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Abstract
Three‐dimensionally ordered macroporous materials for photonic or refractory appli-

cations have been developed by an innovative approach based on mullite sol‐gel
infiltration of direct photonic crystals followed by burn‐out and calcination. Direct

photonic crystals were obtained using polystyrene spheres templates either by verti-

cal convective self‐assembly or by drop casting. The samples were then infiltrated

by spin coating with mullite sol‐gels prepared with two different compositions (74

wt.% Al2O3, 26 wt.% SiO2 and 80 wt.% Al2O3, 20 wt.% SiO2). The inverse opal

photonic crystals prepared with both sol‐gels presented a highly ordered porosity

and the high-alumina composition showed stability up to 1500°C. After inversion of

the structure (polymeric template burn-out), the high‐alumina composition showed

roundness of the PS templated pores closer to an ideal sphere (Ø = 0.967) when

compared to the low‐alumina composition (Ø = 0.954). Although the inverse opal

photonic crystals did not present a photonic bandgap, they showed structural stabil-

ity at high temperatures, which enable their application as refractory materials.
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1 | INTRODUCTION

The development of new high‐temperature stable 3D pho-
tonic crystals is currently a challenge, driven by its possible
use in different systems, such as reflectors in solar cells,1

solid oxide fuel cells (SOFCs), photocatalysts,2 and new‐
generation photonic thermal barrier coatings (TBCs).3

Particularly, the latter one requires an advanced thermal
stability to operate at high temperatures while maintaining
specific optical characteristics.4,5

Photonic crystals, also known as opaline structures, can
exist in the form of direct photonic crystals6 (thin films of
colloidal particles) and inverse opal photonic crystals7

(highly porous 3D structures). Direct photonic crystals are
usually manufactured by vertical convective self‐assembly,8

in which monodisperse colloidal organic particles9 such as

polystyrene (PS) or poly (methyl methacrylate) (PMMA)
are typically used. These structures can also be produced
by spin coating10,11 and drop casting.12 Although the verti-
cal convective self‐assembly process usually leads to more
homogeneous films, it is a time‐consuming process (3‐
5 days depending on the conditions) when compared with
drop casting, which can be performed in less than 30 min-
utes.13

Meanwhile, inverse opal photonic crystals are usually
obtained by the infiltration of templates, such as the
organic-based direct photonic crystals. This can be carried
out by deposition methods, such as atomic layer deposition
(ALD)14 or chemical vapor deposition (CVD),15 and also
by vertical and horizontal infiltration of colloidal suspen-
sions or sol‐gels.16 The latter are less time and energy con-
suming methods, when in comparison to ALD or CVD.
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After infiltration, a heating or etching treatment is per-
formed to remove the template, resulting in a three‐dimen-
sional highly ordered macroporous material (3‐DOM).
Thereby, the sol‐gel infiltration synthesis route can be
regarded as low cost and versatile considering the compre-
hensive knowledge of sol‐gel formation. Moreover, the sol‐
gel infiltration can lead to high‐performance materials when
precursors with high purity are employed.

By means of sol‐gel infiltration, a variety of ceramic
oxide materials can be produced such as alumina,17 zirco-
nia,18 titania,19 and even ternary or quaternary oxides. Con-
sidering the latter one, mullite offers both advanced
thermal properties and a well‐established database of pow-
der metallurgy as well as sol‐gel synthesis.20 Therefore,
mullite matrix was chosen here as suitable demonstrator for
3DOMs based on ternary oxides. Mullite is mixture of
Al2O3 and SiO2 that exists in two different ratio composi-
tions, 2:1 and 3:2.21 Mullite has achieved outstanding
importance as a material for both traditional and advanced
ceramics because of its favorable thermal and mechanical
properties.22 Mullite products are therefore widely used in
high‐temperature applications. Moreover, the raw materials
for its production (eg, alumina, silica, aluminum silicates,
clays, among others) are widely found in nature. Neverthe-
less, specific mullite studies are not so widespread when
comparing to titania or zirconia. Synthesis of mullite by
sol‐gel is well reported and can be tailored in a way that
mullite forms already at temperatures as low as 1000°C.23–
25 However, a very strict control of the sol‐gel and high‐
purity precursors are necessary to produce a sol‐gel with
low crystallization temperature for mullite (≤1000°C). In
general, mullite sol‐gel synthesis deal with phase segrega-
tion, forming a mixture of mullite and α‐alumina26,27 asso-
ciated with higher crystallization temperature
(>1200°C).28,29 Furthermore, the crystallization and segre-
gation behavior of the mullite sol‐gels is generally reported
only for the sol‐gel synthesis and characterization, but not
for the behavior of such a sol‐gel when in contact with dif-
ferent substrates and interfaces, as for example a polymeric
template.

In this work, we demonstrate the synthesis of sol‐gel‐
based mullite inverse opal photonic crystals by sol‐gel
infiltration via spin coating, as a low‐cost and versatile
technique to produce thermally stable inverse opal photonic
crystals for high‐temperature applications.

2 | MATERIALS AND METHODS

2.1 | Preparation of mullite gels

Mullite gels with two compositions, nearly stoichiometric
low‐alumina 3Al2O3·2SiO2 (74 wt.% Al2O3, 26 wt.%

SiO2) and high‐alumina content 5Al2O3·2SiO2 (80 wt.%
Al2O3, 20 wt.% SiO2), were synthesized by sol‐gel,
based in a procedure reported elsewhere.23–25 For the
low‐alumina gel, a 50 mL sol was prepared by mixing
1 mol/L aluminum nitrate nonahydrate (ANN, 99.997%
trace metals basis, Sigma‐Aldrich) prepared in a 50/50
vol.% water/ethanol with 50 vol.% tetraethyl orthosilicate
(TEOS, ≥99.0%, Sigma‐Aldrich) aqueous solution. The
ratio of ANN to TEOS was calculated to result in mul-
lite with 74 wt.% alumina and 26 wt.% silica. The high
alumina content gel was prepared following the same
procedure, here aiming at 80 wt.% alumina and 20 wt.%
silica. For both compositions, the precursors were poured
into a Teflon beaker, and mixed under continuous stir-
ring at 60°C until the gel was formed. Since the gelation
time is dependent on the hydrolysis rate, it was also
dependent on the composition. A slow hydrolysis of 10‐
14 days was performed to obtain the gels. After gelation,
the gels were dried in a heating chamber at 80°C for
24 hours and powdered for further investigation. For the
infiltration, the gels were not dried, but diluted (see Hor-
izontal Infiltration by Spin Coating topic).

2.2 | Template preparation

Monodisperse PS particles (Microparticles GmbH) with
diameter of 721 ± 20 nm were assembled onto planar sap-
phire substrates (A‐oriented 25 × 20 mm, Crystec GmbH).
Prior to self‐assembly, the substrates were cleaned by soak-
ing for 1 hour in an ultrasonic bath using an alkaline deter-
gent solution (Mucasol, Merz Hygiene), then brushed and
washed with hot tap water followed by deionized water,
and finally blow dried with filtered nitrogen. To further
clean and make the surfaces more hydrophilic, a RF‐oxy-
gen plasma treatment (PolaronPT7160; Quorum Technolo-
gies Ltd, Laughton, UK) process was applied on the
substrates for 20 minutes. For generating the templates,
two different process were employed: vertical convective
self‐assembly7–9 and drop casting.12

The vertical convective self‐assembly experiments were
carried out by diluting stock dispersions of PS particles
with deionized filtered (Minisart NML, pore size 0.1 μm,
Sartorius Stedim Biotech) water to 1 mg/mL into a 50 mL
Teflon beaker, and subsequent homogenizing by a mag-
netic stirrer. The substrates were weighted and placed into
the Teflon beakers that were later placed inside a heating
chamber (VTR 5022, Heraeus Instruments, Hanau, Ger-
many) at constant temperature of 60°C and left for at least
120 hours until the opaline film was formed. After that, the
substrate was removed from the chamber and dried for
12 hours at room temperature. The excess of PS on the
substrate backside was removed very carefully with the aid
of a razor blade and ethanol. Substrates were weighed and
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the height of the photonic crystals in the substrate was esti-
mated.

For drop casting, a suspension of 3 mg/mL of PS parti-
cles was prepared by diluting the spheres in a 50 vol.%
water/ethanol solution. The clean substrate was horizontally
placed in a hot plate at 60°C, on which 150 μL of the sus-
pension was dropped. Samples were left to dry for at least
30 minutes at 60°C to form the opaline film.

2.3 | Horizontal infiltration by spin coating

The mullite gel was removed from the Teflon beaker
before complete hydrolysis, aiming for a low viscosity to
allow the further infiltration. Furthermore, the gel was
again diluted in 50/50 vol.% mixture of filtered deionized
water and ethanol in order to minimize even more the
viscosity. The substrates were placed horizontally in a
spin coater (SPS Spin 150) and 150 μL of the diluted
mullite gel was dropped on the top of the PS direct pho-
tonic crystals. The spin coating assisted infiltration was
carried out at 500 min−1 for 40 seconds. The infiltrated
template was then removed from the spin coater and dried
for 12 hours at room temperature. This procedure was
performed twice for each template in order to allow full
infiltration of the template (polystyrene direct photonic
crystals). The inverse opal photonic crystals were then
obtained by burnout of the PS particles in air at 500°C
for 1 hour using heating and cooling rates of 0.8°C/min.
The schematic of the production of the mullite inverse
opal photonic crystals is summarized in Figure 1.

2.4 | Characterization

The particle size analysis was carried out via dynamic light
scattering (Zeta Sizer, Malvern) using 1.65 as refractive
index for the mullite sol. Six measurements were carried
for each set. The mullite sol‐gel was dried, powdered and
annealed in a muffle furnace at temperatures of 900°C for
1 hour, 1000°C for 1 hour, and 1500°C for 8 hours with a
heating rate of 5°C/min. Phase identification of dried and
powdered gels was performed after annealing by X‐ray
diffraction analysis (XRD, Bruker D8 Advance) with Cu
Kα radiation, 40 kV, 40 mA, range 10°‐70°, step size of
0.01°, and step time of 2 seconds.

The thermal stability of the mullite inverse opal pho-
tonic crystals was analyzed by heat treatments performed at
900, 1000, 1200°C for 1 hour, 1400°C for 4 hours, and
1500°C for 8 hours with a heating rate of 5°C/min. All
treatments were performed using resistive furnaces (muffle
and tubular) in air. The structural morphological changes
caused by the heat treatments were assessed by scanning
electron microscopy (SEM, Leo 1530 Gemini; Zeiss Supra
55 VP, Carl Zeiss).

A microstructural analysis of the PS direct photonic
crystals and the mullite photonic crystals was carried out
from digitalized binary images of SEM micrographs, as
shown in Figure 2. Using an image analysis software
(Image J, NIH, US), representative SEM micrographs with
the same magnification were first converted into binary
(black and white) images. The software then calculated the
percentage area of space between PS microspheres (PS
direct photonic crystals) and percentage area occupied by
pores after burnout and heat treatment (mullite inverse opal
photonic crystals). In this way, it was possible to estimate
the minimum distance (interstitial space) between PS
microspheres; and, after the inversion of structure with
mullite sol‐gel, the average strut thickness of cells.
Besides that information, the software also provided the
total area of PS microspheres and pores, which allowed
calculating the mean diameter of PS microspheres and
pores. A roundness parameter (defined by Equation 1) for
both microspheres and pores, Ø, was also estimated using
the scattering of the measured diameters. Thereby, it is
assumed that a change from the ideal round starting
spherical shape would not result in an ideal isotropic
shrinkage (a swelling is not likely and can be therefore
neglected). Instead, the change in pore/microsphere shape
is controlled essentially by the coordination of the sur-
rounding particles/grains, which is non‐ideal in ALD syn-
thesized structures.

O= ¼ 1� dsd=da (1)

where dsd is the standard deviation of n diameter measures;
da is the average of n diameter measures, either of PS

FIGURE 1 Flowchart of the production of sol-gel-based mullite
inverse opal photonic crystals
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microspheres or pores, respectively, before or after thermal
treatment.

Annealed samples were also subjected to grazing inci-
dence X‐ray diffraction analysis (GI‐XRD, Bruker D8
Advance) with Cu Kα, 40 kV, 40 mA, range 10°‐60°, step
size 0.01°, step time of 2 seconds, and incident angle of 1.5°.

3 | RESULTS AND DISCUSSION

The average particle size of the gels obtained by DLS was
117 nm for the sol‐gel with 74 wt.% Al2O3 and 258 nm
for the gel with 80 wt.% Al2O3. Both gels (low and high‐
alumina content) presented a monomodal particle size dis-
tribution. Low‐alumina gel (silica rich) presented lower
particle size due to the fact that the precursor used in the
sol‐gel process (TEOS) can lead to the formation of col-
loidal silica when a diphasic gel is generated. This was
later confirmed by the presence of an intense peak of
cristobalite at the XRD patterns.

The XRD patterns obtained by annealing the gel con-
firm an incipient formation of mullite as temperatures as
low as 1000°C (Figure 3).30,31 Interestingly, the formation
of mullite after annealing at 1000°C for 10 hours seems to
be more pronounced for the high‐alumina composition,
which comprises also traces of crystalline alumina.32 After

fast heating to 1500°C followed by annealing for 10 hours,
however, both compositions contain not only mullite but
also alumina (delta and alfa) and silica (cristobalite),33 the
latter giving a strong signal.

The XRD patterns of the mullite inverse opal photonic
crystals are presented in Figure 4 for (a) alumina‐poor mul-
lite and (b) alumina‐rich mullite composition. Thereby, it
has to be noted first that—although a low inclination mea-
surement was performed—here the sample holder still con-
tributes to the diffraction patterns due to the low thickness
and high porosity of the inverse opal photonic structures
investigated.34 As consequence, there are strong peaks
related to the aluminum sample holder (see Figure S1).
Peaks related to δ‐Al2O3 and α‐Al2O3 were also identified,
more pronounced in case of the low‐alumina composition
as shown in Figure 4A.

At 1200°C, the inverse opal photonic structures pre-
sented a considerable amount of small but detectable mul-
lite grains; at 1400°C, all peaks associated with mullite are
identified. Transformation of tetragonal mullite to
orthorhombic mullite is usually observed in temperatures
over 1400°C.35,36 It has to be noted that, although the alu-
mina‐rich composition presented a peak typical of cristo-
balite,37 the intensity of the peak is relatively small when
compared with the low‐alumina gel. Moreover, this compo-
sition shows a small peak at 1200°C and a larger one at

0.690 um
0.714 um

0.638um

0.675 um

(A) (B)

(C) (D)

0.405 µm

0.427µm
0.289 µm

0.319 µm

1µm 1µm

1µm 1µm

FIGURE 2 Example of binary images
of SEM micrographs of: (A) PS direct
photonic crystals obtained by self‐assembly;
(B) PS direct photonic crystals obtained by
drop casting; (C) mullite inverse opal
photonic crystals infiltrated with low‐
alumina sol‐gel annealed at 1200°C; and
(D) mullite inverse opal photonic crystals
infiltrated with high‐alumina sol‐gel
annealed at 1500°C. Image analysis by
Image J
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1400°C. The latter one most probably corresponds to crys-
tallization and grain growth at higher temperatures.

3.1 | Microstructure evolution and stability

Packing of the PS spheres into 3D arrangement with FCC
structure1,2 was successful for both routes of template syn-
thesis, vertical convective self‐assembly as well as drop
cast (Figure 5). Both direct photonic crystals show a high
organized structure with only very few local distortions.

The SEM micrographs presented in Figure 6 show the
inverse opal photonic crystals with interconnected macrop-
ores.38 The solid skeleton formed from filling the intersti-
tial space is apparently more stable in the photonic crystals
obtained by drop casting (Figure 6A), when compared with
the photonic crystals obtained through self‐assembly
(Figure 6B).16

According to the results shown in Table 1, it was possible
to notice a trend related to the diameter and percentage area of
pores to be decreasing after heat treatment. Conversely, the

FIGURE 3 XRD patterns of mullite inverse opal photonic crystals after calcination in air for 10 hours at 900, 1000 or 1500°C of: (A) low‐
alumina content sol‐gel; (B) high‐alumina content sol‐gel. Mullite peaks (JCPDS card nr. 15‐776, JCPDS card nr. 84‐1205) are represented by θ,
cristobalite (JCPDS card nr. 27‐605) by β, α‐alumina (JCPDS card nr. 88‐0826) by α, and δ‐alumina (JCPDS card nr. 46‐1131) by δ

FIGURE 4 XRD (GI) patterns of mullite inverse opal photonic crystals after calcination in air at 900, 1000, 1200°C for 1 hour, at 1400°C
for 4 hours, or at 1500°C for 8 hours of: (A) low‐alumina content sol‐gel; (B) high‐alumina content sol‐gel. Mullite peaks (JCPDS card nr.
15‐776, JCPDS card nr. 84‐1205) are represented by θ, cristobalite (JCPDS card nr. 27‐605) by β, α‐alumina (JCPDS card nr. 88‐0826) by
α, δ‐alumina (JCPDS card nr. 46‐1131) by δ and aluminum sample holder by γ
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diameter and the percentage area of struts (thickness) is
increasing. That corresponds to shrinkage of the pores after
inversion of structure. The roundness of the PS microspheres,
which was closer to 1 before heat treatment, deviates from the
ideal sphere as the temperature of heat treatment gets higher,

indicating a change in the original shape of pores. This is par-
ticularly noticed for the photonic crystals heat treated at
1500°C, due to the more pronounced sintering.

Strict significant changes in the structure of the mullite
inverse opal photonic crystals heat treated at 900 and

(A)

1µm

(B)

1µm
FIGURE 5 SEM micrograph of PS
direct photonic crystals obtained through:
(A) self‐assembly; (B) drop casting

(A) (B)

1µm 1µm

FIGURE 6 SEM images of mullite
inverse opal photonic crystals after burnout
of PS spheres at 500°C of: (A) low‐alumina
sol‐gel; (B) high‐alumina sol‐gel

TABLE 1 Microstructure analysis by digital image processing of PS direct photonic crystals and mullite inverse opal photonic crystals before
and after heat treatment

PS direct photonic crystals Ø T (°C) s* (μm) As* (%) dp* (μm) Ap* (%)

Obtained by self‐assembly 0.983 25 0.054 ± 0.005 31.32 0.71 ± 0.01 68.68

Obtained by drop casting 0.971 25 0.060 ± 0.003 33.57 0.67 ± 0.02 66.43

Mullite inverse photonic
crystals Ø T (°C) s** (μm) As** (%) dp**(μm) Ap** (%)

Infiltrated with low‐
alumina content gel
(74 wt.% Al2O3.
26 wt.% SiO2)

0.954 500 0.06 ± 0.01 32.88 0.50 ± 0.02 67.12

0.962 900 0.08 ± 0.01 33.99 0.45 ± 0.02 66.01

0.952 1000 0.10 ± 0.01 35.14 0.42 ± 0.02 64.86

0.947 1200 0.11 ± 0.02 39.26 0.42 ± 0.02 60.74

0.913 1400 0.12 ± 0.02 42.32 0.38 ± 0.03 57.68

— 1500 — — — —

Infiltrated with high‐alumina
content gel (80 wt.%
Al2O3. 20 wt.% SiO2)

0.967 500 0.08 ± 0.01 35.27 0.49 ± 0.02 64.73

0.948 900 0.09 ± 0.02 37.10 0.44 ± 0.02 62.90

0.954 1000 0.12 ± 0.02 38.59 0.41 ± 0.02 61.41

0.938 1200 0.13 ± 0.02 39.88 0.40 ± 0.03 60.12

0.911 1400 0.14 ± 0.01 42.92 0.37 ± 0.03 57.08

0.870 1500 0.14 ± 0.02 44.77 0.31 ± 0.04 55.23

Ø, roundness (ideal sphere = 1); s*, minimum distance (interstitial space) between PS microspheres; As*, percentage area of space between PS microspheres; s**,
minimum strut thickness after filling the interstitial space with mullite sol‐gel; As**, percentage area of struts after filling with mullite sol‐gel; dp*, diameter of
PS microspheres; Ap*, percentage area occupied by PS microspheres; dp**, diameter of pores after thermal treatment; Ap**, percentage area occupied by pores after
thermal treatment.
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1000°C are not detectable (with the exception of a small
shrinkage due to the heat treatment reported in Table 1), nei-
ther in case of alumina‐poor composition nor in case of the
alumina‐rich composition. The ordering of the macropores

still remained the same when compared to the state after
burnout (Figure 7A and B). For the samples annealed at
1200°C for 1 hour and 1400°C for 4 hours, the inverse opal
photonic crystals infiltrated with the low‐alumina

(A)

2µm

2µm

2µm

2µm 2µm

2µm

2µm

2µm

2µm

(B)

(D)(C)

(E) (F)

(G) (H)

(I)

FIGURE 7 SEM micrographs of
mullite inverse opal photonic crystals (A‐D)
infiltrated with low‐alumina sol‐gel
obtained through self‐assembly and
annealed in air, respectively, at: (A) 900°C,
1 hour; (B) 1000°C, 1 hour; (C) 1200°C,
1 hour; (D) 1400°C, 4 hours; and inverse
opal photonic crystals (E‐I) infiltrated with
high‐alumina sol‐gel obtained through drop
casting and annealed in air at: (E) 900°C,
1 hour; (F) 1000°C, 1 hour; (G) 1200°C,
1 hour; (H) 1400°C, 4 hours; (I) 1500°C,
8 hours
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composition showed a more pronounced change in the struc-
ture (Figure 7C‐D), a behavior also observed for alumina
inverse opal photonic crystals (higher shrinkage of struc-
ture).39 A further increase in the annealing temperature to
1500°C resulted in a total collapse of the structural integrity
of the low‐alumina composition. Most probably, here the
local composition can vary around the calculated nominal
composition, resulting in local and transient presence of sil-
ica during heating up to the annealing temperature. This
would cause constraints in the structure, which overcome the
strength of the network causing thereby disintegration. This
consideration is supported by the fact that in case of an alu-
mina‐rich composition the structure presented highly ordered
macroporous even though the shape and size of pores were
reduced at 1200 and 1400°C (Figure 7G‐H), but even sur-
vive annealing at 1500°C for 8 hours. The main noticeable
change in the structure of the alumina‐rich photonic crystals
heat treated at 1500°C is a more pronounced grain growth
(Figure 7I) and reduction in pore size, as shown in Table 1).
Nevertheless, the grain size is still submicrometric.

Moreover, it has to be noted that neither the low nor the
high‐alumina mullite composition resulted in structures,
which exhibited a photonic bandgap after either burnout or
annealing at moderate or high temperatures.40 We attribute
this to two effects acting simultaneously: (a) a low shell
thickness and thereby less effective thickness of the struc-
tures synthesized here; (b) a slight distortion of the short
range ordering during infiltration by spin coating. These dis-
tortions are most likely too small to be detected by SEM
analysis, but already large enough to diminish the photonic
band gap. Ongoing work using synchrotron nanotomography
and ptychographic X-ray computed tomography to analyze
the structural evolution as well as modeling of photonic per-
formance will address the effect of structural distortions
below the SEM detection limit.

4 | CONCLUSIONS

A new process for the synthesis of mullite inverse opal
photonic crystals was reported. Direct photonic crystals
were successfully prepared either by vertical convective
self‐assembly or by drop casting, the latter one being a
much faster technique, that is, 30 minutes compared with
at least 120 hours. A low mullite crystallization tempera-
ture of 1000°C was observed for the gels after XRD analy-
sis, confirmed by the GI‐XRD analysis of the 3D
infiltrated inverse opal photonic structures.

Regardless the phase segregation presented by both
gels, the inverse opal mullite photonic crystals have
demonstrated high thermal stability, particularly in case of
an alumina‐rich composition. In this case, the porosity
remained ordered, but with noticeable pore shape change,

since the roundness value for samples heat treated at
900°C were closer to the ideal sphere (0.948), while the
samples heat treated at 1500°C was not (0.870). Moreover,
pore size decreased due to shrinkage of inverse structures
after heat treatment (at 500°C to 0.490 μm, and at 1500°C
to 0.308 μm). The inverse opal photonic crystals did not
show a photonic bandgap but still presented structure sta-
bility at high temperatures (up to 1500°C), which enables
their application as a refractory material.
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