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FeR (y = 1, 2, 4) anodes all react with lithium through a conversion reaction, ReRByLi —
yLisP + F& in their first discharge, leading to nanocomposite discharged electrodes described by nanosized
Fe&® particles embedded igLisP matrixes. From electrochemical and complementary in situ X-ray
diffraction and high-resolution transmission electron microscopy studies, we deduce that the conversion
reaction occurring during the first discharge is followed by two successive insertion and conversion
processes in further cycles for the FeP electrode. The insertion process is highly reversible, leading to a
capacity retention of 300 mA lrgand 1900 mA h cm? after 100 cycles, and corresponds to the formation
of an intermediate tetragonal LiFeP phase as deduced from first-prindipte0 K phase diagram
calculations and preliminary Msbauer analyses. We expect the kinetics of this reaction to be strongly
limited by the increase iy, thus leading to an increasing capacity fading when increasing #/&e
ratio.

1. Introduction electrode made of metallic nanosized particles embedded in
a LisP matrix through the reaction MR- 3yLi — yLisP +
MO0.125 These so-called conversion reactions, which have
already been demonstrated for oxidéssulfides!® and
fluorides!* provide a breakthrough in the search for increas-
ing electrode capacities, because they offer a new type of
energy storage involving the exchange gk.3per transition
metal. However, they give rise to several fundamental
qguestions regarding both their driving force and their
reversibility, as depicted by the different studies reported so
far. From a general point of view, all MBystems for which

a conversion reaction was clearly demonstrated in the first
discharge show a significant capacity loss on further charge.
This obviously questions the MIReconstruction in oxidation

Recent efforts toward the design of new negative electrode
materials for Li-ion batteries have led to bin&r§/and ternary
transition metal phosphid&s® exhibiting high gravimetric
and volumetric capacities associated with small electrode
volume expansions. The numerous transition metal phos-
phides reported so far display different redox reactions
depending on the 3d transition metal. With early transition
metals (M= Ti, V), lithium insertion in either the binary
MPy or the ternary LiMPy, electrodes proceeds through
classical insertion mechanisri$;** while with middle and
late transition metals (M= Mn, Fe, Co, Ni), it generally
proceeds through the conversion of MBto a composite
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yLisP + MO conversion reaction. In light of such results, it (a)
appears that both the transition metal and the P/M ratio are
crucial parameters in the reactivity of these materials toward
lithium. To figure out the influence of the P/M ratio, we
investigated the electrochemical reactivity of the FgP=

1, 2, 4) electrodes. The iron monophosphide FeP exhibits
much better cycling performances than Fedhd FeR.
Furthermore, the Li reactivity leads to a direct conversion
reaction during the first discharge through a single step, while _ 3
in the subsequent charge/discharge two distinct processes ar = ' . == I | ﬂ
clearly identified. We used electrochemical galvanostatic and MMMW Muwwwum
potentiodynamic measurements, electron microscopy, in situ ) , , ; :
X-ray diffraction (XRD), and Masbauer spectroscopy 20 30 40 50 60 70 80
combined with first-principles phase diagram calculations b Angle (26), Co Ka

to show that this reversible two-step insertion/conversion =
process is responsible for the encouraging performances o
the FeP electrode. The performances of JFaRe then
discussed as a function of tlyeratio.

211

Intensity (a.u.)

2. Experimental Section

(@) Synthesis and Characterization.The orthorhombic FeP
(Pnma and FeR (Pmnn) phases and the monoclinic FefP21/c)
phase were synthesized at high temperature by placing stoichio- § ' —
metric amounts of iron metal (Fe Alfa Aesar, 350 mesh, 99.9%) Figure 1. (a) XRD patterns (Co K) of orthorhombic FeP prepared by a
and red phosphorus (P Alfa Aesar, 100 mesh, 99%) powders in amghi'rfgg_p?g;igée“ﬂc?r%n;&rg?ttf‘éwétghpeo‘%g?r::r:';)lfsfrysml structure in
sealed evacuated silica ampoule. The samples were heated to 700
°C at a rate of 20°C/h and held at this temperature for 5 days
before being air-quenched. The as-obtained black powders are air

stable. XRD measurements on FeP, fFeldd FeR powders were

perfor_med on a Philips X-pert difractometer using the Ca K (Rh) source of a nominal activity of 10 mCi. The velocity scale

radiation. was calibrated by means of a room-temperature (RT) spectrum of
(b) Electrochemical Tests Swagelok-type cells were assembled  _Fe The hyperfine parameteds(isomer shift) andAE, (quad-

in an argon filled glovebox and cycled using a VMP or a Mac Pile  ypole splitting) were determined by fitting Lorentzian lines to the

automatic cycling/data recording system (Biologic Co., Claix, experimental data, using the 1SO progréitsomer shifts are given
France) in a potential window between 25 and 0.0 V versus  ith respect to the RT spectrum ofFe.

Li*/Li% at aC/n (1 Li/n h) scan rate oh = 5 or 10. These cells
comprise a Li metal disk as the negative electrode, a Whatman

GF/D borosilicate glas_s fiber sheet saturatedwx?itl. M LiPF@_in tion (GGA) using the PBE function®land the projector augmented
ethylene carbonate, dimethyl carbonate (DMC; 1:1 by weight) as waves (PAW) pseudo-potentidfsas implemented in the VASP

:he el_ftgctrolytet, ?n(:]a p(;]s_lcrlve elec(tjrode Thadlzf/)y mlx!nrg]] tZe start:mg code?® Spin polarized calculations were considered to account for
ransition metal phosphides powder wi 6 (weighed) carbon the magnetic behavior of Fe nanosized particles and any intermedi-

bIackf(ShP).SUsuallly,klellz mg Olf th? m|>>(<ngpolwders ;IS plgceld Olrl] ate phase of the EiFe—P phase diagram. The convergence of the
top of the Swagelok plunger. In situ electrochemical cells .o 0 jations was checked with respect to both the energy cutoff

assembled similarly to our Swagelok cell but with a beryllium (up to 700) and thé points grid (up to 10« 10 x 10 Monkhorst-
window as the current collector on the X-ray side were placed on Pac mesh) used for the Brillouin zone integration

a Brucker D8 diffractometer (Cod= 1.79026 A), equipped with

a PSD detector, and connected to the VMP system. The cell was
discharged at a&C/20 scan rate, and the XRD patterns were
dynamically collected for every 0.1 reacted Li, using 5 mV potential
steps.

(c) High-Resolution Transmission Electron Microscopy (HR-
TEM). A Tecnai F20 ST transmission electron microscope (TEM) . . . . .
equipped with energy-dispersive spectrometry (EDS) analysis Wasmdexed on the_ba5|s of an orthorhomblc ce_II with lattice
used to conduct our TEM/HRTEM investigations. To perform these parameters similar to those reported in the literatare=(

experiments, the cells were stopped and opened in a drybox once5-49_3(1) Ab= 3-999(1) A,? = 5-792(1) A, Pnr_ne)-lg'z‘)
cycled to the required voltage. The discharged or recharged Within the FeP unit cell, Fe is coordinated by six P atoms

materials were recovered and washed with DMC prior to being
placed onto a copper grid mounted on our TEM sample holder. (15) Kindig, W. Nucl. Instrum. Method4969 75, 336.
Through a special mobile airlock of our own design, the sample (16) Perdew, J. P.; Burke, S.; Ernzerhof, Fhys. Re. Lett. 1996 77,

; i 3865.
was then transferred to _the T_EM, without any air expo_sure,_for (17) Kresse, G.: Joubert, Phys. Re. B 1999 59, 1758.
selected-area electron diffraction (SAED) pattern and bright field (1g) kresse, G.; Hafner, JPhys. Re. B 1993 47, 558. Kresse, G.;

image collection. Furthmuller, J.Comput. Mater. Scil996 6, 15.

LA

(d) Mossbauer Spectroscopy®Fe Mossbauer spectra were
recorded in transmission geometry in the constant acceleration
mode, using equipment supplied by Ortec and Wissel atiGa-

(e) Computational Details. First-principles density functional
calculations were performed in the generalized gradient approxima-

3. Results

(a) Synthesis and Characterization.The XRD pattern
of FeP is depicted Figure 1a and reveals sharp Bragg peaks,
indicative of a highly crystalline sample, which could all be
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in a nearly hexagonal configuration with F& distances
between 2.186 and 2.447 A. Some-fe distances are
smaller than the sum of the covalent radii (1.17 A) and
suggest a high degree of covalence for these bonds, in
agreement with previous experimental and theoretical analy-
ses of chemical bonding in transition metal phosphidés.
The structure can be viewed (inset of Figure 1a) as a closely
packed FePedge- and face-sharing structure. The powder 0 05 1 15 2 25 3
morphology was investigated by scanning electron micros- X in "Li FeP"
copy (SEM; Figure 1b) showing -15 um crystallites (b)
intimately nested to form 1650 um grains. 12 — A
(b) Electrochemical Properties.Figure 2 shows the first 10}
three cycles of the galvanostatic voltage versus composition
curve acquired at a rate of 1 Li/10 h, between 2.5 and O V.
A flat potential plateau at 0.1 V is observed during the first
discharge, associated with a two-phase reaction and with the
reactivity of 2.5 Li. Small insertions of 0.1 Li at 0.4 V
(process 1) and 0.2 Liat 0.2 V (process 2) are also observed B
prior to the two-phase reaction, following the expected "(‘)'2 04 0608 1 12 14
insertion in carbon black around 0.75 V (process C). Upon Potential vs Li'/Li (V)
charge, 2.3 Li are extracted from the electrode correspondingFigure 4. (a) Voltage-composition profile and (b) potential derivative
to a reversible capacity of 720 mA (4500 mA h cm3). —dx/dV plot obtained for the FeP/Li cell, started in reduction and cycled at
According to the potential derivative curve of Figure 3, two ﬁgﬁ,{:&ﬁa?etwg en 2.2.nd 0,25 V for fhe 50 first cycles, alter & complete
ge down to 0.05 V. Inset of part a gives the electrode capacity
distinct processes occur upon charge and discharge, once thestention for the 50 first cycles.
first discharge is achieved. The sharp incremental peak of

the first discharge (dotted line) tends to suggest a two-phasereversibility of the corresponding reactions, in agreement
conversion reaction Fe 3Li — LisP + Fe?, even though  with a capacity retention of 97% between the second and
the number of exchanged lithium is lower than the expected the third cycles. We note, however, that the relative intensity,
value. In further cycles, two distinct incremental peaks of the width, and the potential of the incremental peaks evolve
capacity are observed, both upon charge (A and B) and uponalong the cycling, suggesting changes in the electrode
discharge (Band A). Potentiodynamic experiments carried morphology and, therefore, in the kinetics of the reactions.
out with different potential cutoffs clearly demonstrate that This may unfortunately be linked to the capacity fading,
processes A (0.92V) and B (1.05 V) upon charge are directly observed after four cycles. To try to improve the cycling
linked to processes 'A(0.21 V) and B (0.55 V) upon |ife of the FeP electrode, we checked the relative capacity
discharge, respectively (Figure 4). This suggests a goodretention of the two different processes A{and B(B).

As shown Figure 4, only one process occurs upon charge
(19) Nakahara, S.; Chu, S.;Long, J.; Riggs, V.; Johnston, WJ, Biryst. and discharge when the potential window is set to avoid the

Growth 1985 72, 693. , .
(20) Fiellvag, H.: Kjekshus, A.; Andersen, A. Acta Chem. Scand., Ser. A’ process. It corresponds to the B(Brocess observed in
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= g 1986 40, 2A27.P Wik S. b Cavell R G.. Mar. Bora. Ch the full potential window and is associated with the exchange
rosvenor, A. P.; Wik, S. D.; Cavell, R. G.; Mar, korg. Chem. . . . P
2005 44, 8988. of 1 Li. Interestingly, this process shows a full capacity

(22) Tong, G. H.; Cheung, A. S. @. Chem. Phys2003 118, 9224. retention of 310 mA h g after 50 cycles (inset in Figure
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Figure 5. (a) In situ XRD patterns dynamically collected for the FeP/Li
cell cycled between 2.5 dn0 V at aC/20 rate, for the first discharge,
using 5 mV potential steps. The Bragg reflections are indicated by stars
for the starting phase and by crosses and empty circles & &nd Fe,
respectively. An enlarged image of the Bragg diffraction peaks for processes
1 and 2 is given in inset for the discharge. (bjR.surface peak integration

of the LisP (110)/(103) characteristic peaks for the first and second discharge
and the first charge, plotted as a functionxof

4a), at aC/5 scan rate, suggesting that the capacity fading |
observed after four cycles in the full potential window is
due to a poor reversibility of process A. It should be noticed
here that process A(Aexhibits a much higher polarization
(0.7 V) between the charge and the discharge than process® = SRR S e s e
B (0.5 V). Figure 7. HRTEM image realized at the end of the discharge and the
(¢) In Situ XRD and HRTEM. To investigate the  corresponding FFT in the inset.
structural modifications of FeP upon cycling, in situ XRD
patterns were dynamically collected during the first discharge several broad diffraction peaks progressively appear centered
and the first charge for the FeP/Li half cell in the full at29 = 30.5 and 50.9 which can be attributed to the main
potential window and for a lowC/20 scan rate. The two  Bragg reflections of the hexagonakPiphase, indexed with
different processes observed in the potent@mposition (101) and (110)/(103), respectively. Note that the intensity
curve of Figure 2 at the very beginning of the discharge of the second peak (110)/(103) is larger and broader than
(namely, processes 1 and 2), are clearly distinguishable inexpected, suggesting the occurrence of another phase in the
the XRD patterns. As shown in the inset of Figure 5a, the electrode. According to the conversion reaction FeP
diffraction peaks of the pristine FeP structure are not affected 3Li — LisP + Fé, it is tempting to attribute this contribution
by the first insertion process (1) while they slightly shift up to the iron metal, especially because the main diffraction
to higher angles as soon as the second insertion process (2peak of Fe is expected at a very close Bragg angle {52.0
takes place. This suggests a reaction of 0.1 Li with the To confirm this hypothesis, HRTEM measurements were
electrolyte (1) followed by an insertion of 0.2 Li into the performed on the starting and cycled electrodes. As shown
FeP unit cell, associated with slight changes in the FeP cellFigure 6a, the initial sample consists of large ceramic
parameters, from refined = 5.188(6),b = 3.116(4), and particles of several micrometers in size and perfectly
c = 5.785(9) A to refineda’ = 5.1919(5),b' = 3.1015(3), crystallized. The SAED pattern of Figure 6b shows them to
and ¢ = 5.7936(6) A. Note that the nonhomogeneous be pure FeP, as confirmed by the 1:1 Fe/P ratio obtained
variation of the unit cell parameters (i.8a, 6c > 0, and through an EDS analysis (Figure 6¢). When the sample is
o0b < 0) has been confirmed by a slight shift down to lower fully discharged, the initial particles transform into an
angles and up to higher angles for thedlj and (k0) agglomerate of crystallized 5 nm nanoparticles embedded
diffraction peaks, respectively. After these two first insertion in a crystallized lithiated matrix, as shown on the HRTEM
processes, the intensities of the FeP diffraction peaksimage of Figure 7. After the calculation of the fast fourier
progressively decrease during the discharge, without showingtransform (FFT; inset of Figure 7) and indexing of the so-
any significant change in their Bragg angles. Simultaneously, obtained spots, the nanoparticles and matrix are attributed
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the different behaviors observed between the first discharge
(one-step reaction) and the subsequent charges and discharges
(two-step reaction) have never been reported for any other
transition metal phosphides. Unfortunately, as a result of the
electrode amorphization upon charge, none of the in situ
XRD and HRTEM techniques could help in characterizing
the intermediate electrode between process A and process
B. Yet, our own experience in binary transition metal
phosphides suggests that thermodynamically stable phases
with intermediate lithium composition can be obtained by
electrochemical processes, with rather low energy ¢dsts.
First-principles electronic structure calculations associated
with full structural relaxations can easily seek such reaction
paths, by means of reaction enthalpy and phase diagram
10 nm S calculations.
Figure 8. Bright field image of a particle of #13 V recharged electrode. @ Phase Dlagram' quculatlor'\s.AIt'h(')ugh a proper
In the insets, the HRTEM image of a part of this particle (bottom) and its Phase diagram determination requires finite temperature free
corresponding SAED pattern (top). energy calculations, we believe that entropy contributions
will not affect drastically the results and that the main
to metallic iron and LyP phases, respectively. The FéP  features of the phase diagram should be provided by the
3Li — LisP + F€ conversion reaction expected in the first T = 0 K free electronic energies (i.e., the enthalpies).
discharge from the large plateau observed in the potential Following the FeP+ 3Li — LisP + Fe® conversion reaction
composition curve of Figure 2 is thus confirmed by in situ demonstrated on first discharge, we computed th&dR
XRD and HRTEM analyses. By increasing the discharge rate, phase diagram from = 0 tox = 3, in which the en[ha|py
we experienced traces of residual FeP, as deduced by X-rayassociated with every intermediate composition is plotted

(Supporting Information) indicating that our electrodes suffer with respect to the proportional mixture of the FeP and the
from kinetic limitations and leading to incomplete insertion |j;P + Fe® electrodes through the equation

(x = 2.5) for higherC/10 scan rate (Figure 2).

On charge, the (101) and (110)/(103) characteristic peaks Li ,FeP< (1 - x/3)FeP+ x/3(Li;P + Fe) Q)
of the LisP and Fe phases progressively vanish down to a
lithium content close ta = 1.5, while no extra peaks appear. This way, we get a quasi direct picture of the open circuit
This has been confirmed by the HRTEM images recorded voltage, without going through average potential computa-
on particles at the end of charge and showing no lattice fringe tions. This is particularly useful to avoid taking into account
(bottom left inset of Figure 8). This is the signature of an the bulk energy of the Li metal which is known to be badly
amorphization of the material, often observed on re-chargedreproduced by DFT, especially within its local approxima-
phosphides and confirmed by the corresponding SAED tion.23
pattern (top right inset of Figure 8) where one broad ringis  Among the possible structures one can envision for the
observed. ternary LiFeP systems (& x < 2) that the P-based face-

A comparison between the first and second discharges andcentered cubic (fcc) network is the most probable model to
the first charge leads to interesting results. Figure 5b showsconsider, as deduced from the crystal structure of tieRj
the surface peak integration performed on the (110)/(103) ternary phases characterized. The P-based fcc unit cell
diffraction peak of the LgP phase (2 = 50.9). While this contains eight tetrahedral sites and four octahedral sites. If
peak progressively increases during the first discharge, it one assumes the Fe:P ratio to be constant along the complete
shows a different evolution on subsequent charge andcharge and discharge, four different models can be con-
discharge: it rapidly decreases (respectively increases) uporstructed for the input structures, depending on both the
process A (respectively 'Awhile it does not evolve upon  lithium composition and the Li/Fe cationic distributions:
process B (respectively'B This shows that 5P is involved (M1) Fe in the four octahedral sites of the fcc unit cell and
only in process A(A), a process which is clearly not fully  Liin the tetrahedral sites (8 x < 2), (M2) Fe and Li in the
reversible, as displayed by the intensity decrease observedetrahedral sites (& x < 1), (M3) Fe in half of the

between the first charge and the second discharge. tetrahedral sites and Li in the octahedral sites(f < 1),
and (M4) Fe in the tetrahedral sites and Li in both the
4. Mechanism tetrahedral and the octahedral sites{X < 2). Note that

| learly d hat th | q each model gives rise to different cationic distributions, for
Our re_sr:J t§ ﬁear)r/] emonstrate that t, e FeP ?ec,”c? €one given lithium composition. These different structures
reacts with Li through a one-step conversion reaction in its e g peen computed, but for sake of clarity, only the most

]:'rSthd'SCEarge and dtg_r ouhgh a two—lsr'gep ﬁ’:B) reaction mh'b' stable phases are considered in the phase diagram. Note that
urther c arges and discharges. Although process B ex . S more exotic structures derived from a statistical distribution

a better reversibility than process A, the overall capacity

retention of the FeP electrode is pretty good compared to (23) Aydinol, M. K.; Kohan, A. F.: Ceder, G. Cho, K.; Joannopoulos, J.
that of the FePand FeR electrodes (see below). Moreover, Phys. Re. B 1997, 56, 1354.
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Figure 9. First-principles enthalpie\H(x) of the xLi/Fe/P systems, e T
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discharged (4P + Fé) electrodes. The horizontal solid line at 0 meV 09] 7
corresponds to the reference energy of the proportional mixture of FeP and
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Figure 11. 5Fe Mgssbauer spectra obtained fra@#10 cycled samples
for (a, b) the partially discharged electrode at 0.2 V, (c, d) the fully
discharged electrode at 0 V, and (e, f) the partially charged electrode at 1

V. In each group, the spectra recorded at both the LNT (top) and the RT
(bottom) are presented.

LisP + Fe, and M1, M2, M3, and M4 correspond to the different cubic
models used as input structures in the structural relaxation procedure. The
dotted lines give the new phase diagram described by two biphasic domains,
namely, process A and process B.

deduced from a distorted fcc unit cell (grey unit cell box) in
which the four iron atoms lie on the corners of a basal plane
formed by thez = Y/, tetrahedral sites of the initial fcc. The
fact that all thez = 3/, tetrahedral sites of the initial fcc are
empty is consistent with the tetragonal distortiay, &
b, = cy) obtained by the first-principles structural relaxation
procedure. The LiFeP structure is described by layers of
_ | elationshin b ) " _edge-sharing FaRegular tetrahedra (FeP = 2.344 A), each
e o s ) sy 1881 being surrounded by liium (Figure 10b). The forma-
from structural relaxations. Li, Fe, and P are illustrated by hatched, white, tion of this phase through electrochemical reaction can be
and black circles. (b) Crystal structure of the tetragonal LiFeP structure. understood by means of-#° bond breaking and easy iron
displacements within the starting FeP structure. The driving
of Li and Fe in both the tetrahedral and the octahedral SiteSforce of this structural rearrangement should be mainly
were also checked but led to pretty distorted structures glectronic, as the closely packed crystal structure of FeP
associated with much higher energies than those obtainedprevents any Li ionic diffusion into the bulk. Hence, [
for the more Symmetric structures. Another electrode that ions are expected to accumulate at the surface of each

needs to be considered in the-lke—P phase diagram is
the mixed LiP+ F€ electrode, which is claimed to be
achieved on charging the nanocompositgPLH- Co°

crystallite, while the associated electrons fill the strongly
delocalized FeP electronic structure to compensate for the
cationic charge. This capacitive effect occurring at the

electrode formed after the complete discharge of thesCoP crystallite surface has mainly kinetic origin and should

electrod€: decrease by decreasing the scan rate and/or the particle size,
The results are presented Figure 9, in which the horizontal in good agreement with the large discrepancy observed
line corresponds to the reference energy of the conversionbetween the first and further discharge potentials. The FeP
reaction FeP+ 3Li — LisP + F€. Only one phase turns out  to LiFeP transformation (B is expected to occur through a
to be more stable than this two-phase line. It corresponds totwo-phase process, as suggested by the higher enthalpies
a tetragonal LiFeP phase witly, = 5.22 A andcy, = 5.86 found for the LiFeP phases associated with lithium contents
A unit cell parameters and was obtained from the structural smaller tharx = 1 (Figure 9). Note that the formation of
relaxation of any of the M3-type input structures, in which the nanocomposite LiR F€® electrode is here shown to be
the Li and the Fe atoms lie in the octahedral sites and in disfavored by not less than 100 meV per unit cell.
half the tetrahedral sites of the initial fcc lattice, respectively.  (b) Mt'ssbauer SpectroscopyTo corroborate this mech-
This result was obtained independently of spin polarizations, anism, we useéfFe Massbauer spectroscopy to characterize
suggesting that this ternary LiFeP is not magnetic. Using the electrode during the first discharge (0.2 V), at the very
simple symmetry considerations, one can link this computed end of the first discharge (0 V), and during the first charge
structure to the only LiFeP phase ever reported in the (1 V), thatis, after the full completion of process A. Spectra
literature @ = 3.6910 A,c = 6.0230 A,P4/nmr?*) through were recorded at both liquid nitrogen temperature (LNT) and
the relationsa, = av/2 andcy = c. As shown Figure 10a,  RT. Figure 11a shows th&Fe Missbauer LNT spectrum
such a tetragonal structure (black unit cell box) can be easily recorded at 0.2 V. It consists of two doublets and a sextet,
the latter with strongly broadened lines, indicating the
presence of a magnetically ordered phase with a broad

(24) Juza, R.; Langer, RZ. Anorg. Allg. Chem1968 361, 58.
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distribution of hyperfine magnetic field strengths on the iron
sites. The appearance of a magnetic phase is expected from
the reaction mechanism proposed for the first discharge
FeP+ 3Li — LisP + Fe&. We thus attribute this sextet to
small particles ofx-Fe with a high fraction of surface atoms
having a reduced number of magnetic neighbors and
experiencing lower local field strength than in buikFe. [
HRTEM shows that the size of these particles reaches 5 nm T R R S
at the end of the discharge. The particles of thissktzauer X in "Li FeP,"
sample at 0.2 V can thus be expected to be smaller than 5 @ o)

nm, as previous works on nanosizeeFe®> %’ show that  fg,e 12, Potentiat-composition profiles for (a) the Fefei and (b) the
particles up to 5 nm in size reveal super-paramagnetic FeRyLi cells, started in reduction and cycled between 2 and 0 V, at a scan
behavior in RT M@sbauer spectra. The RT spectrum of the "ateC/s.

present sample, given in Figure 11b, shows only the . . L
characteristic doublet of FeP, with hyperfine parameters is highly symmetric with iron surrounded by four phosphorus
5 =031 / d\E. = 0 66, i) i d i atoms at equal distances of 2.344 A. Although the hyperfine
\(/vit; Iitératrl:]rrgzg ;‘St nls? t_he .singrlr::asg '2 %ogxpz?:;ggr?;n parameters of LiFeP have not yet been reported, we associate
’ . - this doublet with LiFeP.
wiihsgifrép;;agi?:?r]\cig Iﬂs(t)efg vmv‘ran?seeAe:agjar\trZirtl?/oghb;et The combination of Mesbauer spectroscopy and phase
e q > O s diagram computations thus shows that a tetragonal LiFeP
me(;talllllc particles are so small thst no metall(ljg core is form.ed phase can be formed through redox chemistry starting from
and all atoms are in contact with a surrounding FeP @P LI gjiher the FeP electrode (reduction) or thePHiF€ electrode
matrix, leading to nonzero hyperfine parame@endAE, (oxidation). The two reversible reactions expected for
The LNT spectrum obtained at the end of the discharge processes A and B should therefore correspond to
(Figure 11c) shows residual FeP and the sextet of the metallic
phase, with an increased spectral weight of the latter, as (B'<>B) FeP+ Li < LiFeP (2)
compared to the partially discharged sample, indicating
further transformation of FeP into 4B + F€&”. The residual
FeP occurring at the end of discharge is consistent with the
C/10 scan rate (same as for Figure 2) used for this AS @ result of. the Igrge particle'§izes' of the pristine FeP
experiment. Moreover, the distribution of the local magnetic Material that gives rise to weak Ldiffusion and, therefore,
fields extends to higher values than before, which we attribute Kinetic limitations, the FeR- Li — LiFeP two-phase reaction
to an increased particle size. The RT spectrum (Figure 11d)should be _blocke_d on the first dlscha_rge, Ieadl_ng to the direct
still shows the doublet of residual FeP and a magnetically P8P + 3Li — LisP + Fe conversion reaction. From a
split component deformed by dynamic effects. The shape thermodynamic point of view, the formation of LiFeP is

of the central part of the spectrum suggests the presence thsz?ted to be fa_vored&tl = —0.77/eyl Li)hcompared tg
a singlet atd = 0 mm/s from super-paramagnetic iron, in the direct conversion¥H = —0.63 eVJLi). The pretty goo

agreement with previous observations made for 5 nm ?g:semeegt gg?;i?j: f:remrlc?s:ss:t: ;;,Zircljmgr}?)l ;nn dd the
particles ofa-Fe?® No magnetic phase is seen in the LNT displ%yed Fpigure 2 an%lv 5. together with the pretty
spectrum obtained for the partially charged sample (Figure bad agreement obtat\ri]ned be:/ve’en the experimexta) £
11e), in agreement with the proposed transformation &f Fe 0.10 V) and the computed/§, = 0.63 V) potentials for the
to LiFeP. The RT spectrum_(ngre 11f) reveals the_presencedirect conversion reaction, gives rather clear evidence of
of two phases. The hyperfine parameters of the fidsty much larger kinetic effects in first discharge than in further
0.32 mm/sAEq: 9'73 mm/s) are close to t_hat of FeP. We cycles, as previously discussed. Note that prior to the
thus assquatg this doublet with the residual EeP phaseconversion reaction of the first discharge, a small amount
characterized in the XRD patterns all along the first cycle. ¢ jihiym is expected to insert into the large agglomerates
The second doublet is characterized by a lower quadrupoleqs microstructured FeP crystallites, thus favoring an efficient
splitting as compared to FeRE, = 0.38 mm/s), indicating  gjectrode grinding.
a local environment around iron of higher symmetry thanin At this stage, a comparison between the different,FeP
FeP, where iron is found in a distorted hexagonal configu- (y =1, 2, 4) electrodes is interesting. As shown Figure 12,
ration with Fe-P distances between 2.186 and 2.447 A. It he FeR and FeR electrodes exhibit very close behaviors
could Correspond to the local environment in LlFeP, which in their first discharge Compared to FeP. The |arge incre-
mental peaks observed in Figure 13 for the two electrodes
(25) Tartaj, P.; Gonzales-Carreno, T.; Bomati-Miguel, O.; Serna, C. J.; can unambiguously be attributed to direct conversions of FeP
Bonville, P.Phys. Re. B 2004 69, 94401. into yLisP 4+ F€, occurring at 0.25 V and 0.50 V for= 2

26) Badker, F.; Mgrup, S.; Pedersen, M. S.; Svedlindh, P.; Jonsson, G. .
(26) T. Garcia.pamo‘; J. L.; Lazaro, F.JJMagn. Magn. Mater1998 and 4, respectively. Nevertheless, both electrodes show much
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Potential vs Li+/Li (V)
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[

(A" A) LiFeP+ 2Li < Li,P+ Fé’ (3)

177—k18l 925. . ) lower capacity retentions than FeP. At first glance, this
(27) Badker, P Marup, S.; Linderoth, S. Magn. Magn. Mater1993 capacity loss could be related to the occurrence of impurities,

(28) Bailey, R. E.; Duncan, J. fnorg. Chem.1967, 6, 1444, as FeRand FeR starting materials are contaminated by FeP
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20 Conclusion
—1*cycle
-2 cycle

39 cycle

The reactivity of Fepelectrodes toward lithium have been
investigated through combined experiments and first-
principles calculations. Direct conversion reactions are clearly
demonstrated for all starting Fey = 1, 2, 4) on first
discharge, leading to composite electrodes described by
nanosized Feparticles embedded intglisP matrixes. The

O pomtial vttty 0 0 potential veLivti(v) first-principles LiFeP phase diagram computations reveal
that a thermodynamically stable LiFeP intermediate phase
@ (b) is achievable through electrochemical process, either in
Figure 13. Potential derivative-dx/dV curves for (a) the FefLi and (b) oxidation from the LiP + Fe& electrode or in reduction from

the FeRJLi cells, started in reduction and cycled between 2 and 0 V, at a

scan rate’/s, the FeP electrode. This means a two-step insertion/conversion

reaction (FeP+ Li — LiFeP and LiFeP+ 2Li — LigP +
and FekRand by FeR, respectively. The weight ratio of these Fe) for the FeP electrode, after the one-step conversion
FeR impurities is, however, weak regarding their related reaction (FeP+3Li — LisP + Fé) in the first discharge.
incremental peaks in the potential derivative curves of Figure This result is corroborated by (i) the potentiodynamic curves
13, in the first discharge. Moreover, whatever the impurity displaying two well distinct A (A4 and B (B) processes upon
ratio, the achievement of these MBonversion reactions  charges and discharges associated with a better capacity
leads to chemically equivalent discharged electrodes, allretention for the B(B process, that is, LiFeP> FeP+ Li,
made of F& nanoparticles embedded in aRimatrix. The  (ii) the in situ XRD showing a nucleation delay of48i in
discharged electrodes should, therefore, differ from an the second discharge compared to the first discharge, (iii)
electrochemical point of view, as the occurrence of an the Massbauer spectroscopy analysis ruling out both the
increasing amount of bP obviously alters their redox  occurrence of Fenanoparticles during the insertion process
behavior. As we showed for FeP, an intermediate LiFeP and the formation of a LiR- F&® electrode already suggested
phase is formed upon charge from thgR.#- F€’ electrode,  for another transition metal phosphide (GpRnd (iv) first-
through process A, occurring around 0.92 V. Interestingly, principles calculations leading to well-reproduced averaged
a process occurs at the same potential for the Eketrode, potentials for processes A (A(Vy = 0.55 V) and B (B)
while nothing is observed for the Fellectrode at this (VB = 0.77 V). We believe the low potentials observed in
potential. We believe that this process cannot be solely the first discharge for the FgBirect conversion\(ex, = 0.10,
attributed to the FeP impurity in FePbecause (i) the FeP/ .25, 0.50 V fory = 1, 2, 4, respectively) are mostly linked
FeR weight ratio is given to be less than 10% by XRD and to kinetics, as displayed by the poor agreement obtained with
(i) the large incremental peak following this first process the computed (thermodynamic) potentialg, & 0.63, 0.79,
upon charge occurs at the same potential (1.08 V for, FeP .91 Vv fory = 1, 2, 4, respectively). Capacitive effects linked
vs 1.05V for FeP) as the LiFeP FeP+ Li transformation  to the accumulation of Lii at the electrode grain surfaces
(process B) suggested for the FeP electrode. This suggests ghould be responsible for the first discharge low potential,
y-independent mechanism upon charge for the two FeP andowing to drastic morphological changes between the pristine
FeR electrodes, that is, the formation of LiFeP in both cases. material (highly crystallized) and the fully recharged “FeP”.
Such a hypothesis is reasonable because no thermodynamiw/ork is in progress to minimize the discrepancy in the first
cally stable LiFeR phase could be found, either in the and further discharge potentials, by decreasing the scan rate.
computed FePphase diagram or in the literature. It would
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