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Abstract

LisWOs with high temperature phase (HT-LisWOs) has been found to be attractive candidate as negative electrode

active material for lithium-ion battery with high capacity. HT-LisWOs has different charge and discharge perfor-

mance from that of other tungsten-based oxides such as WOs, Li2W207, Li2WOs, and LisWOs with low temperature
phase. HT-LisWOs shows high discharge capacity (900 mAh cm ), low discharge voltage (0.7 V on HT-LisWOs /
Li cell), and relatively small charge-discharge hysteresis (0.3 V), when the charge voltage is limited at 0.2 V. The

discharge capacity per volume of HT-LisWOs is higher than 818 mAh cm™ for graphite and 613 mAh cm™ for

LisTisO12. Crystal structure behavior of HT-LisWOs during charging and discharging supports its reversible charge

and discharge reaction.
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UF I LJEE LT LCOs, 2T AT VPHELT
WOs ZZNZNEIVE LI/ WH 1.0, 20, BXTU 4.0
A EIICHEL, YamrsEoR—), IV
THFIE LTOIR )/ —)LetEIc ) a= TRy
MCEAL, #ERALR—)V 2 )2 O CTREGMFE L 7z,
C DRGSR LTt ERGFEHKATICT, Bilh
HATEDIREE T 10 hMFTHIRL, 4 h{REFd %
LT, MADRY AT VRBIEZER LTz, T
NHOEKREDOREZ Sample 2 ~9 LE#EKL, Th
5 & ARSI L ORfR% Table 11c/R9. F7z, WOs
7 Sample 1 £ L, ChEHHOET Table 1 1T/R9.

Sample 1 ~ 9 ICDWNT, XHFIC Cuk a K72 HW
7z X fREHT (XRD) JlEZ B 7> 7z, Sample 9 (Li
/W = 4.0, FERGREE 950°C) ICDWTC, SCHRICHRS
ENTVAAERHEE TV 2 Z 0T, RIETAN-2000
C&XBY =NV 2Bl a7z EBIC,
Sample 4 ~ 9 (Li / W = 4.0, BE K i £ 450 C ~
950°C) IZDWTC, BET thXmfEZHIE Lz, X7k,
PRk, BRUBERBEORROERNS, FikrOH
BHERER (PR EE / FikaTE ) ZREL - k.
22 BT ATV RENOFTRERETE

Sample 1 ~3, 5, HXU 9 &, HEHEHELLTDT
FLrTIv T (AB) EEZNTNMEL, VL3
ZT7HOR—), SV YTPHELTOZE/—)LE
LRlc)va= 8RRy MRAL, BEER—)LVI
WaERWTRGHE Uz, TORBYIZIEL 1214,
fiaEHlE LTORY 7 wike=1U 7> (PVdF) ZhA
TN-AF)LETY R (NMP) HICHEEE e R—
A NP, R, T AT BT L TEMm

Table 1 Relation between several tungsten-based
oxides (Samples 1-9) and these synthesis conditions.

Sample Molar ratio Molar ratio Sintering

No. of Li2CO3 / WOs of Li/W  temperature
as starting materials /°C
1 0.0 0.0 -
2 0.5 1.0 600
3 1.0 20 600
4 2.0 4.0 450
5 2.0 4.0 550
6 20 4.0 650
7 20 4.0 750
8 2.0 4.0 850
9 2.0 4.0 950
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wiGie. BT AT VR, AB, XU PVdF
DERIIF65:20: 15 & Lz, T OEMZ(EHM,
LigEzme L, NECTIVITIX—FT 1)
LW OBtV 2 ERL LTz, Bk e L
T, 1moldm™® ®D LiPFs ZETF L Hi—KRx—k
(EC), I AFIH—FRx—bF (DMCO) , BXUTZF)N
AFINH—Rx—F EMC) ZREGELEED, +/8
L—2& LT, RYIZFLVEOMZALIEZ Tz

FREDR B IVICDWT, 50 mA g! DOEFIETHT
EDELE CEBRAEBL, —ERHMEEBLEAEBLE
%, 50 mA g! OEFME THTEDEH X TEBIRNE
L. 7ads, ARG T, fERmNETTT %2 78
&, Bd 2R eiELERL, RENDRIBLE.
/o, AREICRHBT 5EREE (mA g, BXUT
EAE (mAh g) 1, IXTEV T AT VR
YIOB &Yz Offie Uiz,
2.3 EEH AB DFINEERESTE

2.2 HOFERBR THIE SN2 NERRR EDHE
X, BEAABOFEGNZTENTNS. LEH->T,
MRETR 2 > T AT VRBAC O MR 2 H1 % T2 DI,
AB DAMEMNREZH 50 ENH 5. £ T, BIET
JV2 = L AlOs, AB, IBX U PVAF OE &N 65 :
20:15 75 5%M, BIUZTNEZHWGEENZ,
2.2 Wi [ARRODJTIETIFR L, 2.2 fi & RO T
FERERBRZ BT x>z, AlOs D EREDRERS T
DL « BTIcR UTRNER MBI TH 5728, T
JET AB DO E M REZ 7 Hili % C LW ARETH 5.
24 K=V I )V OZROFEES

2.1 HilCF# D Sample 9 (Li / W = 4.0, W&
950°C) , BXU Sample 9 & AB & DIRAYZ 2.2 Hi
ICEER D FNETHR—)V I )UIEE L 723 DV T,
XRD HIiE B KT SEM &2 B T2\, R—IV 2 )V
ORI Z TNz
25 VIEREBRE BLU2H1VIVAEKREERLDE
D XRD AIE

Sample 9 (Li / W = 4.0, BERIRE 950°C) ICDWNVT,
2.2 HiICIEBIL 7o X— X b 2800 Ni ICER AR U, W25,
TLUALUTEmEER Uz, chzlEfle U, Lid
Bxl, BXUSEMmE Uz =l —h—t %
EBIU 7z, EBARRIE, 22 HciEO s Oz AV,
FR e —A—cDOVT, 10 mA g DER
HCHTEDERELZIAEBLIZED, 0.2 Vs Li/Li
TRTERRICE LIk, —EREEEBMAELLD
D, BEV, Z0% 10 mA g OBERHET 3.0V vs,
Li/LiTXCTEBRMEL, FAROAMEZES 1Y
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Fig. 1 XRD patterns of Samples 1-3. The molar ratio
of Li/Wis (a) 0.0, (b) 1.0, and (c) 2.0.
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U 2.0) O XRD JHIEMERZRT. ZNZEN, HHOD
WOs, Li:W:07, BEU LLWO. TH BT & xR L
7. Fig. 21, Sample 4~9 (Li/ W =40, Wenimps
450°C~ 950°C) @ XRD HlFER R Z/RT. Sample 4
(BERIRE 450°C) T, LisW200, Li:WOs 7% E D%
IR & HEE E N B EE DM ZiERE L7z, Sample
5, BXU 6 (BERUREE 550°C, BX T 65070C) I3,
NaCl BUREE (ZefEIRE Fm-3m) 1ZIRJE & N5 HLEIAS
OBV E, 20°(HED 7 10— Rix ¥ — 7RIS
TEHIEREFK 2z THET S EEZOND. L, T
NS OAR 2K LisWOs & 5d#iid 5. Sample 7 ~
9 (BERIESE 750°C~ 950°C) T, Zefift P-11Cq
BENSHZHR L. Lk, N Oz &R
LisWOs & Fd # 9~ %. Fig. 31, Sample 9 (& i #H
LisWOs) DV — b M gght OFE R 72779, FHIfEE
FIEMEEN KL LU TED, BEHR 2D LisWO0s D
HLRFOHEMIENTVE T L, BIURHMIHEAL
FEAETENTHNERWT L Z2T#FE LTz, Table 21,
Sample 1 ~ 3, 5, 3K T 9 D XRD JI7E K H 7= @
U, WELUZEMBE T EREZRT. Xz, EE
[al§r 57— % 4z > Z— (International Centre for Diffrac-
tion Data, ICDD) W¥@fitd %7 — 2 X=X CHEIN
7o#RlD PDF 1— RES L AHDE TR

Fig. 41C, Sample 4 ~9 (Li / W = 4.0, BERRE
450°C~ 950°C) DFERRRFOE EAfEFR (BERE =
/ BERKRTER), BXU BET Ih£mfEZ/Rd. 650°C
& 750°C & DI, (KRHlE miRAlE TR S
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Fig.2 XRD patterns of Samples 4-9. The molar ratio of Li / W is 4.0, and sintering temperature is (a) 450, 550, and
650°C, and (b) 750, 850, and 950°C. Triangles denote peaks of compound with NaCl-type structure, and circle
belongs to amorphous structure. Closed and open squares show the peaks of LisW207 and Li2WOs, respectively.
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Table 2 Lattice parameters and identification with ICDD PDF numbers of various tungsten-based oxides (Sam-

ples 1-3,5,and 9) .

Sample No. Space group Lattice parameters ICDD PDF Chemical
a/A b/A /A B/° E number composition

1 P2-1/n 7.325 7.548 7.709 90.5 90 00-000-8246 WO:;
2 P-1 8.283 7.050 5.037 854 102.1 110.3 00-000-4878  Li2W-0y
3 R-3 14.361 14.361 9.602 90 120 01-079-2006  Li:WO4
5 Fm-3m 4.167 4.167 4.167 90 90 - -
9 P-1 5.125 7.746 5.082 101.6 101.5 108.5 01-088-0756  LisWOs
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Fig. 3 Result of Rietveld analysis on the XRD patterns of Sample 9 (LisWOs sintered at 950°C) assuming space
group symmetry of P-1. The observed (dots) and calculated (solid) patterns are shown at the top. The positions
calculated for Bragg reflection are shown at the middle. Difference in intensity between the observed and calcu-

lated patterns is given at the bottom.
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Ie L EDRISIEDNTDRERIIAHTH BH, Ttk x
&, EZROG
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(x =04)

MHETT U e & O MR RO MR ED 81.5% TH
HTEND, REEEZGET B2 T AT VRIBIY)
MERR L TWABAREEND 5.

Fig. 51, Sample 9 (ififH LisWOs), 35 X U Sample
9 & AB & DIREYZ R—)V 2 )V L 723k 0 XRD
AIERER, Fig. 61C, [FRARID SEM iz ~9. R—
JVIIVERHC KD, it LisWOs IS 2k 9 % XRD
E— 7 DPEEEMERL TS b, T
A DWW F T I T EAPDERD B E NIz, £z,
SEM E/BM 5 1 IR FENEAD LT3 T & 2R
L7z
32 ZVIURTURBINOTRERE

Fig. 71, Sample 1 ~ 3,5, 58X T 9 (WOs, LizW207,
LizWOs, {KIEAH LisWO0s, 35K U &R LisW0s) DOFE
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Fig.4 Mass retention (after vs. before sintered) and
BET specific surface area of Samples 4-9. The molar
ratio of Li / W is 4.0 and sintering temperature is 450-
950°C.
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Fig. 5 XRD patterns of (a) Sample 9 (LisWOs sin-
tered at 950°C) before ball-milling and (b) the mix-
ture of Sample 9 and AB after ball-milling.

Fig. 6 SEM images of (a) Sample 9 (LisWOs sintered at 950°C ) before ball-milling and (b) the mixture of Sample 9

and AB after ball-milling.

EMBRERT. ki, TN bOFMEIHRICE,
AB DEHEEWEENT VS, Table 312, TNFND 2
YA 7IVHOWESR, THMESE, BIURKE
ATV YR CHAREBL & FIREEL L D)
ERY. EREICDOWVTIE, 23 HoHE”{END
RFL 5Nz ABOFEZRW S GhE TRT.
Fig. 8 1, 2.3 HiCfERIL 7z Al.Os / AB / PVdF 6D
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=MD AB DEH G Z RV 2B 692, 665, I8 K U 629
mAh g Y, ZHZhOMAZAR 694, 652, BT
614 mAh g LIEWEZRLTWAZ &b, TND
OIEYIEIC BT WO+ / WO DEE(LIETT I B HEFT
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LiuWOs) DOERAMEAEN D AB DF 5 7% R\ 7 fE
517 mAh g 14, LisWOs DFEFZE 551 mAh g %
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Fig. 7 Charge and discharge curves of (a) (b) Sample 1 (WOs), (c) (d) Sample 2 (LibW205), (e) (f) Sample 3
(LiWOs4), (g) (h) Sample 5 (LisWOs with low temperature phase), and (i) (j) (k) Sample 9 (LisWOs with high tem-
perature phase) using half-cells with Li-metal counter electrodes. The voltage range is also shown in Fig. 7 (a) - (k).
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Table 3 Electrochemical properties of WOs, LizW20y7, Li2WQs, LisWOs with low temperature (LT) phase, and LisWOs

with high temperature (HT) phase (Samples 1-3, 5, and 9) at 2nd cycle using half-cells with Li-metal counter elec-
trodes.

Sample No. Chemical Voltage range Discharge capacity/ mAh g Average discharge  Charge-discharge
composition  /V (with AB) (without AB) voltage / V hysteresis / V
1 WO; 0.0-3.0 789 692 1.33 0.93
0.5-3.0 209 190 1.90 0.50
2 LiaW-07 0.0-3.0 761 665 1.29 0.96
0.5-3.0 157 138 1.64 0.50
3 LizWO4 0.0-3.0 725 629 1.24 0.98
0.3-3.0 184 155 1.40 0.58
5 LT-LiaWOs 0.0-3.0 613 517 1.24 0.96
0.3-3.0 132 103 1.07 0.40
9 HT-LisWO:s 0.0-3.0 382 286 1.04 0.76
0.2-3.0 223 181 0.96 0.49
0.2-1.5 194 168 0.72 0.30
4.0 4.0
(a) 0.0-3.0V 1st (b) 0.2-3.0V 1st
2nd 2nd
3.0 ——3rd 3.0
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Fig.8 Charge and discharge curves of AB. The voltage range is also shown in Fig. 8 (a) - (d).
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g % 3 T % LisW046(CO2oa TH H, WOF /
WO DRLIETTSOGETT L T2 ATREED D 5. 7
5, Sample 1 ~ 3, BXU 5 (W03, Li2W207, LizWOs,
B X C{REA LisWOs) OFfEL A7 1 >~ Al 0.9
VLUEHD, mdHTRkENo . TREICKDBE
TCENOMETEITEINE T L] BRU [RREL
ATUYANRKRENT & &, NiO, Co07xEDE)E

Table 4 Theoretical capacities of WOs3, Li2W20,
Li2WO4, Li4WOs, and Li4WO4.6(COz)o.4.
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Chemical composition Theoretical capacity
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DFEMEE AT P AFHBINE {x>7. LML
5, WO0s, LieW:07, 35X U LieWOs D E
BEFZTNTN1.90, 164, BXTU 1.40 V & EWHE
Lizotel b, TXVF—HEO TSR
&5 oz, AKIRMH LisWOs O EEE 1.07 VI
e LhEg LTS, BMyEEE L TCELIEE RS
W, AB OFEGZRWIZNEREN 103 mAh gt 21X
Moz,

Sample 9 (FEimtH LisWOs) % 0.0-3.0 V D& [+ #i
FTHARMNE LGSR, RllESENS ABDFEZ
FRU 2B 286 mAh g ' 1%, FEFRZAER 551 mAh g!' &
KRELSFEIS Tz, £, FEWET A 7 I)VOEITITHED,
FEREEMIRDIZIRD R L 12k L. —)57C,0.2-3.0
V OEFHIFCRNE L GG, REAR, TIRE
EBIE, BXUAMEL AT Y REZENZEN 181
mAh g!, 096V, BXU 049V THD, 02-15V
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VTHO, WInd RIFsAAREEREZRL. &R
FH LisWOs DEZEMN 54 gcm® THAH T &b, Z
DEMEH 720 ONEARE (BEHM02-15V) &
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Fig. 9 (a) Charge curve and (b) XRD patterns of Sample 9 (LisWOs sintered at 950°C). XRD is measured (A-E) at
the points during st charging process and (F) at discharge state after 2nd cycle. Magnified XRD patterns are also

shown in Fig.9 (c) and (d).
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Fig. 91, Sample 9 (&EiitH LisWOs) DH][EIDFEEE
HiAR, XRD HIZE L, BXU XRD MEMRRZRT. 7585,
COFEEMHICIE AB DFGMEEN, XRD/SZ—2
KBV TIIERERTHAHE NI ICKBEHFTE—I NS
Fh5. FREOMET (KA — E) ICffv, 18.5° £,
FBXU 35.8° (3D XRD E—7 DFRENIRA IS
Heldic, 17.2° I, BXU385° ffiEOE—Y
DFEPRZICEEIN Uz, Lizhi> T, FREBWRET 2
FRERIEDETLTWS T EAVRENTZ. T,
FRFEHIARY 0.4 V vs. Li / Li BEIc A HEEZH L
TWATEEMELTWD. Kz, 2Y1 7IVILNE
JRAED XRD /3% —> (KHF) 13, &EACFHETOK
SOC (State of charge) il (K C) DIRAEICIEL, T
DT &h 5 EBEMFHEEBIC BV TR 2 FHHEFK
JEDETT LTV A T EARBE N
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MLDRYTATVREALHOHT, &ikH
LisWOs 7% 787 MIREE 0.2 VICRE L THEHT % C
ET, MRV TAT VRO GG LIZRE S,
EREY 72 © T 900 mAh cm® DEWINER R, A
EHEE L THERLWLK 0.7 VOVFREERE, BX
U 0.3 VOBV NS 78 E L A7V & Az dfta
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