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H I G H L I G H T S

• A negative Silicon-phosphide electrode for LIB.

• Atypical mechanism based on a reversible insertion of 22 Li per FeSi4P4.

• Reversible mechanism with slight changes in the chemical environment of the metal.

• An efficient combination of operando XRD, 57Fe Mössbauer, and SQUID magnetometry.

A R T I C L E I N F O

Keywords:
Li-ion batteries
Phosphides
Silicides
Mechanism
Operando measurements
X-ray diffraction
Mössbauer spectroscopy
Magnetic properties

A B S T R A C T

The electrochemical mechanism and performance of FeSi4P4, vs. Na and Li were studied using a combination of
operando X-ray diffraction, 57Fe Mössbauer spectroscopy, and SQUID magnetometry. This silicon- and phos-
phorous-rich material exhibits a high capacity of 1750 mAh/g, retaining 1120 mAh/g after 40 cycles, and reacts
through an original reversible mechanism surprisingly involving only slight changes in the chemical environ-
ment of the iron. Magnetic measurements and 57Fe Mössbauer spectroscopy at low temperature reveal the re-
versible but incomplete change of the magnetic moment upon charge and discharge. Such a mild reversible
process without drastic phase transition (with the exception of the crystalline to amorphous transition during the
first lithiation) can explain the satisfying capacity retention. The electrochemical mechanism appears thus to be
significantly different from the classical conversion or alloying/dealloying mechanisms usually observed in
Lithium ion batteries for p-group element based materials. The same iron silicon phosphide electrode shows also
interesting but significantly lower performance vs. Na, with a limited capacity retention 350 mAh/g.

1. Introduction

Silicon- and phosphorous-based materials [1–5] have been studied
as negative electrodes components in lithium-ion batteries (LIBs) on the
basis of their high theoretical capacities of 3600 mAh/g and 2500 mAh/
g, respectively. However, maintaining cycling stability still remains a
challenge for thick electrodes and full cells, which explains the lack of
commercial batteries based on these chemistries [6,7]. The main reason
of the limited cycling performance comes from the large volume
changes during lithiation/delithiation of silicon and phosphorous
which result in the mechanical pulverization of the active material. The
most promising route to solve these expansion issues is the use of alloys
with a first-row transition metal in metal phosphides and metal

silicides; where the metal is expected to partially buffer the volume
expansion leading to better cyclability [8,9]. Among all transition
metals, iron displays the highest figure of merits considering its high
abundancy, low cost and well known behaviour in LIBs [10]. Therefore,
iron phosphides have been successfully tested in the past yielding well
defined FeP, FeP2 and FeP4 phases. These electrode materials undergo
the well-known conversion reaction [11] and the presence of Fe enables
the use of magnetic spectroscopies to follow the lithiation mechanisms
[12–15]. Yet, metal phosphides do not fulfil the promises of the high-
energy density cited above for pure phosphorous and silicon.

On the other hand, iron silicides phases display limited improve-
ment of the capacity retention [16], differently from Si/Fe composites
which show good cyclability [17]. The interesting results obtained with

http://dx.doi.org/10.1016/j.jpowsour.2017.10.069
Received 16 August 2017; Received in revised form 2 October 2017; Accepted 20 October 2017

∗ Corresponding author. Institut Charles Gerhardt -AIME (CNRS UMR 5253), Université de Montpellier CC 15-02, Pl. E. Bataillon, 34095 Montpellier Cedex 5, France.
E-mail address: laure.monconduit@univ-montp2.fr (L. Monconduit).

Journal of Power Sources 372 (2017) 196–203

0378-7753/ © 2017 Elsevier B.V. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/03787753
https://www.elsevier.com/locate/jpowsour
http://dx.doi.org/10.1016/j.jpowsour.2017.10.069
http://dx.doi.org/10.1016/j.jpowsour.2017.10.069
mailto:laure.monconduit@univ-montp2.fr
http://dx.doi.org/10.1016/j.jpowsour.2017.10.069
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jpowsour.2017.10.069&domain=pdf


Si/Fe phases are challenging to explain since the pristine anode mate-
rial is not a well-defined single phase compound, but a complex het-
erogeneous mixture of phases.

In this context, the present study introduces the novel silicon and
phosphorous rich compound FeSi4P4, characterized by a well-defined
crystalline structure and an impressive theoretical capacity of 2477
mAh/g while considering a full lithiation of Si with 3.75 Li to form
Li15Si4 and P with 3 Li to form Li3P.

In this work, to the best of our knowledge, FeSi4P4 is for the first
time investigated as negative electrode material in LIBs and Na-ion
batteries (NIBs). The presence of Fe is expected to provide even a better
performance than that recently reported for the silicon phosphide SiP2
[18]. In SiP2, a high specific capacity was obtained in a pioneering
study with up to 1000 and 572 mAh/g sustained after 30 and 15 cycles
for Li and Na batteries, respectively. The investigation of the electro-
chemical properties of FeSi4P4 is supported by operando X-ray diffrac-
tion and 57Fe Mössbauer spectroscopy combined to ex situ magnetic
measurements, which provide original insights on the lithiation me-
chanism.

2. Experimental section

FeSi4P4 was prepared by milling silicon, iron and red phosphorus
powders (Si, Aldrich 99%, 325 mesh; red P, Alfa Aesar, 98.9%, 100
mesh; Fe, Alfa Aesar, 99+%, 200 mesh) in stoichiometric proportions
in a high-energy ball mill (Fritsch FP7) under argon atmosphere.
FeSi4P4 was obtained after 150 cycles of 10 min at 600 rpm. Each cycle
was followed by 10 min of rest, corresponding to an effective milling
time of 25 h.

Electrodes were prepared by mixing FeSi4P4 with carbon black (CB)
Y50A and vapour-grown carbon nanofibers (VGCF) as conductive ad-
ditives, and carboxymethyl cellulose (CMC) as the binder. An aqueous
slurry containing 50% active material, 12% binder and 38% conductive
additive (19% CB + 19% VGCF) was homogenously mixed in a pla-
netary ball mill for 1 h, tape casted on a 150 μm thick copper foil, dried
at room temperature and finally at 80 °C under vacuum. The final mass
loading of active material on the electrode was 2 mg/cm2. Coin-type
cells were assembled vs. Li or Na metal discs as the negative electrodes,
using a Whatman glass fiber GF/D separator. The latter was wetted with
the appropriate electrolyte, i.e., either 1 M LiPF6 in ethylene carbonate
(EC), propylene carbonate (PC) and dimethyl carbonate (DMC) (1:1:3
in weight) (1%V, 5% FEC as additives), or 1 M NaClO4 in EC/PC/DMC
(5:3:2 in weight) (5% FEC additives) for LIBs and NIBs, respectively.
The electrochemical measurements were performed using a VMP
Biologic system. The cells were cycled at a C/n rate (indicating 1 mol of
Li reacted in n hours).

X-ray diffraction (XRD) measurements were performed on a
PANalitical Empyrean diffractometer equipped with Cu Kα radiation.
The FULLPROF software was used for the profile matching of the var-
ious XRD patterns and for the calculation of its unit cell parameters. In
situ XRD analyses were performed at C/10 rate using a specifically
developed electrochemical cell [19]. One pattern per hour was col-
lected; the interval between two consecutive XRD patterns corre-
sponding to 0.1 inserted or disinserted Li+.

57Fe Mössbauer spectra were measured at 295 and 5 K on a con-
stant-acceleration spectrometer using a57Co:Rh source calibrated at
295 K with an α-iron foil. The Mössbauer absorbers used in this work
contained 15–25 mg/cm2 of material. Low temperature spectra were
recorded using a closed-cycle Helium cryostat (Janis SH-850). Operando
spectra were collected at room temperature using the same in situ cell
employed for the XRD analyses [19].

Morphology and composition of the synthetized samples as well as
of the electrodes were checked by scanning electron microscopy (SEM)
and energy-dispersive spectroscopy (EDS) using Hitachi S4800 and
S4500 microscopes, respectively (SI1). Cycled electrode were analysed
after disassembling the cells in an Ar filled glove box; the electrodes

were washed with DMC and dried in vacuo prior to analysis.
Magnetic properties are measured using a Superconducting

Quantum Interference Design (SQUID) magnetometer MPMS XL7, in
the range of field 0–5 T. The field dependent magnetism was measured
at 2 K.

3. Results

3.1. Characterisation of pristine FeSi4P4

The XRD of pristine FeSi4P4 shown in Fig. 1 reveals broad peaks,
indicating a relatively poor crystallinity for the ball milled powder. The
quality of the XRD pattern is not good enough to obtain precise atomic
positions by full Rietveld refinement, but is sufficient to obtain the main
cell parameters using Le Bail method. All diffraction peaks are indexed
in the P1 space group with lattice parameters a = 4.900(6) Å,
b = 5.49(6) Å, c = 6.12(7) Å, α = 85.2(4)°, β = 68.3(5)°,
γ = 70.6(4)°, very similar to those reported in the literature
(a = 4.876(1) Å, b = 5.545(1) Å, c = 6.064(1) Å, α = 85.33(3)°,
β = 68.40(4)°, γ= 70.43(2)°) [21]. The crystallographic cell is built on
one octahedral FeSi3P3 unit (cf. insert in Fig. 1) and two non-metallic
overlapping tetrahedra sharing one edge: one SiP4 tetrahedron with
four P corners overlaps one PSi4 tetrahedron with four Si corners. Each
octahedron is isolated from its neighbours with no shared atoms, and
the distance between two neighbour iron centres varies between 4.88
and 6.06 Å.

Differently from the crystal structure obtained from XRD, the
asymmetric room temperature 57Fe Mössbauer spectrum of pristine
FeSi4P4 (see SI section and Fig. 6-b) cannot be fitted with a simple
quadrupole split component corresponding to the expected single iron
site, but at least two relatively broadened doublets are needed. This
discrepancy could be explained by supposing the presence of defects
intrinsically dependent upon the preparation method (high energy ball
milling), which is indeed known to induce the formation of poorly
crystallized particles with many structural defects [20]. Another pos-
sible and more convincing explanation, however, could be the existence
of the two different arrangements of the three P and three Si neighbours
in the Fe coordination octahedra, which is however unexpected based
on the published structure of FeSi4P4 reporting a single arrangement of
the ligands surrounding the Fe centre (Fig. SI2) [21]. As a third alter-
native, a modification of the stoichiometry around each iron site, with a

Fig. 1. XRD pattern with indexed peaks of FeSi4P4 and crystallographic description. The
red line corresponds to the experimental pattern, the black line to the calculated pattern,
the green sticks to the theoretical FeSi4P4 Bragg position (ICSD 00-049-1659) and the blue
line to the difference between experimental and calculated patterns. * shows the presence
of a small impurity. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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distribution of local configuration of the type Fe−Si3-x−P3+x with
0 < x < 3 differing from the pure theoretical Fe−Si3−P3 octahedra
may also explain this Mössbauer signature. In any case, fitting with 2
doublets is probably the simplest way to reveal the distribution of iron
octahedra with different ligand configurations. The Mössbauer para-
meters of the inner doublet are δ = 0.18(1) mm/s (isomer shift),
Δ = 0.50(2) mm/s (quadrupole splitting), Γ = 0.39(2) mm/s (line-
width) and 64(5)% (relative area). The outer one differs mainly by the
line splitting and has the following parameters δ = 0.22(1) mm/s,
Δ = 0.84(3) mm/s, Γ = 0.39(2) mm/s. Using a single Gaussian dis-
tribution of correlated isomer shift and quadrupole splitting, one ob-
tains to average parameters δ = 0.19(1) mm/s, Δ = 0.61(1) mm/s.
Whatever the fitting strategy, the hyperfine parameters fit in the typical
range of both iron silicides and phosphides [13,21–28].

SEM analysis of pristine FeSi4P4 (cf. Fig. 2) shows aggregates of
1–10 μm composed of submicronic particles (See SI 1). EDS analysis
provided an average composition 43.9 wt.% Si, 41.2wt.% P and
14.9 wt.% Fe, with all three elements homogeneously distributed
throughout the sample, confirming the purity of the compound and the
absence of any secondary phase.

3.2. Electrochemical properties vs. Li

The galvanostatic curve of FeSi4P4 vs. Li cycled at 45.8 mA/g (C/2)
and the corresponding derivative curve are displayed in Fig. 3. The
profile of the first discharge at a current density of C/2 shows the in-
sertion of about 24 Li atoms per FeSi4P4 unit which corresponds to the
experimental value of 2200 mAh/g, a value close to the theoretical
capacity (2477 mAh/g). 19 Li atoms are effectively de-inserted during
the charge, which corresponds to a reversible capacity of 1750 mAh/g.

After 40 cycles, a capacity of 1120 mAh/g is retained (Fig. 4-a). The
coulombic efficiency at 80.3% from the first cycle increases up to 98%
in the second cycle and fluctuates between 99.5 and 100% up to the
40th cycle.

The derivative curve displays four reduction peaks during the first
cycle at 0.65, 0.40, 0.30 and 0.05 V, and four oxidation peaks at 0.20,
0.30, 0.65 and 1.10 V for the first charge. During the second discharge,
only three reduction peaks are observed at 0.70, 0.40 and 0.10 V. The
two lower potentials are close to those observed for silicon and the
higher one is in the range of the values typically observed for phos-
phides.

The cycling behaviour of FeSi4P4 vs. Li was measured with in-
creasing current from 9.15 mA/g (C/10), to 18.3 (C/5), 45.8 (C/2),
91.5 (C) and 183 mA/g (2C) (Fig. 4-b) with two cycles at C/10 between

two sets of current. The battery delivered a charge capacity of 1850
mAh/g to 1100 mAh/g on going from C/10 to 2C. When the rate was
set back to C/2 the capacity increased, however slowly but steadily
fading with increasing cycles.

3.3. Operando XRD analysis

To get deeper insight into the lithiation/delithiation mechanism of
the FeSi4P4 electrode, operando XRD was used to investigate the first
electrochemical cycle (Fig. 5-a). Due to a full amorphisation upon
charge with no visible formation of crystalline phases, only the first
discharge is shown. During the latter process, the Bragg peaks char-
acteristic of FeSi4P4 (102) and (121) disappear and no new peak ap-
pears (Fig. 5-b) indicating the transformation of FeSi4P4 into amor-
phous species. However, when the patterns collected during the
discharge are compared with that of pristine FeSi4P4, a slight increase
of the intensity is observed around 25° and 43°. In these ranges fall the
main Bragg peaks of Li3P (P63/mmc, ICSD 26880), as well as those of
Li5SiP3 (Fm3m, ICSD 44821) and of Li15Si4 (I_43d, ICSD159397),
Moreover, one should keep in mind that previous studies of phosphide
electrode materials showed that new lithiated phases might be stabi-
lized during the electrochemical process [29], so it is not possible to
exclude the formation of other hypothetical phases such as LixFePy, or
even quaternary LiwFexSiyPz [30].

3.4. Operando 57Fe Mössbauer spectroscopy

The crystalline to amorphous transition phase in the electrode limits
the information that can be extracted from XRD data. Operando 57Fe
Mössbauer spectroscopy can thus be used to monitor the electronic
changes in the iron environments at the local scale. Spectra were col-
lected each 2 h on cycling at low rate (C/8) a self-supported FeSi4P4
film vs. Li. The 90 spectra collected during the first discharge (Fig. 6-a)
surprisingly change very little in shape during lithiation, even after the
reaction of more than 23 Li per mole of FeSi4P4, undergoing only a very
small and smooth shift toward high isomer shift values. This very minor
change, accompanied by a decrease of the total resonance area by about
20% which could be explained by the formation of nanosized domains
inducing a decrease of the Lamb-Mössbauer f-factor, suggests that the
iron environment undergoes only small modification in terms of co-
ordination and electronic density, which is somehow totally un-
expected. In fact, all known iron phosphides usually undergo the pre-
viously mentioned conversion reaction upon lithiation, with a strong
rearrangement of the starting phase and the formation of iron metal
nanoparticles embedded in a matrix of lithiated phosphide species.

Fig. 2. SEM picture of the ball milled FeSi4P4 powder, and corresponding EDS mapping.

Fig. 3. Galvanostatic profile and associated derivative of FeSi4P4/Li.
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In order to understand this unexpected result, one has to consider
the particular electronic structure of the starting material. Previous
studies on FeSi4P4 prepared by annealing elements under vacuum at
1127 °C under tin flux showed that this material is a semiconductor
with a resistivity of 0.3 Ω cm and a narrow bandgap of Eg = 0.15 eV at
room temperature [31]. Like other transition metal phosphosilicides,
FeSi4P4 is paramagnetic at 4 K and diamagnetic at 300 K [32]. Con-
cerning its electronic structure, the energy of the bare 3d orbitals of the
iron have a lower energy than the 3p orbitals of Si and P participating to
the bonding [33]. This means that the properties of the molecular

orbitals/band structures having a main 3d character and thus localised
on the iron centres cannot be explained in terms of classical electron
counting of a typical Fe octahedral coordination complex, but occur in a
narrow energy range less than 1.5 eV wide and are buried well below
the Fermi level. Therefore, these orbitals/bands can be consistently
described as fully occupied and do not play any role in electronic
conductivity [33]. Such an electronic structure, with the d orbitals well
below the Fermi level, justifies the little change observed in the Möss-
bauer spectra during lithiation. In fact, this result indicates that the
reaction does not majorly involve the electron population localised at
the iron centre, but other valence and/or conduction bands mainly
localised on P and/or Si. In short, this means that Fe is weakly involved
in the reduction process during the first discharge.

A similar result is observed by simply comparing the ex situ 57Fe
Mössbauer spectra of pristine and fully lithiated FeSi4P4 at room tem-
perature (Fig. 6-a). These spectra corroborate the operando results,
confirming that the iron environments are quite preserved, and thus
implying that the change accompanying the reaction of lithium is not
supported by iron atoms but probably by redox centre localised on the
Si and P.

The spectra measured at 5 K (Fig. 6-b), however, carry additional
information: in fact, while the spectrum of FeSi4P4 consists of 2 para-
magnetic doublets, in complete agreement with the paramagnetic
nature FeSi4P4 at low temperature, the spectrum of the fully discharged
electrode is fitted with 2 paramagnetic doublets plus an additional
broadened magnetic component counting for about 30% of the total
spectrum. First of all, this result excludes the formation of pure iron
metal nanoparticles, which are commonly formed in iron-based con-
version materials (See the comparison in Fig. SI5) and which would
surely order at such a low temperature giving rise to more or less
broadened magnetic sextets [34]. Then, the presence of the broadened
component (highlighted in grey in Fig. S15) with an intensity of 30% of
the absorption area indicates the presence of badly ordered magnetic
species, which might correspond to extremely small magnetic domains
at the limit of magnetic ordering, or more probably to the formation of
small particles of iron diluted species with very low magnetic coupling
such as Fe-Si nanoparticles. This interpretation is supported by the
binary Fe-Si, which show a large solubility domain of silicon in iron (up
to more than 25 at.%) even at room temperature [35]. The existence of
ternary Fe-Si-P particles cannot be excluded, even though studies on the
iron rich side of the ternary phase diagram indicate a decrease of the
solubility of phosphorous in iron melts in the presence of silicon
[30,36].

In order to get more insight on the whole discharge mechanism, the
whole set of operando Mössbauer spectra (Fig. 6-a) was globally ana-
lysed using a statistical method based on Principal Component Analysis
(PCA) [37]. This approach is a chemometric factor analysis tool able to
determine the minimal particular structures in multivariate spectral

Fig. 4. a) Specific capacity and coulombic efficiency as a function of cycles number of FeSi4P4/Li cycled at C/2 rate between 1.5 and 0 V, b) Rate capability of the FeSi4P4/Li electrode at
various current rates from C/10 to 2C.

Fig. 5. a) Operando XRD pattern recorded at a C/10 rate during the first discharge for
FeSi4P4/Li and b) superposed patterns, the black line corresponds to the pristine pattern,
the red line to the half-discharge and the blue line to the end of discharge pattern. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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data sets. Once the number of principal components determined by
PCA, a Multivariate Curve Resolution-Alternating Least Squares (MCR-
ALS) algorithm is used for the stepwise reconstruction of the pure

spectral components which are necessary for interpreting the whole
multiset of operando Mössbauer spectra [38–41]. PCA and MCR-ALS
were successfully applied to evaluate operando X-ray absorption spec-
troscopy and transmission X-ray microscopy data in studies of catalytic
[42–44] and battery [45–48] materials.

The inspection of PCA variance plot, of the shape of the principal
components and of the evolution of the scores (cf. Fig. SI3 in Supporting
Information) shows that more than 99.3% of the variance of the whole
set of operando Mössbauer spectra can be described using the first three
principal components, and that the following ones express only ex-
perimental noise. By feeding the number of principal components found
by PCA to MCR-ALS, the 3 “pure” spectra necessary to describe the
whole set of operando data were reconstructed and then treated as
common Mössbauer spectra. Similarly to spectrum of the pristine ma-
terial, the 3 reconstructed “pure” spectra are asymmetric and need 2
doublets to be correctly fitted (cf. Fig. SI4 in Supporting Information).
These components have isomer shifts and quadrupole splitting in the
ranges 0.18–0.27 and 0.42–0.80 mm/s, respectively, remaining always
in the typical range of iron silicides and phosphides, and confirming
that there is no significant change in the iron formal valence during the
whole lithiation process.

Although the observed changes are not huge, MCR-ALS analysis
allows drawing a reaction path based on the relative evolution of the
three identified components. Fig. 7 depicts the relative intensity

Fig. 6. a) Operando 57Fe Mössbauer spectra collected during the first discharge of FeSi4P4 and b) ex situ spectra of pristine and fully discharged electrode at 295 K (left) and 5 K (right).

Fig. 7. Evolution of the relative intensities of the three MCR-ALS “pure” spectra during
the first discharge.
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evolution. In this path, the initial component (pristine FeSi4P4) pro-
gressively evolves into component 2 (intermediate species) which fi-
nally transform in the End-of-Discharge species, confirming that the
reaction cannot be simply described as a biphasic transformation.

In summary, 57Fe Mössbauer spectroscopy indicates only minor
modification of the electronic environment of the iron centres during
discharge, confirming that the reaction mechanism is very different
from a classical conversion reaction where Fe irreversibly segregates
from the electro-active material to form pure iron metal nanoparticles.

3.5. Magnetic measurements

As pointed above, the reaction mechanism is difficult to investigate
due to the amorphous nature of the lithiated iron phosphosilicide
compounds. Moreover, Mössbauer spectroscopy points at a very little
change of the Fe environment during the first discharge at room tem-
perature.

Therefore, magnetic measurements were carried out on the elec-
trode material at low temperature (below the phase transition) to
measure the paramagnetic component of the lithiated material. The
electrodes were cycled at C/2 vs. Li, and magnetic measurements were
carried out directly on the electrodes after removing them from the coin
cell and drying them under Ar. For comparison, the pristine electrode
susceptibility is also reported (Fig. 8-a, black line) and shows a noisy
curve due to the relatively large size of the sample (1 cm diameter disk)
which is detrimental to the precision of the SQUID measurement. At
2 K, the sample seems slightly paramagnetic in agreement with the
literature [31], without significant contribution from the diamagnetic
Cu current collector, binder and carbon additives.

After the first insertion (down to 0.05 V vs Li), the sample exhibits a
much higher magnetic susceptibility, which could correspond to an
iron-rich phase. Upon charge up to 1.5 V vs. Li, the magnetic suscept-
ibility decreases to its initial value. This behaviour of the spontaneous
magnetization of the electrodes was observed until the 11th cycle, as
summarized in Fig. 8-b. All the delithiated electrodes display a low
magnetic moment of 5–7 A m2/kgFe while the lithiated electrodes dis-
play a higher magnetic moment of 40 A m2/kgFe for the first discharge
and 25 A m2/kgFe for the following ones.

3.6. Electrochemical properties vs. Na

The galvanostatic profile of the same FeSi4P4 electrode cycled vs. Na
at very low rate (C/8) is presented in Fig. SI6-a. In the first discharge,

FeSi4P4 reacts with 7 Na, which correspond to a practical capacity of
634 mAh/g, well below the theoretical capacity (1101 mAh/g) calcu-
lated considering only the reaction of P with 3 Na to form Na3P and
taking into account the unlikely absence of electrochemical activity of
Si vs. Na. On charge, 3.8 Na are deinserted, which corresponds to a
reversible capacity of 349 mAh/g and an irreversibility of 45%. A
charge capacity of 352 mAh/g is retained after 45 cycles (Fig. SI6-b)
with a coulombic efficiency higher than 99.5%. With increasing current
(Fig. SI6-c) the cell delivered a charge capacity decreasing from
300 mA h/g to 200 mAh/g at sequential rates increasing from C/20 to
C/2. When the rate was reset to C/20 after 25 cycles, the primary 300
mAh/g capacity was recovered. These preliminary electrochemical tests
illustrate the potential of FeSi4P4 as negative electrode also for NaBs.

The FeSi4P4 electrode showed an enhanced capacity retention for
NIBs than for LIBs, although the radius of sodium ion is larger than that
of lithium ion. The electrochemical mechanism of FeSi4P4 with sodium
is not known and will be explored in further work. Nevertheless two
possible hypotheses can be proposed: either (1) the mechanism vs. Na is
different from the one vs. Li, as in the case of Sb, where several
amorphous intermediates are formed during the discharge/charge
process enabling the buffering of the extremely large volume expansion
(Sb → Na3Sb) better than in LIB (Sb → Li3Sb) (See SEM pictures after
the first discharge SI 1) where these amorphous intermediate phases are
not formed [49] Else, (2) the SEI formed in NIB is more stable and more
efficient than in LIB, thus better capacity and capacity retention are
reached [50]. Further planned XPS experiments will be of help to an-
swer these still open questions.

4. Discussion

The combination of techniques (XRD, Mössbauer spectroscopy and
magnetic measurements) helps unveiling the electrochemical reaction
mechanism of FeSi4P4 vs. Li, even though further studies are needed to
thoroughly explain the role of each element and optimize the materials
performance.

The high capacity vs. Li can be explained only by assuming that
both silicon and phosphorous are involved in the lithiation. If FeSi4P4
worked as a conventional conversion material, the lithiation would lead
to the formation of a mixture of lithium silicide(s) LixSi and lithium
phosphide Li3P containing Fe nanoparticles. However, no formation of
Fe nanoparticles is evidenced by both Mössbauer spectroscopy and
magnetic measurements are not formed in this case. As illustrated in
Fig. S15, in classical iron based conversion materials, low temperature

Fig. 8. SQUID magnetic measurement at T = 2 K on the formulated FeSi4P4 electrodes upon cycling (a) and evolution of the spontaneous magnetization of the formulated FeSi4P4
electrodes upon cycling (b).
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Mössbauer spectra clearly show the typical sextet of iron nanoparticles
since they magnetically order below liquid nitrogen temperature. This
very atypical mechanism, leading to the probable formation of hy-
pothetical binary or even ternary phases at the end of the discharge
testify the low reactivity of the iron, and is justified by the peculiar
electronic structure of the material. In particular, the Fe 3d orbitals well
below the Fermi level forming very narrow band structures localised on
the iron centres may explain the very small modification of the Möss-
bauer spectra during lithiation. On the other hand, low temperature
Mössbauer spectroscopy confirms the presence of minor amounts (less
than 30% of the total iron) of magnetic species with low hyperfine
fields at the end of the discharge, which is compatible with the for-
mation of extremely small or not totally pure Fe clusters. The formation
of these magnetic species is confirmed and quantitatively assessed by
low temperature magnetic measurements: at 2 K, the magnetic moment
reaches 40 A m2/kgFe, which corresponds to only 18% of the value of
bulk Fe. Such value, much smaller than the resonance area of the
Mössbauer spectra, may be interpreted either considering the presence
of extremely small iron clusters with large surface fractions, where most
Fe atoms sit on the surface surrounded by non-magnetic Si and P atoms,
or that larger Fe-rich particles are somehow magnetically diluted by the
presence of interstitial Si (and/or possibly P) atoms. In both cases, the
total magnetic moment would be drastically reduced. This result is in
contrast with previous studies on similar materials, such as FeP or FeP2,
where large magnetic moments compatible with the formation of larger
and/or purer iron particles are observed. Instead, this low value is ty-
pical of lower Fe content phase, like previously observed in FeP4 [13].

Interestingly, the magnetic moment reversibly recovers its initial
value at the end of charge, even after 10 cycles, which would point at a
reversible electrochemical conversion-type mechanism. Usually, the
conversion mechanisms in phosphides are not reversible and Fe can be
considered as inert electrochemically after the first lithiation. In the
case of FeSi4P4, on the contrary, the mechanism is reversible, consistent
with the minor changes of the local environment of Fe even if the long-
range order is rapidly lost. The crystalline to amorphous phase transi-
tion characteristic of the first lithiation is followed by the reversible
delithiation of the amorphous phase. This mechanism favours the ca-
pacity retention due to the absence of other phase transitions during
galvanostatic cycling, similarly to amorphous silicon with its better
capacity retention compared to the poor cyclability of crystalline Si
[51].

5. Conclusion

The electrochemical performance of FeSi4P4 vs. Li and Na is re-
ported for the first time, and the electrochemical mechanism vs. Li
studied using XRD, Mössbauer spectroscopy and magnetic measure-
ments. The material shows very interesting performance vs. Li in the
0–1.5 V potential range, reaching a reversible capacity of 1750 mAh/g,
compared to a theoretical maximum of 2477 mAh/g. After 40 cycles, a
capacity of 1120 mAh/g is retained. The material can be charged up to
2C without significant capacity drop. Operando XRD, Mössbauer spec-
troscopy and ex situ magnetic measurements show a reversible me-
chanism based on a crystalline to amorphous transition during the first
cycle. The Mössbauer spectra show very minor changes during cycling,
suggesting the formation of either magnetically diluted or extremely
small iron nanoparticles. Magnetic measurements at low temperature
reveal the reversible change of the magnetic moment upon charge and
discharge. Such a reversible process without drastic phase transition
and with a reversible activity of the iron centres, for the first time ob-
served in the case of phosphide conversion materials, might influence
the capacity retention upon cycling. The same electrodes show a very
stable behaviour also in Na-ion batteries although the low reversible
capacity of 350 mA/g suggests only a partial electrochemical activity of
this material.
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