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Core-shell and hollow nanospheres (NSs) have attracted tre-
mendous interest in recent research.1 One reason is that they can
be used for targeted drug delivery by controlling the organization
of different functional nanoparticles into NSs.2 One preparation
strategy is to use porosified silica as a robust shell to coat functional
nanoparticles,3 but some inherent limitations exist in this method,
such as low particle loading.4 Another approach involves the direct
construction of hollow NSs (HNSs) from functional building blocks,
such as CoPt,5a CoSe2,

5b Fe3O4,
5c and R-Fe2O3

5d HNSs, using
processes such as the Kirkendall effect,5e preferential dissolution,5f

and acid etching.5g However, all of the HNSs reported are
monocomponent and need to be further functionalized by introduc-
tion of other components, which poses some other difficulties, such
as ensuring a stable coating of the desired materials on the surface
of the HNSs and preventing the clogging of pores.6 Therefore,
finding a facile way to simultaneously construct multiple function-
ality into HNSs still remains a big challenge.

Here we report for the first time the successful synthesis of
superparamagnetic fluorescent Fe3O4/ZnS HNSs with diameters of
<100 nm using a simple method that we call corrosion-aided Ostwald
ripening. The synthetic procedure is very easy and straightforward.
When the synthesized monodisperse FeS particles were dispersed in
a mixture containing zinc acetylacetonate (ZA), poly(vinylpyrrolidone)
(PVP), ammonium nitrate, glycol, and water and then reacted at 150
°C for 10 h, the Fe3O4/ZnS HNSs were directly obtained. A large-
scale view (Figure 1a) indicates that the as-synthesized NSs have
typical hollow structure with average internal and external diameters
of 66 and 97 nm, respectively. The high-resolution transmission
electron microscopy (HRTEM) image (Figure 1b) reveals that the shell
is composed of close-packed light and dark particles that have regions
oriented in the outer and inner layers, respectively. The particles have
interplanar spacings of 0.312 and 0.486 nm (upper-left inset in Figure
1b), corresponding to the (111) planes of cubic ZnS and Fe3O4,
respectively. The selected-area electron diffraction (SAED) rings
(bottom-right inset in Figure 1b) can be assigned to superposition of
the diffraction patterns of polycrystalline Fe3O4 and ZnS. Energy-
dispersive X-ray (EDX) analysis further confirmed that the internal
shell mainly consists of Fe and O and the external shell of Zn and S
[Figure S1 in the Supporting Information (SI)]. The TEM images
(Figure 1c-f) and corresponding changes in the outer diameter (Figure
S2 in the SI) provide a time-dependent insight into the formation of
these HNSs. The FeS particles (Figure 1c) were uniform with a mean
diameter of 66 nm and a hexagonal phase inferred from XRD analysis
(JCPDS No. 80-1026; Figure S3 in the SI). After reaction for 2 h,
there were particles surrounding the FeS particles (Figure 1d), and
after 4 h, the outer particles aggregated to form a shell (Figure 1e).
Meanwhile, the core size gradually decreased, as the small particles
under the building shell faded out and the void between core and shell
increased. As the solid evacuation continued, the core further decreased
in size (Figure 1f). The XRD data confirmed that the emerging phases
at intermediate reaction times could be attributed to ZnS (JCPDS No.

77-2100) and Fe3O4 (JCPDS No. 86-1354) (Figure S3 in the SI).
Reaction for 10 h yielded complete HNSs with a polycrystalline nature
consisting of ZnS and Fe3O4 according to the XRD data (Figure S3 in
the SI). Fe3O4 and ZnS particles were equal in size at different stages:
the mean sizes were 5 and 7.6 nm at reaction times of 4 and 10 h,
respectively. Disappearance of the FeS fraction indicates a complete
conversion of the FeS phase in the core.

Two control experiments were carried out in which half of the
ZA volume was added or ZA was excluded, generating half-hollow
(Figure S4 in the SI) and intact FeS particles, respectively. This
suggests that FeS particles act as “in situ” templates and ZA as an
etching agent. From the above discussion, we deduced a possible
HNS formation mechanism (Figure 2). ZA hydrolysis at pH 6-9
generates Zn(NH3)4(OH)2,

7 which further erodes the added FeS
particles (Figure 2a) to create a supersaturated Fe3O4

8 and ZnS
phase. This phase undergoes consequent nucleation and growth
around the entire surface stabilized by PVP (Figure 2b). This
granular layer around the FeS particles completely hinders a direct
chemical reaction between FeS and ZA, and thus, the Kirkendall
effect cannot explain the subsequent formation of the hollow
structure. Since there is a net positive charge on the surfaces of
FeS9a and ZnS9b particles but a negative charge on Fe3O4

9a at pH
6.2-6.9, the preferred location of Fe3O4 and ZnS particles can be
attributed to positional adjustment due to electrostatic interactions.
As time passes, FeS, ZA, and water are gradually consumed, and
the resultant ZnS and Fe3O4 molecules decrease, as does the growth

Figure 1. (a) TEM image of the Fe3O4/ZnS HNSs. (b) HRTEM image,
SAED pattern (bottom-right inset) of the HNSs shell, and inserted image
of the interface area [white rectangle] between Fe3O4 and ZnS particles
(upper-left inset). (c) FeS particles and the samples from subsequent reaction
at 150 °C for (d) 2 h, (e) 4 h, and (f) 6 h.
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rate because of the narrowing concentration gap between the
molecules in the medium and the equilibrium value needed for
growth.10 Ostwald ripening occurs as the Fe3O4 and ZnS around
the surface of the FeS form small particles that grow into larger
particles and then coalesce to form a shell (Figure 2c).2b Etching
does not cease until the FeS core has vanished, finally leaving
Fe3O4/ZnS HNSs (Figure 2d). Since the total mass increases in
going from the FeS template to the final Fe3O4 and ZnS structure,
the overall HNS diameter increases. This is different from previous
reports,11 in which the particle size does not change much because
the total mass does not vary.

The as-produced Fe3O4/ZnS HNSs were isolated and homoge-
neously redispersed into phosphate-buffered saline (PBS) (Figure
3a). This dispersion emitted a visible blue afterglow even 18 min
after the UV irradiation source (365 nm) was removed (Figure 3b).
Several quantitative investigations showed that the HNSs had a
quantum yield of 13% and a photoluminescence (PL) emission
spectrum with a maximum at 431 nm and long afterglow behavior
(Figure S5 in the SI). The HNSs took only several minutes to
accumulate near an external magnetic field (Figure 3c). The
aggregates also emitted a bright blue afterglow (Figure 3d). The
negligible coercivity and remanence in the magnetization curve
(Figure 3e) as well as the zero-field cooling and field cooling modes
(Figure S6 in the SI) indicate that these HNSs exhibit superpara-
magnetic behavior. Figure 3f shows a simple in vitro apparatus for

simulation of a targeted guide in human circulation. An external
magnetic field was applied to retain HNSs at a target site (Figure
3g). This behavior ended after 10 min when the volume and reflux
rate of the sample suspension were respectively set to 10 mL and
5 cm s-1 (10 times faster than capillary blood flow), and the HNS
retention rate was as high as 92% even at a low magnetic field
strength of 0.12 T. Moreover, the Fe3O4/ZnS HNSs are mesoporous
because of the typical feature of Ostwald ripening.11 N2 adsorption/
desorption measurements (Figure 3h) demonstrated that the HNSs
have a BET surface area of 1016 m2 g-1. Two central pore
distributions are evident, one at 3.6 nm and another 4.8 nm (Figure
3h inset), which can be attributed to the different packing densities
in the Fe3O4 and ZnS layers. A 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide assay was used to evaluate cell
viability. After HNS incubation with HeLa cells for 48 h, there
were no signs of toxicity even up to doses of 50 µM (Figure S7 in
the SI).12 Further delivery experiments for the anticancer agent
doxorubicin (Figure S8 in the SI) revealed a loading of 13.8% and
a release rate comparable to that of conventional silica drug
carriers.6 The HNSs seem to aggregate because of insufficient PVP
addition. This problem could be solved by surface modification.

In summary, we have presented a very simple strategy for the
synthesis of HNSs with both superparamagnetic and fluorescent
properties. When monodisperse FeS particles were dispersed in a
mixture containing ZA, PVP, ammonium nitrate, glycol, and water
and treated at 150 °C for 10 h, superparamagnetic and fluorescent
Fe3O4/ZnS HNSs were directly obtained. Neither further loading nor
subsequent reaction with functional components was needed. These
multifunctional HNSs or modified particles thereof have potential for
exciting applications in biomedicine, such as targeted drug delivery,
integrated imaging, diagnosis, and therapeutics. Many other multi-
functional HNSs could also be obtained using this approach.
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Figure 2. Schematic diagram of the formation of Fe3O4/ZnS HNSs.

Figure 3. (a) Visual image and (b) afterglow of HNSs dispersed in PBS. (c)
Visual photograph and (d) afterglow of aggregated HNSs captured by a magnet.
(e) Magnetic-field dependence at room temperature. (f) In vitro apparatus to
mimic human circulation and (g) enlarged image of the target site (rectangle
in f). (h) N2 adsorption/desorption isotherms (inset: pore size distribution).
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