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ABSTRACT: Fe,O; microboxes with hierarchically struc-
tured shells have been synthesized simply by annealing
Prussian blue (PB) microcubes. By utilizing simultaneous
oxidative decomposition of PB microcubes and crystal
growth of iron oxide shells, we have demonstrated a
scalable synthesis of anisotropic hollow structures with
various shell architectures. When evaluated as an anode
material for lithium ion batteries, the Fe,O; microboxes
with a well-defined hollow structure and hierarchical shell
manifested high specific capacity (~950 mA h g™" at 200
mA g~') and excellent cycling performance.

H ollow micro/nanostructures with controllable size, shape,
composition, and shell/internal structure have received
great attention because of their numerous promising
applications in a wide range of fields, such as energy storage
and conversion, catalysis, gas sensing, and biomedicine.'
Anisotropic hollow structures with nonspherical shapes and
complex hierarchical architectures are particularly interesting
for some applications.”® Conventional templating methods to
create nonspherical hollow structures still suffer from many
difficulties, ranging from forming uniform coatings around
high-curvature surfaces to the paucity of nonspherical templates
available.”® Recently, several novel approaches based on
different principles such as the Kirkendall effect,”"® galvanic
replacement, "> chemical etching,*~** solid-state decomposi-
tion,'® a quasi-templating process,'”” and self-organization of
crystallites'®'? have been developed to prepare anisotropic
hollow structures with a variety of compositions, including
noble metals and transition-metal oxides/sulfides. One
particularly appealing approach for fabricating metal oxide
hollow structures on a large scale is by solid-state
decomposition and/or conversion of proper solid precursors.
Nevertheless, most of the precursors are still limited to unstable
metal salts/hydroxides.'®*® Notwithstanding these advances,
the rational design and controllable synthesis of high-quality
anisotropic hollow structures with complex hierarchical
architectures still remain as significant challenges.
Metal—organic frameworks (MOFs) created from supra-
molecular assembly of inorganic components (metal ions or
metal clusters) with organic components (organic or organo-
metallic complexes) can exhibit diverse architectures and
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morphologies, such as cubic/octahedral particles, arrow-/
platelike particles, hexagonal lumps, and one-dimensional
rods/fibers/tubes. > 3" Therefore, the formation of hollow
structures using MOFs as precursors/templates may provide a
unique opportunity to develop a new class of highly tailorable
functional nanomaterials. For example, MOFs microspheres
have been used as sacrificial templates to prepare several hollow
and multi-ball-in-ball hybrid metal oxides by taking advantage
of the unique reactivity and thermal behavior of MOFs.”*** Lin
and co-workers synthesized hollow silica rods with various
thicknesses and aspect ratios using nanoscale MOFs
templates.”> Chen and co-workers reported the fabrication of
hollow ZnS polyhedra based on the reaction of nanoscale ZIF-8
as the sacrificial template and thioacetamide as the sulfur
precursor.>® Despite the progress achieved to date, research on
the facile synthesis of nanostructured inorganic functional
materials derived from MOFs is still in its very early stage. It is
hence highly desirable to develop novel synthesis protocols and
concepts utilizing the chemical properties of MOFs to prepare
high-quality functional nanomaterials with unique architectures.

Herein we report a scalable synthesis of Fe,O; microboxes
with various shell structures based on simple annealing of
preformed Prussian blue (PB) microcubes. PB is considered as
the first example of a synthetic coordination compounds (or
MOFs) consisting of a mixed-valence iron(Ill) hexacyano-
ferrate(II) compound of composition Fe,[Fe(CN)¢]; with a
face-centered-cubic (fcc) crystal structure.®*™3® By taking
advantage of the unique reactivity and thermal behavior of
PB microcubes, we formed Fe,O; microboxes by an annealing
treatment and studied the evolution of the shell structure.
When evaluated as an anode material for lithium ion batteries
(LIBs), the as-synthesized Fe,0; microboxes manifested high
specific capacity and excellent cycling performance.

The strategy for synthesizing Fe,O; microboxes with various
shell structures is schematically depicted in Figure 1. First, an
improved method for the synthesis of highly uniform PB
microcubes was developed. The subsequent thermal trans-
formation process to convert PB microcubes into Fe,O;
microboxes can be generally divided into three stages. In
stage I, which occurs below 350 °C, a large temperature
gradient existing along the radial direction leads to the

Received: July 30, 2012
Published: October 11, 2012

dx.doi.org/10.1021/ja307475c | J. Am. Chem. Soc. 2012, 134, 17388—17391


pubs.acs.org/JACS

Journal of the American Chemical Society

Communication

1]}

Fe,[Fe(CN)], Fe,0, Porous
Microcubes Microboxes Fe,0, Microboxes

Hierarchical
Fe,0, Microboxes

Figure 1. Schematic illustration of the formation of hollow Fe,0;
microboxes and the evolution of the shell structure with the increasing
calcination temperature.

transformation of PB into iron oxide in the near-surface
region.”” During the thermally induced oxidative decomposi-
tion, the continuous decomposition of the PB microcubes is
accompanied by outward gas flow, which eventually results in
the formation of a relatively dense iron oxide shell and a large
interior cavity. With an increase in the annealing temperature to
550 °C (stage II), the Fe,O; microboxes with a relatively
smooth and dense shell are transformed into highly porous
microboxes constructed from enlarged Fe,O; nanoparticles as a
result of crystal growth. Interestingly, further increasing the
annealing temperature to 650 °C (stage III) causes the
transformation of the highly porous shell into a well-defined
hierarchically structured shell consisting of Fe,O; nanoplatelets.
The detailed morphological and structural characterizations will
be discussed shortly. Compared with the widely used solution-
based methods for creating anisotropic hollow structures, the
present solid-state approach provides a more facile route for
large-scale synthesis of uniform anisotropic hollow structures.
PB microcubes prepared via a facile solution method [see the
Experimental Section in the Supporting Information (SI)] were
used as the starting material. Panoramic field-emission scanning
electron microscopy (FESEM) images showed that these PB
microcubes were highly uniform with an average size of ca. 1
um (Figure 2a and Figure S1 in the SI). A magnified FESEM
image (Figure 2b) revealed the very smooth surface over the
whole particle, suggesting the single-crystal-like character of the
PB microcubes. The crystalline structure of the PB microcubes
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Figure 2. (3, b) FESEM and (c) TEM images and (d) XRD pattern of
PB microcubes.

was further characterized by selected-area electron diffraction
(SAED) (Figure S2). The SAED pattern can be indexed to the
[001] zone axis of cubic PB microcubes. This observation
evidently suggests the single-crystalline characteristic of the PB
microcubes. A uniform-contrast transmission electron micros-
copy (TEM) image of a single microcube clearly demonstrated
its solid and dense nature without discernible porosity (Figure
2¢). The crystallographic structure and phase purity of the PB
microcubes were examined by powder X-ray diffraction (XRD).
As can be seen from the XRD pattern in Figure 2d, all of the
diffraction peaks could be unambiguously assigned to fcc
Fe,[Fe(CN)¢]; (JCPDS card no. 73-0687; space group Fm3m,
a=b=c=10.13 A, a = =y = 90°). No additional diffraction
peaks from impurities were detected, indicating the high purity
of the product.

The as-prepared PB microcubes were transformed into
Fe,O; microboxes by annealing in air. As indicated by
thermogravimetric analysis (TGA) (Figure S3), the PB
microcubes underwent significant weight loss mainly below
320 °C, during which PB decomposed into iron oxide. The
thermal transformation process was performed at three
temperatures: 350, 550, and 650 °C. The Fe,O; microboxes
obtained at different temperatures with distinct morphologies
and structures are displayed in Figure 3. At a relatively low

Figure 3. (3, b, d, ¢, g, h) FESEM and (q, f, i) TEM images of hollow
Fe,O; microboxes obtained at (a, b, c) 350 °C, (d, e, f) 550 °C, and
(g h, i) 650 °C.

temperature of 350 °C, the Fe,O; microboxes retained well the
size and cubic shape of the PB precursor particles (Figure 3a—
c). As revealed by the magnified FESEM image (Figure 3b), the
surface was relatively smooth, although some small nanopores
could still be recognized. XRD analysis (Figure S4) confirmed
that the sample was composed of cubic bixbyite B-Fe,O;
(JCPDS card no. 39-0238) and cubic spinel y-Fe,0; (JCPDS
card no. 39-1346).>* TEM examination (Figure 3c) clearly
showed the existence of a large cavity in each Fe,O; microbox.
Hence, during the oxidative decomposition of PB, the iron
oxide grew into a relatively smooth and dense crystalline shell,
inheriting well the overall cubic morphology of the PB
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microcube.*®*” More interestingly, such Fe,O; microboxes
underwent further crystal growth at increased temperatures. As
shown in Figure 3d—f, Fe,0O; microboxes with highly porous
shells were obtained at 550 °C. The porous microboxes were
constructed of Fe,O; nanoparticles with sizes of tens of
nanometers, as shown in the magnified FESEM image, while
the hollow cubic structure was perfectly retained, as shown in
the TEM image. Nonetheless, broken porous microboxes were
found after mechanical grinding (Figure SS). After calcination
at an elevated temperature of 650 °C, the porous shell of the
microboxes further evolved into a complex hierarchical
structure consisting of sheetlike Fe,O; subunits (Figure 3g—i
and Figure S6). It is worth noting that even after the annealing
at 650 °C, the cubic hollow structure still remained intact with
almost no broken microboxes observed, suggesting the
excellent structural stability of the Fe,O; microboxes. XRD
analysis (Figure S4) revealed that the diffraction peaks of both
P-Fe,0; and y-Fe,O; became more intense and sharper in the
Fe,0; microboxes obtained at 550 and 650 °C, again providing
evidence of the growth of Fe,O; crystallites and the structural
evolution at elevated temperatures. Therefore, the whole
thermal transformation process is characterized by two major
phases: thermally induced oxidative decomposition of the PB
microcubes and further crystal growth of Fe,O;. The former
creates the hollow structure of the Fe,O; microcubes, while the
later leads to the formation of different shell architectures. The
texture and porosity of the samples were also characterized by
measuring N, adsorption—desorption isotherms (Figure S7).
The Fe,O; microboxes obtained at 350 °C showed a moderate
Brunauer—Emmett—Teller (BET) specific surface area of 52.2
m?* g”', which is much higher than that of the pristine dense PB
microcubes (3.7 m*> g!). As expected, the interesting evolution
of the shell architecture at elevated temperatures was
accompanied by a considerable decrease in the BET specific
surface area to 37.4 m”> g~' for the porous Fe,O; microboxes
obtained at 550 °C and finally to 254 m® g' for the
hierarchical Fe,O; microboxes obtained at 650 °C.

As an important member of the transition-metal oxide family,
Fe,O; has long been regarded as a very promising anode
material for LIBs because of its much higher theoretical
capacity of ~1000 mA h g~' compared with that of
conventional graphite-based anodes (372 mA h g™') as well
as their nontoxicity, high corrosion resistance, and low
processing cost.*>*" Despite the relatively high charge/charge
potential that reduces the voltage in full cells, the improved
safety, high capacity, and low cost still make Fe,Oj; an attractive
anode material. Also, the drawback of relatively low Coulombic
efficiency in the initial cycle could be partly overcome by a
prelithiation treatment. In view of their unique nanostructures
and excellent stability, these Fe,O; microboxes might serve as
promising anode materials for future LIBs. Hence, electro-
chemical measurements were carried out to evaluate the
performance of Fe,O; microboxes with different shell
structures. The discharge—charge voltage profiles of a
representative sample (porous Fe,O; microboxes obtained at
550 °C) are shown in Figure 4a. A distinct voltage plateau at ca.
0.75 V was clearly identified during the initial discharge process,
and it shifted to ca. 1.0 V and remained stable in the subsequent
cycles. Meanwhile, a poorly defined plateau was observed in the
charge process at ca. 1.8 V. The discharge—charge voltage
profiles are in good agreement with previous reports, which
correspond to the reversible reduction of Fe,O; to Fe” and the
simultaneous formation of Li,O based on the following
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Figure 4. (a) Discharge—charge voltage profiles of porous Fe,Oj
microboxes obtained at 550 °C. (b) Cycling performance of Fe,O;
microboxes (350 °C), porous Fe,O; microboxes (550 °C), and
hierarchical Fe,O; microboxes (650 °C) and Coulombic efficiency of
porous Fe,0; microboxes (550 °C) over the voltage range 0.01—-3.0 V
vs Li/Li* at the same current density of 200 mA g~".

conversion half-reaction: Fe,0; + 6Li* + 6e~ 2 2Fe’ +
3Li,0.%*" To evaluate the cycling stability, the three samples
(Fe,O5 microboxes, porous Fe,O; microboxes, and hierarchical
Fe,0; microboxes) were charged and discharged at a current
density of 200 mA g~ over the voltage range 0.01—3.0 V vs Li/
Li*, and the cycling performance is depicted in Figure 4b.
Despite the initial capacity loss of ca. 20%, which is considered
quite low for transition-metal oxide-based anodes, all three
samples displayed excellent cycling stability with almost no
fading of capacity over the first 30 cycles. In particular, the
hierarchical Fe,O; microboxes obtained at 650 °C exhibited the
highest reversible capacity of 945 mA h g™ in the 30th cycle,
while comparable capacities of 802 and 871 mA h g~" were also
obtained for Fe,O,; microboxes (350 °C) and porous Fe,O,
microboxes (550 °C), respectively. From the second cycle
onward, the Fe,O; microboxes exhibited a Coulombic
efficiency of ~95%. The cycling response at continuously
varying rates showed that even during cycling at a high current
density of 1000 mA g™, capacities in the range S00—1000 mA
h g™' could still be retained (Figure S8). Compared with other
reported Fe,O5-based materials, the unique hierarchical Fe,O,
microboxes manifested greatly enhanced lithium storage
properties with hi%h reversible capacity and excellent cyclic
capacity retention.*”*" The remarkable lithium storage proper-
ties are probably related to the unique nanostructure of these
Fe,O; microboxes. Specifically, both the hollow structure and
the porous shell architecture facilitate penetration of the
electrolyte and transport of Li* ions in the electrode.*
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Meanwhile, such hierarchical hollow structures could efficiently
buffer the stress caused by volume variation during the charge—
discharge process.'® Furthermore, the Fe,O; microboxes with
high crystallinity and structural stability would also help in
retaining the pristine nanostructure upon cycling.

In summary, we have demonstrated a facile and scalable
synthesis of Fe,O; microboxes with various shell structures.
Fe,O; microboxes were formed by thermally induced oxidative
decomposition of Prussian blue microcubes at 350 °C. When
the annealing temperature was increased to 550 °C, porous
Fe,0; microboxes constructed of enlarged Fe,O; nanoparticles
were obtained, and hierarchical microboxes constructed of
Fe,O; nanoplatelets were produced by annealing at 650 °C.
When evaluated as potential anode materials for lithium ion
batteries, the as-prepared Fe,O; microboxes with unique shell
structures exhibited high lithium storage capacities and
excellent cycling performance. By taking advantage of the
unique reactivity and thermal behavior of a large number of
MOFs synthesized to date with fascinating architectures and
morphologies, the present solid-state thermal decomposition
method might inspire some new directions for the large-scale
synthesis of unique functional nanomaterials. We anticipate that
the approach presented in this work could be extended to the
fabrication of other hollow structures, compositions, and
geometries.
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Detailed experimental procedures, additional FESEM and high-
resolution TEM images, SAED pattern, TGA curve, XRD
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