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Abstract

Various compositions of tin-rich, non-stoichiometric, solid solutions of.g® are synthesized by a mechanochemical method. The
materials are tested as anodes for lithium secondary batteries to enhance reversible capacity and cycleability. Investigative analyses show tha
the region for the solid-solution formation of S3P; is 0< § < 1. The reaction mechanism of the tin-rich solid solutions is similar to that of
stoichiometric SgP;, except for the absence of a topotactic lithium insertion reaction during the first cycle. As the tin content is increased, tin-
rich phosphide exhibits better cycleability and retains a higher reversible capacity, namely, about 20% more than that of stoichigPaetric Sn
© 2004 Published by Elsevier B.V.
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1. Introduction 370mAh g up to 50 cycles when cycled within a limited
voltage window where IgP is stable. On the other hand, it
At the present time, carbon—lithium compounds are the suffers from a relatively large irreversible capacity due to
most commonly used anode materials in commercial sec-the formation of LyP during the first cycle and $Rs still
ondary lithium batteries. They offer a good compromise for contains a high phosphorous content. To improve the ini-
different requirements, but their specific capacity is rather tjal cyclic efficiency and to increase the reversible capacity,
low (372 mAh g * for graphite). Recently, higher capacity al- an attempt was made to increase the tin content iP$Sn
ternatives to carbon-based anode materials are being activel\active material by solid-solution formation while sustaining
pursued. Among the candidates, tin-based composites exhibithe reaction mechanism of §. The mechanical alloying
higher capacities than those of carbonaceous materials, butechnique, which is known to be a very effective method for
have poor cycleability due to large volume changes during the extension of the solid solubiliff.1], was employed to
cycling. Nanocrystallization of active materials with an in-  prepare the tin-rich solid solution. In this study, the solid sol-
active matrix such as tin-based composite oxides have beenypility limit of Sn in Sny+5P3 via mechanical alloying has
investigated in attempts to improve poor cycleability6]. been determined and the electrochemical properties of the

Four forms of tin phosphides are availajig8], viz., tin-rich solid solutions have been investigated.
SnR;, SrsP, SnP, and $fPs. In our previous studief®,10],

the reaction mechanism and electrochemical performance
of SyP3 as an anode material have been investigated. This2. Experimental
stoichiometric tin phosphide retains a reversible capacity of
Active materials were prepared by using Sn (>99%,
* Corresponding author. Tel.: +82 2 880 7226; fax: +82 2 885 9671.  Aldrich) and red phosphorous (>99%, Aldrich) powders as
E-mail addresshjsohn@snu.ac.kr (H.-J. Sohn). precursors for mechanochemical synthesis. Various ratios of
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the precursor powders were placed in a hardened steel vial — - - T T 7
with hardened steel balls at a ball-to-powder ratio of 20 to
1. The vial was assembled in an argon-filled glove-box, and
then mounted on a SPEX-8000 vibratory mill. Each sample
was characterized by X-ray diffraction (XRD) analysis using
a MacScience MXP18A-SRA diffractometer.

The test electrodes consisted of the powdered active ma-
terial, denka black as a conducting agent, and polyvinylidene
fluoride (PVdF) dissolved ilN-methyl pyrrolidinon (NMP)
as a binder, with a mass ratio of 8:1:1. Each component was
well mixed to form slurry, which was coated on a copper foil
and then pressed and dried at 220for 4 h under vacuum.

A laboratory-made, coin type, electrochemical cell was used
with lithium foil as a counter electrode and 1 M Lipkh a
mixed solvent of ethylene carbonate and diethylene carbonaterig. 2. Lattice parameters calculated from XRD peak shift as function of
(EC +DEC, 1:1, vlv, Cheil industry) as an electrolyte. Cell excess tin content.

assembly and all electrochemical tests were conducted in an
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argon-filled glove-box. Charge (Li insertion)—discharge (Li
removal) experiments were performed galvanostatically at a
current density of 100 mAT. To confirm the formation of

a tin-rich solid solution, scanning tunnelling electron micro-
scopic (STEM) (JSM-3000F, JEOL) and scanning Auger mi-
croprobe (SAM) (Model 660, Perkin-Elmer) analyses were
performed.

3. Results and discussion

The X-ray diffraction patterns of active materials synthe-
sized by mechanical alloying with various Sn:P ratios are
shown inFig. 1 All the peaks can be completely indexed
as the stoichiometric g3 phase based on the hexagonal
crystal system ofR3m [12]. No other minor and/or impu-
rity phases are observed. Nevertheless, the Bragg peak shift
towards a lower angle on increasing the tin content in the
compound, as shown in the insertkif). 1 Lattice parame-

ters have been calculated from the peak shift as a function of

excesstin contengl using a Si internal standard method, and
are presented ifig. 2 The lattice parameter increases lin-
early up tod =1, and hence satisfies Vegard’s If\@]. This
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Fig. 1. X-ray diffraction patterns of active materials with various Sn:P
ratios.

S

Is a typical feature of a solid solution. The lattice parameter
of SrgP3 is almost the same as that ofsBg, but a metal-

lic tin phase appears in the XRD pattern, as showrign L
Thus, itis concluded that excess tin beydmdl remains as a
metallic phase, and that the limit of solid-solution formation
is approximately SgPs.

The absence of solute peaks in the XRD patterns is usually
taken as a proof of complete dissolution, and this has been
interpreted as evidence for enhanced solid solubility limits.
It has been shown recently that the solid solubility limits can-
not be accurately determined by absence of solute peaks in
the XRD patterns. In the Al-20wt.% Ti system, Kim et al.
[14] observed that the Ti reflections were absent in the XRD
pattern. Nevertheless, tunnelling electron microscope inves-
tigations of the same powder clearly demonstrated the pres-
ence of Ti particles in the aluminum matrix. This suggested
that the absence of XRD peaks from the solute phase might
not be sufficient evidence for complete solid solubility. To
confirm solid solution formation, element mapping using a
scanning tunnelling electron microscope was carried out; the
results are presented kig. 3. Both tin and phosphorous are
found to be homogeneously dispersed, which is the general
feature of solid solution states, and no traces of condensed tin
and/or phosphorous regions are observed. To obtain statisti-
cal data of elemental dispersion, scanning Auger microprobe
analyses were conducted usingBsas a reference material.
Data were collected at three points of each sample and then
averaged. The relative ratios of tin to phosphorous are pre-
sented iffable 1, and the synthesized materials are found to
be chemically homogeneous throughout the sample (within
instrumental error), which is in good agreement with XRD
and STEM results.

Table 1
Elemental analysis by scanning Auger microprobe corrected wigfPsSn
reference

xin SnP3
SmyP3 4 (reference)
Sy 5P3 4.522
SnsPs3 4,998




Y.-U. Kim et al. / Journal of Power Sources 141 (2005) 163—-166

100 nm

Fig. 3. (a) Element mapping of phosphorous using a scanning tunnelling
electron microscope. (b) Element mapping of tin using a scanning tunnelling
electron microscope.

Initial voltage profiles of SiP3;, SmsPs3, and
SnsP3 charged—discharged at a rate of 100 mAgare
demonstrated ifrig. 4. During the first discharge, the capac-
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Fig. 5. Differential capacity plots of Qf3, Sm 5P3, and SgPs.

which is able to uptake more lithium than tin, decreases.
The profiles look smooth over the voltage range, except for
short voltage plateaux at around 0.72 and 0.40V. On the
first charge, the shape is also smooth, which is a typical
feature for active material with a low crystallinity. The first
discharge and charge capacities of these materials are much
larger than those of commercialized carbonaceous materials
and initial cyclic efficiencies are above 90%.

Differential capacity plots of $iP3, SnysP3 and SaP3
are presented iRig. 5. Cells were galvanostatically charged
and discharged at a current density of 100 mA.dn our pre-
vious repor{10], we suggested a three-step reaction mecha-
nism for SnPs, as follows: (i) insertion of Li into the layered
structure of SpPs; (i) formation of various phases of (¥
approximately between 0.8 and 0.6 V; (iii) formation of&n
alloy and LgP below 0.6 V.

Unlike SmP3, the reaction peak at 0.86V, which is as-
signed to the topotactic lithium insertion reaction, is absent
in the differential capacity plots of 28Ps; and SgPs. Thisis

ities slightly decrease as the relative content of phosphorous probably due to fact that the tin atoms, which are inserted ex-
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Fig. 4. Initial voltage profiles of $4iP3, Sy 5P3, and SgPs.

cessively into the stoichiometric hexagonal layer structured
SmP3, hinder the insertion reaction so that lithium cannot
react with the active material until the SR bonds are bro-
ken at 0.72V, and the sequential reaction steps are identical
to those of SgPs, as suggested above. As showrfig. 5,

the reaction peaks that correspond to Sn—Li alloying become
larger as the tin content increases.

The cycle performance of $Bs3, Sny sP3, and SgPs elec-
trodes are compared iRig. 6. Between 0.0 and 1.4V, the
electrodes show a drastic decline in capacity which is due to
the irreversibility of LiP phase that is formed and the agglom-
eration of tin atomg$15,16] If the potential window is lim-
ited between 0.0 and 0.72V, where thgR.imatrix is stable
with no agglomeration of tin atoms, the electrodes display
an enhanced cycle performance. As mentioned previously,
the initial discharge capacity of @R is slightly larger than
that of SP3, while the initial charge capacity of the latter is
larger than that of the former by about 20% throughout the
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1200 | —v—SnP 0072V larger reversible capacity than that of4®g, as well as a rela-
—e—Sn P 0072V tively good perform.an_ce up to 50 cygles with capacity above
__ 1000 | % e SnP 0072V 530mAh g for a limited voltage window. From these re-
2 % el SnP 044V sults, itis concluded that the formation of active material with
800 - 5 3 - . . . . . .
‘é a tin-rich solid solution provides a means to improve the per-
= 600/ ’ formance of anode materials in secondary lithium batteries.
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