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aBsTracT

Metastable vaterite crystals were synthesized by increasing the pH and consequently the saturation 
states of Ca2+- and CO3

2–-containing solutions using an ammonia diffusion method. SEM and TEM 
analyses indicate that vaterite grains produced by this method are polycrystalline aggregates with a 
final morphology that has a sixfold-symmetry. The primary structure develops within an hour and is 
almost a spherical assemblage of nanoparticles (5–10 nm) with random orientation, followed by the 
formation of hexagonal platelets (1–2 µm), which are first composed of nanoparticles and that develop 
further into single crystals. As determined using transmission electron microscopy, these hexagonal 
crystallites are terminated by (001) surfaces and are bounded by {110} edges. The hexagonal crystals 
subsequently stack to form the “petals” (20 µm wide, 1 µm thick) of the final “flower-like” vaterite 
morphology. The large flakes gradually tilt toward the center as growth progresses so that their posi-
tions become more and more vertical, which eventually leads to a depression in the center. Since this 
sequence encompasses several morphologies observed in previous studies (spheres, hexagons, flowers 
etc.), they may actually represent different stages of growth rather than equilibrium morphologies for 
specific growth conditions.
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inTroducTion

Calcium carbonate (CaCO3) occurs widely on the Earth’s sur-
face and represents the largest geochemical reservoir for carbon 
(Braissant et al. 2003; Wolf et al. 2007). There are three major 
polymorphs of CaCO3: calcite, aragonite, and vaterite. Vaterite, 
the least thermodynamically stable polymorph of CaCO3, has 
been of great interest because its crystallization is strongly associ-
ated with biogenic activities. For example, vaterite occurrences 
are widely documented in carbonate mineralization mediated by 
soil bacteria (Lian et al. 2006; Rodriguez-Navarro et al. 2007), 
in fresh-water cultured pearls from mussels (Addadi et al. 2006), 
as well as in inorganic tissues like gallstones and human heart 
valves (Kanakis et al. 2001; Lowenstam and Abbott 1975). 
In addition, vaterite can be an important precursor for other 
polymorphs, especially calcite, in biomineralization processes. 
In industrial settings, vaterite has been used extensively as a 
stabilizer in suspension polymerization, as material for regen-
erative medical applications, and as an encapsulating substance 
suitable for pharmaceutical applications (Fuchigami et al. 2009; 
Hadiko et al. 2005). Elucidating the vaterite growth mechanism 
and structure characteristics will expand our knowledge on how 
organisms control carbonate morphologies and polymorph selec-
tions and may improve the engineering applications of vaterite 
as an industrial material.

Various experimental conditions have been reported to 
promote vaterite synthesis. Facilitating factors include: super-
saturation with respect to CaCO3 (Colfen and Antonietti 1998; 
Grasby 2003; Kasuga et al. 2003; Kitamura 2001; Kralj et al. 

1997; Ogino et al. 1987), the presence of certain organic addi-
tives and organic templates (Didymus et al. 1993; Fujiwara et 
al. 2010; Heywood et al. 1991; Hosoda et al. 2003; Jada and 
Verraes 2003; Kun Park et al. 2004; Lee et al. 2005; Malkaj 
et al. 2004; Rieke 1995; Rudloff and Colfen 2004; Shen et al. 
2005) or inorganic additives (e.g., NH3) (Gehrke et al. 2005; Liu 
and Yates 2006), and high pH (Spanos and Koutsoukos 1998). 
Different methods render different characteristics for vaterite 
crystallization, such as growth kinetics and crystal stability, 
among which the morphology may be the most uncertain char-
acteristic because it displays a great deal of variety. The most 
intensively reported morphology is the spherical shape (Han et 
al. 2006a; Watanabe and Akashi 2008). Many others, such as 
fried-egg shape, flower-like shape, and hexagonal flake shape 
are also frequently observed (Fricke et al. 2006; Gehrke et al. 
2005; Heywood et al. 1991). However, how these morphologies 
develop, what the texture of the resultant crystals is, and what 
the different shapes have in common, remains to be addressed. 
In this study, the crystallographic characteristics and growth pro-
cess of a flower-like vaterite, induced by the ammonia-diffusion 
method, are investigated to shed light on the different stages of 
the crystallization mechanism of vaterite.

experimenTal meTHods
CaCO3 crystals were cultivated using an ammonia diffusion method (Lian et 

al. 2006) in a closed container of 33 L at ambient conditions. Nine open plastic 
Petri dishes, each containing 45 mL of 0.002 M CaCl2-NaHCO3 salt solutions, and 
one beaker, containing fresh NH4HCO3 powder, were placed in the container. The 
original pH of the salt solution was adjusted to 3.4 by adding 10% HCl such that 
initially, all Ca and carbonate species are in solution. Subsequent decomposition of 
NH4HCO3 in separate containers produced NH3 gas, which diffused into the CaCl2-
NaHCO3 salt solution, increasing the solution pH and, hence, the supersaturation 
with respect to CaCO3. Two open Petri dishes containing 20% NaOH were placed 
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