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Hard templating (also called nanocasting) has emerged as
a powerful method for constructing new solid-state materials
with periodic order.">! Although silica can be prepared with
a variety of periodic structures (for example, lamellar,
hexagonal, cubic) and pore sizes by aqueous sol-gel methods
using a surfactant template, this method cannot generally
be applied to other materials.[*” This limitation stems from
the fact that the required precursor for many materials either
condenses too quickly, disrupts the organization of the
surfactant, or is not compatible with aqueous chemistry (for
example, in the preparation of metal nitrides). Sometimes
these problems can be overcome by using chelating ligands or
by a judicious choice of solvent and template.*'? On the
other hand, by using porous silica as a hard template, diverse
nanostructured materials may be obtained with a wide variety
of compositions (carbon, polymers, noble metals, and metal
oxides) after etching of the silica.'>'® The thermal stability of
silica also allows for the use of high-temperature treatments
to generate highly crystalline mesoporous products that may
be otherwise difficult to obtain.

The hard-templating approach has been applied to the
synthesis of various novel mesoporous materials. Yue et al.
recently reported the synthesis of mesoporous rutile and
anatase TiO, using SBA-15 silica as the hard template,!'”) and
other hard templates have been employed in the synthesis of
nanostructured titania.”” High-surface-area nanocrystalline
TiO, is of particular interest for applications, such as dye-
sensitized solar cells,”!! photocatalysts,*?! gas sensors,”! and
batteries.*"

The incorporation of high-surface-area anatase TiO, into
photonic structures is a further challenge that has recently
garnered attention.”?"! By using titania in colloidal crystals
and inverse opals, the high refractive index of TiO, (n =2.5-
2.9) can impart a complete photonic bandgap in these
materials.

To date, the synthesis of mesoporous materials has been
mainly limited to the ordered pore structures obtained from
the lyotropic liquid crystalline phases of surfactants and block
copolymers. We have recently developed a new class of
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mesoporous materials with chiral nematic pore structures
templated by the lyotropic liquid-crystalline phase of nano-
crystalline cellulose (NCC).”! Condensation of a silica
precursor (Si(OMe), in the current study) in the presence of
nanocrystalline cellulose affords a composite material in
which the SiO, surrounds NCC with a chiral nematic
organization. Upon removal of the cellulose template,
a porous silicate is obtained as a free-standing film that has
a long-range chiral nematic structure, resulting in photonic
properties. By varying the pitch of the chiral nematic
composites, mesoporous materials with tunable photonic
properties are obtained.

Herein, we present the synthesis of mesoporous anatase
TiO, using chiral nematic mesoporous silica films as a hard
template. We obtain free-standing films of mesoporous titania
with high specific surface areas (150-230 m?g~"). Structural
features of the chiral nematic silica template ranging from the
mesoscopic to macroscopic size regimes are retained in the
product, resulting in mesoporous TiO, films that reflect
circularly polarized light. To the best of our knowledge, this is
the first example of organizing a crystalline metal oxide into
a chiral nematic structure, a method that may be useful for
generating novel photonic and catalytic materials.

NCC was prepared by sulfuric acid hydrolysis of kraft
softwood pulp, resulting in sulfated cellulose nanocrystals.
NCC-silica composite films were prepared following
a recently reported procedure (a higher concentration of
NCC is used in the current study to give thicker films).?"!
Briefly, an NCC suspension in water was mixed with TMOS
(4 g TMOS/3 g NCC) and, after stirring at room temperature
for 1 h, the mixture was poured into polystyrene Petri dishes
and left to dry under ambient conditions. This gave chiral
nematic NCC-silica composite films with a reflectance peak
centered at about 800 nm.

NCC was initially removed from the NCC-silica compo-
site films by calcination at 540°C to give chiral nematic
mesoporous silica films (denoted as Si-Cal) with A, =
445 nm (Supporting Information, Figure Sla) and a BET
(Brunauer-Emmett-Teller) surface area of 650 m?g" (Fig-
ure 1a, Supporting Information, Table S1). The blue shift of
Amax Upon the removal of NCC is caused by both a decrease in
average refractive index and contraction of helical pitch.*”!
The NCC template ranges in width from 5-15 nm (TEM;
Supporting Information, Figure S2), which is larger than the
pore size for Si-Cal determined by N, adsorption (2-10 nm;
Supporting Information, Figure S3a). It therefore appears
that the contraction in helical pitch that occurs during
calcination is accompanied by a contraction in pore diameter.

Cellulose is readily hydrolyzed under strongly acidic
conditions. We recently showed that NCC can be removed
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procedure was confirmed by elemental
analysis (% C =0.23), thermogravimet-
ric analysis (TGA), and IR spectrosco-
py (Supporting Information, Fig-
ure S4).

The porosity of Si-Acid was studied
by N, adsorption, which shows
a type IV isotherm and BET surface

area of 471 m’g~" (Figure 1b; Support-
ing Information, Table S1). Si-Acid
shows a substantially larger pore diam-
eter and volume compared to Si-Cal

1.0

(Supporting Information, Figure S3b,
Table S1); the BJH (Barret-Joyner—
Halenda model) pore size distribution
for Si-Acid is fairly broad, with a peak
at 104 nm. This distribution closely
matches the range of NCC widths
measured by TEM indicating that
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Figure 1. a,b) Nitrogen adsorption/desorption isotherms for a) Si-Cal (®,0) and Ti-Cal (V¥,V),
and b) Si-Acid (e@,0) and Ti-Acid (V¥,V). Filled symbols: adsorption; empty: desorption.
c) Powder X-ray diffraction (PXRD) pattern for Ti-Acid. d) Energy dispersive X-ray (EDX) analysis

of Ti-Acid.

from organosilica composites by acid hydrolysis, resulting in
mesoporous films with larger pores (ca. 9 nm) compared to
silica films prepared by calcination.” In the current study we
used this approach to generate pure silica films with larger
mesopores to use as a hard template for TiO, (Scheme 1) to
investigate the effect of pore size on structural replication.

We tested several strong acids for removing cellulose from
NCCs-silica composite films and found that 12m HCI at 85°C
causes cellulose decomposition within the films leaving
behind an insoluble black residue, possibly consisting of
polyfuran byproducts. Following a brief treatment of the films
in strongly oxidizing conditions (5:1 H,SO,/H,0,), the black
residue is removed yielding iridescent mesoporous silica films
(denoted as Si-Acid). The complete removal of organic

Mesoporous Silica Mesoporous Titania

1. TiCl, Infiltration ¢,
2. Calcination
3. Silica Etching

Scheme 1. Synthesis of chiral nematic titania (Ti-Cal, Ti-Acid) from
chiral nematic mesoporous silica (Si-Cal, Si-Acid).
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acid hydrolysis avoids the pore con-
traction that occurs during calcination.
The mesoporous films obtained by acid
hydrolysis show selective reflection
centered at A,,,, =530 nm (Supporting
Information, Figure S1b) demonstrat-
ing that the chiral nematic structure of
the composite material is retained in
Si-Acid. The reflectance peak of Si-
Acid is red-shifted compared to Si-Cal, which further suggests
that less contraction occurs during NCC removal.

Previous reports of hard templating of TiO, have shown
that it is possible to replicate mesoscopic structures using this
approach. We wanted to know whether this approach could
be used to organize TiO, nanocrystals into a macroscopic
chiral assembly by simultaneously replicating features rang-
ing over different length scales, namely mesopores (nano-
meters), chiral nematic organization (micrometers), and free-
standing film morphology (mm to cm).

Titania replicas were synthesized using free-standing
chiral nematic mesoporous silica films with different pore
sizes, Si-Acid and Si-Cal, as hard templates (denoted as Ti-
Acid and Ti-Cal, respectively). The procedure employed was
a variation of that reported by Yue etall An aqueous
solution of TiCl, was loaded into the mesoporous silica films
using the incipient wetness method. After each loading step,
the films were dried and then annealed at 200°C. After the
final loading step, the silica-titania composite films were
calcined at 600°C to obtain a crystalline product. After
repeating the loading four times, pore filling fractions of 75 %
and 86% were found for Si-Cal and Si-Acid, respectively
(Supporting Information, Figure S5). The silica templates
were then removed with 2m NaOH,,), resulting in mesopo-
rous TiO,. The film morphology of the mesoporous silica
templates is retained in the TiO, replicas (Figure 2a,b),
although the TiO, films are somewhat smaller than the
original silica films. The removal of the silica template was
confirmed by IR spectroscopy (Supporting Information,
Figure S6) and by energy dispersive X-ray analysis (EDX;
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Figure 2. a) Photograph of Ti-Acid viewed under a left-handed circular
polarizing filter. b) Photograph of Ti-Acid viewed under a right-handed
circular polarizing filter. c) Polarized optical micrograph of a film of Ti-
Acid with crossed polarizers. d) Polarized optical micrograph of Ti-
Acid with crossed polarizers after the addition of ethanol.

Figure 1d). EDX analysis of the materials shows peaks
corresponding to Ti, O, and a trace amount of residual Si;
the Si/Ti ratio (w/w) averaged over multiple locations is about
1%. As a control, an additional sample (Ti-Control) was
prepared using identical conditions in the absence of any
silica hard template.

Powder X-ray diffraction (PXRD) confirms that the
templated TiO, products, Ti-Acid and Ti-Cal, are crystalline
anatase with no indication of other TiO, phases (Figure 1c;
Supporting Information, Figure S7a). On the other hand, the
TiO, synthesized without a template (Ti-Control) predom-
inantly formed rutile (Supporting Information, Figure S7b).
Although rutile is the most stable form of bulk TiO,,
calculations have shown that anatase becomes more stable
than rutile at crystal sizes below 15 nm.[*! Thus, for Ti-Acid
and Ti-Cal, nanoconfinement within the mesopores of the
silica templates induces anatase to form under conditions that
otherwise favor the formation of rutile.

Nitrogen adsorption measurements were performed on
the TiO, samples (Figure1; Supporting Information,
Table S1; for the BJH pore size distributions, see Figure S3).
The BET surface areas of Ti-Cal and Ti-Acid are 234 and
149 m?g~!, respectively, with corresponding pore volumes of
0.23 and 0.31 cm®’g™! and peak pore diameters of 2.5 and
7.9 nm. In contrast, the BET surface area of Ti-Control is only
18 m?g!, clearly demonstrating the importance of the hard
template for obtaining a high-surface-area mesoporous mate-
rial. It is interesting to note that the shapes of the adsorption
isotherms (Figure 1) and the relative magnitudes of surface
area, pore volume, and pore size for Ti-Acid and Ti-Cal
reflect those of the corresponding silica templates. This
demonstrates that the mesoporosity of the hard templates
affects the mesoporosity of the products. The specific surface
area and pore volumes of TiO, templated by chiral nematic
mesoporous silica compares well with TiO, that has been
templated by other mesoporous hosts.['*?]
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The hard-templated TiO, films are visibly iridescent
(Figure 2a), thus giving a good indication that the chiral
nematic structure of the mesoporous silica is retained to some
degree in the TiO, replicas. The iridescence of the Ti-Acid
films is more pronounced compared to the iridescence of the
Ti-Cal films. Additionally, the Ti-Acid films are generally
larger than the Ti-Cal films. These observations suggest that
long-range structural replication is more effective when using
Si-Acid as the template. The larger mesopores of Si-Acid may
allow for more efficient diffusion and even loading of the
titania precursor throughout the films, which in turn results in
better long-range replication when compared to Si-Cal. The
following discussion relating the optical and structural
properties of the mesoporous titania and silica films is
mainly limited to Ti-Acid and Si-Acid.

The iridescence of a chiral nematic structure results from
the selective reflection of circularly polarized light with
a handedness that matches that of the structure. The Ti-Acid
films were photographed using left-handed and right-handed
circular polarizing filters (LHP and RHP, respectively). The
films appear strongly iridescent under an LHP filter (Fig-
ure 2a) while they simply appear white when viewed under an
RHP filter (Figure 2b). This confirms the chiral nematic
origin for the iridescence of the films and shows that the left-
handed structure templated by NCC is preserved in the titania
replicas. The iridescence of the films is still present after
heating to 500°C, demonstrating that the long-range chiral
nematic structure is stable up to this temperature. However,
the films lose their iridescence after heating to 900 °C, which
may be due to structural rearrangement that occurs during
a transition from nanocrystalline anatase to rutile (TGA of
Ti-Acid suggests that this occurs around 600°C; see the
Supporting Information, Figure S8).

Scanning electron microscopy (SEM) further confirms the
transfer of the chiral nematic structure from Si-Acid to Ti-
Acid (Figure 3; see the Supporting Information, Figur-
es S9,510 for additional SEM images of Ti-Cal and Ti-
Acid). A repeating helical structure is observed perpendicular
to the surface of the films for both Si-Acid and Ti-Acid. One

Figure 3. Scanning electron micrographs of a,b) Si-Acid and c,d) Ti-
Acid. Views shown are a,c) perpendicular and b,d) parallel to the film
surface.
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major difference between Si-Acid and Ti-Acid is that the
former is amorphous while the latter is nanocrystalline. This is
clearly seen when comparing the surface of the films where
the surface of Ti-Acid appears much rougher owing to the
nanocrystalline morphology. The crystallization of TiO,
drives the formation of more globular particles compared to
the rod morphology of Si-Acid and the original NCC
template. Thus, the helical pitch of Ti-Acid appears less
ordered when compared to Si-Acid. We also observe a TiO,
“crust” coating some of the TiO, films, which is most likely
due to some of the TiCl, solution condensing on the surface of
the films as opposed to within the mesopores (Supporting
Information, Figure S10d). This is due to the imperfect
loading achieved using the incipient wetness technique and
could likely be overcome by using an alternative technique
such as atomic layer deposition.

Looking at Ti-Acid using polarized optical microscopy
(POM), the films are strongly birefringent, further confirming
the long-range anisotropy of the materials (Figure 2¢). Upon
addition of ethanol, the films remain birefringent, but POM
shows a large change in coloration (Figure 2d). This change is
reversible, and the films regain their original color when the
ethanol has evaporated. This marked change in birefringence
gives clear evidence that the pores of the mesoporous TiO,
are accessible to guest molecules and that pore infiltration can
cause a change in optical properties. The change in birefrin-
gence upon solvent loading of the TiO, films is markedly
different than for the SiO, films. When isotropic liquids (for
example, water or ethanol) are added to Si-Acid or Si-Cal, the
iridescence and birefringence of the films are almost com-
pletely shut off.?”l We have attributed this effect to refractive
index matching, as the refractive index of SiO, closely
matches those of the isotropic liquids that were investigated.
The refractive index of TiO,, however, is much higher than
that of SiO,. We therefore expect to see a smaller change in
the optical properties of the TiO, films upon soaking with
isotropic liquids. These findings demonstrate that the optical
response of porous chiral nematic materials can be tailored by
changing the optical properties of the “walls”.

To summarize, we have shown, for the first time, that
chiral nematic mesoporous silica can be used as a template to
synthesize titania. In this hard-templating method, structural
features are replicated at several length scales: 1) the titania is
mesoporous with a surface area and pore size that is
determined by the porosity of the starting silica template;
2) the material obtained selectively reflects left-handed
circularly polarized light, which indicates a chiral nematic
organization of the titania crystallites; and 3) the titania is
obtained as films with similar dimensions as the original silica
films. These novel highly porous films of titania may be
excellent materials for applications in dye-sensitized solar
cells, photocatalysts, sensors, and batteries. Using this hard-
templating method, we expect that other mesoporous metal
oxide structures with chiral nematic organization may be
prepared.

Angew. Chem. Int. Ed. 2012, 51, 6886 -6890

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

Experimental Section

The preparation of NCC-silica composite films and Si-Cal has been
reported previously.’”) See the Supporting Information for the exact
procedure used herein and for the preparation of Si-Acid.

TiO, replica films: A freshly prepared TiCl, solution (ca. 4.3Mm)
was added to the mesoporous silica using the incipient wetness
method. A volume of TiCl, solution equivalent to the pore volume of
mesoporous silica that was used was added to the silica films. For
example, Ti-Acid was prepared by adding 105 pL of TiCl, solution to
130 mg of Si-Acid (pore volume of Si-Acid: 0.81 cm*g™). The TiCl,
loaded films were then dried at 80°C for 30 min before heating to
200°C for 1 h under air to induce TiO, formation. This procedure was
repeated four times in total to ensure sufficient pore loading of the
films. After the final loading step, the TiO,/SiO, films were calcined at
600°C to facilitate TiO, crystallization giving 202 mg of TiO,/SiO,
composite films. The composite films were then placed in a2mM NaOH
solution for 18 h at 20°C to selectively remove the silica. The resulting
TiO, films were then recovered by filtration, washed with copious
amounts of water, and allowed to air dry giving 117 mg of Ti-Acid. Ti-
Cal was prepared by an analogous procedure. Ti-Control was
prepared by the same procedure in a vial that did not contain any
mesoporous silica template.
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