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ABSTRACT: Increasing the complexity of hollow structures, in terms
of chemical composition and shell architecture, is highly desirable for
both fundamental studies and realization of various functionalities.
Starting with metal−organic frameworks (MOFs), we demonstrate a
general approach toward the large-scale and facile synthesis of complex
hollow microboxes via manipulation of the template-engaged reactions
between the Prussian blue (PB) template and different alkaline
substances. The reaction between PB microcubes with NaOH solution
leads to the formation of Fe(OH)3 microboxes with controllable
multishelled structure. In addition, PB microcubes will react with the
conjugate bases of metal oxide based weak acids, generating multi-
compositional microboxes (Fe2O3/SnO2, Fe2O3/SiO2, Fe2O3/GeO2,
Fe2O3/Al2O3, and Fe2O3/B2O3), which consist of uniformly dispersed
oxides/hydroxides of iron and another designed element. Such complex
hollow structures and atomically integrated multiple compositions might bring the usual physiochemical properties. As an
example, we demonstrate that these complex hollow microboxes, especially the Fe2O3/SnO2 composite microboxes, exhibit
remarkable electrochemical performance as anode materials for lithium ion batteries.

■ INTRODUCTION

Hollow microsized/nanosized particles are of great significance
because of their unique structure-dependent properties and
promising applications in many areas.1−9 Typical syntheses of
hollow particles involve the growth of desirable shells with the
assistance of removable or sacrificial template particles. To
realize desirable functionalities and maximize the structural
advantages, hollow particles with high complexity, such as
multiple layers of shells or multiple compositions, are highly
desirable. However, most of the available hollow particles
prepared via multistep templating processes exhibit relatively
simple configurations, such as single-shelled spheres of one
composition.
Templating methods have been considered as the most

representative and straightforward approach toward hollow
structures, which involve the controlled assembling of the
designed materials on various removable templates, such as
monodisperse silica/polymer latex spheres and emulsion
micelles.1,6,10 Although conceptually versatile, the templating
strategy practically has quite a few difficulties, ranging from the
tedious procedure to the incompatibility issue between the
desired materials and the template surfaces. Meanwhile, several
novel approaches toward hollow structures have been
developed on the basis of different principles, including the
Kirkendall effect,4,5 galvanic replacement,2,11 chemical etch-
ing,12,13 ionic exchange,3,14,15 self-assembly,16 thermal decom-
position, etc.17,18 For example, template-engaged methods (i.e.,
galvanic replacement, chemical etching) create hollow cavities

in preformed solid template particles via manipulation of the
different physicochemical or chemical properties between the
sacrificial templates and the shell materials.2,11−13 Such
template-engaged approaches are very effective to form hollow
particles with various shapes, yet their versatility would be
largely determined by the variety of the available sacrificial
templates and the precursors of shell materials.19

Notwithstanding the above-mentioned advances in synthetic
methods, hollow particles reported so far with high quality
usually possess simple configurations. Increasing the complexity
of hollow structures, in terms of chemical composition and shell
architecture, is highly desirable for both fundamental studies
and realization of various functionalities. This objective could
possibly be achieved via complicated procedures, such as
repeated templating methods.13,14,20,21 Nevertheless, it is
extremely challenging to highly integrate multiple compositions
into the hollow particles based on the protocols established so
far, since different materials with distinct physical/chemical
properties could hardly be incorporated simultaneously into the
synthesis process.
Herein, we demonstrate a general approach toward the large-

scale and facile synthesis of complex hollow cubic microsized
particles (in short, hollow microboxes) via precise manipulation
of the template-engaged reactions between a unique metal−
organic frameworks (MOFs) template and different substances.
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By controlling the reaction/diffusion kinetics, we have
synthesized iron oxide/hydroxide hollow microboxes with
hierarchical multishelled structures. Furthermore, the oxides/
hydroxides of several metals/metalloids (Sn, Si, Ge, Al, B, etc.)
can be incorporated into the iron oxide/hydroxide microboxes
by coupling the condensation reactions. Our results show the
feasibility and versatility of template-engaged syntheses of
complex hollow particles and would shed some light on the
fabrication of other complex hollow structures.

■ EXPERIMENTAL SECTION
Chemicals. Polyvineypirrolydone (K30), K4Fe(CN)6·3H2O, HCl,

NaOH, K2SnO3·3H2O, NaAlO2, NaBO2·4H2O were purchased from
Sigma Aldrich. Na2SiO3 was purchased from Kanto Chemical Co., Inc.
The Na2GeO3 powders were prepared by a solid state reaction route in
which a stoichiometric mixture of Na2CO3 and GeO2 was heated at
900 °C for 10 h.22

Synthesis of Prussian Blue Microcubes. Prussian blue micro-
cubes were prepared according to our previous report.23 In a typical
procedure, polyvineypirrolydone (PVP, K30, MW ≈ 40 000, 3.8 g)
and K4Fe(CN)6·3H2O (0.11 g) were added to a HCl solution (0.1 M,
50 mL) under magnetic stirring. After the mixture was stirred for 30
min, a clear solution was obtained. The bottle was then placed into an
electric oven and heated at 80 °C for 24 h. The obtained blue product
was filtered and washed several times with deionsized water and
absolute ethanol and finally dispersed into 20 mL of ethanol for further
use.
Synthesis of Fe(OH)3 Microboxes at Room Temperature. The

Fe(OH)3 microboxes were obtained by the reaction of Fe4[Fe(CN)6]3
microcubes with NaOH at room temperature. Typically, 10 mL of

above Fe4[Fe(CN)6]3 cubes suspension in ethanol was mixed with 17
mL of 0.02 M NaOH aqueous solution. After the mixture was shaken
by hand for about 5 min, the as-prepared product was collected by
several rinse−centrifugation cycles. For synthesis of yolk-shelled
Fe(OH)3 microboxes, a NaOH solution with a different concentration
(0.2 M) was used. Hollow Fe2O3 microboxes were made by annealing
the corresponding hollow Fe(OH)3 microboxes precursor at 300 °C in
air for 6 h with a slow heating rate of 0.5 °C min−1.

Synthesis of Multishelled Fe(OH)3 Microboxes under Hydro-
thermal Conditions. The hierarchically multishelled Fe(OH)3
microboxes were obtained by the reaction of Fe4[Fe(CN)6]3 cubes
with NaOH under hydrothermal conditions. Typically, 5 mL of
Fe4[Fe(CN)6]3 cubes dispersed in ethanol was added to 20 mL of 0.2
M NaOH aqueous solution. The suspension was transferred to a 60
mL Teflon-lined stainless steel autoclave, which was then heated in an
air flow electric oven at 80 °C for 10 h. After the autoclave cooled
naturally, the as-prepared products were collected by several rinse−
centrifugation cycles. For synthesis of multishelled Fe(OH)3 micro-
boxes, NaOH solutions with different concentrations (2.0, 3.0, and 4.0
M) were used. Hollow Fe2O3 microboxes were made by annealing the
corresponding hollow Fe(OH)3 microboxes precursor at 300 °C in air
for 6 h with a slow heating rate of 0.5 °C min−1.

Synthesis of Fe2O3/SnO2 Microboxes at Room Temperature.
The Fe(OH)3/SnO2·xH2O microboxes were obtained by the reaction
of Fe4[Fe(CN)6]3 microcubes with K2SnO3·3H2O at room temper-
ature. Typically, 10 mL of the above Fe4[Fe(CN)6]3 cubes suspension
in ethanol was mixed with 17 mL of deionized water. To this
suspension, 0.12 g of potassium stannate trihydrate was added. After
the mixture was shaken by hand for about 2 min, the as-prepared
product was collected by several rinse−centrifugation cycles. Fe2O3/
SnO2 microboxes were obtained by annealing the as-prepared
Fe(OH)3/SnO2·xH2O microboxes precursor at 500 °C in air for 6 h

Figure 1. Schematic illustration of the formation of hierarchical multishelled (route A) and multicompositional (route B) metal oxides microboxes
starting with metal−organic frameworks templates. Metal oxides microboxes were synthesized by manipulating the ion exchange reaction between a
proper alkaline precursor (strong base or conjugate base of the weak acid) and a sacrificial PB by the following reactions. Route A: 12 OH−

(aq) +
Fe4[Fe(CN)6]3 (s) → 3 Fe(CN)6

4−
(aq) + 4 Fe(OH)3(s). Route B (for the case Sn): 6SnO3

2−
(aq) + Fe4[Fe(CN)6]3(s) + 6(1 + x)H2O→ 3Fe(CN)6

4−
(aq)

+ 4 Fe(OH)3(s) + 6 SnO2·xH2O(s).
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with a slow heating rate of 0.5 °C min−1. To obtain SnO2 microboxes,
Fe2O3/SnO2 microboxes were treated with a 2.0 M HCl aqueous
solution at ambient temperature.
Synthesis of Fe2O3/SiO2, Fe2O3/GeO2, Fe2O3/Al2O3, and

Fe2O3/B2O3 Microboxes at Room Temperature. Compared with
the synthesis of Fe2O3/SnO2 microboxes, 0.12 g of potassium stannate
trihydrate was replaced by 0.12 g of Na2SiO3, Na2GeO3, NaAlO2, or
NaBO2·4H2O, respectively. The following procedure is the same as
that for the synthesis of Fe2O3/SnO2 microboxes.
Characterization. X-ray diffraction (XRD) patterns were collected

on a Bruker D8 Advanced X-ray diffractometer with Ni filtered Cu Kα
radiation (λ = 1.5406 Å) at a voltage of 40 kV and a current of 40 mA.
Field-emission scanning electron microscope (FESEM) images were
acquired on a JEOL JSM-6700F microscope operated at 5 kV.
Transmission electron microscopy (TEM) images were taken on
JEOL JEM-2010 and JEOL JEM-2100F microscopes. Energy-
dispersive X-ray (EDX) analysis and elemental mapping were
performed using the energy-dispersive X-ray spectroscopy attached
to the JSM-6700F and JEM-2100F, respectively. Nitrogen sorption
measurements were performed on an Autosorb 6B apparatus at liquid
N2 temperature. The chemical compositions of multicompositional
microboxes were measured using inductively coupled plasma (ICP)
optical emission spectroscopy with a Perkin-Elmer ICP Optima
2000DV.
Electrochemical Measurements. The electrochemical tests were

carried out in two-electrode Swagelok cells. The working electrodes
consist of 70% of active material, 20% of conductive carbon black
(Super-P-Li), and 10% of polymer binder (polyvinylidene fluoride,
PVDF). The electrolyte is 1.0 M LiPF6 in a mixture of ethylene

carbonate and diethyl carbonate (1/1 by weight). A lithium disk was
used as both the counter and reference electrode. Cell assembly was
carried out in an Ar-filled glovebox with moisture and oxygen
concentrations below 1.0 ppm. The charge−discharge tests were
performed on a NEWARE battery tester.

■ RESULTS AND DISCUSSION

Our strategy for synthesizing complex hollow microboxes is
based on the template-engaged reactions between a unique
MOFs template and different substances. The complexity of the
resultant hollow microboxes can be achieved in two aspects,
namely, the hierarchical multishelled structure and multi-
compositions with atomically integrated oxides/hydroxides of
iron and several metal/metalloids, as depicted in Figure 1.
Microsized Prussian blue (PB, Fe4[Fe(CN)6]3) crystals with a
cubic shape (denoted as PB microcubes) are employed as the
template. Route A illustrates the formation of hollow
microboxes with different structural complexity, from single
shell to multishell with hierarchical architectures. Route B
describes the synthesis of multicompositional hollow micro-
boxes consisting of uniformly dispersed oxides/hydroxides of
iron and another designed element. These complex hollow
structures are prepared by precisely controlling the chemical
reactions between the PB microcubes template and a proper
alkaline precursor (a strong base or a conjugate base of a metal/

Figure 2. Formation of hierarchical Fe(OH)3 microboxes by PB templating at room temperature and hydrothermal conditions: FESEM (A) and
TEM (B) images of Fe4[Fe(CN)6]3 microcubes; FESEM (C, D) and TEM (E, F) images of Fe(OH)3 microboxes (C−E) and yolk-shelled Fe(OH)3
microboxes (F) synthesized at room temperature; FESEM (G) and TEM (H-L) images of hierarchically single-shelled (G−I) and multiple-shelled
(J−L) Fe(OH)3 microboxes synthesized under hydrothermal conditions.
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metalloid oxide based weak acid), which will be discussed in
detail shortly.
Prussian blue is considered as the first synthetic coordination

compound (or more commonly called MOFs), which is a
mixed-valence iron(III) hexacyanoferrate(II) compound with a
face-centered-cubic (FCC) structure (JCPDS card no. 73-0687;
space group Fm3m, a = b = c = 10.13 Å, α = β = γ = 90°).24 PB
microcubes of about 1 μm with high morphological uniformity
and phase purity (Figure 2A,B, Figure S1 and Figure S2 in the
Supporting Information) were synthesized and applied as the
template in view of the unusual chemical properties and the
scarcity of fabricating nanostructured materials using MOFs
based templates.23 PB is insoluble in water with a very small
solubility product constant (Ksp = 3.3 × 10−41). However, in
alkaline solution, PB undergoes an ion exchange reaction as
described below:

+

→ +

−

−

12OH Fe [Fe(CN) ]

3Fe(CN) 4Fe(OH)

(aq) 4 6 3(s)

6
4

(aq) 3(s) (1)

The Fe(III) ions in PB associate with hydroxide ions to form
insoluble Fe(OH)3 (Ksp = 2.6 × 10−39), which is driven by the
high concentration of hydroxide ions in an alkaline solution. To
investigate the transformation of PB in an alkaline solution, we
first carry out the reaction using PB microcubes and NaOH
solution (Figure 1, route A). The products were examined by
FESEM and TEM. After reacting with a dilute NaOH solution
(0.02M) at room temperature, the PB microcubes were
converted into microboxes with large interior cavity (Figure
2C−E). Remarkably, microboxes with higher structural
complexity could be simply obtained via a similar process
with increased reaction and diffusion kinetics. For instance,
when NaOH solution with a higher concentration (0.2 M) was
used, yolk-shelled microboxes with well-defined porous cores
were obtained as the final product (Figure 2F, Figure S3 and
Figure S4 in Supporting Information). The reaction could be
further promoted by increasing the concentration of alkaline
solution and/or reaction temperature, which results in even
more complex structures. After reaction at an elevated

temperature of 80 °C with a 0.2 M NaOH solution, the
product was mostly composed of single-shelled microboxes, of
which the shell was constructed by sheetlike subunits (Figure
2G−I and Figure S5 in Supporting Information). When
concentrated NaOH solution of 2.0−4.0 M was used for the
synthesis, microboxes with multiple shells and similar
hierarchical architectures were formed (Figure 2J−L and Figure
S6 in Supporting Information). It is postulated that the inward
diffusion of OH− and precipitation of Fe(OH)3 are promoted
with higher temperature and alkaline concentration. Hence,
after the initial formation of the outer shell, an intershell of
Fe(OH)3 would be precipitated before the Fe species migrate
outward and join the outer shell. Eventually the multishell
structures are obtained.
The chemical process that leads to the formation of hollow

structures can be rationalized as follows: the ion exchange
reaction first takes place at the interface between the solid PB
microcubes and liquid alkaline solution, leading to the
formation of a thin layer of Fe(OH)3 on the PB surface. As
the reaction proceeds, OH− ions continue to flow inward to
supply the ion exchange reaction, while the precipitation of
Fe(OH)3 clusters on the preformed Fe(OH)3 layer and the
outward diffusion of Fe(CN)6

4− ions are anticipated (Figure S7
in Supporting Information). If the reaction proceeds slowly, the
whole PB microcubes are gradually consumed accompanied by
the growth of the Fe(OH)3 shell, which eventually evolve into
well-defined Fe(OH)3 microboxes with large interior cavity.
Meanwhile, the inward diffusion of OH− ions and the ion
exchange reaction can be significantly accelerated in concen-
trated alkaline solution at an elevated temperature. In such
circumstance, a secondary layer of Fe(OH)3 would precipitate
on the inner core prior to its complete consumption, resulting
in the formation of yolk-shelled or multishelled structures.
The as-prepared Fe(OH)3 microboxes exhibit an amorphous

texture as determined by powder X-ray diffraction (XRD)
analysis, which could be easily converted to α-Fe2O3 via a low-
temperature annealing process (Figure S8 in Supporting
Information). The morphology, hollow structure, and sheetlike
subunits are all well preserved, indicating the good structural
stability of the Fe(OH)3 and as-derived Fe2O3 microboxes

Figure 3. FESEM (A, B) and TEM (C−F) images of hierarchically single-shelled Fe2O3 microboxes obtained by the reaction of Fe4[Fe(CN)6]3
cubes with 0.2 M NaOH under hydrothermal conditions.
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(Figure 3). The high-resolution TEM (HRTEM) image in
Figure 3F shows a crystalline character with a lattice spacing of
0.25 nm, which is close to the interplanar distance of the (010)
and (100) planes of Fe2O3. Such interesting structures render
the Fe(OH)3 and Fe2O3 microboxes with relatively high
Brunauer−Emmett−Teller (BET) surface areas of 175−255 m2

g−1 and 92−174, respectively (Figures S9−S11 in Supporting
Information).
The ion exchange reaction between PB and strong base (e.g.,

NaOH and KOH) only results in products with single
composition, namely, Fe(OH)3 or Fe2O3. We further replace
the strong base with the conjugate base of a metal/metalloid
oxide based weak acid, which is a weak base in nature due to
the partial hydrolysis. Under optimized conditions, the
hydrolysis of the conjugate base and the ion exchange of PB
might take place simultaneously (Figure 1, route B). To
demonstrate the feasibility of such an approach, we select
K2SnO3 as an example, which can partially hydrolyze to form
tin hydroxide (or oxide hydrate) and generate an alkaline
environment:

+ + → · +− −x xSnO (1 )H O SnO H O 2OH3
2

(aq) 2 2 2 (s) (aq)

(2)

If this hydrolysis reaction (eq 2) could be coupled with the ion
exchange reaction of PB (eq 1), the overall process would result
in the simultaneous and stoichiometric condensation of iron
and tin hydroxide/oxide based on the following reaction:

+ + +

→ + + ·

−

−

x

x

6SnO Fe [Fe(CN) ] 6(1 )H O

3Fe(CN) 4Fe(OH) 6SnO H O

3
2

(aq) 4 6 3(s) 2

6
4

(aq) 3(s) 2 2 (s)

(3)

To verify our hypothesis, the product of the reaction between
PB microcubes and K2SnO3 solution was characterized
thoroughly. As shown in Figure 4A−C, the product also
consists of hollow microboxes with smooth surface, however,
the shell of which is slightly thicker and displays a denser
texture compared with that of Fe(OH)3 microboxes. Certain
porosity is still expected in the shell, as suggested by the
moderate BET surface area of 44 m2 g−1 even without any
hierarchical or multishelled structure (Figure S12 in Supporting
Information). Energy-dispersive X-ray spectroscopy (EDX,
Figure S13 in Supporting Information) analysis of the as-
prepared microboxes evidently reveals the presence of Sn,
resulting from the hydrolysis of K2SnO3 as expected. The Fe/
Sn atomic ratio determined by the ICP analysis is about 2/3,
which is in good agreement with the stoichiometry of Fe(OH)3
and SnO2·xH2O in eq 3. This further suggests the successful
coupling of the ion exchange reaction (eq 1) and the hydrolysis
reaction (eq 2). The amorphous composite microboxes
(denoted as Fe(OH)3/SnO2·xH2O microboxes) were annealed
at 500 °C in air to convert to the oxide form (denoted as
Fe2O3/SnO2 microboxes, Figure 4D and Figure S14 in
Supporting Information). The XRD pattern of the annealed

Figure 4. Formation of multicompositional Fe2O3/SnO2 microboxes by PB templating at room temperature: FESEM (A, B) and TEM (C) images
of Fe(OH)3/SnO2·xH2O microboxes; FESEM (D), TEM (E) images, and EDX-elemental mapping images (F−H) of one Fe2O3/SnO2 microbox
shown in (E); FESEM (I, J) and TEM (K, L) images of SnO2 microboxes.
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sample (Figure S15 in Supporting Information) can be assigned
to a mixture of α-Fe2O3 (JCPDS no. 33-0664) and rutile SnO2

(JCPDS no. 41-1445), which is similar to that of previously
reported mixture of α-Fe2O3 and SnO2.

25 The broad diffraction
peaks also reveal the low crystallinity of Fe2O3/SnO2

microboxes, possibly due to mutual inhibition of crystal growth
of the highly dispersed Fe2O3 and SnO2. To illustrate the spatial
distribution of Fe2O3 and SnO2 in the composite microboxes,
elemental mapping is performed on a representative Fe2O3/
SnO2 microbox (Figure 4E) under TEM observation. The
elemental mapping results (Figure 4F−H) demonstrate the
generally uniform distribution of Sn and Fe within the
microbox, which corresponds to the SnO2 and Fe2O3

crystallites. After selectively dissolving Fe2O3 with a 2.0 M
HCl aqueous solution, single-compositional SnO2 microboxes
were obtained as confirmed by electron microscope images
(Figure 4I−L and Figure S16 in Supporting Information) and
XRD analysis (Figure S15 in Supporting Information). The
SnO2 microboxes remain intact, whereas the removal of Fe2O3

makes the shell more porous as evidenced by the improved
transparency of the microboxes and some visible pores in TEM
images (Figure 4K,L and Figure S16B in Supporting
Information) and the significant increase of BET surface area
from 43 m2 g−1 for Fe2O3/SnO2 microboxes (Figure S17 in
Supporting Information) to 89 m2 g−1 for SnO2 microboxes
(Figure S18 in Supporting Information).

The above analysis unambiguously indicates the high
integration and uniform dispersion of iron and tin hydrox-
ides/oxides in the composite microboxes. This compositional
uniformity is derived from the simultaneous formation of Fe-
and Sn-based species during the unique template-engaged
process (Figure 1, route B). The alkaline environment provided
by the hydrolysis of K2SnO3 triggers the conversion from PB
microcubes to Fe(OH)3 microboxes similar to that in route A.
Meanwhile, the consumption of hydroxide ions promotes the in
situ and stoichiometric precipitation of amorphous SnO2·xH2O
during the formation of Fe(OH)3 shell. Therefore, driven by
such unique coupled ion exchange/hydrolysis reactions, two
different compositions can be hybridized in atomic scale within
the shell of hollow particles.
Remarkably, this approach to synthesize iron-based multi-

compositional microboxes can be extended to incorporate
several other metal/metalloid oxides when the proper alkaline
precursor is used. For example, we have successfully prepared
Fe2O3/SiO2 and Fe2O3/GeO2 microboxes as demonstrated in
Figure 5, using Na2SiO3 and Na2GeO3 as the alkaline
precursors, respectively. EDX analysis of the as-prepared
Fe2O3/SiO2 and Fe2O3/GeO2 microboxes confirms the
coexistence of Fe/Si and Fe/Ge elements in the composite
microboxes with estimated atomic ratios of about 1/1 and 4/3,
respectively (Figures S19 and S20 in Supporting Information).
Other elements from the nearby IIIA group, such as Al and B,
can also be easily hybridized into the multicompositional

Figure 5. Formation of multicompositional Fe2O3/SiO2 and Fe2O3/GeO2 microboxes at room temperature: FESEM (A), TEM (B, E) images, and
EDX-elemental mapping images (F−H) of one Fe2O3/SiO2 microbox shown in (E); FESEM (C), TEM (D, I) images and EDX-elemental mapping
images (J−L) of one Fe2O3/GeO2 microbox shown in (I).
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microboxes using NaAlO2 and NaBO2·4H2O as the alkaline
precursors (Figure S21 in Supporting Information). The
synthesis is usually very facile and rapid, and the reaction can
be generally completed within 10 min at room temperature.
Furthermore, the present synthesis can be simply scaled up to
achieve the high-yield, gram-scale production of these multi-
compositional microboxes. The versatility of this approach
toward multicompositional microboxes provides the possibility
to design and tailor the compositions and the derived
functionalities for desirable applications.
The complexity of the hollow microboxes in both structure

and composition might endow the materials with exceptional
properties and performance in particular applications. Both
SnO2 and Fe2O3 are important functional materials that have
been studied in many areas, for example, as promising anode
materials for lithium ion batteries.26−28 In this work, we further
demonstrate the remarkable lithium storage properties of these
hollow microboxes, which are associated with their unique
nanostructure and high complexity. SnO2 can reversibly store
lithium mainly via the alloying process after the initial
electrochemical reduction to metallic Sn nanoparticles, while
iron oxide can reversibly react with lithium through the
conversion reaction.28 Despite the distinct electrochemical
processes involved, they can generally deliver very high specific
capacity (800−1000 mA h g−1) far exceeding that of the
conventional graphite anode (theoretically 372 mA h g−1).
However, the exceptional lithium storage property is
accompanied by some severe drawbacks, including the huge
volume variation upon lithium insertion/extraction that leads to
the crack and disintegration of the electrode film and the low
electrochemical activity of large grains.29 Previous studies
suggest that the electrochemical performance can be improved
via formation of hollow structures and/or nanocompo-
sites.19,30,31 The pure Fe2O3 microboxes obtained from route
A exhibit the representative electrochemical behavior of iron
oxide, with reasonable cycling performance (Figure 6). As
shown in Figure 6A, from the discharge−charge voltage profiles
of single-shelled Fe2O3 microboxes, a distinct voltage plateau
can be clearly identified at about 0.75 V during the initial
discharge process, which shifts to about 1.0 V and remains
stable in the subsequent cycles. Meanwhile, a poorly defined
plateau is observed in the charge process at about 1.8 V. The
discharge−charge voltage profiles are in good agreement with
those in previous reports, which correspond to the reversible
reduction of Fe2O3 to Fe0 and the simultaneous formation of
Li2O based on the conversion reaction described as follows:
Fe2O3 + 6Li+ + 6e− ↔ 2Fe0 + 3Li2O. Figure 6B shows that
multiple-shelled Fe2O3 microboxes exhibit significantly im-
proved cycling performance compared to single-shelled and
double-shelled Fe2O3 microboxes. The initial discharge and
charge capacities of multiple-shelled Fe2O3 microboxes are
found to be 1473 and 917 mA h g−1, respectively. The
irreversible capacity loss of 35% is mainly attributed to
irreversible processes such as the decomposition of electrolyte
and the inevitable formation of solid-electrolyte interface (SEI)
film, which are common to most anode materials. From the
second cycle onward, the Fe2O3 microboxes exhibit a high
Coulombic efficiency of ∼95%. At the end of the 30th charge−
discharge cycle, a reversible capacity of 650 mA h g−1 can still
be retained for the multiple-shelled Fe2O3 microboxes, while
comparable capacities of 355 and 519 mA h g−1 are obtained
for single-shelled and double-shelled Fe2O3 microboxes,
respectively. One could probably attribute this reasonably

good performance of Fe2O3 microboxes to the thin nanosheet
subunits that facilitate the electrolyte penetration and Li+ ions
transport in the electrode and the hierarchical hollow structures
that could efficiently buffer the stress caused by the volume
variation during the charge−discharge process. Notably,
microboxes with multiple shells show better capacity retention
due to the maximization of the beneficial effects arising from
the hollow and hierarchical structures, which could better
withstand the repeated volume expansion/contraction and
facilitate the lithium ions insertion with reduced diffusion
length.
Incorporating SnO2 into the microboxes via route B further

improves the electrochemical performance. Compared with
that of Fe2O3 microboxes (Figure 6), the prolonged sloping
region at low voltage (below ∼0.6 V) in the discharge curves of
Fe2O3/SnO2 microboxes (Figure 7) is mainly contributed by
the Sn-based component. The differential capacity versus
voltage curves of first, second, and fifth cycles (Figure S22 in
Supporting Information) further confirm the electrochemical
processes involving both Fe2O3 and SnO2. The initial discharge
and charge capacities of Fe2O3/SnO2 microboxes are found to
be 1751 and 904 mA h g−1, respectively (Figure 7A). Besides
the above-mentioned irreversible processes, the initial reduction
of SnO2 to metallic Sn also accounts for the higher irreversible
loss of 45%. From the second cycle onward, the Fe2O3/SnO2
microboxes exhibit a high Coulombic efficiency of ∼95%.
Remarkably, the Fe2O3/SnO2 microboxes deliver much
superior cycling stability compared to single-compositional
Fe2O3 and SnO2 microboxes, with a reversible capacity of 500
mA h g−1 at the end of the 100th cycle (Figure 7B). This

Figure 6. (A) Discharge/charge voltage profiles of single-shelled
Fe2O3 microboxes (0.2 M NaOH). (B) Cycling performance of single-
shelled (0.2 M NaOH), double-shelled, and multiple-shelled Fe2O3
microboxes synthesized under hydrothermal conditions and Coulom-
bic efficiency of single-shelled Fe2O3 microboxes in the voltage
window of 0.05−3.0 V vs Li/Li+ at the same current density of 200 mA
g−1.
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capacity retention is impressive for both iron and tin oxide
based materials, especially taking into account the absence of
additional carbon modifications (e.g., carbon coating, formation
of composites with carbon nanotubes or graphene).26−31

Besides the advantages of hollow structure as discussed earlier,
the possible synergic effects that arise from the highly
integrated Fe2O3 and SnO2 may also account for the
exceptional lithium storage capability of the multicompositional
microboxes, although the detailed mechanism is still under
investigation.30

■ CONCLUSIONS
We demonstrate a general approach toward the large-scale and
facile synthesis of complex hollow microboxes via manipulating
the template-engaged reactions between the PB template and
different alkaline substances. The reaction between PB
microcubes with NaOH solution leads to the formation of
Fe(OH)3 microboxes with controllable multishelled structure.
Meanwhile, PB microcubes react with the conjugate bases of
metal oxide based weak acids and generate multicompositional
microboxes (Fe2O3/SnO2, Fe2O3/SiO2, Fe2O3/GeO2, Fe2O3/
Al2O3, and Fe2O3/B2O3), which consist of uniformly dispersed
oxides/hydroxides of iron and another designed element. Such
complex hollow structures and atomically integrated multiple
compositions might bring usual physiochemical properties. As
an example, we demonstrate that these complex hollow
microboxes, especially the Fe2O3/SnO2 composite microboxes,
exhibit remarkable electrochemical performance as anode
materials for lithium ion batteries. We further anticipate that
these hollow microboxes with high structural and composi-
tional complexity would find their promising applications in
many areas.
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