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Abstract

Electrochemical properties and performance of lithium/polymer electrolyte/composite sulfur cells are presented. The composite sulfur cath-
ode prepared by two ways were characterized and compared by X-ray diffraction (XRD), thermogravimetry (TG), differential thermoanalysis
(DTA) and scanning electron microscopy (SEM). The all-solid-state Li/S battery operated@tith P(EO)oLi(CF3S0,),N—10 wt.%y-

LIAIO , as electrolyte exhibited an average capacity of 290 niAtfgr the sulfur melted together with poly(ethylene oxide) (PEO) during
50 cycles. The mechanisms for capacity degradation of the Li/S polymer battery were discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction sulfur less than 10 nm. Consequently, increase of working
temperature and reduction of sulfur particle size enhance
The lithium-ion rechargeable batteries have been popu-its utility. Because it is both ionic and electronic insula-
larly used in portable electric applications. Based on the pur- tor, sulfur should be combined well with conductive agent
poses to develop lithium batteries for electric vehicles, a bat- when prepared to electrode. Moreover, the method to pre-
tery system with high specific energy, safe operation and low pare composite sulfur cathode is contributing significantly
cost would be developed. A lithium/sulfur battery, which use to the electrochemical performance of the Li/S polymer
polymer as electrolyte, is expectative due to the theoretical battery.
capacity of 1675 mAhg!, low cost, environment amity of Solid polymer electrolytes attracted a great deal of in-
elemental sulfufl]. terest for using in the Li/S battery, which presented seri-
Previous reports on Li/S batteries indicated that these ous defects while liquid electrolyte was employ8¢®]. The
problems are incompatibility of lithium and polysulfide with  poly(ethylene oxide) (PEO) with lithium salts and ceramic
liquid electrolyte, low utilization of sulfur obtained at room filler has been investigated widely during the past decade
temperature, poor cycle performance with aggregation of and has obtained good mechanical properties and ionic con-
sulfur after charge—discharge procd4s-10]. Shin et al. ductivity [11-15] In this work, the PEO with Li(CESG,)2N
[7] showed that sulfur of #325mesh particle size was fully salt andy-LiAIO ; filler was used as polymer electrolyte for
utilized for a single discharge at 9C and Wang et al.  the Li/S battery because of its favorable interfacial stability
[5,10] reported that the Li/S battery has a high specific and electrochemical propertigkl—13]
capacity value at room temperature when particle size of In this paper, we aimed to prepare a stable all-solid-state
Li/S polymer battery system and improve its electrochemical
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2. Experimental

2.1. Preparation of composite sulfur cathode and
electrolyte

c 515

Elemental sulfur (#200mesh) and PER,{ = 9 x 10°)
at a weight ratio of 3:7 were blended by two kinds of route
to prepare sulfur-based composite materials marked as SPM
which was blended by mechanical milling at room temper-
ature, and SPT, blended by thermal melting at 4B0n a
sealed container. The speed of mechanical milling was 200 .€
rotations per minute for 120 min and a ball-to-powder weight
ratio of 20:1 was chosen. To make composite cathode, the
mixed slurry of 80 wt.% SPM (or SPT), 10wt.% acetylene
black (AB) and 10 wt.% polyvinylidene fluoride (PVDF) in
N-methylpyrrolidinone (NMP) was spread uniformly on a : / . Ao e
thin aluminum foil. 0 10 20 30 40 50 60 70 80 90

The composite polymer electrolyte of
P(EO)oLi(CF3S0,),N—10 Wt.%y-LIAIO » was prepared in 20/CuKo. (degrees)
an argon-filled glove box. The stoichiometric mixture of
PEO My = 9 x 10°) and Li(CRSO,)2N was dissolved in

acetonitrile into whichy-LiAIO » powders were added. The ) i
suspension was cast on a Teflon sheet and then heated t80nforms to Fddd orthorhombic structijf, 17} It is there-

evaporate solvent at 5C. After evaporation, the electrolyte  10r€ Suggested on the basis of phase analysis that SPT is only

film was dried under vacuum at 8C for 10 h to the remove & Mixture of sulfurand PEO.
residual solvent. Fig. 2shows the TG/DTA profiles of SPM and SPT. In the

DTA curve, the endothermic peaks around 65 and°120
are respectively attributed to the vitrification of PEO and
solid-liquid transition of sulfur. In the TG curve, the weigh
of the sample shows a drop in the range between 180 and
290°C. This weigh loss around 30% could be attributed to

foil (200 wm thick) and the composite sulfur cathode (1.§cm the :/olgtilization of sglfur, and then thg _gently decling after
area) in an Ar-filled glove box. The charge and discharge 290°C is corresponding to decomposition of PEO with an

performance of the cells was measured galvanostatically atexothermic peak in the DTA curve. The TG/DTA patterns of
0.1 mAcnT2 between 1.5 and 3.2V with a CT2001A cell both SPM and SPT are very similar, although the peak tem-
test instrument (LAND Electronic Co.) at 7&. A Solartron perature of SPT shifts to higher temperature compared to that

tensity (arb.units)

Fig. 1. X-ray diffraction patterns ofgSPEO and SPT.

2.2. Measurements

All-solid-state Li/S cells were assembled by sandwiching
the polymer electrolyte film (36@m thick) between a lithium

Model 1287 Electrochemical Interface was used for cyclic of SPM.

voltammogram measurements. X-ray diffraction (XRD) pat-

terns were recorded using D/max 2550V XRD spectrome- Time(s)

ter. Thermogravimetry (TG) and differential thermoanalysis 0 1000 2000 3000 4000 5000 6000 7000

10 ———————————————1—————

(DTA) were carried out with a ZRY-1P thermal analyzer atthe
heating rate of 5C min—1. The morphology of the electrodes
was investigated by scanning electron microscopy (SEM) us-
ing a JEOL electronic microscope JSM-6700F.
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The fulvous flaky sample of SPT is obtained from asealed -0
container in which mixture of sulfur and PEO with a weight
ratio of 3:7 was melted at 18C. Fig. 1shows the XRD pat-
terns of the sulfur, PEO and SPT. It is clear that the XRD Fig. 2. TG/DTA curves of the SPM and the SPT at a heating raté 6fin
pattern of sulfur shows the characteristic pattern §f8d from 40 to 300°C and then kept at 30GC under Iy atmosphere.
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Fig. 3. Cycle voltammograms of Li/SPM polymer cell with sweep rate of = 25
0.5mVstat75°C. g
2.0
Although SPM and SPT have the same compositions, their 1 g] B\
binding strengths between PEO and sulfur seem very differ- 1 Ny
\ ey T 18] | V205 Y %
ent. The charge—discharge performance of cells is investi- 14 cycle50> 4, : g‘ g
gated as follows. B

0 100 200 300 400 500 600 700
3.2. Electrochemical properties of Li/S polymer batteries special capacity (mAh/g positive electrode)
. . Fig. 4. Typical charge—discharge curves of a Li/SPM cell (upper) and a
CyC“C vo_Itam_mpgrams for the L|/SPM_quymer cells after Li/SPT cell (lower) at 0.1 mAcm? and 75°C within 1.5-3.0V potential
10 cycles given irrig. 3are more or less similar to the results . toff window.
obtained by Jeon et db6]. The reduction of sulfur occurs in

two steps: the first around 2.3V is for polysulfide to short ) _ )
lithium polysulfide (LpS,, 2 <n < 8), and the second around ~ @lly from2.1to 1.9 Vafter 10 cycles with the increasing of the

1.7 Vis for further reduction to lithium sulfide (8, Li>Sp) charge plateau and fades at the 50th discharge. The enlarged
[1,6]. gap between charge plateau and discharge plateau may be

It was reported that the lithium ionic conductivity due to the increase of resistance attributed to the formation
of PEO-LiX electrolyte withv-LiAIO filler is above of large particles of highly resistive sulfur or lithium sulfide.
10-4Scnt? at the temperature higher than the vitrification Compared to the charge—discharge plateau of the Li/SPM
point (65°C) of PEO[13] Therefore, different from Mar-  Cell, the charge—discharge plateau of the LI/SPT cell keeps
morstein’ s work in which PEO was used as electrolyte and
operated up to 90C to achieve satisfactory conductivity],

Li/S battery with P(EOLi(CF3S0z)2N—10 wt.%y-LiAlIO 5 700
as electrolyte could operated at@, so that the electrolyte 600 .
film demonstrated favorable stability to reach alonger cycling g’ | . —a_SPM
life. It is known that the Li(CESOy)oN is one of the most < 0] & e SPT
reactive salts causing corrosion of aluminum current collec- ; ] .“3..
tor in organic solvent electrolyte and has a pitting potential S 400 o,
of 3.55V versus Li/Li at aluminum[19-21] Although the s '\.\ "-.....
Li(CF3SOy)2N used here in all solid polymer system may © 3004 '\.\_‘.
diffuse to cathode during cycling, the corrosion of aluminum 5 \
was not observed in our experiment after 50 cycles where the g,i 200+ .""'-.__.
cycling window was in the voltage range of 1.5-3.0V, which 1 ""'--—-..__
demonstrated that at a potential lower than the pitting poten- 100+ e P
tial of Li(CF3SQ,)2N at aluminum, the corrosion would be D o 20 30 40 %0
negligible.

The charge and discharge voltage profiles for selected cy- Cycle number
cles ofthe Li/SPM (or SPT) polymer cells are showfig. 4. Fig. 5. Comparison of cycle life of Li/SPM cell vs. Li/SPT cell discharged

Itis obvious that the discharge plateau of the cell falls gradu- to 1.5V cutoff (0.1 mAcm?2 and 75°C).
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Fig. 6. SEM photographs of composite cathode: (a-1) SPM as prepared and (a-2) after 50 cycles; (b-1) SPT as prepared and (b-2) after 50 cycles.

well from the first to the 10th cycle and is still clear at the However, after 50 cycles experiment, sulfur particles do not
50th cycle. remain their original positions in PEO and heterogeneous
The capacity fade of Li/SPM (or SPT) cells is given in distribution of sulfur component was presented as demon-
Fig. 5. The discharge capacity of Li/'SPM cell is 609 mAhlg strated in figures a-2 and b-2 for SPM and SPT respectively.
at the initial cycle but fades quickly to 280 mAhYafter the Such morphological feature was in accordance with the re-
first 10 cycles and then declines slowly to 91 mAH @t the sults reported by other research grd6l8]. A reasonable
50th cycle. The cycling performance of Li/SPM cellis similar explanation for the high capacity fading rate therefore could
to the results reported previously by Marmorstein e{H|. be suggested, i.e., the loss of electrical contact during cycling
and Shin et al[7]. The Li/SPT cell has discharge capacities is mainly due to the aggregation of sulfur or lithium sulfide.
of 452 and 184 mAh gt at the first and 50th discharge, with ~ Although it is difficult to discern which one was more seri-
an average fading rate of 5mAhdper cycle in 50 cycles,  ously aggregated from SEM photographs between SPM and
which is much lower than Li/SPM cell. SPT cathode as shown in a-2 and b-2, the improved cycling-
Jeon et al[6,18] suggested that high capacity fading rate stability of the cell with SPT cathode is likely related to the
for composite sulfur electrode is mainly due to the hetero- prohibited aggregation process of the sulfur in the PEO ma-
geneity and worsen distribution of sulfur along with cycling. trix during charge—discharge cycling.
In our work, morphology of SPM and SPT cathode were also
investigated.
4. Conclusions
3.3. Morphology of composite cathode in Li/S polymer
batteries The all-solid-state Li/S cell with P(E@Q)Li(CF3
SO)2N-10wt.%y-LIiAIO 2 as electrolyte operates at 76

The morphology of composite cathode observed by field €xhibit an average capacity of 290 mAhigin 50 cycles.
emission SEM with 3« 10* magnification is shown iRig. 6. The cycle-stability of Li/S polymer battery can be improved
As seen in figures a-1 and b-1, both SPM and SPT cathodeby amending the method to prepare the PE@omposite
displayed homogeneous distribution of sulfur in PEO ma- cathode. The capacity of Li/S polymer battery is mostly suf-
trix before charge—discharge cycling. The sulfur with parti- fered from aggregation of sulfur or lithium sulfide during
cle size about 100 nm in diameter is well enwrapped by PEO. cycling.
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