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Abstract SnSb alloy powders with excess Sn or Sb are fabricated by the high energy ball-milling of pure Sn and Sb
powders with different Sn/Sb molar ratios, and then their material properties and lithium electrochemical performances are
investigated. It is revealed by X-ray diffraction that SnSb alloys are successfully synthesized, and the powder size is
decreased via ball-milling. Charge-discharge test using a coin-cell shows that the best result, in terms of the cyclability and
the capacity after 50 cycles, comes from the electrode composed of Sn:Sb=4:6, i.e. the capacity of 580 mAh g ' after
50 cycles. When the electrode is composed of Sn:Sb=3:7, however, the capacity is noticeably decreased by the
restrained Sn reaction with Li-ion. The pure SnSb alloy powders (Sn:Sb=15:5) results in the second best performance. In
the case of Sn-rich SnSb alloys, the initial capacity is relatively high, but the capacity is quickly fading after 20 cycles.
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Fig. 1. XRD patterns of high energy ball-milled Sn and Sb
powder mixtures. The 5:5 (Sn: Sb) powder shows the peaks
belongs to pure SnSb alloy phase only.
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Fig. 2. Particle size distributions of a) Sn and Sb powders and
b) ball-milled Sn and Sb powder mixtures.
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Fig. 3. SEM Images of the balled milled powders. a) Sn:Sb=3:7,b) Sn:Sb=5:5,¢) Sn:Sb=7:3,and d) Sn:Sb=9: 1.
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Fig. 4. a) galvanostatic cycling performance at a current density
of 40 mA g'. b) rate performance at various current densities.

o|28HTE =2 ZHS Ho|x Y olE EHARE
201 ¥4 grAe} Z3HE-S-(conversion reaction) A4
AN Hol= glF A 7]7el <g ol 17, 18]. A
HA| Alo]ZoE A HHoAISEl A3 ¥ 4F
skl gkl Tl wE B7k] REE[15] wet v &
H7FS gaRE4o] BAIsl] 70~80 % o] F5aS
(coulombic efficiency)ys Ho|H, o]F Alo]FgXx ZF
W Al Fustel] w2 AAA dslel X424 SEI
P4 2 Hald Hall 5o ksl o £ AAE
HA 50 Al & A Aol §%F U] A&EE
Sn:Sb=3:7, 4:6, 5:5% A 717} 48, 74, 65 %=
Holw T WAl Alo]Z tH] A|&832 63, 87, 82 %
£ Holil 9o, Sn:Sb=4:6 HAIA 7PF =& A}
olF EAL /It v 7T Snol A= H=(SnSb +
Sny Afe]Fo] s i} gFo] FA43] Has=
AS Hol Sn:Sb=6:4, 7:3, 9:1¢ A Z7]
A =2 53 H] &3] 20~30 ode] Alel&
N FA3] ZAaBrkFig. 4a). A= 50 Ale|E ¥
SnSb + Sn A=2] A Alo]F thH] A|&-E7FS Sn:Sb=
3:7, 4:6, 5:54 u] 747} 34, 19, 11 %S HolH F
R Afo]F U] X|&87-2 42, 25, 16 %7} Hrh.
FTHA AlelF T A APlF oPdollA F43] Yol
A= SnSb+Sn A=e] &5 UlFE EHe] Tt
Sl ot Hujsle] wE 3 (pulverization)®] A3}
24 Sbel|l vl B} ¥& 9] Sn YAke] Fis)
7} SnSb 2] AlUA| g o= Bt 2 JES 7)



Synthesis of SnSb alloys using high energy ball-miiling and its lithium electrochemical behavior 195

s & F Utk 53] AF Snl YAWE duidez
2 ARIE olge AES HU} 45t A7l Flo= Bt
SnSb ¥ &2 SnSb + Sb HAFoM= 2715 ALl
=2 £33 vwE PFAQl AfolE BAS Holy, &
3] Sn:Sb=4:6 A0 7P £2 AolE S HY
Al 50 AtolF o]Fo % 580 mAh g ' &S

STt 23 Sn:Sb=3:7 AL 7] &2 ¥l

|

=
ARl P8R0l Sn:Sb=5:5, 4:6 Aol M3
SO Afo]Z g me §3e Sdx diHes

L
Wk 2% sash §F AMle Fele

Sb7l & AFE =573k SnSb Aol vl wu}

H AlelE EALS 7Kt} Sn:Sb=5:5, 4:6 A

olo] 9z} A7) Ao} M| FEAS THT o,

=gk ARk=r)e] pelzt ohd Aol IR Sb el
1ol

=
a
N
oy
=
e
o
f

7}
S5l e 7 dFe] Aae
ATt Sn:Sb=9:1 AFE =& AFEL sloA &3F
L
i=]

o] oyt AFDE7F Zobglel whet SnSb+ Sn HASE
o] §=o] Hr} FAsHA "WojA Snt Sbe] HI7F 7:3
ol el 7%, 4200mA g ' AFUEANME Ao Fo
ngk o] &3S 7RItk WhA Fig. 4a0lld 7HE =
& oFgAS HQl Sn:Sb=4:6 AFE 7S AFL=
aloAl 118 mAh g'o] &3S 7HIth tie =719 ¢
Zk2] SnSb HFolA &&rol] W §-3Fe] Wy} Al
o7 A& Ayt v A} vlwshA[1s, 16] ¥ AF
A Hol= 545 nge oy 55490 ¢
Ze] A7) - vigksithe A4S 7Rk 49 Sn:Sb=
4:6 AFo] 840mA g9 HFUE 3loIA 250 mAh
g9 §HS Hole He AUHor It B 5
ATH 27 Sno] Y= Sn:Sb=6:4, 7:3 AFE A)
o= & QA =7)¢} Sn Fuwslel] wE k) 5o
TIF SR E vl e 8455448 B

7 AFeA] dojuls WS Ho} AA|E] Yofr]
98 Sn:Sb=7:3, 5:5, 3:79 Al AFE AeEte] A
HAY, 7 ¥R, ol AR AfelEe] FH = (voltage
profile)Z} 2HE-8-7F=+4 (differential capacity plotyS Fig.
59F 60l Bt Sn#t Li¢l ®ES Al YERbe S
F7F Ligh Sbe] ®k& Al Yehs 7Pl via] 2o
2 o v 9] B35k, Fig. 59141 Sn:Sb=
7:3 A=) Sn:Sb=3:7 A vl&] S Al B}
B2 HEHS 7 9o AEEEEAMAE Kt
2o o] =7} EAF) Sn:Sb=3:7 I 2R
S84 (Fig. 6y HH W Al 0.7V, 34 Al 1.2V
A A7 Qde, o] A Pl Sbét Liel =

4

260 ' 4(|)0 I 6(|)0 I 8(|)0
Specific capacity(mAh g"‘)

304 a) — st
—_— 2nd
— 5th
2.5
__\,_:
=
"
>
b
8
€
0]
°
o
0.0- T T T T T T T T
0 200 400 600 800
Specific capacity(mAh g)
3.0
b ) _— 1st
— 2nd
5
g
w
>
P
S
c
9]
°
(o
0.04f
0

20 C) 2nd

5th

e 1st

Potential (V vs Li"/Li)

004 . r

0 200 400 60 80 1000
Specific capacity(mAh g”)

Fig. 5. Discharge-charge voltage profiles of selected electrodes at
40 mA g’l. a)Sn:Sb=3:7.b) Sn:Sb=5:5.¢) Sn:Sb=7:3.

o)
oo

F-3) onkgo] oyl S defFrh. W) Sn:
b=7:33% 5:5 AF(Fig. 6b, 6¢)2] XH-&-H=AolA,
A=A 05~08 V 2| WHFAE] 03~0.7V A
ol¢] 4H¢] FA= Snt Lio] FEnhed 2 Ankge
gz sfgeict. gk 5 2HEFM T4 Sn:Sb=

¢

w2

lo =&



196 Dae Kyung Kim and Hyukjae Lee

4] a) 1st
——2nd
—— 5th
2
S
'O
e
<
E
Z
2
g
S
X T ; T ! T !
0.0 05 1.0 1.5 20
Voltage (V)
>
>
<
<<
E
S -
o
g
S
. . T v v
0.0 05 1.0 15 20
Voltage (V)
4
— st
——2nd
—— 5th
S
‘o
=
g =
E
> -
k4
[¢]
U -
- T . T T T
0.0 05 1.0 15 20

Voltage (V)

Fig. 6. leferennal capa01ty plots of selected electrodes at 40
mA g'. a)Sn:Sb=3:7.b) Sn:Sb=5:5.¢) Sn:Sb=7:3.

: oA Sbek Li¢] whEoll sligs
Y G qum Bt} 34 ®olx 9t} Fig.
WJOW Uehl= wkg 9359 A=
Li;Sbot Li,Sn ¢ @Al #g A At dXstar
0] ZF Hetell sFslis WS <l 4 Uth19, 20].
SnSb $He Lizke] wkg Al a3t 22 vk A

= At
SnSb + 1.6Li — Li, (SnSb (1)
Li, (SnSb + 1.4Li — Li,Sb + Sn )
Sn+4.4Li — Li,,Sn 3)

SnSb A=) WA Al Li& #A 249 HelelM Sb
oF W3- sl = (0.7 V), olwf Ho} A% & Ad
S L Ao atiE ol Sb gEwkge] XdE=
B B AIAEAS HEEH "ot o] F W Ht
HEo14(0.5~0.8 V) Sn} Lio] ¥kg-3le] T} LiSn
e Ti=s B9 AgE L13 b 42 LiSn 73 A

2 Fousks e = we9gEs s 9o &
A Alelle w2 HSPHAATE vie] wkgo] A1
o2 JojuAl =W o]Hg LiSb A LiSn el &
22 Bgow A3 AlUA] Bt FuRie] 9%k A
ElL_O,] Oeﬂﬁ]i 7L/\/\] 1:]_ 0]316} ;G& 37__‘:;%?51- Lq] Sn:Sbh=
4:6 A5 7o] 2¥e] IF St U= AT, AAEE
Sl LisSb Aol LiSn A AAdel w2 Fusi
2 d=e] gslE 2o 2 A9 4 o] Sn:Sb=5:5
o Hlg] F2 AlelE 54 7Tkl Rl

Sn:Sb=7:3 A9 ALFFAM= Lit Sn,
Sbé] Wk ¥|=7} R Ho|AL §lof flollA 7|=gk wh
SSo| =aHo R 01011/1-0 S oF &= 9t} aFHgr &
FElaL 20 Alo]F oAl FA3 AU} %,_1011,]_

hul

L e W sn Aol oS R ol me
s sz % 5 vk 53] sn 3% A P

A= sl 1t Sn YAES
A 7] AAQE Li,Sb Aol Wy Z3E vl ¢s o
A" Aolmz Alo|Zo] Xl ule} s EAo] F
3] gold 740]@ Wi Sn:Sb=3:7 A+ Liz

ME FAE A 7L

Sn Afole] whE- 37} w9 mleFsA ®eliL Qlo} zk
F Sb Zgel Fol B2 A, Snat Liel wkgo] A|FdH o
2 doftas gttt e] whgol wh A
¥ ohFe] LiySb Aol Lizk Sn Ae] vEE-S 9Igh Li
ol29] olFg Welsle dTE ske To UL A7
3 & = o, AR A9l veks fEiME FUF
T7F st A= 2&FE Ad Snt Li o2 Al

el wkgo® <18 Fig. 4acllA Sn:Sb=3:7 AT
W g7l 271N H B Usitha AzkeE 4= glow
FHeR A Sno] WIHERES FHTE
pls=y &42& T35
Fig 7% 503 %—WM Bt 7zt Aol thste] A
9] Aafelt), tiFte] Mol S
x% /\]64 x%(Flg 1)7,} H|wsl] & zjol7} Qe Aew
Holu} Sn:Sb=6:4 AFolM= T Aol wijg- A



Synthesis of SnSb alloys using high energy ball-miiling and its lithium electrochemical behavior 197

7 : 3 (Sn:Sb)

et ~’\YM_W/\JLZ.MJMV i)

S | 6:4(Sn:sb) v
-
@ 5:5(Sn:Sb)
k] D, “
£
1 *: Cu
J | v:Sb
4:6 (Sn:Sb) ‘ v:Sn
IR «MJ i\u-«.,j\ ,.a\w..,...z \.. et ]
3:7(Sn:Sb) -
MJMMM..,
T T T T T T T T T T T T T
10 20 30 40 50 60 70 80
2 Theta (degrees)

Fig. 7. XRD patterns of electrodes after 50 cycles. The Cu
peaks come from the current collector made of Cu.

Al Bold Sn IAE9] =7t wobq Slof T
S &F Sn PAE] S BEEC] dolds PAITTE

mo
N Mo

oox
iy
k)

Rl
2
ir
)
mE

ol oJll SnSb o] HdLE
A2 el sngt sb B 2ol
2 ZH+ Sn, Sbe} SnSb F=

o)
o
&

i
—

I
S
m

£ u
o * 2
olo
QL
.
50
co H
1L
i

1> A2
o o

op
O
r?E tjo

9

A=(Sn:Sb=4:6)°] 7FF T2 Alo]F EAS B
Rom £k SnSb = HFo] I o F2 A}
olF EAS Bt

SnSb + Sn A= 2038] o] A Al Sn-Li &%
Wl ofgk Hujyste} o] mE ujEIel] & &
7;‘]?:5_ o)\ '_ E—A

AR %ﬁﬁﬁr Zb5 Sb gl B2 SnSb
%j—;l(Sn:Sb=3:7)oﬂA1% Sn-Li #kgo] JA|=]o] Yo
v olo] w2 gF7avt dojyith.

al
_>.i

HAlel =

o] =EL 20179% ¢HE
o5t} ATH .

Yshm S ATA LARI

References

[ 1] R. Van Noorden, “A better battery”, Nature 507 (2014)
26.

[2] D. Larcher and J.M. Tarascon, “Towards greener and
more sustainable batteries for electrical energy storage”,
Nat. Chem. 7 (2015) 19.

[3] C.M. Park, J.H. Kim, H. Kim and H.J. Sohn, “Li-alloy
based anode materials for Li secondary batteries”,
Chem. Soc. Rev. 39 (2010) 3115.

[4] X.L. Wang, M. Feygenson, H.Y. Chen, C.H. Lin, W.
Ku, J.M. Bai, M.C. Aronson, T.A. Tyson and W.Q. Han,
“Nanospheres of a new intermetallic FeSn5 phase: Syn-
thesis, magnetic properties and anode performance in
Li-ion batteries”, J. Am. Chem. Soc. 133 (2011) 11213.

[5] Y. Gu, ED. Wu and Y. Wang, “Confined volume change
in Sn-Co-C ternary Tube-in-Tube composites for high-
capacity and long-life lithium storage”, Adv. Funct.
Mater. 23 (2013) 893.

[6] 1. Kovalenko, B. Zdyrko, A. Magasinski, B. Hertzberg,
Z. Milicev, R. Burtovyy, I. Luzinov and G. Yushin, “A
major constituent of brown algae for use in high-capac-
ity Li-ion batteries”, Science 334 (2011) 75.

[ 7] AM. Chockla, K.C. Klavetter, C.B. Mullins and B.A.
Korgel, “Tin-seeded silicon nanowires for high capacity
Li-Ion batteries”, Chem. Mater. 24 (2012) 3738.

[8] S.C. Chao, Y.F. Song, C.C. Wang, H.S. Sheu, H.C. Wu
and N.L. Wu, “Study on microstructural deformation of
working Sn and SnSb anode particles for Li-ion batter-
ies by in situ transmission X-ray microscopy”, J. Phys.
Chem. C 115 (2011) 22040.

[9] H.L. Zhao, C.L. Yin, H. Guo, J.C. He, WH. Qiu and Y.
Li, “Studies of the electrochemical performance of Sn-
Sb alloy prepared by solid-state reduction”, J. Power
Sources 174 (2007) 916.

[10] S.F. Fan, T. Sun, X.H. Rui, Q.Y. Yan and H.H. Hng,
“Cooperative enhancement of capacities in nanostruc-
tured SnSb/carbon nanotube network nanocomposite as
anode for lithium ion batteries”, J. Power Sources 201
(2012) 288.

[11] H. Li, GY. Zhu, X.J. Huang and L.Q. Chen, “Synthesis
and electrochemical performance of dendrite-like nano-
sized SnSb alloy prepared by co-precipitation in alco-
hol solution at low temperature”, J. Mater. Chem. 10
(2000) 693.

[12] J.U. Seo and C.M. Park, “Nanostructured SnSb/MOx
(M= Al or Mg)/C composites: hybrid mechanochemi-
cal synthesis and excellent Li storage performances”, J.
Mater. Chem. A 48 (2013) 15316.

[13] S. Das, T.N. Guru Row and A.J. Bhattacharyya, “Prob-
ing the critical role of Sn content in SnSb@C nanofiber
anode on Li storage mechanism and battery perfor-
mance”, ACS Omega 2 (2017) 9250.

[14] Y. Wang and J.Y. Lee, “One-step, confined growth of
bimetallic Tin-antimony nanorods in carbon nanotubes
grown in situ for reversible Lit+ ion storage”, Angew.
Chem., Int. Ed. 45 (2006) 7039.

[15] M. He, M. Walter, K.V. Kravchyk, R. Erni, R. Widmer
and M.V. Kovalenko, “Monodisperse SnSb nanocrys-
tals for Li-ion and Na-ion battery anodes: synergy and
dissonance between Sn and Sb”, Nanoscale 7 (2015)



198

[16]

[17]

[18]

Dae Kyung Kim and Hyukjae Lee

455.

M. Walter, S. Doswald and M.V. Kovalenko, “Inexpen-
sive colloidal SnSb nanoalloys as efficient anode materi-
als for lithium- and sodium-ion batteries”, J. Mater.
Chem. 4 (2016) 7053.

Y.F. Zhukovskii, P. Balaya, E.A. Kotomin and J. Maier,
“Evidence for interfacial-storage anomaly in nanocom-
posites for lithium batteries from first-principles simula-
tions”, Phys. Rev. Lett. 96 (2006) 058302.

Y.-Y. Hu, Z. Liu, K.-W. Nam, O.J. Borkiewicz, J.
Cheng, X. Hua, M.T. Dunstan, X. Yu, K.M. Wiaderek,
L.-S. Du, K.W. Chapman, P.J. Chupas, X.-Q. Yang and
C.P. Grey, “Origin of additional capacities in metal

[19]

[20]

oxide lithium-ion battery electrodes”, Nat. Mater. 12
(2013) 1130.

F.J. Fernandez-Madrigal, P. Lavela, C.P. Vicente, J.L.
Tirado, J.C. Jumas and J. Olivier-Fourcade, ‘“X-ray dif-
fraction, 'Li MAS NMR spectroscopy, and '°Sn Méss-
bauer spectroscopy study of SnSb-based electrode
materials”, Chem. Mater. 14 (2002) 2962.

L. Aldon, A. Garcia, J. Olivier-Fourcade, J.-C. Jumas,
F.J. Fernandez-Madrigal, P. Lavela, C.P. Vicente and
J.L. Tirado, “Lithium insertion mechanism in Sb-based
electrode materials from '"*'Sb Mdssbauer spectrome-
try”, J. Power Sources 119-121 (2003) 585.



