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Li-ion batteries better cycle life.

Sn-Mo powder mixtures were prepared by chemical precipitation, followed by annealing at 700°C in
hydrogen atmosphere. The microstructure, morphology, and electrochemical performance of the pow-
ders were investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive
X-ray spectroscopy (EDS), inductively coupled plasma mass spectroscopy (ICP) and electrochemical
methods. The Sn-Mo mixture exhibited an initial discharge capacity 0of491 mAh g-! with a better capacity
retention displaying 277 mAh g1 after 20 cycles. This is due to the smaller particle size and a uniform dis-
tribution of the tin particles in the molybdenum matrix that effectively minimizes the effect of the large
volume changes and also maintains the mechanic stability and structural integrity of the electrodes dur-
ing cycling. Therefore, the electrode of the Sn-Mo mixture prepared by chemical precipitation exhibited

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Tin-based compounds used as anode materials in lithium-ion
batteries have attracted much attention in recent years [1-9]. It
is due to displaying higher reversible specific capacities than car-
bon and the higher safety against the formation of lithium metal
dendrites. Especially, tin-based metal alloys due to their low cost
and high energy densities are the most exploited of alternative
anode materials in lithium-ion batteries [10-19]. While tin met-
als can give high initial lithium insertion capacities, corresponding
to a theoretical capacity of 990 mAh g~1. On the other hand, volume
changes by as much as 259% that occur during these alloying and
dealloying reactions lead to mechanical disintegration of the anode
resulting in cracking or pulverization of the electrodes [20]. In order
to solve these problems, some inactive metals were introduced
to improve the electrochemical properties. The active element is
finely dispersed within an electrochemically inert matrix that acts
as abuffer in order to maintain the mechanic stability and structural
integrity of the electrodes during cycling. Moreover, the inactive
matrix had better assure electronic and ionic conductivity through-
out the electrode.

In order to fulfill these conditions, we have decided to use
molybdenum as the inactive matrix since it is a fair elec-
tronic conductor and can improve the inter-particle connectivity
[21]. However, it is difficult to obtain a highly-dispersed Sn-Mo
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nanocomposite by mechanical milling process which always con-
tains contaminations. The chemical precipitation technique has
proved to be an economical way to produce homogeneous tin
molybdenum nanoparticles, which provides a conventional pro-
cedure with the advantages of mild conditions, low cost, ease
of work-up and promising large-scale production. Hence, in this
paper, we intended to improve the initial coulombic efficiency of
Sn by the addition of Mo, and for this purpose, Sn-Mo mixture was
prepared by chemical precipitation.

2. Experimental

The precursor of Sn-Mo mixtures was prepared by a chemical precipitation
method. Firstly, SnCls-5H,0 (0.02 mol) was dissolved in 200 ml distilled water. Sec-
ondly, ammonia aqueous solution was added drop by drop into the above solution
until a pH value up to 10 under vigorous stirring. The white precipitates were sub-
sequently obtained. Thirdly, (NH4)sMo7024-4H,0 was dissolved in 10 ml distilled
water according to Sn:Mo=1:0.5 (atomic ratio). The solution was added to the
precipitates and magnetically stirred for 4h before it was dried at 120°C in the
oven. Then the dried precursor was mixed uniformly. The Sn-Mo powders are pro-
duced by sintering the mixture at 750°C for 2 h and then 700°C for 6 h in hydrogen
atmosphere. The reactions may be represented as follows (1) and (2):

Sn(OH), + 2H; >-%sn + 4H,0 (1)
(NH4)gM07024 - 4H,0 + NH4Cl + 21H, “S°HCI 4 7NH; + 28H,0 + 7Mo )

The electrochemical performances of the above-mentioned Sn-Mo mixtures
were tested. In a typical process, Sn-Mo powder mixtures were made into slurries
containing 92 wt.% active materials, and 8 wt.% polyvinylidene di-fluoride (PVDF) in
N-methyl pyrolidinone (NMP), and were coated on copper foils. The coated elec-
trodes were dried in a vacuum oven at 120°C for 12 h. The electrodes were then
pressed at the pressure of 2000 kg cm~2. The cells were assembled in an argon filled
glove-box (Mbraun, Unilab, Germany) using lithium metal foil as the counter elec-
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Fig. 1. XRD patterns of Sn—-Mo mixture.

trode. The electrolyte was 1M LiPFg in a mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) (1:1 by volume). The cells were galvanostatically charged
and discharged under a constant current density of 0.15mAcm~2 in the voltage
range of 0.01-1.5V. Charge-discharge tests were performed using a multi-channel
battery cycling unit (Lisun, PCBT138-8D, China). The electrochemical properties
of Sn-Mo as anodes in Li-ion batteries were tested via cyclic voltammetry (CV,
CHI660, China). The CV and cycling testing were performed over the voltage range
of 0.01-1.5V versus a Li/Li* counter electrode.

The microstructure of mixtures was analyzed by X-ray diffraction (XRD, Y-2000)
and scanning electron microscopy (SEM, JEOL 6700F). The chemical composition and
impurities were determined with ICP emission spectroscope (Perkin Elmer, Optima
2000DV) and energy dispersive X-ray spectroscopy (EDS, Oxford Instrument).

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the powder mix-
tures of a nominal composition of SnMogs. All peaks in the scan
range 20-90° are attributed to the Sn and Mo phases. The diffraction
peaks can be indexed to the three major peaks of Sn, namely, the
(200),(101), and (21 1) diffractions were strong and clear, indi-
cating the complete crystallization and corresponding well with
standard ones of the cubic phase of tin. Meanwhile, the XRD peaks
of Mo were weak and broad, displaying small crystallites (mostly
amorphous) of Mo. The XRD patterns of the sample do not show
any evidence for a new intermetallic phase or SnOx, MoO,,.

ICP analysis shows that the exact composition of the sample is
approximate Sng g5-Mog 35.

Fig. 2 presents the SEM image of Sn-Mo powders. The mor-
phology of the microspheres with the particle size of about
0.2-2 pm was produced after the reduction of the Sn(OH),4 precur-
sor. Meanwhile, the EDS analysis shows the spherical particles were
elemental Sn. The fine Mo particles smaller than 100 nm were uni-
formly distributed on the tin surface or the interspaces between Sn
spheres. This phenomenon is suspected to be due to melting Sn and
a recrystallization and growth process associated to a high energy
generated during reduction process. Moreover, the presence of Mo
could separate metallic Sn and strongly decreased the size of Sn
particles to a nano-scale. The free volume between the particles
may accommodate volume changes during cycling.

Fig. 3 shows the variation of voltage versus charge-discharge
(Li insertion) capacity for the Sn—-Mo mixture. The sample exhib-
ited an initial lithium storage capacity of 491 mAhg~! and a stable
reversible specific capacity of about 390 mAh g~!. There is a plateau
in the discharging curves around 0.01-0.4V, which corresponds
well with the formation of LixSn alloy. In the charging curves, there
is a plateau around 0.5-0.85V, which possibly is related to reform
the Sn.

Fig. 2. SEM morphology of Sn—-Mo mixture (the spherical particles were elemental
Sn).

Fig. 3. The first discharge-charge curves of the Sn-Mo powders at a current density
of 0.15mAcm~2,

Fig. 4. The cyclic voltammetry curves of Sn-Mo electrodes.

The CV curves of Sn-Mo electrode (0.1 mV/s) are presented
in Fig. 4. All cycles present the cathodic peak (about 0.4V) and
the anodic peak (about 0.65V and 0.85V), which are caused by
reversible electrochemical oxidation and reduction of Sn with
lithium [6,9,22,23]. The similarity suggests a common mechanism
for the insertion and deinsertion of Li ions in all of these Sn-based
electrodes.
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Fig. 5. Cycle performance of Sn-Mo electrodes.

The cycleability of Sn-Mo mixture is shown in Fig. 5. Thackeray
et al. [22] and Kepler et al. [23] stated that the pure tin elec-
trode provides a significantly higher capacity on the initial charge
(670mAh g-1), but the capacity of the pure tin electrode decreases
rapidly on cycling, dropping to ~100mAhg-! after 20 cycles. By
contrast, the Sn-Mo mixture shows lower capacity (491 mAhg-1),
but improved stability to electrochemical cycling. It is suspected
that addition of the Mo content improves retention capacity at the
expense of reversible capacity because the transition element acts
as an inert component in the electrochemical process.

The Sn—-Mo electrodes have the highest coulomb efficiency (80%)
in the first cycle and show little capacity fading over 20 cycles. The
gravimetric first charge (Li extraction) capacity was 390mAhg-1,
but the volumetric discharge capacity of more than 3100 mAh/cm3,
which was translated using a density of Sn-0.5Mo, 8.14 g/cm?, was
three times larger than that of graphite electrode. Meanwhile, the
reversible capacity and retention rate of the materials synthesized
by chemical precipitation process are superior to that of samples
by mechanical milling method [24]. It may be suspected that the
key to good cycleability is due to better contact between Sn and
Mo particles and maintaining tin in high dispersion throughout
charging and discharging. The homogeneous precursor of tin and
molybednum composites is beneficial to form highly-dispersed
Sn-Mo mixtures and easily obtain the nano-scale particles.

The surface of every spherical tin is rough and the Mo particles
tended to be around the Sn spheres, which facilitate the main-
tenance of the better structural integrity of the Sn—-Mo mixtures
and prevent the tin from particles to larger clusters. Meanwhile,
spherical particles with the smaller specific surface areas and the
larger contact areas between the nano-scale particles, which max-
imizing the rate capability benefits of shorter diffusion pathways
and efficient intergrain electronic contacts, can increase the ini-
tial coulombic efficiency. Furthermore, the replacement of tin with
molybdenum caused the structural disorder, which results par-
tially in a suitable matrix to accommodate the volume change and
dissipate local mechanical stresses. Therefore, based on the above
results, it can be concluded that the Sn—-Mo mixture synthesized by
chemical precipitation followed by solid state reduction is promis-
ing for use as anodes for lithium-ion batteries.

4. Conclusion

Sn-Mo synthesized by chemical precipitation followed by solid
state reduction was found to electrochemically insert and extract
lithium without any conductive materials. The discharge capac-
ity of the Sn-Mo mixture was estimated up to 491 mAhg~!, and
a reversible volumetric capacity of 3100 mAh/cm3, which is three
times larger than that of graphite electrode. Furthermore, the
cycling stability of Sn-Mo electrode was obviously improved for
Sn-Mo mixture prepared by chemical precipitation followed by
solid state reduction. Meanwhile, Sn—Mo electrode exhibited the
highest coulomb efficiency (80%) in the first cycle and little capac-
ity fading over 20 cycles. It was considered that the fine Mo particles
were uniformly distributed on the spherical tin surface provided a
better contact area and enhanced the interface strength between
the active materials, and thus, the cycle performance was improved.
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