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Design and synthesis of micron-sized spherical
aggregates composed of hollow Fe2O3

nanospheres for use in lithium-ion batteries†

Jung Sang Cho, Young Jun Hong, Jong-Heun Lee and Yun Chan Kang*

A novel structure denoted a “hollow nanosphere aggregate” is syn-

thesized by introducing nanoscale Kirkendall diffusion to the spray

pyrolysis process. The hollow Fe2O3 nanosphere aggregates with

spherical shape and micron size are synthesized as the first target

material. A solid iron oxide–carbon composite powder that is pre-

pared by a one-pot spray pyrolysis process is transformed into the

hollow Fe2O3 nanosphere aggregates by sequential post-pyrolysis

treatments under reducing and oxidizing atmospheres. The nano-

scale Kirkendall diffusion plays a key role in the formation of the

hollow Fe2O3 nanosphere aggregates with spherical shape and

micron size. The unique structure of the hollow Fe2O3 nanosphere

aggregates results in their superior electrochemical properties as

an anode material for lithium ion batteries by improving the struc-

tural stability during cycling. The hollow metal oxide nanosphere

aggregates with various compositions for wide applications includ-

ing energy storage can be prepared by the simple fabrication

method introduced in this study.

Introduction

To create rechargeable lithium-ion batteries (LIBs) with
superior electrochemical properties, nanostructured transition
metal oxide materials with high specific capacities, fast rate
performances, and long cycle lives have been developed.1–8

When used as energy storage materials, hollow metal oxide
powders exhibit good electrochemical properties at high
current densities because of their decreased diffusion length
and the increased contact area between the electrolyte and
electrode for Li+ insertion/desertion.9–13 Even though various
types of hollow oxide materials have been studied as anode
and cathode electrode materials for lithium secondary bat-
teries, these hollow powders cannot be readily applied as

battery materials because of their low energy density, which is
due to their low tap density.14–19

Hollow nanopowders, consisting of particles several nano-
meters in size and with a low void volume, have the ideal
structure for an anode material in LIBs because of their struc-
tural stability and volumetric energy density. Hollow nanopow-
ders composed of ultrafine particles are mainly prepared by
applying the Kirkendall effect to liquid solution methods.20–26

First, a metal nanopowder is formed through the reduction of
metal cations in an aqueous media. The nanopowder is then
transformed into a hollow nanopowder through oxidation by
the Kirkendall diffusion process under an oxygen-containing
atmosphere. The initial metal nanopowder must have a dense
structure to produce the hollow metal oxide nanopowder
through Kirkendall diffusion. Therefore, there have been no
reports of a fabrication method for hollow metal oxide nano-
powders through Kirkendall diffusion that are not based on a
liquid solution method. The sintering and particle growth of
metal nanopowders that takes place before Kirkendall
diffusion occurs and prevents the fabrication of hollow metal
oxide nanopowders with no aggregation between the particles.
Therefore, the development of a novel and simple synthesis
process for hollow nanospheres remains a great challenge. In
addition, hollow nanopowders composed of particles that are
several nanometers in size cannot be applied efficiently as
anode materials in LIBs because of the difficulties in handling
nanopowders and achieving a high tap density.

Powders composed of micron-sized spherical particles are
commonly used as anode materials in LIBs because of their
high tap density and volumetric energy density.27–31 However,
micron-sized spherical particles with a solid structure have
poor cycling and rate performances.2,32–34 Therefore, micron-
sized spherical aggregates of hollow nanospheres with a high
structural stability have an ideal structure for commercial
LIBs.

In this study, to the best of our knowledge, we fabricated
micron-sized aggregates of hollow nanospheres for the first
time. The Fe2O3 powder with a unique structure was prepared
with a three-step process. A solid iron oxide–carbon composite
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powder that was prepared with one-pot spray pyrolysis was
transformed into the hollow Fe2O3 nanosphere aggregates by
sequential post-pyrolysis treatments under reducing and oxi-
dizing atmospheres. The formation mechanism of the aggre-
gates and their electrochemical properties as anode materials
in LIBs were investigated.

Results and discussion

The morphology of the FeOx–carbon composite powder pre-
pared directly with spray pyrolysis using the spray solution
containing sucrose is shown in Fig. 1a. The particles are
spherical in shape, have a smooth surface, and exhibit little
aggregation. The polymerization and carbonization of sucrose
under a nitrogen atmosphere forms the carbon-based material
of the particles. A large amount of carbon-based material dis-
turbed the crystal growth of the iron oxide formed through the
decomposition of iron nitrate enneahydrate. Therefore, a
FeOx–carbon composite particle with an amorphous structure
was formed from each droplet. The X-ray diffraction (XRD)
shown in Fig. 1b shows the appearance of a broad peak

between 20 and 25° which indicates the presence of amor-
phous carbon. The absence of extra peaks reveals the amor-
phous structure of the FeOx–carbon composite powder. The
carbon content of the FeOx–carbon composite powder was
estimated to be 51% from the TGA curve shown in Fig. 1c.

The reduction of the iron oxide uniformly embedded in the
carbon network resulted in the formation of the Fe–carbon
composite powder. The morphology of the Fe–carbon compo-
site powder is shown in Fig. 2. The scanning electron
microscopy (SEM) image shown in Fig. 2a displays the rough
surface of the composite particles. The crystal growth of the
iron has changed the smooth surface of the FeOx–carbon com-
posite particles into a rough surface. The transmission elec-
tron microscopy (TEM) images shown in Fig. 2b and c exhibit
the dense structure of the Fe–carbon composite particles. The
TEM and high-resolution TEM (HRTEM) images (Fig. 2c and d)
show the iron nanocrystals embedded in the amorphous
carbon matrix. The clear lattice fringes shown in Fig. 2d are
separated by 0.2 nm, which corresponds to the (110) plane of

Fig. 1 (a) SEM image, (b) XRD pattern, and (c) TG curve of the as-syn-
thesized FeOx–carbon composite powders by spray pyrolysis.

Fig. 2 Morphologies, SAED, and elemental mapping images of the Fe–
carbon composite powder post-treated at 500 °C under a H2/Ar mixed
gas atmosphere: (a) SEM image, (b) and (c) TEM images, (d) HR-TEM
image, (e) SAED pattern, and (f ) elemental mapping images.
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Fe. As can be seen in Fig. 2d, ultrafine Fe nanocrystals with a
mean size of 20 nm have been dispersed across the surface of
the composite particles. The reaction of hydrogen gas with the
iron oxide first occurs at the surface of the composite particles.
Therefore, Fe nanocrystals are initially formed on the surface
of the composite particles in the early stages of the reduction
process. Subsequently, the complete reduction of the inner
core of the particles, as well as the effects of the Ostwald ripen-
ing process, results in the formation of Fe nanocrystals with a
broad size distribution. The Fe nanocrystals are first formed
during the early stage of the reduction process and grow into
larger crystals through the Ostwald ripening process. There-
fore, Fe nanocrystals that are smaller than 20 nm are dispersed
inside the composite particles. The selected area electron diffr-
action (SAED) pattern shown in Fig. 2e reveals the presence of
(110), (200), and (211) lattice planes corresponding to the Fe
phase, as well as the (311) plane of the Fe3O4 phase due to the
partial surface oxidation of Fe nanocrystals by exposure to air.
The XRD pattern shown in Fig. S1a† reveals the complete
reduction of the FeOx–carbon composite into Fe–carbon com-
posite by the reduction process. The mean crystallite size of
the Fe nanocrystals calculated from the peak width of the XRD
pattern is shown in Fig. S1a† using the Scherrer equation is
45 nm. The elemental mapping images (Fig. 2f) show the
uniform distribution of Fe and C throughout the Fe–carbon
composite particles. Visible Fe nanocrystals that were grown by
the Ostwald ripening process are also present in the elemental
mapping images, as indicated by the arrows.

The Fe–carbon composite powder was oxidized to form the
uniquely structured Fe2O3 powder. The morphology of the
Fe2O3 powder is shown in Fig. 3. The SEM and TEM images of
the Fe2O3 particles (Fig. 3a and b, respectively) show that they
have a similar morphology to that of the Fe–carbon composite
particles. However, the inner structure of the Fe2O3 particles is
not the same as that of the Fe–carbon composite particles. The
TEM image (Fig. 3c) shows the aggregated structure of the
hollow nanospheres. The Fe nanocrystals are converted into
the hollow Fe2O3 nanospheres through the Kirkendall effect
during the heat treatment. The clear lattice fringes shown in
the inset of Fig. 3d are separated by 0.27 nm, which corres-
ponds to the (104) plane of the α-Fe2O3 phase. The shell thick-
ness of the hollow Fe2O3 nanospheres is about 4 nm, as
determined from the TEM image shown in Fig. 3c. The broad
peaks of the XRD pattern shown in Fig. S1b† are evidence of
the ultrafine size of the Fe2O3 nanocrystals that form the
hollow nanospheres. The selected area electron diffraction
(SAED) pattern shown in Fig. 3e confirms the formation of
α-Fe2O3. The oxidation of Fe into Fe2O3 is further supported by
the XPS spectra shown in Fig. S2.† Only oxygenated functional
groups, like CvO and OvC–O, are present in the O 1s peak of
the Fe–carbon composite powder before undergoing the heat
treatment. However, after the heat treatment, CvO and OvC–O
groups disappear and the functional group corresponding to
Fe–O bonding at 529 eV is newly present in the hollow Fe2O3

nanosphere aggregates. In the Fe 2p spectrum (Fig. S2c†),
there are two peaks at binding energies of 711 eV for Fe 2p3/2

and 724 eV for Fe 2p1/2 and a shakeup satellite at 719 eV,
which are the characteristic peaks of Fe(III) in α-Fe2O3.

35–38 No
components related to zero-valent Fe and Fe2+ are observed.
The graphitic carbon layers dispersed between the hollow
nanospheres can be seen in the HRTEM image, as indicated
by the arrows in Fig. 3d. A small amount of amorphous carbon
was transformed into the graphitic carbon during the first
stage of the post-pyrolysis treatment, with the iron acting as a
catalyst. However, the elemental mapping images and TGA
curve shown in Fig. 3f and S3,† respectively, suggest that the
decomposition of almost all of the carbon-based material
occurred during the formation of the hollow Fe2O3 nanosphere
aggregates.

A schematic of the formation mechanism of the hollow
nanosphere aggregates is investigated in detail by tracing the
changes in the particle morphology induced by the post-pyro-
lysis treatments and shown in Scheme 1. The FeOx–carbon
composite powder is prepared with one-pot spray pyrolysis.
The FeOx–carbon composite powder is formed from the drying
of droplets, decomposition of iron nitrate enneahydrate, and

Fig. 3 Morphologies, SAED, and elemental mapping images of the
hollow Fe2O3 nanosphere aggregates: (a) SEM image, (b) and (c) TEM
images, (d) HR-TEM image, (e) SAED pattern, and (f ) elemental mapping
images.
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polymerization and carbonization of sucrose under a nitrogen
atmosphere (Scheme 1-① and -②). The reduction of the FeOx–

carbon composite powder during the first stage of the post-
pyrolysis treatment produces the Fe–carbon composite
powder, in which Fe nanocrystals that are several tens of nano-
meters in size are uniformly distributed within the carbon
microspheres (Scheme 1-③ and Scheme 2-①). The second
stage of the post-pyrolysis treatment produces the hollow
Fe2O3 nanosphere aggregates. The Fe nanocrystals are con-
verted into hollow Fe2O3 nanospheres during this heating

process by the Kirkendall effect. A thin Fe2O3 layer forms over
the Fe nanocrystals through the partial oxidation of the nano-
crystals’ surface (Scheme 1-④ and Scheme 2-②). After the for-
mation of the thin Fe2O3 layer, Fe cations diffuse outward
from the boundary between the Fe and Fe2O3 layers to the
surface of the Fe/Fe2O3 (core/shell) nanocrystals faster than
oxygen can diffuse inward. The oxygen anion has a large ionic
radius (140 pm), and therefore, has a slower diffusion rate
through the Fe2O3 layer compared to the Fe cations, which
have a small ionic radius (Fe2+ = 76 pm, Fe3+ = 65 pm). Accord-
ingly, Kirkendall voids were generated near the Fe/Fe2O3 inter-
face during vacancy-assisted exchange of the material via bulk
interdiffusion (Scheme 2-③), which gives rise to coarsening
and enhancement of pore growth in the spheres (Scheme 1-⑤
and Scheme 2-④). The complete conversion of Fe into Fe2O3

through Kirkendall-type diffusion transforms the Fe nanocrys-
tals dispersed throughout the carbon matrix into Fe2O3 nano-
spheres. The amorphous carbon decomposes into carbon
dioxide during the formation of the Fe2O3 nanospheres
because of the oxidizing atmosphere. Consequently, the Fe–
carbon composite powder is converted into the micron-sized
hollow Fe2O3 nanosphere aggregates (Scheme 1-⑤).

The solid Fe2O3 powder was prepared directly with spray
pyrolysis using a spray solution that did not contain sucrose.
The SEM image shown in Fig. S4a† demonstrates the spherical
shape of the particles and non-existent aggregation between
the particles. The XRD pattern of this solid powder (Fig. S4b†)
shows that it has a pure α-Fe2O3 structure, with no impurities.
The N2 adsorption and desorption isotherms as well as the
Barrett–Joyner–Halenda (BJH) pore size distributions of the
hollow Fe2O3 nanosphere aggregates and solid powder are
shown in Fig. S5.† The hollow Fe2O3 nanosphere aggregate has
well-developed micro- and meso-pores, with a pore diameter of
3 nm at the maximum of the distribution. However, the solid
Fe2O3 powder has mesopores, with a pore diameter of 15 nm
at the maximum of the distribution. The Brunauer–Emmett–
Teller (BET) surface areas of the hollow Fe2O3 nanosphere
aggregates and solid powder are 138 and 4 m2 g−1,
respectively.

The electrochemical properties of the hollow Fe2O3 nano-
sphere aggregates and solid powder are shown in Fig. 4; the
charge and discharge curves of the two samples at a constant
current density of 3 A g−1 are shown in Fig. 4a and b. The
initial discharge curve of the hollow Fe2O3 nanosphere aggre-
gates shows two weak plateaus near 1.0 and 1.5 V because of
the insertion of lithium into the α-Fe2O3 structure without any
structural changes and a phase transformation from the hexa-
gonal α-LixFe2O3 structure to the cubic LixFe2O3 structure,
respectively.1,39,40 However, the initial discharge curve of the
solid Fe2O3 powder with a low BET surface area does not show
the same plateaus near 1.0 and 1.5 V. The two samples have
long plateaus near 0.7 V because of the complete reduction of
Fe(III) to Fe(0), formation of Li2O, and irreversible reduction
reaction of the electrolyte to form a solid electrolyte interphase
(SEI) film.41–43 The initial discharge capacities of the hollow
Fe2O3 nanosphere aggregates and solid powder are 1267 and

Scheme 1 Formation mechanism of the hollow Fe2O3 nanosphere
aggregate by Kirkendall-type diffusion.

Scheme 2 Chemical conversion process in the surface region of a Fe
sphere in C matrix.
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1216 mA h g−1 and their initial Coulombic efficiencies are
77 and 53%, respectively. The formation of an SEI layer on the
surface of the powders and the incomplete restoration of met-
allic Fe during the initial charging process decreased the
initial Coulombic efficiency of the two samples. In addition,
the structural stability of the two samples during the first dis-
charging and charging cycle caused the difference between
their initial Coulombic efficiencies. The morphologies of the
two samples obtained after the first cycle are shown in
Fig. S6.† The solid Fe2O3 powder was broken into several
pieces during the first discharging and charging processes. On
the other hand, the spherical morphology of the hollow Fe2O3

nanosphere aggregates was completely maintained after first
cycle. The cyclic voltammetry (CV) curves of the hollow Fe2O3

nanosphere aggregates for the first 7 cycles at a scan rate of
0.1 mV s−1 are shown in Fig. 4c. The sharp reduction peak
observed at 0.7 V vs. Li+/Li coincides well with the plateau
observed in the initial discharge curve in Fig. 4a. The good
overlapping of the CV curves from the second cycle onward
reveals good reversibility of the electrochemical reactions. The
different structural stabilities of the two samples affected their
cycling performances. The hollow Fe2O3 nanosphere aggre-
gates had similar charge and discharge capacities for the 3rd

and 5th cycles, as shown in Fig. 4a. On the other hand, the
solid Fe2O3 powders with unstable structure during insertion
and desertion processes exhibit differences in their charge and
discharge capacities for the 3rd and 5th cycles. The discharge
capacities of the hollow Fe2O3 nanosphere aggregates and
solid powder after 100 cycles at a current density of 3 A g−1 are

854 and 419 mA h g−1, respectively. The rate performances of
the two samples are shown in Fig. 4e, in which the current
density was increased step-wise from 0.5 to 10 A g−1 and then
decreased to 0.5 A g−1. The hollow Fe2O3 nanosphere aggre-
gates have a good rate performance and their high capacity is
maintained when the current density is reduced back to 0.5 A
g−1. The stable reversible discharge capacities of the hollow
Fe2O3 nanosphere aggregates decrease from 1084 to 505 mA h
g−1 as the current density increases from 0.5 to 10 A g−1. On
the other hand, the capacities of the solid Fe2O3 powder
decrease continuously, even after returning to the low current
density of 0.5 A g−1.

The Nyquist impedance plots of the hollow Fe2O3 nano-
sphere aggregates and solid powder before and after 1 and 50
cycles are shown in Fig. 5. The medium-frequency semicircles
in the Nyquist plots of the electrodes were assigned to the
charge-transfer resistance (Rct).

2,44,45 The precise values of Rct
are calculated from a simulated equivalent circuit as described
by Zheng et al.46,47 The hollow Fe2O3 nanosphere aggregates

Fig. 4 Electrochemical properties of the solid Fe2O3 powders and
hollow Fe2O3 nanosphere aggregates: (a) and (b) charge–discharge
curves, (c) CV curves of hollow Fe2O3 nanosphere aggregates, (d)
cycling performances, and (e) rate performances.

Fig. 5 Impedance analysis of the solid Fe2O3 powders and hollow
Fe2O3 nanosphere aggregates: (a) before cycling, (b) after cycling of
hollow Fe2O3 nanosphere aggregates, and (c) after cycling of solid
Fe2O3 powders.
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with graphitic carbon exhibit a lower Rct of 69.8 Ω than
260.7 Ω of the solid Fe2O3 powder before cycling, as shown in
Fig. 5a. The synergetic effect of hollow nanostructure and a
graphitic carbon resulted in the low Rct of the hollow Fe2O3

nanosphere aggregates. The hollow Fe2O3 nanosphere aggre-
gates with graphitic carbon also exhibit a low Rct of 12.6 and
13.1 Ω after 1st and 50th cycles, respectively, as shown in
Fig. 5b. However, the Rct of the solid Fe2O3 powder increases
from 16.1 to 31.5 Ω as the number of cycles increases from 1st

to 50th cycle, as shown in Fig. 5c. The morphologies of the two
samples obtained after first 100 cycles are shown in Fig. S7.†
The spherical morphology of the solid Fe2O3 cannot be found
in the SEM image shown in Fig. S7a.† The large volume
change during the repeated lithium insertion and desertion
processes destroyed the spherical morphology of the solid
Fe2O3 powders. However, the overall structure of the hollow
Fe2O3 nanosphere aggregates is maintained even after repeated
lithium insertions and desertions, as shown in Fig. S7b.† The
void space of the hollow nanosphere accommodated the
large volume change due to repeated lithium insertion and
desertion processes.

Conclusions

A new preparation method for uniquely structured metal oxide
microspheres that consist of aggregated hollow nanospheres
was investigated. The hollow Fe2O3 nanosphere aggregates
fabricated for the first time in this study were prepared from a
FeOx–carbon composite powder fabricated directly with spray
pyrolysis by performing sequential post-pyrolysis treatments
under reducing and oxidizing atmospheres. Nanoscale Kirken-
dall diffusion played a key role in the formation of the hollow
Fe2O3 nanosphere aggregates. The micron-sized spherical
aggregates of hollow nanospheres had high structural stability
and an ideal structure for anode materials in LIBs, which
undergo huge volume changes during the lithium insertion
and desertion processes. In addition, hollow metal oxide nano-
sphere aggregates with various compositions could be pre-
pared with the simple fabrication method introduced in this
study. Therefore, hollow metal oxide nanosphere aggregates
could be applied to a wide range of fields, including energy
storage.
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