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A new iron(III) phosphate FePO4 3H2O, isostructural to already reported VPO4 3H2O and
MnPO4 3H2O phases, was obtained from tavorite LiFePO4(OH) through a Liþ/Hþ exchange. The
composition of this newphasewas confirmedbydifferent chemical analyses. The ion-exchange reaction
was shown to be topotactic; indeed the structures of LiFePO4OHandFePO4 3H2O are very similar and
bothare characterizedby chains ofFeO6octahedra, interconnected throughPO4 tetrahedra, suchas the
resulting frameworks enclose different types of tunnels. A neutron diffraction study has allowed the
localization of hydrogens in the FePO4 3H2O structure, revealing that the two hydrogen atoms are
linked to the oxygen atoms shared by two adjacent FeO6 octahedra. The presence of these “H2O-like”
groups inserted along the FeO6 chains leads to a considerable distortion of the FeO6 octahedra. The
nature of the-OHand-OH2 groups in LiFePO4OHandFePO4 3H2O, respectively, was confirmed by
vibrational spectroscopies. Lithium intercalation was shown to occur in FePO4 3H2O through the
reduction of Fe3þ to Fe2þ at an average voltage of ∼2.8 V (vs Liþ/Li) with a good cyclability.

Introduction

During the past decade, polyanionic three-dimensional
structures built of XO4 tetrahedra and MO6 octahedra
have been intensively studied for their potential applica-
tion as electrode material for lithium-ion batteries. The
olivine LiFePO4 compound, which is now used in com-
mercial lithium-ion batteries, has crystallized most of the
research efforts due to its attractive properties.1-8

The high interest for phosphate materials and espe-
cially for LiFePO4 is linked to their structural stability
both in the intercalated and deintercalated form, which is
due to the presence of iron in two very stable oxidation
states (i.e., Fe2þ and Fe3þ). Indeed, on the contrary to the
lithium transition metal oxides LiMO2

9 no oxygen loss

occurs at high temperature for highly deintercalated LixFe-

PO4; only phase degradation is observed.10 This iron-based

phosphate material is thus very attractive not only from a

safety point of view (limited gas generation) but also for its

low cost and good performance upon long-range cycling.

More recently, the interest moved to Fe, Mn, and V-based

fluorophosphate materials with the aim to overcome the

limitationof the lowpotential ofLiFePO4 (3.45VvsLiþ/Li)
and reach a higher energy density.11-15 Indeed, the higher

electronegativity of fluorine allows increasing the ionicity

of the M-O(F) bonds and thus the redox potential of

the transition metal couple. In this context we were re-

cently interested in the tavorite system LiFePO4(OH) and

especially in the possibility to form the isostructural LiFe-

PO4F phase,16 as observed for the aluminum system

LiAlPO4(OH,F).17*Corresponding author phone:þ33 (0) 5 4000 2234 (or 2647); fax:þ33 (0)
5 4000 2761; e-mail: crog@icmcb-bordeaux.cnrs.fr.
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In the frame of this study, a new iron(III) phosphate
phase FePO4 3H2O was synthesized. Several studies deal-
ing with electrochemical insertion of lithium into hy-
drated phosphates have been reported so far,18-24 such
as in FePO4 3 nH2O (with n = 218,19 and n = 418). As es-
pecially reported for R-VOPO4 3 2H2O

24 and FeVO4 3
nH2O,25 the presence of constitutional and/or surface
water in these compounds was shown not to affect their
electrochemical performance versus lithium intercala-
tion/deintercalation. Nevertheless, the presence of these
water molecules could be a problem regarding the safety.
In this paper we will thus report an in-depth chemical and
structural characterization of this new iron phosphate-
type material, and we will especially focus on the localiza-
tion of the hydrogen atoms. The first electrochemical tests
of lithium batteries using FePO4 3H2O as positive elec-
trode material will also be given.

Experimental Section

The FePO4 3H2O phase was obtained through a two-step

synthesis. The first step consisted of a hydrothermal synthesis

of LiFePO4(OH), this synthesis being described in detail else-

where.16 FePO4 3H2O (or H2FeOPO4) was then obtained from

LiFePO4(OH) (or HLiFeOPO4) through a Liþ/Hþ exchange. A

suspension of LiFePO4(OH) powder was prepared in water and

maintained at a moderate temperature (∼60 �C), with an excess

(Hþ/Liþ∼ 4) of nitric acid (65%, J.T. Baker), during 1 week. As

expected, the final pH value of the solution was found to be very

acidic (pH between 0 and 1). The FePO4 3H2O phase thus

obtained was pure. Note that the synthesis of this new Fe-

PO4 3H2O compound can also be done in a methanol or ethanol

solution, with the same conditions of reaction (concentration of

acid and reaction time). The obtained pale gray-green solid was

recovered after filtration and dried at 80 �C overnight. This

exchange is, moreover, reversible: a suspension of H2FeOPO4

powder in a lithium chloride (LiCl) solution maintained at a

moderate temperature (∼60 �C) will lead to the formation of

HLiFeOPO4 through a Hþ/Liþ exchange. The total deprotona-

tion of the material was tried in order to obtain Li2FeOPO4 but

without success.

The X-ray diffraction (XRD) pattern was collected at room

temperature with a Siemens D5000 powder diffractometer with

the Cu KR radiation in the 2θ range 5-120�, with 2θ step-scan

intervals of 0.02� with a constant counting time of 15 s.

Neutron diffraction was performed at the Laue Langevin

Institute (ILL) inGrenoble (France) on the high-resolution two-

axis powder diffractometer D2B. The diffraction pattern was

collected in transmission mode at room temperature with a

wavelength of 1.5946(1) Å in the [0-160]� angular range with a

0.05� (2θ) stepwith an accumulation time of 4 h. The samplewas

contained in an 8 mm diameter vanadium tube. Due to the

geometry of the neutron diffractometer, it was necessary to

correct the absorption in order to take into account a decrease of

the experimental diffracted intensity compared to the expected

one. The calculated absorption correction coefficient (μR factor

in the FullProf program) is equal to 0.92 for FePO4 3H2O. μ is

the linear absorption coefficient of the sample and is defined as

μ ¼ n
V

P
i niσi, where n is the number of formula units in the unit

cell, V is the cell volume, ni is the number of a given atom in the

formula unit, and σi is the sum of coherent and incoherent

scattering cross sections for the atom i. R is the radius of the

vanadium cylinder. The X-ray and neutron diffraction patterns

were analyzed by the Rietveld method as implemented in the

FullProf program.26

Li, Fe, and P elemental analyses were performed after complete

dissolution of the powder into a hydrochloric acid solution, with a

Varian 720-ES Optical Emission Spectrometer (ICP-OES). A gas

chromatography analysis was also performed with a Thermo

Fisher Flash EA1112 CHNS analyzer, in order to quantify the

amount of hydrogen in our sample. The water content was

determined through a thermogravimetric analysis (TGA), with a

TA Instruments Q600 thermogravimetric analyzer.

High Resolution Scanning Electron Microscopy (SEM) ana-

lysis of the sample was performed with a Hitachi S-4500 micro-

scope. The powder was metallized by palladium deposition.

Infrared spectroscopy measurements were performed with a

FTIR Thermo Optek Nicolet 6700. The spectrometer was

equipped with a DTGS detector; a Ge-coated KBr or a solid

substrate beamsplitter was used for analyses in the mid-IR or

far-IR region respectively. The sampling technique chosen was

diffuse reflectance, which allows the study of powder or rough

surface. To prevent any distortion of the signal due to its strong

dependence on sample particle size, the material to analyze (∼1

wt %) was mixed with cesium iodide (CsI) powder that was

previously dried at 400 �C overnight and finely ground. CsI was

preferred to potassium bromide (KBr) for getting access to

middle- and far-infrared (200-4000 cm-1). Finally, reflectance

spectra were treated with the Kubelka-Munk law, which con-

verts the reflectance to a signal proportional to the absorption

coefficient. Raman scattering measurements were performed

with aHoriba Jobin Yvon LabramHR-800microspectrometer.

Spectra were recorded with a 514.5 nm excitation wavelength of

an Arþ laser, with a power adjusted to 1 mW in order to avoid

any degradation of the sample. No specific sample preparation

was needed.

For the evaluation of its electrochemical performance in

laboratory lithium cells, FePO4 3H2O was first ball-milled with

a (1:1) mixture of carbon black and graphite (1 g of active

material with 210 mg of the carbon mixture during 30 min at

450 rpm), and then PTFE (polytetrafluoroethylene) was added

as binder. The final composition of the positive electrode was

approximately 80 wt % active material, 17 wt % carbon black/

graphite (1:1), and 3 wt % PTFE. The resulting positive

electrode was rolled into a thin sheet and cut into 0.64 cm2 cir-

cular disks (containing about 20mg of active material).Metallic

lithium was used as a negative electrode and LiPF6 (1 M) in a

mixture of ethylene carbonate (EC), propylene carbonate (PC),

and dimethyl carbonate (DMC) in volume proportions 1:1:3 as

electrolyte. The batteries were assembled in an argon-filled

drybox (H2O < 3 ppm) and cycled at room temperature in
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galvanostatic mode at a constant C/50 rate (corresponding to a

theoretical exchange of one electron per formula during a charge

or a discharge in 50 h).

Results and Discussion

Chemical Analysis. In order to confirm the chemical
composition of the prepared sample, the Li/P and Fe/P
molar ratios were determined using ICP-OES analyses.
The latter was found to be 1.03(1), whereas no lithiumwas
detected (concentration below the detection limit), prov-
ing that the Liþ/Hþ exchange reaction is complete. The
gas chromatography (CHNS) analysis performed re-
vealed the presence of 1.85(5) H per formula unit, which
is slightly below the expected content (i.e., 2). With the
same idea of confirming the water content in this sample,
a TGA analysis was carried out. The material was first
heated at 2 �C/min up to 120 �C and maintained at this
temperature during 12 h to evaporate the water molecules
adsorbed at the surface of the particles. This preliminary
weight loss corresponded to 0.54% of the total mass.
Then the material was heated at 2 �C/min up to 800 �C.
The complete analysis was done under dry oxygen. The
weight loss and its derivative are given in Figure 1.
FePO4 3H2O lost 10.94% of its weight in three steps.
Assuming that all the weight loss is associated with
structural water, the total loss corresponds to 1.03 H2O
per FePO4. The TGA curve shows clearly the existence of
two intermediate hydrated phases of overall formula
FePO4 3∼0.37H2O (obtained at ∼350 �C) and Fe-
PO4 3∼0.09H2O (obtained at ∼480 �C). These intermedi-
ate phases formed at 350 and 480 �C have also been
studied; the former was especially fully characterized
from a structural and electrochemical point of view: these
results will be published elsewhere. Thematerial obtained
after complete dehydration of FePO4 3H2O (heated up to
800 �C and cooled down to room temperature) was
studied by X-ray diffraction. Its pattern is given in the
inset in Figure 1 and, as clearly shown by the result of the
Rietveld refinement, it corresponds to a quartz R-FePO4

described by the P3121 space group.27 From all these
chemical analyses it appears thus correct to describe the
material formed by a Liþ/Hþ exchange from LiFePO4-
(OH) as FePO4 3H2O.
X-rayDiffraction.TheXRDpatterns of pure LiFePO4-

(OH) and FePO4 3H2O phases are compared in Figure 2.
The exchange reaction from LiFePO4(OH) to Fe-
PO4 3H2O leads to an increase of symmetry from triclinic
space groupP-1 tomonoclinic space groupC2/c. The new
phase FePO4 3H2O could be fully indexed using the C2/c
space group, by analogy with already reported materials
VPO4 3H2O

28 and MnPO4 3H2O,29 which are isotypic
with our phase. The relatively narrow diffraction peaks
suggest that the material is rather well crystallized. The
full width at half-maximum (FWHM) of three represen-
tative reflections, namely (110), (020), and (111), were
determined using a profile fitting software, and the cor-
responding coherent domains sizes roughly deduced from
Scherrer formula30 are given in Table 1. It suggests that
the coherent domain size is rather uniform (around 45 nm)
whatever the crystallographic direction. According to the
scanning electron micrographs given in Figure 3, the
particles have mainly a stick (or platelet) shape and form
nonuniformaggregates of about 1-2 μmlong and 500 nm
thick. On the larger enlargement (perpendicular to the
stick) small domains being around 50-100 nm wide
appear; they are in the range of the coherent domain size

Figure 1. Weight loss curve (and its derivative) observed during the
thermogravimetric analysis under dry oxygen of the FePO4 3H2O mate-
rial. The X-ray diffraction pattern recorded for the material recovered
after cooling is given in the inset.

Figure 2. XRD patterns of LiFePO4(OH) and of the new FePO4 3H2O
phase.

Table 1.Comparison of the FWHMValuesDetermined forThree Selected

Reflections of the FePO4 3H2O XRD Pattern
a

(hkl) indexation position 2θ (�) FWHM (�2θ) L (nm)

(110) 18.70 0.19 45
(020) 23.08 0.22 35
(111) 26.41 0.18 50

aThe coherent domains sizes (L) were roughly estimated using the
Scherrer formula.

(27) Long, G. J.; Cheetham, A. K.; Battle, P. D. Inorg. Chem. 1983, 22,
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1994, 33, 2481.

(29) Lightfoot, P.; Cheetham, A. K.; Sleight, A. W. Inorg. Chem. 1987,
26, 3544.

(30) Scherrer, P. G€ottinger Nachr. 1918, 2, 98.
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estimated from a rough analysis of the X-ray diffraction
data using the Scherrer formula. Furthermore, the com-
parison with the SEM micrographs of the precursor
LiFePO4(OH) reveals that the size of the primary parti-
cles has been slightly reduced during the exchange reac-
tion in parallel also to a decrease of the coherent domain
sizes which was roughly estimated to be around 70 nm for
LiFePO4(OH).16

The procedure used to analyze FePO4 3H2O powder
XRD pattern by the Rietveld method was already des-
cribed in detail elsewhere.16 Twenty-nine parameters
were refined (on the basis of 292 reflections), considering
a polynomial function to model the background and a
pseudo-Voigt function to describe the profile. The refine-
ment starting point was the structural model proposed by
Vaughey et al. for VPO4 3H2O

28 (replacing vanadium by
iron), i.e. (Fe)4c{(P)4e(O(1)8f)(O(2)8f)}(O(3))4e with the
iron atom occupying the special position 4c (1/4, 1/4, 0),
the phosphorus atom a 4e (0, y, 1/4) position, two oxygen
atoms 8f (x, y, z) positions, and one oxygen atom a 4e
(0, y, 1/4) position. Figure 4 gives the result of that refine-
ment: the corresponding agreement factors being Rwp =
17.9% and RBragg = 7.2%. The resulting cell parameters
are a= 6.708(2) Å, b= 7.761(2) Å, c= 7.382(2) Å, and
β = 115.08(2)� (V = 348.1(2) Å3).
Neutron Diffraction. In order to localize precisely the H

atoms in the FePO4 3H2O structure, it was necessary to
perform a neutron diffraction study. Themain advantage
of neutron diffraction is that the scattering factor of H is
much greater for neutrons than for X-rays.Moreover, the
H atom has a negative coherent scattering length of
-0.3739.10-12 cm, whereas Fe, P, and O atoms have
positives ones, whichmeans that the position of hydrogen
will appear with a negative density on Fourier difference
maps. In the first step, the refinement of the neutron
diffraction pattern by the Rietveld method was carried
out by taking into account the structural model
(Fe)4c{(P)4e(O(1))8f(O(2))8f}(O(3))4e (space group C2/c)

and all structural parameters previously determined from
the XRD pattern refinement. As described in detail in ref
16, Fourier difference maps were calculated in order to
localize the H atom in the structure. Residual density was
found in the 8f position (∼0.401, ∼0.040, ∼0.291). The
refined hydrogen position was found to be finally
(0.406(4), 0.043(3), 0.295(3)). The result of the neutron
diffraction data refinement by the Rietveld method is
given in Figure 5. The minimization of the difference
(Iobs. - Icalc.) and the quality factors Rwp = 9.3% and
RBragg = 4.9% are significantly improved and in fact
satisfying. Furthermore, no significant residual nuclear
density remained on the Fourier difference map, proving
that the structure of FePO4 3H2O is solved. The resulting
structural parameters are given in Table 2 and the struc-
ture representation of FePO4 3H2O in Figure 6a. The
skeleton of the structure consists of a three-dimensional
network, isotypic to that of LiFePO4(OH) previously

Figure 3. Scanning electron microscopy images of FePO4 3H2O in com-
parison with those of its precursor LiFePO4(OH).

Figure 4. Comparison of the experimental and calculated X-ray diffrac-
tionpatterns ofFePO4 3H2O.Enlargement of the plot in the range 17-37�
(2θ) is given in the inset.

Figure 5. Comparison of the experimental and calculated neutron dif-
fraction patterns. Enlargement of the plot in the range 41-72� (2θ) is
given in the inset.
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described,16 and given for comparison in Figure 6b. In the
FePO4 3H2O structure, FeO6 iron(III) octahedra share
corners to form chains running along the [101] direction.
These chains are interconnected through PO4 tetrahedra,
such as the resulting framework encloses tunnels running
along the [110] and [-110] directions. There is only one
type of FeO6 octahedra, in contrast to LiFePO4(OH)
where two types of FeO6 octahedra were observed. In the
LiFePO4(OH) structure the chains of FeO6 octahedra run
along the b axis and the two tunnels along the a and c axes.
For FePO4 3H2O, it appears clearly that the two hydrogen
atoms are linked to O(3), i.e. to the oxygen bridging two
adjacent FeO6 octahedra. In Table 3, various interatomic
distances from both structures are compared. The O-H
bond length is equal to 1.00(1) Å and 0.97(1) Å for
FePO4 3H2O and LiFePO4(OH), respectively, which is in
agreement with literature (0.96 Å for free water) and theH
-O(3)-H angle is of 112.6� (104.5� for free water) in
FePO4 3H2O. In FePO4 3H2O, the phosphorus atom lies

within a slightly distorted tetrahedron (Δ = 3.8 � 10-4)
with P-O distances in the range 1.50-1.56 Å, somewhat
more distorted than in LiFePO4(OH) (Δ = 4.2 � 10-5)
with P-O distances in a more narrow range 1.54-1.56 Å.
But the main difference between the two structures lies in
the FeO6 octahedra. In FePO4 3H2O, the iron cations sit
within very distorted octahedra (Δ = 2.8.10-3), showing
Fe-O distances ranging between 1.91 and 2.17 Å, and
especially elongated along the FeO6 chains. These FeO6

octahedra are muchmore distorted than those observed in
LiFePO4(OH) (Δ Fe(1)O6 = 1.7 3 10

-5 with Fe-O dis-
tances in the range 2.00-2.02 Å andΔFe(2)O6=2.7 3 10

-4

with Fe-O distances between 1.96 and 2.03 Å). There are
twomain reasons why there is a difference in the structures
distortion. First, the presence of twoH atoms linked to the
bridging oxygen atomO(3) inFePO4 3H2O, instead of only
one in LiFePO4(OH), forming a “H2O-like isolated mole-
cule”, considerably weakens the Fe-O(3) bond (along the
FeO6 chain), thus leading to a strong elongation of this
bond. Second, the overall lattice, made of corner sharing
polyhedra, can easily bedistorted to facilitate the hydrogen
bond formation. Thus, as shown in Figure 7, in Fe-
PO4 3H2O the hydrogen atom is very close to the O(1)
oxygen atom, leading to the formation of a hydrogen
bond, that must be quite intense as a result of the short
H 3 3 3O distance (1.65 Å). Whereas in LiFePO4(OH) the
formed hydrogen bonds are slightly weaker in good agree-
mentwith less distorted polyhedra, since the distance to the
second nearest oxygen is longer (∼1.86 Å), and also less
numerous, since half of the hydrogen atoms are replaced
by lithium ones (in comparison to FePO4 3H2O). One has
also to consider that the larger size of the Liþ ions (the

Table 2. Structural and Profile Parameters Obtained by the Rietveld Refinement of the Neutron Diffraction Pattern Recorded for FePO4 3H2O

space group: C2/c

a = 6.708(2) Å

b = 7.761(2) Å β = 115.08(2)� V = 348.1(2) Å3

c = 7.382(2) Å

atom site Wyckoff position occupancy Biso

Fe 4c 1/4 1/4 0 1 0.9(2)
P 4e 0 0.090(2) 1/4 1 0.7(3)

O(1) 8f 0.205(2) -0.030(2) 0.348(2) 1 0.9(2)
O(2) 8f 0.035(2) 0.198(1) 0.098(2) 1 1.0(2)
O(3) 4e 0 0.614(2) 1/4 1 1.0(3)
H 8f 0.406(4) 0.043(3) 0.295(3) 1 3.7(4)

Conditions of the Run
wavelength 1.5946(1) Å
temperature 300 K
angular range 0� e 2θ e 160�
number of points 3194
zero-shift (2θ) 0.04(2)�
number of fitted parameters 35

Profile Parameters
pseudo-Voigt Function η = 0.70(6)

U = 0.6(1)
V = -0.6(1)
W = 0.45(4)

Conventional Rietveld R-Factors for Points with Bragg Contribution
Rwp = 9.3%; RBragg = 4.9%; Scor = 3.6

Figure 6. Structures of FePO4 3H2O (a) and LiFePO4(OH) (b).
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Li-O bond length is close to 2 Å) prevents from a large
cooperative framework distortion.
IR-Raman. Infrared spectroscopy and Raman scatter-

ing studies were performed on both FePO4 3H2O and
LiFePO4(OH) in order especially to get additional

information on their local structures. At the Brillouin
zone center, the decomposition of optical normal vibra-
tions by irreducible representations of the factor group
C2h for FePO4 3H2O andCi for LiFePO4(OH) are given in
Table 4. Theoretically, 27 IR-active modes and 24 Ra-
man-active modes are expected for both materials.
The spectrawere recorded in the range 200-4000 cm-1,

those corresponding to diffuse reflectance infrared spec-
troscopy are given in Figure 8a and those for Raman
scattering in Figure 8b. Spectral assignments for some of
the phosphates (LiFePO4, FePO4 heterosite) vibrations
have already been reported. 31-35 The observed bands can
be divided into different domains: the region above 2300
cm-1 is assigned to the OH stretching bands; the domain
from 900 to 1200 cm-1 is attributed to the PO4 stretching
bands; the band around 800 cm-1 remains up to now not

Table 3. Interatomic Distances in FePO4 3H2O and LiFePO4(OH)a

FePO4 3H2O LiFePO4(OH)

FeO6 Fe-O(2) (�2) 1.91(2) Å Fe1-O(2) (�2) 2.00(2) Å
-O(1) (�2) 2.00(2) Å -O(4) (�2) 2.01(2) Å
-O(3) (�2) 2.17(2) Å -O(3) (�2) 2.02(2) Å
Average (Ædæ) 2.03 Å Average (Ædæ) 2.01 Å
Distorsion (Δ) 2.8 � 10-3 Distorsion (Δ) 1.7 � 10-5

Fe2-O(2) (�2) 1.96(2) Å
-O(4) (�2) 2.03(2) Å
-O(3) (�2) 2.03(2) Å
Average (Ædæ) 2.01 Å
Distorsion (Δ) 2.7 � 10-4

PO4 P-O(2) (�2) 1.50(2) Å P-O(5) 1.54(2) Å
-O(1) (�2) 1.56(2) Å -O(4) 1.54(2) Å
Average (Ædæ) 1.53 Å -O(2) 1.56(2) Å
Distorsion (Δ) 3.8 � 10-4 -O(1) 1.56(2) Å

Average (Ædæ) 1.55 Å
Distorsion (Δ) 4.2 � 10-5

OH O(3)-H 1.00(1) Å O(3)-H 0.97(1) Å
2nd nearest O O(3)-H 3 3 3O(1) 1.65(2) Å O(3)-H 3 3 3O(1) 1.86(2) Å

HH H-H (same O(3)) 1.66(2) Å H-H (tunnel) 2.65(2) Å
H-H (tunnel) 2.82(2) Å

Li environment (LiO5) Li-O(3) 1.94(2) Å
-O(1) 2.03(2) Å
-O(2) 2.05(2) Å
-O(5) 2.16(2) Å
-O(1)’ 2.22(2) Å

Average(Ædæ) 2.08 Å
Distortion (Δ) 2.3 � 10-3

aDistortion calculated with the formulaΔ ¼ 1
N

PN
i¼1

di -Ædæ
Ædæ

� �2

, where di is the length of the bond i, Ædæ is the average bond length, andN is the number
of bonds.

Figure 7. Environment of the H atom in FePO4 3H2O, the H-O dis-
tances being smaller than 3.0 Å are given.

Table 4. Results of the Factor Group Analysis for FePO4 3H2O and

LiFePO4(OH)a

FePO4 3H2O, factor group C2h LiFePO4(OH), factor group Ci

Γopt = 11Ag þ 13Bg þ 13Au þ 14Bu Γopt = 24Ag þ 27Au

a, gerade . and , ungerade . species are respectively Raman-
active and infrared-active modes.

(31) Paques-Ledent, M. T.; Tarte, P. Spectrochim. Acta, Part A 1974,
30, 673.

(32) Burba, C. M.; Frech, R. J. Electrochem. Soc. 2004, 151(7), A1032.
(33) Burba, C. M.; Frech, R. Spectrochim. Acta, Part A 2006, 65, 44.
(34) Ait Salah, A.; Jozwiak, P.; Zaghib, K.; Garbarczyk, J.; Gendron,

F.; Mauger, A.; Julien, C. M. Spectrochim. Acta, Part A 2006, 65,
1007.

(35) Maccario,M.; Croguennec, L.; Desbat, B.; Couzi,M.; Le Cras, F.;
Servant, L. J. Electrochem. Soc. 2008, 155(12), A879.
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clearly explained, but could be attributed to the Fe-O
stretching bands in case of a Fe-O-H sequence; then the
region from 350 to 600 cm-1 is assigned together to the
PO4 bending bands and to the vibrations of Fe-O and
Li-O units; and finally the domain below 350 cm-1 is
assigned to the lattice vibrations. Concerning the last two
domains, a more accurate attribution would be tricky;
therefore, they will not be discussed here.
Inorder to facilitate the analysis of the spectradominated

by the PO4 stretching bands in the region from 900 to 1200
cm-1, a factor group analysis was performed for these
modes, correlating the point group of the free PO4 ion with
the phosphate site and factor groups for both FePO4 3H2O
and LiFePO4(OH). This scheme is given in Table 5. The
symmetric stretching mode (ν1) of the “free” PO4 ion
generates a band in IR and Raman spectra, and the
antisymmetric stretching mode (ν3) splits into three com-
ponents. The spectra in the range of this Δν3 splitting (Δν3
being the difference in frequencies between the highest and
lowest ν3 bands) were fitted using pseudo-Voigt bands (see
also Figure SI as Supporting Information); the positions
and assignments of the calculated bands are gathered in
Table 5. It appears clearly that the Δν3 splitting is larger in
FePO4 3H2O (Δν3=103 and 130 cm-1, respectively, for IR
and Raman spectroscopy) than in LiFePO4(OH) (Δν3 =
69 and 96 cm-1, respectively, for IR and Raman spectro-
scopy). As reported in Table 3, the PO4 tetrahedra are
about 10 times more distorted in FePO4 3H2O than in
LiFePO4(OH). Furthermore, as previously mentioned,

the FeO6 octahedra are also much more distorted in
FePO4 3H2O in comparison to LiFePO4(OH), influencing
the PO4 tetrahedra distortion. The splitting of the PO4

3-

internal modes (in the AIBIIXVO4 materials) is mainly
related to “an unequal distribution of the bonding forces
within the tetrahedral group” 31; we linked it to the distor-
tion of the PO4 tetrahedra.
As already discussed before, the distances between the H

atoms and the second nearest oxygen are rather short (<2
Å) in bothmaterials, thus allowing the presence of hydrogen
bonds having a strong influence on the FeO6 octahedra and
PO4 tetrahedra distortion, especially in FePO4 3H2O. The
observation of the OH stretching bands domain reveals that
the narrow bands observed around 3300 cm-1 for LiFePO4-
(OH) in both infrared and Raman scattering spectra are
typical of hydroxyl groups influenced by their environments
(when theOH group is isolated the band appears at a higher
wavenumber i.e. between 3500 and 3700 cm-1 36); however,
the narrow profile of the band indicates that the hydrogen
bonds are quite weak in this material. On the contrary, the
large band from 2300 to 3500 cm-1 observed for Fe-
PO4 3H2O in infrared spectroscopy, combined to extremely
weak signals at high frequencies in Raman scattering is
consistent with OH2 groups in this material. The large
profile of the band indicates in this case the presence of
hydrogen bonds. These observations were confirmed by
ATR (Attenuated Total Reflectance) measurements, for
which the material is analyzed without sample preparation,
proving thus that the observations made above 2300 cm-1

cannot be attributed to hydrated CsI powder but to the
samples studied.
Electrochemical Tests in Li Batteries. FePO4 3H2O was

tested as positive electrodes in laboratory Swagelock-type
lithiumbatteries.The stabilityof thematerial in thepresence
of the electrolyte was checked: after 2 weeks the X-ray
diffraction pattern remained unchanged; the reversible
Hþ/Liþ ion exchange does not occur at room temperature.
Figure 9 gives the changes in voltage versus theLi content in
FePO4 3H2O and the capacity during the first galvanostatic
charge/discharge cycles performed between 2 and 4.5 V (vs
Liþ/Li) at a C/50 rate. The average potential is ∼2.8 V vs
Liþ/Li (lower than the potential of the Fe3þ/Fe2þ redox
couple in olivine LiFePO4, i.e. 3.45 V vs Liþ/Li) with a
capacity of 125 mAh 3 g

-1 for the first discharge that stabi-
lizes at 105mAh 3 g

-1 for thenext cycles but innonoptimized
conditions from the point of view of the electrodes and
lithium cells. In comparison, as reported by some of us in ref
16 the Li//LiFePO4(OH) cell shows a capacity of 105
mAh 3 g

-1 for the first discharge, decreasing to 90mAh 3 g
-1

for the next cycles with an average potential around 2.4V vs
Liþ/Li. Thepolarization is high (∼500mV) forFePO4 3H2O
and larger than for LiFePO4(OH) (∼200-300 mV). The
change in potential versus the lithium content ismore or less
continuous. Nevertheless, the derivative of the first charge/
discharge cycle is given in the inset in order to get a deeper

Figure 8. Comparison of the infrared (a) and Raman (b) spectra for
FePO4 3H2O and LiFePO4(OH).

(36) Nakamoto, K. Infrared and Raman Spectra of Inorganic and
Coordination Compounds, Part A: Theory and Applications in
Inorganic Chemistry,Wiley-Interscience, JohnWiley & Sons, Inc.:
1997; p 161.
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insight in the possible transitions occurring upon cycling:
during the first discharge of the cell, three transitions are
observed around 3.09, 2.73, and 2.28 V (vs Liþ/Li). These
transitions seem to be reversible since three transitions are
also observed during the first charge of the cell around 2.64,
3.26, and 3.51 V (vs Liþ/Li). Furthermore, because of the
broad shape of the derivative peaks, we can assume that
these transitions are of second order. Note that the electro-
chemical lithium intercalationmechanism inFePO4 3H2O is
really different from that in LiFePO4(OH); the first one
seems to occur through a solid solution reaction, whereas
the second one occurs through a first order phase transition
suggesting an irreversible structuralmodification during the
first discharge. These mechanisms are currently under
study, for instance through combined X-ray diffraction
and electrochemical experiments.

Conclusions

The synthesis of a new hydrated form of FePO4 3
nH2O with n = 1 was reported here, and it was obtained
through a Liþ/Hþ exchange in LiFePO4(OH). Its struc-
ture was shown to be very similar to that of LiFePO4-
(OH), but with differences in the distortion of the chains
and of the polyhedra, those being responsible for a change
in symmetry from a triclinic (P-1) to a monoclinic (C2/c)
space group. The hydrogen atoms were precisely located
in the FePO4 3H2O structure; they were shown to be
bound to the oxygen atoms bridging two adjacent FeO6

octahedra in the chains (leading to the formation of a
“H2O-like molecule” that leads to a significant distortion
of the FeO6 octahedra) and to formation of a strong
hydrogen bond with an oxygen from an adjacent chain,
that hydrogen bond being stronger than that observed in
LiFePO4(OH). Despite rather similar structures, these
significant differences, revealed through an in depth
characterization done using diffraction and vibrational
spectroscopy, are probably responsible for the different
electrochemical behavior observed for FePO4 3H2O and
its precursor LiFePO4(OH).
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Table 5. Correlation Scheme for the Stretching Modes of PO4
3-
Units and Observed Infrared and Raman Bands Assigned to These Modes for Both

FePO4 3H2O and LiFePO4(OH)

free PO4 FePO4 3H2O LiFePO4(OH)

stretching modes
point group

Td

site group
C2

factor group
C2h

assignment wavenumber
(cm-1)

site group
C1

factor group
Ci

assignment wavenumber
(cm-1)

symmetric mode (ν1) A1 A Ag þ Au Ag-ν1 980 A Ag þ Au Ag-ν1 983
Au-ν1 988 Au-ν1 989

antisymmetric mode
(ν3)

F2 A þ 2B Ag þ Au þ
2Bg þ 2Bu

Ag-ν3

2Bg-ν3

1004

1041

1134
ðΔν3 ¼130Þ

8>>><
>>>:

3A 3Ag þ 3Au Ag-ν3

1018

1067

1114
ðΔν3 ¼96Þ

8>>><
>>>:

Au-ν3

2Bu-ν3

1032

1077

1135
ðΔν3 ¼103Þ

8>>><
>>>:

Au-ν3

1042

1077

1111
ðΔν3 ¼69Þ

8>>><
>>>:

Figure 9. The first electrochemical cycles observed for a Li//FePO4 3H2O
cell, cycled between 2.0 and 4.5V (vsLiþ/Li) at aC/50 rate. The derivative
of the first discharge/charge cycle is given in the inset.


