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Inverse opal (or three-dimensionally ordered macroporous,
3DOM) transition metal oxides, synthesized by colloidal crystal
templating (CCT), are particularly interesting because of potential
applications in catalysis, photocatalysis, sensors, photonic crystals
and electrode materials." For many of these applications, high
crystallinity (least amorphous character) is essential for device
performance.”? To achieve high crystallinity, one must heat treat
the amorphous as-made material to high enough temperatures for
full conversion to the crystalline state. 3DOM transition metal
oxides are generally synthesized from monodisperse colloids,*~”
typically silica or polymer, such as polystyrene. High temperature
treatments can be achieved when silica spheres are used for the
CCT but subsequent removal of this hard template can be tedious.
When polymer spheres are used for the CCT, one cannot go to
high temperatures and the template is usually calcined off around
400 °C. Subsequent increase in temperature, needed to further
crystallize the amorphous metal oxide, results in collapse of the
macroporous framework.® This is a significant drawback as polymer
spheres have been preferred to silica spheres as templates because
(1) the connectivity of the macropores can be controlled due to the
soft characteristics of polymer materials (7 of PS ~ 100 °C),” (ii)
the ease of removing the template (less steps) and (iii) the multitude
of available polymer colloidal sizes and shapes.

Here, we demonstrate that the method of using a combined
assembly by soft and hard (CASH) chemistries'® can be employed
to overcome the limitations of the polymer CCT approach for
preparing highly crystalline 3DOM metal oxides. In this novel
method, the amorphous metal oxide is structure-directed using a
polymer that has sp-hybridized carbon atoms that when heat treated
under an inert environment is converted to a sturdy amorphous
carbon material (evidenced by D- and G-bands in Raman spec-
troscopy as well as thermogravimetric analysis). This carbon acts
as a scaffold to the metal oxide structure, enabling high temperature
heat treatments without structural collapse. The carbon is subse-
quently removed by heating in air at moderate temperatures (~450
°C) to leave the stable and highly crystalline, structured metal oxide.
By using polymer spheres with sp>-hybridized carbon atoms, the
preparation of highly crystalline inverse opal structures can be
achieved. In this paper, Nb,Os and TiO, structures were fabricated
using a reverse-template infiltration technique based on the aqueous
liquid phase deposition (LPD)"'~'* of the metal oxide in the
interstitial spaces of a colloidal assembly.'* For these experiments,
carboxy-modified polystyrene spheres (PS) were used for the
CCT."> The CASH method can then be employed on the metal
oxide infiltrated PS colloidal assembly because of the presence of
sp>-hybridized carbon atoms in polystyrene. Styrene has previously
been used in a similar manner to make mesoporous carbon.'® Heat
treatment of this hybrid under an inert environment generates a
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Figure 1. XRD analysis of differently heat treated transition metal oxides:
(a) Nb,Os/PS hybrid heat treated at (i) 450 °C in air and (ii) 700 °C under
argon (bar markers: reflections for crystalline Nb,Os, PDF no. 27-1003);
(b) TiO2/PS hybrid heat treated at 700 °C under argon (bar markers: TiO»,
PDF no. 89-4921).

Figure 2. SEM images showing the effectiveness of the CASH method:
Nb,Os/PS hybrid heat treated at (a) 700 °C in air and (b) 700 °C under
argon (inset showing electron diffraction pattern); TiO»/PS hybrid heat
treated at (c) 700 °C in air and (d) 700 °C under argon (inset showing
electron diffraction pattern).

sturdy amorphous carbon support which allows for high temperature
treatments without collapse of the inverse opal metal oxide structure.
The in situ formed carbon is subsequently removed by heating in
air (see Scheme 1).

For the synthesis, carboxy-modified PS spheres were purchased
from Seradyn (10% by weight) with an average diameter of 291 +
5 nm. The colloidal assembly was grown on a silicon wafer using
the vertical LPD method. High colloidal crystallinity was confirmed
by the presence of a photonic bandgap centered around 630 nm
(orange/red). The spheres were infiltrated using a metal oxide
precursor, followed by hydrolysis. For Nb,Os and for TiO,
ammonium hexafluoroniobate [NH4NbF¢] and ammonium hexaflu-
orotitanate [(NH4),TiFs] were used as the metal precursors,
respectively. An aqueous solution of the metal precursor was reacted
with boric acid (pH 3) at 25 °C and the Si wafer with the PS
colloidal assembly was quickly immersed in this solution (see
Supporting Information for a more detailed procedure). This results

10.1021/ja802093u CCC: $40.75 [ 2008 American Chemical Society


http://pubs.acs.org/action/showImage?doi=10.1021/ja802093u&iName=master.img-000.png&w=234&h=99
http://pubs.acs.org/action/showImage?doi=10.1021/ja802093u&iName=master.img-001.jpg&w=234&h=140

COMMUNICATIONS

Scheme 1. Schematic Representation of the CASH Method and CCT?

“ The metal oxide infiltrated colloidal assembly is heat treated at high temperatures under an inert environment to give an in-situ formed carbon, which
acts as a rigid support to macrostructure of the highly crystalline metal oxide framework. The carbon is subsequently removed by heating in air to leave the

highly crystalline inverse opal metal oxides.

in the infiltration of the metal oxide into the interstitial spaces of
the PS colloidal assembly to form a metal oxide/PS 3DOM hybrid.
The resulting thin film appears near colorless due to the refractive
index matching of the PS spheres (7 = 1.6) with the metal oxide
and accompanying hydroxyl groups.

Removal of the PS spheres results in a highly ordered replica
consisting of the metal oxide frame (an inverse opal structure). To
this end, the 3DOM hybrid structures were first heat treated at 450
°C in air to simulate conventional CCT approaches. The resulting
photonic bandgap was centered around 470 nm (blue). Under these
conditions, however, the resulting degree of crystallinity strongly
depends on the metal oxide. While for TiO,, heating to 450 °C
may already lead to appreciable crystallinity, other oxides like
Nb,Os require heat treatment to higher temperatures. This is evident
from X-ray analysis of the Nb,Os/PS 3DOM hybrid heat treated at
450 °C in air which shows a broad baseline and no sharp reflections,
characteristic of poorly crystalline materials (see Figure la-i).
However, heat treating the Nb,Os/PS and TiO,/PS 3DOM hybrids
at 700 °C in air results in the collapse of the macrostructures as
evidenced from SEM imaging (see Figure 2a,c), consistent with
results from Yan et al.”

To overcome this problem, the CASH method was employed.
Here, heat treating the metal oxide/PS hybrids under an inert
environment converts the sp>-hybridized carbon atoms of PS to a
sturdy amorphous/graphitic-like carbon material that prevents the
collapse of the macrostructure. Heat treatment of the Nb,Os/PS
3DOM hybrid at 700 °C under argon results in highly crystalline
Nb,Os, identified as the orthorhombic phase: PDF no. 27-1003
(Figure 1a-ii). The crystallite size as calculated from the Debye—Scherrer
equation is 9.2 nm.'” For the TiO»/PS 3DOM hybrid, heat treatment
at 700 °C under argon resulted in highly crystalline anatase TiO,,
identified as the tetragonal phase: PDF no. 89-4921 (Figure 1b).
The crystallite size as calculated from the Debye—Scherrer equation
is 9.8 nm. SEM images of the Nb,Os and TiO, 3DOM hybrids
heated treated at 700 °C under argon show that the inverse opal
structure was indeed retained (Figure 2 panels b and d, respectively).
Electron diffraction on these materials also confirms the high degree
of crystallinity (see Figure 2b,d insets). The carbon is subsequently
removed by heat treating at 450 °C in air to leave the highly
crystalline inverse opal metal oxide structure. SEM images of these
structures look identical to Figure 2b,d (see Supporting Information).

To demonstrate the importance of high annealing temperatures,
we also heat treated the TiO,/PS 3DOM hybrids to 580 °C
(previously highest reported heat treatment temperature by Dong
et al."®) and 900 °C. In both cases the macroporous structure was
preserved and the crystal phase was anatase titania (see Supporting
Information). From XRD analysis with increasing temperature (see
Supporting Information), the estimated crystal domain sizes in-
creased from 8.4 (580) to 9.8 (700) and 12.2 nm (900 °C). This
shows that transition metal oxides like anatase titania become more
crystalline at higher temperatures, as expected.

In conclusion, we have shown the effectiveness of the CASH
method for CCT. Polystyrene (spheres) with sp>-hybridized carbon
atoms was first employed as a soft template method to form
macroporous metal oxides and then subsequently heat treated to
high temperatures under an inert environment to become a hard
template, which enables the formation of highly crystalline metal
oxides while retaining the macroporous structure. Although this
work only demonstrates this process for fabricating highly crystal-
line Nb,Os and TiO, inverse opals, we expect that this approach
can be applied to any three-dimensionally ordered macroporous
metal oxide using CCT which employs polymer spheres that have
sp>-hybridized carbon atoms. Furthermore, the versatility of the
CASH method should, in principle, be applicable to prepare other
highly crystalline three-dimensionally ordered macroporous materi-
als, where heat treatment to high temperatures is necessary.
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