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We report the electrochemical study of TiSnSb towards Li, as a negative electrode for Li-ion batteries.
TiSnSb can reversibly take up more than 5 lithiums per formula unit leading to reversible capacities of
540 mA h g~! and 4070 mA h cm~3 at 2 C rate. From complementary operando XRD and Mossbauer
spectroscopy measurements, it was shown that during the first discharge the TiSnSb undergoes

a conversion process leading simultaneously to the formation of Li—Sb and Li—Sn alloys. At the end of
the discharge, Li3Sb and Li;Sn, were identified. Once the first discharge is achieved, both phases were
shown to form Ti—Sn or Ti-Sb or Ti-Sn—Sb nanocomposites. The cycling performance of TiSnSb was
shown to be excellent with maintaining 90% of the specific capacity during 60 cycles at 2 C rate. The
good electrochemical performance of TiSnSb (compared to Sn and Sb) seems to be a consequence of
the presence of the non-active metal. The comparative study of Ti/Sn/Sb composite demonstrated that
the structural feature of the pristine material clearly impacts both the mechanism involved during the

cycling and the corresponding performance.

1. Introduction

Lithium rechargeable batteries present a high energy density and
give various applications ranging in size from portable electronic
devices to zero emission vehicles."> However, and fortunately,
the performances of this kind of batteries are still improvable in
order to meet the growing storage demand. One of the possible
ways to reach higher performance consists in finding new elec-
trode materials. Intensive worldwide attempts have been focused
on Sb*7 and Sn-based®'® anode materials due to their high
storage capacity. Sb and Sn-based materials can react with Li to
form LisSb and Liy,Sns intermetallics with theoretical capacities
of 660 mA h g~! and 994 mA h g! respectively.!* However, the
large volume expansion upon lithiation is a real limit to the
commercialization of batteries containing Sb-, and Sn-based
materials. Many efforts, therefore, have been devoted to over-
come this obstacle. Related reports have revealed that reducing
the size of active particles did not effectively improve the cycla-
bility of the alloy materials in the case of Sn, because the nano-
particles are apt to aggregate, forming inactive dense blocks after
some cycles.”> The use of intermetallics or composite active/
inactive materials instead of a pure metal seems to be an effective
way to control the volume changes of the alloy based elec-
trodes.” This is due to the so-called buffering effect of the
inactive component. In the alloys where all the active
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components can react with Li at different potentials in the
charging/discharging process, such as SnSb, the volume change
occurs in a stepwise manner rather than at a certain fixed
potential, thus the unreacted component can accommodate the
strain yielded by the reacted phase. Although the cycling stability
of the electrode is improved, it is still limited. Recently, the
demand for stable cyclic performance of nanosized SnSb alloys
has highly stimulated the research for nanocomposites with
carbonaceous materials such as graphite,’”* MCMB! and
amorphous carbon.’® However, again the agglomeration of
nanosized alloys is still considered as the predominant barrier to
the practical application of these kinds of alloys. There has been
also substantial interest in ternary composite alloys like Cu—Sn—
Zn,'” Co-Sn-Sb,'® Sn—Sb—Cu'® and Sn,—Sb-Ni with x = 1 to 3.2°
A micro-sized polyphasic Sn,—Sb-Ni composite anode could
retain 350 mA h g after 20 cycles with limited capacity fading.
The ductile component Ni could act as a buffer to relieve the
volume change stress of the electrode.

In present work, TiSnSb (the only known ternary alloy in the
system Ti-Sn—Sb?!) is prepared and investigated by various
techniques. Titanium—which is electrochemically inactive, light,
nontoxic and inexpensive—can increase the mechanical resis-
tance of the electrode to the volume change and contribute to its
cycling stability. The paper is organized as follows. The Experi-
mental section describes the synthesis and chemical/physical
characterizations of TiSnSb. The second part describes its elec-
trochemical performance together with attempts to determine the
reactivity mechanism as deduced by in sifu X-ray and in situ "'°Sn
Mossbauer spectral study. Finally, a composite electrode design
of TiSnSb is reported as an improvement for long cyclability.
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2. Experimental details

TiSnSb has been synthesized by ball milling of Ti, Sn and Sb
powders from commercial sources (>99.9%) under Ar atmo-
sphere using the planetary Ball Mill PM 100. For all our prep-
arations, 1 g of metallic powder was used in a 50 ml grinding jar
with 6 balls (5 g each). Both the jars and the balls are made of
hardened stainless steel. The active-milling time has been ranged
from 10 to 30 hours.

The ball milling prepared TiSnSb (referenced as BM below)
can contain some SnSb and/or Sn as impurities depending on the
milling time and initial stoichiometry. The lowest impurities
amount is obtained after a 24 hours milling of the three metals
with a slight excess of Ti (exactly in the 1.1:1:1 Ti/Sn/Sb
stoichiometry). The BM-TiSnSb powder was annealed in sealed
silica tubes at 450 °C (temperature ramp at 1 °C min~!) under
static vacuum for one week before being cooled in air. Annealed
powder is referenced below as BMA. We also prepared an inti-
mate mixture Ti/Sn/Sb in 1/1/1 composition by a short grinding
(15 min) for further electrochemical comparison.

The powdered sample was observed by scanning electron
microscopy (SEM) in order to characterize both the sample
morphology and the particle size (Fig. 1).

X-Ray diffractograms were recorded using an X'pert diffrac-
tometer equipped with (Cu Ka) radiation in the range 10 < 26 <
90° (Fig. 2). The FULLPROF software?* has been used for the
profile matching of the TiSnSb diffractograms and for the
calculation of its unit cell parameters.

"“Sn Mossbauer spectra were collected with a constant
acceleration spectrometer using a Ca''”™SnO; source in the
transmission geometry. They were fit to combinations of Lor-
entzian lines. The absorber used for the determination of the
hyperfine parameters contained 10 mg cm > of the TiSnSb
powder. In order to optimize the counting time for the operando
Maossbauer measurements, the TiSnSb quantity was doubled and
hence it was possible to record good quality spectra within 85
min each.

Electrochemical lithium insertion/extraction tests were carried
out with (LV/LiPFg¢ 1 M (EC:PC:3DMC-VC)/TiSnSb) two-

Fig. 1 SEM micrographs for TiSnSb powders prepared by BM after 10
h (a), 20 h (b), 24 h (c), 30 h (d), after 24 h of BM and annealing at 450 °C
(left inset in (c)). Insets show the corresponding powder grain at lower
magnification.

(e) BMA (= BM 24 annealed at 450°C)

Intensity (a.u)

. L | |
30 40 50 60 70
2007

Fig. 2 XRD patterns of the as prepared powder after 25, 50, 60 and 75
hours of ball milling respectively (a) to (d). The pattern (e) is obtained
after annealing powder (c) at 450 °C.

electrode Swagelok™-type cells assembled inside an argon-filled
glove box. Powdered electrodes were prepared by mixing 85 wt%
of pristine materials with 15 wt% carbon black (CB). Electro-
chemical discharge/charge curves were recorded on a multi-
channel VMP system under galvanostatic conditions at various
rates. For in situ Mossbauer and XRD measurements, a specific
cell?® has been used and the electrochemical tests have been
recorded in a C/5 rate (1 Li in 5 h).

For the electrode formulation, carbon black was used as
conductive additive and carboxymethyl cellulose (CMC) (DS =
0.7, M, = 250 000 Aldrich) was used as binder. 304 mg of
TiSnSb, 77 mg of conductive additive and 52 mg of CMC was
introduced into a vial and grinded for 1.5 h. Deionized water (0.8
ml) was added to the composite electrode material. The slurry
was tape cast onto 200 um thick copper foil and dried for 12 h at
room temperature and then for another 2 h at 100 °C under
vacuum.

3. Results and discussion

SEM study shows that BM-TiSnSb material is made of a distri-
bution of shapeless grains (Fig. 1). The decrease of the particle
size is clearly shown between the 10 h milled sample and the 20
and 24 h milled samples. The former sample is made of 10 to 50
micrometric sized aggregates, when for the latter the aggregates
are totally separated into small 0.5-1 micrometric particles.
Interestingly, when the milling time is increased to 30 hours,
a reaggregation of small particles into clusters is observed. The
XRD data of the BMA powder (Fig. 2) show that TiSnSb adopts
the Mg,Cu type structure. The Sn atoms occupy the 16f sites
while Tiand Sb atoms are located in the 16g sites. The refined cell
parameters are in agreement with those reported for TiSnSb in
the Fddd orthorhombic space group (a= 5.5121 (1), b=9.8196 (1)
and ¢ = 19.2001 (2) A).2* The Mdssbauer spectra of BM- and
MBA-TiSnSb consist of split doublets with isomer shifts of 2.374
(5) and 2.366 (5) mm s~ and quadrupole splittings of 1.98 (1) and
2.12 (1) mm s™' respectively. The thermal evolution of these
parameters, as well as the Lamb-Mossbauer factor, have been
discussed in detail in ref. 25.

BM-TiSnSb/Li and BMA-TiSnSb/Li half-cells were assembled
to study their electrochemical behavior. Their discharge/charge
curves together with the corresponding derivatives (left column)
are given in Fig. 3a and b respectively. In addition, the

10070 | J. Mater. Chem., 2011, 21, 10069-10076

This journal is © The Royal Society of Chemistry 2011



Capacity (mAhg™)

3 200 400 600 20
1.5 %
1 £ TisSnSb BM
0.5
-40
2.5 b)
2 Tisnsb BMA 0

AN
A

1.5

: :
% -20

0.5

3.0 o -40

TisnSh BMA

20
S 25 Ti/sn/Sh c) nc,TJ“/\-/\’;/J—L
= 20 S AARAY
515 g ‘
% % gy — 1" Discharge
o 1.0 60 —— 1" Charge
05 P 2™ Discharge
00— e :
0.0 0.5 1.0
012 5 7 8 Potential (V)

34586
x Li7 (TVSn/Sb)
Fig. 3 Composition—voltage profile and the corresponding derivative

for (a) BM-TiSnSb/Li, (b) BMA-TiSnSb/Li and (c) (Ti/Sn/Sb)/Li cells
cycled at C/10 rate between 1.5 and 0 V.

galvanostatic curve of the composite (Ti/Sn/Sb)/Li is presented
for comparison (Fig. 3c).

The first discharge profile

The discharge profiles for the three materials start with the same
shape; a rapid decrease of the potential down to 0.8 V, where
appears a more or less defined plateau. At this potential range, Li
reacts with carbon black for all the materials and with the anti-
mony for the composite (Ti/Sn/Sb). For the latter, the length of
the plateau corresponds to the lithiation of Sb into LizSb. This
reaction is also evidenced by the galvanostatic derivative curves
(Fig. 3, right column) that show peaks of high intensity for the
composite at 0.8 V compared to the curves of the BM- and MBA-
TiSnSb samples which have lower intensities. The Ti/Sn/Sb
composite profile differs also by the occurrence of well-defined
voltage steps (0.7, 0.55 and 0.4 V) which are characteristic of the
Li/Sn alloying processes in metallic tin. The composite profile can
then be seen as a combination of the Sb and Sn profiles. The
discharge profile of BM powder exhibits another reaction at
about 0.45 V that is not observed for BMA powder. Moreover, at
about 0.25 V, the BMA profile shows a better-defined plateau
than the BM profile.

During the first discharge down to 0 V, the voltage curves of
the three materials (BM, BMA and composite) show the inser-
tion of about 6.7 and 6.9 Li per formula (theoretically 6.5 Li
according to the LizSb and Li;Sn, phases formation) at a C/10
cycling rate. If antimony is assumed to react with 3 Li, this is
a first indication on the amount of lithium reacting with tin (~3.5
Li) suggesting the formation of Li;Sn, rather than Liy»Sny. The
observed extra capacity of 0.2 to 0.4 Li can be attributed to the
SEI layer formation.

The first charge profile

As for the discharge, the Ti/Sn/Sb composite charge profile is
again a combination of Sb and Sn profiles and looks completely

different from the BM and BMA profiles. Except for a larger
polarization in the BMA curve, BMA profile is quite similar to
that of BM. Upon recharge to 1.5V, 5.5 Li per formula unit can
be removed from both BM and BMA cells leading to reversible
specific capacities of 510 and 520 mA h g~' (3775 and 3850 mA h
cm ) respectively and, the corresponding irreversible capacities
being of 18% for both.

The cycling profile

For the second discharge (and subsequent cycles), the potential
curves are identical for both BM and BMA and are characteristic
of a conversion material with a higher discharge potential than
for the first discharge curve. The derivative peaks of subsequent
cycles become very broad and badly defined as usually observed
for many conversion materials.?2°

Cycling performances

The cells made of BM and BMA powder show poor capacity
retention since the capacity drops down to 200 mA h g' after
only 20 cycles. Today, the huge influence of the architecture of
the composite electrode on electrochemical behaviour has begun
to be well established, then to enhance the cycling performances
as well as the rate capability; polymeric electrodes were made
using CMC/CB as binder/conductive additive.** The obtained
results are summarized in Fig. 4b. A 500 mA h g! specific

a) 2.5—_

1 2 3 4 5 6 7
Nb of Li/ TiSnSb-film

b m/ O C5

) 800 , oy ol
R | = * | % 2C
e 4 /| ¢ Composite/C
2600' M.‘;\
£ TiSnSb
>
£ 400- 2
3
L]
O 200. T,

TifSn/Sb
ol

Cy(l:le number

Fig. 4 a) Galvanostatic curve for [(BMA-TiSnSb)/CB/CMC (70/12/18)
films/Li] cells cycled at C/5 rate between 1.5 and OV and (b) corre-
sponding capacity retention at various cycling rates. Curves (in gray line)
obtained for the Ti/Sn/Sb composite cell are shown for comparison.
Filled and opened symbols are the capacities on discharge and on charge
respectively.
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capacity is maintained during 60 cycles at 2 C rate (2 Li h™').
Note that the polarization (defined as half the potential differ-
ence between 1% charge and 2™ discharge at half capacity) is
slightly decreased when the CM C-polymeric film is used (Fig. 4a)
compared to powdered electrodes (Fig. 3a and b). Moreover, the
TiSnSb/CMC/CB shows an excellent Coulombic efficiency
demonstrating that a small amount of electrons/lithium ions is
trapped in secondary parasitic reactions that can be caused by
electrolyte degradation. It is noteworthy that the capacity
retention is not much affected by the cycling-rate since 90%, 88%
and 86% of the specific capacity is retained for the TiSnSb films
during 60 cycles at 2 C, C, C/5 respectively (Fig. 4b), while the
fading is dramatic after 10 cycles at low rate with the Ti/Sn/Sb
electrode. Surprisingly the slower cycling (C/5) of the TiSnSb film
shows a rapid fading after 60 cycles, which can be attributed to
the aging of the cell after 5 months.

XRD in situ operando analysis

To grasp more insight into the electrochemical mechanism,
operando X-ray diffraction studies were undertaken along the
first discharge for BM and BMA-TiSnSb cells, Fig. 5a and
b respectively. Up to the x = 1.2 lithiation, the XRD patterns of
both samples remain unchanged showing that the electro-
chemical activity observed in this range is related to the reaction
of Li with electrolyte with the Solid Electrolyte Interphase (SEI)
formation. Starting from x = 1.4 Li, the change on the patterns
shape is significant since the TiSnSb peaks intensities (indicated
by circles) decrease continuously and disappear completely at the
end of the discharge (Fig. 5a and 5b). Simultaneously to the
disappearance of TiSnSb a continuous shift of these TiSnSb
peaks is observed to higher angles (Fig. 6a and 6b), corre-
sponding to a decrease of the cell volume from 1044 to 1030 A3
for the BMA-TiSnSb. The shift and disappearance of the TiSnSb
peaks is associated to the growth of very “broad peaks” in two 26

67Li. (a) BM-TiSnSb

8.0 Li/\~__/’\
55 Li/r\vﬁ___%
44 LEM
33 LiM
20 Liw
1.1 LiW

0.0 Li [ o ) Py
L 1 ul L 1
) T R U PR A ) TR ST, T, SRR R ST e |
1.7 Li charge _ (b) BMA-TiSnSb
4oLidharggp
6.5 Li x I S

20 25 35 40 45

30
20(°)
Fig. 5 In situ XRD patterns collected at various stages of discharge of
(a) a BM-TiSnSb/Li and (b) BMA-TiSnSb/Li electrochemical cells cycled
between 0 and 1.5 V at a (/5 rate. Asterisks and circles were used to

indicate the Bragg peaks corresponding to the LizSb and TiSnSb
respectively.

Discharge

25 30 35 40

0,5b

Fig. 6 Close-up view of the in situ XRD pattern of the BMA-TiSnSb/Li
cell in the (a) 29-36°, (b) 31.5-32.5° and 33-34.5° angular regions on
discharge and (c) 23-42° angular region on charge.

regions 20-26° and 36-40°. From their central position (23.5°
and 28.8°), those diffusion peaks can be attributed to the cubic
B-LisSb (¢ = 6.572 A, Fm3m).3' Surprisingly, this phase is
reported to be stable above 650 °C. In our working conditions we
would expect the formation of low temperature form o-LizSb
(hexagonal form). This phenomenon has already been observed
in previous works.!"3

It is worth noting that the XRD pattern of Li;Sb formed in the
discharge of the BM electrode is much more diffuse than the one
of the discharged-BMA electrode, showing the impact of the
crystallinity of the starting electrode into the discharged elec-
trode. Finally, XRD analysis does not detect any trace of Li,Sb
which is may be metastable at ambient temperature or kinetically
less favorable than Li;Sb alloy as suggested by Xie ez al.* For the
both BMA and BM samples, we could not spot any sign of Bragg
peaks corresponding to the growth of metallic Ti that likely
forms nanoparticles. Using HRTEM Park and Sohn have
recently evidenced the formation of Ti nanoparticles during the
electrochemical conversion of TiSb,.*

When the BMA cell is charged, the Li;Sb Bragg peaks
progressively decrease down to complete disappearance (Fig. 6¢).
As for the TiSnSb, LizSb Bragg peaks shift up to higher angles
during the charge. The XRD pattern for the fully charged BMA
sample shows broad and diffuse peaks, characteristic of an
amorphous or nano-sized material.

Upon subsequent cycles, in situ X-ray cell shows similar
behaviors with, namely, the growth of Li;Sb during discharge
and its disappearance during charge. At first sight, this is indic-
ative of a conversion reaction process of TiSnSb into LizSb and
Ti nanoparticles not visible by XRD.

1Sn Mossbauer in situ operando analysis

At this point of the study, no information about tin reactivity has
been obtained by XRD analysis since no known Li-Sn inter-
metallic phase has been evidenced from the XRD patterns. ''*Sn
Maossbauer spectroscopy has the advantage of being sensitive
(and selective) to tin compounds. It was then used in the oper-
ando mode to follow the reactivity of tin while cycling the TiSnSb

10072 | J. Mater. Chem., 2011, 21, 10069-10076
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powder. The charge/discharge curves have been carried out in
a rate of C/5 and Mossbauer spectra have been recorded each 85
min corresponding to the reaction of 0.28 Li. The fitted
Mossbauer spectra obtained during the first discharge and
charge of the BM powder are given in Fig. 7a and b. The BMA
powder has also been studied and found to give similar spectra.

The spectra have been fitted using a model that combines the
following components (illustrated in Fig. 7¢ and d):

- A main doublet for TiSnSb with the parameters given above
that has been kept constrained for the fit of the spectra recorded
during the first discharge. During the charge, this component is
replaced by a new one with significantly different parameters (6 =
2.19, A = 1.70 mm s ') indicating the formation a new Sn-based
phase during the charge. This new phase seems to react reversibly
with Li in the subsequent cycles.

- A second doublet corresponding to the impurity SnSb that
has been found to be electrochemically active and to disappear
definitively after the reaction of about 2 Li during the first
discharge.

- A third doublet related to Li-Sn intermetallics formed by the
reaction of Li with TiSnSb. This “phase” (more likely a mixture
of Li-Sn intermetallics) appears in the first discharge just after
the SEI domain and exhibits hyperfine parameters that change as
a function of the amount of the reacted lithium, for this reason it
will be noted as Li,Sn. The Mossbauer parameters of this
“phase” are also found to change in a reversible way during
charges and discharges.

During the first discharge (Fig. 7a), the Mossbauer spectra start
to exhibit significant changes only after the reaction of about 1.1
Li confirming that the observed electrochemical activity in this
range is related to the reaction of Li with electrolyte and/or some
surface phenomena (SEI). The changes consist of the appearance
of a new Mossbauer absorption (doublet) having hyperfine
parameters in the range of Li—Sn intermetallics. Even though this
new doublet cannot be unequivocally attributed to one single Li—
Sn intermetallic, the evolution of the average isomer shift ((5)) is

a good indicator of the Li content in the formed phases. In fact,
Robert et al. have established that (6) decreases linearly as the Li
content increases.**

At the beginning of the discharge, the high (6) (~2.25 mm s™')
indicates the formation of Sn-rich, typically in the range of LiSn
and Li;Sn; intermetallics. Further reaction of lithium induces
a decrease of (4) in accordance with Li-enrichment. At the end of
the discharge, (6) reaches 1.9 mm s™' indicating the formation of
Li;Sn,. At this point, the spectrum of the BM-cell can be
reasonably fitted using the two components of Li;Sn, expected
from the lattice structure (Fig. 8a), the observed misfit can be
explained by the distortion of the tin environment in the formed
phase. Interestingly, the spectrum obtained at the end of
discharge of the BMA-cell (Fig. 8b) does not show any misfit
indicating the formation of a more ordered Li;Sn, lattice. Fig. 9
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Fig. 8 In situ Mossbauer spectra collected at the end of discharge of (a)
BM-TiSnSb/Li and (b) BMA-TiSnSb/Li electrochemical cells cycled
between 0 and 1.5 V.
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shows also the relative amounts of TiSnSb and Li,Sn phases
versus the lithium amount in the TiSnSb/Li cell. The results
clearly demonstrate the formation of Li,Sn, correlated to the
disappearance of TiSnSb, during the first discharge, according to
the following reaction (taking into account Sb reaction, deduced
from XRD data):

TiSnSb + 6.5Li — Ti + Li;Sb + 0.5Li;Sn, (1)

Li,Sn average isomer shift shows a reversible variation during
the charge (Fig. 9a) since it increases linearly with the extraction
of lithium. It does not however reach the starting value (2.25 mm
s~1) suggesting an incomplete extraction of lithium in accordance
with the observed irreversible capacity. Note that the incomplete
reconversion is confirmed by the % of Li,Sn at the end of charge
close to 45. When TiSnSb electrodes are charged, we also observe
a gradual conversion of Li,Sn into a new Sn-based phase with an
isomer shift and a quadrupole splitting of respectively 2.19 mm
s7! and 1.70 mm s~'. These parameters, that remain constant
during the subsequent cycles, are clearly not those of metallic tin
(6=2.54mm s 'and A = 0.29 mm s~!) nor those of TiSnSb. The
isomer shift value of this new phase is in the range of Sn(0),
whereas its high quadrupole splitting is indicative of a lattice
structure where tin atoms environment is highly distorted. For
these reasons, we can conclude that the new phase formed in the
charge is a Sn-based intermetallic in a nanometric or amorphous
form.

With regard to the available metals during the charge (Ti, Sb
and Li), tin can form binary alloys as Sn—Sb or Ti-Sn. It can also
contribute to a more complicated ternary or quaternary phases
containing Ti, Sb and Li. To our knowledge, Mossbauer data are
only known for SnSb, and 5 intermetallics in the Ti-Sn
system.*"*¢ Among the intermetallics for which Mdssbauer
parameters are known, Ti,Sn;***¢ seems to have the closest
parameters ((0) =2.196 ms™', (A) =2.00 mm s~') to those of the
new phase (6 =2.19, A =1.70 mm s '). Even though the available
Mossbauer data suggest the formation of Ti,Sn; intermetallic,
the presence of other phases cannot be excluded. The identifi-
cation of the formed phases is rendered more complicated by the
fact that compounds formed during the electrochemical extrac-
tion of Li have distorted structures and may enclose other
elements present in the electrode.

Assuming the formation of Ti-Sn during the charge, there
remains a question: what does happen to the Sb released from
Li3Sb? In one hand, the shape of the TiSnSb potential profile can
exclude the formation of Sb since no characteristic plateau is
observed (which is the case for Ti/Sn/Sb composite). In the other
hand, Mossbauer spectra indicate that SnSb is not formed during
the charge. Sb is then likely alloyed with Ti to form one of the Ti—
Sb system intermetallics. Many Ti-Sb compounds such as TiSb,
TiSb, have been reported.*”*® The charge of the TiSnSb cell can
then be summarized in two reactions:

aTi + Li,Sn — Ti,Sn + xLi Q)
bTi + LizSb — Ti,Sb + 3Liwitha + b = 1 3)

It is also possible that the charge process produces a ternary
phase as follows

Ti + Li,Sn + Li;Sb — “Ti-Sb-Sn” + (3 + x)Li @)

To figure out which equation [(eqn (2) and (3)) or (4)] occurs in
reality, further investigations are required, especially '*'Sb
Maossbauer spectroscopy and HRTEM analyses. Another aspect
can be underlined, despite the Ti/Sn/Sb composite (as well as Sn/
SnSb composite) has been found to form the same phases as
TiSnSb (Li3Sb and Li;Sn,) at the end of discharge, their charge
processes are completely different. Contrary to the Ti/Sn/Sb
composite, the charge of TiSnSb alloy does not produce any
metallic Sn and Sb particles.

4. Concluding remarks

Contrary to what has been reported for binary or ternary —Sn,
—Sb composites***' and according to the in situ X-ray and
Mossbauer data, Sn and Sb react with Li simultaneously upon
first discharge of TiSnSb and no preferential reaction can be
evidenced. Concerning titanium, although none of the analytical
techniques employed provide unequivocal evidence as to its
nature in the discharged electrode, we expect it to behave as all
the inactive metals reported in the literature for conversion
materials, i.e. to form nano- and/or amorphous metallic particles
(Co,* Ti,*® Fe,* etc.).

The Ti/Sn/Sb composite discharge mechanism has been found
to be similar to that reported for Sn/SnSb or Cu/Sn/Sb
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composites showing potential steps corresponding to the
successive lithiations of Sb and Sn into LizSb and Li,;Sn,
respectively. Through a very different electrochemical process,
the 1* discharge of TiSnSb produces the same Sb- and Sn-based
alloys as the composites discussed. The charge profiles as well as
the species identified in the charged electrode of TiSnSb appear
to be completely different with no evidence of metallic Sb or Sn.
It was previously suggested for the binary and ternary compos-
ites that the reaction of all active components (Sn, Sb) with Li at
different potentials in the charging/discharging process leads to
both gradual volume change and accommodation of the strain
yielded by the reacted phase by the unreacted component.'®*
However all the composites and also Ti/Sn/Sb fade rapidly and
much faster than the TiSnSb/Li (Fig. 4, inset). These different
electrochemical behaviors of two similar chemical composition
electrodes demonstrate that the structural feature of the pristine
material clearly affects both the mechanism involved during the
cycling and the corresponding performance. At this step, the
question is opened on the role of Ti on the mechanism.

Finally, the capacity retention as well as the rate capability are
highly improved in the TiSnSb regarding the performance of
other ternary Ti/Sn/Sb or Sn/Sb/M composites. The performance
enhancement inheres in the material as well as in the electrode
formulation with suitable carbon additive and binder.
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