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bstract

The study of the electrochemical reaction mechanism of lithium with NiSb2 intermetallic material is reported here. The nickel diantimonide
repared by classic ceramic route is proposed as possible candidate for anodic applications in Li-ion batteries. The electrochemical characterisation
f NiSb2 versus Li+/Li0 shows a reversible uptake of 5 lithium per formula unit, which leads to reversible capacities of 500 mAh g−1 at an average
otential of 0.9 V. From ex situ XRD and 121Sb Mössbauer measurements it was shown that during the first discharge the orthorhombic NiSb
2

hase undergoes a pure conversion process (NiSb2 + 6 Li+ + 6e− → Ni0 + 2Li3Sb). During the charge process that follows, the lithium extraction
rom the composite electrode takes place through an original conversion process, leading to the formation of the high pressure NiSb2 polymorph.
his highly reversible mechanism makes it possible to sustain 100% of the specific capacity after 15 cycles.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Exploration of new negative electrode material with high
nergy density and long lifetime is required for the develop-
ent of the next generation lithium-ion batteries. Over the past

ew years, some Sb-based intermetallic compounds, such as
oSb3 [1–4], FeSb2 [5] and CrSb2 [6], have been intensively

nvestigated as negative electrodes for lithium ion batteries.
hese materials have shown higher capacities than the com-
ercialized carbon material but suffer from poor cycle life.
ttempts of cycle life improvements were realised using inter-
etallic compounds that undergo a phase transition to a lithiated

ntermediate compound with related structures, i.e. Cu2Sb and
iCu2Sb [7], but the capacity retention was not improved. More

ecently, searching for the benefits of nanomaterials it was shown
hat simple compounds can electrochemically react towards Li

hrough conversion reactions leading to sustainable reversible
igh capacities. As compared to the classical insertion reac-
ions, which are limited to 1e− even 0.5e− transfer per 3d metal

∗ Corresponding author. Tel: +33 4 67 14 33 35; fax: +33 4 67 14 33 04.
E-mail address: laure.monconduit@univ-montp2.fr (L. Monconduit).
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tom (LiCoO2), these new conversion reactions can involve up
o 3yLi per transition metal and enable a capacity gain of the
attery. These reactions (Eq. (1)) proceed through a transforma-
ion of MXy raw material into a composite electrode made up of

etallic nanosized particles embedded in a Li3X matrix:

Xy + 3yLi → yLi3X + M0 (X = P, As, Sb) (1)

The pristine compound is restructured on charge. This type
f reaction was initially demonstrated for oxides [8], and more
ecently asserted for phosphides [9]. In the case of the NiP2–Li
lectrochemical system, we showed that the cubic and mon-
clinic NiP2 phases react towards Li through a conversion or
n insertion/conversion process, respectively, which makes for
good cycling stability, i.e. 900 mAh g−1 after 20 cycles. In

he antimonide family, MnSb was also described as showing
conversion reaction towards Li with a reconstruction of the

tarting material at the end of the charge process [10]. Due
o this reversible conversion, a 360 mAh g−1 capacity can be
aintained after 15 cycles for the MnSb-based cells.
Owing to the positive aspect of the conversion reaction, espe-

ially in the case of NiP2 and MnSb systems, we focus on the
lectrochemical study of the binary NiSb2 phase. The electro-

mailto:laure.monconduit@univ-montp2.fr
dx.doi.org/10.1016/j.jpowsour.2007.06.256
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The powder morphology was investigated by scanning
electron microscopy (right inset Fig. 1) showing 5–10 �m crys-
tallites intimately nested to form 20–50 �m agglomerates.
C. Villevieille et al. / Journal of

hemical behavior of nanosized NiSb2 versus Li was recently
eported by Xie et al. [11]. In this article, the nanosized inter-
etallic compound NiSb2 was prepared by a solvothermal route.
he authors studied the powder morphology effect on the elec-

rochemical performance through a comparison between the
icrometer sized NiSb2, prepared by a levitation-melting/ball-
illing route, and the NiSb2 obtained by solvothermal route. In

oth cases, a poor capacity retention was obtained. The electro-
hemical mechanism was not discussed by the authors.

Regarding the high theoretical specific capacity (greater than
00 mAh g−1) of NiSb2 we decided to explore this new potential
egative electrode material. The paper is organized as fol-
ows: firstly the experimental part describes the synthesis and
hemical/physical characterisations of NiSb2 and secondly the
lectrochemical analysis and performance, ex situ X-ray and
21Sb Mössbauer measurements are presented together with the
ttempts to determine the electrochemical mechanism.

. Experimental

.1. XRD and SEM

X-ray diffraction (XRD) measurements on powdered NiSb2
amples were performed on a Philips X-pert diffractometer using
he Cu K� radiation. For the ex situ XRD measurements, the C/3
1 Li/3 h) rate cycled cells were dismantled in an Ar filled glove
ox and the electrodes were covered with PE (polyethylene) film
n order to avoid air exposure. The powder morphology of pris-
ine materials was determined by scanning electron microscopy
SEM).

.2. Electrochemical tests

Swagelok-type cells were assembled in an argon filled glove
ox and cycled using a Mac Pile automatic cycling/data record-
ng systems (Biologic Co., Claix, France) in a potential window
etween 2.5 V (or 2 V) and 0.02 V versus Li+/Li0 and a cycling
ate of C/n (that is one lithium per formula unit in n hours). These
ells comprise a Li metal disc as the negative electrode, a What-
an GF/D borosilicate glass fiber sheet saturated with a 1 M
iPF6 in ethylene carbonate (EC), dimethyl carbonate (DMC)

1:1 in w/w) as the electrolyte, a positive electrode made after
ixing the starting nickel antimonide powder with 15 wt% car-

on black (SP). Usually, 10–12 mg of the mixed powders was
laced on top of the Swagelok plunger.

.3. Mössbauer

121Sb Mössbauer measurements were performed using a
21mSn in BaSnO3 source of nominal activity 0.4 mCi on an
G and G constant acceleration spectrometer in transmission
ode. During the measurements, both source and absorbers
ere simultaneously cooled down to 4 K in order to increase
he fraction of recoil-free absorption and emission processes.
he zero isomer shift was defined from the spectrum of InSb
t 4 K (δ = −8.72(4) mm s−1 relative to the Ba121mSnO3). Mea-
urements were performed ex situ at several depths of discharge

F
p
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nd charge. The Swagelok cells were stopped and opened inside
dry box once cycled down to the required voltage. The partially

ithiated material was recovered and placed on specific sample
olders transparent to the �-rays.

. Results

.1. Synthesis and characterisation

The orthorhombic NiSb2 phase was synthesized at high tem-
erature by placing stoichiometric amounts of nickel metal (Ni
lfa Aesar, 350 mesh, 99.9%) and antimony (Sb Alfa Aesar,
50 mesh, 99%) powders in a sealed evacuated silica tube.
he tube was placed into a furnace, and the temperature was

ncreased to 600 ◦C using a ramp of 5 ◦C min−1, and held to
his temperature for 4 days. The samples were air-quenched.
he XRD pattern of NiSb2 is depicted in Fig. 1 and reveals
harp Bragg peaks, indicative of a highly crystalline sample,
hich could all be indexed on the basis of an orthorhombic
arcasite NiSb2 cell with the following refined lattice parame-

ers: a = 5.180(2) Å, b = 6.312(2) Å, c = 3.837(1) Å, Pnnm space
roup (corresponding to a 125.6 Å3 cell volume) [12]. In this
arcasite structure (m-NiSb2) the Ni atoms are octahedrally

oordinated by six antimony atoms, with the calculated Ni–Sb
verage distance of 2.554 Å. NiSb6 octahedra are arranged shar-
ng two edges with adjacent octahedra parallel to c-axis (see
ig. 2). Two Ni atoms per unit cell occupy the crystallographic
ositions (2a) Ni (0 0 0) and four Sb atoms the positions (4g)
b (0.219(1), 0.3593(8), 0). Each nickel atom is in 3d6 low-
pin state. This compound has a predominantly covalent type
f bonding. Like the antimonide compounds with the marca-
ite structure (CrSb2, FeSb2, CoSb2), NiSb2 has semiconductor
ig. 1. X-ray diffraction patterns (Cu K�) of the orthorhombic NiSb2 phase
repared by a high temperature ceramic route. Inset shows the SEM image.
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ig. 2. The m-NiSb2 orthorhombic structure (a = 5.180(2) Å, b = 6.312(2) Å,
= 3.837(1) Å, Pnnm space group).

.2. Electrochemical properties

The NiSb2/Li half-cell was assembled and tested using C/n
ates (n = 0.33, 1, 3, 10, 20). Surprisingly the best electrochem-
cal performances (plotted in Fig. 3) were obtained for a C/3
1 Li/3 h) rapid cycling rate. A 15% capacity lost is observed
or 12% if we take into account the irreversible insertion in
black) between the first discharge and the first charge. After

his first cycle, there is no fading observed, which makes it pos-
ible to maintain a 520 mAh g−1 reversible capacity after 15
ycles (Figs. 3 and 4). At a rapid C rate, the reversible capac-
ty obtained after 20 cycles reaches 410 mAh g−1 without any

oss (Fig. 4). For a higher 3C rate, the capacity is drastically
ecreased to 120 mAh g−1, while the cycling retention remains
nmodified (Fig. 4).

ig. 3. The voltage-composition traces for a NiSb2/Li cell between 2 and 0 V
ycled at a C/3 rate and at a C and C/20 rate in right and left insets, respectively.

t
c
s

F
N
c

ig. 4. The capacity retention of a NiSb2/Li cell cycled at a C/n with n = 0.33,
, 3, 10, 20 for the 15 first cycles.

During the first discharge down to 0 V, at C/3 rate, the volt-
ge versus composition curve (Fig. 3) shows a total reaction of
.85 Li+ per NiSb2 formula unit, correlated with a 600 mAh g−1

ravimetric capacity. During the initial 0.5 Li+ uptake, a pro-
ressive decrease in the voltage down to 0.53 V was observed.
his first process is partly associated with the insertion into

he acetylene black. From 0.53 to 0.48 V a second step, char-
cterized by an incremental peak at 0.52 V in the derivative
urve plotted in Fig. 5, occurs. From 0.48 to 0.2 V a well-
ronounced galvanostatic voltage plateau can be observed for
he reaction of 4.0 Li+ (Fig. 3). This process is characterized by
he huge incremental peak centred at 0.43 V (Fig. 5) ascribable

o a biphasic process. At the end of discharge, the galvanostatic
urve shows a rapid potential decrease down to 0 V. Upon the
ucceeding charge, 5.85 Li+ are extracted from the electrode,

ig. 5. The derivatives −dx/dV plots are shown for the three first cycles for
iSb2/Li cell (first cycle in black line, second and third cycle in grey line)

ycled at a C/10 rate between 2 and 0 V.
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Fig. 7. Ex situ X-ray diffraction patterns collected during the charge of a
NiSb2/Li electrochemical cell up to 2 V at a C/3 cycling rate. The Bragg peaks
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orresponding to a reversible specific capacity of 500 mAh g−1

nd a volumetric capacity of 4100 mAh cm−3. A huge asymmet-
ic incremental oxidative peak centred at 0.99 V, with a shoulder
t 1.03 V, appears. Upon the second and further discharges, more
omplex processes occur from 0.94 to 0.4 V, while the charge
rofil appears to be unchanged. The NiSb2/Li cell shows a very
eproducible voltage profile upon subsequent cycles. It is worth
oticing that the polarisation between the oxidation and reduc-
ion curve is reduced when the cycling rate decreases, which
eals to clearly better define incremental peaks. To get deeper
nsights into these processes, both ex situ XRD and Mössbauer
pectroscopy measurements at selected potential points were
erformed.

.3. Ex situ X-ray diffraction

.3.1. The first discharge
In Fig. 6, the X-ray powder pattern collected from the

iSb2/Li cell discharged at 0.47 V (X1, in Figs. 3 and 5, x = 1.3
i) points out that the main Bragg peaks of the pristine NiSb2
tructure slightly shifted down to lower angles (inset, Fig. 6)
nd present a slight increase of the full width at half maxi-
um (FWHM). At this stage of the electrochemical reaction,

he refined parameters of the orthorhombic NiSb2 structure in
he Pnnm space group are: a = 5.1908(4) Å, b = 6.3284(4) Å,
= 3.846(2) Å corresponding to a 126.3 Å3 cell volume. This
rst process should correspond to a lithium insertion correlated
ith a small volume expansion (<1%). The second X-ray pow-
er pattern, recorded at 0.2 V (X2 point) after 5.5 reacted Li
toms, shows mainly a new set of broad diffraction peaks illus-
rated by stars in Fig. 6, centred at 2θ = 23.7◦, 27.3◦, 39.1◦ and
5.9◦. These peaks can be attributed to the main Bragg peaks of
he cubic-Li3Sb polymorph (a = 6.572 Å, Fm3m) indexed with

1 1 1), (2 0 0), (2 2 0) and (3 1 1), respectively [13]. Note that
he fcc Li3Sb phase is designated in the Li/Sb phase diagram as
he high temperature polyform (the ambient temperature �Li3Sb
ransforms to �-Li3Sb at a temperature above 650 ◦C).

ig. 6. Ex situ X-ray diffraction patterns collected during the discharge of a
iSb2/Li electrochemical cell down to 0 V at a C/3 cycling rate. The Bragg
eaks corresponding to m-NiSb2 phase, to the Li3Sb phase and to the X-ray
older are referred by empty cycles, stars and crosses, respectively.
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elated to the Li3Sb phase, to the Sb phase and to the HP-NiSb2 are referred by
tars, Sb and diamonds, respectively.

The main Bragg peaks of the orthorhombic pristine NiSb2
till appear at 2θ = 32.2◦ and 33.2◦. When the NiSb2/Li cell is
ully discharged at 0 V (X3 point, x = 6.8 Li), only the cubic
i3Sb main Bragg peaks remain. On the other hand, we could
ot point out any signs of peaks corresponding to the growth of
etallic Ni, owing to their nanosized dimensions (well below

he limit of detection by XRD).

.3.2. The first charge
The powder patterns of the charged samples are plotted in

ig. 7. Surprisingly the powder collected from the NiSb2/Li
harged cell at 0.99 V (X4 point, x = 4 Li) seems to be better
rystallized than the electrode obtained at the end of discharge.
his powder pattern is characterized by the presence of diffrac-

ion peaks characteristic of the Li3Sb cubic phase and Sb
homboedral phase (a = 4.3 Å, c = 11.26 Å, R-3m). At 1.2 V cor-
esponding to the end of the oxidation process (X5 point, x = 1.3
i), the electrode is drastically modified, since a new set of broad
nd diffuse peaks is collected. These peaks cannot be attributed
o the pristine NiSb2 phase, while they perfectly correspond to
he main Bragg peaks of the high-pressure NiSb2 polymorph
Pbca, a = 6.287(1) Å, b = 6.364(1) Å, c = 12.367(1) Å) recently
escribed in the literature by Takizawa et al. [14]. The authors
btained this phase by high pressure/temperature treatment of
ormal marcasite-type NiSb2 (m-NiSb2 hereafter) at 6 GPa and
00 ◦C. The phase transition from the normal marcasite-type to
he new polymorph is reversible and reproducible, indicating
hat this phase is a high-pressure polymorph of NiSb2 (HP-
iSb2 hereafter) [15]. In this new structure the Ni atom is
ctahedrally coordinated by six Sb atoms at six different bond
istances in the range 2.53–2.6 Å. In the more symmetric m-

iSb2 structure, only two Ni Sb bonds exist (4× 2.438 Å and
× 2.538 Å). The single crystallographic Sb site (8c) in the m-
iSb2 is splitted in Sb1 and Sb2 (8c) sites in the HP-form (Fig. 8).

n the HP-form, the distortion of the NiSb6 octahedron is how-
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ig. 8. Local environments of nickel and antimony atoms in m-NiSb2 (top) and
P-NiSb2 (bottom) phases.

ver somewhat larger involving Ni–Sb–Sb angle modifications.
he main difference between HP- and m-NiSb2 is found in the

inkage of NiSb6 octahedra (Fig. 8), presumably caused by a
hange in the ligand field. In the m-NiSb2, NiSb6 octahedra are
rranged by sharing two edges with adjacent octahedra paral-
el to c-axis (Fig. 2). In contrast NiSb6 octahedra are linked
o adjacent octahedral by sharing one edge and four corners in
P-NiSb2. This leads to effective packing of NiSb6 octahedra

ccompanied with a 2% volume decrease, as compared to the

mbient pressure form. The HP-NiSb2 can be viewed as an inter-
ediate structure between the marcasite-type structure and the
ore packing pyrite structure, in which the NiSb6 octahedra

o

m

able 1
21Sb Mössbauer parameters obtained from spectra recorded for the M0 to M6 comp

ample U (V), x Li δ (mm s−1) eQVzz (mm

0 2.84 V, 0 −1.65 (2) 6.37 (9)
8.89 (0) −3.70 (1)

1 0.47 V, 1.3 −1.54 (2) 6.35 (2)
1.17 (1) –
8.85(0) −3.60 (1)

2 0.35 V, 3.8 −1.53 (3) 6.44 (4)
1.15 (5) –
8.84 (0) −3.60 (1)

3 0.2 V, 5.5 −1.6 (2) 6.46 (2)
1.05 (1) –
8.84 (1) −3.60 (1)

4 0.0 V, 6.8 −1.65 (4) 6.40 (1)
1.02 (4) –
8.89 (3) −3.70 (2)

5 0.99 V, 4 −1.06 (6) 7.22 (1)
−3.25 (2) 3.20 (3)

1.02 (4) –
9.09 (3) −3.70 (0)

6 1.2 V, 1.3 −1.06 (3) 7.59 (3)
−3.29 (2) 3.20 (2)

8.97 (1) −3.72 (0)

: isomer shift relative to InSb (−8.72 mm s−1 relatively to Ba121mSnO3 source), eQV
r Sources 172 (2007) 388–394

re connected with adjacent octahedra by sharing their corners
14].

.4. Mössbauer study

A Mössbauer study was undertaken in order to confirm the
resence of Li3Sb in the discharged electrode and to identify
he antimonide intermediate phases in the charged electrode
Table 1).

Fig. 9, M0 shows the 121Sb Mössbauer spectrum recorded
or the starting electrode. It reveals the presence of two
hases. A singlet (with hyperfine parameters δ = −1.65 mm s−1,
QVzz = 6.37 mm s−1 and 94% relative contribution) is char-
cteristic of the m-NiSb2 phase, in good agreement with the
escription given in the literature [16]. The second singlet
as attributed to the presence of the phase Sb2O5 as impu-

ity not detected by X-ray diffraction (δ = 8.89 mm s−1 and
QVzz = −3.70 mm s−1 and 6% relative contribution) [17]. Note
hat this oxide is systematically detected as a side product in the
ifferent cycled samples. The spectrum obtained at 0.47 V (M1
ample) shows three components: 84% of NiSb2, Sb2O5 and
new small contribution ascribable to Li3Sb (δ = 1.17 mm s−1

nd 4% relative contribution) [18]. In the following discharged
amples (M2 and M3) the Li3Sb relative contribution increases,
hile the NiSb2 pristine material contribution decreases. At the

nd of discharge (M4 point) the relative contribution of Li3Sb is
reater than 82%, and a small contribution of unreacted NiSb2
These results confirm the following reductive reaction based
n the simple equation:

-NiSb2 + 6Li → 2Li3Sb + Ni (2)

ositions (Fig. 9)

s−1) Γ (mm s−1) C (%) Identification

1.79 (6) 94 (3) NiSb2

1.79 (6) 6 (3) Sb2O5

1.60 (5) 84 (2) NiSb2

1.60 (5) 4 (2) Li3Sb
1.60 (5) 12 (2) Sb2O5

1.75 (4) 53 (2) NiSb2

1.75 (4) 36 (3) Li3Sb
1.75 (4) 11 (2) Sb2O5

1.69 (7) 30 (1) NiSb2

1.69 (7) 58 (1) Li3Sb
1.69 (7) 12 (2) Sb2O5

1.79 (4) 6(5) NiSb2

1.79 (4) 82 (5) Li3Sb
1.79 (4) 12 (1) Sb2O5

1.70 (2) 41 (5) NiSb2-HP
1.70 (2) 7 (2) Sb
1.70 (2) 46 (3) Li3Sb
1.70 (2) 6 (3) Sb2O5

1.67 (3) 62 (3) NiSb2-HP
1.67 (3) 32 (3) Sb
1.67 (3) 6 (3) Sb2O5

zz: quadrupole splitting, Γ : linewidth, C: relative contribution.
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ig. 9. 121Sb Mössbauer spectra from NiSb2/Li sample at a C/3 rate for the pri
M2) and at 0.2 V (M3), for the fully discharged electrode at 0 V (M4) and for t

On charge, at 0.99 V (M5 sample), Li3Sb contributes
o 46% of the total spectrum, while two new signals
ppear at δ = −3.25 mm s−1 and eQVzz = 3.20 mm s−1 and at
= −1.06 mm s−1 and eQVzz = 7.22 mm s−1, respectively. The

ormer is clearly assigned to Sb [19], while it is more complex
o identify the latter. It cannot be assigned to m-NiSb2 whose
ignal is expected to appear at δ = −1.65 mm s−1. For the M6
ample, corresponding to the end of charge (1.2 V), the signal
ith the −1.06 mm s−1 isomeric shift (eQVzz = 7.59 mm s−1)
as the majority ratio (62% relative contribution) and the anti-
ony signal a 32% relative contribution.
By combining the ex situ XRD results and the Mössbauer

nalysis a global oxidative reaction based on Eq. (3) can be
roposed:

/3 Li3Sb + 2/3 Ni − 5Li → 2/3 HP-NiSb2 + 1/3 Sb (3)

Note that the Mössbauer signal of the high-pressure NiSb2
orm is unknown in the literature. However the HP-NiSb2 crys-
allographic structure is well depicted as previously mentioned
n this paper [14]. The HP-NiSb2 shows an intermediate structure
etween the marcasite-type and the more packing pyrite struc-
ures. 121Sb Mössbauer studies on compounds with pyrite and
arcasite-type structures was published in the past and showed

hat there is a correlation between the quadrupole splitting and
he average angular distortion from tetrahedral symmetry around
he Sb sites [16]. As shown in the first part, the HP-NiSb2
tructure presents a notable angular distortion from tetrahe-
ral symmetry around the Sb sites. The eQVzz = 7.59 mm s−1

easured upon charge at the M6 point is greater than the
uadrupole splitting at the M0 point (characteristic of the m-

iSb2) eQVzz = 6.37 mm s−1. This trend has to be correlated to

he increase of the average angular distortion from tetrahedral
ymmetry around the Sb sites, from the m-NiSb2 to the more
istorded HP-NiSb2.

N
c
a
h

lectrode (M0), for the partially discharged electrode at 0.47 V (M1), at 0.35 V
rtially charged electrode at 0.99 V (M5) and at 1.2 V (M6).

. Discussion

Firstly, the electrochemical results of the m-NiSb2/Li half-
ell are indicative of a highly reversible conversion reaction. On
ischarge, after a first insertion process of less than 1 Li+ in
-NiSb2, associated with a limited volume expansion (<1%),
biphasic reaction takes place, converting the LixNiSb2 phase

x < 1) to the (fcc-Li3Sb + Ni0) composite electrode. The for-
ation of the high temperature-Li3Sb phase instead of the

exagonal low temperature-Li3Sb phase emphasizes the com-
lexity of the thermodynamical properties in the conversion
rocesses. The further discharge also leads to the Li3Sb matrix
nd the Ni particles.

It is interesting to note that the m-NiSb2 and the NiP2 phases
ehave similarly with a conversion to Li3Pn (Pn = P, Sb) and Ni0

anoparticles during the first discharge. However, upon charge,
he electrochemical mechanism appears to be different for both
nictides. For the di-antimonide, the lithium extraction from
he discharged electrode leads to the formation of high pressure
P-NiSb2 and Sb phases. This process induces that a part of Ni0

articles of the discharged electrode does not react upon charge.
For the phosphide no trace of HP-NiP2 (cubic NiP2 polyform)

as identified upon charge [9]. So far, for the reactions of inter-
etallic phases versus lithium, a reversible process leading to a
ore packing polymorph phase at the end of charge has never

een observed. Chemical bond analysis and Li–Ni–Sb phase
iagram based on first principles DFT computations should be
elpful to understand this transformation.

As for the conversion reactions so far reported with oxides,
ulphides or fluorides (excepted of phosphides), the measured
mount of Li uptake (6.85 Li+) during the first discharge in

iSb2 is greater than the theoretical one (6 Li+). The extra

apacity is usually associated either to a reversible growth of
n electrochemically gel-like polymer layer or to a reversible
eterogeneous interfacial storage mechanism.
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Another universal characteristic of the conversion reactions
s the existence of a large potential difference between the first
nd second discharge, a few hundreds of mV, usually viewed as a
inetic limitation [8,9] corresponding to the necessary potential
o provide the required activation energy to trigger the conver-
ion reaction. Once this formation step achieved, due to the
ano character of the formed composite, the second discharge is
inetically less limited and occurs at higher voltage. For NiSb2,
he potential difference between the first discharge and charge
ncreases from 0.2–0.4 V for the slower rate (C/20) to 0.4–0.8 V
or the more rapid cycling rate (C). However the higher capacity
s well as the best capacity retention were obtained for the rapid
ycling rate. For this compound, the cycling rate does not appear
o be a kinetic limitation since the performances are improved
ith increasing the cycling rate.

. Conclusions

The advantage of NiSb2, compared with other antimonides,
oes not lie on its large reversible capacity but rather on its
bility to sustain (after the first discharge) 100% of its capac-
ty over 15 cycles as well as on its aptitude to deliver its full
apacity at rapid rate. That performance originates in an origi-
al reversible process converting m-NiSb2 to (Li3Sb + Ni0) upon
he first discharge, and transforming this composite electrode
nto the high-pressure NiSb2 form upon charge. The stabi-
ization of this high pressure phase at ambient temperature
nd pressure shows the difficulties to evaluate the thermody-
amical parameters in the battery, especially for conversion
aterials. Different synthetic routes are currently in progress

o synthesize the HP-NiSb2 form. The comparison between the
s-prepared HP-NiSb2/Li cell discharge and the second dis-
harge of the m-NiSb2/Li cell, will definitively confirm the

echanism.
Moreover electronic band calculations will tell us why

he more packing HP-NiSb2 structure is stabilized on charge
ather than the marcasite ambient pressure form. A coupled

[

[
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össbauer/XRD study is also in progress to identify the inter-
ediate phases formed during the second and further discharges.
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