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Abstract

Iron phosphate (Fe(II)2P2O7) microspheres composed of self-assembled nanorods were prepared by means of thermal dehydrogena-

tion followed by thermochemical reduction of hydrothermally-synthesized FePO4 � 2H2O at 400 1C under a H2 atmosphere. The phase

and morphological evolutions of FePO4 � 2H2O and Fe2P2O7 products were characterized by X-ray diffraction. The Fe2P2O7 electrode as

a new anode showed higher specific capacities (490 mA h g�1 after 10 cycles at a rate of 100 mA g�1) and better cyclic performances

than FePO4 � 2H2O.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Iron-based compounds are very attractive as electrode
materials for rechargeable lithium batteries since they are
inexpensive, nontoxic, and environmentally benign. Iron-
based compounds have been synthesized in a variety of
morphologies, including nanoparticles [1], nanowires [2],
nanorods [3], nanotubes [4], and nanoflakes [5]. However,
iron-based compounds usually suffer from rapid capacity
fading as a result of large volume change during Li conversion
reactions [6].

Iron phosphates have been explored as both cathode
and anode materials in Li-ion batteries. In particular,
LiFePO4 exhibits a theoretical capacity of 170 mA h g�1

when operating as a cathode material. On the other hand,
iron phosphates such as FePO4 and Fe3PO7 typically act as
anode materials, and consequently, they are expected to
show reaction mechanisms that are different from those of
cathodic lithium iron phosphates [7,8]. Recently, Hu et al.
reported the synthesis of a LiFePO4 cathode from an
Fe2P2O7 precursor. Fe and P (having valences of þ2 and
þ5, respectively) were present with a Fe/P molar ratio of
1:1 in both Fe2P2O7 and LiFePO4 [9]. However, to the best
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of our knowledge, the Li electroactivity of Fe2P2O7 has not
been reported.
Herein, we report for the first time the utilization of

Fe2P2O7 as an anode material in Li-ion batteries. The
synthesis was performed by controlled thermal dehydrogena-
tion and subsequent thermochemical reduction of precursor
FePO4 � 2H2O microspheres composed of self-assembled
nanorods. The as-prepared Fe2P2O7 microspheres exhibited
higher specific capacity and significantly superior cycling
performance characteristics compared to FePO4 � 2H2O.
2. Experimental procedure

The starting materials were iron(III) chloride (FeCl3,
Aldrich, purity 99%), phosphoric acid (H3PO4, Aldrich,
purity 98%), and sodium sulfate (Na2SO4, Aldrich). Aqu-
eous solutions of FeCl3 (150 mL, 0.2 M) and H3PO4

(100 mL, 0.3 M) were mixed and vigorously stirred. The
resulting solution was added to Na2SO4 (10.65 g, 0.3 M)
with constant stirring for 30 min and then transferred to a
300-mL Teflon-lined stainless steel autoclave. The auto-
clave was sealed and heated to 120 1C (heating rate of
10.0 1C min�1) for 1–24 h, after which it was cooled down
to room temperature. As a result of this treatment, a
FePO4 � 2H2O precipitate was obtained. This precipitate
rved.
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was collected by centrifugation, washed several times with
deionized water and ethyl alcohol, and finally dried over-
night at 60 1C in a vacuum oven. Then, the as-prepared
FePO4 � 2H2O precursor was treated at 400 1C for 24 h
under flowing hydrogen (300 sccm).

The powder materials obtained were characterized by X-
ray diffraction (XRD, Bruker AXS D8, Germany) and
scanning electron microscopy (SEM, HITACHI S-4100,
Japan). In order to determine the electrochemical behavior
of the prepared materials, positive electrodes were fabri-
cated by mixing the powders with Super P carbon black
(MMM Carbon, Brussels, Belgium) and a Kynar 2801
binder (PVdF-HFP) in a mass ratio of 70:15:15 and
subsequently pasting the mixture on a Cu foil. Swagelok-
type cells containing Li metal foil (employed as the anode)
and a separator film of Celgard 2400 were assembled and
saturated with the liquid electrolyte (1 M LiPF6 in a 1:1 (by
volume) mixture of ethylene carbonate and dimethyl carbo-
nate, Techno Semichem Co., Ltd., Korea). The assembled
cells were galvanostatically cycled between 0.0 and 2.5 V
using an automatic battery cycler (WBCS 3000, WonA-
Tech, Korea).
Fig. 1. Typical SEM images of FePO4 � 2H2O powders after hydrothermal reac

the magnified images of the surface of each particle. (e) Schematic illustration
3. Results and discussion

Fig. 1 shows SEM images of the FePO4 � 2H2O powder for
several hydrothermal reaction times. The concentration of
reactants was fixed at 0.12 M in all the cases. Fig. 1a shows
the morphology of the powders at the early growth stage (1 h
hydrothermal treatment). It can be seen that several hundred
nanometer-sized particles were formed initially, and each
particle was composed of tiny nanoparticles, as indicated in
the inset of Fig. 1a. The XRD patterns for these particles
showed an amorphous phase (data not shown). When longer
hydrothermal treatments were applied (5–8 h), the particles
grew to a size of several micrometers (E3 mm) with spherical
morphology, as observed in Fig. 1b and c. Interestingly, the
microspheres were constructed of several densely-packed
crystalline nanorods with diameters of 30–50 nm and lengths
of 200 nm, as shown in the magnified SEM images (insets of
Fig. 1b and c). After a prolonged hydrothermal reaction time
(24 h), some microspheres grew abnormally to E15 mm, so a
bimodal particle size distribution was observed (Fig. 1d). A
possible growth model based on these SEM images is
illustrated in Fig. 1e. During the initial stages of the reaction,
tion at 120 1C for (a) 1 h, (b) 5 h, (c) 8 h, and (d) 24 h. Insets in (a–c) show

of the morphological evolution.
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tiny precipitates coagulated by the Ostwald ripening thereby
forming amorphous nanoparticles [10]. Subsequently, further
reaction allowed these tiny precipitates to grow forming
elongated nanorods through oriented aggregation. These
nanostructures finally crystallized generating FePO4 � 2H2O
microspheres composed of self-assembled nanorods.

Thermogravimetric (TG) analysis of FePO4 � 2H2O
microspheres (Fig. 2a) revealed an abrupt change in the
slope of the weight loss curve at about 200 1C, which could
be ascribed to the formation of a tridymite FePO4 phase by
dehydration of the as-prepared FePO4 � 2H2O [7]. The
sharp endothermic peak near this temperature in the
differential thermal analysis confirmed the thermal decom-
position of FePO4 � 2H2O.
Fig. 2. (a) TGA-DTA curves of the FePO4 � 2H2O microspheres under air; (b

and (d) high-magnification SEM images of the Fe2P2O7 microspheres.

Fig. 3. Galvanostatic discharge/charge voltage profiles of the (a) FeP
In order to favor the synthesis of the ferrous salt (e.g.,
Fe(II)2P2O7) versus the Fe(III)PO4 phase, the FePO4 � 2H2O
precursors were thermochemically reduced at 400 1C under
flowing H2. As described above, a FePO4 � 2H2O phase can
be prepared after hydrothermal reaction for 8 h (Fig. 2b).
This precursor phase was completely transformed to
Fe2P2O7 after the reduction treatment according to the
following reaction:

2Fe(III)PO4 � 2H2OþH2-Fe(II)2P2O7þ5H2O

The divalent metal pyrophosphates Fe2P2O7 possess
three polymorphs (a, b, and g). Hoggins et al. found that
) XRD patterns of the FePO4 � 2H2O and Fe2P2O7 microspheres; (c) low-

O4 � 2H2O and (b) Fe2P2O7 electrodes at a rate of 100 mA g�1.
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the unit cells of other monoclinic metal pyrophosphates
M2P2O7 compounds (M¼Mn, Cu, Mg, Zn) belonged to
the same unconventional C1̄ space group. The as-prepared
Fe2P2O7 crystallizes in the C1̄ space group and has the
form b-Fe2P2O7 in the crystal phase. Actually, b-Fe2P2O7

is a triclinic distortion of this form. The Fe octahedron
irregularity and the iron in tetrahedral coordination have
been previously observed for the Mg–O octahedron, which
is isostructural with the b-Mg2P2O7 structure [9,11].

Overall, the FePO4 � 2H2O precursor showed a spherical
morphology, although each microsphere was shrunken and
partially crushed (Fig. 2c). The magnified SEM image of
the surface of Fe2P2O7 in Fig. 2d indicated a microsphere
constructed of nanorods, which were shortened (E100 nm)
as a result of prolonged reduction. These morphological
changes were previously ascribed to volume changes pro-
duced by phase conversion and dehydration processes during
the reduction process [6].

The galvanostatic cycling characteristics of both
FePO4 � 2H2O and Fe2P2O7 microspheres in the configura-
tion of product/Li half-cells were investigated over the
range 0.0–2.5 V at 100 mA g�1 for 10 cycles (Fig. 3).
Fig. 3a shows the voltage-specific capacity curve of the
FePO4 � 2H2O nanorods/spheres, which showed first dis-
charge and charge capacities of 1273 and 495 mA h g�1,
respectively. However, the reversible capacity faded dras-
tically to 187 mA h g�1 after 10 cycles, which is in good
agreement with previous reports [7]. On the other hand,
the first discharge and charge capacities of Fe2P2O7 were
1281 and 613 mA h g�1, respectively, and a high reversible
capacity of E500 mA h g�1 was obtained after 10 cycles,
which is higher than that of commercial, graphite-based
anodes. The inferior cycling performance of FePO4 � 2H2O
might be attributed to the existence of water in the crystal
structure and the dense assembly of nanorods in each
microsphere thereby hindering the permeability of the
electrolyte. Fe2P2O7 microspheres were prepared through
the complete dehydration process during thermochemical
reduction. In addition, each Fe2P2O7 microsphere showed
a relatively open, porous structure comprising loosely
packed nanorods. Therefore, the superior capacity reten-
tion of the Fe2P2O7 microspheres resulted from the better
accommodation of the liquid electrolyte within the lattice,
which enhanced Li-ion transfer [6,12,13].

4. Conclusions

In summary, we report herein the synthesis of Fe2P2O7

microspheres composed of assembled nanorods via simple
thermochemical reduction of hydrothermally-prepared
FePO4 � 2H2O precursor microspheres. The morphology
and crystallinity of the FePO4 � 2H2O microspheres can be
easily controlled by adjusting the length of the hydrother-
mal treatment. The Fe2P2O7 microspheres, with their open
porous structure, exhibited a better lithium storage capa-
city upon cycling than FePO4 � 2H2O microspheres. These
results can be explained in terms of improved electrolyte
permeability and Li-ion transfer characteristics. Therefore,
these prepared Fe2P2O7 microspheres may be potential
host materials for high-energy Li-ion batteries.
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