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a b s t r a c t

Self-assembled mesoporous LiFePO4 (LFP) with hierarchical spindle-like architectures has been success-
fully synthesized via the hydrothermal method. Time dependent X-ray diffraction, scanning electron
microscopy, and cross section high resolution transmission electron microscopy are used to investigate
the detailed growth mechanism of these unique architectures. Reaction time and pH value play multifold
roles in controlling the microstructures of LFP. The LFP particles are uniform mesoporous spindles, which
eywords:
ithium iron phosphate
ydrothermal synthesis
esoporous
ierarchical architecture

are comprised of numerous single-crystal LFP nanocrystals. As the cathode material for lithium batteries,
LFP exhibits high initial discharge capacity (163 mAh g−1, 0.1 C), excellent high-rate discharge capability
(111 mAh g−1, 5 C), and cycling stability. These enhanced electrochemical properties can be attributed
to this unique microstructure, which will remain structural stability for long-term cycling. Furthermore,
nanosizing of LFP nanocrystals can increase the electrochemical reaction surface, enhance the electronic

e lith
anocrystal
i ion battery

conductivity, and promot

. Introduction

Since olivine-type lithium iron phosphate LiFePO4 (LFP) was
rst reported as positive electrode materials for rechargeable

ithium batteries by Padhi et al. [1], it has received widespread
ttention as a promising cathode material owing to its low cost
nd environmentally benign nature of Fe as well as the excellent
hemical stability and safety imparted by the covalently bonded
O4 groups. However, LFP is an insulating material, the main dis-
dvantages of LFP material are the poor electronic conductivity
2–4] and slow lithium-ion diffusion [5,6], which are addressed
s two major issues to be solved before it could be used in
arge-scale commercial applications. To overcome the demerits,
remendous efforts have been made to enhance the electronic
nd ionic conductivity of LFP particles through various material
rocessing approaches, such as carbon coating [7–9], metal-ion
oping [10–13], and reducing particle size [14–16]. In particular,

t has been proved that carbon-coated LFP particles with nano size
nd homogeneous distribution could effective shorten the diffu-
ion length for electrons and lithium ions and increase reaction

reas to make the full utilization of LFP for charge and discharge
17–20].

Up to now, various methods have been developed to pre-
are homogenous carbon-coated LFP nanoparticles, such as

∗ Corresponding authors. Tel.: +86 571 88320394; fax: +86 571 88320394.
E-mail addresses: msechem@zjut.edu.cn (W. Zhang), tao@zjut.edu.cn (X. Tao).

378-7753/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.02.044
ium ion diffusion.
© 2011 Elsevier B.V. All rights reserved.

sol–gel method [21,22], co-precipitation [23,24], mechanochem-
ical activation [25,26], spray technology [19,27] and hydrother-
mal/solvothermal synthesis [28–33]. Among these methods,
hydrothermal method offers many advantages of mild synthesis
conditions, high degree of crystallinity, high purity and narrow par-
ticle size distribution of product. So it is a very popular method
to synthesize nanoscale LFP building blocks including nanoparti-
cles, nanorods, and nanoplates [28,29,31–34]. Furthermore, many
recent efforts have been focused on the hierarchical assembly of
novel LFP architectures from nanoscale building blocks, which is
a crucial step toward the realization of functional nanosystems
and offers opportunities to study its electrochemical properties.
However, there are only few reports related to the microscale hier-
archical architecture of LFP particles. Yang et al. [35] found that
a hierarchical dumbbell-like architecture of LFP showed an excel-
lent cycling stability. Qian et al. [36] synthesized nanoembossed
mesoporous LFP microspheres which exhibited remarkable elec-
trochemical performance. Uchiyama and Imai [37] believed that
fagot-like and sheaf-like LFP mesocrystals could be suitable for the
application to high-rate performance. Rangappa and co-workers
[38] reported that flower-like LFP hierarchical microstructures
could be favorable for obtaining high capacity and good cyclic
performance. Recently, Teng et al. [39] reported that hierarchical

LFP nanodendrites with good cycling stability demonstrated its
potential application for lithium-ion batteries. Nevertheless, the
aforementioned works often use expensive organic solvents and
surfactants, and need complicated processes. Therefore, it is still a
great challenge to explore effective routes for the self-assembly of

dx.doi.org/10.1016/j.jpowsour.2011.02.044
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:msechem@zjut.edu.cn
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ovel hierarchical LFP architectures with excellent electrochemical
roperties.

In this work, we report a new kind of hierarchical architecture
f LFP synthesized via a facile hydrothermal method, which has an
nteresting mesoporous spindle-like structure. The roles of reaction
ime and pH value in hydrothermal route were evaluated, and the

echanism of LFP particle growth was elucidated. Benefiting from
his unique microstructure, the spindle-like LFP displays excellent
ithium storage properties.

. Experimental

.1. Materials and preparation

LFP samples with spindle-like microstructures were prepared
y a hydrothermal method. In a typical procedure, 12 mmol of
iOH·H2O and 4 mmol of FeSO4·7H2O were first separately dis-
olved into 20 mL of 0.2 mol L−1 H3PO4 solution and 20 mL of
.1 mol L−1 l-ascorbic acid solution. Subsequently, the LiOH/H3PO4
olution was added into the FeSO4/l-ascorbic acid solution. After
agnetic stirring at room temperature for 5 min, pH value of the

recursor suspension was controlled by adding ammonia solution.
hen the resulting suspension was placed into a 50 mL Teflon-lined
tainless steel autoclave and maintained at 180 ◦C for 20 h. After
he autoclave cooled to room temperature, the products were sep-
rated centrifugally, washed with de-ionized water and absolute
thanol, dried in oven at 80 ◦C for 12 h. To remove the adsorbed
ater, the LFP sample was heated at 650 ◦C for 4 h under flowing
2/N2 atmosphere (200 mL min−1, 10 vol.% H2 and 90 vol.% N2).

.2. Characterization

The phase purity and crystalline structure of the samples were
haracterized by a X-ray diffraction (XRD) using X’Pert Pro diffrac-
ometer with a step size of 0.02◦ for Cu K� radiation (� = 1.5418 Å).
he particle size and morphology were observed by scanning
lectron microscope (SEM, Hitachi S-4800), transmission electron
icroscope (TEM, FEI Tecnai G2 F30) and high resolution TEM

HRTEM). The cross section HRTEM specimens were prepared by
licing LFP particles embedded in epoxy resin with a Reichert-Jung
ltracut E Ultramicrotome.

.3. Electrochemical measurement

Electrochemical performances of LFP samples were investigated
sing a CR2025 coin-type cell assembled in an argon-filled glove
ox. To prepare the cathode, active material (LFP), acetylene black
nd polyvinylidene fluoride (PVDF) binder were mixed according
o the ratio of 70:20:10 by weight. The mixture was dispersed in
-methylpyrrolidone and the resultant viscous slurry was cast on
luminum foil and dried at 120 ◦C under vacuum for 12 h. After
hat, the cells were assembled with lithium foil as the anode, LFP as
athode and 1 M LiPF6 solution in a mixture of ethylene carbonate
EC) and dimethyl carbonate (DMC) with a volumetric ratio of 1:1
s the electrolyte.

Electrochemical capacity measurements were conducted on
Neware Battery Test System with galvanostatic charge and

ischarge in the voltage range of 2.5–4.2 V at room tempera-

ure. Cyclic voltammograms (CV) and electrochemical impedance
pectroscopy (EIS) tests were performed with a CHI 650b electro-
hemical work station. CV tests were examined in the voltage range
f 2.5–4.2 V at a scan rate of 0.1 mV s−1, and EIS tests were carried
ut with the frequency ranging from 0.1 Hz to 100 kHz.
Fig. 1. XRD patterns of LFP with different pH values (a) pH 7; (b) pH 8; (c) pH 9; (d)
pH 10.

3. Results and discussion

3.1. Structural and morphology characterization

Fig. 1 shows XRD patterns of the LFP obtained from the precur-
sor at different pH values. All the samples are single phase of LFP,
which can be indexed to the orthorhombic olivine type structure
(JCPDS No. 83–2092). No impurities such as Li3PO4, which often can
be found in the LFP product prepared by traditional routes [40], can
be detected. Moreover, the intensity of the peaks increases along
with the increase of the pH value of the precursor. High pH condi-
tions are favorable to the precipitation of Li3PO4 and the hydrolysis
of FeSO4, which could stimulate the crystallization of LFP. Similar
results have been reported by Wang et al. [41].

Fig. 2 shows SEM images of the synthesized LFP under different
pH conditions. The morphologies of the final LFP samples are found
to be sensitive to the pH values. The sample obtained at neutral pH
condition is composed of large amounts of dispersed, flat and rhom-
bus shaped nanocrystals as shown in Fig. 2a. When the pH value is
increased to 8, an interesting morphological change of LFP can be
observed. The sample is mainly composed of spindle like particles
with ca. 2 �m in length and 1 �m in width (Fig. 2b). In addition,
abundant primary nanocrystals can also be found in Fig. 2b. In the
case of pH = 9, the particles exhibit similar morphology as that of
pH = 8 (Fig. 2c). However, the ends of particles appear to be broad,
and some ends are open as indicated by the arrows in Fig. 2c. Finally,
spindle-like hierarchical architectures of LFP are obtained under
pH = 10, and few primary nanocrystals can be observed (Fig. 2d).

In order to investigate the internal microstructure of spindle-
like LFP particle, cross section TEM was conducted. Fig. 3 shows
the schematic illustration of the cutting direction and the corre-
sponding SEM and TEM images of spindle-like LFP. As shown in
Fig. 3b and c, the spindle-like LFP is self assembled from many
nanocrystals, which are ca. 100 nm in length and 50 nm in width.
It is worth mentioning that these hierarchical architectures can-
not be destroyed into fragments or dispersed nanocrystals even
after 10 min ultrasonic treatment. This may be attributed to the
l-ascorbic acid, which remains on the surface of the primary
nanocrystals, will transform into amorphous carbon after high-
temperature heat treatment. And these carbons will play a role of

connecting the primary nanocrystals. Thus the spindle-like LFP par-
ticles possess excellent structural stability, which is very important
for the cycling stability of commercial batteries. In addition, the
internal microstructure of spindle-like LFP particle can be clearly
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Fig. 2. SEM images of the obtained LFP samples with

een from Fig. 3b and c that the nanocrystals are attached to each
ther and form an interesting mesoporous structure. It is well
nown that the porous structure could allow the electrolyte to pen-
trate into the positive materials and make the full utilization of LFP
or charge and discharge [8,36,42].
The growth orientations and the grain boundaries of the
anocrystals in the hierarchical architectures were further
tudied. Fig. 4a shows a typical TEM image of spindle-like LFP
articles. Fig. 4b is a higher magnification TEM image of the end

ig. 3. Schematic illustration of the cutting direction. (a) SEM image of spindle-like LFP sa
ifferent cutting directions.
ent pH values (a) pH 7; (b) pH 8; (c) pH 9; (d) pH 10.

of spindle-like LFP. It can be seen that the spindle-like LFP is
hierarchically assembled with nanocrystals, which nestle together
in a close-packed array. Fig. 4d is an HRTEM image taken from
the particle in Fig. 4b. The measured fringe spacing values are
0.3476 and 0.3082 nm, corresponding to (1 1 1) and (−2 −1 1)

planes of orthorhombic phase LFP. In addition, the inset in Fig. 4d
shows the corresponding Fast-Fourier-Transform (FFT) pattern
of the HRTEM image, which displays a single-crystalline pattern
with sharp diffraction spots. And this result also proves that the

mple. (b and c) The cross section TEM images of spindle-like LFP sample along two
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ig. 4. TEM images of the spindle-like LFP particles. (a) A low-magnification TEM im
mage of the spindle-like LFP particles in (b), the inset is the corresponding fast Fou
orresponding FFT images of region 1–3 in (e).

rimary nanocrystals are well crystallized with pure olivine LFP
hase.

Fig. 4c is a cross section TEM image of several compactly

rranged nanocrystals. As marked in a red circular area, an
nteresting grain boundary (GB) can be observed. Fig. 4e is the
orresponding HRTEM image of the GB. As can be seen from the
mage, there are three different regions which are indicated by
he dotted curves. To further clarify the microstructure and the
f the spindle-like LFP particles. (b and c) A part of an individual particle. (d) HRTEM
ansform (FFT) image. (e) HRTEM image of the interface of two LFP grains. (f–h) The

internal relationships of these regions, the corresponding FFT
images are carried out (Fig. 4f–g). The ordered lattice fringes in
the region 1 and 3 (Fig. 4e) and their corresponding FFT patterns

(Fig. 4f and h) reveal that the grains in region 1 and 3 are single
crystals. Fig. 4g, taken in region 2 across the boundary of region 1
and 3, provides the important information of the interface. There
are two diffraction patterns in region 2, which correspond to that
of the grains in region 1 and 3, indicating that the orientation of the
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rimary nanocrystals is different. Moreover, two spots with the
arger lattice fringe spacing value about 0.4651 nm as marked by
he yellow arrows in Fig. 4g, are still not indexed. Did these larger
attice fringes and un-indexed spots belong to a new emerging
rystal plane or the overlap of two reflections (Moiré patterns)?
t is well known, Moiré patterns can be formed by interfering two
ets of lines, and it can be calculated by the following equation
43] (for interpretation of the references to color in this sentence,
he reader is referred to the web version of the article):

= d1d2√
d2

1 + d2
2 − 2d1d2 cos ˛

(1)

in � = d1 sin ˛√
d2

1 + d2
2 − 2d1d2 cos ˛

(2)

here d1 and d2 represent the interplanar spacings, the overlap-
ing of them produces the Moiré fringes. ˛ is the angle between
wo corresponding planes. According to the formula (1) and (2), the
arger lattice fringe can be verified. It can be known that the Moiré
ringe spacing value (D) and the angle (�) between Moiré fringes
nd (3 2 1) planes of LFP are 0.4653 nm and 58.8◦, respectively.
hese results are consisted well with the measured values, which
re indicated in Fig. 4e. So it is believed that the larger lattice
ringes and two un-indexed spots can be attributed to the Moiré
atterns, indicating that no new emerging crystal appear near
he GB.
.2. Formation mechanism

In order to investigate the formation process of spindle-like
FP product (pH 10), time dependent XRD and SEM analysis were

Fig. 6. SEM images of the spindle-like samples obtained with d
Fig. 5. XRD patterns of the spindle-like samples obtained at different reaction times
with pH 10.

carried out. Fig. 5 shows XRD patterns of samples with differ-
ent reaction times. All peaks for time-dependent samples can be
indexed to the orthorhombic phase of LFP, which matches well
with the above XRD data (Fig. 1), indicating that the main phase
of LFP can be formed at the very beginning (<5 h). However, after a

careful comparison, the sample obtained at 5 h contains a trace of
impurity phase Li3PO4, which results from the process of material
synthesis. In the synthesis procedure, two types of liquid precursor
(one is LiOH/H3PO4 suspension; the other is FeSO4/l-ascorbic acid

ifferent reaction times: (a) 5 h; (b) 10 h; (c) 15 h; (d) 20 h.
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to the lithium extraction and insertion respectively, implying the
two-phase redox reaction between FePO4 and LFP [19,46]. The
sample delivers a high discharge capacity of 163.57 mAh g−1 in
the first cycle, and could remain 157.32 mAh g−1 after 50 cycles.
Fig. 7. Schematic illustration of fo

ixture) were prepared at first and then mixed together. The rel-
vant chemical reactions in the hydrothermal vessel include two
rocesses:

LiOH + H3PO4 = Li3PO4 + 3H2O (3)

eSO4 + Li3PO4 = LiFePO4 + Li2SO4 (4)

With the gradual vanish of Li3PO4 phase, the fully “phase trans-
ormation” from Li3PO4 to LFP needs a reaction time over 5 h.
urthermore, when the reaction time is increased to 20 h, the inten-
ity of the diffraction peaks of LFP turn to be stronger, suggesting
hat the crystallinity of the products is improved.

In order to understand the morphological evolution of spindle-
ike LFP, time dependent SEM analysis was conducted. Fig. 6a–d
hows SEM images of the product synthesized after different reac-
ion times. As can be seen from Fig. 6a, most of the products are
rregular particles after 5 h reaction. However, a small rectangular
tructure assembled by irregular nanocrystals can be occasionally
bserved, which is marked with a red circle in Fig. 6a. After aging for
longer period up to 10 h, the quasi-spindle shaped structures and

emi-spindle shaped structures coexist in the as-obtained products
Fig. 6b). When the reaction time extended to 15 h, the spindle-like
orous structure could be seen clearly (Fig. 6c). Finally, abundant
pindle-like LFP (Fig. 6d) can be obtained when the reaction time
s prolonged to 20 h (for interpretation of the references to color
n this sentence, the reader is referred to the web version of the
rticle).

Based on the above results, it can be concluded that the intricate
rystal growth process of primary nanoparticles proceeds simul-
aneously with the assembly of as-forming nanocrystals into a
D hierarchically spindle-like microstructure. The main process is
chematically illustrated in Fig. 7. First of all, a great number of
i3PO4 precipitations, FeSO4 and l-ascorbic acid mix together. With
rolonged reaction time, Li3PO4 precipitations begin to change to
FP crystalline nuclei (as shown in Eqs. (3) and (4)). Meanwhile,
-ascorbic acid will be adsorbed at the surfaces of primary LFP
rystalline nuclei, which has been reported by Uchiyama and Imai
37]. Driven by the minimization of the total energy of the sys-
em, the primary LFP crystalline nuclei tend to aggregate together.
hen, Ostwald ripening, as a common phenomenon in crystalliza-
ion process takes place. According to the Gibbs–Thomson law
44,45], larger LFP crystals grow at the expense of smaller crys-

alline nuclei. And these LFP nanocrystals intimately contact each
ther in a side by side manner and tend to rearrange to form
spindle-like microstructure. Finally, LFP nanocrystals will fur-

her growth and form a mesoporous spindle-like structure through
educing the total surface energy.
n mechanism of spindle-like LFP.

3.3. Electrochemical properties

Fig. 8 shows the cycle performance and charge/discharge
profiles of the spindle-like LFP electrode at 0.1 C rate. As shown in
Fig. 8a, the spindle-like LFP sample exhibits good cycling stability
and high reversible capacity. The charge capacity and discharge
capacity are nearly the same, and the charge/discharge efficiency
is almost 100%. Fig. 8b displays the charge/discharge curves of the
spindle-like LFP electrode at 1st, 10th, 20th, 30th, 40th and 50th
cycles. The flat voltage plateaus at 3.4 V and 3.5 V are corresponding
Fig. 8. (a) Cycle performance of the spindle-like LFP electrode at 0.1 C rate. (b)
Charge/discharge profiles of the spindle-like LFP electrode at 0.1 C rate.
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Fig. 9. (a) CV curves of the spindle-like LFP electrodes in the voltage range of
2
e
T

I
p
i
e

w
s
w
p
o
o
r

t
h
a
t
c
v
s
a
w
t

l
s
a

Fig. 10. (a) The charge/discharge profiles of the spindle-like LFP in the voltage from
2.5 to 4.2 V at various current rates. (b) The rate and cycling performances of the
.5–4.2 V at a scan rate of 0.1 mV s−1. (b) Impedance spectra of the spindle-like LFP
lectrodes at initial cycle and 50th cycle with the frequency range of 10−1 to 106 Hz.
he inset is an equivalent circuit of impedance spectra.

n addition, the voltage difference between charge and discharge
lateaus has no remarkable increase with the cycle number

ncreasing, suggesting that the spindle-like LFP electrode has good
lectronic conductivity and high reaction reversibility.

Fig. 9a shows CV curves of the spindle-like LFP electrode. The
ell-defined and repetitive reduction and oxidation peaks of the

pindle-like LFP electrode appear at 3.33 V and 3.54 V, respectively,
hich are consistent well with the results in Fig. 8b. The small
otential separation between the oxidation and reduction peaks
f 0.21 V is representative of its good kinetics. The good overlap
f the second and third cycles indicates that high electrochemical
eversibility has been established after the initial cycle.

Fig. 9b presents the Nyquist plots of the spindle-like LFP elec-
rode. Both profiles exhibit a semicircle and a straight line in the
igh- and low-frequency regions. As indicated by the inset equiv-
lent circuit in Fig. 9b, the impedance spectra can be explained on
he basis of an equivalent circuit with electrolyte resistance (Re),
harge transfer resistance (Rct), double layer capacitance and passi-
ation film capacitance (CPE) and Warburg Impedance (Zw) [9]. The
ignificant decrease of Rct from 57.7 � in the initial cycle to 28.7 �
fter 50 cycles may result from the nanosizing of LFP nanocrystals,
hich could achieve a higher surface area and reduce the charge

ransfer resistance.

Fig. 10 shows the remarkable high-rate capability of spindle-

ike LFP electrode. As shown in Fig. 10a, the discharge capacities of
pindle-like LFP at 0.1–5 C rate are 163.57, 153.04, 146.18, 137.66
nd 116.98 mAh g−1, respectively. Even at a rate as high as 5 C, the
spindle-like LFP. The cells were charged at the same rate of 0.1 C to insure identical
conditions for each discharge.

spindle-like LFP sample still has a flat voltage plateau about 3 V,
indicating that the spindle-like LFP has a lower polarization and
would be well suited for cathode materials of high-power lithium
batteries. Fig. 10b exhibits a comparison of the discharge capacity
over limited cycling (of 10 cycles each) at different C-rates. The
discharge capacity remains stable and decreases regularly with
an enhanced discharge rate. The reversible capacities at 0.1, 0.5,
1, 2 and 5 C rate are about 162.17, 155.25, 145.86, 134.59 and
111.04 mAh g−1, which are 99.14, 101.44, 99.78, 97.77 and 94.93%
of the initial discharge capacities. In addition, the capacity can be
completely recovered when the current density is decreased (0.1 C
rate), implying that the spindle-like LFP has good electrochemical
reversibility and structural stability.

From the above analysis, these excellent electrochemical perfor-
mances can be ascribed to the unique microstructure of hierarchical
spindle-like LFP. The primary nanocrystals, which constructed
the hierarchical architecture, could remain structural stability for
the long-term cycling. Furthermore, the porous structure can not
only shorten the lithium ion diffusion length, allow better pen-
etration of electrolyte to promote lithium ion diffusion but also
increase the electrochemical reaction surface, thus ultimately alle-

viating electrode polarization. Therefore, this spindle-like LFP can
be considered as an excellent cathode material for high-power and
high-energy lithium batteries.
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. Conclusion

In this work, self-assembled LFP particles with hierarchical
pindle-like microstructure have been successfully synthesized by
facile synthesis route at low temperature. The microstructure

nd formation process of hierarchical spindle-like LFP particles
ere investigated by XRD, SEM and TEM. It was found that pH

alue and reaction time play multifold roles in controlling the
orphology of LFP particles. As the cathode material for lithium

atteries, the spindle-like LFP sample exhibited excellent electro-
hemical properties. At 0.1 C rate, the initial discharge capacity was
63.57 mAh g−1 (96.22% of the theoretical capacity 170 mAh g−1),
nd could remain 157.32 mAh g−1 after 50 cycles. In addition, the
pindle-like LFP sample also displayed good rate performance, even
t a rate as high as 5 C, it still had a flat voltage plateau, and delivered
discharge capacity of 116.98 mAh g−1. These improved electro-

hemical performances can be attributed to the unique mesoporous
ierarchical microstructure, which is favorable for increasing the
lectrochemical reaction surface, enhancing the electronic conduc-
ivity, and promoting lithium ion diffusion.
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