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ABSTRACT 

Fe1-xO wüstite as negative electrode material for Li-ion batteries has been studied. The aim of 

this work is to get a better understanding of the insertion mechanism involved during 

reduction/oxidation processes. Electrochemical tests have been done in Swagelock
TM

 cells 

and shown a high specific capacity of 800 Ah/kg for the first discharge. X-ray diffraction and 

57
Fe Mössbauer spectroscopy provide us valuable information on both local and long range 

order. Hence, Li reaction with wüstite induces formation of highly divided metallic iron (-Fe 

and nano-Fe) and Li2O with a small amount of Fe2O3 occurring in a diffusion layer at the 

surface of the primary particles. Based on the X-ray and Mössbauer spectroscopic analyses, a 

core-shell model is proposed in order to explain the irreversible capacity of about 1 Li 

observed at the first cycle. It involves cation diffusion induced by lithium acting as an 

„electronic pressure‟.   
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INTRODUCTION 

Anodic materials having a discharge potential of 1V/Li are chosen among the metallic 

oxides [1,2]. Iron oxides are inexpensive and present low environmental impact for lithium 

battery applications [3,4]. Previous works have shown the interest of such iron oxides as 

electrochemically active material [5,6]. The mechanism is generally based upon the redox 

couple Fe
3+

/Fe
2+

 working at approximately 0.5 V compared to lithium [7,8]. Wüstite is a non-

stoichiometric compound with formulae Fe1-xO, with 0.83 < x < 0.96 [9]. It has the rocksalt 

structure with a cell parameter of 4.307 Å [10]. In the structure some Schottky defects occur 

because of the presence of two oxidation states Fe
II
 and Fe

III
, occupying the octahedral sites of 

the structure. Fe
II
 is rather easy to oxidize to Fe

III
 and can explain the wide range of 

composition. In order to get a better understanding of electrochemical Li reaction mechanism 

into Fe1-xO, the present work deals with 
57

Fe Mössbauer spectroscopy, X-ray diffraction and 

electrochemical tests. Coupling these experimental techniques allows us to get deeper insight 

into the mechanism ruling lithium reaction processes in the Fe1-xO wüstite phase.  

From X-ray diffraction, previous work has shown a correlation between amount of 

vacancies and cell parameters [11]. From 
57

Fe Mössbauer spectroscopy the relative 

contribution of Fe
II
 and Fe

III
 to the spectrum can be determined [12, 13]. Hence comparison 

between the amount of vacancies from X-ray diffraction and Mössbauer spectroscopy can be 

done. This nuclear technique gives local information at the atomic scale and is very sensitive 

of the neighborhood in terms of charge of ions and vacancy effects [14, 15].  

The electrochemical mechanism shows that a part of Li (~44 %) is involved in the 

reduction of FeO into metallic Fe
0
 accompanied with small amount of nano-sized Fe2O3 and a 

last part of Li (~56 %) is consumed to form a SEI in the first discharge. This last part seems to 



be responsible for the irreversible capacity in this conversion reaction. The reversible process 

is based on a reversible reaction: Fe
II
O + 2Li ↔ Fe

0
 + Li2O.  

 

EXPERIMENTAL 

Synthesis conditions 

Wüstite Fe1-xO has been prepared from powdered hematite -Fe2O3 by specific heat treatment 

[9]. Hematite has been ground in an agate mortar and then the fine powder has been put into a 

porcelain crucible. The crucible is then placed in the quartz tube of the oven at 800 °C under 

H2 atmosphere used as reducing agent [16]. Since Fe1-xO is metastable [17, 18] and 

decomposes below 570 °C to magnetite Fe3O4 and metallic Fe at ambient pressure and 

temperature, the crucible has been quenched outside by cooling with pulsed air.  

 

X-ray diffraction 

X-ray diffraction (XRD) patterns were collected on a conventional Philips -2 diffractometer 

with Cu-K radiation (1.5418 Å) and a nickel filter in order to characterize the compounds 

before and after insertion of lithium. For electrochemically-inserted phase, the recording was 

made under vacuum in order to avoid undesirable reactions with air.  

 

57
Fe Mössbauer spectroscopy 

57
Fe Mössbauer spectra were recorded at room temperature (RT) using transmission geometry 

in the constant acceleration mode with a spectrometer based on electronic devices delivered 

by EG&G and WissEl. The absorbers contained 1-2 mg of 
57

Fe per cm
2
 were prepared inside 

the glove box, and sealed with parafilm to avoid contact with air. The velocity scale was 

calibrated using the 2 inner lines (see below) of the magnetic sextet of a high purity iron foil 

absorber as a standard, using 
57

Co (Rh) as the source. The spectra were fitted using a 

Lorentzian approximation by least-squares method implemented in our GM5SIT program [19, 



20]. The quality of the fit was controlled by the conventional 
2
 test. Isomer shift (IS) values 

are given relative to the centre of the -Fe (10 µm foil) spectrum recorded at room 

temperature. The shape of a Mössbauer spectrum of a paramagnetic compound is generally 

determined by a doublet, characterized by the quadrupole splitting (QS) separating more or 

less the 2 Lorentzian lines and their mean position, the isomer shift (IS). The intensity of the 

absorption (A) is ruled by the number of sites (N) and the Lamb-Mössbauer factor (f) through 

A = N.f.    

In the case of magnetic contribution, the spectrum is split into 6 Lorentzian lines with a 

relative intensity as 3:2:1:1:2:3. Mössbauer spectra of bulk -Fe or Fe2O3 present such a 

magnetic sextet. The sextet of -Fe used for velocity calibration is composed of two lines 

located at IS1,6 = ±5.33 mm/s with relative intensities of 3, two other lines at IS2,5 = ±3.02 

mm/s with relative intensities of 2. The inner lines of the sextet have relative intensities of 1. 

Since we present in the following Mössbauer spectra recorded in a small velocity range [±2.4 

mm/s] to favor details in the Fe
III

/Fe
II
 velocity scale, we can only detect the two inner lines 

IS3,4 = ±0.84 mm/s. For convenience, we choose to fit these two lines with an equivalent 

doublet with IS ~0 mm/s and QS ~1.68 mm/s. After convergence of the fitting procedure, we 

have to correct the total absorption of our sample. We have multiplied by 6 the relative 

contribution of this doublet to get the real contribution of metallic -Fe in the mixture. The 

same procedure will be used with a magnetic contribution of Fe2O3. Then, all contributions 

are corrected to obtain the relative amount of the species. 

Concerning the non-stoichiometric wüstite phase, Fe1-xO will be written taking into 

account the amount of vacancies, x, as Fe
II

1-3xFe
III

2xxO. This quantity can be roughly 

estimated from the relative contributions AII and AIII from the Mössbauer spectroscopic data 

by:  



AA
x

IIIII /23

1


  

It is thoroughly admitted in the Mössbauer community that vacancies or „guest‟ ions can be 

detected in the vicinity of the probed ion or atom (
57

Fe) from the quadrupole splitting 

distribution as shown by Womes et al. [21]. The presence of both Fe
III

 and vacancies in the 

vicinity of probed Fe
II
 may change the electric field gradient (EFG) and therefore the 

measured quadrupole splitting (QS). The quadrupole splitting reflects the ferrous quadrupole 

interaction in the paramagnetic state and is related to the elements of the diagonalized electric 

field gradient tensor that can be estimated for ionic compounds from point charge model 

calculations [22].  

Assuming a random distribution [23, 24] of both vacancies and cations in the wüstite 

structure, the probability of a probed Fe
II
 to have n Fe

III
 ions, m vacancies at a concentration x 

and 12-m-n Fe
II
 located in the 12 neighboring sites of the first coordination shell of Fe1-xO is 

given by: 
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12

, )!12(!!

!12
)( xxp

mnmn

mn mnmn
x 




  

Since the solid solution domain is not very extended for Fe1-xO (x < 0.1), we think that the 

main contributions are due to electric charge as often observed for ionic compounds [25]. The 

most probable configurations will be grouped according to the values of n and m. For instance 

a Fe
II
 surrounded by n = 1 Fe

III
 and m = 0, 1 or 2 vacancies will give an intensity proportional 

to P1 = P1,0 + P1,1 + P1,2 if we neglect the cases where m > 2 since x < 0.1. Hence 3 main 

contributions Pn = Pn,0 + Pn,1 + Pn,2 (n = 0, 1 or 2) will be the most probable and expected 

configurations. In this case we believe that the measured quadrupole splitting will be n-

dependant.    

The intensity of the absorption of a given phase depends on its recoil-free factor f 

(named the Lamb-Mössbauer factor [26, 27]). The factor f depends on the Debye temperature, 



D, which decreases with decreasing particle size [28]. It is worth noticing that dispersed Fe 

nano-particles not bound to a rigid matrix show a large decrease in the apparent Debye 

temperature. Indeed the Debye temperature has been estimated to 388 ± 20 K for bulk -Fe. 

This value decreases to 344 ± 16 K and 259 ± 18 K for particles of 2.5 nm and 1.5 nm in size, 

respectively [29]. For wüstite it has been estimated to D = 417 K [30]. Knowing the Debye 

temperature of a given material, the Lamb-Mössbauer factor, which depends on the 

temperature and on the recoil energy (ER = 1.956 meV for 
57

Fe), can be estimated through: 

2
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 In the discussion species fraction, ni, will be estimated assuming a given fi factor from 

the relative intensity Ai of the Mössbauer absorption using ni = Ai/fi.  

 

Electrochemical tests 

The cells consisted of lithium disks (anode) and pellets of wüstite Fe1-xO samples (diameter = 

7 mm, thickness ~ 0.3 mm) (cathode), and we used 2 Whatman separators wetted by LiPF6 

(1M) electrolyte in PC-EC-3DMC. Charge/discharge curves were carried out 

galvanostatically by means of a MacPile
TM

 system operating at a current density of 10 A/kg 

(C/15 rate) between 3 and 0 V vs. Li. Some cells have been stopped at a given depth of 

discharge or charge, disassembled in a glove box to avoid air and/or moisture contamination. 

 

 

RESULTS 

Pristine material 

Fe1-xO has a rocksalt structure (B1, fcc, Fm-3m, a = 4.307 Å [31]). The X-ray diffraction 

pattern of the pristine material (Fig. 1) presents diffraction of (111) = 18.03, (200) = 



20.92,(220) = 30.38, (311) = 36.32 and (222) = 38.14. The refined cell parameter is a = 

4.313(7) Å in agreement with the literature. From Aubry and Marion‟s work [11], the 

estimated amount of vacancies from the cell parameter is x = 0.0500.013. Our sample 

presents some -Fe impurity (A2, bcc, Im-3m, a = 2.8665 Å [32]) with diffraction peaks of 

(110) = 22.34, (200) = 32.54,(112) = 41.18. The cell parameter has been roughly evaluated to a 

= 2.867(8) Å in agreement with the literature.  

 

The 
57

Fe Mössbauer spectrum shown in Figure 2 presents 3 broadened doublets with an 

isomer shift IS ~ 1 mm/s and quadrupole splitting ranging from QS ~ 0.50 to QS ~ 1.50 mm/s 

and their relative areas were corrected from the -Fe magnetic contribution as described in 

the experimental part. The absorption intensities are 42, 26 and 15 %. The hyperfine 

parameters (IS and QS) are rather characteristic of Fe
II
 species involved in wüstite Fe1-xO 

which is antiferromagnetic (TN = 198 K [33]) and shows a typical paramagnetic absorption at 

RT. A fourth doublet centered at IS ~ 0.55 mm/s, QS ~ 0.90 mm/s with a relative area of 11 % 

is usual of Fe
III

 species as expected in the non-stoichiometric Fe1-xO phase. The estimated 

amount of vacancies from the Fe
II
/Fe

III
 ratio as explained in the experimental part is about 

0.057±0.008. This value is rather close to 0.050 found from XRD. Finally, the doublet located 

at IS ~ 0 mm/s and QS ~ 1.68 mm/s, corresponding to -Fe as explained in the experimental 

part present a contribution of ~6 %. All these results are summarized in Table 1. 

The calculated probabilities P0, P1 and P2 are 50.6, 37.0, 12.4 % for x = 0.054 while the 

experimental absorptions for Fe
II
 species are 50.7, 31.3 and 18.0 % respectively. The weak 

discrepancy between calculated P1 and P2 and estimated absorptions may suggest that a 

situation of a Fe
II
 surrounded by 2 Fe

III
 would be most favorable situation than only 1 Fe

III
 in 

the Fe
II
 neighborhood. This is a small deviation to a random distribution and could indicate of 

tendency for defect ordering.     



Combining XRD and 
57

Fe Mössbauer spectroscopic results, we can concluded that our 

pristine sample is mainly (~94 %) composed of Fe
II

0.838Fe
III

0.108□0.054O and -Fe (~6 %).    

 

Lithiated samples 

The electrochemical behavior of Fe1-xO is shown in Figure 3. Starting from the pristine 

material (point (a) in Fig. 3), the first discharge with a capacity of ~800 Ah/kg is 

characterized by a pseudo-plateau starting at 0.64 V continuously decreasing to 0.5 V until an 

uptake of 1 Li (point (b) in Fig. 3), then becomes more sloppy to reach 0.01 V for 2.16 Li 

(point (c) in Fig. 3). The shape of this not-well defined plateau is rather characteristic for a 

reconstructive reaction within the pristine material inducing the formation of new phases. The 

curve of the first charge presents slight different shape with a mean potential of about 1.64 V. 

At the end of charge (point (d) in Fig. 3), the potential was stopped at 3 V before starting a 

new cycle for which the Li uptake is 0.94. The difference between discharge and charge 

(2.16-0.94 = 1.22 Li) results in an irreversible capacity of about 350 Ah/kg. Then next 

discharge curve shows a very different shape, more sloppy, as compared to the first one. It 

suggests the formation of new phases or in a more divided state reacting at a mean potential of 

about 0.98 V. A high polarization of about 660 mV is observed and seems to confirm the 

nano-structuration of the primary particles during the first discharge. This situation is typical 

for conversion reactions as described by J.-M. Tarascon et al. [34] for oxides, phosphides [35, 

36], stannides [37, 38], and antimonides [39, 40]. The following cycles present a rather stable 

and reversible capacity of about 450 Ah/kg (x ~ 1.20 Li).  

Following the establishment of the electrochemical mechanism will only cover the first cycle 

studied by ex situ XRD and 
57

Fe Mössbauer spectroscopy at points (a)-(d).  

X-ray diffraction patterns for the ex situ lithiated samples are shown in Figure 4. 

Depending on the discharge depth we clearly see a progressive consumption of pristine Fe1-xO 



(Fig. 4a). Nevertheless a rather broadened pattern is observed at the end of the discharge (Fig. 

4c), with residual peaks belonging to un-reacted Fe1-xO. At this stage, diffraction peaks of -

Fe are still visible, but with a large decrease in intensity compared to the pristine material. 

Some rather broadened diffuse lines located at around 20-25, 30-33 and 37-42 are also visible 

and increase in intensity from (b) to (c). This result suggests the formation the new 

amorphous or nano-sized phases with smaller coherence lengths.  

At the end of the first charge (Fig. 4d) the diffraction pattern presents no more 

crystallized phase. Since Fe1-xO may be reduced to metallic Fe, we have plotted for 

comparison in Fig. 4d indexations of some known allotropic forms, i.e. -Fe (bcc), -Fe (fcc) 

and -Fe (hcp).    

Ex situ Mössbauer spectra of some discharge/charge depths are shown in Figure 5. We 

have chosen to show the spectra in a wide velocity scale including the total contribution of -

Fe for comparison between the pristine (Fig. 5a) and the fully discharged sample (Fig. 5c). 

Spectra are rather complex with various components but the overall trend in the shape of the 

spectra assumes formation of Fe
III

 species upon discharge. The results of the fit have been 

reported in Table 1.  

For an uptake of 1 Li (Fig. 5b), we observed in the spectrum a decrease for the Fe
II
 

contribution and an increase for Fe
III

 (IS ~ 0.5 mm/s, QS ~ 0.66 mm/s). Hyperfine parameters 

(IS and QS) differ slightly from Fe
III

 species in the pristine material. This Fe
III

 contribution is 

not only due to Fe
III

 in Fe1-xO, but it could be nano-sized Fe
III

2O3 which can be 

superparamagnetic if the particle size is small as we assume. It is worth to notice that in Fe1-

xO some local defects are ordered giving Koch-Cohen clusters (V13T4 type or V16T5) with a 

composition close to magnetite Fe3O4 [41, 42].
 

 The contribution of -Fe also increases in intensity with IS ~ 0.02 mm/s and QS ~ 

1.675 mm/s. We have freed these two parameters in the fitting procedure to obtain 



convergence. Although this is within the error bars, it could be significant if we consider that 

new -Fe is formed with smaller particles, resulting in a slightly modified hyperfine magnetic 

field with a shifted spectrum. We also observe the formation of a rather broadened (= 0.6 

mm/s) singlet located at negative velocity (IS = -0.054 mm/s). It cannot be associated to -Fe 

in micro-particles because in this case it must conserve its hyperfine magnetic field even at 

room temperature. It could be due to the presence of superparamagnetic Fe nano-particles 

with a size smaller than 2 nm [43]. This isomer shift is generally observed at room 

temperature in the case of paramagnetic spectra of austenitic steels. It could be associated to 

the formation of -Fe (fcc, Fm-3m, a = 3.587 Å). It is well established that -Fe is 

paramagnetic in a nonferromagnetic state at RT [44]. We know also a diffusive transition 

transforming -Fe into -Fe occurs at 912 °C. We don‟t really believe that the signal observed 

can be reasonably attributed to -Fe. It is not excluded that -Fe (A3, hcp, P63/mmc) is formed 

[45, 46]. Indeed these two allotropic forms ( and ) differ only by the stacking sequences 

(ABCABC) and (ABABAB), respectively. On the other hand, at high pressure and room 

temperature -Fe becomes -Fe in a martensitic phase transition [47, 48]. Anyway the 

broadened singlet could be attributed to either -Fe (bcc) or -Fe (hcp) in nano-particles. In 

the doubt, we prefer to call this metallic fingerprint nano-Fe
0
 as mentioned in Table 1.   

These results suggest that the active material Fe1-xO reacts while new divided metallic 

Fe is formed with a new species containing Fe
III

. Surprisingly, we can assume at this stage the 

disproportionation of 3Fe
II
 into 2Fe

III
 and 1Fe

0
.  

As previously explained, from the relative areas of Fe
II
 species with found a vacancies 

amount of x = 0.036. The proposed formula for wüstite at this depth of discharge is 

Fe
II

0.892Fe
III

0.072□0.036O. 

 At the end of the discharge for an uptake of 2.16 Li (Fig. 5c), ~23 % of the absorption 

belongs to Fe
II
 species. Hence, Fe1-xO does not completely react. The Fe

III
 species 



contribution decreases from ~12 % (1 Li) to ~6 %. At this stage the increase in size of Fe2O3 

particles induces a transition in the Mössbauer spectra from a superparamagnetic (doublet) to 

a magnetic (sextet) contribution. At RT this transition occurs for a particle size around 15 nm 

for hematite (Keff ~1 kJ.m
-3

) [49]. Metallic iron (micro and nano) contribution increases from 

~25 to ~31 %. From the relative area of the Fe
II
 species with x = 0.032, the proposed formulae 

for wüstite at this depth of discharge is Fe
II

0.904Fe
III

0.064□0.032O. 

   All along the discharge by comparing XRD and Mössbauer spectroscopic data 

analysis we can propose the following: i) the active material Fe1-xO reacts partially with Li 

forming a phase containing Fe
III

 (Fe2O3), ii) starting from Fe
II
, the production of Fe

III
 must be 

necessarily accompanied by the production of Fe
0
 (disproportionation), iii) a not well 

understood broadened singlet with negative velocity could be a nano-sizedFe, and iv) 

vacancies are progressively filled or used by Li during the transformation of FeO forcing Fe 

atoms to quit the structure.       

    Finally at the end of the charge (Fig. 5d), we observe a contribution of ~66 % for 

Fe
II
, ~4 % for Fe

III
 and ~30 % Fe

0
. Metallic iron particles became less than 2 nm in size since 

no magnetic sextet of -Fe is observed, we can assume that it plays a role during the Li 

extraction mechanism. Form the relative area of Fe
II
 species with x = 0.062, the proposed 

formulae for wüstite at this depth of discharge is Fe
II

0.814Fe
III

0.124□0.062O. 

A correlation between the quadrupole splitting of the Fe
II
 sites and the number of Fe

III
 

n in the Fe
II
 neighborhood has been found: QS(n) = 0.502 + 0.491 n for the pristine material 

and QS(n) = 0.569 + 0.467 n for a depth of discharge of 1 Li. These two tendencies are very 

close and the slight deviation between intercepts and slopes may be correlated to the amount 

of vacancies in both compositions. The correlation we found at the end of the first charge is 

QS(n) = 0.3 + 0.576 n. This tendency is very different to those previously estimated at the 

discharge. This result suggests that the conversion reaction deeply modifies the Fe
II
 



environment. It is worth to note that the isomer shift is also affected, decreasing from about 1 

mm/s at the discharge to ~0.7±1 mm/s at the end of the charge.  

 

DISCUSSION 

 

A concept previously introduced by Connerade et al. [50] and described as an “electronic 

pressure” at atomic level (Hartree-Fock calculations) confirms that electrochemical lithium 

reaction acts as an increase of pressure [51, 52]. It is worth noticing that lithium-based 

electrochemical reactions present some analogies with high-pressure studies: oxidation state 

change, phase transition, amorphization, volume collapse. In the case of oxides, the pressure 

may induce valence state transitions, structural transitions and in some cases amorphization of 

the compound [53, 54]. For instance, Fe2O3 plays a determining role in the understanding the 

physical properties of the Earth‟s mantle [55]. At high-pressure Fe2O3 undergoes an oxidation 

state transformation from Fe
3+

 to a new valence state [56]. The same behavior has been 

observed for the disproportionation of SnO into -Sn and SnO2 [57]. Recently, the 

disproportionation of wüstite (Fe1-xO) has attracted increasing attention, as a mechanism for 

the formation of metallic iron in the origin of the chemical differentiation of planetary 

materials [58, 59]. In this latter case from Fe
II

0.805Fe
III

0.13□0.065O, the authors found about 4.8 

% of metallic iron are irreversibly formed at high-pressure with 95.2 % of 

Fe
II

0.655Fe
III

0.23□0.115O [60].  

At room temperature, metallic iron and tin present a well established martensitic phase 

transition from -Fe (bcc) to -Fe (hcp) and from -Sn (bct) to Sn-II (bcc) at about 10.0 and 

9.2 GPa respectively [61, 62]. Besides the structural phase transition, an important change in 

the magnetic properties of the iron atoms is found: namely iron which is ferromagnetic in the 

 phase becomes nonmagnetic in the  phase [63]. The interest in high-pressure (HP) 



behavior of elemental iron primarily stems from the fact that the hexagonal closed packed 

(hcp) phase of iron (-Fe) is considered as major constituent of the Earth‟s inner core [64]. 

Results obtained under HP by 
57

Fe Mössbauer spectroscopy clearly show a reduced atomic 

density in the boundary regions [65]. 

The effect of hydrostatic pressure isomer shift (IS) has been the subject of extensive research 

[66, 67]. These changes of IS in Mössbauer effect measurements are proportional to those in 

“s”-electron density v (0) at the nuclei in an absorber or a source. Variation of  (0) in 

compressed metals, alloys, and compounds is seen to involve several mechanisms, whose 

relative weight dictates the corresponding volume dependence. The main factors affecting the 

density of the ns electrons are: (i) reduction of the lattice parameters [68], (ii) screening of the 

5p (
119

Sn, 
121

Sb, 
125

Te) or 4d (
57

Fe) electrons [69].  

In our case, the electrochemical lithium reaction induces an amorphization of the Fe1-

xO active material or a formation of metallic nano-particles as shown by XRD. In our 
57

Fe 

Mössbauer data we have a signature of some nanosized-Fe with an isomer shift IS = -0.054 

mm/s which corresponds to metallic iron at a pressure of 6.7 GPa [65]. The line width is also 

pressure-sensitive, we found = 0.6mm/s which is consistent to -Fe at 14 GPa [45, 70]. It 

seems that in our material, the metallic iron particles are formed at a scale around 2 to 10 nm 

since we have coexistence of some magnetic -Fe and superparamagnetic nano-particles. 

These particles are more or less compressed by the Li2O matrix. 
57

Fe Mössbauer spectra also 

give in our case more information in terms of vacancies. These vacancies play a role for 

cation diffusion in the FeO structure.  

We propose the following electrochemical mechanism occurring upon Li reaction for 

the first discharge: 

 Fe
II

O + 2( Li → ( Fe
0
 + ( Li2O (reduction) 

2) 3 Fe
II

O →  Fe
0
 +  Fe2

III
O3 (disproportionation) 



From the data summarized in Table 1, we found = 0.256 and = 0.0215 between 

points (a) and (b) in Fig. 5 and = 0.549 and = 0.0315 between points (a) and (c) in Fig. 5. 

These values mean that about 26 % of FeO is consumed during the first part. During the last 

part of the discharge curve, 29 % of FeO is consumed. Some active FeO material (~40 %) did 

not react. There is a concomitant reduction (reaction 1) and disproportionation (reaction 2). 

Concerning the structural modification involved in such a mechanism, the Li applies some 

“electronic pressure” forcing diffusion of Fe ions. This increase of internal pressure induces 

Fe extrusion out from the FeO structure in which formation of vacancies forming small 

clusters of Fe2□O3. At the end of the discharge, it is more and more difficult to force Fe to 

quit the wüstite structure and these clusters are growing giving magnetic Fe2O3 nanoparticles. 

To summarize the electrochemical mechanism during the discharge we have: 

0.549 Fe
II

O + 0.909 Li → 0.486 Fe
0
 + 0.4545 Li2O + 0.0315 Fe2O3, 

Compared to the electrochemical curve (Fig. 3) we clearly see that ~1.25 Li are missing 

although 2.16 Li were consumed for the global reaction. It suggests that ~58 % of Li is used 

for SEI formation at the surface of the electrode material and is not directly involved in the 

redox process. This SEI is at the origin of the irreversible capacity in the conversion reaction 

[71]. Apart from the charge consumed for the reduction of the solvent, this SEI is also 

believed to enable additional lithium storage on its surface in metallic form [72]. Any way, it 

has been shown that using nano-particle electrodes, electrolyte decomposition may occur 

simultaneously to the conversion reaction [73].
 
 

 

At the charge, starting from 2.16 Li, we extract about (2.16-0.94) = 1.22 Li. The 

electrochemical mechanism deduced from Mössbauer data analysis is for the charge: 

0.230 Fe
0
 + 0.2285 Li2O + 0.0015 Fe2O3 → 0.233 Fe

II
O + 0.457 Li 



Here again ~63 % of extracted Li are used for SEI consumption. It means that only ~50 % of 

the formed SEI during the first discharge is consumed during the first charge. Our 

observations are in agreement with previous works based on the lithium conversion reaction 

of the 3d transition-metal oxides such as CoO [74] and NiO [75], which can be reversibly 

reduced and oxidized, coupled with the formation and destruction of lithium oxide, 

respectively. 

 

In Figure 6 we have plotted the relative amount ni deduced from Mössbauer data analysis of 

the species upon Li reaction during the first discharge up to 2.16 Li and the first charge 

stopped at 0.94 Li. After the middle of the first discharge, particles of -Fe
0
 progressively 

decrease in size and transforms into nanosized Fe
0
. During the charge only a part of this nano-

Fe
0
 can reversibly react to form highly divided FeO. This is in agreement with the first 

derivative electrochemical curve shown in Figure 7. We have decomposed the observed shape 

into the sum of 2 or 3 Gaussian functions. The 1
st
 discharge is composed of 3 peaks with a 

position, a width and a surface of (0.57 V, 70 mV, 29 %), (0.48 V, 135 mV, 35 %) and (0.30 

V, 268 mV, 36 %) respectively. If we assume that these surfaces are proportional to the 

number of Li involved in a reaction, the very first one peak corresponds to about ~0.63 Li. 

The width of this peak is very thin and is a signature of a two-phase mechanism. It 

corresponds to the main reaction FeO + 2Li → Fe + Li2O. The end of the first discharge 

involves rather broadened peaks suggesting SEI growth. During the first charge a broadened 

peak located at about 1.31 V should correspond to SEI consumption while the thin peak at 

1.64 V may correspond to nanoFe
0
 oxidation into FeO (~44 % compared to 37 % of Li). At 

the second discharge we found a thin peak (V ~ 47 mV) located at 0.98 V. Assuming the 

reversible reaction shows a rather high polarization of about 1.64-0.98 = 660 mV due to 

highly divided material.      



 

CONCLUSION 

 

Electrochemical lithium conversion reaction of FeO wüstite has been investigated using X-ray 

diffraction and Mössbauer spectroscopy. Detailed analysis of Mössbauer spectra suggests that 

vacancies play a role in cation diffusion. These results reveal that in situ formation of 

nanometric metallic iron particles with a size smaller than 2 nm embedded in a Li2O matrix is 

accompanied with some traces of Fe2O3 that growth to reach a size of about 15 nm. This 

suggests that Fe
III

 defect in the FeO structure may be close to each other to permit small 

amounts of Fe2O3 to reach rather high size compared to metallic iron nanoparticles. Therefore, 

a very high metal/Li2O interface induces an increase of pressure detected through isomer shift 

and quadrupole splitting variations. Upon reoxidation of these nanocomposites, very small 

clusters of oxides are formed back since hyperfine parameters of FeO are different compared 

to the pristine material. However, the formation of such nanocomposites should now be 

investigated using in situ and operando 
57

Fe Mössbauer spectroscopy in order to follow global 

absorption of the sample to have a better estimation of the Lamb-Mössbauer factor of metallic 

nanoparticles [37]. In that case 2D correlation analyses of numerous recorded spectra would 

provide more precise information on the electrochemical mechanism as done on iron-based 

cathode materials [12].     

 

 

 



TABLES 

Table 1. Isomer shift (IS), quadrupole splitting (QS), relative areas (A%), assignment and 

corrected areas from metallic iron magnetic sextet. The star (*) corresponds to inner lines 3 

and 4 of the sextet of magnetic spectrum for -Fe. Since spectra have been recorded in a 

small velocity range (±2.4 mm/s), the estimated area for the lines 3 and 4 has to be multiplied 

by 6 respecting the expected intensity ratios 3:2:1:1:2:3. Estimated relative population of the 

species ni is given assuming Lamb-Mössbauer factors: fFeO~f-Fe = 0.79, fFeIII = 0.81 and fnanoFe 

= 0.51. Proposed assignments are given. Relative contributions of most probable Fe
II
 

environments (see text) are given compared to the calculated probabilities Pn= Pn,0 + Pn,1 + Pn,2 

for Fe
II
 environments determined from 

57
Fe Mössbauer spectra for the pristine material and 

after various discharge/charge depths. In Pn,m, n stands for the number of Fe
III

 first neighbors 

and m the number of vacancies. The vacancies amount is given by x in the formula Fe
II

1-

3xFe
III

2x□xO.  

Pristine material Fe1-xO 

IS (mm/s) QS(mm/s) A, Ac, ni Assignment A%, Pn 

1.021 

0.998 

1.049 

0.518 

0.961 

1.500 

43.9, 42.2, 42.3 

27.1, 26.1, 26.2 

15.6, 15.0, 15.0 

 

Fe
II
 in  

Fe
II

1-3xFe
III

2x□xO 

50.7, 50.6 (n=0) 

31.3, 37.0 (n=1) 

18.0, 12.4 (n=2) 

0.549 0.905 11.4, 10.9, 10.7 Fe
III

 in  

Fe
II

1-3xFe
III

2x□xO 

x=0.054 

0.00* 1.68* 2, 5.8, 5.8 -Fe
0
 

 

After insertion of 1 Li in Fe1-xO 

IS (mm/s) QS(mm/s) A, Ac, ni Assignment A%, Pn 

0.993 

0.937 

1.035 

0.576 

1.020 

1.509 

46.9, 39.4, 38.4  

19.7, 16.5, 16.1 

9.0, 7.5, 7.3 

 

Fe
II
 in  

Fe
II

1-3xFe
III

2x□xO 

62.2, 62.2 (n=0) 

26.0, 30.8 (n=1) 

11.8, 7.0 (n=2) 

0.514 0.657 14.0, 11.7, 

6.8+4.3 

Fe
III 

superparaFe2O3 

x=0.036 

0.021* 1.675* 23.1, 19.4, 18.9 -Fe
0
 

-0.054 - 6.5, 5.5, 8.2 Fe
0

nano 

 

After insertion of 2.16 Li in Fe1-xO 

IS (mm/s) QS(mm/s) A, Ac, ni Assignment A%, Pn 

0.688 

1.030 

1.151 

0.435 

0.497 

0.839 

19.5, 13.9, 15.8  

17.1, 12.2, 13.9  

11.8, 8.4, 9.6 

Fe
II
 in  

Fe
II

1-3xFe
III

2x□xO 

40.2, 39.9 (n=0) 

35.4, 40.9 (n=1) 

24.4, 19.2 (n=2) 

0.661* 2.650* 8, 5.7, 6.3 Fe
III

2O3 x=0.072 

-0.024 - 43.6, 31.1, 54.4 Fe
0

nano 

    

 

After lithium extraction (end of first charge) 

IS (mm/s) QS(mm/s) A, Ac, ni Assignment A%, Pn 

0.665 

0.746 

0.877 

0.305 

0.866 

1.457 

28.0, 23.3, 24.7  

30.3, 25.3, 26.8  

12.6, 10.5, 11.1 

 

Fe
II
 in  

Fe
II

1-3xFe
III

2x□xO 

39.4, 39.9 (n=0) 

42.8, 40.9 (n=1) 

17.8, 19.2 (n=2) 

0.661* 2.650* 4, 3.3, 3.4 Fe
III

2O3 x=0.072 

0.041 - 25.1, 20.9, 34.0 Fe
0

nano 
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Figure 1: X-ray diffraction pattern of the pristine Fe1-xO material recorded using Cu-K radiation. From indexed 

lines cell parameter is aFeO = 4.313(7) Å. (*) -Fe as impurity with bcc lattice and cell parameter a-Fe = 2.867(1) 

Å. 
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Figure 2: 
57

Fe Mössbauer spectrum at 300 K of the pristine Fe1-xO material. Three doublets centered at about 1 

mm/s are inferred to Fe
II
 and the doublet centered at 0.55 mm/s lies in the range of Fe

III
. The areas of the 3 

doublets of Fe
II
 are in the ratio 51:31:18. The impurity (2 %) of the overall absorption is characterized by a 

doublet centered at = 0 mm/s with = 1.68 mm/s corresponding to inner lines 3 and 4 of the sextet of to -Fe 

as impurity. 

 

 



                                        

                                        

                                        

                                        

                                        

0.0 0.5 1.0 1.5 2.0

0.0

0.5

1.0

1.5

2.0

2.5

3.0
                                        

                                        

                                        

                                        

                                        

(a)

(b)

(c)

(d)

Capacity (Ah/kg)  
P

o
te

n
ti

a
l 
(V

 v
s

. 
L

i+
) 

 

x (Li/mol)  

0 200 400 600 800

 
 

 
Figure 3: Discharge-charge curves of Li insertion in Fe1-xO wüstite compound. Solid labeled circles correspond 

to samples characterized by 
57

Fe Mössbauer spectroscopy and X-ray diffraction for a given depth of 

discharge/charge. The first (second) discharge-charge cycle is represented in bold (thin) line.  
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Figure 4: Comparison of X-ray diffraction patterns of the pristine Fe1-xO material (a) with small impurity of -

Fe (*), after insertion of 1 Li (b) and the end for discharge at 2.2 Li (c). Label (d) corresponds to the end of the 

first charge at 1 Li. Indexation is given for FeO; -Fe is still present during the first discharge. Indexation for the 

3 allotropic forms of metallic iron is given on the pattern (d): -Fe (bcc),-Fe (fcc),-Fe (hcp). For -Fe, 

indexation is represented above the pattern and positions are in the rather good agreement with the observed 

broadened peaks. 
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Figure 5: Comparison of 
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Fe Mössbauer spectra at 300 K of the pristine Fe1-xO material (a), after an uptake of 1 

Li (b) and the end for discharge at 2.16 Li (c). Green contributions are attributed to Fe
II
. The thicker green line is 

sum of the thinner one corresponding to unreacted Fe1-xO. Dashed blue line corresponds to the expected 

increasing contribution of -Fe from (a) to (c). In the case of (c), magnetic sextet has been slightly shifted as a 

guide of the eye. Spectrum (d) corresponds to the end of the first charge at 0.94 Li with no -Fe contribution, but 

the blue singlet nanosized metallic -Fe
0
 is still present. 
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Figure 6: Evolution of the relative amount of species upon Li reaction during the first discharge (2.16 Li) and 

charge (stopped at 0.94 Li). After the middle of the first discharge, -Fe
0
 progressively transforms into Fe

0
nano. 

During the charge only a part of nano-Fe
0
 can react to form FeO.       
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Figure 7: Details of the first derivative of the electrochemical curve along the first and second discharge and 

along the first charge. The thinner peaks at the 1
st
 and the 2

nd
 discharge located at 0.57 V and 0.98 V represent 

about 29 % and 21 % of the surface respectively. During the charge the rather thick peak located at 1.64 V 

represents ~44 % of the surface.  
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