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CONS P EC TU S

H ollow, inorganic nanoscale capsules have many applications, from the delivery of
encapsulated products for cosmetic and medicinal purposes to use as lightweight

composite materials. Early methods for producing inorganic hollow nanospheres using
hard templates suffered from low product yield and shell weakness upon template
removal. In the past decade, researchers have turned to amphiphilic copolymers to
synthesize hollow nanostructures and ordered mesoporous materials.

Amphiphilic molecules self-assemble into well-defined nanostructures including
spherical micelles. Micelles formed from simple, two-component AB diblock and ABA
triblock copolymers, however, have been difficult to work with to construct inorganic
hollow nanoparticles, because the corona of the micelle, which serves as the template
for the shell, becomes unstable as it absorbs inorganic shell precursors, causing
aggregates to form.

Newly developed, three-component ABC triblock copolymers may solve this problem.
They provide nanoassemblieswithmore diversemorphological and functional features than AB diblock and ABA triblock copolymers.
Micelles formed from ABC triblock copolymers in selective solvents that dissolve only one or two of the blocks provide templates for
these improved nanoassemblies. By manipulating individual polymer blocks, one can “encode” additional features at the molecular
level. For instance, modifying the functional groups or substitution patterns of the blocks allows bettermorphological and size control.
Insights into polymer self-assembly gained over years of work in our group have set the stage to systematically engineer inorganic
spherical hollow nanoparticles using ABC triblock copolymers.

In this Account, we report our recent progress in producing diverse, inorganic hollow spherical nanospheres from asymmetric
triblock copolymeric micelles with core�shell�corona architecture as templates. We discuss three classes of polymeric micelles;
with neutral, cationic, and anionic shell structures;that allow fabrication of a variety of hollow nanoparticles. Importantly, we
synthesized all of these particles in water, avoiding use of hazardous organic solvents. We have designed the precursor of the
inorganic material to be selectively sorbed into the shell domain, leaving the corona free from the inorganic precursors that would
destabilize the micelle. The core, meanwhile, is the template for the formation of the hollow void. By rationally tailoring
experimental parameters, we readily and selectively obtained a variety of hollow nanoparticles including silica, hybrid silicas,
metal-oxides, metal-carbonates, metal-sulfates, metal-borates, and metal-phosphates.

Finally, we highlight the state-of-the-art techniques we used to characterize these nanoparticles, and describe experiments that
demonstrate the potential of these hollow particles in drug delivery, and as anode and cathode materials for lithium-ion batteries.

1. Introduction
Synthesis of inorganic hollow nanostructures by soft-

template approach remains a major challenge, and block

copolymers could serve as versatile templates to obtain

nanomaterials with well-defined shape and diverse

chemical composition. Hollow capsules with nanometer-

dimensions constitute an important class of materials that

are employed in diverse technological applications, ranging

from the delivery of encapsulated products for cosmetic

andmedicinal purposes to their use as lightweight compos-

ite materials.1,2 The common strategy to generate inor-

ganic hollow materials with controllable shapes is the

application of templates, which act as a mold for the

subsequent sol�gel reaction which can replicate the shape
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of hard templates.3,4 However, hard templates, which were

extensively employed in the earlier production of inorganic

hollow nanospheres, have several intrinsic disadvantages,

such as low product yield due to the multistep synthetic

process and lack of structural robustness of the shells upon

template removal. In the past decade, amphiphilic copoly-

mers have been used for synthesis of hollow nanostructures

and ordered mesoporous materials.5,6

Despite the long history of amphiphiles,7 they still con-

tinue to attract the attention of scientists, inspiring them to

design new types of amphiphiles. The amphiphilic mole-

cules, such as surfactants, can bemade to self-assemble into

micelles or vesicles with diverse structures when their con-

centration in solution exceeds some critical value called the

critical micelle concentration (CMC).8 Recently, the concept

of amphiphiles has been extended to polymers that can self-

assemble into micellar structures with defined sizes and

shapes that may be used in applications such as soft tem-

plates for making nanostructured materials.9�11 Compared

with low-molecular-weight amphiphiles, polymeric counter-

parts have a structural diversity and stability. Amphiphilic

block copolymers self-assemble into nanosized micelles

after dissolution in a nonselective good solvent, followed

by dialysis against water.12 The self-assemblies fabricated

using polymeric amphiphiles have a higher capacity for

guest molecules, better thermal sustainability, and rich

topologies which are widely anticipated to fabricate diverse

functional nanomaterials.

The notable advantage of polymeric amphiphiles is that

the size andmorphology of the micelles can be easily tuned

by adjusting the block size, polymer combination, and

solvent composition. The polymeric micelles so far em-

ployed for the synthesis of inorganic materials have a

core�corona type architecture formedeither fromABdiblock

or ABA triblock copolymers.13�16 In these systems, the corona

of the micelles acts as a reservoir of the inorganic precursors,

and the coreacts as a templateof thehollow. In this approach,

however, the template micelles become very unstable when

the precursor is sorbed into the corona, leading to the forma-

tion of aggregates. To circumvent these problems, we pro-

pose using ABC triblock copolymer micelles with a core�
shell�corona structure as a soft template. In this Account, we

intend to discuss and summarize our research efforts using

different ABC triblock copolymers for the fabrication of di-

verse inorganic hollow nanospheres. As shown in Figure 1,

we emphasize the synthesis of diverse inorganic hollow

nanoparticles, suchas silicas, hybrid silicas,metal oxide,metal

carbonate,metal sulfate,metal phosphate, andmetal borates

using neutral, cationic, and anionic polymeric micelles with

core�shell�corona structures in aqueous solutions. A com-

prehensive picture of the templating functionsof softmicelles

is highlighted, including micelle templating, formation path-

way, properties, and salient applications, which we would

expect to further promote the use of soft matter in inorganic

nanoparticle fabrication.

2. Core�Shell�Corona Micelles for Inorganic
Hollow Nanospheres

2.1. Neutral Micelles for Synthesis of Hollow Silica

Nanospheres. The core�shell�corona (CSC) micelles with

a PS core, a PVP shell, and a PEO corona of poly(styrene-b-2-

vinylpyridine-b-ethylene oxide) (PS-PVP-PEO) is investigated

for the fabrication of hollow silica nanospheres. The above

micelle is neutral as such, but the shell domain of these

micelles reversibly responds to a change in the environ-

mental pH, due to the protonation of the PVPblocks, and this

property has been successfully used to hydrolyze the silica

precursors. It has been shown by Gohy et al. that the PS-PVP-

PEO micelle has a glassy and hydrophobic PS-core, an

ionizable hydrophilic PVP-shell, and a hydrophilic PEO-

corona.17,18 The PVP shell domain extends at low pH (<5)

due to repulsive forces among the protonated PVPunits. The

addition of anionic species into this micelle cancels the

positive charge of the PVP unit, resulting in a morphological

change in the PVP shell from an extended to a shrunken

form.19 These behaviors of the CSC micelle have been

utilized to selectively deposit the silica precursors on the

FIGURE 1. Polymeric micelles used for fabrication of inorganic hollow
nanospheres.
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PVP block of the micelles for the following two reasons: (i)

the protonated PVP block acts as an acid catalyst for the

hydrolysis of tetramethoxysilane (TMOS), and (ii) hydrolyzed

silica precursor species have a negative charge at pH 4 in

order to strongly bind to the protonated PVP block. Thus, PS-

core acts as a template for hollow void, PVP-shell domain

serves as a reaction site for sol�gel reaction, and PEO-

corona stabilizes the micelles. Figure 2 shows a typical pro-

cedure for fabricating hollow silica nanospheres with a tem-

plateof thePS�PVP�PEOmicellesusing sol�gel techniques.20

The notable novelty of the CSC-micelle based strategy is

that it allows us to tune the wall thickness and size of the

void volume of the hollow silica nanospheres either by

varying the TMOS/PVP molar ratios or controlling the PVP

block length.21 The size of the void volume of the hollow

particles is controlled by the size of PS core. Figure 3 shows

TEM images of hollow silica nanospheres synthesized with

different polymers [PS(14.1k)-PVP(12.3k)-PEO(8.5k)], [PS(20.1k)-

PVP(14.2k)-PEO(26k)], and [PS(45k)-PVP(16k)-PEO(8.5k)]. As

the molecular weight of the PS block increased from 14k to

20k and then to 45k, the void space diameter of the hollow

silica increased from 10 to 14 and then to about 20 nm.21,22

Thus, the void space diameter can be fine-tuned on a scale of

several nanometers by merely changing the PS block length,

demonstrating the usefulness of the present method. How-

ever, the size of the PS-core (20 nm) is not strictly replicated in

silica nanospheres (14 nm) due to shrinkage of the hollow

particles during high temperature calcinations.17

2.2. Cationic Micelles for Hybrid Silica Hollow Nano-

spheres. As a significant development, the CSC micelles

serve as efficient templates for the synthesis of organic/

inorganic hybrid hollow particles. For instance, poly(styrene-

[3-(methacryloylamino)propyl] trimethylammonium chlor-

ide-ethylene oxide) (PS-PMAPTAC-PEO) cationic micelles

serve as templates from acidic to alkaline media.23 The

XRD pattern of hybrid benzene-silica hollow nanospheres

(Figure 4A and B) prepared in an alkaline medium exhibited

three additional diffraction peaks at high angles.24 These

results indicated the existence of a periodic structure or ar-

rangement of thebenzenegroups (molecular-scale periodicity)

with a spacing of 7.6 Å in the shell domain similar to periodic

FIGURE 2. Formation of hollow silica nanospheres using PS-PVP-PEO micelles. Reproduced with permission from ref 20. Copyright 2007 American
Chemical Society.

FIGURE 3. TEM images of hollow silica nanospheres. Template mi-
celles: (A) [PS(14.1k)-PVP(12.3k)-PEO(8.5k)]; (B) [PS(20.1k)-PVP(14.2k)-
PEO(26k)]; and (C) [PS(45k)-PVP(16k)-PEO(8.5k)]. Reproduced from refs
21 and 22 with permission. Copyright 2011 Royal Society of Chemistry
and Copyright 2011 Elsevier Science.

FIGURE 4. XRD of benzene-silica hollow nanospheres: (A) before
calcinations; (B) after calcinations; and (C) calcined silica showing
amorphous shell-domain. Reproduced from ref 24. Copyright 2011
Royal Society of Chemistry.
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mesoporous benzene-silica.25 The organization and assembly

of hydrolyzed silica precursors at a microstructural level under

basic conditions is different from acidic conditions,25 and this

property is indeed reflected in the fabrication benzene-silica

hollow nanospheres under acidic (Figure 4C) and basic condi-

tions (Figure 4A and B).

2.3. Cationic Micelles for Fabrication of Metal Oxide

Hollow Nanospheres. To generalize the concept of cationic

micelles, we have synthesized another cationic micelles by

modifying the PS-PVP-PEO block copolymers by a quaterni-

zation reaction. The PVP block of the PS�PVP�PEO polymer

was quaternized with iodomethane to obtain poly(styrene-

b-2-vinyl-1-methylpyridinium iodide-b-ethylene oxide) (PS-

PVMP-PEO). The resulting cationic micelles contain cova-

lently quaternized PVMP units bearing permanent positive

charge, whichwere used to fabricateNb2O5, CeO2, andV2O5

hollow spherical particles as shown in Figure 5.26 The iso-

electric points of respective metal precursors play a crucial

role during the synthesis, and the isoelectric points of these

metal oxides are around pH 4, 7, and 3, respectively, for

Nb2O5, CeO2, and V2O5. The metal oxide/polymer compos-

ite particles obtained by this process were calcined at

500 �C to obtain the metal oxide hollow nanospheres. The

average particle size and void space diameter of the various

metal oxide hollow nanospheres were 30 ( 2 and 18 (
2 nm, respectively (Figure 6A�C). The estimated wall thick-

ness was approximately 6 ( 1 nm. The high-resolution

transmission electron microscope and XRD diffraction pat-

terns of different metal oxides also confirmed their phase

purity, and crystallinity.27�29

The previously described cationic PS-PMAPTAC-PEO mi-

celles are highly efficient templates not only for silica but

also for metal oxides such as MoO3 and WO3.
30,31 The self-

assembly pathway involves an electrostatic interaction

between the cationic PMAPTAC and the anionic MoO4
2�

and WO4
2�. In a typical synthesis, appropriate amounts of

Na2WO4 32H2O or Na2MoO4 32H2Oweremixedwith a poly-

meric micelle solution followed by acidification, aging, and

calcinations. The XRD pattern of molybdenum oxide corre-

sponds to β-MoO3with cell parameters a=7.12, b=5.38, c=

5.55, and β= 91.9� (JCPDF 47-1081), and theWO3 exhibited

the characteristic orthorhombic lattice (PD-32-1394).30,31 The

TEMimagesof theWO3hollownanospheres (Figure6D) depict

a uniform spherical hollow structure with a similar wall thick-

ness. The average particle sizewas found to be46(2nmwith

a cavity size of 14(1nm, andwall thickness of approximately

16 ( 1 nm. Similarly, the MoO3 hollow particles (Figure 6E)

exhibited a cavity diameter of approximately 16(1nmand a

wall thicknessofabout13(1nm(particle sizewas42(2nm).

2.4. Anionic Micelles as Templates. The recently re-

ported poly(styrene-b-acrylic acid-b-ethylene oxide) (PS-

PAA-PEO)micellewas employed to demonstrate the efficacy

of micelles with an anionic charge for the fabrication of

inorganic hollow nanospheres.32 The anionic micelles serve

as efficient templates for reactive metal alkoxides, like Ti-

alkoxides, Zr-alkoxides, Nb-alkoxides, and so forth. For ex-

ample, in spite of the tremendous efforts by various research

groups, it is difficult to synthesize titania (TiO2) hollow nano-

spheres of few tens of nanometers in size mainly due to the

lack of suitable soft templates and the complexity of the

synthetic procedures involving extremely highly reactive

titanium precursors. Figure 7 shows a schematic representa-

tion of the formation of titania hollow nanospheres.33 In a

basic medium, the PAA block containing�COOH (pKa = 4.6)

exists in the deprotonated form (�COO�). Upon the addition

of a catalytic amount of a dilute ammonia solution, the

�COO� interacts with the positive NH4
þ ions as evidenced

from the change in the zeta potential from �57 to �29 mV

for the micelles. The NH4
þ ions play a crucial role in over-

coming the repulsive barrier between the �COO� and neg-

atively chargedtTiO� species (isoelectric point of titania ≈ 5).

Upon the hydrolysis of tetrabutylorthotitanate (TBOT), the

FIGURE 5. Formation ofmetal oxide hollow nanospheres over cationicmicelles. Reproducedwith permission from ref 26. Copyright 2009 American
Chemical Society.
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FIGURE 6. TEMpictures of (A) Nb2O5; (B) CeO2; and (C) V2O5 hollow nanospheres templated by PS-PVMP-PEOmicelles; (D)WO3 and (E)MoO3 hollow
nanospheres templated by PS-PMAPTAC-PEO micelles. Reproduced from refs 27�29 and 30 with permission. Copyright 2012 Elsevier Science.
Copyright 2012 Chemical Society of Japan. Copyright 2012 Electrochemical Society.

FIGURE 7. Schematic showing fabrication of hollow nanospheres with anionic CSC micelles: (A) TiO2 (TBOT/PAA = 3); (B) TiO2 (TBOT/PAA = 5); (C)
La2O3; and (D) Fe2O3. Reproduced with permission from refs 33�35. Copyright 2011 and 2012, Royal Society of Chemistry. Copyright 2012 Elsevier
Science.
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resultant anionic tTiO� and their oligomers are adsorbed in

the shell domain mediated by the NH4
þ ions in a manner

similar to the S�MþI� assembly mechanism. The composite

particles were calcined to remove the polymeric templates as

well as to crystallize the titania hollow shell structure. Figure 7A

and B shows TEM images of the materials with TBOT/PAA

mole ratios of “3” and “5”. The average particle size and void

space diameter were 28( 1 and 16( 1 nm, respectively. The

wall thickness estimated byTEMwas approximately 6(1nm.

At lower TBOT/PAA ratios, the degree of aggregation of the

nanospheres is quite low compared to the higher ratios. The

XRD and high-resolution transmission electron microscopy

(HRTEM) confirmed the purity and crystallinity of the titania

hollow nanospheres.

Alternatively, the anionic CSC micelles can interact

through an S�Iþ mechanism in which the anionic �COO�

ions bindwithmetal cations (Mþ) and subsequently undergo

sol�gel reactions. La2O3 and Fe2O3 hollow nanospheres

were synthesized by the addition of LaCl3 or FeCl3 solutions

to the above micelle.34,35 The charge neutralization be-

tween the �COO� and M3þ ions was also evidenced from

the change in the zeta potential from �55 to 0 mV with the

gradual addition of M3þ ions to the micelle solution. Upon

increasing the pH to about 10 using dilute NaOH, the clear

micelle solution turns to gelatinous precipitates due to

formation of metal hydroxides, which upon calcinations,

lead to the formation of hollow nanospheres. This protocol

also leads to nearly uniform hollow nanospheres with the

averageparticle sizeof30(2nmas shown in Figure7CandD.

As this method involves a simple electrostatic interaction of

oppositely charged ions, it can be employed for the fabrica-

tion of a variety of metal oxide hollow nanospheres under

mild conditions.

2.5. Metal-Carbonate and Metal-Sulfate Hollow Nano-

spheres. Calcium carbonate (CaCO3) and barium sulfate

(BaSO4) are a scientifically and industrially important mineral

system. Especially, the hollow structured calcium carbonates

are quite useful as drug carriers because it has excellent

biocompatible and biodegradable properties. These nano-

particles were synthesized using PS-PAA-PEOmicelles with a

core�shell�corona architecture.36,37 Upon the addition of

equimolar amounts of CaCl2 and Na2CO3 to PS-PAA-PEO

micelles under alkaline conditions (pH ≈ 10), CaCO3 pre-

cipitates out in the PAA domain and forms composite

particles. The composite particles were heated (500 �C) or
solvent extracted with THF to obtain hollow particles. TEM

pictures, Figure 8A and B, clearly confirm the formation of

Ca2þ/PAA chelated particles and CaCO3 hollow nanospheres,

respectively. Similarly, BaSO4 is formed through the electro-

static interaction between �COO� ions and Ba2þ ions and

the formation of hollow spherical particles is confirmed by

TEM images (Figure 8C and D).

2.6. Metal-Borate Hollow Nanospheres. The triblock

copolymer micelles act as a smart soft template for the

construction of hollow particles with a new chemical com-

position like lanthanum borate (LaBO3) which is otherwise

difficult to achieve by organizing inorganic precursors on a

nanoscale level through a bottom-up approach.38 Gener-

ally, LaBO3 dense powders were synthesized by a high-

temperature process (above 1000 �C); however, using

PS-PAA-PEOmicelles, LaCl3 37H2OandNaBH4, LaBO3hollow

nanospheres were synthesized under mild conditions. The

La3þ ions readily precipitate as La(OH)3 under alkaline con-

ditions in the micelles' shell domain, which is the strongest

base among the lanthanidemetal ions due to its largest ionic

radius (1.03 Å). On the other hand, after the decomposition

of NaBH4, the boron(III) reacts with hydroxide ions to form

orthoboric acid. The formation of La(OH)3 and B(OH)3 is also

clearly determined from the XRD.38 The precursor-polymer

composite particles were calcined at 600 �C to accomplish

dehydrationandextensivecross-linking in the three-dimensional

network between La(OH)3 and B(OH)3.

Figure 9A�C shows TEM images of lanthanum borate

synthesized with different La3þ/PAA ratios from 5 to 15

while maintaining the amount of boron constant. The TEM

pictures of hollow particles show a uniform spherical shape,

FIGURE 8. TEM images of: (A and C) PS-PAA-PEO micelles; (B and D)
CaCO3 and BaSO4 hollow nanospheres. Reproduced from refs 36 and
37 with permission. Copyright 2011 American Chemical Society and
Copyright 2012 Royal Society of Chemistry.
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but the shell surface becomes rather rough at the high La3þ

concentrations. At a lower La3þ/PAA ratio, the degree of

aggregation of the nanospheres is quite low compared to

that of the higher ratios. The average particle diameter

increases with the La3þ/PAA ratio from 33 ( 2 to 36 ( 2

nmdue to theadsorption of a large amount of the precursors

in the shell domain. As the La3þ/PAA ratio increases from 5

to15, theshell thicknessalso increased from7(2to10(2nm;

however, the void space diameter remained nearly con-

stant at 17 ( 2 nm. Figure 9D shows an XRD pattern of

LaBO3, which can be indexed as an orthorhombic structure

with the lattice parameters of a = 0.59 nm, b = 0.83 nm, and

c = 0.51 nm (JCPDS 12-0762). Quite interestingly, the SXRD

pattern reveals the existence of disorderedmesopores in the

shell domain (Figure 9D, inset) which is consistent with the

appearance of mesopores in the shell part of all the TEM

pictures. The 11B MAS NMR spectrum of LaBO3 calcined at

two different temperatures of 600 and 750 �C clearly con-

firms the presence of boron. The resonance peak at “0” ppm

(Figure 9E) is attributed to tetrahedral sites, and the peak at

13 ppm is assigned to the trigonal borate species.

2.7.Metal-PhosphateHollowNanospheres.Theanionic

micelles serve as an ideal template for the synthesis of

calcium phosphate (CaP) hollow nanospheres.39 The fabri-

cation of nanometer-sized hollow CaP spheres is rather

difficult task due to the rapid precipitation and uncontrolla-

ble growth of the CaP crystals. However, the anionic micelle

PS-PAA-PEO under alkaline conditions overcomes this diffi-

culty, through preferential coordination of the Ca2þ ions to

the �COO� of the PAA blocks, leading to the formation of

bidendate metal-polymer chelated particles. These chelated

particles act as a soft template for the synthesis of calcium

phosphate nanospheres. Mineralization of CaP takes place

on the shell of the Ca2þ�PAA complex after addition of

phosphate ions. The TEM image (Figure 10A) confirms the

formation of uniform hollow spheres with an average

particle size of about 30 nm. The HRTEM (Figure 10B) re-

vealed that the (001) plane direction of the crystallized

hydroxyapatite was well aligned. The wide-angle XRD pat-

terns indeed confirmed the formation of the highly pure

hydroxyapatite without any impurity phase.39

3. Application of Hollow Nanospheres
Inorganic hollow nanospheres possess important attributes

like a low density, high surface-to-volume ratio, low thermal

expansion coefficient, and low refractive index. These attri-

butes make them attractive for applications including catal-

ysis, antireflection surface coatings, rechargeable batteries,

drug carriers, and sensors. In most cases, these character-

istics make them superior to their bulk materials and they

are thereby competitive in many important areas. We now

provide abrief reviewof applications of hollownanospheres

in the areas of lithium ion batteries (LIB) and drug delivery

studied by our research group.

3.1. Metal Oxide Hollow Nanospheres for Lithium Ion

Batteries (LIB). Because of their advantages of high energy

density, long life-cycle, no memory effect, and being environ-

mentally benign, LIBs are currently the predominant power

source for portable electronics and expected for use in

electric vehicles in the near future. However, the use of

metal oxides in LIBs is still largely hampered by their poor

long-term cycling stability, energy density, and charge/

discharge rate capability. We restrict our discussion to metal

oxides evaluated in our laboratory and exclude reports

pertaining to other nanostructures.40 One effective way to

FIGURE 9. TEM images of LaBO3 hollow nanospheres: (A) La3þ/PAA =
5; (B) La3þ/PAA = 10; (C) La3þ/PAA = 15; (D) wide-angle XRD (inset:
SXRD); and (E) 11B MAS NMR of sample (B). Reproduced from ref 38.
Copyright 2011 Elsevier Science.

FIGURE 10. (A) Low-magnified and (B) high-magnified TEM images of
CaP. Reproduced from ref 39. Copyright 2012 Royal Society of
Chemistry.
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mitigate these problems is to fabricate hollow structured

active materials with high surface areas and short diffusion

paths.41 The thin shells of nanoparticles provide significantly

reduced paths for both the insertion/extraction kinetics of

Liþ ions, giving rise to an improved cycling stability. As a

result of significantly mitigated electrode pulverization and

polarization, an exceptional electrochemical performance is

thus highly anticipated formetal oxide hollow nanospheres.

Figure 11 shows the electrochemical performance of repre-

sentative metal oxide and silica (SiO2) hollow nanospheres

as anode materials for lithium ion batteries.

Figure 11A shows the discharge�charge profiles of TiO2

for the first and second cycles at the 1 C rate (1.0�3.0 V

versus Li/Liþ).33 Interestingly, the first charge and discharge

capacities are found to be 210.8 and 198.3 mAh g�1,

respectively, corresponding to a nominal insertion coeffi-

cient of x = 0.6, which exceeds the theoretical capacity of

dense anatase TiO2. The higher insertion coefficient may be

attributed to the unique behavior of tiny hollow nano-

spheres with a thin shell having a high surface area which

favors surface-confined charge storage. A remarkable fea-

ture of the TiO2 hollow sphere is the very low irreversible

capacity loss (6.3%) in the first cycle. To the best of our

knowledge, none of the other reported TiO2 particles

showed this type of superior behavior. Additionally, the

TiO2 hollow particles demonstrated an excellent capacity

retention over 50 cycles, and are able to deliver a reversible

discharge capacity of 186.1mAh g�1 higher than a previous

report.41,42 La2O3 hollow nanospheres, another interesting

candidate, also exhibited a good electrochemical perfor-

mance, such as long cycle life and very high columbic

efficiency (Figure 11B).34 The metallic lanthanum formed

in the first reduction step alloys with lithium to form a LixLa

alloy anode on the thin hollow shell domain. Generally, it is

FIGURE 11. (A) Charge�discharge performance of TiO2; (B) performance of hollow La2O3 nanospheres; (C) performance of Nb2O5 hollow
nanospheres; and (D) electrochemical performance of hollow silica nanospheres. Reproduced from refs 21, 27, 33, and 34with permission. Copyright
2011 and 2012 Royal Society of Chemistry. Copyright 2012 Elsevier Science.



Vol. 47, No. 1 ’ 2014 ’ 157–167 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 165

Core�Shell�Corona Polymeric Micelles Sasidharan and Nakashima

believed that alloying/dealloying leads to a significant ca-

pacity fading with cycling due to the volume change in the

active electrode materials. However, the La2O3 hollow par-

ticles exhibit a high columbic efficiency and good cycleabil-

ity even at high current densities which could be attributed

to the existence of ultrasmall LixLa nanoparticles on the shell

surface of the hollow nanosphere that provides a better

electrical contact and shorter diffusion path length during

repeated charge/discharge processes.

Similar to TiO2, the Nb2O5 hollow nanosphere also

showed stable electrochemical lithium intercalation/

deintercalation reactions, and the nanoelectrode structure

is highly stable with no deterioration of electrode observed

even after 250 cycles of repeated charge/discharges

(Figure 11C).27 Another interesting candidate investigated

in our laboratory for the first time is the use of hollow silica

nanospheres as anode materials. It is generally expected

that the reactivity of lithium with conventional bulk silica

particles is quite low, but it tends to readily react with the

silica nanoparticles. Figure 11D shows the charge/discharge

capacity of Liþ using a hollow silica nanosphere as the

anode material. The discharge capacity values were found

to be 980, 472, 355, 339, and 336 for the 1st, 2nd, 50th,

100th, and 500th cycles, respectively.21 For the hollow silica

particles, the Liþ forms an isolated Li2O/SiOx nanomatrix in

the silica shell wall. This is indeed reflected in the large

difference in the capacities of the first cycle and subsequent

cycles due to the formation of Li2O. Furthermore, except for

the first few cycles, the charge�discharge capacities of this

hollow-silica based anodeweremaintained up to 500 cycles

demonstrating a high columbic efficiency. Likewise, other

metal oxide and metal borate hollow nanospheres, such as

V2O5, CeO2, MoO3, Fe2O3, Fe3O4, and LaBO3, also exhibit

superior electrochemical properties as anode materials for

lithium batteries.28,29,31,38,43 The Fe2O3 and Fe3O4 hollow

nanoparticles exhibit higher electrochemical performance

than the nanotube and nanoflake based nanostructures.43

The improved rate performance and discharge capacity of

FIGURE 12. Drug-delivery profiles of (A) CaCO3; (B) Fe2O3 and Fe3O4. (C) Schematic illustration of hollow CaP nanospheres for biocompatibility test;\.
(D) A confocal fluorescent image of fluorescein-adsorbed hollow CaP nanoparticles (green dots) in BT-20 cancer cells. (E) MTT assays of BT-20 cells
treatedwith hollowCaP nanoparticles of different concentrations. Reproduced from refs 35 and 36with permission. Copyright 2012 Elsevier Science.
Copyright 2011 American Chemical Society.
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these nanoconstructed electrodes is attributed partially to

the unique hollow spherical morphology coupled with hol-

low void space. The void space not only acts as buffer

medium against charge storage and local volume change

but also provides better electrical contact and shorter diffu-

sion path length and provides better rate capability.

3.2. Metal Oxide and Phosphate Hollow Nanoparticles

as Drug Carrier Vehicles. There has been increased interest

in inorganic nanoparticles as drug carriers. Among themany

inorganic materials so far investigated for this purpose,

CaCO3 is highly suitable because of its excellent biocom-

patible and biodegradable properties. To investigate

the release kinetics of naproxen from hollow CaCO3

nanospheres,36 the drug was loaded into CaCO3 hollow

nanospheres by suspending them in an aqueous solution,

and the amount of drug loading/releasing was estimated by

an in vitro method using UV�visible absorption spectro-

photometry at 230 nm. The amount of the released naprox-

en was plotted versus time. Figure 12A shows the gradual

and sustained release behavior of naproxen from CaCO3

hollow particles over a period of 60 h. It is important to point

out that the particle size significantly affects the cellular and

tissue uptake, and only the nanosized particles can be

efficiently internalized. In this regard, it is expected that the

present hollow nanoparticle can be readily internalized into

cells and tissue because the nanparticles' size (ca. 30 nm) is

more ideal than the dense particle based carriers.

We have also investigated the efficacy of Fe2O3 and

Fe3O4 hollow nanospheres as drug carriers after loading

the ibuprofen (IBU) drug.35 Figure 12B shows in vitro studies

of the Fe2O3 and Fe3O4 hollow nanospheres as drug carriers

using a phosphate buffer solution (PBS). Bothmagnetite and

hematite show high storage capacities of 0.26�0.29 g per

gram of hollow particles. The Fe2O3 exhibits a sustained

release behavior over a period of 24 h at pH 7.3, and about

96% of the drugs were released into the solution after 24 h

(curve A). For the Fe3O4 hollownanospheres, the percentage

of drug released at pH 7.3 is less than 55%after 8 h (curve C);

whereas at pH 4, more than 80% of the ibuprofen was

released over the same time period (curve B). These results

demonstrated that themagnetic hollownanospheres canbe

used as a sustainable andmagnetically guided drug delivery

carrier.

In addition to drug delivery,wehavealso investigated the

biocompatibility with calcium phosphate hollow nanoparti-

cles as biocompatibility is the prime factor in medical appli-

cations. The safety and toxicological issues of the hollow

calcium phosphate (CaP) nanospheres were examined by

MTT assays of a breast cancerous cell line (BT-20) incubated

with various concentrations of hollow CaP nanospheres.39

The results shown in Figure 12C and D indicate that the cell

viability was as high as the control sample, even when the

CaP concentrationwas up to 1000 μg/mL, demonstrating an

excellent biocompatibility in vitro.

4. Conclusions and Outlook
The study of the molecular self-assembly of amphiphilic

polymers has witnessed a paradigm shift from the mere

serendipitous observations of soft micelle nanostructures to

the meticulous formation of well-defined inorganic hard

materials. This study relates recent developments in the

creation of diversified micelle templates for different inor-

ganic hollow nanosphere fabrication, characterization, and

applications. Core�shell�corona micelles have provided

various means to synthesize hollow spherical particles with

different chemical compositions. However, success in this

templating strategy hinges largely on the stability of the

polymeric micelles, and therefore, factors that influence the

behavior of amphiphilic molecules should be carefully con-

sidered. Compared with conventional AB diblock and ABA

triblock copolymer micelles, the use of ABC triblock copoly-

mer micelles with a core�shell�corona architecture over-

comes the instability of polymeric micelles during hard-

material fabrication. Though core�shell�corona micelles

enable the facile formation of spherical hollow particles, a

lot more needs to be unraveled so far as the basics of self-

assembly with inorganic precursors and their structural

transformation into other interesting nanostructures. One

of the most important challenges is to prevent agglomera-

tion of the hollow nanoparticles due to their inherent high

surface energy, which is very important for applications in

electronics, photonic devices, and drug delivery. In this

regard, one can improve the dispersion of nanoparticles

by ultrasonication in the absence of any stabilizing agents. In

particular, the precise control of the size, shape, and mor-

phologies and understanding the self-assembly processes

should further be developed in order to obtain their new or

enhanced properties and applications.
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