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Three-dimensional (3D) porous frameworks have great promise on the field of lithium-ion batteries (LIB). However, the

size effects which 3D porous frameworks have on the structural and functional optimization are rarely reported. Herein,

porous single-crystal a-Fe,0; microrices synthesized through a facile one-pot hydrothermal method have been developed

as a model system to investigate the correlations between pore structure and LIB performance. A top-down chemical

etching method was used to control the pore size and porosity of the a-Fe,0; microrices simultaneously over a wide

range. The a-Fe,03 porous microrices were further coated with carbon to stabilize the structure. The electrochemical

characterizations show that the increase of the pore size and the total porosity leads to a higher specific capacity but

poorer cycling performance. Carbon coating on the surface of a-Fe,O; microrices significantly enhance the structural

stability of particles and improve the cyclability of batteries. The obtained a-Fe,0;@C porous microrices exhibit a high

capacity of ~1107 mAh g'1 at a current density of 200 mA g™, 83% capacity retention after 100 cycles and an excellent rate

capability, which are among the best ones so far reported for a-Fe,0; electrodes. Our results provide a general structural

optimization strategy of porous oxides for high performance LIB anodes.

Introduction

Lithium-ion batteries (LIBs) as one of the most important
energy storage systems are widely used because of their high
energy density and environmental friendliness."” However,
the lifetime and power density of current LIBs can not satisfy
the ever increasing requirements.g'12 It is known that the
performance of LIB electrodes is generally determined by the
thermodynamic and kinetic behaviour of the Li* ions, which is
strongly influenced by the intrinsic physical-chemical
properties and morphology of electrodes materials.*>**
Transition metal oxides (TMO) have stimulated tremendous

interest due to their unique
15,16

scientific and technological
properties and applicability as the electrode materials.
Especially, hematite materials have attract increasing attention
owing to its relative high theoretical capacity (1007 mAh g'l),
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environmental friendliness, low cost and high resistance to

17-24 . .
However, the relatively poor ion or electron

corrosion.
transport properties, large volume change and unstable solid
electrolyte interphase (SEI) have been limiting the application
of a-Fe,03 anodes in LIBs.>?%
Considerable efforts have been made
design a-Fe,03
nanospheres,”’18 nanoflakes,19
hollow spherezz'23 and so on, which have demonstrated that
the nanostructured o-Fe,0; can greatly improve their
electrochemical performance. However, a significant amount

in the structural

such as
1

for electrode  materials

20 . 2
nanotubes, nanofiber,

of polymer binder is required to keep Fe,0; nanoparticles in
contact and adhere to current collectors, leading to a high
resistance of the electrodes.”® Moreover, low tap-density of
nanoparticles the practical energy density of
batteries.” Compared to nanoscale particles, micro-sized a-

reduces

Fe,0; having high tap-density are easy to handle during
electrode manufacturing.w"33 Particularly, a-Fe,0;
particles with three-dimensional (3D) porous structures have

micro-

shown great potential in LIB application.33 For example, single-
crystal a-Fe,03; melon-like porous micro-particles prepared by
a selective oxalic acid etching process demonstrated that the
porous microstructure manifest a significantly improved
cycling stability for lithium storage.33 Meanwhile, such single-
crystal porous microstructures system constructed via the top-
down strategy present better structural stability than that of
micro-sized agglomerates composed of nano-sized primary
crystallites. Ye et al®? argue that the pore size and total
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porosity of porous materials play important roles in their LIB
performance. By matching the Li* transportation in the liquid
electrolyte and the solid-state active material phases through
adjusting pore size and thickness of the active coating, the
significant improvements can be achieved for the performance
of electrode materials. Although modest strides have been
achieved, the structural optimization strategy for porous
micro-sized single-crystal metal oxide is still not clear and
urgently demanded.”

Here we demonstrate a model system of single-crystal a-
Fe,05; porous microrices prepared by a low-cost and effective
one-step hydrothermal method. The porous framework is
constructed via a top-down chemical etching approach. Tuning
pore size and porosity by the reaction parameters enables
systematically investigation of structural optimization of a-
Fe,0; porous microrices for LIBs application. Particularly, the
pore size and porosity of microrices are found to increase
simultaneously during  the etching The
electrochemical properties of as-synthesized porous a-Fe,0;

process.

with different pore size have been conducted to reveal the
correlations between the pore size/total pore volume and the
capacity/cycling life. Furthermore, in order to compensate the
possible loss of stability due to porous structure and enhance
their conductivity34’35, the effect of carbon coating on LIB
performance of porous oa-Fe,O; microrices has also been
investigated. This study aims structural
optimization strategy to generate high
performance porous micro-scale oxides electrode materials,

to provide a
comprehensive

which is instructive to promoting the developments of micro-
scale materials in LIB applications.

Experimental
Materials Synthesis

In a typical synthesis of the Fe,0; porous microrices, 6.4 mL of
aqueous FeCl; solution (0.5 M) and 0.72 mL of aqueous
NH;H,PO, solution (0.02 M) were mixed. Distilled water was
added to a final volume of 40 mL. After stirring for 10 minutes,
the mixture was transferred into a Teflon-lined stainless-steel
autoclave with a capacity of 50 mL for hydrothermal treatment
at 220 °C. A series of experiments were carried out at different
hydrothermal reaction times to investigate the structural
evolution process. The autoclave was naturally cooled down to
room temperature. The precipitate was separated by
centrifugation, washed with distilled water and absolute
ethanol, and then dried under vacuum at 80 ‘C.

For carbon coating process, 0.5 g porous Fe,03; microrices
were added to a transparent solution containing 0.5 g citric.
For carbon coating process, 0.5 g porous Fe,03; microrices
were added to a transparent solution containing 0.5 g citric
acid and 5 mL ethanol and stirred in a sealed bottle for 24 h.**
After filtrating and drying, the final powder was sintered at
300 °C for 2 h in Ar gas.

2| J. Name., 2012, 00, 1-3
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Fig. 1 A schematic illustration of the synthetic procedure of porous a-Fe,0; @C

microrices.

Characterization

X-ray diffraction (XRD) was conducted within a D8 Advance X-
ray diffractometer. The morphologies of the powder were
studied by Field emission scanning electron microscopy (FE-
SEM, Hitachi s-4800 microscope) at 10 kV and transmission
electron microscopy (TEM, Tecnai G2 F20 s-Twin microscopy).
Raman spectra were measured with WITec Alpha-500 Raman
microscope system with a 785 nm laser excitation source.
Brunauer-Emmet-Teller (BET) surface area was analysed using
Tristar 11 3020 for the adsorption of nitrogen.

Electrochemical Characterization

The electrochemical properties were measured in coin cells
(CR2430) with lithium foil as the counter electrode. The
working electrode consists of the testing material (e.g., Fe,03,
Fe,0;@C), acetylene black and poly-tetrafluoroethylene (PTFE)
(a weight ratio of 80:10:10), which were pasted on Ni foam
with 12 mm in diameter. The prepared working electrodes
were dried in a vacuum oven at 100 'C over 12 h to remove the
solvent. These electrodes had a solid loading of 5.0 mg em™.
Cells were assembled in a glove box in Ar gas The electrolyte
was 1 M LiPFg in a mixture of dimethyl carbonate, diethyl
carbonate and ethylene carbonate (1:1:1 by volume), and the
separator was Celgard 2400. The charge/discharge tests were
carried out on LAND battery test system (CT 2001A, Wuhan
Jinnuo Electronic Co. Ltd. of China) at a constant current
density of 200 mA g-1 within a cut-off voltage window of
0.005-3.0 V. Electrochemical impedance spectroscopy (EIS)
measurements were conducted on an electrochemical
workstation (660D, CHI company, China) with the frequency
range from 0.01 Hz to 100 kHz.
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Fig. 2 (a) XRD patterns and (b) Raman spectroscopy of products before (red) and

after (black) carbon coating process; inset, the crystal structure of A-Fe,03.
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Fig. 3 (a-c) Low and high magnification SEM images (d-f) TEM and high-resolution images with the corresponding fast Fourier transformation pattern (inset) and (g) EDS mappings

of a- Fe,0;@C microrice.

Results and discussion

The synthetic procedure of porous a-Fe,0;-@C microrices is
illustrated in Fig. 1. Porous microrices are synthesized in an
autoclave first. After separating, the obtained products are
mixed with citric acid and then hydrothermally treated. The
phase structure analysed from the X-ray diffraction as shown
in Fig. 2 is in a good agreement with that of the standard a-
Fe,O; (JCPDS card No. 33-0664). In addition, no phase
transition takes place during the coating process. The as-
synthesized samples have been further characterized by
Raman spectroscopy shown in Fig. 2b. It shows that the typical
modes for a-Fe,0; are observed in the so-called “finger print”
region at low wave numbers for both spectra.36 Additionally,
the G-band at ~1580 cm'l, the featured band in graphite and
graphene representing the planar sp2 bonded structure,
confirms the carbon coating.37 The morphology of the as-
prepared products was examined using FESEM and TEM. The
SEM image of porous a-Fe,0;@C microrices in Fig. 3a shows

This journal is © The Royal Society of Chemistry 20xx

the particles are uniform with rice-like morphology. From the
statistics of the particle size distribution (Fig. S1t), the mean
length of the microrices is ¥3 um and the diameter ~1.9 um.
The SEM images in Fig. 3b and c show the detailed architecture
of the carbon coated a-Fe,0; microrice with highly porous
structure indicating an open pore-network within the bulk,
which is further confirmed by TEM. Details of the interior
structure and carbon-coated surface are revealed by TEM. In
the high resolution transmission electron microscopy (HRTEM)
image (Fig. 3e) taken along an edge of a Fe,0O;@C microrice,
the lattice fringes with a spacing of 0.46 nm agree with the
(003) planes of a-Fe,O; (JCPDS card No0.33-0664). In
conjunction with fast Fourier transformation (FFT) analysis
(Fig. 3e, inset), it is confirmed that the highly crystallized a-
Fe,0; is obtained. In Fig.3f, a shell with a thick of 13 nm
(highlighted with lines) can be observed. Element mapping in
energy dispersive spectroscopy (EDS) shows that Fe, O and C
are distributed in the product. Therefore, carbon coated
single-crystal a-Fe,03 with a highly porous microstructure has
been fabricated successfully.

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 Low and high magnification SEM images of the a-Fe,0; with a reaction time of
0.5h (a-b), 2h (c), 4h (d), 8h (e) and 60h (f)

In order to elucidate the formation mechanism of porous
microrices, the evolution of the samples has been investigated.
XRD analysis of all the products (Fig. S2%) shows that the
crystal phase of the particles is pure a-Fe,0; and not altered
during the formation process. Fig. 4 shows the SEM images of
the products with various reaction times (hours). In Fig. 4a,
large-scale nanorices and a small amount of microrices can be
observed clearly. The morphology of microrice is not uniform.
Some of them are ellipsoids with an average length of ~1.5
um. The high-magnification SEM image of the nanorices is
presented in Fig. 4b. The size of the rices ranges widely from
tens of nanometers to ~300 nm. It implies that the Ostward
ripening process occurs at 0.5 h. When increasing the reaction
time to 2 hours, nanorices disappear while microrices still exist
as shown in Fig. 3c. The microrices show uniform morphology
and size. The length and the diameter of the microrice are
~4um and ~1.5 um, respectively. The high magnification SEM
image shows that the surface of these micro-particles is nearly
smooth. When prolonging the reaction time to 4, micropores

Tab. 1 Key Parameters of Samples

Product Reaction Surface Total Pore Average
Time Area Volume Pore Size
(hour) (m*g™?) (em®g?) (nm)
Fe;05-2 2 9 0.02 2
Fe,05-4 4 12 0.09 12
Fe,05-8 8 23 0.15 25
Fe,03-60 60 31 0.23 70

4| J. Name., 2012, 00, 1-3
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appear on the surface of the microrices (Fig. 4d). However, the
particles size does not change. When the reaction time is
further increased to 8, the rice-like morphology of particle
smooth. When prolonging the reaction time to 4, micropores
appear on the surface of the microrices (Fig. 4d). However, the
particles size does not change. When the reaction time is
further increased to 8, the rice-like morphology of particle
remains unchanged but the surface becomes noticeably
rougher (Fig. 4e). It seems that the pores size and porosity of
Fe,05-8 are larger than that of Fe,0;-4. Finally, when the
reaction time reaches 60, the highly porous Fe,0; microrices
are generated (Fig. 4f). The Fe,03-60 particles have the same
size rice shape and the largest pores size among all synthetic
samples. The results obtained from the time-dependent
experiments indicate a chemical etching process which can be
used to control the fabrication of porous a-Fe,0; microrices
with tunable pore size and pore volume by simple adjusting
the etching duration. Nitrogen adsorption—desorption
isotherms (Fig. S3%) were employed to measure the pore
volume and average pore size of the particles. As shown in
Tab.1, the specific area, total pore volume and average pore
size of the particles increase monotonously with the etching
time.

The electrochemical performance of the Fe,03-60@C
microrice was evaluated as an anode for LIBs. To study the
charge-discharge  behaviour, Cyclic Voltametry (CV)
measurement conducted. Fig. 5a depicts the
representative CVs of the Fe,03;-60@C in the potential window
of 0.005-3 V at the scan rate of 0.1 mV s™. In the cathodic
polarization process of the first cycle, two obvious peaks were
observed at 1.53 and 0.72 V (vs. Li*/Li), attributed to lithium
intercalation in the rice sites and the reduction of Fe** to Fe®.*®
Meanwhile, in the anodic polarization process, only one
broadened peak was recorded at about 1.6 V (vs. Li*/Li),

was
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Fig. 5 (a) Cyclic voltammograms of the a-Fe,05-60@C anode at a constant scan rate of
0.1 mVs™. (b) The first charge/discharge curves of a-Fe,05-0.5, a-Fe,05-2, a-Fe,05-8,
a-Fe,05-60 and a-Fe,05-60@C at the current density of 200 mA g™ (b) Cycling
properties of a-Fe,05-0.5, a-Fe,03-2, a-Fe,05-8, a-Fe,03-60 and a-Fe,0;-60@C at a
current rate of 200 mA g'1 between 0.005 to 3 V.

This journal is © The Royal Society of Chemistry 20xx
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corresponding to the oxidation of Fe’ to Fe®".*°In the 2nd and

3rd cycles, the cathodic peaks shifted to higher potentials with
a decrease of the peak intensity and area. While the anodic
peak only decrease in peak intensity, revealing that reduction
and oxidation proceeds but with some irreversibility.40 The
samples of Fe,03-0.5, Fe,05-2, Fe,03-8, Fe,03-60 and Fe,03-
60@C are assembled with lithium into coin cells to investigate
the relationship between the electrochemical properties and
the pore structures. Fig. 5b shows the first charge/discharge
curves of the samples at a current density of 200 mA g"1
between 0.005 and 3.0 V. The charge/discharge curves of each
electrode have a sloped region between 1.2 and 0.9 V and a
long plateau at ~0.75 V, which is in agreement with that of the
reported Fe,0; powder. The sloped region is corresponding to
the lithium insertion into the crystal structure of Fe,0; the
conversion from Fe** to Fe®*. The long plateau that appeared
at ~0.75 V is attributed to the conversion from Fe** to Fe.*' The
initial discharge capacities were 1812.2, 1204.6, 1543.8,
1752.2 and 2020.8 mA h g” for the electrodes of Fe,05-0.5,
Fe,05-2, Fe,05-8, Fe,053-60 and Fe,05-60@C,respectively, with
the corresponding first cycle charge capacities of 956.8, 659,
892, 1056 and 1507.9 mAh g'l. Accordingly, the coulombic
efficiencies of the electrodes can be achieved as 52.8%, 54.7%,
57.8%, 60.3% and 74.6% for Fe,03-0.5, Fe,05-2, Fe,05-8, Fe,05-
60 and Fe,0;-60@C, respectively. The irreversible capacity of
the electrodes during the initial cycle may be attributed to the
formation of solid/electrolyte interface (SEl) layer and the
decomposition of electrolyte.42 Obviously, the initial
charge/discharge capacity and the coulombic efficiency of
Fe,05-60@C electrode is much higher than those of other
three electrodes. The highly porous structure of Fe,05-60@C
significantly enhances
contact areas and the amount of electro-active sites.

the effective electrode-electrolyte

Meantime, the carbon layer partly protects from the formation
of SEI layer. Because of the a synergetic contribution from the
porous structure and the carbon layer, both the initial
charge/discharge capacity and the coulombic efficiency of
Fe,0; are increased.™*®

Fig. 5c shows the charge/discharge cycling performance for
Fe,05-0.5, Fe,03-2, Fe,05-8, Fe,03-60 and Fe,05;-60@C at the
current density of 200 mAg'l. After 100 cycles, the Fe,03;-60@C
electrode remain the reversible capacity of 1107 mAh g'l, up
to 83% of its initial capacity, 552, 467, 610 and 704 mAhg'1 for
the electrodes of Fe,03-0.5, Fe,05-2, Fe,05-8 and Fe,05-60,
respectively. Compared to other three microrice electrodes,
there was a rapid capacity decrease during the first 40 cycles
for Fe,03-0.5 electrode. Because it mainly contains Fe,0;
nanoparticles, the poor capacity retention is probably caused
by the particle aggregation and electrode pulverization.“'45
The cycling stability of Fe,05-0.5 electrode is inferior to that of
the other four electrodes with microrices, indicating the single-
crystal microrice has a better structural stability than nano-
particles. Additionally, Fe,03-2 has a lower capacity but better
cyclability than that of Fe,03-8 and Fe,03-60. This indicates
that the increase of the pore-size and porosity of the microrice
leads to an increase of capacity with a drop of the capacity
retention which is attributed to the increase of active sites for

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 (a) rate capacity retention at varied C-rates and (b) Nyquist plots of a-Fe203-0.5,
a-Fe203-2, a-Fe203-8, a-Fe203-60 and a-Fe203-60@C.

lithium storage and structure instability. Fe,03-60@C
electrode possesses a much higher capacity and better cycling
stability than that of Fe,0;-60 electrodes and other three
electrodes, demonstrating coating carbon on the surface of
porous microrices can accommodate the volume change of the
Li" insertion—extraction during charge—discharge processes.
(Fig. S41 shows the SEM images of active materials after 100
cycles.)

Fig. 6a shows the capacity retentions at varied C-rates from
0.2 to 1.6 C (200, 400, 800 and 1600 mA g'l). The batteries
were cycled 10 times at each C-rate. Among the uncoated
microrices, Fe,053-60 has the largest capacity retention and
Fe,03-8 and Fe,05-2 follows. The trend is in the same order of
the pore size and porosity. The reversible capacities of the
Fe,0;-60@C electrode are about 1270, 1087, 871, and
702.7mAh gf1 at the current densities of 0.2 C, 0.4 C, 0.8 C and
1.6 C, respectively. Their specific capacities are much higher
than those of the as-synthesized Fe,O; electrodes without
carbon coating. It indicates that the improvement in
electrochemical properties should not only attribute to
structural optimization of the iron oxide, but also the thin
carbon layer outside the particles. Fig. 6b shows the
electrochemical impedance spectroscopy (EIS) spectra of these
four electrodes collected from fresh cells. The electrochemical
system is simply modeled by a Randles equivalent circuit as
shown in the inset where R, is the ohmic resistance, CPE is the
double-layer capacitance, R is the charge transfer resistance,
and W is the Warburg impedance describing the solid-state
diffusion of Li* in 0L—Fe203.46 The diameter of the semicircle in
the high—medium-frequency region for Fe,03-0.5, Fe,05-2,
Fe,05-8, Fe,05-60 and Fe,05-60@C electrodes are 249Q, 190Q,
175Q, 149Q and 52Q, respectively, with the same size of the

J. Name., 2013, 00, 1-3 | 5
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Fig.7 The SEM images of Fe,05-0.5, Fe,03-8, Fe,05-60 and Fe,03-60@C after 50 cycles.

electrodes. The impedance of porous microrice electrode with
carbon coated is much smaller than that of pristine Fe,03
nano/micro particle electrodes, indicating the improved
conductivity of the porous a-Fe,0; microrices after carbon
coating.

In order to further understand the effect of the porous
structure and the coated carbon on the electrochemical
performance of Fe,0; particles, the morphology of the four
electrodes, Fe,03-0.5, Fe,03-8, Fe,03-60 and Fe,05-60@C after
50 cycles are measured by SEM, and displayed in Fig. 7 a-d,
respectively. As shown in Fig. 7a, the nanorices aggregated and
the morphology of the materials was destroyed, indicating a
poor structural stability of Fe,05-0.5 nanorices. Different from
the morphology shown in Fig. 7a, it can be observed in Fig. 7b
that the Fe,03-8 microrices are well dispersed on the
electrodes without obvious aggregation, which demonstrates
the better stability than the as-fabricated nanorice electrode.
In the Fig.7c, the Fe,03-60 micro-particle are still well-
separated as Fe,05-8. However, a part of the particles do not
present rice-like morphology any longer. This mainly because
the highly porous structure of the microrices is destroyed
during the cycling process. Compared with Fe,05-60, Fe,03-
60@C porous microparticles keep their rice-like morphology
and porosity. Meanwhile, aggregation does not take place
during the cycling. The results reveal (1) the microrices present

6 | J. Name., 2012, 00, 1-3

better stability; (2) the increased porosity leads to the poor
structure stability; (3) carbon layer can greatly protect the
porous microrices from being destroyed
discharge process.

On the basis of above analysis, it is found that the increase

in the charge-

of the average pore-size and the total porosity will lead to an
increase of the capacity and a decrease of the cycling stability

1200
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Fig.8 The capacities and capacity retention with different porosity of a-Fe,0; particles
for the hundredth circle.
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in micro-sized porous Fe,O; system as shown in Fig. 8. A 9 D. Ma, Z. Cao, H. Wang, X. Huang, L. Wang and X. Zhang,

plausible mechanism may be that the increase in the pore size
and volume provides extra surface area, resulting in a high
capacity, however, the side effect is that the increased defects
reduces the stability and shortens the lifetime of the
electrode. Coating carbon layer on the surface of materials not
only stabilize the porous structures and but also improve the
conductivity greatly so as to the enhanced LIB performance.

Conclusions

In summary, we have successfully synthesized porous single-
crystal a-Fe,O3; microrices by a facile hydrothermal process.
The size and porosity of the microrices can be adjusted in a
wide range by controlling the reaction parameters.
Electrochemical characterizations reveal that the increase of
both the pore size and porosity of the porous microrices
induced by the etching process significantly improves the
capacity but lower the cyclability. This is mainly because the
pores enlarges the specific area and increases the structural
defects either. However, carbon coating on the surface of
electrode materials with highly porous structure can greatly
protect the structure from being destroyed during cycling,
resulting in better cyclability. At the same time, the carbon
layer also improves the conductivity of the a-Fe,0O5; microrices
greatly. Due to the synergistic effect of the highly porosity and
carbon layer, a-Fe,0;@C porous microrices exhibit much
enhanced LIB performance. The structural optimization
strategy in this work can be developed into a general
procedure to fabricate other micro-scale porous oxide
frameworks, which provides a great the
development of micro-scale LIB materials.
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Porous a-Fe,O3; microrices have been prepared as a model system to study structural optimization of
porous microstructure on LIB performance.



