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Electrochemical insertion of lithium into four Li3Fe2(XO4)3
polymorphs (X 5 P or As) with 3-D framework structures was
carried out in ‘‘Li/LiClO4 (PC:DME)/cathode’’ coin cells. Ap-
proximately 2 Li per formula unit could be reversibly inserted
into the three different structures, which corresponds to the
reduction of all Fe31 to Fe21 between 2.5 and 3.5 V vs lithium.
The position of the Fe31 /Fe21 redox couple below the lithium-
anode Fermi energy is nearly independent of the structure and of
whether X 5 P or As. There is, however, a clear dependence of (i)
the shape of the Vcc vs x curves for Li3#xFe2(XO4)3 and (ii) the
charge—discharge rate capabilities on the crystal structure of the
cathode material. ( 1998 Academic Press

Key Words: Rechargeable lithium batteries; electrochemical
insertion; NASICON; ionic conductors; cathodes; iron phos-
phates; iron arsenates.

I. INTRODUCTION

Over the past 20 years, intensive research on transition-
metal oxides suitable as hosts for a rapid insertion/extrac-
tion of alkali ions has led to the development of LiCoO

2
(layered rock salt) or Li[Mn

2
]O

4
(spinel) as cathode mater-

ials in rechargeable lithium batteries. Cost, environment,
and shelf-life considerations have also prompted a search
for alternative cathode systems, among which are the
NASICON-related framework structures utilizing the
Ti4 /̀Ti3` or Fe3 /̀Fe2` redox couples and tetrahedral
polyanions (XO

4
)2~ or (XO

4
)3~ with X"Mo, W, S, or

P (1—9).
NASICON-related materials Fe

2
(XO

4
)
3

(X"Mo, W, S)
can be reversibly intercalated with up to 2 lithium ions
per formula unit at open-circuit voltages »

0#
that depend

strongly on the chemical nature of the polyanion, which
affects the strength of the Fe—O bonds via the inductive
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effect: a stronger polarization of O2~ toward SVI generates
a weaker Fe—O bonding, which results in a lowering of the
energy of the Fe3 /̀Fe2` redox couple and hence in a higher
open-circuit voltage vs a lithium-metal anode in Fe

2
(SO

4
)
3

(»
0#
"3.6 V) (7) than in Fe

2
(MoO

4
)
3

(»
0#
"3.0 V) (1, 2).

Delmas et al. also demonstrated the reversible intercalation
of up to 2 lithium or sodium ions per formula unit
into the rhombohedral NASICON structures ATi

2
(PO

4
)
3

(A"Li, Na) at »
0#
"2.5 V and »

0#
"2.2 V vs lithium, re-

spectively, for the Ti4 /̀Ti3` couple (5, 6).
The electrochemical characteristics, i.e., their behavior as

insertion cathode materials in rechargeable lithium batte-
ries, of the two structural modifications of Fe

2
(SO

4
)
3

were recently investigated (7—9). At low current densities
(&0.1 mA/cm2), both the monoclinic and the rhombohedral
forms can reversibly intercalate 1.5 and 1.8 lithium ions per
formula unit, respectively, at 3.6 V vs lithium. Additionally,
it was shown (8) that the substitution of (PO

4
)3~ for

(SO
4
)2~, from Li

x
Fe

2
(SO

4
)
3

to the isotypic Li
3`x

Fe
2

(PO
4
)
3
, results in a decrease of the »

0#
to 2.8 V vs Li

due to the smaller polarization of O2~ toward PV than
toward SVI .

More recently, we undertook systematic investigations of
the reversible lithium insertion/extraction into/from a large
number of polyanion structures ((SO

4
)2~, (PO

4
)3~,

(AsO
4
)3~, and (P

2
O

7
)4~) operating on various transition-

metal redox couples (Fe3 /̀Fe2`, Ti4 /̀Ti3`, V3 /̀V2`,
Nb5 /̀Nb4`, Nb4 /̀Nb3`,2) (12—16). Of particular inter-
est are (1) the tuning of the transition-metal redox energies
through the inductive effect, i.e., the study of the effect of
the nature of the polyanion and of the crystal structure on
the energy level of the Mn /̀M(n~1)` redox couples, and
(2) the identification of new cathode materials operating on
the Fe3 /̀Fe2` or Ti4 /̀Ti3` redox couples. Among these,
the olivine Li

x
FePO

4
with a flat »

0#
"3.5 V vs lithium (12)

and the rhombohedral NASICON Li
2`x

FeTi(PO
4
)
3

and
Li

3`x
Fe

2
(PO

4
)
3

(13, 14) with a closed-circuit voltage
centered at »K2.7 V vs lithium present particularly at-
tractive performances.
8



FIG. 1. Differential scanning calorimetry curves recorded between 50
and 325°C for Li

3
Fe

2
(PO

4
)
3

(A-¸FP).

229FRAMEWORK STRUCTURE FOR Li
3
Fe

2
(XO

4
)
3

(X"P, As)
This paper describes the preparation, the characteriza-
tion, and the electrochemical properties of 3-D framework
structures of general formula Li

3
Fe

2
(XO

4
)
3

(X"P, As),
denoted as LiFeX. Depending on the preparation route and
on the nature of the (XO

4
)3~ polyanion group, three differ-

ent crystal structures can be obtained (A-¸FX, B-¸FP, and
C-¸FA); each can reversibly intercalate approximately
2 lithium ions per formula unit associated with the electro-
chemical reduction of Fe3` to Fe2`.

II. MATERIALS PREPARATION AND
CHARACTERIZATION

The three different forms of Li
3
Fe

2
(XO

4
)
3

(X"P, As)
considered here were prepared following general routes pre-
viously described (17—20). The preparation temperatures and
the crystallographic characteristics are summarized in Table 1.

A. Monoclinic Li
3
Fe

2
(XO

4
)
3

(A-LFX, X"P, As)

Direct decomposition and solid-state reaction at 930 and
860°C between intimately mixed LiOH )H

2
O, Fe

2
O

3
, and

NH
4
H

2
XO

4
powders with X"P and As, respectively, lead

to Li
3
Fe

2
(XO

4
)
3

compositions (A-¸FX) isotypic with the
monoclinic form of Fe

2
(SO

4
)
3

(P2
1
/n). All the X-ray diffrac-

tion peaks for both samples could be indexed in a slightly
distorted monoclinic unit cell with lattice parameters
(Table 1) very close to previously reported values (18, 20).
The monoclinic cell results from a small distortion of the
framework from orthorhombic symmetry, due to lithium-
ion ordering at room temperature. As previously demon-
strated by d’Yvoire et al. (18) and Bykov et al. (21), differen-
tial scanning calorimetry experiments (Fig. 1) show that the
monoclinic A-¸FP (a-form) transforms reversibly to the
orthorhombic A-¸FP (c-form) upon heating at ¹'270°C,
due to a progressive breaking of the long-range ordering of
the Li` ions in the interstitial space.

B. **NASICON++ A
3
Fe

2
(PO

4
)
3

(B-AFP, A"Li, Na)

A second polymorph of chemical composition Li
3
Fe

2
(PO ) , the rhombohedral R31 c form denoted here B-¸FP,
TABL
Preparation and Crystallographic Data for A3

Code Comp Prep a (As )

A-¸FP Li
3
Fe

2
(PO

4
)
3

930°C 8.561(3) 8
A-¸FA Li

3
Fe

2
(AsO

4
)
3

860°C 8.620(2) 8
B-NFP Na

3
Fe

2
(PO

4
)
3

920°C 15.140(1) 8
B-¸FP Li

3
Fe

2
(PO

4
)
3

ionic exchange 8.300(6)
C-NFA Na

3
Fe

2
(AsO

4
)
3

910°C 13.730(6)
C-¸FA Li

3
Fe

2
(AsO

4
)
3

ionic exchange 13.639(7)

4 3
can be prepared by ionic exchange from the sodium mono-
clinic analog Na

3
Fe

2
(PO

4
)
3

(B-NFP) (17, 18). B-NFP was
first prepared by direct decomposition and solid-state reac-
tion at 920°C of stoichiometric quantities of NaH

2
PO

4
)H

2
O

and Fe
2
O

3
. The crystal structure of B-NFP consists, as for

A-¸FP, of a 3-D framework in which FeO
6

octahedra and
PO

4
tetrahedra are connected to each other through all

their vertices. In the real NASICON structure, however, the
arrangement of MO

6
and XO

4
polyhedra results in a more

open structure which allows faster alkali-ion diffusion
through bottlenecks of eight-membered rings. As in Hong’s
Na

3
Zr

2
Si

2
PO

12
(22), the room-temperature form a-

Na
3
Fe

2
(PO

4
)
3

presents an ordered distribution of Na`

ions, which results in a slight distortion of the rhombohed-
ral framework to monoclinic symmetry (C2/c) (7).

The substitution of Na by Li by ionic exchange leads to
the disordered rhombohedral (R31 c) B-¸FP. The ionic ex-
change was performed by three successive immersions of
B-NFP in an excess (Li/Na&50) of molten LiNO

3
at 300°C

for about 1 h, separated by extensive rinsing in water. The
decrease of the a

)%9
parameter and the important increase of

the c
)%9

parameter from B-NFP (a"8.731 As , c"21.569 As
in the pseudohexagonal unit cell (17)) to B-¸FP (Table 1)
strongly suggest different alkali-ion distributions. Similar
E 1
Fe2(XO4)3 Samples (A 5 Li, Na; X 5 P, As)

b (As ) c (As ) b (deg) »/Z Space group

.626(2) 12.026(2) 90.52(3) 222.0 P2
1
/n

.944(2) 12.229(2) 90.78(2) 235.7 P2
1
/n

.728(1) 8.805(1) 125.14 237.9 C
2
/c

22.53(1) 224.0 R31 c
18.581(11) 252.8 R31 c
18.457(11) 247.8 R31 c



FIG. 2. Partial representation of the structure of II-Na
3
Fe

2
(AsO

4
)
3
.

230 MASQUELIER ET AL.
observations by Delmas et al. (6) for A
3
Ti

2
(PO

4
)
3

(A"

Li, Na) were attributed to vacant M(1) crystallographic sites
along c

)%9
, resulting in a greater electrostatic repulsion be-

tween TiO
6

octahedra.

C. A
3
Fe

2
(AsO

4
)
3

, **Form II++ (C-AFA, A"Li, Na)

Ionic exchange was also used to prepare a second poly-
morph of chemical composition Li

3
Fe

2
(AsO

4
)
3
, denoted

here C-¸FA, with rhombohedral symmetry (R31 c) and iso-
typic with II-Na

3
Fe

2
(AsO

4
)
3
. C-NFA was obtained by

decomposition and solid-state reaction at 910°C of a
stoichiometric mixture of NaHCO

3
, Fe

2
O

3
, and NH

4
H

2
AsO

4
followed by quenching to avoid the formation of the

garnet I-Na
3
Fe

2
(AsO

4
)
3
. This original structure, first iso-

lated by Schwarz et al. (23) and later characterized by
d’Yvoire et al. (19, 24), consists of a three-dimensional
framework [Fe

4
(AsO

4
)
6
]
=

made up of Fe
4
O

18
clusters (one

central Fe(1)O
6

octahedron sharing three edges with three
Fe(2)O

6
octahedra) linked to AsO

4
tetrahedra (Fig. 2). The

sodium ions occupy two independent crystallographic sites:
Na(1) is fully occupied and Na(2) has a fractional occupancy
of q"5

6
. Mixed-valence FeIII/FeII crystals of composition

Na
7
Fe

4
(AsO

4
)
6

were prepared (24), and a recent investiga-
tion of their crystal structure (25) demonstrated the chem-
ical reduction of Fe3` to Fe2` on the Fe(1) site associated
with the total occupancy of the Na(2) site, leading to the
structural formula Na(1)Na(2)

6
FeII(1)FeIII

3
(2)(AsO

4
)
6
.

III. ELECTROCHEMICAL STUDY

Electrochemical insertion/extraction of lithium into/from
the Li

3
Fe

2
(XO

4
)
3

framework structures was performed
with Li/LiClO

4
(PC:DME)/¸FX coin cells assembled in an

argon-filled glovebox. Hand-rolled cathode sheets were
obtained from intimately mixed, fine powders of ¸FX
cathode material : acetylene black : PTFE in 70 : 25 : 5 pro-
portions. Pellets of 2-cm2 area (&100 mg) were cut and
pressed between two titanium meshes for the cathodic part
of the cell. The cells were discharged and charged at current
densities varying between 0.05 and 1 mA/cm2 (1—20 mA/g)
with minimum and maximum cutoff voltages of 2 and 4 V,
respectively. Data were monitored and collected with the
Arbin Battery Test System (ABTS-BT2020).

A. Monoclinic Li
3`x

Fe
2
(XO

4
)
3

(A-LFX)

Li
3
Fe

2
(PO

4
)
3

(A-¸FP) has been used as a buffer at
&2.8 V against overdischarge for Fe

2
(SO

4
)
3

(3.6 V) (8). The
insertion of lithium into Li

3`x
Fe

2
(PO

4
)
3

(04x41.8) is
reversible (Fig. 3a) and would correspond to a discharge
capacity of 128 mA h/g if all Fe3` could be reduced to Fe2`
(x"2). The observed discharge capacity at relatively low
current densities (0.05 mA/cm2) is 115 mA h/g, corresponding
to the insertion of 1.8 lithium ions per formula unit. An
increase in the current density to 0.5 mA/cm2 results in an
important decrease of the discharge capacity from 115 to
80 mA h/g (Fig. 3b), but without too big an overvoltage.
However, the capacity is partially recovered on returning to
a lower current density, which indicates that the loss of
capacity may be due to a kinetic effect rather than to
a breaking of electric contact between particles.

The insertion of lithium into the A-¸FP structure actual-
ly occurs in two separate intercalation plateaus, at 2.85 and
2.70 V for 04x41 and 14x41.8, respectively (Fig. 3a).
This observation suggests a three-phase mechanism with
the existence of an intermediate composition at x"1
(Li

4
Fe

2
(PO

4
)
3
) and of a final composition at x"2

(Li
5
Fe

2
(PO

4
)
3
). To check this assumption, chemical lithia-

tion of Li
3
Fe

2
(PO

4
)
3

powders was performed with different
amounts of n-butyllithium in hexane solution. The XRD
patterns of the lithiated Li

3`x
Fe

2
(PO

4
)
3
solids (04x41.5)

remain essentially similar to one another; peak intensity
changes suggest different lithium distributions in the inter-
stitial space at intermediate compositions, leaving the
[Fe

2
(PO

4
)
3
]
=

framework unchanged.
Figure 4 shows the discharge—charge curves obtained at

0.1 mA/cm2 for the isotypic composition Li
3
Fe

2
(AsO

4
)

(A-¸FA). A same number of lithium ions could be interca-
lated (x&1.8) in a similar fashion as in A-¸FP. Two inter-
calation plateaus are still observed at slightly different
potentials: 2.90 and 2.60 V for 04x41 and 14x41.8,
respectively. Whether the (XO

4
)3~ polyanion contains P or

As seems, therefore, to have only a small influence on the
position of the redox potential of the Fe3 /̀Fe2` couple.
Phosphorus and arsenic have very similar electronegativi-
ties: the inductive effect on the Fe—O bond strength and
therefore on the energy position of the Fe3 /̀Fe2` redox
couple in A-¸FX is essentially unchanged.



FIG. 3. Electrochemical characteristics of A-¸FP: (a) discharge—charge curves for the first cycle at 0.1 mA/cm2; (b) discharge curves at different current
densities.
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B. **NASICON++ Li
3`x

Fe
2
(PO

4
)
3

(B-LFP)

Intercalation of lithium into the rhombohedral NASI-
CON structure proceeds reversibly (Fig. 5) for approxim-
ately 04x41.8, but in a manner quite different from that
for A-¸FP. Although the average »

0#
(&2.75 V) remains

unchanged from one structure to the other, the shape of the
charge and discharge curves is quite altered. Unlike A-¸FP,
there are no distinct plateaus on either the discharge or
charge curves for B-¸FP, suggesting that the insertion/ex-
traction proceeds as in a solid solution. In contrast with
what was observed for A-¸FP, there is no separation of
distinguishable Fe3 /̀Fe2` redox energies for B-¸FP
through the whole intercalation process.
FIG. 4. Electrochemical discharge—charge curves of A-¸FA curves for
the first cycle at 0.1 mA/cm2.
Up to 2 lithium ions per formula unit can be inserted into
Li

3
Fe

2
(PO

4
)
3
, leading to Li

5
Fe

2
(PO

4
)
3
: it is well known

that the NASICON solid solution Na
1`x

Zr
2
Si

x
P
3~x

O
12

first described by Hong (22) extends to x"3, at which
composition both the Na(1) and Na(2) crystallographic sites
are totally occupied. It is therefore surprising to observe a
complete solid-solution type behavior for the intercalation of
lithium up to Li

5
Fe

2
(PO

4
)
3
. Although the NASICON frame-

work remains unchanged on passing from B-NFP to B-¸FP
and then to Li

5
Fe

2
(PO

4
)
3
, lithium-ion distributions may

differ quite a lot. Powder neutron diffraction experiments will
be performed in the near future to fully characterize the
lithium-ion distributions in Li

3`x
Fe

2
(PO

4
)
3

(04x42).
Another difference in the electrochemical properties of

B-¸FP as compared to A-¸FP is the smaller capacity loss
as the current is increased from 0.05 to 0.5 mA/cm2 (Fig. 5b
and Fig. 6). These electrochemical tests were performed on
A-¸FP and B-¸FP cathode pellets having the same mass
of active material. A reversible discharge capacity of
95 mA h/g is still observed for B-¸FP at 20 mA/g, a per-
formance that may be directly related to the difference in
lithium-ion conductivity between A-¸FP and B-¸FP. As
pointed out in the previous section, the capacity fade is
essentially due to a kinetic effect rather than to a loss of
electrical contact between ¸FP particles. The rhombohed-
ral framework of the NASICON structure in B-¸FP allows
for a faster ionic transport and hence for higher perform-
ance at high current densities.

Such a reasonably good response of the NASICON B-
¸FP structure to high current densities prompted us to
perform cyclability tests in Li/LiClO

4
(PC—DME)/B-¸FP

coin cells (Fig. 7). With a current density of 23 mA/g (or
1 mA/cm2), the initial capacity of 95 mA h/g is maintained
up to the 40th cycle.



FIG. 5. Electrochemical characteristics of B-¸FP: (a) discharge—charge curves for the first cycle at 0.1 mA/cm2; (b) discharge curves at different current
densities.
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C. **Form II++ Li
3
Fe

2
(AsO

4
)
3

(C-LFA)

The insertion/extraction of lithium into/from C-¸FA pro-
vides an additional demonstration of the influence of the
polyanion and of the crystal structure on the electrochemi-
cal properties of the different Li

3
Fe

2
(XO

4
)
3

polymorphs.
The first discharge—charge cycle of C-¸FA, obtained at

0.1 mA/cm2 (Fig. 8), reveals a reversible insertion of lithium.
The shape of the »

##
vs composition curves, however, differs

qualitatively from discharge to charge, suggesting an irre-
versible structural change on the first cycle. On the other
hand, subsequent cycles are reversible, the shape of the
curves being that of the first charge. The total number of
lithium ions that can be electrochemically inserted into the
II-Li

3
Fe

2
(AsO

4
)
3

structure is approximately equal to 1.5,
for a capacity of 80 mA h/g. The first discharge curve con-
sists of two separate domains with a plateau at 3.1 V vs
FIG. 6. Comparison of capacities at various current densities for the
two Li

3
Fe

2
(PO

4
)
3

polymorphs A-¸FP and B-¸FP.
lithium (04x40.5) and a continuous voltage decrease
between 2.5 and 2 V in the range 0.54x41.5.

The existence of a first intercalation plateau suggests the
formation of an intermediate, well-defined composition of
stoichiometry Li

3.5
Fe

2
(AsO

4
)
3

(i.e., Li
7
Fe

4
(AsO

4
)
6
) analog-

ous to the ‘‘nonstoichiometric’’ II-NFA crystals prepared
under reducing conditions with general formula Na

7
Fe

4
(AsO

4
)
6

(24, 25): the total occupancy of the Na(2) site is
compensated by the reduction of one-fourth of the iron,
which actually occurs on the central Fe(1) site. The relative-
ly high »

0#
may be accounted for by the greater volume per

formula unit (hence smaller Madelung energy) of C-¸FA
(247.8 As 3) compared with A-¸FA (235.7 As 3). It may also be
understood in terms of different local environments around
Fe(1)O

6
and Fe(2)O

6
octahedra, as recently pointed out by

Padhi et al. (15) on comparing Fe3 /̀Fe2` redox couple
energies in the phosphates LiFePO , LiFeP O ,
FIG. 7. Electrochemical cycling of B-¸FP at 1 mA/cm2.

4 2 7



FIG. 8. Electrochemical discharge—charge curves of C-¸FA for the
first cycle at 0.1 mA/cm2.
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Fe
4
(P

2
O

7
)
3
, and Li

3
Fe

2
(PO

4
)
3
. Extensive edge-sharing be-

tween FeO
6

octahedra in the olivine LiFePO
4

lowers the
Madelung energy, which lowers the energy of the
Fe3 /̀Fe2` redox couple and thus generates a much higher
open-circuit voltage (3.5 V vs Li) than is found in NASI-
CON-type phosphates (2.8 V vs Li). In C-¸FA, the Fe(1)O

6
octahedron shares three of its edges with Fe(2)O

6
octahedra.

Each Fe(2)O
6

octahedron, in turn, shares only one edge
with the central Fe(1)O

6
octahedron. Consequently, the

electric field at the Fe(1) position is smaller than that at the
Fe(2) site, so the Fe(1) positions are the first to be reduced.
The extra lithium atoms that can be inserted into the struc-
ture apparently force a rearrangement of the Li` ions in the
interstitial space, and the original distribution is not re-
covered at room temperature on recharge. Disorder of the
Li` ions leads to a higher Li`-ion mobility.

IV. CONCLUSION

The four Li
3
Fe

2
(XO

4
)
3

(X"P or As) polymorphs de-
scribed in this paper show interesting properties of revers-
ible intercalation/extraction of lithium corresponding to the
reduction—oxidation of Fe3 /̀Fe2` at 2.54»

0#
43 V vs

lithium. The position of the Fe3 /̀Fe2` redox couple below
the Fermi energy of the lithium anode is nearly independent
of the crystal structure and whether X"P or As. There is,
however, a clear dependence of (i) the shape of the »

0#
vs

x curves for Li
3`x

Fe
2
(XO

4
)
3

and (ii) the charge—discharge
rate capabilities on the crystal structure of the cathode
material.

Monoclinic Fe
2
(SO

4
)
3
-type A-¸FX (X"P, As) show

distinct intercalation plateaus at voltages ranging between
2.9 and 2.6 V with the probable existence of a well-defined
intermediate composition Li

4
Fe

2
(XO

4
)
3
. A two-phase in-

terface results in a diffusion-limited deintercalation—interca-
lation process responsible for a poor response at high
current densities. Additionally, we found that the position of
the Fe3 /̀Fe2` redox couple in Li

3`x
Fe

2
(XO

4
)
3

(&2.8 eV
below the Fermi energy of Li) was essentially unchanged
between A-¸FP and A-¸FA due to the very similar elec-
tronegativities of P and As.

The rhombohedral NASICON B-¸FP, on the other
hand, shows promising performances due to a more open
framework allowing fast diffusion of lithium ions. The inter-
calation of lithium into the rhombohedral form of
Li

3`x
Fe

2
(PO

4
)
3
, 04x42, was demonstrated for the first

time. It proceeds with a continuous decrease of the cell
voltage between 3 and 2.5 V vs lithium for a discharge
capacity of 115 mA h/g at 0.1 mA/cm2. The response to high
current densities is definitely improved for B-¸FP, where
much smaller capacity loss is observed than for A-¸FP.

Finally, we showed that a third polymorph of general
formula Li

3`x
Fe

2
(AsO

4
)
3
, C-¸FA, with a rhombohedral

‘‘cluster-type’’ structure could also reversibly intercalate
lithium between 3.2 and 2.5 V vs Li. In that case, however,
distinct environments around the two kinds of FeO

6
octahedra result in distinct values of the Fe3 /̀Fe2`
redox couple, at 3.1 and 2.7 V vs Li for Fe(1) and Fe(2),
respectively.
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