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Abstract

Nickel-bismuth-based alloys have been found to be attractive candidates as negative electrode active materials for

Lithim-ion batteries with high capacity. Ni.Bi (0 = a = 9) alloys have high capacity corresponding to the reaction

of 3 mol of Li and electrons per Bi, and the Ni-rich Bi-based alloys have better cycle performance than the Ni-

poor ones. The discharge capacity per volume of NigBi is about 1200 mAh cm™ (127 mAh g! X 9.5 g cm™), and its

value is higher than 818 mAh cm™ (372 mAh g !X 2.2 g cm®) for graphite, assuming that the true density of NisBi

is 9.5 g cm™. The capacity retention of NisBi / Li cell is about 78% after 270 cycles.
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ICREHET 2 EFREE (mA g) BRUKEAR (mAh
gD iE, INT21HTERLAROHEELTZL D
& Uiz,
23 Bi RE&DFMERF T

Sample 2 ~ 11 (Bi ~ NioBi) ZFL#ATHiFEL 7274,
HEHELTOABBIUHEER L LTO PVAF ZiE
AL, NMP CHEE B = hZEICEA L,

Table 1 Synthesis conditions for several Bi-based compounds (Sample 1-11).

Sample No.  Target material Synthesis method

Starting materials

1 Bi.0s - -

2 Bi Baking at 600°C in N2 NiO/Bi.0s/C=0/2/3
3 NiBis Baking at 800°C in N2 NiO/Bi:0s/C=4/6/11
4 NiBi Baking at 800°C in N; NiO/Bi.0s/C=4/2/5
5 Ni2Bi Mechanical milling Ni/NiBi=1/1

6 Ni4Bi Mechanical milling Ni/NiBi=3/1

7 NieBi Mechanical milling Ni/NiBi=5/1

8 Ni7Bi Mechanical milling Ni/NiBi=6/1

9 NigBi Mechanical milling Ni/NiBi=7/1

10 NioBi Mechanical milling Ni/NiBi=8/1

11 Ni4Bi Mechanical milling Ni/Bi=4/1
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XRD HMIER R Z Fig. 1 1C/R:9. 5D XRD HIER
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—®% Table 2 1C/R9. £z, EHEEERTT—2tE2
% — (International Centre for Diffraction Data, ICDD)
MRS 27— 2 X=X THE & Nz7t 8 O PDF
J1— REFEEDE T Table 2 1I/RT . T OREE,
ZNZENMNHMD Bi0s, Bi, NiBis 35X U NiBi TH
52 xR LTz, 7z, Sample 2 ~ 4 (Bi, NiBis
BERUNIBi) ZhER L7z & & OB SRR (FEiRE

B/FRETER) &, FNEN859%, 84.5% BXU
82.2% TH-T. Thbld. (LRSI (2) ~ (4)

2Bi»03 + 3C — 4Bi + 3C02 (2)

4NiO + 6Bi20s + 11C — 4NiBis + 11CO2 3)
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Fig. 1 XRD patterns of (a) Sample 1 (Bi.0s), (b)

Sample 2 (Bi), (c) Sample 3 (NiBis) and (d) Sample 4
(NiBi).

Table 2 Lattice parameters, true density and identification with ICDD PDF numbers of various Bi-based compounds (Sam-

ple 1-4) .

Sample Space Lattice parameters ICDD PDF Chemical  True density
No. group a/A b/A c/A al/® B/° y /° number composition /gcm

1 P121/c1 5.850(1) 8.171(1) 7.514(1) 90 113.1(1) 90 00-000-8220 Bi20s 9.36

2 R-3m 4547(1)  4.547(1) 11.865(1) 90 90 120 00-000-0014 Bi 9.80

3 Pnma 8.867(1)  4.095(1) 11.468(1) 90 90 90 00-000-1144 NiBis 10.94

4 P63/mmc  4.076(1) 4.076(1) 5.352(1) 90 90 120  00-000-1140 NiBi 11.55
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4NiO + 2Bi:0s + 5C — 4NiBi + 5CO: (4)

ME HES 5N 5 HmE 86.4%, 85.0% 5K T 83.0%
LIZIEAETH D, Lid XRD BIEDORERE LT 5.
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& TR L7 E— 2713 NiBi tH & 5L o 2= W Bf P63/
mmc, @ TR UMY —27 13 NitH & EEHLL o ZE BT
Fm=-3m & UTIRENTI D AIRECH - 2. @ITxid %
QDO — 7 OMFTEEIEX, Ni ZHRNEINT 51 &
x> THHL KRBT ENbhS.

Sample 6 HX T 11 (HFEYEDH % NiBi), fi
CICBE & LTo Bi (Sample 2) & Ni<JED XRD #l
DR Z Fig. 31CRY . 2.1 i A =)V
VU T KB NisBi OGRS DWT, HFEYE (NiBi
/BiorNi/Bi) ICK5Y, FEOEHWYINEENSC
EMERR L, £, 2.1 HNCRED A=A
VY VT O] - TV F—DNT2IcE <, Ni
& BiDfLY (Haft) RISHETTLIGS Z &2RL
TW5%.

E2D XRD MIERE SR 2 fi#MT L, Sample 4 ~ 6 &
U 11 (NiBi ~ NisBi) 1 DU T ZE /M EE P63/mmc <
g L 72 & O &£, Sample 7 ~ 10 (NieBi ~
NioBi) 1Z DU TIEZEMIRE Fim-3m (g LTz 5 0k
TEMD—E% Table 31”9, ZHRELT, Nid

(b)

(c) @200

Intensity / a. u.

(d) .

gt

NiBi as a ref. I
A A

Ni as a ref. l A
15 20 25 30 35 40 45 50 55 60

26 /° (CuKa)

Fig. 2 XRD patterns of (a) Sample 5 (Ni:Bi), (b)
Sample 6 (NisBi), (c) Sample 8 (Ni;Bi) and (d) Sample
10 (NisBi). The XRD patterns of NiBi (Sample 4) and Ni
metal are also shown as references.
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JBORFERE DT Table 31TR7. T 5D
TEHZ, NIOBERICHEDLTIRIEF—ETH-> .
L7eh > T, NA—RANCIEEDT, Sample 5~ 11
(NizBi ~ NisBi) IC 451 "C, NiBi JE{LIFH & Ni JE{LH &
D2 HNHFLTWA T LR E k.
HIEiGFE B % D Sample 4 ~ 6, 8 BX T 10 (NiBi,
NizBi, NisBi, NizBi 35X U NieBi) DFEMiD XRD &
DFER%Z Fig. 4 \IRT. Fig 4 OO TRLIEE—Y
1&, LisBi #H & BELID 2L Fm-3m & U TR
MABETH D, OTRLIEE—Y (EBEKCuDE—
7L EESTWVWS) &, NitHE&FEOZEREE Fm-3m
ELTHEBNIDARETH > 7. OR300 —
7 OMXEE L, Ni GEENENTIcEd%->T

Table 3 Lattice parameters of various Ni-Bi-based alloys
(Sample 4-11) and Ni metal as a reference. The values in-
dicated by * are difficult to be estimated because the XRD
ﬁgeaks belonging to P63/mmc space group are very weak.

he values indicated by ** are difficult to be estimated
because the XRD peaks belonging to Fm-3m space group
overlap the XRD peaks belonging to P63/mmc space

group.

Space group and lattice parameters

Sample Target P63/mmc 0 Fm -3m
No. material a/A c/A a/A
4 NiBi 4.076(1)  5352(1) -
5 Ni.Bi 4101(1)  5363(1)  **
6 NisBi 4.100(1)  5.361(1)  **
7 NisBi * * 3.569(1)
8 NiBi * * 3.570(1)
9 NigBi * * 3.568(1)
10 NioBi * * 3.569(1)
11 NisBi 4110(1)  5361(1)  **
Ni as a ref. - - 3.532(1)
(a)

é (b)

Bi as a ref. J Y .

Ni as a ref. l A

15 20 25 30 35 40 45 50 55 60
20 /° (CuKa)

Fig.3 XRD patterns of (a) Sample 6 (NisBi from NiBi /
Ni) and (b) Sample 11 (NisBi from Ni / Bi). The XRD
patterns of Bi (Sample 2) and Ni metal are also shown
as references.
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R BTENDNB.

][5 3if 72 76 #% @ Sample 6 (NisBi) @ & i > XRD
T—2IDOWNWT, OTRLIZE—=IDPEELE N2
O REIBL AT 72 (R 7E LTV — R S S s R
Wiz Tz, OTRUIEE—2H LisBi O E
ICIRIERTREMN & 5 e iEFB Uiz, Z DORER%Z Fig. 51
RY. FHMEE, LisBi OfEEEEE T IVIC K Z5HE

111

Intensity / a. u.

Ni as a ref. l A
1

15 20 25 30 35 40 45 50 55 60

20 /° (CuKa)

Fig.4 XRD patterns of (a) Sample 4 (NiBi), (b) Sample
5 (Ni2Bi), (c) Sample 6 (NisBi), (d) Sample 8 (Ni-Bi) and
(e) Sample 10 (NisBi) after 1st charge to 0.0 V. The XRD
pattern of Ni metal is also shown as a reference.

Intensity / count

1000 [

Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
26 /° (Cuka)

Fig.5 Result of the Rietveld analysis of XRD pattern of
sample 6 (NisBi) after 1st charge to 0.0 V in the
restricted 26 range. In this 26 range, it is assumed
that only LisBi peaks are observed. 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 calculated patterns is given at the
bottom.
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HEMNE L —E U FEROMEMNZ, Sample 4, 5,
8 BXT 10 (NiBi, NizBi, NisBi 3L T NigBi) Ic D\
ToB o, RSN T ER L EHEER T
7 Table 4 IC/RT. WITNDGFREZLOBEMICINT
&, Fig 4 OO TR UTEE— 713 LBl O S EE
KKIRBARETH o7z, £z, MBHO NI OEFHZHIC
Mb5d, TOKTERHIZa=668~671ATHD,
BEH * O LisBi OF &% a = 6.722 A L IZIFFAFD
ETH-> 7. > T, NA— FRANCIENED S, Sample
4~6,8 % XU 10 (NiBi, NizBi, NisBi, Ni/Bi ¥ &
U NioBi) DIfiFEFIRREIC IV TIE, LisBi ZH{LHHE Ni
L E D 2 B HEEFEL TWB T EAVREE Nz,

DL EDOEMFERD S, ERBEIREBICBVLTIE
NiBi Z8{LUH & Ni JELUH, 3% A BRI BV TR LisBi
FELUMH & NI B LD EN R S Nz, ZhEFho
fH7, NiBi#H, NifH, LisBi fH&{KET S &, Sample
4 ~ 10 (NiBi ~ NioBi) DOFEEEFED(LERIGRIE,
TEEB) DKICEKT T ENTES.

(a-1) Ni + NiBi + 3Li* + 3e < aNi + LisBi ~ (5)

51T, BKIGR (5) I2HB VT, Ni & NiBidH B
I Ni & LisBi WHHMZEEM THHEDERET S
&, KOOGS (6) DX S ICHFELTET T &
MTES.

NiBi + 3Li* + 3e~ < Ni + LisBi 6)

b2#50528 (6) 1%, Sample 5~ 10 (NizBi ~ NieBi)
ICBWT, NP REETH D, NiBi HDAMFEK
BRIGICEE L TWA T EZ/RT. DED, Sample
5~ 10 (NizBi ~ NisBi) TiE{79 % BXULARIGIE,
Sample 4 (NiBi) DIFEFER LT &ICAb. (LHERIS
X (6) DZHEICDNT, XD 3.2 fCT, Fo/NER
RERZZTERT 5.
3.2 Bi REEDVIHAFRKERY

Sample 2 ~ 11 (Bi ~ NioBi) IcBF 54K & 2 T

Table 4 Lattice parameters and reliability indices
obtained in the Rietveld analysis of XRD patterns of vari-
ous Ni-Bi-based alloys (Sample 4-6, 8 and 10) after 1st
chargeto 0.0 V.

Lattice Reliability indices (%)

Sample Target  Parameter

No. material a/A Rwp Rs Rr

4 NiBi 6.687(3) 4.41 061 0.27

5 Ni2Bi 6.687(3) 236 028 0.14

6 NisBi 6.682(5) 203 041 0.20

8 NiBi 6.71(3) 1.82 029 0.13
10 NisBi 6.68(13) 1.71 025 0.13
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MU F7z, 3.1HOZKISK (6) DX SIC, Bi
Ji7- 1 mol IZ% LT 3 mol 77D Li 8K U EFHKIS
TH2ERELICGEOHBARZAEDY TRT.
Sample 2 (Bi) 7Z BR \ 7z Sample 3 ~ 11 (NiBis ~
NioB) IZBWT, WINEEHERE L FllmA =
kb‘—ﬁl L, BiD 3EFRICDHETT 5 &N H
nic.

Sample 3, 4, 63X 09 (NiBis, NiBi, NiBi #&
U NisBi) © 141 mua DFEREIFE Fig. 7 17
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Fig. 6 Observed and theoretical discharge capacity
of Sample 2-11 (Bi-based alloys).
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Fig. 7 Charge and discharge curves of (a) Sample 3
(NiBis), (b) Sample 4 (NiBi), (c) Sample 6 (NisBi) and (d)
Sample 9 (NisBi) in half-cells with Li-metal counter
electrodes at 1st cycle. Estimated charge and
discharge curves of (e) AB are also shown.
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Sample 6 35X U9 (NisBi 38X U NigBi) IcHB1F% B/
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Ni & NiBi, &% & Ni & LisBi i3 AR & bff
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Bi + 3Li* + 3e < LisBi (8)

WED 1.0 VETOFRBICBEOTUEEK G (7) T
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FTOMEICBNT, (LS (8) TRI MIShE

TLTWREDEEAENS. WEKIEELEZ 1.3V
ICHIR U726, (B0 (7) DMSISHEITE S,
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Fig. 8 Charge and discharge curves of (a) Sample 1 (Bi-0s), (b) Sample 2 (Bi), (c) Sample 3 (NiBis) and (d) Sample 4
(NiBi) in half-cells with Li-metal counter electrodes during 10 cycles.
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Fig. 9 XRD patterns of Sample 3 (NiBis) and Sample 4 (NiBi) (a) before charge and discharge cycles, (b) at
discharge state after 1st cycle, (c) at discharge state after 10th cycle. The XRD patterns of Bi (Sample 2) and NiBi
(Sample 4) are also shown as references.
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Fig. 10  Changes in capacity retention of Sample 3 (NiBis), Sample 4 (NiBi),
Sample 6 (NisBi) and Sample 9 (NisBi) in half-cells with Li-metal counter
electrodes as a result of charge and discharge cycle life test.
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Li-metal counter electrodes as a result of charge and discharge cycle life test.

Changes in charge and discharge curves of (a) Sample 6 (NisBi) and (b) Sample 9 (NisBi) in half-cells with
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