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The development of a robust process for generating func-
tional assemblies possessing complex (three-dimensional, 3D)
morphologies with well-controlled patterns of fine (micro-to-
nanoscale) features along with complex (multicomponent)
and tailorable inorganic compositions remains a considerable
challenge. One strategy for such versatile fabrication is to
convert a 3D micro/nanostructured solid template, generated
through a biological or synthetic self-assembly process, into a
new inorganic composition by a morphology-preserving
chemical transformation process; that is, to decouple the 3D
template formation and chemical tailoring processes.[1] The
purpose of this paper is to introduce a broadly applicable
bottom-up approach for chemical conversion of intricate 3D
nanostructured (bio)organic templates into positive replicas
comprised of multicomponent oxide compounds. This general
process consists of the following steps: 1) the generation of a
thin conformal coating on a 3D (bio)organic template by a
layer-by-layer (LbL) process, 2) pyrolysis of the template and
collapse of the thin coating into the space previously occupied
by the prior solid (bio)organic material, and 3) conversion of
the resulting inorganic structure into a nanocrystalline multi-
component oxide compound by a low-temperature hydro-
thermal reaction. This work reveals, for the first time, how a
3D (bio)organic template may be converted into a positive
replica comprised of a nanocrystalline multicomponent oxide
compound by coupling the precise structural (sub-nanometer)
and versatile chemical control of conformal coatings provided
by an automated surface sol–gel (SSG) process[2] with the low-
temperature compound formation provided by microwave
hydrothermal (MWHT) processing.[3] To our knowledge, no
prior report exists of the use of hydrothermal processing to
convert conformally coated intricate 3D organic structures
into functional multicomponent oxide replicas.

This shape-preserving process has been demonstrated by
converting the 3D micro/nanostructured wing scales of a
Morpho helenor butterfly into tetragonal barium titanate
(BaTiO3) replicas. M. helenor wing scales are comprised of a

natural polysaccharide, chitin, that contains an abundance of
hydroxy groups for reaction with metal alkoxide precursors
used in the SSG process.[2d, 4] Barium titanate was selected as a
representative multicomponent oxide product owing to the
extensive use of compositions based on this perovskite
compound in a variety of applications (e.g., multilayer
capacitors, thermistors, microwave dielectrics).[5]

Secondary electron (SE) images revealing the morphol-
ogy of the scales present on the brown side of a female
M. helenor butterfly are shown in Figure 1 a. As seen in the
lower magnification inset image, the scales possess an overall
rectangular shape with pointed tips. The higher-magnification
image reveals parallel ridges that are aligned with the long
dimension of the scale. Adjoining ridges are spaced several
micrometers apart and are connected by perpendicular struts.
The scales also contain parallel ribs spaced about 150 nm
apart. Thin, conformal, and continuous titania-bearing coat-
ings were applied to these nanostructured scales in a
computer-controlled LbL SSG process. Each cycle of this
process involved exposure to a titanium(IV) isopropoxide
solution in anhydrous isopropyl alcohol (IPA), washing with
IPA, exposure to a solution of 40 vol% IPA in water, washing
again with IPA, and then drying with warm flowing nitrogen.

Figure 1. Secondary electron (SE) images of scales from the brown
side of a female Morpho helenor butterfly wing at various stages of
conversion: a) a chitinous starting scale, b) an as-coated scale after
51 SSG deposition cycles, c) a SSG coated scale after organic pyrolysis,
and d) a SSG coated and pyrolyzed scale after MWHT conversion into
BaTiO3. Insets are lower magnification images of the same scales
showing overall morphological retainment. Scale bars: 1 mm (high-
magnification images), 20 mm (inset images).
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This automated process was repeated for a total of 51 cycles.
The coated scales were then heated at 0.5 8C min�1 to 450 8C
and held at this temperature for 4 h in air to allow for
pyrolysis of the chitin. The resulting oxide-based structures
then underwent MWHTreaction with a basic, barium acetate-
containing aqueous solution at 220 8C for 10 h to allow for
conversion into nanocrystalline tetragonal BaTiO3 (note:
similar MWHT conditions have been used to convert hydrous
titania powder into tetragonal barium titanate[3b]).

SE images of scales at various stages of conversion are
shown in Figure 1a–d. The overall scale morphology, parallel
ridges, and perpendicular struts were retained in the as-
coated, pyrolyzed, and hydrothermally reacted scales. Con-
focal Raman spectroscopic analyses of as-coated scales (as
shown in Figure 2b), and selected area electron diffraction
(SAED) analyses of focused ion beam (FIB) milled cross-

sections (not shown), indicated that the coating was amor-
phous. After organic pyrolysis, however, Raman analyses of
coated scales (Figure 2c) yielded peaks consistent with
anatase titania.[6a] High-magnification SE images (Supporting
Information Figures S1c, S2a), TEM/SAED analyses (Fig-
ure 3a and c), and lattice fringe images obtained from high-
resolution transmission electron microscopy (HRTEM) of
FIB-milled cross-sections (Figure 3e) indicated that the coat-
ing was comprised of nanocrystalline anatase titania (note:
the 0.352 nm and 0.243 nm values of lattice fringe spacing
shown in Figure 3e correspond to the (101) and (103)
spacings, respectively, of anatase TiO2). After MWHT
reaction with barium acetate, high-magnification SE analysis
(Figures S1d,S2b), TEM/SAED analyses (Figure 3b and d),
and lattice fringe images obtained from HRTEM of coating
cross-sections (Figure 3 f) indicated that the titania had been
converted into nanocrystalline BaTiO3 (note: the 0.283 nm
value of lattice fringe spacing shown in Figure 3 f corresponds
to the (110) spacing of BaTiO3). Raman analyses (Figure 2d)
also yielded peaks consistent with the tetragonal polymorph
of barium titanate (note: the peaks centered at about 304 and
720 cm�1 have been reported to vanish upon heating above
the BaTiO3 Curie temperature).[6b]

To evaluate the 3D internal structures of the specimens at
various stages of conversion, FIB milling was used to generate
trenches within the scales, as shown in the SE images of
Figure 4a–d. These images of FIB-milled regions revealed
similar internal morphologies (i.e., vertical struts supporting
horizontal struts) for the natural, as-coated, pyrolyzed, and
MWHT-reacted specimens. However, certain dimensional
changes were detected at various stages of conversion.
Measurements of the average strut width and ridge spacing
(illustrated in Figure 1a) are shown in Table 1. While no
significant change in the ridge spacing was observed after
application of the SSG coating, an average increase of about
65 nm was detected in the strut width, which was consistent
with a sub-nanometer increase in coating thickness per SSG
cycle. For further evaluation of the SSG coating morphology,
the chitin template was removed by treatment in an oxygen
plasma. High-resolution SE images of cross-sections of a ridge
and a vertical strut of such a coated/plasma treated scale are
shown in Figures S1a and S1b, respectively. The continuously-
coated, chitin-free ridges and struts possessed hollow cores,
which indicated that the alkoxide precursor did not penetrate
deeply into the chitin during the SSG coating process. After
thermal pyrolysis and conversion into nanocrystalline titania
at 450 8C, a noticeable decrease in the total scale thickness
occurred (compare Figure 4c and b). The average ridge
spacing and the average strut width also decreased signifi-

Figure 3. a,b) Bright field TEM images, c,d) corresponding SAED pat-
terns, and e,f) HRTEM images of FIB milled cross-sections of TiO2

(left column) and BaTiO3 (right column) scale replicas. Note: 002/200
peaks in (d) are labeled together due to the proximity of these
reflections. Scale bars: 50 nm.

Figure 2. Raman spectra obtained from M. helenor scale samples at
various stages of conversion: a) a chitinous starting scale, b) an as-
coated scale after 51 SSG deposition cycles, c) a SSG coated scale
after organic pyrolysis, and d) a SSG coated and pyrolyzed scale after
MWHT conversion into BaTiO3. The number shown above each peak
corresponds to the wavenumber at which the maximum peak intensity
was measured.

Communications

7766 www.angewandte.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2010, 49, 7765 –7768

http://www.angewandte.org


cantly after such firing (Table 1; Figure 1c vs. 1b). However,
such shrinkage did not result in complete collapse of the
hollow cores, as revealed in Figure S1c. The remarkable
retention of the 3D butterfly scale morphology in the chitin-
free hollow titania structures (both after oxygen plasma
treatment and thermal pyrolysis) indicated that the thin SSG
coating was rigid and highly interconnected. After MWHT
conversion, the hollow cores of the titania structures had
become largely filled by barium titanate (compare Fig-
ures S1d and S1c) and an increase in the average strut width
was detected (Table 1, Figure 1d vs. 1c; Figure 4d vs. 4c,
Figure S2b vs. S2a). Such strut filling and swelling was not
surprising, given the increase in molar volume associated with
the conversion of titania into barium titanate (i.e., the molar
volumes of anatase TiO2 and tetragonal BaTiO3 are 20.5 and
38.8 cm3 mol�1, respectively[7]). The preservation of the over-
all 3D TiO2 (and butterfly scale) morphology by the BaTiO3-
converted specimens was consistent with BaTiO3 formation
occurring largely on the surfaces of the interconnected TiO2

particles through an in situ transformation mechanism or a
dissolution–heterogeneous precipitation mechanism reported
by several authors.[8]

In summary, intricate 3D bioorganic templates (Morpho
helenor butterfly wing scales) have been converted into multi-

component oxide (tetragonal BaTiO3) structures that
retained the 3D template morphology and micro-to-nano-
scale features by combined use of a layer-by-layer conformal
coating (SSG) process and modest temperature hydrothermal
(MWHT) reaction process. This general approach may be
applied to other bioorganic templates, or to synthetic organic
templates, with multifarious 3D morphologies, provided such
templates possess (or can be functionalized to possess)[2c] a
high surface coverage of hydroxy groups for SSG processing.
Given the extensive variety of commercial alkoxides available
for sol–gel processing, and the capability for low-temperature
hydrothermal reaction into numerous ceramic compounds,[3]

this process may be used to convert organic templates (of
biological or synthetic origin) into functional multicomponent
ceramic materials with a wide variety of compositions, 3D
structures, and properties.

Experimental Section
Butterfly wing scales were exposed to 51 SSG cycles by use of a
computer-controlled deposition system.[2c,d] Each exposure cycle
consisted of immersion in a solution of 0.05m titanium(IV) isoprop-
oxide in isopropyl alcohol (IPA) for 10 min, washing with anhydrous
IPA, immersion in a solution of 40 vol % IPA in water for 3 min,
washing with anhydrous IPA, and then drying with a stream of flowing
nitrogen at room temperature. Organic pyrolysis was conducted by
heating the coated scales at 0.5 8C min�1 to 450 8C and holding at this
temperature for 4 h in air. The pyrolyzed scales were placed in vessels
(TFM-lined XP-1500 Plus, CEM Corp., Matthews, NC, USA)
containing a solution of 0.125m barium acetate and 1m sodium
hydroxide dissolved in previously boiled water. The sealed specimens
were then heated to 220 8C in a microwave reaction system (MARS
230/60, 2.45 GHz, CEM Corp.) and held at this temperature for 10 h
to allow for MWHT conversion into barium titanate. Additional
experimental details, a schematic of the overall process, and
Figures S1 and S2 are provided in the Supporting Information.
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Table 1: Dimensional measurements at various stages of conversion[a]

Process step!

Featurefl

Chitin
scales

As SSG
coated

After
pyrolysis

After
MWHT
treatment

ridge
spacing [nm][b]

2230�140 2240�120 1690�120 1880�200

strut width [nm][b] 205�30 270�50 180�30 360�60

[a] See Supporting Information for discussion of statistical analyses.
[b] See Figure 1a for illustration of ridge spacing and strut width.
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