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Abstract In the domain of Li-ion batteries, Mössbauer spectroscopy is mainly used
for the characterization of electrode materials and the analysis of electrochemical
reactions. Depending on the properties under investigation, different approaches are
often considered, which are based on ex situ, in situ and operando measurements. The
specific electrochemical cells and sample preparations used for such measurements
are described in this paper. Applications to selected examples of cathode and anode
materials are presented in order to show how Mössbauer spectroscopy, when associ-
ated with other techniques, provides essential information to understand the mech-
anisms and improves the performances of Li-ion batteries.
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1 Introduction

New energy productions are crucial not only for the preservation of environment but
also for the development of our societies since fossil fuel reserves will dry up in a near
future. The recent development of renewable and intermittent energies based on
sunlight or wind and the growth of new needs such as clean vehicles or portable elec-
tronics require new electrical energy storage systems. Thus, there is a strong demand
for electrochemical systems and Li-ion batteries are, at the present time, one of the
most interesting systems in terms of performances. Most of the research works are fo-
cused on new materials in order to increase energy density, reduce aging phenomena,
lower the cost and improve safety [1].
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The energy density of a Li-ion cell increases with both the electrode potential
difference and the specific capacity of the electrodes. Compared to the present ma-
terials, it is in principle possible, but rather difficult, to increase the specific capacity
of the cathode while it is not possible to decrease the potential of the anode. Thus,
the best way to increase the energy density is to look for high potential cathodes and
high capacity anodes. In order to find new electrode materials and improve their per-
formances it is important to understand the electrochemical reactions that take place
during the charge-discharge cycles. This is not an easy task because the electrochem-
ical cells are rather complex systems composed by composite electrodes, multicom-
ponent electrolyte, current collectors, etc. Thus, it is essential to combine different
techniques and perform in situ and operando measurements for a reliable analysis
of such mechanisms.

X-ray diffraction (XRD) is certainly the most commonly used technique to study
electrode materials. Such a technique provides useful information on mechanisms
involving crystalline phases but is of poor interest when the materials are amorphous
and/or nanostructured, which is often the case with Li-ion batteries. Thus, atomic
scale characterization is important in this respect, especially with element sensitive
techniques, in order to follow local changes due to reactions of the electrode mate-
rials with lithium or aging processes [2]. Since many new electrode materials contain
iron or tin atoms, Mössbauer spectroscopy can be used for such characterizations
[3–7]. Combined with other experimental tools such as XRD, X-ray photoemission
spectroscopy (XPS), X-ray absorption spectroscopy (XAS) or magnetic measure-
ments it is then possible to give a consistent description of the phenomena which can
be furthermore compared to theoretical models.

In this paper, we will show from some selected examples how Mössbauer spec-
troscopy can improve the performances of electrode materials for Li-ion batteries.
Specific electrochemical cells are presented and applications of Mössbauer spec-
troscopy to new and promising cathode materials: lithium metal phosphates and
anode materials: tin based intermetallics are discussed.

2 Experimental method

Mössbauer measurements can be made ex situ on electrode materials extracted from
the electrochemical cell, in situ on material in the cell and operando on material
in the cell during charge-discharge cycles. The two latter modes provide the most
useful information that is directly related to changes within the cell. Operando mode
allows to continuously study the electrochemical reactions with lithium. For example,
in galvanostatic mode a constant current is applied to the cell and the Mössbauer
spectra are recorded during cycling. In situ mode has a more general meaning since it
also includes studies of the electrode material in the cell at a given stage of lithiation
as a function of time, temperature, etc.

Different types of cells have been proposed for in situ experiments with batteries.
To our knowledge, the first in situ Mössbauer experiments were performed by
Geronov et al. for the investigation of an iron electrode in alkaline solution [8],
three years before the first XRD in situ measurements [9]. Two decades after the
Geronov’s cell, Dunlap et al. proposed an in situ cell based on commercial 2325 cell in
order to study Li-ion batteries [10, 11]. A cylindrical cell was used by Wattiaux
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et al. [12] and an aluminium-laminated polyethylene bag by Ariyoshi et al. [13]. In
our group, we have performed Mössbauer experiments with three kinds of cells. In
the past, we used Bellcore plastic Li-ion batteries [14] for tin based anodes [15–17].
Such a cell can be easily used with a Mössbauer experimental set-up but requires
specific technology and a rather high amount of electrochemically active material
compared to other cells. We use now two other kinds of cell depending on the main
electrochemical mechanisms that take place in the electrode materials.

The first cell was initially developed for in situ XRD and XAS measurements in
transmission or reflection geometry and a detailed description is given in Ref. [18].
The modified XRD-XAS cell can be easily used with powdered electrode materials
if only a rather small pressure is required to maintain electrical contacts between
particles. This is the case of insertion materials in which electrochemical mechanisms
are governed by topotactic reactions and to a great extent when electrochemical
reactions take place with small volume variations.

The second cell was adapted from a Swagelok-type cell which is commonly used
for electrochemical tests of Li-ion batteries. Such a cell presents easily achieved
proper installation, excellent gas-tight sealing and low cost. It can be easily used
with powdered electrode materials even when electrochemical reactions take place
with volume variations such as alloying or conversion reactions. The cell is made of
the commercially available Swagelok tube union made of perfluoroalkoxy polymer
and stainless steel tubes with extremities formed by PMMA γ -transparent windows.
The anode is made of a thin lithium foil of high quality in contact with the stainless
steel tube and the cathode is formed by powdered active material pressed against a
beryllium foil used as a connector.

For in situ and operando measurements, the cells are placed between the γ -rays
source and the detector. The measurements are usually performed under galvanosta-
tic conditions with a Biologic SP-150 potentiostat. The Mössbauer data are recorded
during several hours (depending on the Li rate and the required signal-to-noise
ratio), saved and then the memory is cleaned and so on. Each spectrum is collected
during the reaction of a small number of lithium, typically lower than 0.1 Li per active
center (0.05 Li for LiFePO4 and 0.1Li for FeSn2). This means that Mössbauer data
are collected continuously during the charge-discharge cycles, which justifies the use
of “operando” term for such experiments. A conventional Mössbauer experimental
set-up is used for such measurements [16].

3 Application to cathode materials

Commonly used cathode materials are lithium-metal oxides but there is an increasing
interest for lithium metal phosphates with olivine structure like LiFePO4 [19–22].
LiFePO4 is inexpensive, environmentally friendly, safe, with good cycle life and high
specific capacity compared to other cathode materials. In addition, the potential
(∼3.4 V v.s. Li+/Li0) can be increased by substituting another transition metal for Fe.
However, LiFePO4 is a wide band gap semiconductor and must be used as powdered
nanoparticles with carbon coating for a good electrical percolation [23] although
cation doping can also increase the electronic conductivity [24]. The performances
also depend on intrinsic defects like Li/Fe antisites but also on impurities like iron
oxides or iron phosphides that can be formed during the synthesis depending on the
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Fig. 1 57Fe Mössbauer spectra of LiFePO4 (a) and FePO4 (b); Comparison between experimental
data at room temperature (black circles) and DFT calculations (red vertical lines)

experimental conditions. The characterization of the pristine material, the analysis of
the charge-discharge mechanisms and the influence of defects can be studied by 57Fe
Mössbauer spectroscopy and we present here several applications of this technique.

At room temperature, the 57Fe Mössbauer spectra of both LiFePO4 and FePO4

are formed by doublets. For LiFePO4, the experimental values of the isomer shift
and quadrupole splitting are δ = 1.22 mm/s and � = 2.96 mm/s, respectively. These
values are close to those obtained by DFT calculations, taking into account both
the spin polarization and the correlation of the Fe 3d electrons (Fig. 1a). This can
be interpreted from the Fe2+ high spin configuration of the iron atoms in distorted
octahedral environments formed by oxygen atoms. The charge (delithiation) leads to
olivine FePO4 with Mössbauer parameters δ = 0.45 mm/s and � = 1.53 mm/s close to
the DFT values (Fig. 1b). Compared to LiFePO4, the value of δ decreases because the
extraction of one lithium is accompanied with the decrease of one Fe3d↓ electron per
Fe, changing high spin Fe2+ (in LiFePO4) into high spin Fe3+ (in FePO4). This affects
the electronic structure near the Fermi level as shown by XPS and DFT calculations
[25]. The observed decrease of � is also related to the decrease of one Fe 3d electron
per Fe that strongly influences the Fe 3d electron density shape.

The reversible charge-discharge cycles have been studied by operando 57Fe
Mössbauer spectroscopy by different authors and interpreted as LiFePO4/FePO4

two-phase reactions [26, 27]. The substitution of Fe by Mn (LiFe1−xMnxPO4) in-
creases the voltage from 3.4 V vs. Li+/Li0 to 4.1 V vs. Li+/Li0. Unfortunately, the full
substitution (x = 1) leads to capacity fading that could be due to structural instability
(the Jahn-Teller distortion around Mn3+ ions in MnPO4) and low conductivity [28].
Better rate capabilities have been obtained with partial Fe/Mn substitution but the
potential profile is formed by two plateaus at about 3.5 V and 4 V vs. Li+/Li0 due
to the Fe3+/Fe2+ and Mn3+/Mn2+ redox reactions, respectively. A two dimensional
phase diagram of LiyFexMn1−xPO4 as a function of (x,y) (0 ≤ x,y ≤ 1) has been
proposed by Yamada et al. [29]. We have obtained similar results and we briefly
summarize here, as an example, the mechanism obtained for LiyFe0.75Mn0.25PO4 by
operando 57Fe Mössbauer spectroscopy with the XRD-XAS modified cell described
above. The electrochemical curve shows the expected two plateaus although the
potentials are different for the charge and the discharge because of polarization
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Fig. 2 Potential curve of the
first charge-discharge cycle for
LiFe0.75Mn0.25PO4 in
modified XRD-XAS cell at
C/40. R1-R3 denote the three
regions discussed in the text
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effects (Fig. 2). Three regions can be defined by considering the transition between
the two plateaus.

The three regions were unambiguously distinguished from operando XRD which
clearly shows, for the charge, two-phase regions for y ≤ 0.25 (Region R3) and 0.55 ≤
y ≤ 1 (Region R1), and a single-phase region for 0.25 ≤ y ≤ 0.55 (Region R2). The
57Fe Mössbauer spectra obtained at room temperature for the first cycle are shown
in Fig. 3.

The first spectrum (y = 0) is formed by a doublet (δ = 1.23 mm/s and � =
2.95 mm/s), similar to that of LiFePO4, that can be assigned to high spin Fe2+. At the
end of the region R1 (y = 0.55), the spectrum can be fitted with two doublets that can
be attributed to Fe2+ (δ = 1.28 mm/s and � = 2.71 mm/s) and Fe3+ (δ = 0.43 mm/s
and � = 1.1 mm/s). Thus, a mixed valence phase was formed during the delithiation
of LiFe0.75Mn0.25PO4. All the intermediate spectra in R1 were fitted with these
contributions and reaction in R1 can be written

LiFe2+
0.75 Mn2+

0.25 PO4 ↔ (1 − y) Li + 2.22 (y − 0.55) LiFe2+
0.75 Mn2+

0.25 PO4

+2.22 (1 − y) Li0.55 Fe2+
0.3 Fe3+

0.45 Mn2+
0.25 PO4

with 0.55 ≤ y ≤ 1 (1)

The second region R2 (0.25 ≤ y ≤ 0.55) is characterized by a strong increase of
the potential up to about 4.0 V. A systematic shift of the (200) diffraction peak at
2θ ∼29.5◦ of the phase Li0.55 Fe2+

0.3 Fe3+
0.45 Mn2+

0.25 PO4 suggests a solid solution in this
region. The relative contribution of Fe2+ to the Mössbauer spectra decreases whereas
that of Fe3+ increases. The Mössbauer parameters do not change significantly except
for the quadrupole splitting of Fe3+ that increases gradually (22%) with the oxidation
of iron. This indicates significant lattice changes in agreement with XRD results.
Thus, the extraction of lithium in region R2 changes the oxidation state from Fe2+
to Fe3+, which also causes modifications of the Fe 3d electron density shape around
Fe3+, following the single-phase reaction:

Li0.55 Fe2+
0.3 Fe3+

0.45 Mn2+
0.25 PO4 ↔ (0.55 − y) Li + Liy Fe2+

y−0.25 Fe3+
1−y Mn2+

0.25 PO4

with 0.25 ≤ y ≤ 0.55 (2)
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Fig. 3 57Fe Mössbauer spectra
of LiyFe0.75Mn0.25PO4 (with
0.1 < y < 1) in a modified
XRD-XAS cell for operando
measurements during the first
cycle at C/40 and room
temperature
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Finally, the third region R3 (0.1≤y≤0.25) corresponds to the oxidation of Mn2+
into Mn3+ which occurs on the short potential plateau around 4.0 V. In this region,
the first Mössbauer spectrum (y = 0.25) with Mössbauer parameters: δ = 0.41 mm/s
and � = 1.30 mm/s can be assigned to Li0.25 Fe3+

0.75 Mn2+
0.25 PO4 and the last one

reflects the contribution of both this compound and the fully delithiated compound
Fe3+

0.75 Mn3+
0.25 PO4 (δ = 0.41 mm/s and � = 1.52 mm/s). The two-phase reaction in this

region can be written

Li0.25 Fe3+
0.75 Mn2+

0.25 PO4 ↔ (0.25 − y) Li + 4yLi0.25 Fe3+
0.75 Mn2+

0.25 PO4 + 4(0.25 − y)

×Fe3+
0.75 Mn3+

0.25 PO4 with 0 ≤ y ≤ 0.25 (3)

The overall mechanism is reversible and is also observed for the discharge. It strongly
differs from the two-phase reaction in LiFePO4.

Mössbauer spectroscopy is also widely used to characterize the pristine materials
in order to optimize the electrochemical performances. As an example, an asym-
metric broadening of the low velocity peak of the Mössbauer spectrum of LiFePO4

is often observed, as shown for samples obtained in tube furnace under argon flow
(Fig. 4). Such spectrum can be fitted with the main sub-spectrum due to LiFePO4

(88%) and a two-component sub-spectrum that can be assigned to Fe2P (12%). The
latter compound must be considered as an impurity that decreases the specific capac-
ity of the electrode. It is due to reducing synthesis conditions (Ar/H2 flux) and forms
a surface layer that must be as thin as possible [30].
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Fig. 4 57Fe Mössbauer spectra
of two samples of LiFePO4
obtained with different
synthesis conditions: pure
LiFePO4 (a) and LiFePO4
with Fe2P impurity (b)
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4 Application to anode materials

The most commercially used anodes for Li-ion batteries are made from carbon or
titanates. The electrochemical reaction mechanisms are based on reversible insertion
of Li ions in the host material and the energy density is limited by the small number
of inserted Li. For example, only 1 Li per 6 C can be intercalated into graphite, which
gives a specific capacity of 370 Ah/kg. In order to overcome this limitation, materials
that reversibly react with lithium by alloying-dealloying processes or by conversion
reactions have been proposed. Si and βSn are promising high capacity anode
materials that form alloys with lithium and their theoretical specific capacities are
4200 Ah/kg and 990 Ah/kg, respectively. However, alloying reactions suffer for large
volume variations leading to poor cycling performances. To minimize the structural
instabilities, different strategies have been considered for βSn, such as nanosized
tin [31], tin oxides [32], tin composite oxides (TCO) [33], metallic tin dispersed in
a composite oxide [34–36] and tin-metal alloys. In the latter case, tin is associated
with an electrochemically inactive metal that is expected to be extruded during the
first discharge from the pristine materials in order to form metallic nanoparticles
that buffer volume variations. Different metals have been considered including Cu
[37], Ni [38–40], Co [41, 42], Fe [43–45] or Nb [46]. The case of Co is of particular
interest and Sony commercialized in 2005 the Nexelion battery with a Co-Sn-C
amorphous anode improving the capacity of the battery by 30% compared to other
systems [47–51]. However, the replacement of Co by another metal such Fe might
reduce the cost of the electrode materials and improve the environmental impact
[52]. We present here some results for FeSn2 which is the tin richest binary compound
with Fe and has a maximum theoretical capacity of about 800 Ah/kg (for 4.4 Li/Sn).
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Fig. 5 119Sn Mössbauer
spectra of nanostructured
FeSn2 in modified Swagelok
cell for operando
measurements during the first
discharge at C/10 and room
temperature

0 Li 

8.5 Li

Velocity (mm/s)

     Number
of Li/FeSn2

Absorption

6
4

2

-2
0

This compound is of particular interest since it can be easily nanostructured, which
increases the specific surface area of the active material. It can be considered as a
reference compound for transition metal-tin intermetallics as anode materials since
the reaction mechanisms are very similar. And last but not least, it contains two
Mössbauer isotopes 57Fe and 119Sn.

The electrochemical tests and the study of the mechanisms were performed
with a composite electrode formed by nanostructured FeSn2 (80 wt.%), polyte-
trafluoroethylene as binder (10 wt.%) and carbon black (SP) as conductive additive
(10 wt.%). About 8 Li/FeSn2 reacted with the electrode during the first discharge at
a rate of C/10 [45]. 119Sn Mössbauer operando measurements were performed with
the modified Swagelok-type cell at room temperature (Fig. 5). The spectrum of the
pristine material is formed by a doublet (δ = 2.2 mm/s, � = 0.9 mm/s) which is trans-
formed into a single and slightly asymmetric peak at the end of the discharge [45].
The latter peak was fitted with two components (δ = 1.88 mm/s, � = 0.2 mm/s and
δ = 1.96 mm/s, � = 0.7 mm/s) that can be attributed to Li7Sn2 nanoparticles [53, 54].
The composition of this Li-Sn alloy differs from the expected maximum composition
(Li22Sn5) reducing the specific capacity of the electrode by about 20%. All the
other spectra obtained during the discharge were successfully fitted by considering
these two contributions.

The relative amounts of FeSn2 and Li7Sn2 were evaluated from the relative sub-
spectrum areas and the ratio of the Lamb-Mössbauer factors of these two materials
(Fig. 6).

The observed linear variations indicate that the first discharge can be described
by the conversion reaction

FeSn2 + 7Li → Fe + Li7Sn2 (4)

Thus, nanostructured FeSn2 is directly transformed into Li7Sn2 nanoparticles without
the intermediate Li-Sn phases observed for βSn anode material [55].

The iron particles formed during the discharge were characterized from magnetic
measurements for the fully lithiated electrode material. The variations of the magne-
tization as a function of the magnetic field, H, at different temperatures show change
from ferromagnetic to superparamagnetic regime at about 20 K. The saturation
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Fig. 6 Relative amounts of
FeSn2 (blue circles) and Li7Sn2
(red triangles) evaluated from
operando 119Sn Mössbauer
measurements during the first
discharge as a function of the
number of Li per FeSn2
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magnetization at H = 5T and T = 5K is of about 220 Am2/kg and is close to that
of bulk α-Fe. This suggests that nanoparticles are coated with a non-magetic layer as
expected for the surface electrolyte interphase (SEI) previously observed by XPS
[39, 45]. In the superparamagnetic regime, the magnetization curves were fitted
with a Langevin function in order to evaluate the iron nanoparticle diameter. The
obtained value of about 3 nm is consistent with ZFC-FC measurements. Thus, the
averaged iron nanoparticle size is constant during the first discharge.

The 119Sn Mössbauer spectra are strongly modified if nanostructured FeSn2 is
replaced by FeSn2 microparticles as active material in the pristine electrode. This is
due to the size/cristallinity of the particles that allows observing transferred hyperfine
field. The Mössbauer spectrum obtained at the end of the discharge is similar to that
observed for nanostructured FeSn2 and can also be assigned to Li7Sn2. The other
spectra of the discharge can be fitted with these two contributions (Fig. 7).

Thus, the same basic reaction mechanism is obtained for the two types of
FeSn2 pristine materials: the first discharge transforms FeSn2 into a nanocomposite
Fe/Li7Sn2. This nanocomposite should be considered as the real starting electrode
material. The behaviour of the battery on cycling depends on the first discharge
which is a crucial restructuring step. For example, high rate cycling requires a first low
rate discharge [56].

By combining 57Fe and 119Sn Mössbauer experiments, we have found that the
following cycles consist in dealloying of Li7Sn2 leading to Li-rich LixSn alloys (on
charge) followed by alloying of Li-rich LixSn alloys up to Li7Sn2 (on discharge).
The iron nanoparticles did not react with Sn at the electrochemical regimes con-
sidered in our experiments (C/10–10C) and acted as a buffer to limit the volume
variations as expected. However, a capacity fading generally occurs after 50 cycles
because of the loss of electrical contacts during the charge-discharge cycles and the
growth/coalescence of the particles, as shown by in situ Mössbauer experiments [45].
The capacity fading is observed for all the tin based intermetallics although it can
be reduced by optimizing the electrode formulation or the material composition
[48, 57, 58]. Although the reaction mechanisms are similar for the other transition
metals, back reactions of tin with the metallic nanoparticles were often observed by
Mössbauer spectroscopy during the charge. For example, Ni3Sn4 is reformed at the
end of charge [39], while a complex Co-Sn-Li alloy is obtained with CoSn2 pristine
material [16]. Even in the case of FeSn2, back reaction of Fe with Sn has been
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Fig. 7 Selected 119Sn
Mössbauer spectra of
microsized FeSn2 based
electrode in modified
Swagelok cell for operando
measurements during the first
discharge at C/10 and room
temperature. The spectra were
fitted with the contributions of
FeSn2 (blue) and Li7Sn2 (red)
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observed, but at very low lithium rate [59]. Thus, both the nature of the metal and the
electrochemical test conditions affect the charge process. However, it is still not clear
whether cycling performances are improved with inactive metallic nanoparticles that
buffer the volume variations of Li-Sn alloys or with metallic nanoparticles trapping
Sn during the charge to avoid the formation of βSn or poorly lithiated Li-Sn alloys.

5 Conclusion

Mössbauer spectroscopy provides useful and detailed information on electrode ma-
terials for Li-ion batteries and electrochemical reaction mechanisms that is essential
to improve the performances as energy density, cycling capability or safety. In situ
and operando measurements are crucial for such characterizations since they allow
continuous measurements during current flow and avoid extraction of the materials
from the electrochemical cell. It is possible to follow redox reactions, changes in local
electronic structure and local environments of the Mössbauer isotopes, formation of
amorphous and nanocristalline phases during charge-discharge cycles, but also to
detect impurities in the pristine materials or to analyse phase instability as a function
of time due to aging phenomena.
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However, Mössbauer spectroscopy must be combined with other techniques, in-
cluding theoretical approaches, for the analysis of the complex mechanisms that take
place within or at the surface of the electrode particles. At this condition, it will be
possible to improve performances and find new electrode materials for the future
energy storage systems.
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