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A size-controllable synthesis of hollow structures of apatite in
the hexanewaterbis(2-ethylhexyl) sulfosuccinate is presented, and
the hollow sphere sizes can be easily regulated within a range of 50
1000 nm. The isotherm curves of the size controls and the roles of
different experimental parameters are discussed. This feasible
pathway may offer an ideal strategy of the size-controlled synthesis
of hollow nanomaterials.

There is intense interest in a simple and general strategy to
synthesize hollow-structured nanospheres due to their unique
structures and properties. Various approaches have been studied
by using different methods such as colloidal/microemulsion
templates, sonochemistry, and hydrothermal synthesis,1 among
them liquidliquid interfaces in microemulsion offer suitable
scaffolds for in situ synthesis of nanosized materials. Because of
the simplicity and the dynamic properties, this liquidliquid
method always results in the formation of superstructure with
fewer defects.2 As an important biomineral, apatite has attracted
a great deal of attention since it is a main component of hard
tissues of vertebrates. Apatite has many applications such as in
biological implants,3 separation of proteins and nucleic acids,
removal of heavy-metal ions, and as carrier for catalysts.4

Hollow-structured nanospheres of apatite may serve impor-
tant functions as drug carriers and diagnostic markers.5 There are
several strategies for the preparation of calcium phosphate
nanospheres such as plasma spray,6 liposome-directed miner-
aliztion,5 polymer micelle/nanocage-templated precipitation,7

and microemulsion.8 However, these methods have poor control
of particle size. For example, liposomes are an effective template
for nanoshells, and calcium phosphate can precipitate on the
exterior walls, but the sizes of obtained nanospheres are limited
to within tens of nanometers. By using polymer micelles of
polyacrylic acid, the typical sizes of obtained calcium phosphate
range from 50 to 80 nm. Although hollow apatite spheres can be
prepared by plasma spray, the sizes are as large as several
micrometers. Actually, the size control of nanospheres is a great
challenge in current nanomaterial research. It is emphasized that
an approach to a size-controlled synthesis of hollow-structured
apatite has not been reported. In the present work the oil-in-water
microemulsion in the hexanewaterbis(2-ethylhexyl) sulfosuc-
cinate (AOT) system is applied to the synthesis of hollow apatite
spheres. The sizes of the obtained materials can be easily
regulated within a range of 501000 nm. In the experiments, an
aqueous disodium hydrogen phosphate solution and hexane were
used as the continuous and dispersed phase in the oil-in-water
system, respectively. Other compounds, Ca(AOT)2 (Figure S1)
and NaAOT (molar ratio of Ca:Na was 1:5), were used as the
surfactant to stabilize the oil phase, in which Ca(AOT)2 also
provided the calcium ions for the apatite formation.

The controllable synthesis was performed in the L1 zone in
the phase diagram of waterhexaneAOT. L1 zone indicated that

the relatively stable oil-in-water microemulsion was present9 so
that the apatite precipitation could occur at the oilwater
interface. Interestingly, the sizes of the achieved hollow apatite
spheres were dependent upon the experimental parameters.
Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images (Figure 1) showed that the sizes
monotonically increased from tens of nanometers up to one
micrometer. 60 « 10 nm nanospheres were obtained under oil/
water and oil/AOT ratios of 6.84 © 10¹4 and 0.0932, respec-
tively. Different experimental conditions and results are summa-
rized in Table S1.11 It was found that the influence of AOT
content on the size regulation was not so significant within the
L1 zone. However, with the increase of oil ratio in the water
hexaneAOT system, the sizes of nanospheres increased
accordingly. 180 « 20, 500 « 20, and 900 « 100 nm nano-
spheres were obtained at the oil/water ratios of 0.0018,
0.0042, and 0.0054, respectively. The selected area electron
diffractions (SAED) corresponded to typical apatite lattice
structures, which were different from the amorphous structures
reported in the previous literature.5,7,8 The apatite formations
were also confirmed by the X-ray diffraction (XRD) studies. The
patterns matched the standard one (JCPDS 09-0432) well. The
thickness of the shells was relatively uniform despite the
different sphere structures, which was about 15 nm. The
isotherm curves of the size controls are shown in the phase
diagram of waterhexaneAOT (Figure 2a). The curves were

Figure 1. (a) SEM of 60 « 10 nm apatite spheres; the hollow
structures could be observed by some broken spheres (rectangles).
TEM of different hollow spheres of apatite, (b) 180 « 20 and (c)
500 « 20 nm; the inserts are enlarged images or SEAD pattern. (d)
Corresponding XRD patterns of the as-prepared samples in (a), (b),
and (c).
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almost parallel to the baseline of the phase diagram, which
clearly indicated the important role of oil/water ratio in the size
regulation. These curves could provide guidance for the
controllable synthesis of hollow apatite spheres.

In the L1 zone, the hexane phase was dispersed in water,
and the surfactant, AOT, acted as stabilizer for the oil-in-water
microemulsions. AOT had a hydrophilic group, SO3 and two
alkyl hydrophobic chains. In the stable configuration of the AOT
in the L1 zone, its hydrophilic group pointed to the water phase
and the hydrophobic group immersed in hexane phase. Calcium
ions were electrically attracted by the SO3 functional group,
resulting in a Stern layer on the oilwater interface. While the
diffuse layer mainly consisted of the added phosphate ions, the
local supersaturation of calcium phosphate at the oilwater
interfaces was great, which led to in situ crystallization of
apatite.5,7 This reaction finally resulted in the formation of
apatite shells with oil cores. In the preparation, the oil-in-water
structure in L1 zone was an important template in the formation
of hollow apatite spheres. If the synthesis was performed at any
point out of this zone, the obtained solids were needle-like nano-
apatite crystallites, which were similar to the conventional
formations without the template effects (Figure S2).11

The hollow structures of apatite were dependent upon the oil
droplets, and their sizes could be modulated by the ratio of oil
phase to aqueous solution. As the Ostwald theory depicted by
Yao et al.,10 the average droplet radius R could be described as
a function of the volume fraction of droplet phase in the
continuous phase, º. In the limit condition of º¼ 0, the
relationship between R and º could be simplified as eq 1,

R3 ¼ A� B= lnº ð1Þ
where A and B were the constants, determined by nature of the
phase materials. The equation indicated that an increasing oil/
water ratio would result in larger hollow structures. Although
eq 1 fitted the experimental results when º < 0.003 due to the
limit condition of º¼ 0 (Figure 2b), the curves could be still
useful in the design of synthesis conditions for hollow apatite
nanospheres with any required sizes.

A peanut-like structure was also detected (Figure 1b) in the
synthesis. This appearance could be understood by the collision
of oil droplets (Figures 3a and 3b). Actually, the peanut-like
structure could be used to monitor the growth and coagulation
of the separated oil droplets, and it is also an indication of the

flexible interface between oil and water. We found that the
content of AOT actually could influence the morphology of the
samples. When the size of spheres increased with an increase of
hexane content, the average value of hexane/AOT weight ratio
raised accordingly. Without further addition of AOT, the
stabilizer, the stability of oil droplets in aqueous phase was
decreased and the collusion was promoted. As a result, when the
experimental conditions were similar, more peanut-like struc-
tures were induced at the lower AOT content (Figure 3c).

In summary, we proposed a convenient strategy of size-
controlled synthesis of hollow apatite spheres in this study. By
using our method, the control of nanoparticle sizes within a
range of 501000 nm could be easily achieved.
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Figure 2. (a) Phase diagram of hexanewaterAOT. The sizes of the
hollow apatite spheres were marked with the experimental parameters
in the L1 zone and the isotherm curves of the size controls were
achieved. (b) Curve of R3 vs. ¹1/lnº. When the term of ¹1/lnº was
less than 0.18, the experimental dots are almost in a straight line as
shown in eq 1.
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Figure 3. Schematic illustration of in situ mineralization of apatite
at the oilwater interface. The synthesis of hollow spheres was
templated by a single oil droplet in the L1 zone. The collision and
partly coagulation of the droplets resulted in the peanut-like structures.
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