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In recent years there has been a growing interest in synthesizing hollow micro/nanostructure materials using
ion exchange methods. This approach was largely enabled by physical and chemical breakthroughs that

allowed the reproducible and affordable synthesis of such structures. This Review Article aims at summarizing
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the approaches based on ion exchange methods. It is not intended as a comprehensive coverage of the field,
which can in part be found in other excellent reviews, but rather a selection of those contributions that we
feel would most help put this emerging field in perspective. Preliminary studies show that the ion exchange
method provides a simple and effective route for the synthesis of hollow micro/nanostructures and also

results in other complex nanostructures that are challenging to be synthesized by conventional methods.
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1. Introduction

Functional multi-composite nanomaterials with programmable
size and shape are considered potential candidates as building
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Finally, applications of hollow structures in lithium-ion batteries, photocatalysis, and biomedicine are discussed.

blocks of future nanodevices. To this end, simple and inexpensive
techniques for their design, synthesis, tailoring and manipulation
are critical."” Nanostructures with hollow interiors have attractive
functional properties, although the complexity of the synthesis
often increases as compared to conventional nanomaterials.***
Hollow structures possess interesting features such as low density,
high surface-to-volume ratio and low coefficients of thermal
expansion and refractive index that make them attractive for
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applications ranging from catalyst support'® to chromatography,'*
drug delivery,"” nanodevices"* and energy storage.* For example,
the large fraction of void space in hollow nanostructures has been
successfully exploited to control the release of many functional
molecules such as drugs, cosmetics and DNA." Likewise, the void
space in hollow particles has been used to modulate the refractive
index, reduce density, increase active area for catalysis,'® improve
the particles’ ability to withstand cyclic changes in volume and
expand the array of imaging markers suitable for the early
detection of cancer.'® In addition, several studies have focused
on hollow nanostructure electrodes,"®° to resolve the problem
of rapid capacity fading over extended cycling in lithium-ion
batteries.

Until recently, many hollow metal oxides including TiO,,
Zn0, Co;04, SNO,, MnO,, CuO/Cu,0, Al,0,-Zn0,'**'">” and
metal sulfides such as e.g. ZnS, CuS, MnS, Sb,S;*7! have been
fabricated through a variety of synthetic methods; the two most
widely used approaches to prepare this class of hollow micro/
nanostructure materials are hard and soft template syntheses.

Since 1998 there has been a significant increase in research
on the template-based synthesis of hollow micro-/nanostructures,
originally initiated by Caruso’s seminal paper on colloidal
template synthesis of hollow spheres.*” Since this method can be
used to fabricate hollow structures from templates of essentially
any size, shape and composition, the range of hollow particles
available for applications has dramatically expanded.

In the template process, the synthesis of hollow structures
usually takes place in three steps, as shown in Scheme 1. The
first step is the pre-formation or in situ formation of easily
removable template materials. The latter are then used as a
template for the target coatings to form core-shell structures
during the second step. In the last step, by choosing an
appropriate etching technique, the inner core is selectively
removed from the core-shell structures, forming a hollow
structure. The templates can have different compositions and
morphologies, for instance silica,® polymer,** ¢ or carbon
templates,®” but also vesicles,***° emulsions,*'™** 44,45
and even gas bubbles*® have been used. In the hard-template
assisted synthesis, anodic alumina membranes were commonly
used and the nanostructures were formed on the inner or outer
surfaces of the templates using layer-by-layer, sol-gel casting,

micelles

Scheme 1 Schematic illustration of hollow structure formation via hard
template method.
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infiltration, redox reaction, and particle adsorption methods.*>*"~>°
In the softtemplate assisted synthesis, on the other hand, ionic
surfactants as well as nonionic polymeric surfactants were often
employed, including gas bubbles produced during the synthetic
reactions.””

These advances in synthetic approaches of hollow micro/
nanostructured materials have in turn catalyzed applications
in a wide range of fields, such as biomedical engineering,
catalysis, energy storage and photonics.'”** Nonetheless, in
the template-assisted approach, non-lithographic preparation of
a hard template itself is already a challenging task. In addition,
many template materials have high solubility or reactivity and
are not stable under strongly acidic or alkaline conditions. For
example, the anodic aluminum oxide (AAO) template, widely
used for the synthesis of hollow structures, is easily dissolved in
basic or acid solutions, making it impractical for this type of
synthesis. In some cases, template removal is also challenging.
An example of this is the carbon nanotube [CNT] template.’®
Although CNTs are burnable and removable after synthesis, a
high-temperature thermal treatment would cause morphological
changes of their coatings. Thus, the chemical workability of a
template in a specific reactive environment is a crucial selection
criterion, even though its shape may fulfil the structural require-
ment. Another technical barrier associated with the template
method is the difficulty in producing particles with a small size
because of the intrinsic size limit of the template such as
polystyrene or silica spheres. Even though the size can often
be controlled by the size of the template, it is challenging to
tailor it so as to achieve a very close match for hollow structured
materials. Therefore, from a synthesis viewpoint, it is important
to develop a range of comprehensive methods, with greater
flexibility over the existing template-assisted techniques, to meet
new technological requirements. In the following subsections,
we focus on the ion exchange synthesis of hollow structured
materials.

Insoluble solids that slightly dissociate to give traces of ions
in solution can be dissolved with ion-exchangers to produce
valuable species. The ion exchange approach has recently been
demonstrated to be a simple and versatile method to create a
variety of nanostructures.’®** In particular, synthesis of nano-
structures via ion exchange reaction in materials has been
shown to be very useful for transforming solid structures into
hollow spheres,®" nanotubes,” as well as polyhedral structures.®
A typical ion exchange reaction occurs between an insoluble solid
and a solution during which ions may be interchanged. As shown
in Scheme 2, complete transformation of solid Zns(CO3),(OH)s
spheres into hollow ZnO spheres at room temperature was
achieved simply by mixing Zns(CO;),(OH)s spheres with potassium
hydroxide.®* The formation of hollow structures in such reactions is
mainly attributed to the diffusion difference between Zn>" and
OH™ in solution, a process analogous to the well-known Kirkendall
effect,®* as well as volume changes. The Kirkendall effect originally
refers to the inequality in interdiffusion between brass and copper,
and voids are left behind by the more rapidly moving component.
The basis of the Kirkendall effect is pore formation caused by the
difference in diffusion rates between two species. This strategy has
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Hollow ZnO /‘

Scheme 2 An ion exchange reaction used for the synthesis of ZnO hollow structures.

also enabled the successful synthesis of a wide range of high
quality hollow structures including spheres, tubes and polyhedron
structures.® " The Kirkendall effect was first proposed for the
formation of hollow Co;S; or CoO nanocrystals by Yin and
coworkers,®! as the authors pointed out that pore formation
might initially be induced by the Kirkendall diffusion difference
while its later-stage growth may result from other mechanisms
such as surface diffusion along the pore walls or a direct escape
of core material through gaps in the shells. New directions in the ion
exchange synthesis of superlattices, microrings, and hemispheres as
well as core-shell structures have been also reported.®" To obtain
more complex structures and control the shape of hollow micro/
nanostructure materials as desired, the unraveling and systematic
understanding of ion exchange processes is necessary. This review
focuses primarily on recent progress in the synthesis of hollow
micro/nanostructure materials through ion exchange reactions,
with particular emphasis on the current understanding of
hollow structure control. Finally, we also briefly discuss the
applications of hollow structures in lithium-ion batteries,
photocatalysis and biomedicine.

2. lon exchange synthesis: features

As early as 1799, Berthollet proposed the idea that a chemical
reaction should be reversible.®” Later, Guldberg and Waage
proposed that equilibrium is reached in chemical reactions and
can be approached from either direction.®® In 1877 van’t Hoff
quantified the expression for the equilibrium of a chemical
reaction and showed that it is a function of the concentration of
the various species involved and that the concentration appears
as powers corresponding to the stoichiometric number in the
balanced chemical equation.®”

An ion exchange synthesis is a reaction in which there is an
exchange of positive or negative ions between two compounds.
These reactions generally take place between two ionic compounds
in aqueous solution. The solid is in equilibrium with the slightly
dissolved ions of the metal species X and Y, the extent of which is
controlled by the solubility product of the solid under a given set of
physical conditions. An example is the following:

(X)Z,(Y)Zp(s) < ZyX> + ZpY™ (1)
Kyp = (ax)Zy(ay)™ (2)

where ax and ay are the activities of species X and Y in solution
and K, the solubility product of the solid. The sp subscript

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2014

indicates the solid phases and Z the valences of the species.
In the case of CaCO;, X and Y represent Ca*>" and COz;>~
respectively with Zx = Zy = 2. The relationship between concen-
tration and thermodynamic force in a chemical reaction or
simple transformation is one of the most important in thermo-
chemistry. It is important to recognize that this driving force
results from maximizing entropy and therefore, minimizing the
Gibbs energy and naturally leads to the concept of equilibrium.
The relationship between equilibrium conditions and concen-
tration originates from the definition of the Gibbs energy or
chemical potential.

From eqn (2) it follows that K is a function of the solubility
product of the solid and the thermodynamic equilibrium constant
of the ion exchanger. For monovalent-monovalent exchange of
species, the thermodynamic dissolution constant defined by
eqn (2) becomes the product of the solubility and thermodynamic
equilibrium constant. When two electrolytic solutions are com-
bined, a precipitate may or may not form. To determine whether
or not an ion exchange reaction will take place, two factors should
be examined. First, determine the possible combinations of ions
that could result when the two solutions are combined to see if
any of them are deemed “insoluble” based on solubility tables.
Second, determine if the ion concentrations are high enough so
that the reaction quotient exceeds the K, value. In addition, there
is a dilution of all species present that must be taken into account.
In the ion exchange reaction, the dissolution of the insoluble solid
can further be enhanced if a precipitate is formed between the
counter ion that initially saturates the ion exchange resin and the
co-ion initially in the solid.

2.1. Ton exchange synthesis as a general route to micro/nano
structured materials

As one of the widely used routes to growing micro/nanomaterials,
the direct precipitation method permits minute control over
shape and size due to rapid precipitation under high supersatura-
tion. The use of a simple ion exchange reaction has been shown to
be an effective method offering a better control of shape and size
with respect to the direct precipitation reaction.

Yan and co-workers developed an ion exchange reaction for
the synthesis of Mn,0; nanomaterials.®® As shown in Fig. 1,
the strategy described herein is derived from the solubility
difference between two carbonate salts (Mgs(CO3)4(OH), and
M,(CO3),(OH),), in which metal cations can be driven from
one liquid phase into one solid phase in the solution system.
The resulting metal carbonate salts were initially formed and

New J. Chem., 2014, 38, 1883-1904 | 1885
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solution

2+3+
Mg?* + CO,> + OH" ——= M,(CO,)(OH),(S)

Fig. 1 General spontaneous ion replacement process in an aqueous
solution. M represents metal ions and x, y, z are valence states. Repro-
duced with permission from ref. 60, copyright 2006 American Chemical
Society.

subsequently calcined to form highly crystalline metal oxides.
This is because the K, coefficient for Mgs(CO;),(OH), is higher
than that of M,(CO;),(OH), under the same solution conditions,
which implies a tendency for the reaction to progress toward the
target samples, with the chemical equilibrium moved to the right
side. Using this strategy, Mn,0; cubes were obtained by the
calcination of a precursor, which was synthesized by the ion
exchange reaction of Mg>" with Mn®>" between MnSO, and
Mg;5(CO3)4(OH), in solution at room temperature. Scanning
electron microscopy (SEM) images (Fig. 2) of Mn,0; cubes show
that they form regular cubic shapes. Higher magnification
images revealed that the synthesized cubes had a uniform edge
length of around 800 nm.

From an experimental point of view, a suitable amount of
metal ion added to the reaction solution and a high reaction
temperature are required to obtain pure-phase metal oxide
nanomaterials. As a result, reaction in a solution phase at an
elevated temperature was more favorable than a room-temperature

Fig. 2 SEM images of Mn,Os and MnCOs cubes. (a—c) SEM images of
monodispersed and well-shaped Mn,Oz cubes obtained by calcination of
MnCO3 at 600 °C. (d) MnCOs cubes synthesized by the ion replacement
reaction in the presence of surfactant. Reproduced with permission from
ref. 60, copyright 2006 American Chemical Society.
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reaction since the supply of metal ions was constant and
sufficient under the former conditions. In principle, the high
efficiency of the ion exchange reaction can be extended more
broadly to exchange reactions with other ion systems, providing
new or complementary synthetic routes to a variety of materials.
Yan et al. have shown that the above strategy could be extended
to other functional metal oxides such as ZnO, CuO, CdO, Al,O;,
and Ca0.*° This synthetic approach also allowed further
reduction of the growth temperature to room temperature,
leading to the development of an effective, low-cost fabrication
process with good potential for scale up.

The efficiency of the ion exchange reaction as a synthetic
method ultimately depends on the thermodynamic driving
force and the activation barrier. To employ ion exchange as a
versatile synthetic method for nanomaterials, it will be important
to understand and control the factors that affect the kinetics and
thermodynamics of the reaction other than temperature and ion
concentration.

2.2. Application of ion exchange synthesis to prepare hollow
structured materials

Due to the structural precision and wide availability of hollow
nanostructured materials, the ion exchange reaction can result
in well-defined and uniformly-sized hollow materials and the
framework of the starting materials can be preserved during the
ion exchange process. For instance, the complete transforma-
tion of CdSe into Ag,Se hollow nanocrystals was achieved
simply by mixing a CdSe nanocrystal solution with a silver salt
solution at room temperature.®® The fast kinetics and ion
exchange rate of the reaction were considered to be mainly
due to the lower activation barrier for the diffusion of atoms in
nanocrystalline solids compared to the bulk phase.®® Both
cation and anion exchange reactions have been extensively
employed for the synthesis of a variety of hollow structured
materials. Konenkamp demonstrated that certain cations
(e.g. Ag¥, Sb**, Bi**, and Cu") can be used to replace Cd*" in thin
films.®® A complete replacement of the original compound was
achieved through the exchange of the metal ions. In most cases
this replacement is accompanied by a change in crystal structure
and stoichiometry. Under these conditions the morphology of
the structure was found to depend sensitively on the processing
route. Columnar and tubular films of Ag,S, Cu,S, Bi,S3, or Sb,S;3
were prepared from columnar ZnO films.”®”* With respect to
anion exchange, Wang and co-workers reported the transforma-
tion of columnar ZnO into tubular ZnS by exposure to H,S gas.”®
The conversion of ZnO into ZnS nanotubes occurred in solution
and was formed by a direct reaction of H,S with the surface layer
of ZnO in the presence of water. Subsequent work indicated that
the formation of nanotubes through anion exchange reaction is
possible if the Zn** and OH™ from water are mobile in the
solution, so that they can diffuse through the porous ZnS
wall and combine with the H" and S*>~ ions, resulting in the
formation of empty tubular structures.

During ion exchange reactions for the production of hollow
structures, the structural difference between precursors and
product phases is the most easily quantifiable factor and bears

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2014
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additional importance concerning the change in nanocrystal
morphology after the reaction. Understanding the factors that affect
the activation barrier is a challenging undertaking. The activation
barrier for diffusion and exchange of cations depends on many
factors, such as the structure of the ion sublattice, the ionicity of the
cation-anion interaction and the structural difference between the
precursors and product phases. A change in nanocrystal morphol-
ogy, especially when the reaction involves a large change in the
volume or lattice parameters, can be an important issue when the
initial reactant nanocrystals are used as structural template. Son and
coworkers proposed that the observed changes in size can be
accounted for by changes in the crystal unit cell symmetry and
lattice parameters during the ion exchange reaction.®® This occurs
because the structures of Se*~ sublattices in wurtzite CdSe and
various phases of Ag,Se were investigated to show the topotaxial
relationship between the reactant and product phases and
associated changes in dimension.

2.3. Ion exchange synthesis coupled with redox reaction

In addition to the ion reaction without valence variation, the
ion exchange process can also be combined with the well-
established redox reaction developed”®”® to add new functions
to ion exchange synthesis. For instance, it is feasible to convert
CuCl nanorods into CuS nanotubes where Cu' cations in CuCl
were partly oxidized to Cu®" by S>" during the ion exchange
reaction process.”® In CuS, there exist both univalent and
divalent copper cations.””””® The oxidation state of copper in
CuCl is +1, therefore, the transformation of CuCl nanorods to
CuS nanotubes through ion exchange should involve a redox
reaction. In this process, the inner part of the CuCl rod was
consumed gradually and a CuS nanotube was formed via an
oxidation reaction when the transport rate for Cu atoms
through the copper sulfide layer was much faster than S atom
transport through the copper sulfide layer in the opposite
direction. Some hollow structures have been obtained by ion
exchange synthesis coupled with a redox reaction. Ye et al.
demonstrated the growth of micrometer-scale MoS, hierarchi-
cal hollow cubic cages assembled by bilayers through a coupled
redox reaction.”® These MoS, cages can be electrochemically
charged and discharged with a high capacity of 375 mA h g™*
due to the more active edges exposed on the upright-standing
nanoplates. Similarly, a hollow octa-18-face polyhedron, and
octa-rhombododecahedron, and rhombododecahedron were
recently fabricated through the controllable synthesis of sur-
factant-molybdate composite precursors.*® The method was
extended to other sulfide systems and the synthesized materials
could be potentially used for device applications with surfac-
tant/inorganic [(C,Ho)4N]o.4(M00O, ) combination.

3. lon exchange synthesis of hollow
micro/nanospheres
3.1. Metal oxide hollow spheres

The potential of the ion exchange reaction® can be fully
exploited for the synthesis of metal oxide hollow spheres with

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2014
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Fig. 3 SEM images of the spherical Zns(COs3),(OH)g with a hierarchical
structure composed of nanocubes by the solvothermal reaction for 4 h:
(A) morphology of the monodispersed samples; (B) detailed view on
an individual microsphere composed of nanocubes. Reproduced with
permission from ref. 62, copyright 2006 American Chemical Society.

the same diameter as their precursors by using microspheres as
a reactive template. This is an important advantage because
metal oxides represent an emerging class of materials,
with important structure-related properties including super-
conductivity, photovoltaic conversion, catalytic activity, magnetism
and gas sensitivity.?' ¢

Fig. 3 displays SEM images of Zns(COs),(OH)s microspheres
with a uniform size and morphology as the precursors for the
subsequent ion exchange reaction. To succeed in converting
the filled Zn;(CO;),(OH)s microspheres into hollow ZnO micro-
spheres, the as-prepared spherical Zns(CO;),(OH)s powders
were directly added to the KOH solution and subsequently kept
aging for ~ 8 hours at room temperature. The results for the
conversion of filled Zn;(CO;),(OH)s microspheres to hollow
ZnO microspheres are displayed in Fig. 4.

The hollow ZnO microspheres form over a reaction time of
4-36 h. Some broken pieces of hollow shells are also observed.
A high magnification image indicates that the surface of hollow
microspheres exhibits a porous structure (Fig. 4C), with diameter
similar to Zn;(CO;3),(OH)s microspheres (Fig. 3).

5 um

Fig. 4 SEM images of the as-synthesized hollow ZnO microsphere by the
room-temperature treatment of Zns(COs3),(OH)g microspheres in the KOH
solution: (A) overall product morphology; (B) and (C) detailed view on the
surface of hollow ZnO microspheres; (D) twin hollow ZnO microspheres.
Reproduced with permission from ref. 62, copyright 2006 American
Chemical Society.
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Fig. 5 XRD patterns of hollow ZnO samples synthesized from
Zns(CO3),(OH)g by different synthetic route: (a) calcination of precursor
at 400 °C and (b) ion exchange synthesis. Reproduced with permission
from ref. 62, copyright 2006 American Chemical Society.

The ion transformation was followed using X-ray diffraction
(XRD), as shown in Fig. 5. The XRD pattern taken from the ZnO
sample can be assigned to the hexagonal lattice of ZnO, with
lattice constants a = 3.249 A and ¢ = 5.206 A. No peaks assigned
to the Zns(CO;3),(OH)s precursors were detected, indicating a
complete ion exchange between Zns(CO;),(OH)s and OH ™.
All Zn5(CO;),(OH)s peaks disappeared after the ion exchange
conversion. Calcination of Zns(CO;),(OH)s microspheres at
400 °C also results in the formation of ZnO (Fig. 5a), with a
similar solid structure.

The unique feature of the above employed ion exchange
route lies in the fact that the sizes of the products are determined
by the size of the starting spheres and the balance between the
density and molar volume of Zn;(COs),(OH)s relative to ZnO. ZnO
is a widely used to direct wide-band-gap semiconductor with the
highest E; = 3.6 €V among all II-VI compounds. It is being widely
studied with the aim of optimizing its optical properties by
tailoring its shape and size.*”®° In addition, hollow ZnO micro-
spheres may have promising applications in filters, microreactors
and catalyst carriers due to their unique hollow features with a
high surface area and high porosity.”*

In addition to solution-phase conversion based on ion
exchange reactions, gas-phase reactions are also incorporated
for carrying out this chemical conversion method. To illustrate
this concept, we describe a specific example from Xue’s
group.”” The authors first synthesized solid precursors of CuS
microspheres; the reaction of CusS spheres with oxygen from air
at 700 °C led to the formation of porous CuO hollow micro-
spheres. Upon heating the precursor structures in air, a layer of
copper oxide initially developed into a shell on the surface as
the copper sulfide oxidized. Oxygen from air was still able to
diffuse through this shell, so the oxidation continued during
heating. However, the copper sulfide diffuses outwards faster
than the copper oxide shell can diffuse inwards, leaving a cavity
at the center of the structures. The high porosity of the
resulting shell structures was a result of the release of sulfur
dioxide from the objects, coupled with volume loss arising from
conversion from sulfide to oxide. The holes created by these

1888 | New J. Chem., 2014, 38, 1883-1904
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Fig. 6 SEM images of Cu,S precursor particles and their conversion
into CuO products at different reaction stages, summarizing all major
morphological changes involved in non-equilibrium interdiffusion, volume
loss, and gas release: (a) monodisperse spherical Cu,S precursor, and (b—e)
formation of porous CuO hollow spheres by complete oxidation of Cu,S
after reaction. Reproduced with permission from ref. 92, copyright 2008
Wiley-VCH Verlag GmbH & Co. KGaA.

processes yield porous shells. Xue and co-workers subsequently
extended this strategy using precursors of nickel sulfide, cobalt
sulfide and copper sulfide, and obtained various metal hollow
structures.®>** For example, CuO hollow structures (Fig. 6b-d)
can be synthesized using Cu,S as precursor (Fig. 6a). The
obtained porous and hollow CuO architectures possess high
thermal stability as the products were synthesized at a relatively
high temperature of ~700 °C. The apparent advantages of
as-prepared hollow structures in providing more surface area
for increasing reactive sites and better mechanical stability
make them suitable for many important applications in energy

storage, such as lithium-ion batteries and catalysis.'>'*

3.2. Metal sulfides hollow micro/nanospheres

Chalcogenide semiconductor nanocrystals have unique shape-
and size-dependent physical and chemical properties that
differ drastically from their bulk counterparts.”*~*® These nano-
crystals find potential applications in various fields such as
solar cells, electrical, optical and magnetic devices, biological
labeling and diagnostics, hydrodesulfurization and hydrogena-
tion catalysts.”” % In particular, hollow metal sulfides are
attracting great attention in both theoretical studies and for
practical application, due to their properties as a consequence of
their large number of surface atoms and the three-dimensional
confinement of electrons.'®*

The shape transformation from CdS hollow spheres to larger
Ag,S hollow spheres by ion exchange reaction was shown to be
an efficient route to synthesize hollow metal sulfide structures.®®

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2014


http://dx.doi.org/10.1039/c3nj00888f

Published on 20 November 2013. Downloaded by CNR on 21/04/2014 02:16:17.

NJC

View Article Online

Perspective

Fig. 7 (Ato C) TEM images of (A) initial CdS hollow spheres, (B) Ag,S hollow sphere produced from cation exchange of CdS, and (C) recovered CdS from
the reverse cation exchange reaction. From ref. 68, copyright 2004 reprinted with permission from AAAS.

Ag,S hollow spheres were formed by mixing CdS hollow spheres
with AgNO; solution in a slightly larger amount than necessary
to replace all the Cd*" ions in the nanocrystals, as shown in the
transmission electron microscopy (TEM) image of Fig. 7A. CdS
hollow spheres maintain their general morphology during the
cation exchange, although a smoothing of the rough surface and
a small increase in volume were observed. The authors also
claimed that other even more complex and high-energy none-
quilibrium shapes of nanocrystals, such as hollow spheres and
branched tetrapods, can be obtained through complete cation
exchange reaction if the size of the staring materials is greater
than 5 nm (Fig. 7). Therefore, the ion exchange method not only
provides a simple and effective route for the synthesis of hollow
structures, but can also be used to prepare other complex
nanostructures that are challenging to be produced by conven-
tional methods. In the case of CdTe tetrapods, a slight expansion
(about 5%) of the width of each branch was observed after the
transformation to Ag,Te. This kind of cation exchange reaction
was often carried out in aqueous solution containing the
respective salt precursors. In these reactions, a large difference
in solubility provides the driving force for ion replacement.
Generally, the starting hollow material present in a solution
containing an appropriate precursor (AgNO; solution) will
spontaneously undergo ion exchange to yield the product with
a lower solubility and similar hollow structures (Ag,S). On the
other hand, when the solubility of the desired product is higher
than that of the precursor material, new strategies are needed to
drive the ion exchange reaction.

3.3. Metal selenide hollow micro/nanospheres

As important functional semiconductors, metal selenides have
been widely studied'® ™' because of potential applications in
areas such as solar cells, sensors, infrared detectors and
photovoltaics.’***'® A generalized chemical conversion
approach for the synthesis of hollow metal selenides has been
recently developed through an ion exchange reaction."'”"'*® Li
and coworkers reported the use of hollow microspheres of an
active semiconductor (e.g. ZnSe) as a starting reactant to
synthesize a number of hollow selenide microspheres with
lower Ky, values.""” Fig. 8a displays the XRD patterns of Ag,Se
and Cu,_,Se microspheres prepared at room temperature and
CdSe microspheres synthesized at 140 °C. The patterns demon-
strate that all three are pure-phase selenides. For the Cu,_,Se
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Fig. 8 XRD patterns (a) and SEM images of Ag,Se (b), Cu,_,Se (c), and
CdSe (d) microspheres prepared by using ZnSe as the precursor based on
ion exchange reaction. Reproduced with permission from ref. 117, copy-
right 2005 Wiley-VCH Verlag GmbH & Co. KGaA.

and CdSe products, cubic structures were “inherited” from the
original ZnSe templates due to the mild reaction conditions.
Fig. 8b-d report SEM images of as-prepared Ag,Se, Cu,_,Se,
and CdSe products, respectively (the insets of Fig. 8c and d are
high-magnification images of Cu,_,Se and CdSe microspheres,
respectively). The products still maintain a spherical morphology.
Compared to the original ZnSe microspheres, they exhibit a
relatively rough surface and a similar diameter. The inset of
Fig. 8b shows an individual cracked Ag,Se sphere, indicating
that these spheres also ‘inherit’ the framework from the ZnSe
microspheres.

Metal selenides were obtained with K, values that were very
close to or only a little lower than that of ZnSe (e.g., CdSe, CoSe,
and NiSe); however, high ionic concentrations and additional
energy is required to successfully complete the conversion
reaction. For heavy metal ions such as the aforementioned
Ag', Cu®', Pb*', and Hg>', whose selenides have Ky, values that
are significantly lower than that of ZnSe, Ag,Se and Cu,_,Se, a
fast ion exchange reaction can be expected, in which less than
one second is needed to obtain the final hollow structures.

A similar growth process for metal selenide hollow spheres
with core-shell structures through ion exchange reaction was
reported by Xia and co-workers."'® Starting from a Se@Ag,Se
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Fig. 9 SEM images of (A) Se@Ag,Se, (B) Se@ZnSe, (C) Se@CdSe, and (D) Se@PbSe colloidal spheres. (E) Schematic showing the synthesis of core—shell
colloidal spheres via cation exchange reactions. Reproduced with permission from ref. 118, copyright 2007 American Chemical Society.

precursor (Fig. 9), hollow Se@ZnSe, Se@CdSe, and Se@PbSe
spheres were prepared through exchange reactions with Zn>",
Cd*" and Pb**. All metal selenide samples display a spherical
shape and similar diameter and exhibit a monodisperse size
distribution and smooth surface (Fig. 9E). This is a unique
feature, as it allows for the synthesis of semiconductor colloidal
spheres with the same size but different compositions. It is
particularly significant because it also implies that it is feasible
to further increase the diversity of cations that can be used in
the cation exchange of a colloidal system to produce multi-
functional core-shell spheres with a variety of properties.

4. lon exchange synthesis of
nanotubes

In recent years, considerable attention has focused on nano-
tubes'*®?* due to their unique structure related properties
and range of potential applications.>***' The formation of
tubular nanostructures typically requires layered, anisotropic,
or pseudo-layered crystal structures."*>*> This represents a
challenge because inorganic compounds usually do not exhibit
such structures. Inorganic nanotubes with non-layered struc-
tures are less well studied than CNTs, in part due to difficulties
in controlling their dimensions and shapes.'*?"**"3¢ However,
inorganic nanotubes share many advantages of CNTs and can
match the emerging demands for various functionalities. The
properties of such non-carbon materials'®” are of great interest
due to their improved functionalities compared to colloidal or
other forms of titania for applications in photocatalysis,"***3°
sensing’*® and photovoltaics."*"'** The successful synthesis of
hollow structured microspheres through the ion exchange
reaction indicates that this synthetic approach could be
extended to preparing hollow structured nanotubes by selecting
a proper ion exchange process.

4.1. Nanotubes prepared by using metal oxide as the
precursor

As reported by Alivisatos and co-workers, excess Cd** ions and a
small amount of tributylphosphate (TBP) are required to enable
the exchange between Cd** and Ag" in nanocrystals.®® This
method was recently shown to be extendable to the synthesis of

1890 | New J. Chem., 2014, 38, 1883-1904

ZnS nanotubes with an addition of a small amount of thioglycolic
acid in the Na,$ solution, using ZnO nanorods as precursors.®’ In
this case, thioglycolic acid plays a pivotal role as it can bind to Zn>*
ions in the shells of ZnO nanorods in solution, forming
intermediate complexes. The stronger interaction between
thioglycolic and Zn** allows the association of Zn>* from ZnO
nanorods, leading to the formation of ZnS shell on their surface
through the ion exchange reaction. Heating (to around 120 °C)
was necessary to facilitate this process.

The precursor ZnO is shown in Fig. 10; all samples display a
rod shape and are characterized by a smooth surface. ZnO
nanorods align approximately normal to the zinc substrate with
a diameter of about 200 nm and a thickness of about 4 pm.
When ZnO nanorod arrays are introduced into the HSCH,COOH
and Na,$ solution, the formation of ZnHS" complex between the
lone pair electrons in the sulfur atom of HSCH,COOH molecule
and the vacant d orbital of the Zn>" ions leads to an increase in
the activity of Zn®>" ions on ZnO nanorods and then ZnS
nucleates by dissolution of ZnO nanorods in the Na,S solution.
After the reaction, ZnO-ZnS core-shell nanowires are obtained.

Fig. 10 SEM images of ZnO nanorod arrays grown on the zinc foil
substrate at 120 °C: (A) tilt view; (B) edge tilt view (the inset is the
corresponding SAED pattern); (C) a high-magnification image of ZnO
nanorod arrays; (D) crystal growth habit of wurtzite ZnO nanorods.
Reproduced with permission from ref. 61, copyright 2006 American
Chemical Society.
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Since ZnO is an amphoteric oxide, KOH solution was used to
treat ZnO-ZnS core-shell nanowires, leading to the dissolution
of ZnO cores and finally ZnS nanotube arrays are obtained. The
recent successes of the anion exchange reaction for the synthesis
of hollow structures has greatly broadened the scope of ion
exchange reactions. During the ion exchange reaction, normally
the diffusion rate of cations controls the final morphology as the
diffusion rate of cations is normally much faster than the
diffusion of anions, therefore, faster diffusion of O®>~ than
incoming S*” results in the formation of a hollow structure from
the anion exchange reaction.

As shown in Fig. 11, a partial conversion of the ZnO
nanorods and etching in KOH results in free-standing ZnS
tubes with open ends and a pore size of about ~400 nm. The
inset of Fig. 11A displays a high-magnification SEM image of a
ZnS nanotube, showing a perfect hexagonal shape. The selected
area electron diffraction (SAED) pattern of the chosen ZnS
nanotube (shown in the inset of Fig. 11B) indicates that the
structures are polycrystalline. Energy dispersive X-ray (EDX)
spectroscopy was used to confirm the local chemical composi-
tion of ZnS nanotubes. The EDX spectrum showed strong peaks
of only Zn and S elements, indicating that pure ZnS nanotubes
can be successfully obtained by the KOH treatment of ZnO-ZnS
core-shell nanowires. The geometrical model of ZnS nanotube
arrays provides clear evidence of tube shaped structures
(Fig. 11D). To control the size of the target semiconductor
hollow microspheres, the diameter of the starting ZnO nano-
rods with a relatively large K, value must be controlled.

0

Fig. 11 (A and B) SEM images of ZnS nanotube arrays (the inset of Fig. 11A
is @ magnified image of ZnS nanotubes and the inset of figure (B) is the
corresponding SAED pattern). (C) EDX spectrum taken from the surface of
ZnS nanotube arrays. (D) The geometrical model of ZnS nanotube. ZnO
nanorod arrays were used as a template for the fabrication of ZnO/ZnS
nanocables by sulfurization of ZnO after a thioglycolic acid-assisted reaction.
Reproduced with permission from ref. 61, copyright 2006 American
Chemical Society.
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These features are reproducible and routinely achievable for
all the samples described in this review.

4.2. Nanotubes prepared by using metal salts as the precursor

As-synthesized zinc salt (Zns(COs),(OH)s) nanowires were shown to
yield, upon ion exchange reaction, ZnO nanostructures with mod-
ified morphologies such as hollow nanotubes. The morphological
change is derived, in this case, from directional material flows due
to different diffusivities for the reacting atomic species. The
methodology has since been used to yield nanostructures with
various compositions and shapes.®

To produce Zns(CO;3),(OH)s nanowire precursors with
reduced sizes and improved monodispersity, the synthesis
was performed using a modification of the hydrothermal
process in a homogeneous reaction system. Urea has been
recently reported as a neutralizing agent for the homogeneous
hydrolysis of aqueous solution of metal acetates.'**'*® The
lower hydrolysis rate allows for a better control of the precipita-
tion conditions resulting in the formation of a uniform and
well-defined morphology. The decomposition of urea at ~80 °C
produces hydroxide anions and carbonate anions, and
Zn;(CO;),(OH) nanowires can be formed through the reaction
of Zn**, OH™ and CO;>". Rapid formation of nanowires upon
reaction was indicated by the originally colorless solution
producing gas bubbles of CO, and NH;. The transformation
of solid nanowires into hollow ones was performed through the
ion exchange reaction between Zn;(CO3),(OH)s and S*>~ from
thioacetamide, which can react with water at a high tempera-
ture to produce H,S. ZnS particles were thus formed as a result
of the reaction between Zn;(COj3),(OH)s and H,S in solution.

During the structural transformation from Zns(COj3),(OH)s
nanowires into ZnS nanotubes, the reaction was surface
mediated by organic molecules so that the voids were observed
to grow horizontally along the wire axis (Fig. 12a). This is
related to a controlled preferential adhesion of H,S produced
by the decomposition of thioacetamide at high temperature of
~200 °C. Hence, the high concentration of H,S gas dissolved in
solution at the nanowire surface promotes the diffusion of zZn**
along the longitudinal axis, leading to the observed anisotropic
growth of vacancies. This method represents a different strategy

Fig. 12 SEM images of Zns(CO3),(OH)e nanowires (a) by the hydrothermal
reaction and their conversion to ZnS nanotubes (b). Part (a) is reprinted
with permission from ref. 146. Part (b) is reprinted from C. Yan, D. Xue,
L. Zou, A solution-phase approach to the chemical synthesis of ZnO
nanostructures via a low-temperature route, Lancet, 2008, 453, 87-92,
copyright (2008), with permission from Elsevier.
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of applying the ion exchange reaction to nanotube synthesis
from the one presented in Fig. 12b.

The ion exchange reaction at the solid/liquid interface can
easily be extended to exchange with other anions. For instance,
ZnS nanocrystals may be transformed into ZnSe and ZnTe
hollow structures through the anion exchange reaction with a
solution containing Se or Te ions, respectively, under a specific
reaction temperature. On the other hand, attempts to induce
cation exchange could also be an alternative method for the
synthesis of other metal oxide nanomaterials with hollow
structures under similar experimental conditions,"*”*° as
long as there is a solubility difference between the reactant
and the product.*****3

4.3. Nanotubes prepared by using metal sulfides as the
precursor

Metal sulfides have great potential for use as precursors for the
ion exchange synthesis of metal sulfide and selenide hollow
structures due to their higher solubility with respect to metal
oxides.''”'** By introducing HgCl, into the aqueous dispersion
of CdS nanotubes under stirring, HgS nanotubes were formed
through cation exchange due to the difference of solubility
product constants between HgS (Ksp = 1.6 x 7 x 10~°%) and CdS
(Ksp = 87 x 10~%7).">* The resulting HgS nanotubes have a cubic
structure. The synthesis of CdS nanotubes was performed as
follows. Cd-TGA nanowires were first prepared in the presence
of poly(acrylic acid) sodium salt (PAA). The mercury salt was
added to the above CdS colloid solution, followed by readjust-
ment of the pH to 7.0. This procedure resulted in the substitu-
tion of the surface Cd*" ions by Hg>" ions. The precipitation of
Cd** ions by adding Na,S or H,S leads to colloidal particles
consisting of a CdS core surrounded by a monolayer of HgS and
almost one monolayer of CdS as the outermost shell. The
thickening of the HgS layer was simply achieved by repeating
the substitution and re-precipitation steps.

4.4. Nanotubes prepared by metal polymer as the precursor

Metal polymers (coordination chains) containing metal cation
centers linked by ligands can lead to the formation of numerous
1D, 2D and 3D coordination polymers with unique structures,
which can be used as template to direct the formation of various
nanostructures. Some isolated single coordinate chains with
distinct 1D structures and even bundles can be formed in
solution through interchain interactions.'®™*® Therefore, iso-
lated 1D metal polymers or chain bundles could be expected to
act as a new type of precursor for the synthesis of tubular
structures through ion exchange reactions. The aforementioned
inorganic precursors such as metal oxides, metal salts and metal
sulfides were generally preferred as starting materials in fabricating
hollow nanostructures. In this section, a metal thiolate polymer is
reported as the starting material for the synthesis of CdTe nano-
tubes based on the ion exchange reaction. This may provide a new
precursor to synthesize hollow nonspherical structures due to the
abundant morphologies of metal polymers. Gao and co-workers
synthesized CdTe nanotubes based on the metal polymer
Cd-thioglycolic acid (Cd-TGA) as the precursor (Fig. 13)."**
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Fig. 13 lllustration of the possible coordination structures in one-
dimensional Cd-TGA. Reproduced with permission from ref. 154, copy-
right 2006 Wiley-VCH Verlag GmbH & Co. KGaA.

Upon introduction of NaHTe, the aqueous dispersion of the
metal polymer Cd-TGA nanobelts can be converted into the
CdTe nanotubes through exchange of Cd** ions. TEM imaging
(Fig. 14) demonstrated that the inner and outer diameters of
the nanotubes were in the ranges of 12-20 nm and 30-50 nm,
respectively. The SAED pattern of the nanotubes indicated that

Fig. 14 TEM images of CdTe nanotubes obtained by introducing NaHTe
into the aqueous dispersions at different solution conditions: (a) in the
absence of PAA, (b and c) in the presence of PAA using Cd/TGA/AA molar
rations of 1:1:0.1 (b) and 1:1:0.3 (c), AA is the repeat unit of PAA. The
insets show TEM images taken under higher magnifications as well as
an electron diffraction pattern of the nanotubes presented in part (a).
Reproduced with permission from ref. 154, copyright 2006 Wiley-VCH
Verlag GmbH & Co. KGaA.
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the CdTe adopted a cubic structure. The length of these tubes
was typically hundreds of micrometers, quite similar to the
initial length of the precursors. The authors also proposed an
ion exchange mechanism, which included three key points:
(a) CdTe nanocrystals were formed on the surface of the
precursor nanobelts by an anion-exchange reaction resulting
from the lower solubility of CdTe in solution; (b) self-assembly
of CdTe nanocrystals results in the formation of a CdTe
nanotube on the surface of the precursor nanowire; (c) this
nanotube structure expands at the expense of the precursor
nanowire. The authors further extended this strategy to the
synthesis of CdS nanotubes, by introducing Na,S instead of
NaHTe into an aqueous dispersion of the precursor sample.

By using a similar precursor (HSCH,CH(NH,)COO-Pb-OH
nanowires), Zhu’s group also demonstrated the synthesis of
very high-quality ultrathin lead chalcogenide (PbE, E = S, Se, Te)
nanotubes via ion exchange reaction at relatively low reaction
temperatures.'” These lead chalcogenide nanotubes, which
self-organized from nanocrystals that displayed a quantum
confinement effect as strong as that reported for quantum
dots,'®*'®! were presumed to be remarkably different from
single-crystalline lead chalcogenide nanotubes. Although these
nanotubes might not yet be readily used for device applications,
mainly due to their rough inner surface and polycrystalline
nature, this work demonstrates the extended concept of applying
the ion exchange reaction for the synthesis of one-dimensional
hollow nanostructures.

5. lon exchange synthesis of hollow
polyhedron micro/nano structures

The equilibrium shape of a crystal is determined by the relative
specific surface energies associated with its facets.'®*™”* The Wulff
facets theorem states that at equilibrium, a crystal is bounded by
facets giving a minimum total surface energy."’”” Different from
hollow spheres and tubular structures, which correspond to stable
growth faces, hollow polyhedra always correspond to a growth
direction perpendicular to the growth facet with a high energy
and high-index."”*™”> 1t is thus somewhat difficult to synthesize
shape-controlled nanocrystals that are enclosed by high-index facets
because of their high surface energy."”®"”° This is due to the fact
that crystal growth rates in the direction perpendicular to a high-
index plane are usually much faster than those along the normal
direction of a low-index plane, so high-index planes are observed to
rapidly disappear during the formation of a polyhedron.

Usually, high-index planes have a greater density of unsaturated
atomic steps, ledges, and kinks, which can serve as active sites for
breaking chemical bonds."®® For example, fundamental studies on
the single-crystal surfaces of bulk Pt have shown that high-index
planes exhibit much higher catalytic activity than common, stable,
low-index planes, such as (111) and (100)."*!

5.1. Hollow octahedron micro/nano structures

In addition to the hollow spheres and tubes, the ion exchange
reaction can also be applicable in creating hollow polyhedral
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Fig. 15 (a and b) FESEM images and (c) TEM image of CdS microcages
obtained through hydrothermal reaction with Na,S as the sulfur source at
120 °C for 24 h. Reproduced with permission from ref. 182, copyright 2007
American Chemical Society.

nanostructures. The synthesis of a hollow octahedron was
demonstrated in the recent synthesis of CdS octahedron
through an ion exchange reaction between solid CdMoO, and
Cd** solution.'®* The hollow CdS octahedron was easily formed
when $>~ ions were added to the CdMoO, solution and hydro-
thermally treated at 120 °C for 24 h via the dissolution and ion
exchange process. As shown in Fig. 15a, a large scale of CdS
microcages with well-preserved octahedral morphology was
synthesized. High-resolution images revealed that the obtained
octahedra exhibit rather rough surfaces (Fig. 15b) in contrast to
the smooth surface of the precursors and had an average size of
about 600 nm, which was slightly larger than that of the
CdMoO, precursor (ca. 500 nm).

Cd*" dissolved from CdMoO, could rapidly react with $>~ to
form an interconnected CdsS shell around the external surface
of the CdMoO, crystal, which was at the basis of the anion
exchange reaction. Simultaneously, the $>7/Cd** diffusion pair
was also formed at the interface. After that, this growth process
was followed by the formation of stable CdS phase surrounding
the original CdMoO, crystals, leading to an outward diffusion
of Cd cations and an inward flow of fast moving vacancies to
the vicinity of the porous CdS shells. Finally, the hollow
octahedral microcage with a hollow interior was formed and
a relatively compact shell until the Cd** completely diffuses
outward through the CdS shell and reacts with $>~.

5.2. Hollow 18-facet polyhedron nanocrystals

It is more difficult to obtain 18-face polyhedron nanocrystals
compared with the previously reported octahedron nanocrystals
due to an increase in the high index faces. Recently, hollow
18-facet Cu,S, polyhedron nanorods synthesized from a cubic
Cu,0 nanoparticle precursor were reported by Qian and
co-workers.'” The reaction was performed in a highly pressurized
autoclave through an ion exchange reaction coupled with a redox
reaction.

The reported synthetic strategy involved the following pro-
cesses: first, cubic Cu,O nanoparticles were first prepared by
adding a weak reductive agent (ascorbic acid solution) into Cu**
aqueous solution with the use of PVP (poly(vinylpyrrolidone)) as
a capping agent, hollow 18-facet Cu,S, nanocages were
obtained by adding a sulfur source (thiourea) under heating
conditions. When thiourea was added and subjected to heat
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Fig. 16 (A) TEM of polyhedral Cu,S4 nanocrystals; (B) FESEM of broken polyhedral Cu,S4 with regular shape void; (C) and (D) SAED of two polyhedra with
their square and hexagon facets oriented perpendicular to the electron beam. Reproduced with permission from ref. 10, copyright 2005 American

Chemical Society.

treatment, sulfur ions were released from thiourea upon a
hydrolyzation process. On the surface of the nanocubic Cu,O,
a thin layer of Cu,S, was formed. This thin layer acts as an
interface and separates the inner copper ions or Cu,O from the
outside sulfur ions. The formation of voids within the particle
is due to a gradual outward movement of copper ions; as a
result, particles tend to grow in size during the conversion
processes. A TEM micrograph of the 18-facet Cu,S, nanocrystals
is displayed in Fig. 16A. The result in Fig. 16B shows the
existence of voids within the nanocrystals. The authors also
showed that the structure of Cu,S, polyhedron facets was
featured with single crystalline nanostructures by using SAED
measurements (Fig. 16C and D).

6. lon exchange synthesis of other
complex nanostructures

Although the method of using ion exchange reaction to prepare
hollow micro/nanostructure materials is quite straightforward
and simple,'®*7#® extensions of the method including partial
ion exchange reactions can be used to produce very complicated
nanostructures. For example, microrings and hemispheres can
be produced via the addition of the local dissolution reaction
and core-shell structures can be obtained by dual ion exchange
reaction, as described below.

6.1. Microrings and hemisphere micro/nanostructures

Wang et al. were the first to study the freestanding single-crystal
complete nanorings of zinc oxide induced by spontaneous self-
coiling process during the growth of polar nanobelts in 2001."°
They demonstrated that the nanoring was initiated by circular
folding of a nanobelt, caused by long range electrostatic inter-
actions. Coaxial and uniradial loop-by-loop winding of the
nanobelt formed a complete ring. The self-coiling was thought
to be driven by minimizing the energy contributed by polar
charges, surface area and elastic deformation. Subsequently
Shen and Chen proposed another synthetic approach for the
first synthesis of Ag,V,0,; nanorings and microloops formed
by the self-coiling of Ag,V,0;; nanobelts, which were resulted
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Fig. 17 SEM images of hollow ZnO architectures by employing
Zns5(CO3),(OH)g microspheres as the sacrificial template. (A) Overall pro-
duct morphology. (B) Hollow ZnO architecture composed of nanocrystals.
(C) Hemispherical ZnO architecture. (D) Circular shaped ZnO architecture.
Reproduced with permission from ref. 191, copyright 2006 American
Chemical Society.

from a hydrothermal process.'® The Ag,V,0;; nanorings were
formed by the self-coiling of one single-crystalline Ag,V,0,,
nanobelt, while the microloops were formed by several nano-
belts. An ion exchange route to microrings and hemispheres
was recently demonstrated.'”* Fig. 17 displays SEM micro-
graphs of hollow ZnO microrings and hemispheres via the
ion replacement reaction of Zns(COs),(OH)¢ microspheres
and OH  solution at room temperature. SEM imaging
(Fig. 17A) reveals that hollow spheres are formed, while many
of them have an open ‘mouth’ (Fig. 17B and C). In the samples,
ZnO microrings can be identified, as shown in Fig. 17D. The
wall of microrings consists of many nanocrystals, which are
connected to each other to form a circularly shaped ring.
Microring and hemisphere structures were prepared by an
exchange reaction between Zns(COj3),(OH)s and OH™ by the
following reactions:
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Zns5(CO3),(OH)g(s) — Zn*" + OH + CO5>~ (3)
Zn** + OH™ — ZnO(s) + H,0 (4)
ZnO + OH~ — Zn(OH),*~ (5)

A possible formation mechanism for the hollow ZnO microrings
was also proposed. Initially, ZnO microspheres can be formed
in situ via a reaction between Zns(COj3),(OH)s microsphere tem-
plates and KOH solution. Driven by the alkali solution, OH™ in
solution diffuses into the Zns(COs),(OH)s microsphere surface.
Simultaneously, Zns(COs),(OH)s microspheres dissociate to pro-
duce Zn**, which diffuses outward. Hollow ZnO microspheres were
then immediately formed due to a driving force caused by the
Kirkendall diffusion difference®” associated with Zn®** and OH ™ in
solution. ZnO spheres can be dissolved by KOH solution since ZnO
has an amphoteric character. An excess of OH  anion results in
complete conversion of the already formed Zns(CO;),(OH)s sphere
into microrings or hemispheres by selectively dissolving the core
and their surface. At low OH™ anion concentrations, the resulting
ion exchange reaction produces completely hollow microspheres.
The general challenges in the synthesis of microring structures lie
in the improvement of the yield of the microrings. This work
demonstrates that in addition to nanoscale fabrication of hollow
crystals, the Kirkendall-type mass transport,'** " when coupled
with interfacial chemical reactions, can be a powerful approach for
both organization of individual nanoscale building blocks and the
generation of interior spaces within organized structures.'®?

6.2. Core-shell micro/nanostructures

Core-shell structured materials often exhibit improved physical
and chemical properties over their single-component counterparts
and hence are potentially useful for a broader range of applica-
tions.?*>"2°® Therefore, methods to synthesize such materials with
controlled precision have long been sought.”’*'* Although a
variety of procedures have already been employed, several difficul-
ties have limited the application of the final materials.>'®> More-
over, even though the advantages of uniformly coated and stable
colloidal particles have been recognized for years, the synthesis of
core-shell structures has remained a technical challenge.

To obtain core-shell structured ZnO-ZnS, the dual ion exchange
reaction among Zns(COs),(OH); microspheres, OH ", and S>~ in
Na,S solution at room temperature was recently employed.'®®
Fig. 18 shows representative SEM images of core-shell nano-
structured ZnO-ZnS composites formed by the ion replacement
reaction between Zn;(CO;),(OH)s microspheres and Na,S in
solution at room temperature. The samples (Fig. 18) retain their
spherical morphology within the core-shell structures. Fig. 18B
shows a high-magnification SEM image of broken microspheres,
from which the inner core can be seen, clearly displaying core-shell
structures. A careful observation of Fig. 18C shows that the inner
core was composed of many nanoparticles, and the core-shell
structured ZnO-ZnS spheres had an average size of 10 um. EDX
spectroscopy was used to determine its chemical composition
(Fig. 18D), which exhibited the presence of Zn, O and S elements.

The formation of core-shell ZnO-ZnS structures based on
Zn;(CO;),(OH)s microspheres precursors appeared to be different
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Fig. 18 Core-shell structured ZnO-ZnS composites by the ion replace-
ment reaction of Zns(COs),(OH)e microspheres and Na,S in solution at
room temperature. (A) Overall product morphology. (B) Typical broken
core—shell structures. (C) A core—shell structure with the broken core and
shell. (D) EDX spectrum from the surface of core—shell structures. Repro-
duced with permission from ref. 191, copyright 2006 American Chemical
Society.
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Fig. 19 (a) HR-TEM image of cube-shaped PbSe nanocrystals; (b and d)
HAADF-STEM and (c) HRTEM images of PbSe/CdSe nanocrystals; (e)
sketch of the structural transformation from pure PbSe cube-shaped
NCs (left) to core—shell PbSe/CdSe nanocrystals. Reproduced with per-
mission from ref. 218, copyright 2012 American Chemical Society.
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compared with that of previous reports on ZnO hollow spheres, in
which the formation of an empty structure was attributed to the
fundamental solid-state phenomenon,* dealing with the movement
of the interface between a diffusion couple. The conversion from
Zn5(CO3),(OH)s microspheres to core-shell structured ZnO-ZnS
composites was attributed to the difference of the solubility product
for ZnCO; (1.2 x 10 '), ZnO and ZnS (1.2 x 10~ **) at the same
temperature. Compared with ZnCO;, ZnO and ZnS are more
thermodynamically stable due to their lower solubility products.

Recently, it has been shown that colloidal PbSe-CdSe core-
shell nanostructures can be easily synthesized starting from
nearly spherical PbSe cores using a Cd** for Pb*" cationic
exchange process.”’®>'” Later, Casavola et al. demonstrated
that PbSe-CdSe core-shell nanocrystals of different geometries
can be obtained using PbSe nanocrystals as starting materials
through an anisotropic cation exchange reaction.*'® Fig. 19 displays
an overview of cubic PbSe NCs before (Fig. 19a) and after an ion
exchange reaction (Fig. 19b-d). It is clearly shown that the nano-
crystals can effectively preserve their size and shape, whereas the
formation of crystalline CdSe is confirmed by EDX and high angle
annular dark field (HAADF) scanning transmission electron micro-
scopy (STEM) analyses. Control experiments showed no significant
change in particle structure and properties over time when the
temperature was kept constant throughout the synthesis. In prin-
ciple, the ion exchange reaction can be employed as a general
method for the synthesis of core-shell nanomaterials.

7. Potential applications of hollow
structured materials
Hollow materials exhibit multiple interesting physical properties

such as low density, high surface-to-volume ratio and low coeffi-
cients of thermal expansion than comparable solid nanostructures.

View Article Online
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The breakthrough of ion exchange synthetic methodologies for the
synthesis of hollow structures has provided opportunities for their
application in energy, electronics, sensing, mechanics, optics and
other sectors. Their unique structure can also provide reduced
lengths for both mass and charge transport. Due to these advan-
tages, a significant volume of research has been carried out on the
application of hollow structured materials ranging from lithium-ion
batteries, photocatalysis, wastewater treatment and sensing.*'*>*!
Hereafter we will discuss notable examples of recent progress in
developing applications.

Lithium-ion batteries have been considered the most impor-
tant energy storage devices for hybrid, plug-in hybrid, electric
vehicle applications, power backup and portable power tools. In
terms of performance limitations, the volume change induced
by mechanical strain generated during cycling is considered to
be the main reason for capacity fading and poor cycling
life.??*?*! An effective strategy to overcome this challenge is
to fabricate hollow nanostructured electrode materials as they
can provide large surface area for more lithium storage sites as
well as reduced transport lengths for Li' ion diffusion and
electron transport. On the other hand, the hollow interior
provides extra free space for alleviating the structural strain
and accommodating the large volume changes during repea-
table cycling. For example, various hollow structures of metal
oxides'”*??27225 have been successfully designed for promis-
ing high-energy electrode materials. Lou et al.>*> demonstrate a
general ion exchange method toward the large-scale synthesis
of complex hollow microboxes between a unique metal-organic
frameworks (MOFs) template and different substances. Such
hollow structures could provide high gravimetric energy den-
sities and higher volumetric energy densities than their solid
counterparts. The ion exchange reaction between the solid PB
microcubes and liquid alkaline solution produces Fe(OH);
hollow structures, which could be easily converted to a-Fe,O;

7>7/{,dmo'=0.-25hm

do5=0,25nm -
s
<001>

Fig. 20 FESEM (A and B) and TEM (C—F) images of hierarchically single-shelled Fe,Os microboxes obtained by the reaction of Fe4[Fe(CN)gls cubes with
0.2 M NaOH under hydrothermal conditions. Reproduced with permission from ref. 222, copyright 2013 American Chemical Society.
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Fig. 21 (A) Discharge—charge voltage profiles of single-shelled Fe,Oz microboxes. (B) Cycling performance of single shelled, double-shelled, and

multiple-shelled Fe,Os microboxes. Reproduced with permission from ref. 222, copyright 2013 American Chemical Society.

Fig. 22 Si hollow spheres: (A and B) before cycling, (C) after 40 cycles,
and (D) after 700 cycles. Reproduced with permission from ref. 226,

copyright 2011 American Chemical Society.

Fig. 23

via a low temperature annealing process. From the SEM
images, the hollow structures are well maintained (Fig. 20A
and B). As displayed in TEM images (Fig. 20C-F), it shows a
crystalline character with a well resolved lattice spacing. With
this ion exchange method, single-shelled, double-shelled and
multiple-shelled Fe,O; microboxes were prepared, and the
multiple-shelled Fe,O; microboxes exhibit higher specific capa-
city than those of single-shelled and double-shelled Fe,O;
microboxes (Fig. 21). The large void space of these structures
may enhance their capacity of retention by reversibly accom-
modating large volume changes and may provide extra space
for the storage of lithium ions, which in turn is beneficial for
enhancing the specific capacity of the batteries. However,
certain features of hollow structure materials may also cause
performance issues. For example, high electrolyte/electrode
surface area may lead to more significant side reactions.

To understand the cycling performance, Cui et al.>*® exam-
ine the morphology evolution of the hollow nanospheres before
and after lithiation. Before lithiation the microspheres show a
smooth surface (Fig. 22A and B). After several cycles the surface

core-shell

\\.\67 nm'a

.

104 nm e

T T T

300 600 900
Time (s)

1200 1500 1800

(A—D) Transmission electron microscopy images of Au@SiO, hollow nanoreactor frameworks with different sizes. The scale bars represent

100 nm. (E) Plot of In(C/Cy) versus time for each nanoreactor framework, where C; and Cy are p-nitrophenol concentrations at time t and O, respectively.
Reproduced with permission from ref. 228, copyright 2008 Wiley-VCH Verlag GmbH & Co. KGaA.
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of the microtubes becomes rough and the hollow structure is
conspicuously maintained, although there exists a change in
the size, perhaps due to solid electrolyte interphase (SEI)
formation and the volume change of the hollow nanospheres
(Fig. 22C and D). Hollow structures show better capacity reten-
tion due to the maximization of the beneficial effects arising
from the hollow and hierarchical structures, which could
significantly reduced diffusion-induced stress and better with-
stand the repeated volume expansion/contraction and facilitate
the lithium ions insertion with reduced diffusion length.

In the field of photocatalysis, significant efforts have
focused on developing photocatalysts with high activities.
Due to their high surface to volume ratio, hollow micro/
nanostructure materials can greatly improve photocatalytic activity
and conversion efficiency. For example, Huang et al.>*” reported

o By o
Fig. 24 (a and b) SEM images (inset of (b) is the magnified SEM image
taken from the marked square area); (c) STEM image of Ag,ZnGeO4
prepared using AgNOs for 12 h; (d) STEM elemental mapping of Ag, Zn,
Ge, and O taken from the square area marked in (c). Reproduced from
ref. 229 with permission from the Centre National de la Recherche
Scientifigue (CNRS) and The Royal Society of Chemistry.
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an anion exchange strategy to synthesize Bi,WO; hollow micro-
spheres, which show high CO, adsorption capacity and high
visible light photocatalytic conversion efficiency of CO, into
methanol. The enhanced visible light CO, photocatalytic conver-
sion efficiency was attributed to the large surface area and high
CO, adsorption capacity. Song et al. fabricated an ideal hollow
nanoreactor system comprising gold cores with empty inner
space. The hollow particles exhibited a size-dependent catalytic
activity for p-nitrophenol (Fig. 23),”*® thus demonstrating a pro-
mising platform to study various heterogeneous catalytic reac-
tions. More recently, Ye et al.>*® fabricated hollow Ag,ZnGeO,
spheres by ion exchange reaction between Zn,GeO, and Ag" ions.
As shown in Fig. 24, the product is composed of uniform spherical
particles with hollow structures. The chemical composition of the
as-prepared hollow Ag,ZnGeO, spheres was investigated by EDX
Mapping (element distribution images), indicating that Ag, Zn, Ge
and O are uniformly distributed (Fig. 24d). The formation of
hollow spheres can be attributed to an Ostwald ripening process,
involving the dissolution of smaller crystals and re-growth on
larger crystals during aging. The authors also investigated photo-
catalytic activity by degradation of rhodamine B dye (RhB) under
visible light. Fig. 25 displays the experimental results of RhB
photodegradation over Ag,ZnGeO, hollow spheres and bulk
Ag,7ZnGeO, (as reference sample) under visible light irradiation.
The fractional rate over hierarchical Ag,ZnGeO, hollow spheres
was found to be about 2.5 times as high as that over reference
bulk Ag,ZnGeO,. The observed high activities are attributed to the
high surface/volume ratios of the materials, compared to dense
spheres of similar size, because their open hollow structure
enables both the outer and inner surfaces of the catalyst to come
into contact with the reactants, thus enhancing the catalytic
process. Therefore, exploitation of hollow structure photocatalysts
that display high activity is crucial for photocatalytic conversion to
high-energy-content fuels.

Hollow Au nanomaterials can be used as imaging and
diagnostics agents in biomedicine, since hollow Au nanostruc-
tures can be tuned to strongly absorb in the near-infrared (NIR)
region where optical transmission through tissue is optimal.**°
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Fig. 25 (a) RhB degradation over the as prepared hierarchical Ag,ZnGeO,4 hollow spheres and reference sample Ag,ZnGeO4 under visible light; (b) UV-
vis spectral changes of RhB aqueous solution. Reproduced from ref. 229 with permission from the Centre National de la Recherche Scientifique (CNRS)

and The Royal Society of Chemistry.
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Fig. 26 (a) Schematic diagram of gold nanoshells on silica nanorattles (GSNs) synthesis and bioconjugation. (b) TEM image of silica nanorattles (SNs). (c)
TEM image of GSNss. (d) Extinction spectra of pGSNs and Tf and PEG (polyethylene glycol) functionalized gold nanoshells on silica hanorattles (pGSNs-Tf),
the inset is the TEM image of pGSNs-Tf. Reproduced with permission from ref. 230, copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA.

The gold nanoshells on silica nanorattles (GSNs) synthesis
and bioconjugation is schematically shown in Fig. 26a.
The structures consist of a thin gold nanoshell and a mono-
dispersed mesoporous silica nanorattles (SN) core, conferring
many advantages. SNs with a size of 101 nm and GSNs with
compact gold shells of ~30 nm were obtained (Fig. 26b and c).
The GSNs have tunable optical property as NIR light absorbing
agents and high payload, sustained drug release as drug
delivery system. The authors observed the broadening and
red-shifted of the extinction spectra for pGSNs-Tf due to the
higher refractive index of PEG and Tf layer with respective to
H,0 (Fig. 26d). By targeting cancer cells with these hollow
particles and irradiating with infrared light, a local irreversible
ablation can be generated, with a therapeutic effect on targeted
cancer cells. Such photothermal therapy is less invasive than
chemotherapy or surgery and holds strong promise as a new
form of cancer treatment where the hollow structure plays an
important role in improving performance.

8. Conclusions and perspectives

Each synthesis approach of hollow materials has specific merits
and inevitable weaknesses. The ion exchange synthesis pro-
vides a simple and versatile route to fabricate hollow micro/
nanostructure materials with uniform size but a number of
different compositions with respect to their precursors.

This review provides an overview of a variety of ion exchange
reaction processes that have been developed to generate hollow
structures. We broadly divided these hollow structures into three
categories, by sorting them on the basis of the shape of the product:
(D ion exchange synthesis for hollow micro/nanospheres; (II) ion
exchange synthesis of hollow micro/nanotubes; (III) ion exchange
synthesis of hollow polyhedral micro/nanostructures. We also
briefly discuss a number of other attractive structures such as

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2014

core-shell structures prepared via dual ion exchange reaction.
Recent work showed that it is feasible to further increase the
diversity of ion exchange synthesis that can be used in the ion
exchange of pre-synthesized nanomaterials to produce multifunc-
tional hollow and core-shell spheres with a variety of properties.
The ion exchange reaction can be effectively used for the
synthesis of hollow micro/nanostructure materials from inso-
luble solids. An overall extraction of species close to 100% can
be achieved if ion exchange between cations or anions were
100% efficient, even if the species has very low solubility
products and solution concentrations. The solubility product
of the species must be large enough to result in at least traces of
the ion species in solution for the process of enhanced dissolu-
tion extraction to succeed. There is no topotactic relationship
between the crystal structures of the precursor and the result-
ing hollow structures as there is a large change in the volume or
lattice parameters during ion exchange process; as a conse-
quence, preserving the crystal structure feature during the ion
exchange reaction is a major challenge. Many factors related to
the reaction should be taken into consideration and system-
atically examined: for example, the reaction mechanism; the
rate of transformation; the volume change involved in the
reaction; and the growth direction of the resultant lattice. In
some cases, the diameter and shape of the precursor might also
play a vital role in determining the volume change, growth
direction and thus structure evolution of the product. In
addition, a comprehensive and in depth understanding of the
relationship between the structures and functionalities of the
hollow structures has not yet been reported. Therefore, it is
urgent to establish theoretical models to direct a more rational
design towards the synthesis of future functional materials.
There has also been rapid growth in the development of
hollow structures for potential applications. Hollow structures
represent a new class of interesting and important micro/
nanostructures because of their superior performance in areas
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such as energy storage, photocatalysis, energy conversion,
electronics, optoelectronics and sensing. The most promising
developments may lie in the future as newer materials with
hollow structures synthesized by ion exchange reaction continue
to be developed. All these aspects will become interesting and
exciting subjects for fundamental and applied studies in physics,
chemistry and materials science and engineering. There are
almost unlimited research opportunities that are being pursued
by many laboratories around the world in this general area of
hollow structures. The scientific and technical potential of these
nanostructures are enormous and the future of this sub-field of
nanoscience is promising and exciting. However, the develop-
ment of large-scale and low-cost synthesis of these hollow
materials in a non-agglomerated state and with uniform shape
is still required before they can find widespread use in multiple
applications.
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