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bstract

Chemical lithiation with LiI in acetonitrile was performed for amorphous FePO4 synthesized from an equimolar aqueous suspension of iron
owder and an aqueous solution of P2O5. An orthorhombic LiFePO4 olivine structure was obtained by annealing a chemically lithiated sample
t 550 ◦C for 5 h in Ar atmosphere. The average particle size remained at approximately 250 nm even after annealing. The lithium content in
he sample was quantitatively confirmed by Li atomic absorption analysis and 57Fe Mössbauer spectroscopy. While an amorphous FePO4/carbon
omposite cathode has a monotonously decreasing charge–discharge profile with a reversible capacity of more than 140 mAh g−1, the crystallized
iFePO /carbon composite shows a 3.4 V plateau corresponding to a two-phase reaction. This means that the lithium in the chemically lithiated
4

ample is electrochemically active. Both amorphous FePO4 and the chemically lithiated and annealed crystalline LiFePO4 cathode materials
howed good cyclability (more than 140 mAh g−1 at the 40th cycle) and good discharge rate capability (more than 100 mAh g−1 at 5.0 mA cm−2).
n addition, the fast-charge performance was found to be comparable to that with LiCoO2.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Ever since the commercialization of lithium-ion batteries
sing a layered rocksalt metal oxide cathode such as LiCoO2
1], these batteries have been widely used in 3C portable appli-
ations. On the other hand, rare-metal-free polyanionic cathode
aterials with a 3D framework have attracted much inter-

st in large-scale energy conversion devices because of their
ow cost, low environmental impact, and high thermal sta-
ility, as shown in Table 1 [2–13]. Among these materials,
rdered-olivine LiFePO4 has attracted much attention because
t has the highest energy density. However, a ferrous com-
ound and ammonium phosphate are usually used as Fe and

sources. It is difficult to regard these materials as low-cost

nd environmentally friendly. On the other hand, olivine-related
ePO4 has the largest theoretical capacity, 177 mAh g−1 per
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ithium intercalation. We previously proposed an inexpensive
ow-temperature synthesis route from an aqueous suspension
f iron powder and an aqueous solution of P2O5, and showed
hat it could work as a good cathode-active material not only
or Li but also for Na cells [13]. All of the cathode mate-
ials in Table 1 are ferric compounds except the olivine-type
iFePO4, and they can be synthesized in air, owing to the sta-
ility of Fe3+ in the matrix. However, these ferric compounds,
uch as FePO4, have a serious drawback as cathode-active
aterials for Li-ion batteries, because they cannot work as a

ithium source in the cell, even if they involve lithium such as
i3Fe2(PO4)3.

In this paper, we performed chemical lithiation with LiI in
cetonitrile for amorphous FePO4 synthesized from an equimo-
ar aqueous suspension of iron powder and an aqueous solution
f P2O5 in air. The electrochemical activity of the crystallized

iFePO4 by annealing was investigated using a coin-type cell.
he lithium content in the lithiated sample was quantitatively
onfirmed by Li atomic absorption analysis and 57Fe Mössbauer
pectroscopy. In addition, we investigated the fast-charge ability

mailto:s-okada@cm.kyushu-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2007.08.038
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Table 1
Typical rare-metal-free iron-based polyanionic cathode materials

Cathode Material group Average voltage vs.
Li/Li+ (V)

Capacity (mAh g−1),
reported/theoretical

Theoretical energy
density (Wh kg−1)

References

Fe2(SO4)3 NASICON
3.6 110/134 480 [2]

Li3Fe2(PO4)3 2.8 100/128 360 [3]
LiFeP2O7 Pyrophosphate

2.9 60/113 330 [4]
Fe4(P2O7)3 3.0 110/144 430 [4]
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LiFePO4 Olivine 3.4
FePO4 Olivine related 3.0

f chemically lithiated LiFePO4 in comparison with that of
iCoO2.

. Experimental

Amorphous FePO4 was synthesized by a previously reported
olution-based method [12,13]. X-ray amorphous phase is called
imply as “amorphous phase” in this paper and the term is
sed for convenience hereafter. First, stoichiometric amounts of
etallic iron powder and P2O5 (Wako Pure Chemical Industries,
td.) were reacted in water at room temperature. The precursor
olution was mixed for 24 h by a planetary ball mill (200 rpm)
nd then annealed at various temperatures (100–650 ◦C) for 12 h
n air. Then, to prepare LiFePO4, chemical lithiation was per-
ormed for the amorphous FePO4. Here, we used amorphous
ePO4 annealed at 350 ◦C in air. LiI was selected as a reducing
gent [6–8]. We chose it because it is cheaper and easier to han-
le than more powerful reducing agents such as n-butyl lithium,
hich has a potential relative to pure lithium of around 1 V,

lthough LiI’s reducing power is not enough to reduce to Fe(II)
ompletely [6,14]. The sample powder was stirred at 300 rpm
or 24 h in 1 M solution of LiI (Wako Pure Chemical Indus-
ries, Ltd.) in acetonitrile (Li/Fe = 3/1 mole ratio). The solution
as then filtered to remove the remaining LiI, which was then
ried in a vacuum overnight. All chemically lithiated treatments
ere performed in an Ar-filled glovebox, because of the hygro-

copic nature of LiI. Finally, the obtained powder was annealed
t 550 ◦C for 5 h in Ar, according to the literature [7,8]. On the
ther hand, a mixture of a 3:2 molar ratio of Li2CO3 and Co3O4
Wako Pure Chemical Industries, Ltd.) was sintered at 850 ◦C
or 24 h in air to prepare LiCoO2 (average particle size: 5 �m)
s a standard cathode material.

The synthesized materials were identified by powder X-
ay diffraction (XRD; Rigaku RINT2100HLR/PC) with Cu
� radiation. We investigated the crystallization temperature
f the amorphous material by TG–DTA (Rigaku Thermo Plus
G8210), which was heated at a rate of 5 ◦C min−1 up to 700 ◦C

n an Ar atmosphere.
The amount of lithium ion chemically inserted into amor-

hous FePO4 was confirmed by atomic absorption spectrometry
Hitachi Z-5310). In addition, to investigate the changes in the

e oxidation state in the samples from before to after chemical

ithiation, the 57Fe Mössbauer spectrum was used. A constant
cceleration method was performed using the Mössbauer spec-
rometer (Laboratory Equipment Corp.). As the Mössbauer

o
b
v
s

165/170 580 [5]
155/178 530 [6–13]

ource and the reference for the isomer shift we used, respec-
ively, 370 MBq of 57Co(Pd) and �-Fe foil enriched with 57Fe.
he morphology and particle size were observed by FE-SEM

JEOL JSM-6340F). The particle size distribution was also
easured by a dynamic light-scattering particle size analyzer

Horiba LB-500X).
To improve the rate capability, the 70 w/o cathode powders

amorphous FePO4 and lithiated LiFePO4) were dry ball-milled
ith 25 w/o acetylene black (AB; Denki Kagaku Co. Ltd.).
oreover, the LiFePO4/carbon composite powder (LiFePO4/C

ereafter) was annealed again at 500 ◦C for 1 h in Ar. On the
ther hand, 70 w/o LiCoO2 and 25 w/o carbon were fully mixed
y the conventional method using a mortar grinder. Cathode
ellets were fabricated by mixing a 95 w/o cathode/carbon com-
osite powder with a 5 w/o PTFE Teflon binder (Polyflon TFE
-103, Daikin Industry Ltd.) and punching the resulting material
isks (ca. 30 mg in weight, 10 mm in diameter, and 250 �m in
hickness). The disks were dried at 100 ◦C overnight in vacuum
efore use. The performance of each electrochemical cathode
as evaluated by a 2032 coin-type Li cell with a nonaqueous

lectrolyte (1 M LiPF6/EC:DMC = 1:1 vol.%, Tomiyama Pure
hemical Industries, Ltd.) and a polypropylene separator (Cel-
ard 3501; Celgard LLC) against a Li metal anode. The coin-type
ells were assembled in an Ar-filled glovebox. All cycle tests
ere performed at 25 ◦C.

. Results and discussion

Fig. 1 shows the XRD patterns for (a) the chemically lithiated
ample, (b) the sample annealed at 550 ◦C for 5 h in Ar after
hemical lithiation, and (c) the sample sintered at 800 ◦C for
6 h in Ar with a conventional solid-state reaction. There were
o diffraction peaks in the chemically lithiated sample, while
ome diffraction peaks were observed in the annealed sample.
ll these peaks in Fig. 1(b) could be indexed as olivine-type
iFePO4 with a Pnma space group (ICDD 40–1499). How-
ver, no diffraction peaks of trigonal FePO4 could be seen in
he XRD pattern. On the other hand, the annealed lithiated sam-
le may have included some amount of unreacted amorphous
ePO4 phase, because the crystallization temperature of trigo-
al FePO4 is 716 ◦C [7,8]. The refined cell parameters for the

btained olivine-type LiFePO4 sample were a = 10.332(9) Å,
= 5.960(1) Å, c = 4.701(4) Å, and volume = 289.54 Å3. These
alues agree well with LiFePO4 obtained by a solid-
tate reaction (a = 10.324(4) Å, b = 6.009(1) Å, c = 4.687(6) Å,
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ig. 1. XRD patterns for (a) amorphous LiFePO4 obtained by chemical lithi-
tion, (b) annealed LiFePO4 after the chemical lithiation, and (c) olivine-type
iFePO4 sintered by a conventional solid-state reaction.

nd volume = 290.82 Å3). In addition, the obtained powder
as gray, similar to the color of conventional olivine-type
iFePO4.

The results of the TG–DTA measurements for amorphous
ePO4 and the lithiated sample are shown in Fig. 2. The weight

oss observed below 200 ◦C corresponds to the dehydration by
nnealing. In addition, that of the lithiated sample was con-
inuously observed until 300 ◦C. A small exothermic peak of
morphous FePO4 in the DTA curve was observed at approxi-
ately 550 ◦C, and that of the lithiated sample was at 420 ◦C.

hese exothermic peaks were not accompanied by appreciable
eight loss in the TG curve, and no symmetrical endothermic
eaks were observed with decreasing temperature. The small
xothermic peak of the amorphous FePO4 seems to indicate

ig. 2. TG–DTA profiles for (a) amorphous FePO4 and (b) amorphous
iFePO4 obtained by chemical lithiation (heating rate: 5 ◦C min−1; flow rate:
00 mL min−1).
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ig. 3. The 57Fe Mössbauer spectra of (a) amorphous FePO4 and (b) crystallized
iFePO4 by annealing after chemical lithiation.

ome structural transformation. Moreover, it transforms into
rigonal FePO4 (P321) at 716 ◦C, according to Refs. [7,9]. The
rigonal FePO4 consists of a corner-shared framework with FeO4
etrahedra and PO4 tetrahedra. In contrast, the lithiated sample
as a phase change to orthorhombic LiFePO4 (Pnma), which
onsists of an edge-shared and corner-shared framework with
eO6 octahedra and PO4 tetrahedra.

Fig. 3 shows the 57Fe Mössbauer spectra for amorphous
ePO4 and olivine-type LiFePO4 prepared by annealing at
50 ◦C for 5 h in Ar after chemical lithiation. The spectrum
or amorphous FePO4 exhibited one symmetric doublet with
n isomer shift of 0.36 mm s−1. This result indicates that the
e oxidation state in the matrix is entirely Fe(III). In contrast,

he spectra for LiFePO4 prepared by chemical lithiation exhib-
ted two symmetric doublets, with respective isomer shifts of
.19 mm s−1 and 0.20 mm s−1. The large symmetric doublet
ndicates that chemical lithiation changed the Fe oxidation state
rom Fe(III) to Fe(II). The small one indicates that the Fe oxida-
ion state still kept Fe(III) without reacting. The Fe(II) content
as found to be approximately 93% by calculating the intensity
f each doublet. In addition, the amount of chemically inserted
i ions in the amorphous FePO4 was found to be approximately
.91 mol by atomic absorption spectrometry. These results are in
ood agreement. The 57Fe Mössbauer spectroscopy and atomic
bsorption spectrometry revealed that the composition of the
ample obtained by chemical lithiation was Li0.9FePO4, which
s a two-phase 9:1 mixture with olivine-type LiFePO4 and amor-
hous FePO4.
Fig. 4 shows SEM images of amorphous FePO4, olivine-type
iFePO4 annealed at 550 ◦C for 5 h after the chemical lithiation,
nd standard olivine-type LiFePO4 sintered at 800 ◦C for 36 h.
n addition, the particle size distributions of amorphous FePO4
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nd chemically lithiated LiFePO4 are shown in Fig. 5. For the
easurement of particle size distribution, the powder was dis-

ersed in ethanol to reduce the aggregation. It was confirmed
hat the minimum particle sizes of amorphous FePO4 and chem-
cally lithiated LiFePO4 in Figs. 4 and 5 were 100 nm and that
heir average sizes were approximately 250 nm. The absence of

significant increase in particle size is due to the low annealing

emperature—550 ◦C for 5 h. In contrast, the particle size distri-
ution of a standard LiFePO4 sample was beyond the scale range,
etween 3.0 nm and 6.0 �m. According to a geometrical estima-

ig. 4. SEM images of (a) amorphous FePO4, (b) crystallized LiFePO4 by
nnealing after chemical lithiation, and (c) olivine-type LiFePO4 sintered by
conventional solid-state reaction.
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ig. 5. The particle size distribution of (a) amorphous FePO4 and (b) crystallized
iFePO4 by annealing after chemical lithiation.

ion of the SEM images in Fig. 4, the average particle size of the
tandard sample was approximately 5 �m. It was found that the
hemical lithiation of nano-sized FePO4 is a useful method for
ynthesizing nano-sized olivine-type LiFePO4.

Fig. 6 shows the charge/discharge profiles for the amorphous
ePO4/C and olivine-type LiFePO4/C composite cathodes,
espectively. FePO4/C was cycled between 2.0 and 4.5 V, while
iFePO4/C was between 2.0 and 4.0 V. The charge/discharge
urrent for both cathodes was 0.2 mA cm−2. The profiles of
morphous FePO4/C each showed a single-phase reaction with
n average voltage of ∼3.0 V, which is similar to that of the
rigonal FePO4 [12]. Although the first discharge capacity was
50 mAh g−1, the second decreased to 140 mAh g−1 (80% of

he theoretical capacity) because of an insufficiency in charg-
ng. In contrast, the profiles of LiFePO4/C showed a two-phase
eaction with a 3.4 V plateau, which is similar to that of olivine-

ig. 6. The charge/discharge profiles for (a) amorphous FePO4/carbon com-
osite and (b) chemically lithiated olivine-type LiFePO4/carbon composite
continuous line: first cycle, dotted line: second cycle). The voltage range was
.0–4.5 V for FePO4/C and 2.0–4.0 V for LiFePO4/C. The charge/discharge rate
as 0.2 mA cm−2.



Power Sources 173 (2007) 979–984 983

t
T
i
i
w
(
t
w
M
e
c
o
m
fi
a
o
c
a

t
c
B
d
c
1
fi
3
w

f
T
1
a
r
c
w
c
t

F
c
w
r

Fig. 8. The discharge rate capability for (a) amorphous FePO4/carbon composite
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ype LiFePO4 synthesized by a conventional solid-state reaction.
hese results indicate that the chemically lithiated LiFePO4

s still electrochemically activated even after 550 ◦C anneal-
ng treatment. However, the first charge capacity (140 mAh g−1)
as found to be 90% smaller than the first discharge capacity

155 mAh g−1), as shown in Fig. 5(b). The discrepancy between
he charge/discharge capacity on the first cycle is consistent
ith the results of atomic absorption spectrometry and 57Fe
össbauer spectroscopy. In other words, the discrepancy can be

xplained by the incomplete chemical lithiation. The reversible
apacity of the second cycle was 155 mAh g−1 (90% of the the-
retical capacity) because the shortage of Li ion in the cathode
atrix was compensated by the Li metal in the anode after the
rst cycle. Of course, the increase in lithiation time and temper-
ture for the complete chemical lithiation of FePO4 or the use
f the stronger reducing agent should be considered, as such Li
ompensation cannot be expected in a practical Li-ion cell using
carbonaceous anode.

The cyclability for the amorphous FePO4/C and that for
he olivine-type LiFePO4/C cathode are shown in Fig. 7. The
harge/discharge condition was similar to that shown in Fig. 6.
oth cathode materials showed good cyclability, although the
ischarge capacity of FePO4/C was unstable during the first ten
ycles. The discharge capacity was maintained at more than
50 mAh g−1 after the 40th cycle. Even at the 40th cycle, the pro-
le of LiFePO4/C prepared by chemical lithiation maintained a
.4 V plateau, corresponding to a two-phase reaction, and there
as no trace of a change to the trigonal FePO4 on cycling.
Fig. 8 shows the discharge profiles at various current rates

or the amorphous FePO4/C and olivine-type LiFePO4/C.
he discharge current rate gradually increased from 0.2 to
.0 mA cm−2, while the charge current rate remained constant
t 0.2 mA cm−2. Here, the current density of 0.2 mA cm−2 cor-
esponds to an approximately C/20 rate (∼8.5 mA g−1). Both

athode materials were cycled at a low rate several times before
e evaluated the rate capability. The discharge and charge

urrent rates were maintained at a discharge capacity greater
han 150 mAh g−1 at 1.0 mA cm−2 without the capacity fading.

ig. 7. The cyclability for (a) amorphous FePO4/carbon composite and (b)
hemically lithiated olivine-type LiFePO4/carbon composite. The voltage range
as 2.0–4.5 V for FePO4/C and 2.0–4.0 V for LiFePO4/C. The charge/discharge

ate was 0.2 mA cm−2.

h
g
d
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r

F
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nd (b) chemically lithiated olivine-type LiFePO4/carbon composite. The charge
urrent was kept constant at 0.2 mA cm−2. The voltage range was 2.0–4.5 V for
ePO4/C and 2.0–4.0 V for LiFePO4/C.

lthough capacity did fade at higher discharge rates, the capaci-
ies were maintained at more than 140 mAh g−1 at 2.0 mA cm−2

nd at more than 100 mAh g−1 even at 5.0 mA cm−2. LiFePO4/C
howed a slightly better rate capability than amorphous FePO4/C
t more than 5.0 mA cm−2.

The fast-charge capability of LiFePO4/C at the 4.2 and 4.3 V
utoff conditions is shown in Fig. 9. As the standard cath-
de in Fig. 9, we used a normal micro-sized LiCoO2 sintered
t 850 ◦C in air. In the case of the 4 V-class cathodes, such
s LiCoO2, the voltage margin between the discharge voltage
nd oxidation potential of the nonaqueous electrolyte is usu-
lly less than 0.5 V, while in the case of LiFePO4 it is larger
han 1 V. Although the low electronic conductivity of LiFePO4
as often been noted, we expect that the large voltage mar-

in must be helpful for fast charging. In fact, Yamada et al.
emonstrated the excellent fast-charging property of LiFePO4
y potentiostatically stepwise charging [15,16]. To evaluate the
ate capability of charging, the charge current rate was gradu-

ig. 9. The fast-charge capability for LiFePO4/carbon composite and LiCoO2

t various charge cutoff voltages. The discharge current was kept constant at
.2 mA cm−2.
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lly increased from 2.0 to 10.0 mA cm−2, while the discharge
urrent rate was kept constant at 2.0 mA cm−2. In the case of
.3 V cutoff charging at a rate of 10.0 mA cm−2, the charge
apacity of LiFePO4/C was inferior to that of LiCoO2. How-
ver, in the case of the 4.2 V cutoff, the fast-charge capability
f LiFePO4/C was superior to that of LiCoO2 between 0.2
nd 10.0 mA cm−2. Moreover, considering the slight difference
etween the 4.2 and 4.3 V cutoffs, the results for LiFePO4
ean that LiFePO4 does not need a high cutoff voltage for

ast charging. This facile comparison may not be suitable for
he inherent kinetics of the cathodes, because of the differ-
nces in particle sizes and composite structures. However, it
s found that the fast-charge performance of the nano-sized
iFePO4/carbon composite is comparable to that of the con-
entional LiCoO2.

. Conclusions

Olivine-type LiFePO4 was synthesized by annealing amor-
hous material obtained by the chemical lithiation of LiI to
morphous FePO4. Atomic absorption spectrometry and 57Fe
össbauer spectroscopy revealed that the amount of chem-

cally inserted Li was approximately 0.90 mol per LiFePO4.
he average particle size remained at about 250 nm before
nd after chemical lithiation and the following annealing treat-
ent. The charge/discharge profile of prepared olivine-type
iFePO4/C exhibited a two-phase reaction with 3.4 V, similar

o that of LiFePO4 synthesized by the conventional solid-state
eaction. The electrochemical activity of LiFePO4 synthesized
rom FePO4 was maintained after the annealing at 550 ◦C for
h in Ar. In addition, we confirmed that the fast-charging abil-

ty is comparable to that of a 4 V-class cathode on the market,
lthough LiFePO4 is not a conductive cathode.

FePO4 is one of the highest cost-performance cathode-active

aterials because it can be obtained from an aqueous suspension

f iron powder and an aqueous solution of P2O5 in air. Although
t is not necessarily cheap to use LiI as a reducing agent and
cetonitrile as a solvent, chemical lithiation is a useful method

[

[

r Sources 173 (2007) 979–984

ot only to convert FePO4 to LiFePO4, but also to obtain nano-
ized LiFePO4 with a good rate capability.
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