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Abstract Hollow nanostructures are of great interest in many current and
emerging areas of technology. In the last few years, a variety of ideas to fabricate
hollow nanostructures (e.g., hollow nanospheres, nanoboxes, nanocages, and
nanotubes) have been proposed. This review work covers several typical methods
to fabricate hollow nanoparticles and nanotubes. The methods introduced in this
article are categorized into two parts: one is based on the chemical synthesis routes
including conventional templating-etching and galvanic replacement and the other
is based on the Kirkendall effect, which is a diffusional phenomena at the solid–
solid interface. Furthermore, structural stability of hollow nanoparticles and
nanotubes during annealing at high temperatures is discussed.

1 Introduction

In recent years, considerable effort has been put into the design and fabrication of
nanostructured materials with functional properties (e.g., nanoparticles, nanorods,
etc.) [1]. Above all, it is important to obtain nanostructures with a specific size and
morphology, taking into consideration their specific applications. Therefore, the
control of the shape of nanoparticles and nanowires is one of the most important
topics in the current research on nanomaterials. In particular, there is an increasing
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interest in methods to fabricate hollow nanostructures because their unique shape
makes them applicable as delivery vehicles, fillers as well as for catalysis, and is
expected to bring about changes in chemical, physical, and catalytic properties.
The recent progress in synthesis and applications of hollow nanoparticles and
nantoubes has been already reviewed by Xia et al.[2], Fan et al. [3], Lou et al. [4],
and An and Hyeon [5].

In general, the most popular concept of methods to fabricate hollow nano-
structures can be recognized as the combination of templating, coating and
chemical etching. By coating the surface of the template nanoparticles or nano-
wires and removing the template by chemical etching, a wide variety of materials
with hollow structures have been successfully synthesized. Meanwhile, the other
types of methods based on self-organization have become available; the specific
phenomena such as the Kirkendall effect [6] and Ostwald ripening [7] have been
applied to the fabrication of hollow nanostructures. Since Yin et al. [8] published
the results of the synthesis of hollow nanoparticles using the Kirkendall effect,
which is a diffusional phenomenon at the interface between different solids, in
2004, the number of reports are increasing up to now.

In this review, we will overview the recent progress on the fabrication of hollow
nanostructures: first the reports based on chemical synthesis routes and next on the
Kirkendall effect. In the last section, our latest studies on the structural stability of
hollow nanoparticles and nanotubes at high temperatures will be introduced in
detail.

2 Fabrication Routes to Hollow Nanostructures

2.1 Techniques Based on Chemical Routes

The combination of templating and etching is a conventional route to fabricating
hollow nanostructures. In general, it involves the four steps illustrated in Fig. 1 [4]
(1) preparation of hard templates (usually polymer or silica); (2) functionalization/

Fig. 1 Schematic illustration of a conventional hard templating process for hollow sphere
synthesis. (1) preparation of hard templates such as polymer and silica, (2) modification of
template surface, (3) coating the templates with designed materials, and (4) removal of templates
and formation of hollow structures (reproduced with permission from [4])
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modification of templated surface to achieve favorable surface properties;
(3) coating the templates with designed materials or their precursors by various
approaches; and (4) selective removal of the templates to obtain hollow nano-
structures. Figures 2 and 3 show examples of hollow SiO2 [9] and Pd [10] on the
basis of the templating and etching methods, respectively. For example, the syn-
thesis process of hollow Pd is as follows: (1) The uniform silica spheres were
synthesized, (2) the surfaces of the silica spheres were functionalized with mer-
captopropylsilyl (MPS) groups by refluxing the silica spheres and mercaptopro-
pyltrimethoxysilane (HS(CH2)3-Si(OCH3)3) in toluene, (3) the palladium
precursor, palladium acetylacetonate (Pd(acac)2), was adsorbed onto the surfaces
of these MPS-functionalized silica spheres and were then heated at 250�C for 3 h
to obtain Pd metal-coated spheres, and finally (4) the silica template was removed
by treating the Pd-coated silica spheres with 10 M HF. The technique has also
been extensively applied to obtain hollow nanoparticles of a wide range of
inorganic materials, including TiO2 [11, 12], SnO2 [13], Au [14], Fe3O4 [15].
Another examples are reviewed by Lou et al. [4], who categorized the conven-
tional hard templating methods into six groups according to coating process.
Furthermore, Lou et al. [4] summarized soft-template methods using liquid and
gaseous templates against hard templates using solid materials.

The disadvantage of the template-mediated methods were pointed out by An
and Heyon [5]; (1) the hollow nanostructures obtained via a template-mediated

Fig. 2 a SEM and b TEM micrographs of hollow silica spheres produced by calcination of
PS(Polystyrene) latices coated with one SiO2-PDADMAC(poly-di-allyl-dimethyl-ammonium-
chloride) multilayer. Both broken and intact hollow spheres were observed in these samples. The
uniformity of the wall thickness can be seen in b. c Illustration of procedures for preparing
inorganic and hybrid hollow spheres (reproduced with permission from [9])
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route using silica or polymer particles as the templates are often larger than
200 nm because it is hard to make smaller template particles and (2) the post-
treatment necessary to remove the templates adds complexity to the whole syn-
thetic process and increases the chance of the structural deformation as well as the
introduction of impurities.

This idea is also useful for fabricating nanotube structures. For example, GaN
nanotubes were fabricated through the preparation of ZnO/GaN core/shell struc-
tures and the subsequent removal of ZnO nanowires, as shown in Fig. 4 [16]. The
arrays of ZnO nanowires were grown on (110) sapphire wafers using a vapor
deposition process and then GaN chemical vapor was deposited epitaxially on the
ZnO nanowire arrays placed inside a reaction tube. The core part of ZnO can be
removed from ZnO/GaN wires by chemical etching with ammonia at high tem-
perature or thermal reduction at high temperatures (for example, 873 K in H2). The
synthesis of Zn3P2, Cd3P2 [17] and Al2O3 [18] nanotubes based on templating and
etching method were also reported.

Fig. 3 Transmission electron
micrograph and scanning
electron micrograph (inset) of
hollow palladium spheres and
illustration of synthesis
process: (i) preparation of
uniform silica spheres, (ii) the
functionalization of the
surfaces of the silica spheres
with mercaptopropylsilyl
(MPS) and mercaptopropyl-
trimethoxysilane (HS(CH2)3-
Si(OCH3)3) in toluene,
(iii) adsorption of the
palladium precursor,
palladium acetylacetonate
(Pd(acac)2) onto the surfaces
of these MPS-functionalized
silica spheresand and heating
at 250�C for 3 h to obtain Pd
metal-coated spheres, and
finally (iv) removal of the
silica template by treating the
Pd-coated silica spheres with
10 M HF (reproduced with
permission from [10])
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Schmidt and Eberl [19, 20] showed that layered Si-Ge rolled up to form
nanoscrolls by strain release of the lattice-mismatched film-substrate interface.
Figure 5 shows illustrations of the mechanisms and the obtained nanotubes
according to the mechanisms: (a) General method to create a nanotube (method I).
An etchant-sensitive material is deposited on a substrate surface. On top of this
substrate, a thin film (or a series of thin films) is deposited. After selective etching
of the substrate, the thin top layer is wrapped up and folded back onto the sample
surface, where it can bond to itself. At the position where the layer bends, a
nanotube has formed. (b) Specialized way to create a nanotube (method II). The
layer sequence consists of an etchant-sensitive material, followed by a bilayer of

Fig. 4 Arrays of ZnO
nanowires and GaN
nanotubes. Shown are SEM
images of the ZnO nanowire
template arrays (a), and the
resulting GaN nanotube array
(b). Inset in a shows cross-
sections of the ZnO
nanowires. Inset in b shows
the fractured interface
between the GaN nanotubes
and the substrate.
c Schematic illustration of the
‘epitaxial casting’ process for
making single-crystal GaN
nanotubes (reproduced with
permission from [16])

Recent Progress in Fabrication of Hollow Nanostructures 7



two different materials (materials 1 and 2). Material 1 has a larger lattice constant
than material 2, so a1 [ a2. Once the bilayer is released by selective etching, each
material tends to acquire its inherent lattice constant. The bilayer bends upwards,
finally forming a nanotube after one complete revolution. Longer etching times
result in multiple revolutions. (c, d) Folded nanotubes fabricated according to
method I. ‘Epi’ layer indicates epitaxial layer. (e) SiGe-based nanotube formed
along the edge of a sample (by method II). Although this technique is based on the
combination of templating and etching, the process of rolling up is different from
the typical templating methods introduced above.

The galvanic replacement reaction has been applied for the synthesis of hollow
nanostructures of novel metals such as Au, Pt and Pd. In the synthetic process
for hollow Au nanoboxes or frames, for example, HAuCl4 is added to the sus-
pension of Ag nanocubes with the amount of HAuCl4 and reaction temperature

Fig. 5 Formation of solid-state nanotubes. a General method to create a nanotube (method I).
b Specialized way to create a nanotube (method II). c, d Folded nanotubes fabricated according to
method I. ‘Epi’ layer indicates epitaxial layer. e SiGe-based nanotube formed along the edge of a
sample (by method II) (reproduced with permission from [19])
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being controlled. The silver template-mediated galvanic replacement reaction is
described as follows:

3Ag sð Þ þ AuCl�4 aqð Þ ! Au sð Þ þ 3Agþ aqð Þ þ 4Cl� aqð Þ

In the reaction, Ag nanoparticles act as a template. SEM images of the for-
mation of Au nanoboxes and nanocages using the above reaction are shown in
Fig. 6 [21]. According to the amount of HAuCl4, the nanostructures develop;
Au/Ag nanoboxes interior nanoholes ? Au nanoboxes with uniform wall thick-
ness ? Au nanoframes with porous walls. Similarly, Pt/Ag and Pd/Ag hollow
nanostructures have been prepared via the galvanic replacement because both
PtCl4

- and PdCl4
2- ions have higher standard reduction potential than AgCl/Ag

pair [22]. It has been pointed out that despite the simplicity of the chemistry, the
formation mechanism of hollow structures via the galvanic replacement can be
complicated, depending on the reaction system [23].

Finally, an example of template-free methods is introduced. Recently, one-step
self-templated methods based on Ostwald ripening have been applied to synthesize
hollow structures. Ostwald ripening, first described by Ostwald in 1896 [7], is a
spontaneous process which refers to the growth of large precipitates at the expense

Fig. 6 Schematic illustration of the experimental procedure that generates nanoscale shells of
gold from silver templates with various morphologies. The reaction is illustrated in the schematic
as follows: a Addition of HAuCl4 to a dispersion of silver nanoparticles and initiation of the
replacement reaction; b The continued replacement reaction of HAuCl4 with the silver
nanoparticles; c Depletion of silver and annealing of the resultant shells to generate smooth
hollow structures. d, e TEM image of gold nanoshells and nanotubes formed by reacting these
silver nanoparticles with an aqueous HAuCl4 solution (reproduced with permission from [21])
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of smaller precipitates caused by energetic factors. Lou et al. [24] reported a
simple one-pot template-free synthesis of polycrystalline SnO2 hollow nano-
structures, as shown in Fig. 7. At the initial stage of reaction, amorphous solid
nanospheres are formed by hydrolyzation of stannate. With time, the surface layer
of the nanospheres crystallizes first due to contact with surrounding solution. As a
result, the materials inside the solids spheres have a strong tendency to dissolve,
which provides the driving force for the spontaneous inside-out Ostwald ripening.
Although fundamental evidence in support of this mechanism is not enough, it has
been shown to be applicable in many systems, including TiO2 [25], Cu2O [26],
ZnS and Co3O4 [27], etc. These hollow materials were synthesized through
chemical reaction processes. Therefore, they have been introduced in this section
although Ostwald ripening itself is not defined as a chemical reaction.

Fig. 7 a Schematic illustration (cross-sectional views) of the proposed inside-out ripening
mechanism: inside-out evacuation can initiate from just below the surface to form particle (i) then
evolve to core/shell particle (ii), and possibly to hollow particle iii, or start around the central
region of the solid spheres and evolve to particle (iii) directly. b Typical TEM image of SnO2

nanospheres obtained with 6 h reaction at 150�C (r = 37.5%, c = 14.0 mM, 0.1 M urea).
c Typical TEM image of amorphous SnO2 nanospheres obtained by aging the reaction mixture
(r = 37.5%, c = 14.0 mM, 0.1 M urea) for several days at room temperature. D) Typical TEM
image of SnO2 hollow nanospheres synthesized at 150�C for 24 h with the reaction mixture
(r = 37.5%, c = 14.0 mM, 0.1 M urea) aged for several days (corresponding to c) or without
aging (18 h further reaction based on b). All three scale bars 500 nm (reproduced with
permission from [24])
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2.2 Kirkendall-Effect-Related Methods

2.2.1 Hollow Nanoparticles

Kirkendall effect as a classical phenomenon in metallurgy was established [6]. It
basically refers to a nonreciprocal mutual diffusion process through an interface of
two metals so that vacancy diffusion occurs to compensate for the unequality of
the mass flow and that the initial interface moves. Smigelskas and Kirkendall
observed a movement of the initial interface in a Cu/brass diffusion couple, as a
result of a faster diffusion of zinc into the copper than that of copper into the brass
(the intrinsic diffusion coefficient of Zn is 2.5 times as large as that of Cu at
785�C.) The Kirkendall experiment demonstrated two important facts: (1) atomic
diffusion occurs via vacancies and (2) each metal diffuses at a different mobility.
In some cases, condensation of excess vacancies can give rise to void formation,
called ‘Kirkendall voids’, near original interface and within the faster diffusion
side.

Formation of the Kirkendall voids is basically unfavorable from the viewpoint
of technological application. Engineers try to avoid this effect in the case that
interdiffusion occurs at the bonded-interface because the Kirkendall voids dete-
riorate the bonding strength of the bond-pad interface or may cause wire bond
failure in integrated circuits. On the other hand, chemists applied the destructive
effect constructively for synthesizing hollow nanostructures in a way that the
Kirkendall voids coalesce into a single hollow core. Yin et al. [8] demonstrated
that initially solid Co nanoparticles transformed into hollow nanoparticles through
the reaction with sulfur, oxygen and selenium. An example of hollow cobalt
sulfides is shown in Fig. 8. The sulfidation of cobalt nanoparticles resulted in the
formation of hollow cobalt sulfide of either Co3S4 or Co8S9, depending on the
molar ration of sulfur and cobalt. During the reaction, the surfaces of cobalt
nanoparticles are covered with the sulfide layers and the diffusion of cobalt and
sulfur atoms in opposite direction occurs through the sulfide layers. As the reaction
proceeds, voids are formed in the cobalt side of the interface because the outward
diffusion of cobalt ions is much faster than the inward diffusion of sulfur.

Their work has inspired a number of studies that attempt to apply the
nanoscale Kirkendall effect to create hollow nanostructures [28–56]. Nanoscale
hollow structures by a route related to the Kirkednall effect are listed in Table 1,
where some reports published after 2007 were added to the original list given by
Fan et al. [3]. Particularly, hollow oxide formation via oxidation of metal
nanoparticles was investigated relatively for many metals such as Al, Cu [31], Fe
[41–44], Ni [46] and Zn [52–54]. Nakamura et al. [31] demonstrated that a
reaction of Pb nanoparticles with oxygen resulted in the formation of solid PbO
because the diffusivity of oxygen is known to be larger than that of Pb in PbO,
suggesting that the faster outward diffusion of metal ions than inward diffusion
of oxygen ions is essential for the formation of hollow oxides through oxidation
reaction.
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During the oxidation or sulfidation of metal nanoparticles, voids are formed at
the interface. Tokozakura et al. [57] showed that voids formed at the interface
retard the outward diffusion of remaining metals.

Formation of hollow oxide nanoparticles was found at low temperatures for Fe,
Al and Zn. Nakamura et al. observed that in the case of smaller Zn (below 20 nm
in diameter) and Al (below 8 nm in diameter) nanoparticles, the rapid outward
migration of metal ions at the initial oxidation stages makes hollow oxide particles
and that larger hollow oxide particles could not be formed by thermal oxidation at
around 400 K. The fast outward diffusion of metal cations through the oxide layer
is not thermally activated but driven by an electrical field built between the metal
and an initial thin oxide layer according to the Cabrera–Mott theory. On the other
hand, Cu nanoparticles were observed to turn into hollow Cu2O regardless of
initial diameter probably because the self-diffusion coefficient of Cu ions in Cu2O
at around 400 K is high enough to explain the growth of the Cu2O layer via the
thermal-activated diffusion process after the initial oxide formation.

Although hollow oxides with an almost uniform shell thickness were formed in
the case of Co, Fe, Cu, and Al, a peculiar behavior of void formation during the
oxidation of Ni nanoparticles can be seen [46]. In Fig. 9, the morphology change

Fig. 8 a TEM image of cobalt nanocrystals synthesized by the injection of 0.54 g of Co2(CO)8

in 3 ml of o-dichlorobenzene into 0.1 ml of oleic acid and 0.1 g of trioctylphosphine oxide in
15 ml of o-dichlorobenzene at 182�C. b TEM image of the cobalt sulfide phase synthesized by
the injection of sulfur in o-dichlorobenzene (5 ml) into cobalt nanocrystal solution with a Co/S
molar ratio of 9:12. Co3S4 particles were synthesized from the cobalt sample shown in
a. c HRTEM images of Co3S4 (left) and Co9S8 (right). d TEM image of the cobalt sulfide phase
synthesized as in b (reproduced with permission from [8])
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of Ni nanoparticles (1) after oxidation at 573 K for 7.2 ks and (2) at 673 K for
1.8 ks are shown. A single large void is formed at one off-center site of the
interface between Ni and NiO (Fig. 9a) and hollow oxide nanoparticles with the
nano-pores at localized position are formed (Fig. 9b). Although the formation
mechanism of the nano-pore in NiO particles is similar with other hollow oxides
such as Co-, Zn-, and Cu-oxides, hollow NiO has a peculiar morphology unlike
them. The formation mechanism of a single localized void at the Ni/NiO interface
during oxidation and an off-centered nano-pore in hollow NiO particles is dis-
cussed in terms of the atomic movement during oxidation. The growth behavior of
the voids during the oxidation of Ni nanoparticles observed in Fig. 9a indicates
that vacancies migrate toward a site of the interface and then become a large void
at the site.

Table 1 Hollow nanoparticles and nanotubes fabricated through the Kirkendall effect

Materials Morphology Ref. Publication
year

Ag2Se Nanotubes [28] 2006
AlN Hollow particles [29] 2006

Hollow particles [30] 2007
Amorphous Al2O3 Hollow particles [31] 2007
CdS Polycrystal nanoshell [32] 2005
Co3S4, CoO, CoSe Hollow particles [8] 2004
Co3S4 Porous nanowires [33] 2006

Nanotubes [34] 2007
Co3S4, CoSe2, CoTe Hollow nanochains [35] 2006
CoSn3 Hollow nanorods [36] 2008
Cu2O Hollow nanoparticles [31] 2007
CuO Hollow nanoparticles [37] 2008
Cu2O, CuO Nanotubes [38] 2009
CuS Nanotubes [39] 2007
Cu7S4 Nanocages [40] 2005
FexOy Hollow nanoparticles [41] 2005
Fe3O4 Hollow nanoparticles [42] 2007
cFe2O3 Hollow nanoparticles [43] 2007
Fe3O4, cFe2O3 Hollow and porous nanoparticles and nanotubes [44] 2009
MoS2 Cubic microcages [45] 2006
NiO Hollow nanoparticles [46] 2008

Bamboo-like nanowires [38] 2009
Ni2P, Co2P Hollow nanoparticles [47] 2007
SnO2 Hollow nanoparticles [48] 2008
PbS Hollow nanoparticles [49] 2005
ZnAl2O4 Nanotubes [50, 51] 2006,2007
ZnO Microcages [52] 2004

Dandelion [53] 2004
Hollow nanoparticles [54] 2007
Nanotubes [55] 2008

ZnSiO4 Nanotubes [56] 2007
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The formation of vacancies, voids and a nano-hole through the oxidation of Cu
and Ni nanoparticles is illustrated in Fig. 10a, b, respectively. Vacancies are
generated along the metal-side interface as a result of the outward diffusion of
metal ions at the initial stage of oxidation. As oxidation proceeds, voids are formed
uniformly along the Cu/Cu2O interface by the clustering of neighboring vacancies
(Fig. 10a), while they become large voids at one site on the Ni/NiO interface

Fig. 9 TEM images of Ni nanoparticles after oxidation at a 300�C for 7.2 ks and b 400�C for
1.8 ks (reproduced with permission from [46])

Fig. 10 Comparison of void formation behavior for oxidation of Cu nanoparticles with Ni
nanoparticles (reproduced with permission from [46])
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(Fig. 10b) because of the long-range diffusion of vacancies. As a result, a nano-
hole is formed at the center part of Cu2O particles, but it is off-centered in NiO
particles. Vacancies generated in the oxidation process of Ni nanoparticles migrate
to and aggregate at a site of the Ni/NiO interface since the mobility of vacancies
inside Ni is large as the oxidation proceeds. This behavior can be interpreted as the
self-assembly of vacancies and this allows an energetically more stable state to be
achieved.

In general, the mechanism of metal sulfidation is known to be similar to that of
metal oxidation. There are lots of reports on the formation of hollow sulfide
nanoparticles such as Cu–S [39, 40], MoS2 [45], and PbS [49].

2.2.2 Nanotubes

The Kirkendall effect has been extended to the fabrication of tubular structures.
Fan et al. [50] demonstrated that ZnAl2O4 spinel nanotubes could be obtained
using the Kirkendall effect. Figure 11 shows TEM images for the nanotubes
together with the schematic illustrations of the formation process. As shown in the
illustration, the starting material is a ZnO nanowire (10–30 nm thick, up to 20 lm
long) coated by Al2O3 (10 nm thick). By annealing the core/shell nanowires, in air
at 700�C for 3 h, a cylindrical interior nanopore is introduced during the solid-state
diffusion between ZnO and Al2O3� ZnO/Al2O3 reaction is considered as a one-way
transfer of ZnO into Al2O3 in a pseudo binary system. They pointed out that the
conformity and uniformity of Al2O3 layers via atomic-layer-deposition are
essential to the formation of smooth nanotubes. They reported that completely
hollow ZnAl2O nanotubes could be obtained, whereas in the case of MgO/Al2O3,
only porous MgAl2O4 nanowires were obtained without formation of complete
nanotubes. They concluded that the difference in final morphology is attributed to
that in crystal structure and diffusion of metal ions. Additionally, Fan et al. [51]
showed the surface diffusion on the morphology evolution; the initial stage is the
generation of small Kirkendall voids intersecting the compound interface via a
bulk diffusion process, whereas the second stage is dominated by the surface
diffusion of the core materials along the pore surface.

Another example of the formation of nanotubes through the Kirkendall effect is
Ag2Se [28]. TEM images of obtained Ag2Se nanotubes are shown in Fig. 12,
together with the schematic illustrations of the formation process. CSe2 was first
adsorbed onto the surfaces of the Ag nanowire templates, and subsequent pho-
tolysis causes the dissociation of C=Se bonds, giving rise to a high surface con-
centration of Se atoms. Ag2Se layers are formed on the surface of Ag nanowires at
160�C and then growth of Ag2Se layers is dominated by the outward diffusion of
Ag+ ions through the layer. The authors mentioned that the voids were observed to
grow horizontally along the wire axis rather than isotropically because the adhe-
sion of CSe2 is preferred on the ends of the Ag nanowire rather than on its side
faces. Hence, the high concentration of Se atoms at the nanowire ends promotes
the diffusion of Ag+ along the longitudinal axis, leading to the observed
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Fig. 11 Transformation of core–shell nanowires to nanotubes by means of the Kirkendall effect
(upper). a TEM image of an example ZnO-Al2O3 core–shell nanowire. b–e Scanning electron
microscopy (b) and TEM (c–e) images of ZnAl2O4 spinel nanotubes. Schematic diagram of the
formation process of ZnAl2O4 spinel nanotubes (lower). a Single-crystal ZnO nanowires are
grown by the vapor–liquid–solid mechanism using Au nanoparticles as a catalyst. b The
nanowires are coated with a uniform layer of Al2O3 by ALD, forming core–shell ZnO–Al2O3

nanowires. c Annealing the core–shell nanowires leads to the formation of ZnAl2O4 nanotubes by
a spinel-forming interfacial solid-state reaction involving the Kirkendall effect (reproduced with
permission from [50])
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anisotropic growth of vacancies along h110i. This represents a different strategy of
applying the Kirkendall effect to nanotube formation from the one presented in
Fig. 11.

As mentioned in 2.2.1, the oxidation of metal nanoparticles is an effective route
to fabricating hollow oxides because several metal nanoparticles such as Co, Cu,
Fe, Zn, and Al turn into hollow oxide nanoparticles. It is expected, therefore, that
the oxidation of such metal nanowires causes the formation of oxide nanotubes.
Our latest results on the formation of oxide nanotubes through the oxidation of Fe,
Cu and Ni nanowires [38] are introduced below.

Figure 13 shows the morphology changes of Fe, Cu and Ni nanowires before
and after oxidation at 200–400�C. Voids were clearly observed along the interface

Fig. 12 Ag2Se nanotubes formed based on the Kirkendall effect. a TEM image of the tubes.
b Higher-magnification view of the tube showing that the tube wall is composed of multiple
grains. c Schematic images of the diffusion process. Due to the higher concentration of CSe2

adsorbed at the end (111) faces than on the side (100) faces of the Ag nanowires, the void grows
along the longitudinal h110i direction from the ends. (Reproduced with permission from
Ref. [28])
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between the Fe nanowire and the outer oxide layer at 250�C for 3.6 ks. Finally, a
Fe nanowire turned into a Fe3O4 (magnetite) nanotube with a cylindrical nanopore
at 300�C for 3.6 ks. Similarly, interior voids with different sizes are fragmentarily
generated inside the Cu nanowires after oxidation at 150�C for 1.2 ks. The oxi-
dized Cu nanowires become nanotubes with a uniform inner and outer diameter at
150�C for 5.4 ks, as is the case with the oxidation of Fe nanowires. The crystal
structure of the nanotubes obtained via the oxidation of the Cu nanowires at 150�C
for 5.4 ks was identified to be Cu2O. Cu2O transformed into CuO at 300�C while
maintaining the nanotube structure. In Fig. 13, representative electron micrographs
of Ni nanowire after oxidation at 400 and 500�C are shown together. After oxi-
dation at 400�C for 1.8 ks, large voids are formed at certain places at the interface
between an inner remaining Ni wire and the outer oxide layer, as indicated by
arrows. The formation behavior of voids at the interface between Ni and NiO is
different from that between Fe and Fe3O4, where voids are uniformly formed along
the interface. Ni nanowires became irregularly-shaped bamboo-like NiO with
separate interior nanovoids of irregular diameters at 500�C for 3.6 ks.

The formation mechanism of Fe3O4 and Cu2O nanotubes is illustrated in
Fig. 14a; (1) an oxide layer is formed due to the oxidation reaction dominated by
the outward diffusion of metal ions through the oxide layer, (2) voids are generated
along the interface due to the inward diffusion of vacancies, which results from the
Kirkendall effect, as the oxide layer grows, and (3) an oxide nanotube with a
cylindrical pore is formed after all the metal atoms are consumed by reacting with
oxygen. Fe3O4 and Cu2O nanotubes obtained by oxidizing Fe and Cu nanowires
have almost uniform inner and outer diameters, whereas NiO has separate interior
voids and is irregular in shape. It can be expected that vacancies, which flow into
the Ni side as a counter to the outward diffusion of Ni, migrate over a long-range
distance, resulting in the growth of voids at certain places. A schematic illustration
describing the void formation behavior during the oxidation of a Ni nanowire is
shown in Fig. 14b. Vacancies, which are formed due to the outward diffusion of Ni
at the interface between Ni and NiO, migrate toward a void (i). The growth of a
localized void causes inhomogeneous oxide growth; the growth of the NiO layer is
suppressed at the region with a void compared with the region without void in Ni
(ii). As a result, a bamboo-like structure with separate interior voids and an
irregular shape is formed (iii). As discussed in 2.2.1, both the localization of an
interior void during the oxidation of Ni nanoparticles and nanowires seem to
originate in the high mobility of vacancies in Ni during its oxidation.

3 Structural Stability of Hollow Nanostructures at
High Temperatures

Thermal instability of hollow nanospheres was theoretically predicted by some
groups [58–61]. Gusak et al. [59] proposed that vacancies flow outward from the
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Fig. 13 TEM images of morphology change of Fe, Cu and Ni nanowires during oxidation
(reproduced with permission from Ref. [38])
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inner surface and absorbed at the outer surface since the vacancy concentration at
the inner surface is higher than at the outer surface. As a result, the spheres shrink
and finally end up eliminating the empty space to minimize the interface energy.
According to their analysis, the rate of shrinking is controlled by the slow species
in the case of a compound with a large difference between diffusivities of two
components. On the other hand, experimental study on the stability of hollow
nanostructures is limited to our reports [37, 38]. Shrinkage behavior of hollow
oxide nanoparticles and nanotubes is reviewed in detail.

3.1 Shrinkage of Hollow Oxides

Figures 15a, b show changes in morphology of hollow Cu2O and NiO nanopar-
ticles during isochronal annealing under 4 9 10-5 Pa in a transmission electron
microscope and their corresponding selected area electron diffraction (SAED)
patterns [37]. The common characteristics are as follows: (i) hollow Cu2O and NiO
starts to shrink after annealing at a temperature where the reduction reactions from
oxides to metals start, (ii) metal nanoparticles are formed at the inner surface of
oxide shells, (iii) hollow oxides turn into metal nanoparticles without interior
pores, and (iv) the changes in morphology and crystal structure through the

Fig. 14 Schematic illustration of morphological changes during oxidation of a Fe and Cu and
b Ni: (i) formation of an oxide layer due to outward diffusion of metal ions through the initial
oxide layer; (ii) formation of voids at the interface between the inner metal and outer oxide layer
and (iii) formation of an oxide nanotube and bamboo-like structures with an interior nanopore
(reproduced with permission from [38])
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oxidation of metal nanoparticles and the reduction of hollow oxides can reversibly
take place.

According to the kinetic models of reduction of oxides [62], oxygen ions are
removed from the lattice of the surface leaving behind an anion vacancy and then

Fig. 15 Morphology changes of hollow Cu2O and NiO nanoparticles before annealing and
during isochronal annealing in TEM from 150 to 300�C. Initial diameters of hollow Cu2O and
NiO nanoparticles are 10–20 nm (reproduced with permission from [37])
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reduced zone are formed on the surface at the initial stage of reduction. In general,
a dominant process of reduction reaction is considered to be the outward diffusion
of oxygen ions via the anion vacancies generated at the surface [62, 63]. Such
mass transport results in the inward movement of the metal/reduced oxide inter-
face. This is true of the reduction of hollow oxides; oxygen ions are removed from
the outer surface to vacuum. As mentioned earlier, however, the formation of
metal nanoparticles along the inner surface of hollow oxides during the reduction
of Cu2O to Cu and NiO to Ni, respectively, demonstrates that the reduced Cu and
Ni atoms are generated at the inner surface of hollow Cu2O and NiO. The for-
mation of metal nanoparticles at the inner surface indicates that oxygen ions
diffuse from the inner surface to the outer surface and that the reduced zone
(i.e. Cu and Ni layers) is formed at the inner surface. After the formation of metal
layers, metal atoms aggregate and make a particle in order to fill in the nano-hole.
This behavior can be interpreted as the self-assembly of metal atoms which causes
the extra energy of the inner surface of a hollow sphere to lower. The morphology
change of hollow oxide nanoparticles annealed in reduction atmosphere is
described in Fig. 16.

In the case of the annealing of hollow nanoparticles of CuO and NiO in air,
shrinkage and collapse of hollow structures take place. Figures 17a, b show TEM
images hollow CuO and NiO nanoparticles after annealing in air, respectively. The
shrinkage of hollow CuO and NiO starts to occur at 400 and 650�C, respectively,
and finally interior nanopores annihilate. CuO nanotubes and NiO bamboo-like
(Fig. 13) structures also show a tendency to shrink and collapse through annealing
at high temperatures, as shown in Fig. 18. It should be noted that the temperatures
at which CuO nanotubes and NiO bamboo-like structures shrank are almost
consistent with those for hollow nanoparticles of CuO and NiO.

According to the theoretical consideration on the shrinking of hollow binary
alloy nanoparticles [59], the rate of shrinking is controlled by the slower diffusing
species of the alloy. In fact, it was revealed that shrinking of both CuO and NiO by
high-temperature oxidation starts at a temperature where the diffusion coefficient
of the slower diffusion species reaches about 10-22 m2s-1 [37].

Fig. 16 Schematic illustration for morphology change of hollow oxide nanoparticles during
annealing under reduction atmosphere: a desorption of oxygen from surface and the surface
diffusion of reduced metal atoms at the inner surface, b growth of metal nanoparticles at the inner
surface, and c formation of solid metal nanoparticles as a result of reduction of hollow oxides
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3.2 Transition in Porous Structures of Iron Oxides

Although hollow nanoparticles and nanotubes of Fe3O4 shrink and collapse by
annealing at higher temperatures in air as is the case with Cu- and Ni-oxides,
peculiar changes in morphology occur in the process from hollow structures to
collapsed structures. In this section, the unique behavior is reviewed.

A typical example of the changes in the morphology after the oxidation of iron
nanoparticles with the mean diameter of about 15 nm from 200 to 600�C is shown
in Fig. 19. The morphology change from Fe nanoparticles to hollow Fe3O4 can be

Fig. 17 CuO and NiO nanoparticles without interior nanopores after the annealing of hollow
CuO and NiO at 500�C for 3.6 ks and 650�C for 36 ks, respectively (reproduced with permission
from [37])

Fig. 18 TEM images of
a CuO and b NiO nanotubes
after annealing in air at
500�C for 3.6 ks and at
650�C for 3.6 ks, respectively
(reproduced with permission
from [38])
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seen in Fig. 19a–c. After annealing at 500�C for 3.6 ks (Fig. 19d), two specific
changes can be seen: (i) the nano-pores of the hollow particles become smaller and
the location of nano-pores deviates from the center position, (ii) the additional
smaller voids are generated in the particles; hollow nanoparticles with a single
interior nano-pore turn into porous nanoparticles with a few voids by annealing the
samples in air above 500�C. Furthermore, it was found that the interior closed
pores became open surface pores at 600�C for 3.6 ks (Fig. 19e). Finally, porous
iron oxide nanoparticles were observed to have turned into non-porous nanopar-
ticles after the longer annealing time of 14.4 ks at 600�C, as shown in Fig. 19f.

Figure 20 shows representative electron micrographs of Fe3O4 nanotubes after
annealing in air at 400 * 600�C. As is the case with the oxidation of Fe nano-
particles, a further change in morphology can be seen after annealing at temper-
atures of 400�C and above; a number of voids with several nanometer sizes are
formed along the inner side of the nanotube. These voids grow larger with
increasing temperature. In addition, the duplex porous structures with a cylindrical

Fig. 19 A typical example
of the morphology change of
Fe nanoparticles (a) before
and after oxidation at
b 200�C for 18.0 ks, c 400�C
for 90.0 ks, d 500�C for
3.6 ks, e 600�C for 3.6 ks and
f 600�C for 14.4 ks
(reproduced with permission
from [44])
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pore and a number of spherical pores transformed into porous structures without an
inner cylindrical pore at 600�C for 3.6 ks, which was considered as a final form as
a result of shrinkage. Above 673 K, both hollow nanoparticles and nanotubes of
Fe3O4 transformed into c-Fe2O3 [44].

The formation mechanism of hollow Fe3O4 nanoparticles and nanotubes via the
oxidation of iron nanoparticles and nanowires below 400�C can be explained by a
mechanism analogous to the Kirkendall effect in the Fe/oxide interface, where the
outward diffusion of Fe is much faster than the inward diffusion of oxygen.

Fig. 20 A typical example
of change in morphology of
Fe3O4 nanotubes due to
annealing in air: a 400�C,
b 500�C and c 600�C for
3.6 ks. d The line profile of
the corresponding diffraction
patterns (reproduced with
permission from [44])
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The formation of an interior nano-pore inside an oxide particle and nanowire is due
to the clustering of vacancies as a counter flow to the outward diffusion of iron ions.

It is noteworthy, however, that a peculiar change in morphology can be seen
after annealing Fe3O4 hollow nanoparticles and nanotubes above 400�C in air;
hollow structures with a single spherical and cylindrical nano-pore transform into
porous structures with additional nano-voids. The morphology change from a
hollow Fe3O4 nanoparticle and nanotube to porous structures is illustrated in
Fig. 21; (i) vacancies diffuse outward from an interior pore as the pore shrinks,
(ii) additionally spherical voids are introduced due to vacancy clustering, (iii) the
shrinkage of the inner pore proceeds and the additional spherical voids grow
larger, and (iv) c-Fe2O3 nanoparticles and nanowires without nanopores were
formed. This process is related to the phase transformation from Fe3O4 to c-Fe2O3.

It is known that hollow nanostructures tend to shrink and collapse at high
temperatures [37, 38]. As can be seen in Figs. 19 and 20, the interior pores of the
hollow nanoparticles and nanotubes show a tendency to shrink and collapse.
Therefore, the formation of additional nanovoids is associated with the annihila-
tion of the interior nanopores in hollow nanoparticles and nanotubes. According to
Gusak et al. [59], the shrinkage of hollow nanoparticles can be described as the
outward diffusion of vacancies from the inner pores (vacancy source) to the sur-
face (vacancy sink) of hollow nanoparticles. It is possible, therefore, to speculate
that the vacancies, which generate from an inner pore, diffuse outward and then
contribute to the formation of additional nanovoids. Furthermore, the phase
transformation from Fe3O4 to c-Fe2O3 occurs in the shrinkage process. Thus, the
formation of additional nano-voids during the annealing of hollow Fe3O4 in air at

Fig. 21 Schematic illustrations of transition in the morphology of a Fe3O4: a hollow
nanoparticle and b nanotube: (i) dissociation of vacancies at the inner surface of a hollow
nanoparticle and nanotubes of Fe3O4; (ii) formation of additional spherical voids associated with
shrinkage of an internal pore and phase transformation from Fe3O4 to c-Fe2O3; (iii) growth of
voids and shrinkage of an interior pore; and (iv) the formation of non-porous c-Fe2O3.Vacancies
are generated from inner surface and diffuse outward. The outward vacancy diffusion
accompanies the phase transformation from Fe3O4 to c-Fe2O3. The vacancies combine to form
voids during the diffusion process (reproduced with permission from [44])
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high temperatures is closely related to the phase transformation from Fe3O4 and
c-Fe2O3. The possible formation mechanism of additional nanovoids is the
recombination of the out-going vacancies in the vicinity of the interface between
Fe3O4 and c-Fe2O3, which may result in the relaxation of interface strain. The
details are given in Ref. [44].

Formation of hollow nanostructures by the Kirkendall effect is induced by the
inward diffusion of excess vacancies during solid-state reactions. On the other
hand, shrinkage behavior of hollow nanostructures is closely related to outward
diffusion of vacancies from interior nanopores. Therefore, not only the inward but
also the outward migration of vacancies may give rise to changes in morphology in
the case of porous structures at elevated temperatures.

4 Summary

In the past few years, there have been considerable advancements concerning the
synthesis of hollow nanoparticles and nanotubes. The synthesis routes based on
chemical reactions such as chemical etching and galvanic replacement are broadly
used for a wide variety of materials. More information on the chemical synthesis
routes can be obtained in references [4] and [5]. In addition, different ideas have
been applied to the fabrication of hollow nanomaterials. For example, the
Kirkendall-effect-related processes have been recognized as one of the useful
methods for the fabrication of oxides, sulfides and phosphides. Since the Kir-
kendall effect is related to the mass transport at the interface between different
solids, there is much possibility to control hollow nanostructures of a variety of
alloys and intermetallic compounds. The result by Fan et al., who successfully
fabricated ZnAl2O4 spinel nanotubes from ZnO/Al2O3 core/shell nanowires,
strongly suggests the formation of A–B alloys or compounds if A/B core/shell type
nanostructures are easily obtained.

Our recent studies on the shrinkage behavior of hollow nanoparticles and
nanotubes are also introduced. Hollow nanoparticles and nanotubes of metal
oxides tend to shrink and collapse at higher temperatures both in reduction and
oxidation atmosphere because hollow nanostructures with an inner surface are
energetically unstable. The shrinking of hollow oxides occurs at temperatures
where the reduction reactions from oxides to metals start in annealing them in
reduction atmosphere. Hollow oxides turn into solid metal nanoparticles as a result
of the shrinking associated with reduction. On the other hand, shrinking of hollow
oxides occurs at temperatures where the diffusion coefficients of slower diffusing
ions in the oxides are of the order of 10-22 m2 s-1. These results suggest that it is
possible to control the size of interior nanopores and particles using annealing in
high temperatures. In the case of hollow iron oxide, however, a peculiar mor-
phology change is induced in the process of shrinkage; hollow oxides with an
interior spherical and cylindrical nanopore transform into porous structures with
additional multiple nanovoids. Transition in porous structure seems to be related to
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the outward diffusion of vacancies from interior pore and the phase transition from
magnetite to maghemite. It was found by our experiments that the outward dif-
fusion of vacancies that takes place during shrinkage contribute to the formation of
a unique nanoporous structure. It should be pointed out that annealing of hollow
nanostructures at high temperatures may induce further change in morphology in
some cases. Further research works should be carried out to investigate the per-
formance of different nanostructures at high temperature.
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