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In order to evaluate the average thickness of the nanosheets, the bandgap
energy shift, DEg, by exciton confinement in anisotropic two-dimensional
crystallites is formulated as [22]:
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where h is Planck's constant, lxz, ly are the reduced effective mass of the
exciton, and Lx, Ly, Lz are crystallite dimensions. Since Lx,Lz >> Ly for the
nanosheet, the first term can be ignored, therefore the blue shift is predominantly governed by the sheet thickness:
Eg 
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The bandgap of ZnS nanosheets can be estimated by fitting the absorption
data to the direct transition equation [23]:
a  hm = A (hm±Eg)1/2

(3)

where a is the absorption coefficient, hm is the photo-energy, Eg is the direct bandgap, and A is a constant. In the case of the ZnS nanosheet, the
parameters for calculation are: Eg(bulk) = 3.80 eV, Eg = 5.08 eV, me±= 0.42,
mh+ = 0.61, DEg = 1.16 eV, ly = 0.2487. The calculated thickness of ZnS
nanosheets is about 11 . The nanosheet thickness is much smaller than
the exciton Bohr radius aB = 22  for wurtzite ZnS.
[25] S. A. Empedocles, R. Neuhauser, K. Shimizu, M. G. Bawendi, Adv. Mater.
1999, 15, 1243.

Biomimetic Morphogenesis of Calcium Carbonate
in Mixed Solutions of Surfactants and
Double-Hydrophilic Block Copolymers**
By Limin Qi,* Jie Li, and Jiming Ma
The chemical synthesis of inorganic materials with unusual
and complex forms, a chemistry of form,[1] has attracted considerable attention owing to the obvious importance of the
shape and texture of materials in determining their properties.
It is well-known that biominerals are distinguished by a complexity of form well-suited to their functions. The strategy of
using organic templates and/or additives to control the nucleation, growth, and alignment of inorganic particles has been
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widely applied to the biomimetic morphogenesis of inorganic
materials with complex forms.[1±6]
The biomimetic synthesis of calcium carbonate (CaCO3),
one of the most abundant biominerals, has been intensively
investigated. Langmuir monolayers,[7] self-assembled monolayers (SAMs),[8] crystal-imprinted polymer surfaces,[9] and
crosslinked gelatin films[10] have been used as templates or
matrices for the controlled growth of CaCO3 crystals. Interestingly, SAM-coated gold colloids were used as curved templates, or nuclei, for the crystallization of calcite spherules.[11]
On the other hand, a variety of macromolecular additives,
including biomacromolecules,[12] a designed peptide,[13] and
dendrimers,[14] have exhibited large influences on CaCO3
crystallization. Notably, the biomimetic synthesis of CaCO3
thin films has been achieved by using the cooperative effect of
organic substrates and soluble polymeric additives.[15] Moreover, structured three-dimensional media, such as emulsion
foams,[16] water-in-oil microemulsions,[17] and a pseudovesicular double emulsion,[18] have been used as templates for the
ingenious morphogenesis of CaCO3 (vaterite or aragonite)
hollow spheres with various surface patterns.
Recently, double-hydrophilic block copolymers (DHBC)[19]
have been used as a new class of additives for the effective
control of the morphology of inorganic crystals such as
BaSO4,[6] calcium phosphate,[20] and CaCO3.[21,22] Considering
that the strong interaction between polymers and surfactants
can result in polymer±surfactant complexes that form complex structures in aqueous solution,[23] it is expected that the
morphogenesis of inorganic minerals with unusual morphologies can be achieved by using aqueous DHBC±surfactant mixtures. In this communication, we report on the first synthesis
of CaCO3 (calcite) hollow spheres by the cooperative effect
of DHBC±surfactant complex micelles as templates and free
DHBC molecules as inhibitors. In addition, uniform vaterite
discs and unusual calcite pine-cone shaped particles have
been facilely produced in mixed DHBC±surfactant systems.
In this work, we studied the mixed poly(ethylene oxide)block-poly(methacrylic acid)±sodium dodecylsulfate (PEO-bPMAA±SDS) system; the crystallization of CaCO3 was conducted at room temperature, according to the literature procedure.[21a] At an SDS concentration lower than 0.1 mM, only
calcite spheres or dumb-bell like particles were produced,
essentially the same as has been observed in the single PEOb-PMAA system.[21a] However, when the SDS concentration
was increased to 1 or 2 mM, well-defined CaCO3 hollow
spheres were obtained. The related X-ray diffraction (XRD)
pattern exhibited sharp reflections at 0.386, 0.303, 0.250,
0.228, 0.210, 0.191, and 0.187 nm, consistent with the (102),
(104), (110), (113), (202), (108), and (116) reflections of calcite. This suggests that the hollow spheres consist of calcite,
the most stable polymorph of CaCO3. Figure 1 presents typical scanning electron microscopy (SEM) images of the calcite
hollow spheres obtained at an SDS concentration of 2 mM.
The SEM image shown in Figure 1a suggests that the sizes of
the calcite hollow spheres range from 2.5 to 4 lm, with an
average size of ca. 3.4 lm. A few partly broken hollow
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Fig. 1. a) SEM image of calcite hollow spheres formed in mixed PEO-bPMAA±SDS solutions before sonication. b) High-magnification SEM image of
two broken calcite hollow spheres. c) High-magnification SEM image of calcite
hollow spheres after sonication. [SDS] = 2 mM. Scale bars: a) 10 lm, b) 1 lm,
c) 1 lm.

spheres were clearly observed, but there was less than 3 % of
these. Figure 1b shows a high-magnification SEM image of
two broken hollow spheres, which exhibited rough outer surfaces apparently consisting of primary particles ranging from
tens to hundreds of nanometers in size.
Interestingly, the hollow spheres can be broken by simple
sonication. For example, nearly 40 % of the hollow spheres
were broken after they were sonicated for 2 min before the
SEM sample preparation. A high-magnification SEM image of
these broken hollow spheres (Fig. 1c) shows the rough inner
surfaces of the hollow shells, similar to their outer surfaces,
further indicating the polycrystalline nature of the walls. From
this image, the wall thickness was estimated to be about
0.5 lm. However, it is still difficult to discern whether the primary calcite crystals were misoriented or radially oriented with
their c axes parallel to the sphere surface. Further investigation
into this may provide information that will add to our understanding of the nucleation mechanism. To the best of our
knowledge, this is the first report of the synthesis of micrometer-sized calcite hollow spheres. Since calcite is more stable
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Fig. 2. SEM images of the vaterite discs formed in mixed PEO-b-PMAA±SDS
solutions after 1 day (a,b) and 7 days (c) of aging. The ED pattern of the disc
shown in (b) is presented on the right side of (b), which corresponds to the
[001] zone of vaterite. [SDS] = 10 mM. Scale bars: a) 1 lm, b) 0.2 lm, c) 1 lm.
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than the other two polymorphs of CaCO3, i.e., aragonite and
vaterite, it is possible that calcite hollow spheres will be useful
in more applications than aragonite[16] and vaterite[17,18,21b] hollow spheres.
Increasing the SDS concentration in the mixed PEO-bPMAA±SDS solution further, to 5 or 10 mM, resulted in the
formation of uniform vaterite discs instead of calcite hollow
spheres. A typical SEM image of the unique crystals obtained
at an SDS concentration of 10 mM is presented in Figure 2a,
and this suggests that the crystals are uniform convex discs
with an average size of 1.4 lm, reminiscent of the single crystal vaterite discs prepared under stearic acid monolayers.[24]
However, the present discs were much thinner, with a thickness of less than 0.2 lm, resulting in a much larger aspect
ratio. Figure 2b presents a TEM image of a single disc, and
the related electron diffraction (ED) pattern. The ED pattern
was obtained from an area including the whole disc, since the
disc was thin enough for the electron beam. According to the
indexation of the ED pattern, the disc is a vaterite single crystal lying on the (001) plane, similar to the vaterite discs mentioned above. This result is consistent with the corresponding
XRD result, which shows considerably intensified (002) and

COMMUNICATIONS

(004) vaterite reflections (compared to their typical intensities), which suggests that the (001) plane was preferentially
aligned along the specimen surface due to the preferential
spreading of the vaterite discs parallel to the specimen surface. Another interesting finding is that hollow discs were
formed when the vaterite discs were aged in their mother solution for a longer time (e.g., 1 week). Obviously, the hollow
discs were formed by partial dissolution of the central regions
of the discs (Fig. 2c), in a manner basically similar to that reported for the formation of torus-shaped vaterite particles in
SDS solution after 1 day of dissolution.[17] However, the present hollow discs were much smaller, and the dissolution of
their central part seemed much slower, indicating the role of
the polymer in preventing the vaterite discs from dissolving.
For comparison, we also investigated the CaCO3 crystallization in mixed solutions of PEO-b-PMAA and cetyltrimethylammonium bromide (CTAB), a typical cationic surfactant. In
this system, according to the XRD measurements, only calcite
crystals were produced. It was observed that only calcite
spheres and dumb-bells, as in the single PEO-b-PMAA system, were obtained when the CTAB concentration was lower
than 0.1 mM. Increasing the concentration of CTAB to
0.5 mM resulted in only peanut-shaped crystals being produced. Strikingly, uniform pine-cone shaped calcite crystals
(~3 lm in length and 1.2 lm in diameter) were formed when
the CTAB concentration was increased to 1 mM (Fig. 3a).
The detailed morphology of a single pine-cone is illustrated in
a high-magnification SEM image (Fig. 3b), which roughly
shows the appearance of newly developed crystal faces other
than the rhombohedral calcite {104} surfaces. If the CTAB
concentration was further increased to 2 mM or higher, c-axis
elongated calcite crystals exhibiting obvious {104} caps and
macrosteps were obtained (Fig. 3c). These results indicate
that with increasing CTAB concentration, the calcite crystals
gradually recovered their rhombohedral {104} faces, probably
due to the impairment of the inhibition efficiency of the polymer on the non-rhombohedral surfaces caused by the electrostatic interaction between the CTAB and PMAA segments.
We turn now to the consideration of the formation mechanism of the calcite hollow spheres in the mixed PEO-bPMAA±SDS system. It has been reported that the PEO-bPMAA type DHBC can form DHBC±surfactant complexes
with a variety of cationic surfactants.[19] In aqueous solution,
the PEO-b-PMAA±cationic surfactant complexes can form
micelle-like aggregates with a core of polyanion segments
neutralized by surfactant cations, and a shell of PEO segments.[23b] Since the polyanionic PMAA block is the strongly
interacting block for CaCO3, it is expected that the core±shell
micelles formed by the PEO-b-PMAA±CTAB complex with
a PEO corona would not play the role of template for the
CaCO3 crystallization. On the other hand, it is well known
that the homopolymer PEO can interact strongly with anionic
SDS to form PEO-SDS complex micelles with EO groups intermingling in the head group region of the SDS micelles.[23a]
Therefore, it is reasonable to assume that core±shell micelles
can be formed by a PEO-b-PMAA±SDS complex with a core
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Fig. 3. SEM images of the calcite crystals formed in mixed PEO-b-PMAA±
CTAB solutions. a,b) [CTAB] = 1 mM. c) [CTAB] = 2 mM. Scale bars = 1 lm.

of PEO segments solubilized in the head group region of the
SDS micelles, and a shell of PMAA segments. Such core±shell
micelles, with a PMAA corona, would act as templates for the
CaCO3 crystallization. Meanwhile, the free PEO-b-PMAA
molecules in solution act as potent inhibitors. The cooperative
effect of the templates and the inhibitors would finally lead to
the formation of calcite hollow spheres around the PEO-bPMAA±SDS complex micelles. If the SDS concentration is
too large, probably only bound PEO-b-PMAA molecules are
present, along with many pure SDS micelles, leading to the
formation of vaterite discs.
This interpretation indicates that the presence of both
PMAA and PEO segments is necessary for the formation of
core±shell micelles, and thus calcite hollow spheres. This is consistent with the observation that only calcite solid spheres were
produced in mixed PMAA±SDS solutions, whereas rhombohedral calcite crystals were formed in mixed PEO-SDS solutions
under similar conditions. Furthermore, our dynamic light scattering (DLS) measurements revealed the presence of large
aggregates in the original polymer solutions. The scattering
intensity of a pure PEO-b-PMAA solution (1 g L±1, pH 10)
was very weak, excluding the presence of any aggregates larger
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Regular Alumina Nanopillar Arrays**

Experimental

By Zhihao Yuan, Hua Huang, and Shoushan Fan*

A commercial DHBC, poly(ethylene oxide)-block-poly (methacrylic acid)
(PEO-b-PMAA, PEO = 3000 g/mol, PMAA = 700 g/mol, Th. Goldschmidt
AG) [21], was used in this work. The anionic PMAA block carries carboxylate
groups capable of coordinating with Ca2+ ions, whereas the nonionic PEO block
mainly promotes solubilization in water. The crystallization of CaCO3 was conducted at room temperature (ca. 22 C) following the reported procedure [21a],
except for the addition of either the anionic surfactant sodium dodecylsulfate
(SDS) or the cationic surfactant cetyltrimethylammonium bromide (CTAB).
Typically, a solution of Na2CO3 (0.5 M, 0.32 mL) was injected into 20 mL of a
mixed solution of PEO-b-PMAA (1 g L±1) and SDS or CTAB (varied concentrations, e.g., 2 mM). After the pH of the solution was adjusted to 10, a solution
of CaCl2 (0.5 M, 0.32 mL) was added under vigorous stirring. After 1 min of
stirring, the solution was allowed to stand for 24 h before the product was collected and characterized with scanning electron microscopy (SEM), transmission electron microscopy (TEM) and X-ray diffraction (XRD).
Dynamic Light Scattering: DLS measurements were performed on a laboratory-built goniometer with a Langley-Ford 1069 digital correlator and a Spectra-Physics argon ion laser, at a wavelength of 514.5 nm.

Low-dimensional nanomaterials (i.e., nanodots, nanowires,
nanotubes, nanopillars, and nanorods) have received considerable attention over the past decade because of their unique
properties as well as their potentially wide applications in
magnetic, electronic, and optoelectronic structures and
devices.[1±6] For the preparation of the low-dimensional nano-
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than 10 nm. When SDS (2 mM) was present in this solution,
the scattering intensity was increased significantly, and an average aggregate size of 165 nm was obtained from the DLS measurement, indicating the formation of PEO-b-PMAA±SDS
complex micelles. If CaCl2 (0.4 mM) was also present in the
mixed PEO-b-PMAA±SDS solution, the average size of the
aggregates increased to 180 nm, suggesting that the presence
of salts has a considerable effect on the size of the complex micelles. It is noteworthy that the aggregate size seems much
smaller than the inner diameter of the calcite hollow spheres
obtained (larger than 1 lm); however, the proposed mechanism is still reasonable, considering that both the presence of
the reactants in the solution and the development of the inorganic structure could perturb the organic template, resulting in
an adaptive construction.[1] Moreover, there could be a microscopic phase separation of polymer±surfactant droplets that is
further stabilized by the adsorption of calcite primary crystallites around the external surface of individual drops. A detailed
time course study was expected to provide direct evidence for
such a speculation; unfortunately, our preliminary experiments
showed that there was an outburst of CaCO3 precipitation in
the solution after a short induction period and hence the
hollow spheres were formed very quickly, which prevented the
direct observation of their detailed formation process.
In conclusion, calcite hollow spheres have been successfully
synthesized, for the first time, by the cooperative effect of
DHBC±surfactant complex micelles as templates and free
DHBC molecules as inhibitors. Moreover, unique vaterite
discs and unusual calcite pine-cone shaped particles have also
been facilely produced in the mixed DHBC±surfactant systems. The superstructures of the new minerals obtained here
may make them promising candidates for materials science
due to the importance of shape and texture in determining
the properties of materials. The formation of calcite hollow
spheres in mixed DHBC±surfactant solutions represents a
novel method of preparing inorganic hollow spheresÐa topic
of intense interest.[25]

