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The carambola and jujube-seed shaped Li,FeSiO, assembled
by nanoplates have been successfully synthesized by a simple
hydrothermal method. The different morphologies are
induced by two different iron precursors, which affect the
self-organization behaviour of primary particles of Li,FeSiO,.
The electrochemical performances of the two Li,FeSiO,/C
composites are also influenced by the different morphology.

The expanding demand for high-power and high-energy batteries has
motivated the continuous researches on lithium-ion batteries (LIBs).
Recently, Li)FeSiO, as one of the polyanion-type cathodes, has
attracted widely interests due to its low cost, environmentally benign,
and high theoretical capacity (166 mA h g for one Li* ion and 332
mA h g for two Li" ions exchange) ¥, However, the low electric
conductivity and slow lithium ion diffusion of Li,FeSiO,4 limit its
high-rate performance > *1. Therefore, various methods, including
conductive carbon coating ', particle size reduction [ and metallic
ion doping ™!, are taken to make up these shortages.

Beside the above-stated methods, morphology control is another
alternative method to achieve the superior electrochemical properties,
which has been demonstrated in many cathode materials (o121,
Various nanostructures of Li,FeSiO, such as sphere-like particles or
one-dimensional structures have been investigated ['"*'3l For
example, Wu et al. synthesized nanoworm-like Li,FeSiO,/C
composites using amphiphilic triblock copolymer P123 as the
structure directing agent !'®. Similarly, sphere-like Li,FeSiO, particle
with ~50 nm size was synthesized via a modified sol-gel method !'*).
However, nanostructured electrode materials bring high specific
capacity, but adversely affect the tap density and volumetric energy
density ", On the base of the investigations for LiFePO,/C
composites, it is concluded that hierarchical morphologies assembled
by nano-scale primary particles could bring not only high reversible
capacity but also good rate capability !'® "> " '8 In light of this, the
assembly of the nano-scale building blocks into hierarchical
microstructures might be a good solution. Recently, Yang and his
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coworkers have synthesized the hierarchical shuttle-like Li,FeSiO,
for the first time by a hydrothermal reaction %, But, their final
product was not pure (Fe;O4 as the impurity) and their synthetic
method relied on a long reaction time (8 days). Hence, it is need to
develop a simple and rapid method to synthesize a micro-nano
structure of Li,FeSiO,. On the other hand, most hierarchical
structures of electrode material were induced by templating method
(20.21 " while the influence of raw material such as iron precursors on
the particle geometries of Li,FeSiO,4 has not been investigated to our
best knowledge.

Herein, we show that the different iron precursors have a profound
effect on the particle morphology of LiFeSiO,. Carambola and
jujube-like Li,FeSiO, assembled by a large number of nanoplates are
obtained by a facile hydrothermal reaction at 200°C for only 12 h.
XRD patterns and TEM images are applied to follow the evolution
of the product. Moreover, Li,FeSiO,/C were obtained via ball-
milling beta-cyclodextrin which acted as a superior carbon source in
our previous work (221 with Li,FeSiO4and then being sintered under
Ar(95%)/H,(5%) atmosphere.
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Fig. 1. The XRD patterns of (A) LFS-1/C and (B) LFS-2/C composites

and insert is the crystal structure of Li,FeSiO, viewed along the c-axis.
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The XRD patterns of LFS-1/C (using (NH,4),Fe(SO,), 6H,O
as iron precursor) and LFS-2/C(using FeSO,7H,0O as iron
precursor) are shown in Fig. 1. All the peaks in the XRD
patterns could be indexed to an orthorhombic structure with a
space group Pmn2;, which are in good agreement with the
previous reports 2. No impurity phases, such as iron oxides
or lithium silicate phases, in the final products indicate the high
purity of LFS-1/C and LFS-2/C.

W
A %d = 0.341 nm

Fig. 2. The SEM and TEM images of sample LFS-1/C (A and B,
respectively), and of sample LFS-2/C (C and D, respectively), and the
HRTEM images of LFS-1/C (E) and LFS-2/C (F).
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The morphologies of LFS-1/C and LFS-2/C are investigated by
SEM, TEM and HRTEM images. It can be seen from Fig. 2A that
LFS-1/C exhibits a carambola shape with a size of ~2 um in length
and ~0.5 pm in width. The carambola is consisted of nanoplates and
the nanoplates are around 180 nm in width and ~40 nm in thickness.
More interestingly, the carambola is a hollow structure, as shown in
Fig. 2B. It should be point out that the morphology and size of
pristine LFS-1 keep basically unchanged after coating with carbon
(Fig. S1a-b). It demonstrates that the presence of carbon could play
an important role in preventing the growth of LFS-1 during
sintering. To our best knowledge, this novel morphology of
Li,FeSiO, has been synthesized for the first time. Such a well-
organized structure is expected to facilitate electrolyte penetration
into the electrode particles by providing more interface areas
between the electrode material and the electrolyte ['*). As for LFS-
2/C, the SEM and TEM images (Fig. 2C-D) show solid and jujube-
seed shape with a size of ~1.5 pm in length and ~0.5 um in width. It
is clear that the jujube-seed particles are consisted of compact
nanoparticles and nanoplates with irregular shape. Similarly, the
morphology and the size of LFS-2 are also kept after carbon coating
(Fig. Slc-d). Energy dispersive X-ray (EDX) element maps of Mn,
Fe and O signals of LFS-1/C and LFS-2/C composites indicate that
the Fe, O and Si element are well distributed for both samples (Fig.
S2 and Fig. S3). High resolution TEM (HRTEM) images of the
outer edges of the framework are shown in Fig. 2E-F. Crystal lattice
stripes of the two sample are observed with d-spacing of 3.41 A and
3.90 A, which correspond to the (002) and (101) plane of
orthorhombic Li,FeSiO, crystals. As expected, a continuous and
uniform layer of carbon is covered on the surfaces of LFS-1/C and
LFS-2/C composites benefiting from beta-cyclodextrin as a carbon
source *! and the thicknesses of the carbon layers are only around 2
nm and 6 nm, respectively (Fig. 2E-F). The Raman spectra of the as-
synthesized of LFS-1/C and LFS-2/C are shown in Fig. S4A-B. For

4 both samples, the peaks at 1320 (peak 2) and 1590 cm™ (peak 4) are

D band and G band of sp” type carbon, while the peaks at around
1180 cm ™' (Peak 1) and 1460 cm ™' (Peak 3) are related to sp type
carbon P '8 The Ipy/Ig ratio (intensity ratio of D and G bands) of
LFS-1/C and LFS-2/C are fitted to 0.96 and 0.95, respectively,
which can be used to evaluate the graphitization degree of the
composite (2221 The ratios of Ip/lg for the two samples are quite
close, indicating a similar degree of graphitization. By TG analysis,
the mass fraction of carbon for the LFS-1/C and LFS-2/C
composites is determined to be about 3.72 wt.% and 4.26 wt.%,
respectively (Fig. S4C-D). In addition, the specific surface areas of
the two samples are investigated with nitrogen adsorption/
desorption measurements. As a result of the hollow carambola
shaped structure, the measured Brunauer-Emmette-Teller (BET) area
for LES-1/C is 36.4 m® g, which is higher than that of LFS-2/C
(16.3 m* g!) as shown in Fig. S5.
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Fig. 3. The XRD patterns (A) and the TEM images (B) of the as-
prepared LFS-1.

To confirm the possible formation mechanism of carambola LFS-
1 and jujube-seed LFS-2, intermediate particles were collected at
different reaction times. We take LFS-1 for example to investigate
the possible growth process. As shown in Fig. 3A, XRD patterns of
all intermediate products are presented. As for LFS-1, the product is
mainly composed of amorphous substance after 4 h reaction. The
peaks of XRD patterns correspond to Li,SiOz and Fe;0, after aging
up to 6 h. When the reaction time increases to 8 h, the product
becomes LiFeSiO, with impurities. After 12 h, pure phase of
Li,FeSiO, is observed. A possible formation of LFS-1 can be

proposed as follows: First, Li,SiO; forms by reaction of Li", OH
and SiO, by reaction
2Li"+ 20H" + Si0, — Li,SiO; + H,0 )

Meanwhile, Fe;04 has also been formed resulting from Fe? reacting
with trace O, under OH™ and ethylene glycol

This journal is © The Royal Society of Chemistry 2012
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6Fe?" + 120H" + O,— 2Fe;0,+ 6H,0 )
As the reaction time increases, Li,FeSiO, forms by reaction

2FegO4 + 6L12$103 + 2(CH2)2(OH)2 + 02 6L12FCSIO4
2(COH), + 4H,0 3)

The LFS-2 sample experiences the similar stages except that
the formation of pure LiFeSiO, is much faster than LFS-1
sample (Fig. S6A). It is suggested that the formation phase for
Li,FeSiO,4 should be related to reactive conditions such as
precursors, solvents and so on. For example, Fe(Ac),4H,0
were chosen as iron resource in Yang’ work [', which may be
contributed to a long reaction time of 8 days to obtain
Li,FeSiOy in their system.

Li,Si0, Fe'

growth ’ ‘ growth
4h ' 12 h
&,
(hollow structure)

amorphous pure Li,FeSiO,
Sio,

nucleation
‘0
°5e S
BN 2h
C,H,0,

°
o) 0
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Fig. 4. The schematic illustration for the formation of LFS-1
hierarchical structure.

The morphology evolution for LFS-1 is shown in Fig. 3B. It
is found that needle particles appear under hydrothermal
condition for 2 h, then gather and form isosceles triangle-like
particles for 3.5 h. After 4.5 h, hollow shuttle-like morphology
is observed and it grows exactly very regular and uniform under
hydrothermal condition for 6 h. Then, this hollow shuttle-like
particles aggregate after 8h. Finally, pure carambola LFS-1 can
be formed when the reaction time reaches to 12 h. For LFS-2,
seaweed-like particles appear under hydrothermal condition for
0.5 h and then aggregate irregular bulk-like particles and finally
completely form shuttle-like morphology only for 2.5 h. (Fig.
S6B). The difference of precursor solution of LFS-1 and LFS-2
is the iron source, that is, (NH,4),Fe(SO,), for LFS-1 and FeSO,
for LFS-2. According to Lu’s work 7}, we speculate that NH,"
ions can easily adheres to one or some certain surfaces of
Li,FeSiO, particles and it helps to etch (dissolve) cations from
the Li,FeSiO, surfaces of the particles, allowing the
morphology to continuously evolve and resulting in carambola
LFS-1 with hollow-structure under hydrothermal condition. But
for LFS-2, no hollow structures were found due to absence of
NH,". In order to understand the effect of temperatures on the
structure and morphology of Li,FeSiO,4 using the two different
iron sources, we also synthesized Li,FeSiO, under the same
experimental conditions except that the reaction temperatures
are 160 °C and 180 °C (Fig. S7). For “LFS-1" with reaction
temperature at 160 °C as shown in Fig.S7A, the diffraction
patterns can be indexed to Fe,SiO4 (JCPDS Card No. 34-0178).
And the main peaks for sample at 180 °C are assigned to
Li,FeSiOy4, but Fe,SiO4 as impurity phase is present in the
diffraction pattern. Similarly, for “LFS-2” with reaction
temperature at 160 °C or 180 °C, Li,FeSiO,4 cannot be obtained
or the impurity phase emerges (Fig.S7D). It is indicated that
Li,FeSiO,4 cannot be formed or the phase is not pure when the
reaction temperature is low than 200°C in our experiment. From
the TEM images of LFS at 160 °C and 180 °C (Fig.S7B,C,E
and F), it is observed that the morphologies of the four samples
are similar to those of LFS at 200°C.

On the basis of the above experimental evidence, the possible
schematic illustration for the formation of carambola LFS-1 is given
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in Fig. 4. The process can be classified into three steps, the first of
which is nucleation and growth. Secondly, the precursor nuclei
quickly grow into the primary nanoplates. At the last step, the
primary particles continuously self-assemble into micro-carambola
morphology, driven by the reduction in the surface free energy .
However, to further understand the detailed information of the effect
of NH," on the hollow carambola morphology, more work need to be
done. Nevertheless, the two novel morphologies of Li,FeSiO, in our
case are obtained just by choosing different iron resources, which is
inexpensive and environmentally friendly. We believe this simple,
convenient and rapid preparation route is suitable to commercialize
compared to other synthesis methods such as spray pyrolysis ** and
sol-gel method P%.

As a cathode material in Li-ion battery, we have also compared
the electrochemical performance of carambola LFS-1 and jujube-
seed LFS-2. As presented in Fig. S8A-B, the carambola LFS-1
sample shows better electrochemical properties including the
reversible capacity for the initial cycle and the cycle ability than
those of jujube-seed LFS-2 sample. In order to well understand the
effect of morphology on the electrochemical performance of
Li,FeSiO, and the corresponding dynamic behaviour, we also
investigate the direct current resistance of LFS/C samples (Fig. S8C-
D). We also tested the tap densities of the carambola, jujube-seed
and nanoparticle (synthesized by solid-state method) Li,FeSiO,,
which are 1.2 g em™, 1.1 g cm™ and 1.0 g ecm™, respectively. By
calculation, the volumetric energy densities are 495, 341.8 and 302.5
Wh L', respectively. So the hierarchical microstructure in our case
can improve the tap density and volumetric energy density for
Li,FeSiO, electrode material. From these experimental results, it is
suggested that the carambola LFS-1/C possesses several advantages
resulting in good electrochemical performances: (1) the morphology
with outside open and inner hollow structure shortens the lithium
diffusion length avoiding the loss of electrochemical activity of
electrode material especially inner materials during cycles; (2) a
thinner carbon layer than LFS-2/C not only improves the electronic
conductivity, but also reduces the hindrance for lithium ions
diffusion; (3) a lager specific surface area enhances the contact area
between the electrolyte and active particles, indicating more active
sites during the electrochemical reaction procedure.

In conclusion, we have successfully synthesized carambola and
jujube-seed Li,FeSiO,/C by a facile hydrothermal method. The
different iron precursors have a profound effect on the particle
morphology of Li,FeSiO; and corresponding electrochemical
performance. In addition, the synthetic strategy described in our
work for making different morphology and useful structure may
be extended to fabricate other types of multifunctional materials
for energy storage, catalysis and other applications.
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