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Abstract

Lithium insertion into Sn and SnSh, metallic hosts and the subsequent cycling behavior in polyethylene oxide (PEO)-based polymer
electrolytes are examined. Inserted lithium can hardly be extracted from the electrode constituted by coarse tin powder due to the
electrical isolation after dramatic host volume changes. Decreasing the host particle size and using intermetallic SnSb, aloy powders
greatly enhance the electrode Li extraction capacity and its retention on cycling. The high irreversible capacity in the first cycle linked to
the use of ultrafine host powders is compensated by introducing a certain amount of Li,sCo,,N into the electrode. Some factors

influencing the cell performance are presented and discussed. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Lithium rechargeable batteries based on solid polymer
electrolyte technologies have attracted worldwide atten-
tion. The development of polymer electrolyte systems is
expected to result in an improvement of energy density
and safety, and to enable a plastic configuration for en-
hanced versatility in battery design and reduced manufac-
turing costs. These new types of batteries are now being
proposed for awide variety of extremely demanding appli-
cations, such as electric vehicle, start—light—ignition and
new types of electronic products.

However, some problems related to metallic lithium as
anode have not been resolved. The high reactivity of the
lithium metal to polymer electrolytes can lead to uncon-
trolled passivation phenomena [1,2]. As a result, dendrite
formation and consequent cell short-circuiting are not
eliminated. Generally, the presence of a trace amount of
residual water and solvent can contribute to the observed
instability of the lithium anode/polymer electrolyte inter-
face[3]. A significant improvement in lithium interface has
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been achieved recently by the use of true solid-state com-
posite polymer electrolytes [4,5]. These battery systems
have yet to demonstrate their long-term cycling stability.

No alternative lithium-source anode materials are avail-
able to replace lithium metal without sacrificing anode
capacity and cell voltage. However, Li-alloy materials
such as Li—-Sn, Li—Al and Li—Si have demonstrated high
charge density, decreased reactivity to electrolytes and
rapid Li mobility in the aloys. They offer a promising
aternative to lithium metal in polymer electrolyte-based
systems. Some positive results have been obtained with
Li—Al electrode [6] and interfacial layers of Li—Bi and
Li—Pb aloys between the lithium metal and solid polymer
electrolyte [7]. We focus our attention here on electro-
chemical behavior of lithium insertion into and extraction
from Sn- and SnSh,-based composite electrodes in poly-
ethylene oxide (PEO)-based solid eectrolytes.

2. Experimental

2.1. Electrode preparation

Tin (99.8%, < 45 pm) and nickel powder (99.9%, ca.
0.03 wm) were obtained respectively from Aldrich and
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Nilaco. Sub-micron Sn powders (typical particle size <1
pwm) and Sn—Sb aloy powders (the nomina composition:
SnSh,,, and SnSb, < 0.2 pm; the nominal composition:
SnShy 7, <1 pwm) were prepared by chemical precipita-
tion from agueous solutions containing the reductive agent
NaBH, and respective metallic salts in the presence of
complexants such as citrates [8]. PEO, LiCF;SO, salt and
high-density polyethylene (PE, m.p. 144°C) were from
Aldrich and LiN(CF;SO,),, denoted as LiTFSI, from
Fluka. Composite electrodes were prepared by following
two methods.

(1) A given weight of PEO (MW =9 x 10°%) and
LiCF;SO, were dissolved in acetonitrile under magnetic
stirring. Metallic powders were then put into the viscous
solution to form durry. Ultrasonic generator was used to
enhance the dispersion of the ultrafine metallic powders.
The slurry was painted onto 280-mesh stainless steel grid.
After solvent evaporation at 80°C, the samples were pressed
by a pressure of 5 tons/cm? and finally dried at 115°C
under vacuum for 2 h.

(2) PEO, polyethylene, inert conducting additive and
active host powders were homogeneously mixed in agate
mortar in glove box. The powder mixture was directly
pressed onto the stainless steel grid. The electrodes con-
taining highly active Li, ,Co, ,N powder were prepared by
this method.

All electrode composition was given by weight percent
and the capacity was calculated according to the weight of
active materials. The area of the composite electrodes was
0.65 cm? and the typical thickness was 45-55 pm.

2.2. Polymer electrolytes

A given weight of LiCF,SO, (or LiTFS) and PEO
(MW =9 x 10°) (O/Li =18) were dissolved in anhy-
drous acetonitrile. After complete dissolution, the viscous
solution was cast onto a Teflon dish under Ar atmosphere.
Acetonitrile solvent was slowly evaporated in a glass
desiccator under controlled N, gas flow. After complete
evaporation, the film obtained was further dried at 90°C
under vacuum. The film thickness was 90—100 pm.

2.3. Céll assembling

Cells consist of three parts: aloy composite electrode,
two layers of the solid polymer electrolyte, which also acts
as a separator, and 120 p.m thick lithium counter electrode.
The three different layers were stacked in stainless steel
cell with rubber ring and metallic spring. A pressure was
kept in the cells by means of the spring. The cells were
assembled in glove box.

2.4. Electrochemical measurements

Before electrochemica measurements, the cells were
preheated for 1 h at a temperature of 10°C higher than the

operating temperature. For LiCF;SO,-containing elec-
trolyte, the cell operation was at 80°C, for LiTFSI-contain-
ing electrolyte, at 75°C. Current density for cycling tests
was 0.1 mA /cm?. The rest time between charging and
discharging was 1 min. Charging and discharging refer,
respectively, to lithium extraction from, and insertion into
metallic hosts. The impedance response was measured by
Solartron SI 1260 (impedance/gain-phase analyzer) in a
frequency range over 0.1 Hz and 10° Hz under an open-
circuit condition.

3. Results and discussion

3.1. Granular and compositional structures of metallic
host powders

Electrochemical lithium insertion into metallic hosts to
form Li-alloys produces a drastic volume expansion. For
example, the increase in volume from Sn to Li,,Sng is
358%. During Li extraction, electrodes undergo a certain
volume contraction. Such a strong volume effect could, on
one hand, cause subdivision of host particles, poor inter-
particle contacts and even disintegration of the Li-alloy-
based electrode. On the other hand, when a composite
electrode structure contains high-polymer electrolyte con-
tent, individual active particles are encapsulated by the
polymer electrolyte and the composite structure can pro-
vide channels for ionic movement within the electrode. In
this case, a direct interparticle contact is not absolutely
necessary. However, the morphological changes can also
cause poor contacts between active particle/polymer elec-
trolyte interface and between the composite anode/the
polymer electrolyte interface. As a result, rapid capacity
fading and cycling instability take place during cell opera-
tion. This holds especiadly true for coarse metal host
powder. Fig. 1 shows the first two discharge—charge pro-
files for a composite electrode based on coarse tin powder
(particle size < 45 wm). The first lithium insertion pro-
duces three voltage plateaus, corresponding to different
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Fig. 1. The first two discharge—charge profile for the electrode based on
coarse tin host powder in PEO-LiCF;SO4 electrolyte at 80°C. Electrode
composition: 10% Ni, 10% PEO, 2% Li triflate and 78% Sn ( < 45 um).
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Fig. 2. Effect of the host structure and particle size on the initia cycles.
Electrode composition: 15% Ni, 12% PEO, 3% LiCF;SO; and 70%
metallic host.

phase compositions. After lithium insertion, accommo-
dated lithium can hardly be extracted from tin host and a
further cycling is infeasible. The rapid electrode deactiva-
tion is attributed to electrical isolation of the active parti-
cles after the drastic volume changes.

To improve the electrode performance, it is necessary to
aleviate the volume effect of the alloy system. This can be
achieved by decreasing the host particle size and using
multiphase aloy structure [9,10]. Several fine and ultrafine
Sn and SnSh, powders were prepared for this purpose.
Fig. 2 shows the influence of the granular and composi-
tional structures on the electrode behavior. A little more
lithium can be extracted from Sn host in the first cycle,
when tin particle size is decreased from <45t0 <1 pum.
The capacity retention, however, remains poor. An im-
provement in the capacity retention can be achieved by the
use of SnSh,,; (<1 pm) aloy powder. As has been
reveaed [11], electrochemica Li insertion into SnSh, is
performed in a stepwise mode, i.e., lithium is first inserted
into SnSb phase at ca. 0.82 V vs. Li around still-ductile Sn
phase. Such a Li insertion mode can buffer the electrode
volume expansion effect and, therefore, improve the me-
chanical stability. With a further decrease in the host
particle size (< 0.2 wm), Li extraction capacity can rise to
400 mA h/g for SnSh,,,-based electrode. Finer host
particles correspond to a smaller absolute volume expan-
sion and have a weaker tendency to subdivision during
cycling. Moreover, because the ultrafine powder possesses
arelatively low packing density, its use can also reduce the
relative volume change of the whole electrode. For these
reasons, the mechanical stability and cycling capacity can
be enhanced.

3.2. Polymer binder in composite electrodes

Drastic volume effect of metallic hosts during initia
cycling requires choosing a suitable polymer binder. PEO
polymer in the electrode functions as a binder. In addition,
its combination with lithium salt can aso provide channels
for ionic movement within the electrolyte. As lithium is
inserted into the host particles, the associated expansion
stretches the polymer electrolyte, which undergoes a com-
bination of elastic and viscous deformation. During the
charging process, the alloy material will shrink in volume.
Part of this will be accompanied by an elastic contraction
of the polymer but the morphological changes induced by
viscous flow may not be recovered. Continuous cycling of
the insertion electrode may thus place considerable strain
on the various interfaces that will influence the cell cycling
stability. As shown in Fig. 3, the capacity is relatively low
for the electrodes only using PEO polymer. Thisis, at least
in part, attributed to not enough strong binding capability
of the PEO. Asthe cell is operated at a temperature above
the PEO melting point, the polymer is soft and viscous. A
viscous flow of the PEO binder in the process of the
volume changes of the alloy particles may be unfavorable
for maintaining stable interface property and electrode
morphology. A combination of two binders, soft PEO and
rigid polyethylene (m.p. 144°C) together, gives higher
cycling capacities. It is believed that the high-density
polyethylene can improve the electrode morphology stabil-
ity. However, when only polyethylene is used as binder,
apparent voltage fluctuation takes place in the initia dis-
charge process, implying an unstable interface contact.
This seems to be linked to a lack of a cohesive interface
connection due to high rigidity of the electrode at 80°C.
Incomplete interfacial contact causes not only voltage in-
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Fig. 3. Effect of polymer binder in the electrode on the cycle behavior.
Electrode composition: (a) 15% Ni, 12% PEO, 3% LiCF;SO; and 70%
SnShy14; (b) 15% Ni, 7% PEO, 5% PE, 2% LiCF,SO, and 71%
SnShy 14; (€) 10% Ni, 10% PE and 80% SnShy ;4.
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Fig. 4. A compensation for the SnSh, ,, irreversible capacity in the first
cycle by Li, ;Coy4N. Electrode composition: (&) 12% Ni, 5% PEO, 7%

PE and 76% SnSh ,4; (b) 12% Ni, 5% PEO, 7% PE, 26.6% Li, ;C0 4N
and 49.4% SnSby 4.

stability, but also a degradation of the electrode perfor-
mance. From this point of view, PEO as an electrode
component is necessary.

3.3. Mixed hosts for composite electrodes

A disadvantage of the use of ultrafine host powders is
the low coulombic efficiency in the first cycle (Fig. 3).
The high irreversible capacity is mainly related to the
formation of the surface film on the active particles, which
arises from electrolyte decomposition reactions. Surface
filming not only consumes charge for the irreversible
reaction, but also increases the interfacia resistance and
polarization. An effective approach to compensate the first
irreversible capacity is adding a certain amount of

400 T T T T T T T
—— After 1 hour LiCF;S0;-PEO
300 ------ After 5 days .
---------- After 10 days
S 200+ R
N
100 .
00100 200 300 400 300 600 700 800
YA (9)]
100 T T T
—— After 1 hour LiTFSI-PEO
------ After 5 days
a oo After 10 days
= S0 E
0 4 L L
0 50 100 150 200
7 (Q)

Fig. 5. Impedance changes during cell storage at 80°C. Electrode compo-
sition: 12% Ni, 8% PEO, 8% PE, 25.2% Li, sCo, 4N and 46.8% SnSby 14.
Before storage, lithium was inserted into the mixed-host electrode until
0.1V vs. Li.
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Fig. 6. The first discharge—charge profiles for the mixed-host electrodes
with different alloy compositions in PEO-LIiTFS| electrolyte at 75°C.
Electrode composition: 12% Ni, 12% PEO, 8% PE, 20% Li, sCoy 4N and
48% Snsh, .

Li,¢Coy,N powder into the SnSb,-based electrode.
Li,¢Co, 4N isknown as a high capacity anode material for
lithium ion cells[12]. Taking into account the high reactiv-
ity of Li, sCo,,N compound to solvents, such a mixed-host
composite electrode is prepared by direct powder-mixing
and pressing method. Moreover, since lithium mobility in
Li,—SnSh,,, and Li, sCo, 4N israpid at the cell operation
temperature and, on the other hand, the solvent-free elec-
trode preparation cannot ensure a homogenous salt disper-
sion in the electrode, the lithium salt will not be added into
the dense composite electrodes to provide additional chan-
nels for ionic movement within the electrode.

Due to its low initial Li insertion capacity (< 100 mA
h/g) but high Li extraction capacity (>800 mA h/g),
Li,¢Coy 4N can play arole of an additional lithium source
in this new type of electrode and, thereby, ensures a high
efficiency in the first cycle as shown in Fig. 4. It is found,
however, that this cell system has a poor capacity retention
and cycling stability. Fig. 5 shows a comparison of the
impedance changes in different polymer electrolytes dur-
ing cell storage. The big and abnormal impedance change
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Fig. 7. Discharge capacity vs. cycle number for the mixed-host electrodes
with different alloy compositions. The electrode compositions are the
same as in Fig. 6.
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Fig. 8. Voltage instability in the charging process for a cell constituted by
mixed-host electrode and lithium counter electrode at 75°C.

of the electrode in the LiCF;SO,-containing electrolyte
indicates that the mixed-host composite electrode is not
well compatible with the electrolyte. This may be a reason
why the electrode performance decays quickly in this
electrolyte. On the other hand, the LiTFSI-containing poly-
mer electrolyte ensures a high ionic conductivity and a
more stable interfacial property. In fact, the electrolyte
films based on PEO and LiTFS| are soft and stick even at
room temperature. This may be favorable for a cohesive
and stable interfacial contact. Moreover, the small
impedance change also indicates a good chemical stability
between two different phases. For these reasons, the poly-
mer electrolyte with LiTFSI, instead of with LiCF;SO,
salt, will be adopted for further study.

As mentioned above, SnSh, ,, aloy as insertion mate-
rial is superior over metallic tin. Figs. 6 and 7 show that
this superiority is more apparent with increased Sb content
in the Sn—Sb aloys. Li insertion into single SnSb phase
can obtain a higher initial capacity and efficiency than into
SnSbh,,, two phase aloy (Sn+ SnSb) under cut-off of
0.2/1.4 V. Moreover, its capacity retention is obviously
improved. A long voltage plateau near 0.8 V for the
electrode with SnSb powder in Fig. 6 represents Li inser-
tion into SnSb phase to form Li,Sb phase and highly
around-dispersed Sn phase. After complete separation of
SnSb phase, lithium is inserted into Sn phase, producing
another two short voltage plateaus near 0.62 and 0.4 V. A
further investigation on intermetallic SnSb phase recovery
after Li extraction and its stability during cycling will be
discussed somewhere else.

It is often observed that the voltage trend becomes
unstable at the latter stage of the charging process after
some cycles. Fig. 8 shows such a voltage instability after
10 cycles. This apparent voltage fluctuation is a typical
sign of growing electrode disuniformities, such as lithium
microdendrites [13]. The high cycling capacity easily pro-
motes the formation and growth of the microdendrites on
the lithium electrode. The dendrites could cause a shunt of
a fraction of charging current, resulting in an excessively

high charge capacity as observed. The problem concerning
lithium counter electrode interface greatly limits the feasi-
bility for examining long-term cycling behavior of Li-al-
loy-based composite electrode. It is expected that a good
cycling life performance could be achieved by the use of a
suitable insertion cathode, in place of metallic lithium as
counter electrode.

4, Conclusions

Lithium can be inserted into tin-based metallic hosts to
form lithium alloys in PEO-based solid polymer elec-
trolytes. The cyclability of the Li-alloy composite elec-
trodes is strongly dependent on the host particle size and
phase structure. The use of submicro SnSh, host powders
greatly enhances the Li extraction capacity and its reten-
tion upon cycling. Adding Li,¢Co,,N into the SnSb,-
based composite electrodes can compensate the high irre-
versible capacity in the first cycle, which is related to the
film formation on a large surface area of the ultrafine alloy
powders. On the other hand, LiTFSI-containing polymer
electrolyte is more matchable for the mixed-host compos-
ite electrodes than LiCF;SO,-containing polymer elec-
trolyte. The cell cyclability is limited by the instability of
lithium electrode interface. The high cycle capacity pro-
motes the formation and growth of lithium dendrites on the
lithium electrode. An excellent cycling stability requires
choosing suitable insertion cathodes.
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