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Calcium carbonate is a common industrial material that is used
as a micrometric filler for papers, rubbers, plastics, and inks.
The shape and size of micrometric grains are important
parameters that affect the physical and chemical properties of
composite materials."” In recent years, nanometric particles of
calcium carbonate have attracted much attention as basal
building blocks of biogenic minerals®*® and functional mate-
rials with high biocompatibility and low environmental
load."™™** Since various properties are influenced by the minia-
turization of crystal grains below 100 nm, characterization of
the carbonate particles is necessary for application in practical
fields. However, their properties, including the thermal char-
acteristics of nanometric calcium carbonate in the nanometric
region, have not been sufficiently clarified because calcium
carbonate is easily decomposed above 550 °C.*>*¢ In the present
work, we studied thermally induced deformation on nano-
metric calcite at temperatures lower than the melting point
(1597 °C at 3 GPa)" of the bulky crystal.

Since the melting temperature of metals decreases when
their size is decreased below ~50 nm,'®" metallic nanowires
fragment into nanospheres at temperatures much below the
melting point of bulk metal.>*** The fragmentation is ascribed
to the Rayleigh instability that is known for liquid. These results
suggest that the surface diffusion of ions and atoms occurs
easily on the nanometric particles when the surface instability is
increased. The cleavage of solid nanowires has been observed
only for metallic phases. In the current work, we found the
morphological transformation of ion crystal nanorods into
faceted nanograins through the surface diffusion at relatively
low temperatures.

The preparation of bulky calcium carbonate consisting of
nanocrystals is required for reinforcing materials®*?>* and as
a precursor of biomedical materials.’**” In general, however,
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Calcite nanorods ~50 nm wide are thermally separated into nanoblocks. The fragmentation is ascribed to
the ion diffusion on metastable crystal surfaces at temperatures (~400 °C) much lower than the melting
point. The presence of water molecules enhances the surface diffusion and induces deformation of the

fabricating large, bulky bodies through conventional sintering
techniques is difficult because calcium carbonate is thermally
decomposed into calcium oxide and carbon dioxide. Several
methods, such as sintering with a flux'®*® or in a carbon dioxide
atmosphere* and hot-pressing under hydrothermal condi-
tions**** were developed to prepare bulky calcium carbonate
materials. On the other hand, the thermal behaviors of pure
calcium carbonate have not been sufficiently studied at
temperatures below the decomposition and melting points.

In nature, bulky calcium carbonate crystals are commonly
produced as biominerals, such as shells, eggshells, sea urchins,
and foraminiferal skeletons, under mild conditions.?®%32-34
The bulky biogenic bodies are composed of nanometric grains
10-100 nm in size that are arranged in the same crystallo-
graphic direction.®* The formation of bridged architectures
through oriented attachment is generally related to the ion
diffusion on specific surfaces at relatively low temperatures. A
detailed study on the stability of nanometric surfaces at rela-
tively low temperatures is needed to understand the morpho-
logical change of calcium carbonate crystals.

In the present report, we discuss the morphological change
of calcite nanocrystals below the decomposition and melting
temperatures by observing metastable crystal surfaces in the
nanometer-scale range. Calcite nanorods elongated in the ¢
direction were utilized as a typical nanometric shape covered
with metastable surfaces. Here, thermally induced fragmenta-
tion was studied with and without water vapor. The surface
diffusion was found to occur on the metastable surface at
around 400 °C under a dry condition and at around 60 °C with
water vapor. Our findings are important for clarification of the
surface property of nanometric calcium carbonate and for the
fabrication of bulky bodies through the attachment of
nanocrystals.

Single-crystal calcite nanorods elongated in the ¢ direction
were utilized in the present study (Fig. 1 and S17). Calcite
nanorods up to ~500 nm were formed through the combination
of the carbonation of calcium hydroxide and the subsequent
oriented attachment of resultant calcite nanoblocks ~50 nm in
diameter by stirring. The detailed mechanism was described in
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our previous study.* As shown in Fig. S1,T the calcite nanorods
were covered with metastable surfaces having a curvature.
Moreover, we observed depressed parts originating from the
oriented attachment of the original calcite grains. As shown in
the Fig. S2,7 the XRD peaks of the nanorods were found to shift
to higher angles than those of standard X-ray diffraction data
(ICDD 00-005-0586). Thus, the crystal lattice of the nanorods
was suggested to be stressed with the coverage of irregular
surfaces.

As shown in Fig. 2, the calcite nanorods were deposited on
a silicon substrate for clear observation of the morphological
change. We redispersed the calcite nanorods in ethanol and
evaporated the dispersion medium to deposit them on the
substrate at 25 °C (Fig. 2a and S3at).** The nanorods were
arranged on the solid surface through evaporation-driven self-
assembly. Specifically, monolayers of the calcite nanorods
were obtained by adding poly(acrylic acid) (PAA, MW: 5000
gmol™") to the ethanol dispersion. The dispersibility of the
nanorods in ethanol was improved by the modifying agent. The
organic components of the PAA-modified nanorods were
removed through oxidation in air at around 300 °C (Fig. S47).

The calcite nanorods were deposited on the solid surface to
study the morphological change when heated in air. Obvious
changes were not found in the shape of the nanorods upon
heating to a temperature below 350 °C in air for 24 h (Fig. S27).
On the other hand, we observed significant deformation upon
heating to 400 °C (Fig. 2). The depressed parts on the side
surfaces enlarged in 1 h. The fragmentation of the nanorods
was finally induced after treatment for 2 h. Calcite grains were
formed by the thermally induced cleavage (Fig. 2c). The average
size of the cleaved grains was ~100 nm, which was larger than
the average width of the nanorods, ~50 nm. As shown in Fig. 3,
we observed the definite surfaces covering nanograins. Most of
the definite facets were assigned to the (104) of calcite by FFT
analysis of the lattice fringes of nanograins in the HRTEM
images. Some (012) planes were found in the nanograins. On

a

Fig. 1 SEM (a) and TEM (b and cy), HRTEM (c,) images, and the FFT
pattern (csz) of the lattice in (cy) of calcite nanorods in aqueous
dispersions at pH 12 and at 25 °C with stirring. (c) Reprinted from ref. 35
published by The Royal Society of Chemistry.
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Fig. 2 SEM images and schematic illustrations of calcite nanorods
deposited on a silicon substrate before treatment (a) and heated at
400 °C for 1 (b) and 2 h (c). The PAA-modified calcite nanorods were
used to obtain the monolayers (b and c). We used bare nanorods for
take the images of original nanorods because the definite surfaces
were not observed due to the presence of PAA (a).

the other hand, the surfaces of the deformed nanorods during
fragmentation were curved and irregular. According to XRD
patterns, the crystal phase was not changed with the fragmen-
tation (Fig. S2t). The diffraction peaks were shifted to the
standard values and sharpened with the treatments. This
suggests that the formation of the stable faces with the frag-
mentation is associated with the lattice relaxation.

We observed the stability of rhombohedral grains that were
covered with the stable {104} planes. As shown in Fig. 4, the
deformation of the rhombohedral grains was not observed at

Fig. 3 TEM (a), HRTEM (b), and FFT images of nanocrystals before and
after heating at 500 °C.
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400 °C in air for 6 h. These results indicate that the ion diffusion
is not induced drastically on the stable surfaces at a tempera-
ture lower than the decomposition temperature.

The fragmentation of the calcite nanorods was enhanced in
the presence of water vapor. As shown in Fig. 5a, we found
cleavage of the nanorods even at 60 °C in a closed vessel con-
taining water. The formation of unifaceted rhombohedral
nanoblocks with {104} faces was clearly observed at 100 °C for
24 h (Fig. 5b-d). Since the morphological change was similar to
that under a dry condition, the ion diffusion on the surface is
deduced to be assisted by adsorbed water molecules. The X-ray
diffraction signals shifted to the standard values with the
fragmentation (Fig. S21). Thus, the stable faces were formed
with the lattice relaxation with the exposure to water vapor.

The ion diffusion at a relatively low temperature, below the
decomposition temperature, has not been reported for calcium
carbonate. In the present work, however, we found the frag-
mentation of calcite nanorods at around 400 °C under a dry
condition and at around 60 °C with water molecules. These
results suggest that the ion diffusion occurs on the nanoscale
calcite crystals. On the other hand, rhombohedral calcite grains
covered with the stable {104} planes were not deformed at those
temperatures. Thus, the diffusion at low temperatures is
induced only on metastable surfaces that are exhibited on the
nanoscale calcite. Moreover, the presence of water molecules
enhances the ion diffusion on the metastable surfaces.

The fragmentation of the calcite nanorods can be explained
by Rayleigh instability. The cleavage by Rayleigh instability is
ascribed to the enlargement of tiny perturbations on cylindrical
liquids,* polymers, and metals. In general, the cylindrical
bodies evolve into several spheres to decrease the total surface
energy. Recently, Rayleigh instability was applied to the

Fig. 4 SEM (a1 and by,), TEM (az), and SAED (a4) images of calcite
nanoblocks before treatment (a) and heated to 400 °C for 6 h (b). (az) A
schematic illustration of a calcite rhombohedron covered with {104}
faces.
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Fig.5 SEM (aandb), TEM (c), and SAED (d) images of calcite nanorods
deposited on a silicon substrate subjected to high humidity at 60 °C (a)
and 100 °C (b) for 24 h. (c) A schematic illustration of a calcite
rhombohedron covered with {104} faces.

thermally induced fragmentation of metal**** and organic®®
nanowires. The breakup phenomena were attributed to surface
oscillations due to the high surface energy induced by increased
surface-to-volume ratios.** Thus, metal nanowires are cleaved
and form isotropic nanoblocks at temperatures well below the
melting point. In the present work, we found fragmentation of
the calcite nanorods at relatively low temperatures. The ion
diffusion is induced on the metastable surfaces that are
exhibited on nanoscale crystals. The depressed parts exist as
perturbations on the side faces of the original nanorods. The
cleavage occurs through enlargement of the depressed parts
and formation of the stable faces to reduce the surface energy
and relax the lattice strain.

Polyhedral grains covered with flat planes were formed
instead of spherical particles by the fragmentation of calcite
nanorods. Formation of the stable {104} plane is achieved to
reduce the surface energy. The {012} plane of calcite is not
stable under the ambient temperature. However, the surface
energy of {012} decreases with increasing temperature.* Thus,
the facets are deduced to also be formed at temperatures
around 400 °C.

Conclusions

The ion diffusion of calcium carbonate was found to occur on
metastable surfaces at temperatures much lower than the
melting point. The fragmentation of calcite nanorods covered
with metastable surfaces is ascribed to the Rayleigh instability
induced by the surface ion diffusion. The presence of water
molecules enhances the surface ion diffusion at temperatures
lower than 100 °C.
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