and further aggregated by trapping the oil
cylinders of the liquid crystal (Figure SM.1). The true
liquid crystal templating (LCT) mechanism is thus
confirmed, and it appears that it extends to dimensions
far longer than have been reported until now, because
crystals up to 2 cm can be observed.

Finally, the thermal treatment of the needles after
recovering from the SLC induces the dehydration of
ZrOClIy*8H,0 that leads to a total amorphization of
sample at 200 °C, but without any loss in the particle
morphology acquired during the fiber formation. The
initial shape is maintained all over the thermal treat-
ment, and the particles obtained at 600 °C and higher
exhibit the same needlelike shape. The zirconia needles
are made of nanodomains of perfectly crystallized zir-
conia.

We demonstrate in this report that the swollen liquid
crystal (SLC) that had been defined for anionic surfac-
tants can be prepared also by the use of cationic
N-cetylpyridinium chloride and used as a new nano-
reactor. Colloidal suspensions can be added into it and
lead to a continuous framework if they are suitably
destabilized. In our example, this approach allowed us
to produce crystalline ZrOCI,*8H,0 as well as ZrO,
needles after thermal treatment. These one- dimen-
sional particles appear to be good candidates for future
development as oxygen microprobes, for instance, once
yttrium doping will be achieved. This latter step is
presently in progress.
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