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Inverse opal ceria (CeO,) films and powders, exhibiting three-dimensional ordered macroporous (3DOM)
structures and a photonic band gap (PBG) in the visible region, were successfully fabricated using the
colloidal crystal template approach. Colloidal crystals templates, comprising polymethylmethacrylate
(PMMA) spheres of diameter ~325 nm arranged on a face-centered cubic (fcc) lattice, were prepared by
self-assembly from aqueous colloidal suspensions of PMMA spheres. After drying, the interstitial spaces
in the PMMA colloidal crystals were filled with a ceria sol-gel precursor, and then the resulting structure
calcined at 400 °C to remove the polymer template. The ceria inverse opals obtained were characterized
by SEM, XRD, BET, porosity, and UV-vis transmittance measurements and showed fcc ordering of
macropores (diameter around 240 nm) within a CeO, nanocrystal matrix. The CeO, volume fraction in
the inverse opals was 17-18 vol %, and its surface area was 51 m? gfl. Both the PMMA colloidal
crystals and CeO; inverse opals behaved as 3-dimensional photonic crystals, with PBGs at 877 and 485
nm, respectively. Filling the macropores of the CeO, inverse opal with solvent caused a redshift in the
position of the PBG, with the magnitude of the shift being directly proportional to the refractive index
of the solvent. Refractive index sensing with a sensitivity of n = 0.001 or better is achievable using
inverse opal CeO; thin films. Inverse opal CeO, powders showed improved thermal stability at 800 °C
compared to non-networked ceria nanoparticles of similar initial crystallite size and surface area, suggesting
that inverse opal architectures may be useful in applications where retention of large surface area during
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high temperature operation is important (e.g., heterogeneous catalysis).

Introduction

Photonic crystals are highly ordered structures with a
periodically modulated refractive index, with periods typi-
cally on the length scale of optical wavelengths (380-750
nm). Periodicity may exist in one, two, or three dimensions
and affects the propagation of electromagnetic waves in the
material because of the Bragg diffraction on lattice planes.
The result is a photonic band gap (PBG or stop band),'”” a
band of frequencies for which light propagation in the
photonic crystal is forbidden (i.e., periodicity causes partial
or total suppression of photon density of states (DOS) for
certain frequencies of electromagnetic radiation). A complete
photonic band gap occurs when a range of frequencies is
forbidden for every state of polarization and propagation
direction.'™” Because of their ability to confine, control, and
manipulate photons in up to 3D, a wide variety of applica-
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tions are envisioned for PBG materials (including optical,
electro-optical and quantum electronic devices). Before their
full potential can be realized, improved and inexpensive
methods for the fabrication of highly ordered 3D photonic
crystals must be developed.

Photonic crystals have traditionally been fabricated using
either top-down (microlithography) or bottom-up (self-
assembly) approaches. Fabrication of 1D or 2D photonic
crystals using microlithography is relatively straightforward,
but technical challenges and obstacles exist to the fabrication
of 3D lattices with long-range order.®* ' For this reason,
researchers generally prefer the bottom up approach, and in
particular the colloidal crystal template method,''° for the
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fabrication of 3D photonic crystal structures. The colloidal
crystal template method comprises three common steps. In
the first step, a 3D colloidal crystal template (i.e., a synthetic
opal) is prepared by the self-assembly of monodisperse silica
or polymer (polystyrene or PMMA) spheres on a face-
centered cubic (fcc) lattice.''™ The resulting colloidal
crystal is typically 74% solid and 26% air by volume. A
photonic band gap exists in the [111] direction for fcc
arrangements of spheres®’ and will occur in the visible
region for silica or polymer spheres with diameters between
180 and 350 nm. In the second step, the interstitial space in
the colloidal crystal is filled with a dielectric material, using
sol-gel, chemical vapor deposition (CVD), electrocrystalli-
zation, or nanoparticle infiltration methods.'*2° Finally, the
colloidal crystal template is removed by wet chemical etching
(for SiO; or polymer spheres) or calcination (for polymer
spheres only). The resulting inverted replica of the original
colloidal crystal, commonly termed an inverse opal, com-
prises a 3D fcc array of air spheres (macropores) in a
dielectric matrix."*° Inverse opals of appropriate spatial
periodicity will exhibit a PBG for diffraction from (111)
planes in the visible region. The position of the PBG and
hence observed reflected color depends on the periodicity
in the [111] direction, the refractive index and volume
fraction (typically 10-26 vol %) of the dielectric wall
material, the refractive index of the medium filling the
macropores (typically air) and the incident angle of light with
respect to the (111) surface normal. If the refractive index
contrast between the wall and pore materials is sufficiently
large (nya/nair > 2.9), inverse opal materials may exhibit a
complete photonic band gap. Silicon and germanium inverse
opals with a complete 3D PBG in the near-IR region have
already been demonstrated.'®~'® Optical applications for these
and other inverse opal photonic crystal materials are presently
being explored. The cracking of colloidal crystal templates
on drying, which introduces structural defects that are
propagated in the inverse opal replicas, remains the chief
technical barrier to the commercialization of complete PBG
inverse opal materials and devices.

Aside from their fascinating optical properties, inverse opal
materials are attracting attention because of their inherent

(18) Tétreault, N.; Miguez, H.; Ozin, G. A. Adv. Mater. 2004, 16, 1471—
1476.

(19) Schroden, R. C.; Al-Daous, M.; Blanford, C. F.; Stein, A. Chem. Mater.
2002, 74, 3305-3315.

(20) Wu, Q. Z.; Shen, Y.; Liao, J. F.; Li, Y. G. Mater. Lett. 2004, 58,
2688-2691.

(21) Waterhouse, G. I. N.; Waterland, M. W. Polyhedron 2007, 26, 356—
368.

(22) Huisman, C. L.; Schoonman, J.; Goossens, A. Sol. Energy Mater. Sol.
Cells 2005, 85, 115-124.

(23) Halaoui, L. I.; Abrams, N. M.; Mallouk, T. E. J. Phys. Chem. B 2005,
109, 6334-6342.

(24) Rodriguez, I.; Atienzar, P.; Ramiro-Manzano, F.; Meseguer, F.; Corma,
A.; Garcia, H. Photonics Nanostruct. 2005, 3, 148-154.

(25) Scott, R. W. J.; Yang, S. M.; Chabanis, G.; Coombs, N.; Williams,
D. E.; Ozin, G. A. Adv. Mater. 2001, 13, 1468-1472.

(26) Prasad, T.; Mittleman, D. M.; Colvin, V. L. Opt. Mater. 2006, 29,
56-59.

(27) Kuo, C.-Y.; Lu, S.-Y.; Chen, S.; Bernards, M.; Jiang, S. Sens.
Actuators, B 2007, 124, 452-458.

(28) Kuo, C.-W.; Shiu, J.-Y.; Kung, H. W.; Chen, P. J. Chromatogr., A
2007, 1162, 175-179.

(29) Ren, M.; Ravikrishna, R.; Valsaraj, K. T. Environ. Sci. Technol. 2006,
40, 7029-7033.

Waterhouse et al.

structural and physical properties, such as high surface area
and 3D ordered macroporous structure (3DOM), which
makes them desirable for many applications including dye-
sensitized solar cells,?>2* sensors,”> 2’ microfluidic de-
vices,?® separation,28 and catalysis.29 In this regard, the
fabrication of inverse opal ceria (CeO,) warrants investiga-
tion, because CeO, and ceria-based materials are utilized in
many areas of technological importance. CeO, crystallizes
with the fluorite structure (Fm3m, Z =4, a = 5.4087-5.411
A)*® and is a key component of automotive three-way
exhaust catalysts because of its high oxygen storage capacity
(0SC),*" which derives from its ability to undergo rapid
reversible redox cycles of the type CeO, <> CeO,—, + 1,0,
in response to changes in oxygen availability. Ceria-
supported metal nanoparticle catalysts are also active for
methane reforming,32 ethanol reforming,33’36 CO oxidation,>’
and the water gas shift reaction.”®* The performance of ceria
in most applications depends strongly on the shape and size
of the CeO, particles. For example, nanocrystalline ceria
increases the activity of gold nanoparticles for CO oxidation
by 2 orders of magnitude compared to micron sized ceria
supports.®” Accordingly considerable research effort contin-
ues to be directed toward the synthesis of CeO, powders
with improved physicochemical properties,®™** and in
particular small crystallite size, large surface area, large OSC,
and high sintering resistance. To date, only one study
examining the fabrication and physicochemical properties
of inverse opal CeO, has appeared in the literature,?
justifying further research in this area. No information about
the optical properties of inverse opal ceria is presently
available. CeO; is expected to be useful for photonic crystal
optical applications as it has a high refractive index (n =
2.4) and good transparency in the visible and near-IR
region.*?

The present paper describes the fabrication of inverse opal
CeO, films and powders, using sol-gel procedures and
PMMA colloidal crystals as templates. Through detailed
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characterization of the physical, structural and optical proper-
ties of ceria inverse opals, we hoped to ascertain the general
suitability of this material for advanced optical and catalytic
applications.

Experimental Section

Materials. Methyl methacrylate (99%), 2,2'-azobis(2-methyl-
propionamidine) dihydrochloride (97%), concentrated HC1 (37%
in water), Ce(NO3)3.6H,O (99%), citric acid (99%), urea (98%),
ammonia (28% in water), CeO, powder (99.9%, <5 um), and all
organic solvents were obtained from Aldrich and used without
further purification.

Synthesis of Polymethylmethacrylate (PMMA) Spheres. Mon-
odisperse PMMA spheres with a diameter of approximately 325
nm (as determined by SEM) were prepared by the free-radical-
initiated emulsion polymerization of methyl methacrylate.'?!
Briefly, methyl methacrylate (400 mL) and milli Q water (1.6 L)
were added to a 3 L round-bottomed flask. Nitrogen gas was then
slowly bubbled through the resulting two-phase system and vigorous
mechanical stirring of the emulsion commenced. The emulsion was
then heated to 70 °C, whereupon 2,2'-azobis(2-methylpropionami-
dine) dihydrochloride (1.5 g) was added and polymerization of the
methyl methacrylate commenced. The temperature of the reaction
mixture increased initially on introduction of the initiator, but then
stabilized after approximately 30 min. After stabilization, the
reaction mixture was maintained at the initial temperature of 70
°C for 2 h. Heating was then discontinued, and the reaction mixture
allowed to cool to room temperature over 3—4 h under a nitrogen
purge. The resulting colloidal suspensions of PMMA spheres
(approximately 20 wt % PMMA in water) were filtered through a
glass wool plug to remove any large agglomerates and stored in
PET plastic bottles for later use.

Colloidal Crystal Template Preparation. Colloidal crystal
templates comprising PMMA spheres arranged on a face-centered
cubic (fcc) lattice were fabricated using two methods.

(1) Centrifugation. PMMA colloidal suspensions were loaded
into 50 mL plastic falcon tubes, then centrifuged at 1500 rpm (rcf
369) for 24 h. The supernatant was then carefully removed by
decantation, and the colloidal crystals left to dry in air at 25 °C for
1-2 weeks.

(2) A flow-controlled vertical deposition method.'*'* This
method was used to deposit thin PMMA colloidal crystals on glass
microscope slides for UV-vis transmittance measurements. Briefly,
a colloidal suspension of PMMA spheres (100 mL, 4 wt % PMMA
in H,O) was prepared and poured into a glass beaker. Several glass
microscope slides were immersed vertically in the colloidal
suspension, after which a peristaltic pump was used to slowly
remove the colloidal suspension (pump rate about 0.2 mL min~").
As the liquid level in the beaker decreased a thin PMMA colloidal
crystal film of approximately 10 um thickness deposited on the
glass slides.

Ceria Inverse Opal Preparation. CeO, inverse opals were
prepared by filling the voids in PMMA colloidal crystal templates
with a ceria sol—gel precursor, then calcining the resulting CeO,/
PMMA composite to remove the PMMA template. For the
preparation of inverse opal CeO, powders, the filling of the voids
in the colloidal crystal template was achieved using a vacuum-
assisted infiltration method.'>'~2' Briefly, PMMA colloidal crystals
(5 g) prepared by centrifugation were lightly crushed with a metal
spatula to give fractured pieces of size <2 mm, which were then
deposited in a thin layer on filter paper in a large Biichner funnel.
With a strong vacuum applied to the Biichner funnel, a ceria sol-gel
precursor solution containing Ce(NO3);+6H,0 (2.17 g) and citric
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acid (1.05 g) in ethanol (10 mL) was applied dropwise over the
surface of the PMMA layer. Infiltrated samples were then left to
hydrolyze and gel in air at 25 °C for 24 h. The resulting CeO,/
PMMA composites were then calcined using the following protocol;
samples were ramped in air from 25 to 300 °C at 2 °C min~'; held
at 300 °C for 2 h; ramped from 300 to 400 °C at 2 °C min~!; held
at 400 °C for 2 h; and then finally allowed to cool to room
temperature over 3—4 h. The inverse opal CeO, powders obtained
exhibited visible opalescence under incident white light.

For UV-vis transmittance measurements, inverse opal CeO, films
were fabricated using PMMA colloidal crystals grown on glass
microscope slides. PMMA templates were infiltrated by carefully
placing a few drops of the ceria sol-gel precursor solution, diluted
10-fold in ethanol, on one edge of the colloidal crystal. Capillary
forces quickly drew the sol-gel mixture into the voids in the PMMA
template. The infiltrated crystal was then aged for 24 h under
ambient conditions, and then calcined in accordance with procedure
described above.

Ceria Nanoparticle Preparation. Ceria nanoparticles were
prepared from Ce(NOj3);°6H,O using two common literature
procedures,*®*® and used as reference materials. A first preparation
of ceria nanoparticles (denoted as Prep 1 CeO, nanoparticles in
the text below) was obtained by the urea gelation precipitation
(UGP) method.*® Ce(NO3);+6H,0 (0.175 M) and urea (4 M) were
dissolved in 1 L of milli Q water at room temperature. Under
vigorous stirring, concentrated aqueous NHj3 (30 mL, 28 wt %)
was added dropwise at a rate of approximately 1 mL min~'. After
addition of all the NHj, the resulting solution was brought to the
boil and maintained at boiling for 8 h. Milli Q water was added
periodically to maintain a constant volume of 1 L. After 8 h, the
boiling was discontinued and the precipitate formed collected by
vacuum filtration on a Biichner funnel. The precipitate was washed
repeatedly with milli Q water and then dried in air at 100 °C for
12 h. Calcination at 400 °C for 2 h yielded CeO, nanoparticles of
average diameter 12.9 nm and specific surface area 74.5 m* g '.
A second preparation of CeO, nanoparticles (denoted as Prep 2
CeO, nanoparticles in the text below) was obtained by the slow
dropwise addition of concentrated aqueous NH3 (35 mL, 28 wt %)
to a vigorously stirred solution of 0.1 M Ce(NO3)3*6H,0 (400 mL)
at 100 °C.® The precipitate obtained at pH 8-9 was aged for 1 h
at 100 °C in the mother liquour and then collected by vacuum
filtration on a Biichner funnel. After repeated washing with milli
Q water the precipitate was dried at 100 °C for 12 h. Calcination
at 400 °C for 2 h yielded CeO, nanoparticles of average diameter
13.5 nm and specific surface area 32.9 m* g~ '.

Characterization. Specimen morphologies were examined using
a Philips XL-30 field-emission gun scanning electron microscope
(FEGSEM). All micrographs were collected at an electron gun
accelerating voltage of 5 kV. Specimens were mounted on black
carbon tape and platinum sputter coated for analysis.

Powder X-ray diffraction patterns were collected using a Philips
PW-1130 diffractometer, equipped with a Cu anode X-ray tube and
a curved graphite filter monochromator. XRD data was collected
from 26 = 2-100° (0.02°, 2° min~ ") using Cu Ko X-rays (A =
1.5418 A). The ceria lattice parameter (a) was obtained from the
powder XRD data by plotting the lattice parameter a =

dhk,\/h2 + k> + I* calculated for each (hki) reflection against cos”
0. Extrapolation to cos? @ = 0 yields the lattice parameter to within
0.005% accuracy.*® Ceria crystallite sizes (L) were determined from
the powder XRD data using the line width of the ceria (111)
reflection and the Scherrer equation.

N, adsorption isotherms were determined at liquid nitrogen
temperature (—195 °C) using a Micromeritics Tristar 3000 instru-
ment. Specific surfaces areas were calculated from the N, adsorption
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Figure 1. SEM micrographs of (a, b) a PMMA colloidal crystal thin film
and (c, d) an inverse opal CeO, thin film. Micrographs on the left were
taken at 50 000x (scale bar = 1 um), those on the right at 100 000x
magnification (scale bar = 500 nm). Both the PMMA colloidal crystal and
inverse opal ceria films show a fcc arrangement of spheres, with their fcc
(111) planes parallel to the underlying glass substrate.

data according to the Brunauer—Emmett-Teller (BET) method.
Cumulative pore volumes and pore diameters were calculated from
the adsorption isotherms by the Barrett—Joyner—Halenda (BJH)
method. Samples were degassed at 200 °C for 2 h under a dry N,
gas purge prior to the N, adsorption measurements.

UV-vis transmittance spectra were recorded over the range
200-1000 nm on a Shimadzu U-3101PC spectrophotometer,
equipped with a custom-built sample holder for angle-resolved
UV-vis transmittance measurements.

Results and Discussion

SEM Characterization of the PMMA Colloidal Crystal
Templates (Synthetic Opals) and CeO; Inverse Opals. The
PMMA colloidal crystal templates fabricated in this study
exhibited strong opalescence under incident white light,
visible evidence of their long-range 3D order. Figure la
and b show SEM micrographs taken from a PMMA
colloidal crystal film deposited on a glass microscope
slide. The images show a fcc arrangement of monodisperse
PMMA spheres with diameter ~ 325 nm, whose (111)
planes are oriented parallel to the underlying glass
substrate. Figure 1b shows the necking of the PMMA
spheres to their nearest neighbors and also the arrangement
of spheres in the underlying layer. The center-to-center
distance between spheres on the individual (111) planes,
measured directly from the SEM images, is approximately
395-400 nm. SEM micrographs taken from PMMA
colloidal crystal powders showed a similar fcc ordering
of spheres (not shown).

CeO; inverse opal films displayed an indigo-blue opales-
cence under white light illumination, confirming the success
of the colloidal crystal templating procedure. Images ¢ and
d in Figure 1 show SEM micrographs for a ceria inverse
opal thin film. The film exhibits a 3D ordered macroporous
structure comprising interconnected macropores arranged on
a fcc lattice. The center-to-center distance between the
macropores on the (111) planes is ~240 nm, and the ceria
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Figure 2. SEM micrographs of inverse opal CeO, powders: (a, b)
as-prepared inverse opal CeO, powder and (c, d) inverse opal CeO, powder
after calcination at 800 °C for 4 h. Micrographs on the left were taken at
20 000x (scale bar = 2 um), those on the right at 100 000x magnification

(scale bar = 500 nm). The 3DOM structure of the ceria inverse opal remains
after calcination at 800 °C.

fraction of the inverse opals is around 17-18 vol % (these
values are estimated directly from the micrographs). The dark
areas within the macropores result from the necking of
PMMA spheres in the colloidal crystal template (cf. Figure
1b). Removal of the polymer template by calcination caused
a large shrinkage of the fcc lattice. This can be seen by
directly comparing Figure 1b with Figure 1d (images taken
at the same magnification). In the case of the inverse opal,
the center-to-center distance (D) between neighboring
macropores on the individual (111) planes was approximately
40% smaller than the corresponding distance between spheres
in the colloidal crystal template. The shrinkage likely
originates from thermal decomposition of the citric acid
chelator during the calcination step. Comparable shrinkage
was reported by Wu et al. for 3DOM CeO, powders prepared
from polystyrene colloidal crystal templates.*”

SEM images taken from the as-prepared inverse opal CeO,
powders (images a and b in Figure 2) were similar to the
films in terms of macropore diameters. Well-defined steps,
facets, and terrace structures are evident in the micrographs,
and result from the intentional crushing of the PMMA
colloidal crystal prior to infiltration with the ceria sol—gel
precursor. Note that fracture occurred along well-defined
crystallographic planes in the fcc lattice. The ceria volume
fraction in the powders is slightly lower than that observed
for the films (cf. Figure 2b and Figure 1d, respectively),
which relates to the different methods used to infiltrate the
respective PMMA colloidal crystal templates with the ceria
sol-gel precursor (see experimental section).

Most applications using ceria require high-temperature
operation (up to 900 °C).**° Therefore, it is important to
investigate the thermal stability of inverse opal ceria. Images
c and d in Figure 2 present SEM micrographs of a ceria
inverse opal particle after calcination at 800 °C for 4 h.
Remarkably, the macroporous 3D structure of the inverse
opal was largely unaffected by the high temperature treat-
ment. The effect of calcination on the physical and structural
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Figure 3. X-ray powder diffractograms for (a) as-prepared inverse opal
CeO, powder; (b) Prep 1 CeO, nanoparticles; (c) Prep 2 CeO, nanoparticles;
and (d) a micrometer-sized CeO, powder. The line-broadening observed
for the inverse opal CeO, powder and nanoparticle preparations results from
size-induced relaxation effects and an increase in the lattice parameter.

properties of the ceria inverse opal is examined in further
detail below.

Structural Characterization of the CeQO, Inverse
Opals. The structural form of ceria in the walls of the inverse
opal is of interest, since for most technological applications
ceria nanoparticles are preferred.>*=° XRD patterns taken
from the as-prepared CeQO; inverse opal, ceria nanoparticles
prepared using two common literature routes and a micron
sized ceria powder are shown in Figure 3. The diffractograms
all contain peaks characteristic for cubic Ce0,, >+ although
in the case of the ceria inverse opal (Figure 3a) and
nanoparticle preparations (plots b and c in Figure 3), the
peaks are broader and shifted slightly to lower 26 values
compared to the micron sized powder (Figure 3d). The line
broadening and 26 shifts observed for nanometer-sized ceria
particles result from size-induced lattice relaxation effects
and an increase in the lattice parameter.**!

Unit-cell parameters and average crystallite sizes extracted
from the diffractograms of Figure 3, as well as specific
surface areas and porosity data collected for each sample,
are summarized in Table 1. Corresponding data obtained after
the calcination of each sample at 800 °C for 4 h is also
provided, and is discussed below. Results show that the as-
prepared CeO; inverse opal comprises ceria nanocrystals with
average diameter 9.4 nm and a lattice parameter of 5.419 A
(Table 1). The lattice parameter was approximately 0.2%
larger than that determined for the micron sized ceria powder
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(5.410 A), evidence of size-induced lattice expansion. Bulk
ceria is reported to have a lattice parameter a = 5.4087-5.411
A% in excellent agreement with the value of 5.410 A
determined here. The specific surface area of the ceria inverse
opal was 51.0 m* g~ ' and the cumulative pore volume 0.124
cm?® g~ !. The ceria nanoparticle preparations (Prep 1 and 2)
and inverse opal exhibited comparable initial ceria crystallite
size and lattice parameters, although significant differences
were found between the samples in terms of their specific
surface area and porosity (Table 1). Preparation method thus
strongly influences the physicochemical properties of nanoc-
rystalline ceria, in agreement with previous literature
1rep01rts.3 2

Calcination at 800 °C increased the average size of the
ceria crystallites in the walls of the inverse opal from 9.4
to 38.3 nm, and caused a concomitant decrease in the
lattice parameter, specific surface area and cumulative pore
volume (Table 1). By SEM, no visible differences were
seen between samples before and after calcination (Figure 2).
Thus, the ceria crystallite size, lattice parameter, BET
surface area, and cumulative pore volume have little
relationship to the geometry of the inverse opal macropores.
High temperature treatment had a similarly adverse affect
on the physical properties of two ceria nanoparticle
preparations, especially preparation 2, which suffered a
catastrophic 93% loss of surface area after calcination at
800 °C (Table 1). Retention of a large surface area during
high temperature operation is a key requirement of ceria
materials for most applications.’**° Inverse opal ceria
appears to be preferable to non-networked ceria nanopar-
ticles in this regard, because the inverse opal retains a
3DOM structure at high temperature (images ¢ and d in
Figure 2) that limits the extent of ceria densification.

Optical Properties of the PMMA Colloidal Crystals
and CeO; Inverse Opals. The position of photonic band
gaps (PBGs or stop bands) in fcc photonic crystals can be
estimated using a modified form of Bragg’s law which takes
into account refraction of light in the periodic structure and
the incident angle of the incoming light''~%°

2dhk1 2 .2
= Vng,,” — sin’ 0 (1)

where An. is the wavelength of the reflectance peak
maximum (i.e., the position of the PBG), djy is the
interplanar spacing between (hkl) planes, m is the order of
the Bragg diffraction, n,., is the average refractive index of
the photonic structure, and 6 is the angle between the incident
light and the surface normal of the sample. The average
refractive index is calculated using the formula n,y; = [Pnsoiia
+ (1-¢)nyoial, where ¢ is the solid volume fraction and nyjiq
and n,.q are the refractive indices of the solid and void
materials, respectively (¢ is generally around 0.74 for a fcc
colloidal crystal lattice and typically varies between 0.1 and
0.26 for inverse opal structures). The PMMA colloidal crystal
films, and their inverse opal ceria replicas, show a fcc
arrangement of spheres, with their fcc (111) planes parallel
to the underlying glass substrate (Figure 1). In the case of
first-order Bragg diffraction from fcc (111) planes, d;;; =
0.8165 D, where D is the average center-to-center distance
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Table 1. Physical Properties of Inverse Opal Ceria and Reference Ceria Powders”

Waterhouse et al.

calcination conditions

lattice parameter,

crystallite

surface area

cumulative pore

average pore

CeO; sample temperature (°C) time (h) a (A) diameter, L (nm) (m’g Y volume (cm® g™ ') diameter (nm)

inverse opal 400 2 - asprepared 5.419 9.4 51.0 0.124 9.7

800 4 5.410 (—0.2%) 38.3 (+407%) 182 (—64%)  0.057 (—54%) 12.5 (+29%)
nanoparticles (Prep 1) 400 2 - asprepared 5.415 12.9 74.5 0.232 17.7

800 4 5.411 (—0.1%) 30.5 (+236%) 17.9(=76%)  0.142 (—39%) 28.3 (+60%)
nanoparticles (Prep 2) 400 2 - asprepared 5.415 13.5 329 0.025 9.3

800 4 5.410 (—0.1%) 40.3 (+298%) 24 (—93%)  0.013 (—48%) 28.9 (+310%)
powder <5 um (Aldrich) 400 2 5.410 2.5 0.011 18.6

800 4 5.410 (0%) 2.3 (—8%) 0.011 (0%) 18.6 (0%)

“ Percent change in each parameter after calcination at 800 °C for 4 h is given in parentheses.

between spheres on the (111) planes. Thus, eq 1 simplifies
to give

A = 1.633Dn,, 2 — sin® 0 )

Equation 2 indicates that by varying D, n,,, or 6, we can
change the wavelengths of light allowed to propagate through
fcc photonic crystals. Experimentally, D and n,, are
determined by measuring the position of the reflectance
maximum (A, at different angles of incidence, and plotting
A% against sin0. If Bragg diffraction conditions are
satisfied, a straight line will result with slope = —(1.633)?D?
and y-axis intercept = (1 .633)2D2navg2. From the experimen-
tally determined 7,y the solid volume fraction ¢ can be
calculated.

Figure 4 shows UV-vis transmittance spectra collected
from a PMMA colloidal crystal thin film in air at different
angles of incidence (6 = 0-25°) with respect to the surface
normal of the (111) plane. At normal incidence (6 = 0°), an
intense stop band (transmittance minimum) is observed at
877 nm, arising from first order Bragg diffraction from (111)
planes of the PMMA colloidal crystal. The normalized width
of the PBG, calculated by dividing the fwhm of the PBG
peak (A4) by the position of the PBG peak (Ai.x), was 0.086.
Fabry—Perot oscillations are observed on the high wavelength
side of the (111) stop band.*® From the spacing of the
oscillations, a PMMA colloidal crystal film thickness of
around 10 um was determined (approximately 30 layers of
PMMA spheres). Other bands, with wavelength ratios with
respect to the (111) stop band position of 0.483, 0.500, 0.522,
0.556, were also observed in the low wavelength region
(400-500 nm, not shown) and caused by optical diffraction
of light by the PMMA colloidal crystal.'' In agreement with
eq 2, the position of the PBG for diffraction from fcc(111)
planes shifted to shorter wavelengths as the incident angle
(0) of light increased.

Figure 5 shows a plot of limversus sin’6 for the
PMMA colloidal crystal. The data clearly obeys the
modified Bragg’s law expression given in eq 2. From the
analysis, a center-to-center distance (D) between spheres
on the individual (111) planes of 398 nm was determined,
identical to that estimated from the SEM image of Figure
1b. The average refractive index of the colloidal crystal
was 1.350, and thus the volume fraction (¢) of PMMA
spheres in the structure is 71% (since npyma = 1.492).
The value of 71% is close to the theoretical value of 74%

(46) Jiang, P.; Bertone, J. F.; Hwang, K. S.; Colvin, V. L. Chem. Mater.
1999, /1, 2132-2140.
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Figure 4. UV-vis transmittance spectra collected at different angles of
incidence from a PMMA colloidal crystal film with D = 398 nm, where
D is the center-to-center distance between spheres on fcc (111) planes.
Angles of incidence were measured with respect to the surface normal
of the (111) planes. At normal incidence (6 = 0°), the colloidal crystal
exhibits a PBG at 8§77 nm due to Bragg diffraction on fcc (111) planes.
The position of the PBG shifted progressively to shorter wavelengths
as the angle of incidence increased (the spectra were taken consecutively
with 5° increments).

expected for a fcc arrangement of solid spheres. The small
difference between the experimental and theoretical values
is readily explained by the necking of the PMMA spheres,
which acts to increase the void volume fraction in the
colloidal crystal.

Angle-resolved UV-vis transmittance spectra collected in
air from a CeO; inverse opal thin film are shown in Figure
6. At normal incidence (@ = 0°), the inverse opal exhibited
a PBG at 485 nm, which we assign to first order Bragg
diffraction from the (111) planes of the fcc inverse opal
structure. The normalized band gap width (AA/Amax) is 0.163,
approximately twice that observed for the PMMA template
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Figure 5. Plot of lfmx versus sin’6 for a PMMA colloidal crystal film and

an inverse opal ceria film, where Anmay is the PBG position for diffraction
from fcc (111) planes and 6 is the angle of incidence with respect to the
surface normal of the (111) plane. A linear-least-squares fit has been applied
to each data set. From eq 2, it can be shown that the slope of the lines =
—1.6332D%and the y-axis intercept = 1.6332D211;Wg2.

(AMAmax = 0.086). In agreement with eq 2, the position of
Amax shifted to shorter wavelengths as the incident angle of light
increased from O to 25°. Following the procedure above, we
plotted lim vs sin> 6 and achieved a straight line fit (Figure
5). From the plot, a D value of 238 nm and 7, of 1.249 were
obtained. Bulk ceria has a refractive index of 2.4,* so the ceria
volume fraction in the inverse opal is 17.8%. The D value and
ceria volume fraction determined from the UV—vis transmittance
measurements are in good agreement with those estimated from
the SEM micrographs of Figure Ic and d, demonstrating the
close association between the geometric and optical properties
of inverse opal. The UV—-vis transmittance data confirms a 40%
reduction in the value of D between the PMMA colloidal crystal
template (D = 398 nm) and the CeO, inverse opal (D = 238
nm).

Refractive Index Sensing Using Inverse Opal CeQO,
Thin Films. Inverse opal materials are demonstrating
potential for sensing applications,>> >’ because of their
inherent optical properties and macroporosity. Refractive
index sensing has been the subject of several recent
works,?®?” the basis of which can readily be understood using
the following rationale. At normal incidence (6 = 0°), eq 2
reduces to

Do = 1.633Dn,,, 3)

For a ceria inverse opal, nay, = [@nceria + (1-@)nyoia]. By
filling the macropores (voids) in a ceria inverse opal with
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Figure 6. UV-vis transmittance spectra collected at different angles of
incidence from an inverse opal CeO, film with D = 238 nm, where D is
the center-to-center distance between spheres on fcc (111) planes. Angles
of incidence were measured with respect to the surface normal of the (111)
planes. At normal incidence (6 = 0°), the inverse opal exhibits a PBG at
485 nm due to Bragg diffraction on fcc (111) planes. The position of the
PBG shifted progressively to shorter wavelengths as the angle of incidence
increased (the spectra were taken consecutively with 5° increments).

solvents of different refractive index, the position of the PBG
for diffraction from fcc (111) planes is predicted to shift
according to the relation

lmax = 1'633D[¢nceria + (1 - ¢)nSOIVBHl] (4)

A plot of Amax VErsus ngvenr should thus yield a straight
line with slope = 1.633D(1-¢) and y-axis intercept =
1.633D¢pnceria-

To test the viability of inverse opal ceria films for
refractive index sensing applications, we collected UV—vis
transmittance spectra at 20 °C and 6 = 0° from an inverse
opal CeO; film in air (n = 1.000), methanol (n = 1.329),
acetone (n = 1.359), ethanol (n = 1.360), n-heptane (n =
1.387), dichloromethane (n = 1.424), carbon tetrachloride
(n = 1.460), benzene (n = 1.501), 1,2-dibromoethane (n =
1.539), and 1,2,4-trichlorobenzene (n = 1.571), respectively.
The spectra are shown in Figure 7. The PBG position shifted
progressively to longer wavelength as the refractive index of
the solvent on filling the macropores increased, in excellent
agreement with theory (equation 4). The intensity of the stop
band decreased with increasing nqven, reflecting the progressive
decrease in the dielectric contrast between the CeO, and solvent.
It should be noted that when ngent = Heeria = 2.4, no peak for
diffraction from fcc (111) planes will be observed (i.e., the
material will no longer behave as a photonic crystal because of
the absence of periodic refractive index modulation).
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Figure 7. UV-vis transmittance spectra collected at normal incidence (6
= 0°) from an inverse opal ceria film in air (Amax = 485 nm) then solvents
of increasing refractive index. Solvents used were methanol (n = 1.329),
ethanol (n = 1.360), n-heptane (n = 1.387), dichloromethane (n = 1.424),
carbon tetrachloride (n = 1.460), benzene (n = 1.501), 1,2-dibromoethane
(n = 1.539), and 1,2,4-trichlorobenzene (n = 1.571). The vertical line at
485 nm was added to emphasize the shift in the position of the PBG (Amax)
with increasing nsojvent-

Figure 8 shows the position of the PBG (Ami) in the
spectra of Figure 7 as a function of solvent refractive index.
An excellent linear least-squares fit is obtained (#* = 1),
confirming the viability of inverse opal thin films for
refractive index sensing applications. A sensitivity of n =
0.001 or better is achievable, based on the observed optical
response of the inverse opal CeO, film to acetone (n = 1.359,
A =598.5 nm) and ethanol (n = 1.360, A = 599 nm). From
the intercept and slope of the plot, the values D = 238 nm
and ¢ = 17.8% were extracted. These values are identical
to those determined from the angle resolved UV-vis spectra
of Figure 6.

In future work, we plan to investigate the performance of
inverse opal CeO, powders as support materials for noble
metal water—gas shift and reforming catalysts.
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Figure 8. Plot of Anax versus nglven for a ceria inverse opal film. A,y values
were taken from the UV-vis transmittance spectra of Figure 7. The plot
shows that the position of the PBG for diffraction on fcc (111) planes
increases linearly with ngolvent, as predicted by eq 4.

Conclusions

Colloidal crystal templating is a simple and inexpensive
method for the fabrication of inverse opal CeO, films and
powders. CeO, inverse opals have intrinsically interesting
physical and optical properties (such as 3DOM structures,
nanometer size ceria crystallites, high surface area, high
sintering resistance, and photonic band gaps) that may be
exploited in various applications, in particular optical sensors
and heterogeneous catalysis. Refractive index sensing with
high sensitivity (n = 0.001 or better) is possible using inverse
opal ceria thin films.
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