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57Fe Mössbauer spectroscopy is a powerful tool to investigate redox reactions during in electrochemical

lithium insertion/extraction processes. Electrochemical oxidation of LiFeIIPO4 (triphylite) in Li-ion

batteries results in FeIIIPO4 (heterosite). LiFePO4 was synthesized by solid state reaction at 800 1C under

Ar flow from Li2CO3, FeC2O4 �2H2O and NH4H2PO4 precursors in stoichiometric composition. FePO4 was

prepared from chemical oxidation of LiFePO4 using bromine as oxidative agent. For both materials a

complete 57Fe Mössbauer study as a function of the temperature has been carried out. The Debye

temperatures are found to be yM=336 K for LiFePO4 and yM=359 K for FePO4, leading to Lamb-

Mössbauer factors f300 K=0.73 and 0.77, respectively. These data will be useful for a precise estimation

of the relative amounts of each species in a mixture.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

Lithium iron phosphate LiFePO4 with olivine structure has
become of great interest [1,2] as potential storage cathode for the
next generation lithium ion batteries, particularly for hybrid
electric vehicles. Low toxicity of the element makes this material
family environmental friendly [3].

The electrochemical intercalation/deintercalation of lithium
proceeds via a two-phase process between LiFeIIPO4 and FeIIIPO4

who are very close from a structural point of view. This material
has good electrochemical performances with a high potential
(�3.4 V vs. Li+/Li).

57Fe Mössbauer spectroscopy is an efficient tool for the phase
analysis of the multi-phased samples and helpful for the
comprehension of the redox mechanism in Fe—containing
electrode materials [4–7]. Quantitative phase analysis is possible
provided that f-factors are known. Robert et al. have shown the
interest of such a knowledge applicated to Li-ion electrode
materials in the case of 119Sn isotope [8,9]. In a spectrum, the
relative contributions Ci of species i are given by :

Ci ¼

Ai

fi

P

i

Ai

fi
ll rights reserved.

Aldon).
where Ai and fi represent respectively, the experimental absorp-
tion area and the Lamb-Mössbauer factor of the ith specie,
respectively.

From our knowledge the f-factors are currently not known for
either Triphylite or Heterosite. In this study we will present the
evaluation of the Lamb-Mössbauer factors of LiFePO4 and FePO4

compounds over the temperature range 120rTr300 K. These
results will be then employed in future work for the interpreta-
tion of the electrochemical mechanism of the LiFe1�xMxPO4

(M=Co, Ni, Cr, Mn) systems investigated by in situ Mössbauer
and XRD measurements during Li extraction/insertion processes.
Yamada et al. showed the interest of LiFe0.4Mn0.6PO4 composition
which is the one who exhibits the most interesting electroche-
mical performances [10,11] in this family of compounds [12].
2. Experimental

2.1. Synthesis procedure

To investigate the factor Lamb-Mössbauer, two different
synthesis methods have been used to obtain the raw materials.
LiFePO4 triphylite was obtained by solid-state reaction. The
precursors: Li2CO3, FeC2O4 �2H2O (Labosi, 99.99%) and NH4H2PO4

(Acros Organics, 99.99%) have been first ball milled during 1 h
30 min and then thermally treated in a tube furnace under argon
flow for 8 h at 800 1C. The heterosite FePO4 was prepared by
chemical delithiation of the triphylite phase. To this end the

www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2009.10.022
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LiFePO4 was immersed in a solution of bromine in acetonitrile for
two days at the temperature of 60 1C under vigorous magnetic
stirring. Then powders have been dried at 110 1C under vaccum in
order to remove both acetonitrile and excess of bromine reactant.

2.2. XRD measurements

Pristine and delithiated samples have been characterized by
X-ray Powder Diffraction (XPD) with a Philips y–2y diffractometer
using CuKa radiation (l=1.5418 Å) and a nickel filter.

Crystallographic reference data for the LiFePO4 triphylite and
the FePO4 heterosite have been taken from Powder Diffraction File
(JCPDS no. 81–1173, a=10.332 Å, b=6.010 Å and c=4.692 Å) and
(JCPDS no. 42–0579, a=9.790 Å, b=5.830 Å and c=4.769 Å). These
values have been used in the initial stages of refinement of the cell
parameters. The structures of both phases are usually described in
the orthorhombic Pnma space group.

2.3. 57Fe Mössbauer measurements

Mössbauer spectra have been recorded in the constant
acceleration mode and in transmission geometry on a standard
Mössbauer spectrometer composed of devices from Ortec and
WissEl. A 57Co(Rh) source with a nominal activity of 10 mCi has
been used. Low temperature spectra have been recorded by
cooling the sample in a flow cryostat from Air Liquide, using liquid
nitrogen as cooling agent. The source has been always kept at RT.
Isomer shifts are given relative to a-Fe. Calibration of the velocity
scale has been done using absorption lines of a 25mm iron foil.
15
2θ

20 25 30 35 40 45

Fig. 1. X-ray diffraction patterns of both LiFePO4 and FePO4 compounds recorded

at room temperature. Both phases have been indexed in the orthorhombic Pnma

space group. Main peaks of unreacted LiFePO4 in FePO4 sample are shown with a

star (*).
3. Results and discussion

For LiFePO4 sample, XRD measurements suggest pure phase
within the detection limit of the apparatus as shown in Fig. 1.
FePO4 sample presents small diffraction lines owing to unreacted
LiFePO4. Both LiFePO4 (Triphylite) and FePO4 (Heterosite) present
characteristic diffraction lines indexed in the Pmna space group
with a set of cell parameters a=10.328(9) Å, b=6.007(5) Å,
c=4.692(4) Å and a=9.814(9) Å, b=5.791(5) Å, c=4.782(3) Å,
respectively. Refined cell parameters have been obtained by
pattern matching using FullProf [13] program. These values are in
agreement with those found in the literature [14].

It is important for the comprehension of the reaction
mechanism with lithium to get a precise determination of the
amounts of each species during the electrochemical process.
Mössbauer spectroscopy can furnish these informations provided
the f-factors of all occuring phases are known. For LiFePO4 and
FePO4, however, these data have not yet been reported in the
literature to our knowledge. The present study of the Mössbauer
parameters of both compounds as a function of temperature
allows us to determine the Debye temperature for both LiFePO4

and FePO4 and to derive thereof the fractions f of recoilless g
absorption (Lamb-Mössbauer factors) at room temperature.

Using the Debye model for the phonon spectrum and assuming
that the variation of IS with T is entirely due to the second order
Doppler shift, we can write [15,16] the following:

dðISÞ=dT¼ � 3E0kB=2Meff c
2

Meff represents the effective vibrating mass involved in the recoil
process due to the absorption of the gamma radiation owing the
energy E0 (14.4 keV for 57Fe, 23.9 keV for 119Sn). Physical
constants are kB, the Boltzman constant and c, the velocity of
light. From this first expression we have access to Meff, which is
needed to evaluate the Debye temperature. The second expression
corresponds to the temperature dependence of the absorption or
spectral intensity which is given by :

dðlnAðTÞÞ=dT¼ � 3E2
0=Meff c

2kBy
2
M

From this latter expression it is possible to determine both Debye
temperature yM and Lamb-Mössbauer f-factor. For 57Fe, f(T) can be
obtained from f ðTÞ ¼ expð�136:38T=y2

MÞ.
Andersson et al. [17] have reported lithium extraction/

insertion in LiFePO4 from X-ray and Mössbauer spectroscopy
investigation. They assume that Mössbauer spectral intensities
are proportional to the product of the mole fraction of the phases
and the recoil-free factor f which is both temperature dependant
and different for each Fe site. They first assume the two f-factors
to be identical. It can be noted, however, that there is a small
indication that the isotropic temperature factors deduced from
X-ray diffraction of the FePO4 phase are slightly smaller and hence
f Lamb-Mössbauer factor is expected to be larger.

57Fe Mössbauer spectra have been recorded over the tempera-
ture range from 120 to 300 K. Examples of spectra are given for
LiFePO4 in Fig. 2 and for FePO4 in Fig. 3 at low and room
temperatures. The spectra are mainly composed of a doublet with
isomer shift, IS�1.2 mm/s and quadrupole splitting, QS�3 mm/s
suggesting FeII (high spin configuration) in octahedral co-
ordination in the case of LiFePO4. For FePO4, we observed
IS�0.40 mm/s and QS�1.5 mm/s attributed to FeIII (high spin
configuration) in octahedral co-ordination as expected from the
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Fig. 2. 57Fe Mössbauer spectra of LiFePO4 (Triphylite), recorded at 150 and 297 K.

Experimental (open circle) and calculated spectra (solid line) are represented. A

small contribution due to FeIII impurity (see text for explanation) is also shown for

clarity.
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Fig. 3. 57Fe Mössbauer spectra of FePO4 (Heterosite) recorded at 150 and 301 K.

Experimental (open circle) and calculated spectra (solid line) are represented.

Small contributions are due to unreacted LiFePO4 (Triphylite) and the previously

detected FeIII.

Table 1
Hyperfine parameters obtained for LiFeIIPO4 and FeIIIPO4 at various temperatures.

IS, QS, G and Ln A correspond respectively the isomer shift, the quadrupole

splitting, the linewidth and the logarithm of the absorption.

Compound T (K) IS (mm/s) QS (mm/s) G (mm/s) Ln A

LiFePO4 131 1.330(4) 3.052(8) 0.232(5) �1.893

150 1.316(4) 3.048(8) 0.233(5) �1.875

180 1.298(4) 3.044(8) 0.235(5) �1.956

210 1.279(4) 3.027(8) 0.233(5) �1.965

240 1.260(4) 3.011(8) 0.232(5) �1.986

270 1.239(4) 2.992(8) 0.230(5) �1.998

297 1.224(4) 2.970(8) 0.228(5) �2.083

FePO4 141 0.489(4) 1.526(8) 0.245(5) �2.6015

150 0.499(4) 1.530(8) 0.263(5) �2.5878

166 0.498(4) 1.528(8) 0.257(5) �2.6213

175 0.488(4) 1.538(8) 0.242(5) �2.5954

200 0.470(4) 1.533(8) 0.259(5) �2.6739

250 0.444(4) 1.538(8) 0.254(5) �2.6800

301 0.412(4) 1.540(8) 0.254(5) �2.7273

L. Aldon et al. / Journal of Solid State Chemistry 183 (2010) 218–222220
crystal structure [18]. Table 1 gives hyperfine parameters deduced
from the fitting procedure.

In the case of LiFePO4 sample, we also observed a small
contribution (�7%) due to unidentified species with IS�0.2 mm/s
and QS�0.3 mm/s. The presence of this doublet affects the
lineshape at low velocity. The strategy of refinement using the
fitting procedure [19] was to first simulate the doublet with two
singlets. Then we have extracted the linewidth of the singlet at
high velocity. This value was used and fixed of the linewidth of
the doublet in the final run of the fit, including the doublet due to
the impurity.

The nature of the unidentified contribution which is currently
the object of a controverse discussion in the literature [20,21,22],
is beyond the scope of the present paper. Nethertheless this small
contribution is often describe as Lithium deficient phase
Li1�eFeII

1�eFee
IIIPO4 or a partial reduction under Ar/H2 atmosphere

of LiFePO4 leading to Fe2P as impurity.
Concerning FePO4, we still observed the previous contribution

of the un-identified species (�7%) but also a contribution of about
4% of unreacted LiFePO4 since we start from this compound to
prepare FePO4. The unidentified specie, not detected by XRD, is
still present after oxidation by bromine. Our Mössbauer measure-
ments at room temperature are in a good agreement with those
found in the literature [23].

Fig. 4 shows the temperature dependence of both the isomer
shift (IS) and the absorption logarithm (ln A). We have
determined the slopes from linear regression and the results are
summarized in Table 2.
The effective vibrating mass was determined from the linear
dependence of IS(T): Meff=65.3(0.3) a.m.u. and 69.3(1.4) for
LiFePO4 and FePO4, respectively. These values suggest that 57Fe
atom is involved in the Fe–O chemical bond with a more covalent
character in the case of FePO4 than in LiFePO4.

From the second set of slopes (Fig. 4, top), the Debye
temperatures have been calculated yM=336(15) K and 359(9) K
for LiFePO4 and FePO4, respectively. Here again, these values give
valuable information on the nature of the bonding. Since Debye
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Table 2
Values of the slopes determined from linear regression of both isomer shift and

absorption logarithm. Meff is the effective vibrating mass, yM Mössbauer

temperature and estimated Lamb-Mössbauer factors are given for 77 and 300 K

for FePO4 and LiFePO4, respectively.

Compound d(IS)/dT d(ln A)/dT Meff yM f77 K f300 K

LiFePO4 �6.38�10�4
�10.5�10�4 65.3(0.3) 336(15) 0.922(6) 0.729(19)

FePO4 �6.01�10�4
�8.71�10�4 69.3(1.4) 359(9) 0.935(2) 0.770(6)
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Fig. 5. Relative amount of FePO4 obtained by Mössbauer and electrochemical data

from Ref. [17]. We have corrected Mössbauer spectral intensities with our f-factors
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during charging (discharging) process. The dashed line, given as a guideline for the
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temperature is higher for FePO4 than for LiFePO4, we conclude on
a more covalent bonding. These values are within those observed
for some matrices : 57Fe in metals (162 K in Au [24], 210 K in Al
[25], 253 K in Ag [26], 406 K in W [26], 420 K in a-Fe [27], 450 K in
Fe–Cr alloys [28]), in oxides (251 K in Al2O3 [29], 344 K in SiO2

[29], 288 K for octahedral and 677 K for tetrahedral sites in
CuCr0.1Fe1.9O4 [30]).

The values of f-factors have been calculated and are reported in
Table 2. Furthermore these values have been employed for the
determination of the real contribution of the FeII and FeIII species
observed during the charge/discharge processes in the LiFePO4/
FePO4 system followed by Andersson et al. [17] For this the
already reported relative contribution of species (Table 4 in Ref.
[13]) have been corrected using the f-factors and good agreement
between the electrochemical compositions of delithiated samples
and Mössbauer data is obtained as observed in Fig. 5.

Moreover, other experimental techniques like Raman or
Infrared [31] spectroscopies give local information of the nature
of Fe–O bonding. For instance, a band located at 631 cm�1 for
LiFePO4 is shifted to 640 cm�1 for FePO4 [32]. This band is
attributed to FeO6 coupled to PO4 units. The frequency is in a first
approximation given by:

n¼ 1=2pðk=mÞ1=2

where k is the force constant reflecting the bond strength (or
covalent character), and m the mass of the oscillator. If we assume
that the mass correspond to the effective vibrating mass, the
increase in frequency is in agreement with an increase of the bond
strength of about (69.3/65.3)* (640/631)2 i.e. about 9%. This
variation in bond strengthening is in agreement with our f-factors
determination, from f300 K=0.73 for LiFePO4 to f300 K=0.77 for
FePO4.
4. Conclusions

Finally, from the Debye temperature determination, we have
access to the Lamb-Mössbauer factor of these two compounds in
order to determine the effective fractions of both FePO4/LiFePO4

during electrochemical lithiation/delithiation by 57Fe Mössbauer
in situ and operando measurements. Our experimental data
(effective vibrating masses, Debye temperatures and f-factors)
are in agreement and could be correlated with those obtained by
i) XRD [17] resulting in a shortening of the Fe–O bond (2.08–
2.27 Å from Fe2 + in LiFePO4 to 1.92–2.15 Å from Fe3 + in FePO4), ii)
infrared spectroscopy [31,32].

Extrapolated Lamb-Mössbauer factors are about 0.70 for
LiFePO4 and 0.75 for FePO4 at a temperature of 60 1C [33] at
which some electrochemical performance tests coupled with
Mössbauer spectroscopy in situ measurements will be carried out
in the near future. Then we will pay attention to the relative
amount of species deduced from Mössbauer spectra, in order to
avoid an overestimation of the FePO4 contribution as compared to
LiFePO4 in a Mössbauer spectrum.
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