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In our effect to develop a lithium secondary battery with high energy density, aluminum sulfide (Al,Ss3)
was studied for use as an active material. The measured initial discharge capacity of Al,S; was ca.
1170mAhg-! at 100mAg-'. This corresponds to 62% of the theoretical capacity for the sulfide. Al,S3
exhibited poor capacity retention in the potential range between 0.01V and 2.0V, mainly due to the
structural irreversibility of the charge process or Li extraction. XRD and Al and S K-XANES analyses indi-
cated that the surface of Al,S; reacts reversibly during charge and discharge processes, while the core
of Al,S3 showed structural irreversibility because LiAl and Li,S were formed from Al,Ss3 at the initial
discharge and remained as they were afterward.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Lithium secondary batteries are widely used as electric power
sources. To improve battery performance, various active materials
for both anode and cathode have been investigated. Metal sul-
fides have been proposed as promising active materials because of
their high theoretical capacities in comparison to those of currently
available systems with oxide-based materials. Recently, a variety
of transition metal-containing sulfides MS, such as M=Fe, Co, Ni
and Cu have been studied as cathode materials [1-4]. Some metal
sulfides can also be utilized as anode materials, which depend on
the redox potentials.

With respect to p-block elements, some sulfides act as semi-
conductors. In the field of electrochemistry, lithium-containing
sulfide glasses such as Li,S-SiS,-P,Ss and Li;S-SiS;-Al,S3 sys-
tems show higher ionic conductivity than the corresponding oxide
glasses, which have been studied as candidates for application
to solid-state electrolyte materials in lithium secondary batter-
ies [5-9]. By taking advantage of its high ionic conductivity, GeS,
has been considered as a new anode material for these batteries
[10].
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In this work, the sulfide of another element with smaller atomic
number Al was studied. Although the electrochemical behav-
iors of Al,S3 in molten salts have been reported [11,12], to our
knowledge, there has been no previous report on the possible
application of Al;S3 as an active material for use in lithium sec-
ondary batteries. If we assume that Al,S3 is completely lithiated
(Al;S3+10.5Li* +10.5e~ = 0.5LigAl4 + 3Li,S), its theoretical capac-
ity is 1874mAhg-! or 4123 mAhcm3. In the present work, we
examined the electrochemical properties of Al,S3, and particularly
focused on the structural changes during the galvanostatic cycle.

2. Experimental

Commercially available Al,S3 powder (purity >99%, Alfa) was
used as-received for electrochemical studies. SEM observation indi-
cated that the Al,S3 powder was a lump-like structure with a
size of ca. 10 um. A working electrode was prepared by mix-
ing 3.5mg Al,S3 powder with 1.5mg teflonized acetylene black
(TAB-2, Hohsen), and the resultant electrode was then dried in
vacuo for 1h. A charge-discharge cycle test was performed in a
two-electrode system using a sealed cell (HS cell, Hohsen). The
counter electrode was Li foil (Honjo). Although Al,S; reacts in
the potential range of anode, we evaluated it as a cathode, and
the potential of the working electrode as a positive electrode is
represented against (Li/Li*). The separator and electrolyte were a
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porous polypropylene sheet (Asahi Kasei Chemicals) and 1 mol L~!
lithium hexafluorophosphate in a 1:1 mixture of ethylene carbon-
ate and dimethyl carbonate (Kishida), respectively. The cell was
constructed in an Ar-filled glove box. The cycle test was conducted
at30°Cusing a charge/discharge unit (TOSCAT-3100, Toyo System).
In the cycle test, the prepared cell was first discharged at a current
density of 100mA g~ with a cutoff potential of 0.01V, allowed to
rest for 1h, and then charged at the same current density with a
cutoff potential of 2.0 V.

After the cycle test, the cells were disassembled inside the Ar
glove box and the working electrodes were washed with dimethyl
carbonate to remove the electrolyte. Ex situ X-ray diffraction (XRD)
of the electrode was performed by covering it with a cellulose
acetate film to avoid a reaction with moisture/air. XRD patterns
were recorded with an XRD unit (X' Pert PRO MPD, PANalytical)
using Cu Ka radiation. The oxidation states of the elements (Al
and S) were examined by Al K-edge and S K-edge X-ray absorp-
tion near edge structure (XANES) analyses. XANES measurements
were performed at BL-10 of the SR Center, Ritsumeikan University
[13].

3. Results and discussion

Fig. 1 shows discharge and charge curves of Al,S3 electrode into
which teflonized acetylene black has been incorporated. Before the
initial discharge, there is no plateau region in a potential window of
2.0-4.0V.In Fig. 1 the initial discharge curve shows a short plateau
atca. 0.6V followed by a long plateau at ca. 0.5 V. The former shoul-
der is observed only at the initial discharge and is enlarged by
incorporating the teflonized acetylene black. For an acetylene black,
it is reported the SEI formation occurs at the initial discharge [14].
The potential decreases smoothly and the initial discharge capac-
ity of the electrode was ca. 1390 mAh g~!. In subsequent charging
(second charge), the potential increases gradually. After that, two
sloping plateaus are observed at ca. 0.5V and 1.2V during charge
process and two sloping plateaus are also seen at ca. 0.1V and
0.7 V during discharge process. With an increase in the cycle num-
ber, all plateau regions, particularly at higher plateaus during both
discharge and charge processes, become narrow.

Capacity retention of Al,S3 after subtracting the capacity con-
tribution from teflonized acetylene black is shown in Fig. 2. Initial
discharge capacity of Al,S3 was ca. 1170 mAh g~1. This is about 62%
ofthe theoretical capacities for Al,Ss3. The subsequent charge capac-
ity was ca. 650mAhg-!, which corresponds to the extraction of
3.6Li. This value is somewhat higher than the capacity of GeS, [10].

Fig. 1. Initial, second, fifth and tenth discharge-charge curves of Al,Ss electrode in
a potential window of 0.01-2.0V at 100mA g~'. Notations A-D correspond to those
in Figs. 4-6.

Fig. 2. Discharge and charge capacities of Al,S3 at 100mAg-! corrected for teflo-
nized acetylene black and coulomb efficiency vs. cycle number.

With an increase in the cycle number, the capacities of Al,S3 dur-
ing both discharge and charge processes degraded very rapidly to
only ca. 240mAhg-! after 10 cycles. A notable point is that the
discharge capacity remains comparable to the preceding charge;
i.e., the coulomb efficiency of discharge against charge was almost
100%. This suggests that the drastic decrease in capacity with cycle
is mainly due to the charge process or Li extraction.

Fig. 3 shows the rate capability of Al,Ss. The initial discharge
capacity at 1000mAg-! is only 33% of that at 100mAg-!. Below
500mAg-1, the initial discharge capacities show an approxi-
mately linear dependence with the current density. Discharge
capacities that do not include the influence of the overpotential
were estimated by extrapolation to 0mAg~!. The value obtained
(1240 mAh g1) is still far from the theoretical capacity; i.e., Al;S3
may not react completely during the initial discharge process.

To clarify the reaction mechanism and factors that contribute
to degradation of the electrode, it is important to understand the
structural change of Al,S; during discharge and charge processes.
Fig. 4 shows ex situ XRD profiles of Al, S5 electrode. Before the cycle
test (Before in Fig. 4), all of the diffraction peaks of Al,S3 are indexed
according to a hexagonal structure (P6;) [15]. At the end of the
initial discharge (A), the diffraction peaks of Al,S3 decrease, while
some broad peaks corresponding to Li,S appear. In the subsequent
charge (B), the relative intensities of the diffraction peaks of Al,S3
increase again, although those of Li,S still remain. The diffraction
peaks after the second discharge (C) are almost identical to those

Fig. 3. Initial discharge capacity of Al,S; corrected for teflonized acetylene black
against current density. Error is twice of the standard deviation of the means values.
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Fig. 4. Ex situ XRD profiles of Al,S; electrode before cycle test and after discharge
and charge. Notations A-D correspond to those in Fig. 1.

after the initial discharge (A). Li,S as well as Al,S; remain even in
the charged state after 10 cycles (D). Additionally, one broad peak
(* in Fig. 4 D) was observed at ca. 39°. This may be assigned to Al
metal and/or Li-Al alloy because Al metal and Li-Al alloy show the
strongest peaks around the broad peak (Al(111): 38.6°, LiAl(2 2 0):
40.0°, LigAly(—-611): 39.1°) [16].

Structural changes were examined in greater detail by XANES
analyses. Fig. 5 shows ex situ Al K-edge XANES spectra for Al,S3

Fig. 5. Al K-edge XANES spectra for Al,S; electrode in PFY mode before cycle test
and after discharge and charge; normalized (a) and first differential (b). Notations
A-C correspond to those in Fig. 1. Al foil was used as a reference.

Fig. 6. S K-edge XANES spectra for Al,S; electrode in PFY mode (a) and TEY mode
(b) before cycle test and after discharge and charge. Notations A-C correspond to
those in Fig. 1. S and Li, S powders were used as references.

electrode obtained with the partial fluorescence yield (PFY) mode
before and after the cycle test. In Fig. 5(a), the edge position of the
Al K-edge XANES spectrum for Al,S3 electrode (Before) shifts to a
lower energy after the initial discharge (A), and remains at the same
energy in the subsequent charge (B). At the second discharge (C),
further reduction of Al,Ss3 electrode occurs. The first differential
XANES spectra (Fig. 5(b)) indicate that a peak at around 1562 eV
corresponding to Al,;S; decreases, while peaks at around 1558 eV
and 1559 eV related to Al metal appear after the cycle test. Since the
PFY mode is rather bulk-sensitive, the results above suggest that, in
the bulk of Al,Ss3, the average oxidation state of Al decreases with
the first Li insertion, probably due to the formation of Al metal or
Li-Al alloy and this remains after subsequent cycles.

Fig. 6 shows ex situ S K-edge XANES spectra for Al,S3 electrode
before and after the cycle test. Characteristic absorption peaks at
around 2473 eV originate from the S 1s — 3p electronic transition.
The behaviors in the S K-edge XANES spectra measured in the PFY
mode (Fig. 6(a)) are, on the whole, quite similar to those for the
Al K-edge XANES spectra. The spectrum after the initial discharge
(A) is similar, not to that for Al,Ss, but rather to that for Li,S. The
lack of a significant change in the XANES spectra after the second
cycle (B and C) suggests that the oxidation state of S is invari-
ant during the cycle test. In contrast, the difference in the spectra
between the discharge and charge processes is clearly observed in
the total electron yield (TEY) mode (Fig. 6(b)). The peak for Al,S;3
electrode at around 2473 eV before the cycle test shifts slightly to
high energy and its intensity increases after the initial discharge
(A). Note that the TEY mode is surface-sensitive, and probes surface
atoms within ~10 nm. These findings suggest that, on the surface
of Al,S3, the average oxidation state of S increases probably due
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Fig. 7. Schematic representation for the proposed reaction mechanism of Al,Ss.

to the formation of Li;S-Al,S3 alloy such as LiAl4S; and/or LiAlS,
[5]. The change in the local structure during the initial discharge
process may influence the S K-edge XANES spectra. The intensity
of the peak at around 2476 eV related to Li,S increases during the
discharge process (A) and decreases again at recharge (B) although
the spectrum of the recharged electrode does not completely over-
lap that of the original Al,S3 electrode. The peak at around 2473 eV
after the second discharge (C) returns approximately to that after
the initial discharge (A). This indicates a reversible reaction on the
electrode surface. As shown in Fig. 6, all of the spectra have higher
edge energy than that for S powder, which indicates the absence of
S residue after the cycle test.

Based on the information above, it is reasonable to speculate
that the reaction mechanism for Al,S3 mainly consists of two steps
(Fig. 7). At the initial discharge, Al,S3 is converted into Li,S and
LixAl (Li-Al alloy). For a Li-Al system, Jow and Liang [17] reported
the effect of the composition on the electrode potential of Li-Al
alloys. In the present study, the discharge-charge curves with a
pair of plateaus below 0.5V in Fig. 1 approximately agree with the
electrode potential in their report, and an equilibrium potential
after the initial discharge (ca. 0.15V) corresponds to the stability
region of the LiAl phase in the Li-Al system. This indicates that
the composition of the Li-Al alloy is probably not LigAl, (x=2.25)
but rather LiAl (x=1) and the reaction Al+Li*+e~ = LiAl occurs
at the lower potential during charge and discharge processes. For
the higher plateaus during charge and discharge processes, the
midpoint between the potentials (0.7V and 1.2 V) shown in Fig. 1
agrees fairly well with the equilibrium potential of the reaction
Al;S3 +6Li" +6e~ = 2Al+3Li,S (1.01V at 25°C), calculated from
thermodynamic data [18,19]. In addition, the equilibrium potential
of LiS/S is 2.25V [20], which is greater than the potential win-
dow in the present study. These findings suggest that the reaction
Al;S3 +6Li* +6e~ = 2Al+3Li,S occurs at higher potential during
charge and discharge processes.

As mentioned above, the drastic decrease in capacity during the
cycle test is mainly due to Li extraction. The results of XRD and
XANES analyses suggest that the surface of Al,S3 reacts reversibly
during charge and discharge processes, while the core of Al,S;3
shows structural irreversibility because LiAl and Li,S are formed
from Al,S5 at the initial discharge and remain as they are after-
ward. The diffusion of Li in LiAl alloy is quite slow [17], which
leads to the poor reactivity of Li. Moreover, Li;S shows no signif-
icant capacity (electrochemically inactive) due to poor electronic
conductivity [21]. The partial solubility of Li,S into the electrolyte
may be another factor in the fading of capacity retention [20]. As

shown in Fig. 1, the higher plateaus become particularly narrow
during both the discharge and charge processes, which is attributed
to the irreversible reaction of Li,S. These observations would be
responsible for the degradation of the cycle capability in the present
Li/Al,S3 cells. Therefore, finer Al,S3 particles would be anticipated
to suppress the formation of LiAl and/or Li,S and improve the cycle
capability. Studies on the preparation of finer Al,S3 particles are
currently underway.

4. Summary

The electrochemical characteristics of Al,Ss for use in lithium
secondary batteries were investigated using galvanostatic cycle.
The prepared electrode showed a high initial capacity although
the capacity retention was insufficient. It is reasonable to speculate
that the reaction mechanism for Al,S3 mainly consists of two steps;
Al;S3 +6Li* +6e~ = 2Al+3Li,S and Al + Li* + e~ = LiAl. The lithiated
reaction of Al,S3 occurs at low potential, which is a good reason for
selecting the sulfide as an anode material.
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