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Facile fabrication of honeycomb-patterned thin films of amorphous calcium carbonate (ACC) and
mosaic calcite was achieved via colloidal lithography at the solution surface. At first, honeycomb-
patterned ACC (HP-ACC) thin films were fabricated by a polymer-induced ACC coating of the
monolayer colloidal crystal (MCC) template at the air/water interface. Subsequent controlled
crystallization of the preformed HP-ACC thin films under different conditions led to honeycomb-
patterned, crystalline films with different microstructures. In particular, honeycomb-patterned,
mosaic calcite thin films composed of single-crystalline calcite plates could form when thermal
treatment at 400 °C was applied to the amorphous films. Additionally, dye molecules were
incoporated into the HP-ACC thin film during its formation, enabling further functionality of the
patterned thin film with fluorescence. Furthermore, the highly ordered HP-ACC thin films possessed
brilliant structural colors and exhibited typical photonic properties.

Introduction

Two-dimensional (2D) patterned structures have at-
tracted great interest of materials scientists due to their
wide-range applications in optics, electronics, and
sensing.!~* In particular, improved photonic functional-
ities including antireflection, structural color, and photo-
nic band gap have been demonstrated by coating surfaces
with 2D periodic structures with periodicities in the range
of submicrometer length scale.”” Specifically, spherical
or hemispherical shell arrays have shown size-dependent
diffraction properties due to their periodic modulation of
the dielectric function, which can inhibit the propagation
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of certain frequencies of light through specific crystal
orientations.””'® It may be noted that the spherical and
hemispherical shell arrays exhibit quite different surface
topographies, which may lead to considerable differences
in optical and surface properties. To fabricate such highly
ordered shell arrays with feature sizes down to the sub-
micrometer length scale, patterning methods involving
monolayer colloidal crystals (MCCs) as templates have
been recognized to be a cost-efficient bottom-up strat-
egy."” Usually, MCCs are composed of hexagonal-close-
packed (hcp) colloidal spheres with uniform sizes ranging
from a few hundred nanometers to several micrometers.
The highly ordered sphere arrays of the MCCs make them
perfect replicable templates for the production of half-
shell structures by coating their surfaces through either
dry methods including physical deposition'' ~'®'® or wet
methods involving sol—gel chemistry'® and electro- or
electroless chemical deposition.”!>!” Until now, shell or
half-shell arrays of various inorganic materials, including
titania,'® zinc oxide,"" silicon,'? gold,13_16 silver,'”'® and
Ni(OH),’ have been fabricated with most of them asso-
ciated with interesting anomalous optical properties.
However, the development of mild, facile, and low-cost
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solution approaches toward such microstructured films
made of desirable materials still remains a challenge.

On the other hand, one inspiration from biominerali-
zation for materials processing is to provide alternative
approaches to the synthesis of ceramic thin films under
mild conditions instead of otherwise high-vacuum or
high-temperature processing.’°”>* Significantly, amor-
phous phase, such as amorphous calcium carbonate
(ACC), can readily form thin film coatings on solid
substrates induced by polymers with or without specific
chemical environment on the solid surfaces.”> ** This
polymer-induced ACC coating process bears some simi-
larity to the sol—gel processing of ceramics in molding
and shaping of fluidic precursors, but the ACC thin films
do not need to be densified by heat-treatment like the case
for gel-derived ceramics.>* Recently, increasing attention
has been paid to the fabrication of patterned CaCOs thin
films due to the importance of patterning for both
scientific and industrial applications. Chemically micro-
patterned templates including self-assembled mono-
layers,>> %7 layer-by-layer films,*® polymer films,** and
polymer brushes* have been used for the selective de-
position of ACC thin films and their subsequent crystal-
lization. By now, several in vitro experiments have
succeeded in molding ACC into intricate shapes using
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micro- or nanostructured templates by adopting this
strategy,*' ~#¢ such as the infiltration of polymeric colloi-
dal crystals with ACC to obtain three-dimensionally
ordered macroporous (3DOM) calcite single crystals.*’
However, there are rare reports on the molding and
shaping ACC directly into large-area thin films with
ordered patterns of submicrometer length scale.

Herein, we report on the facile fabrication of honey-
comb-patterned calcium carbonate (HP-CaCOs;) thin
films via polymer-induced ACC coating of MCCs at the
air/water interface. Recently, we have shown that MCCs
can be used as floating masks at the gas/solution interface
to fabricate through-pored nanonet thin films of various
inorganic materials.*’ In this paper, we demonstrate that
the strategy of colloidal lithography at the solution sur-
face can be extended to the production of honeycomb-
patterned ACC (HP-ACC) and mosaic calcite (HP-
calcite) thin films. The HP-ACC thin film can be functio-
nalized with fluorescence by synchronous inclusion of
water-soluble dyes during the film formation. Further-
more, transmissivity measurement of the HP-ACC thin
film was carried out to reveal its photonic properties.

Experimental Section

Chemicals and Materials. Calcium chloride (CaCl,, 99%,
Alfa Aesar), ammonium carbonate ((NH4),CO3, NH3 = 40%,
Beijing Chemical Co.), poly(acrylic acid, sodium salt) (PAA,
M,, = 5100, Aldrich), and Rhodamine B (RB, Beijing Chemical
Co.) were used as received. Polystyrene (PS) colloidal spheres
with a diameter of 470 £ 10 nm were synthesized by the
surfactant-free emulsion polymerization.*

ACC Coating of MCCs at the Air/Water Interface. First, a
piece of MCC film with an area of 1 cm? that was deposited on a
silicon substrate® was transferred onto the surface of the
precursor solution containing 20 mM CaCl, and 80 mg/L
PAA. The vessel holding both the precursor solution and the
floating MCC film was covered with Parafilm punched with one
small aperture and put inside a closed desiccator with 2 g of
(NH4),CO; powder located at its bottom. The coating process
took place at 25 + 1 °C and lasted for 6 h before the composite
film was picked up with substrates such as glass plates, silicon
plates, and TEM grids for certain characterization. The MCC
template was then removed by dissolving the sample in dichloro-
methane to obtain intact HP-ACC thin films. In the case of dye
inclusion, RB was additionally dissolved in the precursor solu-
tion to reach a concentration of 0.2 mM.

Crystallization of HP-ACC Thin Films. The as-obtained HP-
ACC thin films were kept under three different conditions for
crystallization: (i) at room temperature and a relative humidity
(RH) 20—40%, (ii) at 80 °C and a constant RH of 90%, and
(iii) a thermal treatment at 400 °C in air.
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Figure 1. Schematic illustration of the fabrication of HP-CaCOj5 thin
film by colloidal lithography at the solution surface.

Characterization. Microstructures of the samples were char-
acterized by field-emission scanning electronic microscopy
(SEM, Hitachi FE-S4800, 5 kV), transmission electronic micro-
scopy (TEM, JEOL JEM 200CX, 160 kV), and selected area
electron diffraction (SAED). Optical and fluorescence micro-
graphs were taken with a Nikon ECLIPSE E600 fluorescence
microscope equipped with polarizers. Powder X-ray diffraction
(XRD) spectra were recorded on a Rigaku Dmax-2000 X-ray
diffractometer with Cu Ka radiation. Infrared (IR) spectra were
scanned at 1 cm ™' resolution with a Nicolet iNIO MX micro-
FTIR instrument. Thermogravimetric analysis (TGA) was per-
formed by heating the films at 10 °C min~ ' in a flow of air with a
SDT2960 thermogravimetric analyzer (Thermal Analysis). The
transmission spectra were obtained on a Hitachi U-4100 spec-
trophotometer with normal incidence.

Results and Discussion

Figure 1 schematically shows the fabrication of HP-
CaCO;j thin films by colloidal lithography at the solution
surface. After mineralization for 6 h, the PS-ACC com-
posite film was picked up from the solution surface with a
solid substrate. Figure 2a shows a typical SEM image of
the as-obtained PS-ACC composite film, where the PS
MCC template was embedded in a uniform film. After
removal of the template, hollow half-shell thin films
composed of hemispherical chambers with a diameter of
450 nm were obtained (Figure 2b). Figure 2c displays a
perspective SEM view of the patterned thin film, suggest-
ing a film thickness of about 600 nm. It also shows that the
hcp-arranged chambers are interconnected with each
other through small windows on the chamber walls,
resulting from the dense packing of the pristine MCC
template. Figure 2d shows its reverse side (i.e., the side
facing the subphase during the ACC coating), indicating
that the ACC coating consists of amalgamated particles
with diameters in the range of 80—100 nm. Overall, the
coating layer inherited the basic profile of the MCC
template, resulting in the honeycomb-patterned thin films
of connected hollow half-shell arrays in a large area.

To investigate the ACC coating process, we observed
the thin films obtained at different periods of reaction
with SEM (Figure S1, Supporting Information). Initially,
ACC particles were deposited at the interstices of the
MCC template at the solution surface, resulting in the
formation of a through-pored net-like film, as reported
previously.*' Further deposition of ACC occurred at
the reverse side of the MCC template underneath the
solution until it was completely coated after 6 h of reaction
(Figure 2d). The sequence of the ACC deposition can be
attributed to the priority of accessibility to the diffusive
CO; gas. The solution surface between the PS colloidal
spheres was more accessible by CO, than the bulk solution.

Lietal.

Figure 2. SEM images of (a) PS-ACC composite film and (b—d) HP-
ACC thin film after template removal: (b) top view, (c) lateral view, and
(d) bottom view.

Figure 3. TEM images of amorphous (a) and crystalline (b) HP-CaCO;
films. Insets show the corresponding SAED patterns.

Once the solution surfaces between the PS colloidal spheres
were stuffed with the ACC particles, the diffusive gas was
blocked from this pathway and could only diffuse into the
bulk solution through the bare solution surface without the
PS sphere monolayer. Meanwhile, the heterogencous de-
position or coating of the underwater surfaces of PS
colloidal spheres by ACC was initiated by the CO5>~ anion
dissociated from dissolved CO,.

To reveal the composition and microstructure of the as-
obtained HP-CaCOs; thin film, characterizations by
TEM, IR, and TG analysis were performed. Figure 3a
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Figure 4. IR spectra of amorphous (a) and crystalline (b) HP-CaCO;
thin films.

shows a typical TEM image of the HP-CaCOj thin film
together with the corresponding SAED pattern. The film
exhibited regular hexagonal patterns and rather smooth
textures. The diffusive rings of the SAED pattern suggest
that the thin film was amorphous. The IR spectrum of
the thin film shows v, (out of plane bending) peak at
863 cm™ ', split v (asymmetric stretch) peaks at 1413 cm ™!
and 1475 cm ™!, and an additional broad v, (asymmetric
stretch) peak around 1075 cm™' (Figure 4a), which are
characteristic of ACC.” The absence of v, (in-plane
bending) peak at 713 cm ™' indicates that well-ordered
calcite is not present.>® These results indicate that the as-
obtained HP-CaCOj thin film was composed of ACC.
The TG curve of the HP-ACC thin film shows a three-step
weight loss (Figure S2, Supporting Information). The
weight loss below 300 °C can be attributed to the dehy-
dration process. The weight loss around 500 °C can be
attributed to the burning off of the organic species PAA.
The PAA content was estimated to be about 0.9 wt %,
which means that a small amount of PAA was included
during the ACC coating process. CaCOs started to de-
compose at 700 °C, corresponding to the third weight loss
in the TG curve. These results suggested that the coating
of MCC template occurred through a polymer-induced
ACC formation process, which has been widely reported
in the CaCO5 mineralzation.”> >

The transformation of HP-ACC thin films into crystal-
line calcite thin films can be achieved three different ways.
In the first way, the HP-ACC thin film was kept under
ambient conditions, that is, at room temperature and a
relative humidity around 20—40%. In this case, the
crystallization process was rather slow, and it took
around 7 days for the amorphous film to crystallize
completely. As shown in Figure 5a, the film cracked into
small pieces due to drying. The corresponding polarized
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Figure 5. Optical micrographs of crystalline HP-CaCOj thin films ob-
tained under three different conditions: (a, b) room temperature and
20—40% RH, (c, d) 80 °C and 90% RH, and (e, f) 400 °C. (a, c, e) are
micrographs taken under normal light, and (b, d, f) are the corresponding
polarized optical micrographs. Inset: high-magnification image illustrat-
ing the texture of a spherulitic domain (scale bar: 10 um).

optical micrograph shown in Figure 5b revealed that the
honeycomb-patterned thin film was spherulitic and poly-
crystalline, which is in accordance with the formation of
flat polycrystalline spherulitic CaCOs films under similar
crystallization conditions.”® In the second way, the amor-
phous HP-ACC thin film was subjected to a high RH
(90%) and a relative high temperature (80 °C), which
could accelerate the crystallization process. Under this
condition, the time needed for complete crystallization
could be shortened to 2 days. From the optical micro-
graph in Figure Sc, we can see that the film did not split
probably due to the high RH applied. However, large-
area land of void formed in the continuous film
after crystallization. Besides, many smaller voids also
appeared, as indicated by the black arrows in Figure 5c.
The corresponding polarized optical micrograph shows
clearly large-area spherulitic domains (Figure 5d). These
results suggest that the amorphous phase underwent a
dissolution—recrystallization process, which was prob-
ably induced by the high RH. In the last approach, a very
high temperature was applied to enhance the crystal-
lization process of the amorphous phase. This was
achieved by heating the amorphous thin film at 400 °C
for 2hin air. After the thermal treatment, the film cracked
into relatively large pieces, as can be seen from the optical
micrograph in Figure 5e. However, what is unusual is that
the thin film had turned into a mosaic film of single-
crystal plates, and these single-crystal plates disconnected
themselves with each other, which was confirmed by the
polarized optical micrograph shown in Figure 5f. The
single-crystalline plates in the film can reach an area of up
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Figure 6. SEM images of crystalline HP-CaCO; thin film after heat
treatment at 400 °C for 2 h: (a, b) top view, (c) tilted view, and (d) bottom
view.

to 5 x 10 um?, which was estimated to contain ~2 x 10*
half-shells. The disconnection between the single-crystal
plates was probably caused by the tension arising from
the volume shrinkage during each single nucleation and
crystallization event.

The mosaic crystalline thin film was characterized by
SEM, TEM, FT-IR, and XRD to reveal the morphology
and microstructure of the single-crystalline plates within
the crystalline film. Figure 6a,b shows the low and high
magnification SEM images of a single plate, respectively.
As can be seen, large-area, highly ordered hollow half-
shell arrays were well retained in the crystalline film, and
the orderly arranged chambers had an identical diameter
around 450 nm. More details of the geometry of the
crystalline film can be found in a topographic image
shown in Figure 6¢, which clearly reveals that the cham-
bers were interconnected with each other via the small
holes formed in the chamber walls because of the close
packing of the template spheres. The reverse side of the
crystalline film was still made up of arrays of half-shell
(Figure 6d). However, in contrast to the amorphous film
shown in Figure 2d, the surface texture of the crystalline
film apparently changed. Numerous tiny pores and inter-
stices formed, which was consistent with the TEM image
shown in Figure 3b. It also suggests that the sizes of the
pores and interstices were about 20—50 nm. These pores
and interstices were probably caused by the release of
impurities and water during crystallization. The corre-
sponding SAED pattern shows a regular array of sharp
spots ascribed to the [361] zone axis of calcite, confirming
that each plate was a single crystal (Figure 3b). The FT-IR
spectrum of the as-obtained calcite thin film is shown in
Figure 4b, which shows distinguished absorbent peaks
at 1420 cm™ ', 877 cm™ !, and 713 cm ™!, corresponding
to the v3, v, and v4 peaks of calcite, respectively.*! The
related XRD pattern confirms that the crystalline phase
was made of pure calcite (Figure S3, Supporting In-
formation). The prominent (104) peak of calcite in the
XRD pattern suggests the thin film was roughly (104)
oriented. As far as we know, this is the first demonstration

Figure 7. Optical micrographs of amorphous (a, b) and crystalline (c, d)
HP-CaCOj; thin films with the dye RB included. Crystallization was
conducted at 80 °C and 90% RH. (a, ¢) are polarized optical micrographs,
and (b, d) are the corresponding fluorescent micrographs.

of highly oriented mosaic single-crystal calcite films with
highly ordered, submicrometer-sized honeycomb pat-
terns.

Furthermore, the HP-ACC thin film was func-
tionalized with fluorescence by synchronous inclusion
of water-soluble dyes during the mineral formation pro-
cess, which could be realized thanks to the tolerance of
ACC with impurities and water. For example, Kato et al.
demonstrated the preparation of ACC-polymer compo-
sites.®> Here we used Rhodamine B (RB) as the dopant
dye by dissolving it in the precursor solution of CaCl, and
PAA. The deposition of the ACC film onto the floating
MCC template in the presence of RB was conducted by a
similar experimental procedure. After removing the
MCC template, the resulting RB-included HP-ACC thin
film was soaked in water to get rid of the absorbed RB
molecules. It may be noted that the RB-included HP-
ACC thin film could also be prepared by dipping the
prefabricated ACC thin film into the dye solution; how-
ever, the synchronous inclusion of the dye molecules
during the mineralization enabled more uniform inclu-
sion of the dye molecules within the amorphous film.
Figure 7a shows the polarized optical micrograph of the
as-obtained dye-included HP-ACC thin film. Its amor-
phous nature was confirmed by the complete darkness
under polarized light. Figure 7b shows the corresponding
fluorescent micrograph, which exhibited uniform red
emission, suggesting that the dye molecules were included
and dispersed homogenously in the ACC film.?*!
Then, crystallization of the amorphous films with RB
included was performed at 80 °C and 90% RH. Figure 7¢
shows the polarized optical micrograph of the crystallized
HP-CaCOj; thin film, which suggests that the film was
made of large spherulitic domains, similar to the HP-
CaCOs; film obtained without dyes (Figure 5d). Figure 7d
shows the corresponding fluorescence micrograph, which

(51) Sindhu, S.; Jegadesan, S.; Hairong, L.; Ajikumar, P. K.; Vetrichelvan,
M.; Valiyaveettil, S. Adv. Funct. Mater. 2007, 17, 1698.
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Figure 8. Transmission spectra of normal ACC and HP-ACC thin films.
Inset is the photograph of HP-ACC thin film deposited on a silicon
substrate ~ 1 cm?.

exhibits round areas encircled by rings with stronger
red emission, as indicated by the numbers in Figure 7d.
The encircled round areas just corresponded to those
spherulite domains, which suggest that dye molecules
were excluded as impurity during the crystallization
processes of ACC.** The protocol presented here might
enable us to observe the exclusion of impurities directly
during crystallization provided in situ characterization
could be used.

The periodic submicrometer-sized air voids of the HP-
CaCOs; thin film led to strong diffraction of visible light
and therefore intense structural colors. Figure 8 shows a
representative photograph of a piece of HP-ACC thin
film on Si substrate ~1 cm? in area, which exhibited a
brilliant green color. In contrast, the normal ACC thin
film obtained at the bare solution surface without the
MCC template (Figure S4, Supporting Information) was
transparent and colorless, which was consistent with its
structureless transmission spectrum (Figure 8). The trans-
mission spectrum of the HP-ACC film showed a major
minimum centered at 433 nm (Figure 8), which could
be ascribed to the Rayleigh-Wood anomaly associated
with diffraction due to 2D periodic structures.'"!> These
results indicated that the as-obtained HP-ACC film could
act as a photonic material with structural colors brought
about by its periodic structure. It is expected the crystal-
line HP-calcite thin film might have interesting photonic
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properties due to its anisotropic refractive index. Unfor-
tunately, we have been unable to attain reliable spectra of
the mosaic HP-calcite film so far because of the poor
integrity of the crystalline thin films due to cracking upon
crystallization. Further efforts are under way to realize
the crystallization of the HP-ACC thin film without
significant cracking.

Conclusions

In conclusion, we have demonstrated the facile fabrica-
tion of HP-CaCOs thin films via colloidal lithography at
the solution surface. Large-arca HP-ACC thin films
consisting of highly ordered submicrometer hollow half-
shell arrays were produced via polymer-induced ACC
coating of MCC templates floating at the air—water
interface. Honeycomb-patterned, mosaic calcite thin
films consisting of single-crystalline domains about tens
of micrometers in size were obtained by controlled crys-
tallization of the HP-ACC thin films. The floating tem-
plate at the air—water interface in combination with the
gas diffusion method provides a facile templating route
for the shaping and molding of amorphous calcium car-
bonate thin film. The controlled crystallization of amor-
phous phase with retained shapes and patterns represents
an alternative route to patterned crystalline thin films.
The highly ordered HP-CaCOs thin film demonstrates
interesting structural colors. Moreover, the versatility of
this method enables the simultaneous inclusion of func-
tional molecules into the amorphous thin films, endowing
the patterned thin films with further functions that
may find applications in biological and optoelectronics.
Furthermore, the honeycomb structures presented by
such films and the good biocompatibility of CaCOj;
may make such films promising candidates for 2D scaf-
folds for cell culture such as bone cell culture.”
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