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Abstract

Sulfide glasses have been considered as new anode materials for lithium-ion batteries because their high ionic conductivity (approximately
>10"*S/cm) (more than one order of magnitude higher than oxide glasses (approximately <107°S/cm)) was expected to accelerate Li* ion
insertion into and extraction from anode materials during charge and discharge reactions. This intrinsic property can yield the reversible lithium-
alloying reaction by minimizing the aggregation of lithium-alloy phases leading to the improvement of cycling behavior. To examine sulfide glasses
as new anode materials, GeS, glass was chosen for study in this work due to its stability in air-atmospheres. The electrochemical properties of the
GeS, glass were compared with those of the Ge metal and GeO, glass. The initial insertion of lithium into the GeX, (X =0, S) glasses leads to the
formation of Li, X (X =0, S) phases associated with the irreversible capacity on the first cycle. The improved reversibility of the reaction of lithium
with Ge was observed in the Li,S medium rather than Li,O one, which leads to the improvement of cycle performance in the GeS, glass anode.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Itis known that electrochemically active metal elements such
as Si, Ge, Sn, and Sb provide high lithium atom packing densi-
ties through the formation of Li alloys (e.g. Liz1 Sis and Liz» Sns)
and thereby produce high specific capacity; 4010 mAh/g
(9340 mAh/cc) for LipSis, 959 mAh/g (7000 mAh/cc) for
Liy>Sns [1]. However, the critical problem with these elements
when used as anode materials for lithium-ion batteries is that
a large volume change occurs during the alloying/dealloying
process of lithiation. This causes fragmentation and crack prop-
agation in these materials which in turn reduces the electrical
contact among and between particles and the current collector,
ultimately leading to a dramatic capacity loss in the battery after
a few cycles.
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To overcome this problem, recent research has focused on
encapsulating the active materials in a Li* conducting matrix
so that volume expansion is minimized and the mechanical
stress caused by volume changes of the active material can
be dissipated inside the matrix. This idea has been shown
to work well for tin composite oxide (TCO) glasses such
as SnO+B203 +P205 +A1203 [2,3] and SHO+B203 +P205
[4,5]. The gravimetric capacities of these glasses have been
found to be more than twice that of commonly used graphite
anode (LiCg) materials [2-5]. In addition, TCO glasses have
been found to provide reasonable cycleability in battery per-
formance [4,5]. The reaction mechanism of lithium insertion
into TCO glasses is thought to be similar to that for SnO
crystals where initially the Li reacts with SnO to form Li,O
and Sn and the newly isolated Sn embedded in the matrix
reacts with subsequent Li uptake to form nano-sized Li-Sn
alloys (ultimately Lig4Sn) [4-6]. In this process, the nano-
sized Li—Sn alloy particles (related to reversibility) that form
in TCO glasses were found to be maintained, while the Li—Sn
particles formed in the crystalline SnO continued to grow with
continued cycling. The maintenance of the small sized Li-Sn
domains is thought to be responsible for the good cycleabil-
ity of TCO glass anodes. The remaining components such as
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Li-B—P-O (for SnO + B,03 + P05 glass) and Li-B-P-Al-O
for (SnO + B>03 + P05 + Al, O3 glass) [7-9], which create the
amorphous matrix, were reported to prevent the aggregation of
the Sn clusters during alloying/dealloying of lithium process.
In addition to the remaining components, the amount of oxy-
gen in the matrix was also considered an important factor in
enhancing the cyclability of these glassy electrodes [7,8]. Many
oxygen atoms intimate contact with Li—-Sn domains quickly
respond to the isolated Sn particles (after delithiation) through
the reverse reaction of Sn to from Sn—O bonds before iso-
lated tin atoms begin to cluster. For these reasons, the TCO
glasses show better cycle-life performance compared to the
SnO; anode material. However, there are still problems that
should be solved before using TCO glasses in commercial appli-
cations. These include the large irreversible capacity loss in the
first charge cycle and the gradual decrease in the cyclability com-
pared to graphite anodes. On the other hand, extensive research
has been conducted on amorphous M—A-C systems (M = Sn,
Si, Sb, Ge; A =transition metals) [10-12]. While these materi-
als generally have a significant first cycle irreversible capacity,
good cycle performance with a high specific capacity has been
found in disordered structures in the Sn—Co—C system. These
anode materials have recently been commercialized by Sony
[13].

In this research effort, sulfide glasses, which are based on
the chemistry of sulfur rather than oxygen, are being considered
as a new class of anode materials by providing a higher Li*
ionic conducting medium that will potentially better dissipate
the mechanical stresses induced by the large volume changes
of lithium alloys through the lower mechanical modulus of the
sulfide glasses compared to the oxide glasses.

1.1. High Li* ionic conducting sulfide glasses as anode
materials

Lithium-ion conductive glasses can be generally divided into
two types, oxide glasses and chalcogenide glasses. These glasses
are formed by a network glass former such as SiO,, B»O3, or
P>0s5 and a network modifier, Li O, to form oxide glasses such
as LipO +Si0O; [14,15], Li,O+B,03 [15,16], and Li, O + P,05
[17,18] and by network former such as SiS,, GeSj, P»Ss, or
B»S3 and a network modifier, Li>S, to form sulfide glasses
such as LipS +P>S5 [19], Lia S + GeS, [18,20], Lip S + SiS, [21],
and LipS+B2S3 [22]. As predicted by the Anderson—Stuart
model [23] and the weak electrolyte theory [24] the substi-
tution of sulfur for oxygen greatly reduces the bond energy
between the lithium cation and sulfur anion and as a result of the
greater polarizability of the sulfur the activation energy is thus
reduced as shown in Fig. l1a. Therefore, sulfide glasses exhibit
much higher ionic conductivities than their oxide counterparts
as shown in Fig. 1b [25]. With a maximum Li; X (X =0, S) con-
tent, the conductivity of sulfide glass (o25°c ~ 1074 (Qcm)™ b
can be two orders of magnitude higher than that of oxide glasses
(025°c~ 107 (Qem) ™).

Hence, based on the knowledge that a lithium oxide matrix in
the TCO glasses has poor ionic conductivity, the hypothesis has
been explored in which sulfide glasses would be able to provide

(a)
1.0

|}
® \ —o-B0O,
0.9- \ " —A—SiO,
0.8 \ v st5

' &— GeS
SisS
-BS,

—=-P0,

0.7 4

AEact (eV)
.
O

0.6

054

0.4 o—

A ;

0.2 0.3 0.4 0.5 0.6 Q.7
x in xLi,O(S) + (1-X)M(F)

Fig. 1. (a) Activation energy and (b) conductivity variations with the compo-
sition for xLi;O + (1 —x)M (M =Si0;, B,03, and P,05) and xLi;S + (1 — x)F
(F=B,S3, SiS,, GeS,, and P, S5) glasses [25].

a matrix with higher Li* ionic conductivity and thereby reduce
the internal resistance, resulting in an increased energy density
of the anode. In addition, since sulfur is available as a solid-state
element (unlike the gas state of oxygen), more flexible composi-
tions of sulfide glasses can be prepared by controlling the amount
of sulfur. If the sulfur does play an important role in enhancing
cycleability as oxygen does in TCO glasses, sulfide glasses may
also have tremendous advantages over oxide glasses because the
sulfur content in these glasses can be optimized to improve the
cycleability and capacity of anodes. For these reasons, sulfide
glasses have been investigated as good candidates for new anode
materials in this research group.

Among many possible sulfide glasses, GeS; glass was chosen
as an electrode material for this study due to its relative chem-
ical stability in air compared to other sulfide glasses which are
extremely unstable in air. For this reason, GeS, glass would be
easy to handle in the lab, especially when preparing the anode
plates. GeO; glass was also prepared and its electrochemical
properties were compared with those of GeS; glass to examine
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the improved electrochemical characteristics. Since no distinc-
tive peaks were observed in the XRD patterns of the glassy GeO»
and GeS,, the lithium reaction mechanism with Ge metal was
first studied by XRD measurements and this information was
used to interpret the lithium insertion and extraction reactions
with the glassy GeO, and GeS,.

2. Experimental methods
2.1. Preparation of the glasses

Vitreous GeSy was prepared by mixing and reacting sto-
ichiometric amounts of germanium (Cerac, 99.999%) and
sulfur (Cerac, 99.999%) in an evacuated silica tube. The
silica tube was rotated at an angle of ~10° in a tube fur-
nace and heated at 1°C/min to 900°C, held for 8h and
then quenched in air. Vitreous GeO, was prepared by melt-
ing crystalline GeO; (Cerac, 99.999%) powders for 1h at
1400 °C in a platinum crucible and then air quenching to room
temperature.

2.2. Fabrication of the button-type electrochemical cells

The electrodes were fabricated from a 80:10:10 (mass %)
mixture of active material, binder, and conductive material.
Polyvinylidene difluoride (PVDEF, Aldrich) was used as the
binder and Super-P carbon black (MMM Carbon) was used
as the current conductor. The PVDF was dissolved in N-
methylpyrrolidinone (NMP, Kanto) and then the active material
and conductor mixture were added to the homogeneous solu-
tion of PVDF and NMP. After further homogenization, the
slurry was coated on a thin copper foil (20 wm thick) and
dried overnight at 120°C. The electrode was pressed with a
pressure of 600-800 kg/cm? and punched into 15 mm diameter
disks.

The electrochemical cells were prepared using standard 2016
coin cell hardware with lithium metal foil used as both the
counter and reference electrodes. Cells were assembled in an
Argon atmosphere glove box. A mixture of ethylene carbon-
ate/diethylene carbonate (EC/DEC) with 1M LiPFg salt was
used as the electrolyte. The cells were aged for 5h before the
first charge to ensure full absorption of the electrolyte into the
electrodes. The cell was then cycled at the rate of 0.1 C (=
134 mA/g) between 0 and 1.5V on WBCS 3000 battery tester
(WonA Tech).

2.3. 2.3. Powder X-ray diffraction

The powder XRD data were collected at 298 K using a Scin-
tag diffractometer with Cu Ka radiation (A =1.5406 A). It was
operated at 40kV and 30 mA in the 26 range of 10°-70° in
the continuous scan mode with step size 0.02° and scan rate 1.0
(°/min). For the ex-situ XRD measurements, the cells charged or
discharged to certain voltages were disassembled in a glove box
and the electrodes were rinsed thoroughly with a DMC solution
to remove the LiPFg¢ salts.

3. Results and discussion
3.1. Electrochemical properties of Ge metal

Fig. 2a shows the voltage profiles of the Li/Ge metal cell over
30 cycles between 0 and 1.5V at a rate of 0.1 C (=134 mA/g).
When the cell of Li/Ge metal is first discharged (Li* insertion) to
0V, alarge discharge capacity, 1420 mAh/g, is observed, which
corresponds to 3.8 moles of Li* ion per mole of Ge metal. The
subsequent Li* extractions (up to 1.5 V charge) yield the charge
capacity of 496 mAh/g, which corresponds to 1.3 moles of Li*
per mole of Ge metal.

Ex-situ XRD measurements of the Li/Ge cell were performed
to investigate the Li* insertion/extraction mechanism with Ge
metal and they are shown in Fig. 2b. When the cell is first dis-
charged to 0V, the diffraction peaks of Ge metal, 27.3°, 45.3°,
and 53.8°, observed in the pristine plate dramatically decrease,
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Fig. 2. (a) Voltage profiles of the Ge metal between 1.5 and 0 V at arate of 0.1 C.
(b) The powder X-ray diffraction patterns of Ge electrodes, before discharging

at point (1), after fully discharging to 0 V at point (2), after fully charged to 1.5V
at point (3), and after 30 cycles (fully charged to 1.5 V) at point (4).
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while the peak observed at 20.2°, 23.4°, and 26.4° assigned
for Li;5Ge4 phase becomes dominant. Similar to the electrode
behavior of Sn metal [26], the first discharge capacity is expected
to be the formation of intermediate Li—Ge compositions in the
Li—Ge alloy phases such as LiGe [JCPDS No. 77-2492], Li 1 Geg
[JCPDS No. 29-0803], LigGe4 [JCPDS No. 73-2487], Li;Ge»
[JCPDS No. 29-0636], Li;5Ges [JCPDS No. 89-2584], and
Liz»Ges [JCPDS No. 17-0402]. Although Liy>Ges is the the-
oretical limit phase in the Li—Ge alloys, the ultimately reacted
phase could be Lij5Ge4 after discharging to 0 V. The calculated
discharge capacity (1384 mAh/g) of Li;5Gey corresponds with
3.75 moles of Li* ions per mole of Ge metal and is compara-
ble to that observed experimentally (3.8 moles of Li* ions). The
other small peaks observed at 32.6° and 35.8° are not matched
with any other known Li—Ge phases. Diffraction peaks at those
positions are also observed at the end of the first discharge of
the GeO, and GeS; glass electrodes, but they are not identified
at this point.

When the cell is charged (Li* extraction) to 1.5V followed
by the first discharge, the peaks assigned to the Lij5Ges phase
still remain as the major feature, which suggests that a large
number of Liions were not reversibly extracted from the Li;5Gey
domains. This may be the cause of the large irreversible capacity
after the first discharge. On further cycling, the intensity of the
Ge peaks increase as shown in Fig. 2b-(4) and this can be related
to the aggregation of Ge grains. In addition to the aggregation of
Ge grains, large volume changes, which generally appear when
the metallic host is transformed to lithium-alloy phases [26], lead
to the formation of cracks in the electrode plate, which eventually
yields to the loss of ionic and electronic interparticle contact.
This is believed to be the major cause of the poor reversibility
observed in the Li/Ge metal cell.

3.2. Electrochemical properties of GeO; glass

Compared to the Ge metal electrode, the GeO; electrode
would be expected to yield different behaviors due to its oxygen
content. According to the electrode behavior of SnO; [4,6], the
initial first discharge capacity of the Li/SnO, cell was attributed
to the formation of Li,O and Sn, followed by the formation
of Li—Sn phases. A similar mechanism can be observed in
GeO, cell as well. Fig. 3 shows the voltage profiles of the
Li/GeO; cell and ex-situ XRD measurements. The large capac-
ity, 2000 mAh/g, compared with 1400 mAh/g of Ge metal, is
observed on the first discharge curve of the GeO, electrode.
This corresponds to the larger number of Li* ions consumed
to form LiO phase and Ge metal, followed by the formation
of Li-Ge alloys. If the ultimately formed Li—Ge alloy phase
is assumed to be LijsGey (Li375Ge) as observed in the above
Li/Ge metal reaction, the following reaction can be expected;
7.75Li+ GeO, — 2Li,0 + Liz 75Ge. Based on this reaction, the
calculated first discharge capacity is 1986 mAh/g and compares
well to that of 2000 mAh/g for the observed first discharge capac-
1ty.

Therefore, it is expected that the increase in lithium insertion
gradually destroys the GeO; lattice and leads to the formation
of Li»O and Ge domains. As the LioO acts as a lithium cation
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Fig. 3. (a) Voltage profiles of the glassy GeO between 1.5 and OV at a rate of
0.1C. (b) The powder X-ray diffraction patterns of the glassy GeO, electrodes,
before discharging at point (1), after fully discharging to 0V at point (2), after
fully charged to 1.5V at point (3), and after 30 cycles (fully charged to 1.5V)
at point (4).

conducting matrix to allow further alloying and dealloying of
the active atoms [4,6], the Ge atoms can react with Li* ions to
form Li—Ge alloy phases during the discharging process. How-
ever, any distinctive peaks related to Li;O and Li—-Ge alloys
are not observed in the XRD at the end of the first discharge
(Fig. 3b-(2)). This is very similar to the results observed in the
tin-based oxide glasses [4—6], in which the Li;O phase formed
in these types of materials was suggested to be an amorphous
phase and Li—Sn alloy domains were too small to be detected by
XRD [4-6]. When the cell is then charged to 1.5V, those XRD
patterns remain and no other diffraction peaks appear even after
30 cycles, indicating no significant phase transition occurs dur-
ing cycling. The cycle-life of GeO; is improved compared to Ge
metal as shown in Fig. 5. This can be related to the formation
of the LiO phase as the Li;O matrix was known to improve
the reversibility of the electrode by reducing the large volume
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changes associated with alloying and de-alloying in reversible
charge and discharge reactions [4-6].

3.3. Electrochemical properties of GeS» glass

The voltage profiles of GeS, glass were performed for 30
cycles between 0 and 1.5V at arate of 0.1 C (=134 mA/g) and
are presented in Fig. 4. The observed first charge and discharge
capacities are 1417 and 446 mAh/g, respectively. The large irre-
versibility capacity for the first cycle would be caused by the
formation of Li,S similar to the case of the GeO, glass. Com-
pared to the first discharge curve of the GeO; glass, however
a more continuous curve slope is observed in that of the GeS,
glass. Since the voltage curve is related to the reaction steps;
for example to the formation of the various lithium—tin alloy
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phases during Li* intercalation and de-intercalation to produce
the smooth charge and discharge curves without the characteris-
tic steps [27], more numerous Li—Ge alloy phases are thought to
be formed during Li* intercalation into GeS; glass compared to
that of GeO; glass. Although the large irreversibility capacity is
still observed in the first cycle of the GeS; glass, much improved
cyclability, 93% of capacity retention after 30 cycles, is observed
in the following cycles compared to that of the GeO, glass. This
is superior not only to that of GeO» glasses (Fig. 5), but also to
that previously reported for the TCO glasses [4-6,28,29]. Sim-
ilar to the case of GeO; glass, there are no distinctive XRD
patterns found during the discharging and charging process of
GeS; glass. This measurement is limited in its ability to obtain
more detailed reaction mechanisms between lithium and these
glassy samples because no obvious diffraction peaks appear in
both samples.

To further investigate the lithium insertion/extraction mecha-
nism of GeS; glass, a differential capacity plot was constructed
from the voltage profiles and compared with that of GeO; glass.
This property has been known to be a sensitive detector of
phase transformation in the electrode material from cycle to
cycle. Fig. 6 shows the differential capacity plots of the 1st, 2nd,
10th, and 30th cycle curves for GeS, and GeO; glasses, respec-
tively. In the first curves for both samples, the sharp irreversible
cathodic peaks appear between 0.2 and 0.5 V for the GeO, glass,
and between 0.2 and 1.3 V for the GeS, glass. However, the sub-
sequent anodic and cathodic peaks are reversible and appear at
~0.35 and ~0.15 V, respectively, for both glasses. As discussed
above, the initial insertion of lithium into the GeX; (X=0, S)
glasses leads to the formation of Li;X (X=0, S) and Li-Ge
phases, which are irreversible and reversible, respectively, with
the reaction of lithium on further cycling. Hence, the reversible
anode peaks at ~0.35V and cathode peaks at ~0.15V in the
differential capacity plots for both glasses are related to the
lithium insertion and extraction reactions, respectively, associ-
ated with alloying and de-alloying of Li—Ge phases. On the other
hand, the irreversible sharp cathodic peaks observed on the first
cycle curves are associated with the decomposition of the GeX»
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(X =0, S) glasses and the formation of Li; X (X =0, S) phases.
Similar results are also observed in the TCO glasses [28,29].

After the first cycle, the differential capacity curves of GeS»
glass are observed to be smoother than those of the GeO; glass.
As alloy-type materials with smooth differential capacity curves
generally cycle better than those with sharp peaks in these curves
[5], the constancy of the plots of GeS; glass is indicative of the
good reversibility of the electrode material in repetitive charge
and discharge operations, which correspond well with the cycle-
life shown in Fig. 5. In addition, the single and smooth cathodic
and anodic peaks corresponding to the alloying and de-alloying
processes are indicative of the improved homogeneity of the Ge
environments. In contrast, the reversible cathodic and anodic
peaks observed in the differential capacity plots of GeO; glass
are sharp with many spikes, which can be associated with the
aggregation of Li—Ge alloys.

Since the reversibility of these types of materials lies in con-
trolling and eliminating the aggregation of lithium-alloy grains
into large clusters [4-8], there should be something in the
GeS; glass that helps to limit the aggregation of Li—Ge alloys
and Ge atoms. As discussed above, the Li;O and Li,S amor-
phous phases, which are formed by the decomposition of GeO»
and GeS,, respectively, could act as a matrix by surrounding
and binding the Li—Ge alloy domains together, which eventu-
ally decrease the volume changes between the Ge and Li-Ge
domains. Li* ions will be more mobile in the sulfide matrix com-
pared to the oxide matrix. In addition, the electron mobility in
the matrix will be also greater because the sulfur atoms provide

a greater electron population in the matrix. For these reasons, it
is believed that the higher Li* and electron conductivities of the
sulfide matrix can accelerate Li* ion transportation between Ge
and Li—Ge domains through the matrix, and can possibly help
retard the aggregation of those Li—Ge alloy domains.

4. Conclusions

Sulfide glasses have been considered as promising anode
materials for lithium-ion batteries due to their high ionic con-
ductivity. GeS, glass was first investigated in this work due to
its chemical stability in air atmospheres. The electrochemical
properties of the GeS, glass were compared with those of the
GeO; glass. A large irreversible capacity loss was observed in
the first cycle for both of the GeO, and GeS; glasses. From XRD
and differential capacity plots, this irreversible capacity loss was
expected to be the result of the decomposition of the starting
materials and formation of Li;O for the GeO; phase and Li>S
for the GeS; phase. Li—Ge alloy phases were also formed in both
cases and the alloying and de-alloying reactions for these phases
were responsible for the cycleability of the electrodes in the fol-
lowing cycles. Compared to the GeO; phases, better reversibility
was observed for the GeS, glass. This is believed to be due to
the fact that the Li»S matrix provides for fast Li* ionic and elec-
tronic conductivity so that the aggregation of Li—-Ge domains
would be retarded by the fast Li* transportation between Ge and
Li-Ge alloys.

Controlling the aggregation of active atoms into large clus-
ters was known to be the key to improve the cycling behavior in
these of type materials, and strategies developed with this work
can provide a new direction for better anode materials. The large
irreversible capacity in the first cycle may create difficulties in
the practical application of these materials in lithium-ion cells.
However, there are many other possible sulfide glass systems
that can be investigated to find a better medium for ionic and
electronic conduction and also minimize the irreversible capac-
ity loss. In addition, there remains much to do to understand
the physics, chemistry, and materials science of the reaction of
lithium with sulfide glasses. Our future work will focus on binary
or even ternary sulfide glasses containing at least one spectator
atom that does not react with lithium ions because the spectator
atoms are known to disperse active particles in the matrix and
retard their aggregation during cycling.
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