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Abstract
Scales of the longhorn beetle Sphingnotus mirabilis possess a disordered bicontinuous
macroporous structure that resembles a structure formed by a phase-separation process of
spinodal decomposition. By using the scales as templates, SiO2 and TiO2 structures were
successfully replicated. Structural and optical characterizations show that the fabricated oxide
structures are spinodal decomposition structures with only short-range order and display
non-iridescent structural colors.

(Some figures may appear in colour only in the online journal)

1. Introduction

Disordered bicontinuous macroporous structures such as those
formed by a phase-separation process known as spinodal
decomposition (SD) [1] have received considerable attention
in recent years due to their unique structural features,
offering important applications in catalysis, matter separation,
energy generation and photonics [2–5]. SD structures can
be formed in polymers, metal alloys, glasses and ceramics
[6–9]. Interestingly, SD structures with a characteristic
length comparable to visible wavelengths have unique optical
properties such as unusual light scattering, non-iridescent
structural coloration and the existence of isotropic photonic
pseudo-gaps [10–12] due to their structural short-range order.
It may even be possible to open up a complete photonic band
gap by increasing the refractive index contrast of constituent
materials [13–15]. Fabrications of such SD structures in the
optical regime are, however, rather challenging.

In the biological world, photonic structures have been
exploited to produce structural coloration since Cambrian time
[16–23]. Revealed natural photonic structures are diverse and
delicate such that they could serve as protocols for our artificial
design and fabrication of novel photonic materials and devices
[19, 24–30]. Structural colors have many interesting properties

that differ from pigment colors such as high brightness and
saturation. Ordered photonic structures that possess both short-
and long-range order, e.g. thin films, multilayers, diffraction
gratings and photonic-crystal structures [31–33], display
iridescence, a phenomenon of color change with viewing
angles. On the other hand, disordered photonic structures that
possess only short-range order show non-iridescent structural
colors [23, 34–38]. In particular, SD structures were revealed
in bird feathers and insects [11, 36, 37], displaying interesting
non-iridescent structural colors.

In this paper, by using the scales of the longhorn
beetle Sphingnotus mirabilis as templates, we successfully
replicated SiO2 and TiO2 SD structures with a sol–gel method.
The fabricated oxide SD structures possess only short-range
order and display vivid structural colors in the visible. The
fabrication process is shown to be simple and cost-effective as
well.

2. Materials and methods

2.1. Scale sample

The longhorn beetle S. mirabilis (Coleoptera) belongs to the
family of Cerambycidae which can be found in Papua New
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Figure 1. (a) SEM image of scales on the elytral surface of the longhorn beetle S. mirabilis. An image of the beetle is shown in the inset.
(b) SEM cross-sectional image of a single scale. The inset shows the two-dimensional Fourier transform of the SEM transverse
cross-sectional image of a scale. (c) Measured reflectance spectrum of a single scale. Scale bars: (a) 100 μm and (b) 5 μm.

Guinea. Specimens were bought from the Shanghai Natural
Museum, Shanghai, China. Scales which served as templates
for bio-replications were simply scraped off the elytra of the
beetle by a razor blade.

2.2. Optical and structural characterization

Microscopic images of scales and fabricated oxide structures
were recorded with an optical microscope (Leica DM6000 M).
Microscopic optical spectra were measured by our home-
built microspectrometer which consists of this microscope,
a tungsten lamp as the light source, a 50× and NA 0.55
objective and an optical spectrometer (Ideaoptics PG2000pro
EX), described in detail in [23]. The size of light beams
impinging upon samples can be adjusted by a field diaphragm
and a pinhole to 2–3 μm in order to enable the spectral analysis
of a single scale. A diffuse reflectance standard (Ocean Optics)
was used as reference for absolute reflectance measurements.

Microstructures of scales and fabricated oxide structures
were characterized by scanning electron microscopy (SEM)
(Philips XL30 FEG) which is equipped with energy dispersive
x-ray spectroscopy (EDS) for composition analysis. In order to
observe the inner structures of scales and fabricated structures,
a slicer (Leica RM2255) or Ar ion etching was used for cutting
or milling.

2.3. Replication technique

Techniques adopted for bio-replications include sol–gel,
atomic layer deposition, physical vapor deposition and
chemical vapor deposition. Among them, the sol–gel method
has been frequently used to replicate various natural photonic
structures such as beetle scales [25, 26], feather barbs [27]
and butterfly wings [39]. The advantage of this method is
simple and low-cost as well and thus can be adopted for mass
production.

For SiO2 replications, tetraethylorthosilicate, hydrochlo-
ric acid and ethanol were mixed as precursor. The stoichio-
metric proportion of the precursor was taken to be the same
as that used in [27]. The mixture was then stirred with a mag-
netic stirring bar for 3 h to obtain a SiO2 sol solution. Scales
scraped off the elytra were placed between two conventional
glass slides (about 75 mm × 25 mm in dimension and approx-
imately 1 mm in thickness), adhered by two stripes of double
sticky tape at the ends in order to form an air gap of about
10 μm in the middle. The glass slides were simply pretreated

in ethanol, cleaned then by deionized water and finally dried
in a dry oven. A small amount of prepared SiO2 sol was then
dropped through the air gap of the slides in order to allow a
slow infiltration into the bio-templates via capillary effects.
After the ethanol solvent was completely evaporated for more
than 20 min, the slides with the scales were put in an oven
and dried at 80 ◦C for 15 min. The above steps were repeated
three or four times until the structural colors of the scales
disappeared completely.

For TiO2 replications, titanium tetrachloride (0.076 g),
isopropyl titanate (0.209 mL) and ethanol (150 mL) were
mixed and then stirred for 3 h. The other steps are basically
similar to those for SiO2 replications.

After the infiltration of the sol precursor and solidification
of gel, two post-processing methods were used to remove the
bio-templates, i.e. pyrolysis and acid-etching. For pyrolysis,
samples were put in a muffle furnace at 550 ◦C for 300 min.
For acid-etching, a mixture of HNO3 and HClO4 was used.
Samples were immersed into the mixture at 130 ◦C for
about 15 min. Both approaches can reliably remove the bio-
templates. However, the etching method could reduce the
shrinkage occurring in pyrolysis [25, 26].

3. Results and discussions

3.1. Microstructure of scales

Scales imbricated on the elytra of the longhorn beetle
S. mirabilis form bright lateral stripes with a shallow greenish
color as shown in the inset of figure 1(a). Scales are needle-
like, consisting of a transparent cortex with a thickness of
about 1.5 μm and an inner part with a diameter of about 8 μm.

From SEM cross-sectional images, the scale interior is an
SD structure of chitin with a volume fraction about 50% [11]
(figure 1(b)). Fourier transforms of the SEM transverse cross-
sectional images of scales show that the SD structures possess
only short-range order and lack well-defined local structures.
Spectral measurements show that there is a broad reflection
peak positioned at about 555 nm (figure 1(c)), leading to a
shallow greenish color which is consistent with our perception.

3.2. SiO2 SD structure

Replicated SiO2 structures with two different methods of
bio-template removal were characterized both optically and
structurally as shown in figure 2. The SiO2 structures
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Figure 2. Optical and structural characterizations of the fabricated SiO2 SD structures with different bio-template removal methods:
pyrolysis (upper panels) and acid-etching (lower panels). (a) and (d) Optical microscopic dark-field images. Background colored stripes are
produced by SiO2 flakes on the glass slides via thin-film interference. (b) and (e) SEM images. Insets are the spectra of two-dimensional
Fourier transform analysis. (c) and ( f ) Measured reflectance spectra. Scale bars: (a) and (d) 10 μm, and (b) and (e) 2 μm.

obtained by pyrolysis show a vivid non-iridescent blue color
(figure 2(a)), whereas those obtained by acid-etching display
a non-iridescent light blue color (figure 2(d)).

SEM observations indicate that the SiO2 structures
obtained by both removal methods retain the original structures
of the scale interiors, i.e. SD structures, as shown in figures 2(b)
and 2(e). Fourier transforms suggest that the SiO2 SD
structures possess only short-range order. Although similar
in structures, the measured reflectance spectra differ in peak
positions. The reflection peak is positioned respectively at 455
and 480 nm for the SiO2 structures obtained by pyrolysis
and acid-etching (figures 2(c) and 2( f )), resulting in different
structural colors.

As shown in [11], SD structures can lead to structural
colors owing to the existence of a photonic pseudo-gap.
For an SD structure, the reflectance spectrum or perceived
color depends on its characteristic length. If we keep the
material refractive index unchanged and scale down the SD
structure (i.e. shrinkage), its reflection peak will undergo a
blue shift in wavelength. Compared with the reflection peaks
of scales, the fabricated SiO2 SD structures by both removal
methods show a blue wavelength shift in reflection peak
positions, implying that they all undergo a shrinkage after the
post-processing of bio-template removals since the refractive
index of SiO2 (∼1.5) and chitin (∼1.56) is very similar. The
structural quality by acid-etching is a bit poorer than that by
pyrolysis. The etching method could, however, reduce the
shrinkage occurring in pyrolysis since the wavelength shift
of the reflection peak for acid-etching is smaller than that for
pyrolysis.

3.3. TiO2 SD structure

The high refractive index together with the large electronic
band gap makes TiO2 a promising photonic material [40] in
addition to its superior photocatalytic properties [41]. TiO2 SD

structures were replicated by using an acid–base pair precursor
(mixture of isopropyl titanate and TiCl4). Under this condition,
TiO2 will form a crystalline anatase phase with a high refractive
index of 2.5 in the visible [27]. To remove the bio-templates,
the post-processing of pyrolysis was adopted.

Figure 3 shows the optical and SEM characterizations of
fabricated TiO2 SD structures. Obviously, fabricated TiO2 SD
structures show a non-iridescent blue color. Different from
SiO2 SD structures, the TiO2 SD structures are enclosed with
a thin TiO2 layer. This is due to the shrinkage and partial
recrystallization of TiO2 during pyrolysis at high temperature.
Fourier transforms indicate that the TiO2 SD structures possess
only short-range order. Spectral measurements show that there
is a broad reflection peak positioned at about 445 nm due to
the shrinkage and disorder of local structures.

3.4. Composition characterization

EDS measurements as shown in figure 4 were conducted
to determine the chemical composition of the scales and
fabricated oxide SD structures. In SiO2 SD structures, Si and
O peaks are dominant in the EDS spectra, whereas in TiO2 SD
structures Ti and O peaks dominate. The absence of C peaks
in both SiO2 and TiO2 SD structures imply that the chitinous
bio-templates were completely removed. The appearance of
Au peaks is due to the sputtered gold for the sake of SEM
observations. The small Si peak in the EDS spectrum of TiO2

SD structures stems from the glass substrate.

3.5. Physical mechanism for coloration

Fabricated SiO2 and TiO2 SD structures display vivid non-
iridescent blue colors. These colors should be structural colors
resulting from the SD structures since there are no blue
pigments in either fabricated or scale samples. From the
Fourier transform analysis, fabricated SD structures possess
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Figure 3. Optical and structural characterizations of the fabricated TiO2 SD structures. (a) Optical microscopic dark-field image. (b) SEM
image. The inset is the spectrum of two-dimensional Fourier transform analysis. (c) Measured reflectance spectrum. Scale bars: (a) 10 μm
and (b) 2 μm.
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Figure 4. EDS composition analysis. (a) and (b) Spectra for SiO2

SD structures obtained by pyrolysis and acid-etching, respectively.
(c) Spectrum for TiO2 SD structures. (d) Spectrum for scales.

only short-range order. As a result, coherent light scatterings
due to the short-range order are expected [35, 37]. As shown
in the simulations of photon density of states for photonic
structures with only short-range order [11, 15, 38], isotropic
photonic pseudo-gaps may appear. This will cause strong
reflections for light frequency located within these photonic
pseudo-gaps, leading to structural coloration. Non-iridescence
stems from the fact that there is no preferred orientation due
to lack of long-range order in SD structures.

3.6. Potential application

Different from pigment colors, structural colors are produced
structurally via optical effects such as interference, diffraction,

scattering or their combination [16–23]. They have many
advantageous properties over pigment colors, e.g. high
brightness and saturation, tunability and environmental
friendliness. For photonic structures with only short-range
order such as SD structures, the resulting structural colors
are non-iridescent. As a result, fabricated SD structures could
be exploited in color-related applications such as paint, textile
and display technologies. The interesting feature of broadband
reflections by SD structures makes them useful in anti-
reflection coatings [42] and in solar cells as well [43, 44].

Additionally, light scattering by SD structures may
have some distinct features compared with ordered photonic
structures with both short- and long-range order or random
structures with neither short- nor long-range order. Thus,
some fundamentally interesting problems such as unusual
light transport and localization [45, 46] could be studied
with SD structures. With the introduction of gain materials
such as laser dyes and quantum dots, random lasing may be
possible [47] since light scatterings owing to the short-range
order in SD structures could provide required feedbacks and
amplifications.

4. Conclusions

SiO2 and TiO2 SD structures were successfully replicated
by using a sol–gel method with the scales of the longhorn
beetle S. mirabilis as templates. Fabricated SiO2 and TiO2 SD
display bright non-iridescent structural colors. SEM and EDS
characterizations confirm our faithful replications although
there exists a shrinkage during the process of bio-template
removal. Fabricated SiO2 and TiO2 SD structures could be
potentially used in color-related applications. Owing to short-
range order, they may also serve as promising candidates for
studying interesting light scattering properties.
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