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Abstract
Solution route is a technique that was uscd for the synthesis of binary

compounds, InSbh, Cu.Sns, and CusSh. These three compounds were proposed as
anode materials for lithium-ion battery, which provide high volumetric capacities over
commercially carbon based anode. Solution route method 1s the method that used
redox reaction hetween two metal salts dissolved in suitable solvent and metal powder
reducing agent. This synthesis method gave product powders with physical
morphelogy of dendrite particles forming by the nanometer intermetallic particles
arrangement. This research studied the effect of processing parameters which were
solvent. reducing agent particle size. and reaction temperature, to the formation of
intermetallic compounds and the formation of dendrite morphology. Moreover the
dendrite formation mechanism was also studied to verify the hypothesis proposing
that intermetallic compounds will nucleate on reducing agent particle and grow into
dendrite structure induced by an electric field. After the processing parameters were
studied, the products were charactenization by X-ray ditfraction, morphological
studied by scanning clectron microscopy. and nanometer morphology directly related
to crystallographic structure studied by transmission clectron microscopy techniques.
Additionally. infrared spectroscopy was used for verity the disappearance of
organometallic compounds which may occur and left in the products. It was found
that different type of solvents atfected the intermetallic and dendrite structure
formation differently. Ethylene glycol solvent gave the most dendritic intermetallic
compounds compared with other two solvents. Reducing agent particle sizes, which
were 45 and 10 pm zinc powders, had less effect for the synthesis of InSb and CusSn;
than the synthesis of Cu;Sb compound. Smaller reducing agent particle size gave
relatively higher product powders. For reaction temperatures, which were 0, room,
and 50°C, only significantly affected the synthesis of Cu,Sb compound, similar to the
effect of reducing agent particle size. Finally, the dendrite formation studied was
conducted by stopped the reaction before the disappeared of reducing agent, which
were at the point of 1, 2, 3, 3, 4, and 5 minutes after adding reducing agent to the
solution for dendrites development determination. It was found that intermetallic
compound started to nucleate on reducing particle and grown into dendrites. After the
zinc metal had completely transferred into zinc ions, dendrite particles were found to

disperse in the solution. This result is consistence with the proposed hypothesis.
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LN — Ethylene Glycol Dimethyformamide  Dimethysulfoxide

(EG) (DMEF) (DMSO)

Physical Properties

-Empirical formulas C>Hs0; HCON(CH3)2 C,HeSO

-Molecular weight 62.07 73.09 78.13

-Boiling point(°C) 198 153 189

-Melting point(°C) -13 -61 18.5

Solvent properties

-Dipole (D) 2.31 3.8 3.96

-Polarity (water 100) 79.0 40.4 44.4

-Absolute viscosity@25°C 20 0.82 2.0
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EG125Zn45T50 99.50 : 0.50

1 - ¥ o o = o [ 4 % =
drumanianaassnanizhldanias sty laaganen leauas Tawna

[l
-~ 1

o [ 4 u’ 1 L4 ar - = e o
vioiulud dunuinawiz uzeellesuaz TansdinzAgnas 1ewulundaduat auvailal
o o o - = .q -y a
wamsdsznounadlesiwasiamisesiutdninanuiiu i 18idsauvesiurouiie:
- = ar [ Y] = o ¥ o = o« o ar
wathiasUsznouFdauduluanave s dhazawiviminiidiudunud Tavadiaius:
HiuszaouuoIsandivuamaiuasussneuidsdouiiaiios e [(CH,),S,CLO,Sn)"

- Y W q‘.‘ ar ol L4 - =, 3 i‘j =y -~ ﬁ
msfaaslsznouiFstouii lildaunimsgnidlsvesdeouvenuhiitfulaveAunioiy

o =y u:a;-- w ¢ @ - 3 Ay gV oe -orney

mislsznaunsdilesiu dnfuishivimedoini luvswuTane dine 0 hilavgasen

- L] = e ¢
maooglundnims

2.2 msn3lodinaizvzli vdnyuve windumdiumaiin SEM

Ao SEM vaandadnafi 1dnnmisdauaseilumsaniazusafmiunisinuyna
voanuTntuved nhiazaw Aeaniiy EG75Znd4STR, EG100Zn45TR nay
EG125Zn45TR gruaasluzilii g pnamdfimaaznuluan A 1$Enhazaw
75 ﬁa'ﬁﬁmgxlﬁwmmm1szznnu1ﬂ¢’n’10$‘1:q§1ls'1muumu‘lmﬁ 1Us 1 muuadwyionaia

» -1 @ - - - P
sazyUs vnuuithadainiziu $a9inna XRD wiadusin 141ssnoudau CugSns nag Sn 34

owenihu 18 eymafiilzis vuvueu lasiiieniiu CueSng e uazoymafifiunss
» n A L ]
vonalau1ezitu SnaWa F1910HANIINAADIVOINTS FAUAS 1eva1sUszneu InSb wun

[} 4 ~ L] ) L] l!: -
nhamvavlasmithuvesmisdsznou Tan: drunanisdinsizinimsweinaniz il

Wazaw 125 faddas woheynndulngiizUihiaduiuueulasiiasfioyninifiglsa

] 1 )t < ' - [ o Ao ] P [
Whionanwaueguaiivimdnn i luan iz ilddniazatw 75 Haddns diuanzildm

B

-y .

azawilu 100 Siaddas v gUi nvessyniniidatudu ngifunuuieulasviazs

v » o v : - v E | » - - - a
1111'iﬂﬂﬂlnlulﬂﬂﬂ'J'I“w‘lﬂD!ﬁﬂ1'):11!'\&11’)11']11“5“ WININHD XRD UUﬂ?THﬂﬂﬂﬁlcﬁ’ﬂlﬂﬂi{u

Wuasysenou Cu.Sns ifoumua Ssaoandeifuna SEM AruIRnIz DY MINUULIRY
lasv Amaaslugiii s



EG75Zn45TR,

¢

THAINON

ADINMITAUAN

-4

i

EGI125Znd45TR uaz EG100Zn45TR

ar o
nun

317 8 uaaIn NG SEM waandn



daunmeis SEM veandasusii 1danms dunsisiamanneindegnuaasly
gﬂﬁ 9 dmivaniiz EG125Zn45T0, EG125Zn45T50. DMSOQ125Zn45TR,

DMF125Zn45TR, EG125Zn10TR unz EG125Zn45TR oymanigisrailuuuimy

d' = s o = 1 L) - a;
Tasvignwuluynanzildiedidu lnansatiudniazatw eynnilzlsutunrufaiu

b.

ﬂ:. = o =y Qs o é o
Tuanzilflaaiadanen ladias lawiavesur lumiudiazais Faaoandesfiuma
= - = 1 ] o) =
MR izHaumaiia EDS fuaasiioymaunuukuiluveslaveaolulosuazna XRD #
- — e J o oo L4 as o1 o ’ 1
wuhiimwiz Tangaetilesiinaludundaduat uay Tanzdanzdhmdeagisngogly

] - = P 1 . [ = L] [] o =
sisvsseymniilunuunaromaoumSegla hindusuinmizeguuukuneilnlos dun
Funeinlfasoi I launadoren laduos lamRanesur luditludviazatses livi l4iAs

o o e ' ] 2 J
nandusinn g aiuaulasiidussisenouTans uaziiissnnanunandiavesuuin
l:i - ; 1 a’: -ﬂl or b
vouaulasnimeiiudoudgaluniassaniizildvuinuesoyninvesidsardasivuin
Ao 10 uaz 45 lunseu (EG125Zn10TR uaz EG125Znd45TR) aauaasluglh 9e uaz of

HRYBIYUIATDIBYNINUBIA T AR TINAAY lasn i liFanusuannisoda’ld

2.3 minsaednnzngldnvasvewdaiamidemetin TEM

Tassadnnoluveseymaeulasigniuiudwnisldmaiin TEM nmeww TEM
vosoynmau lasvindunsizildsnaniae EG125ZndSTR, EG125Zn10TR,
EG125ZN45T0 ung EG125Zn45T50 gauaaslugdii 10 daunmidnfiunsnegdhslufe
SAD uwmﬁaﬁdwmnaqmﬂmu"lﬂiﬁ“lugﬂ'lfuq Sauema diffraction spots filiauiiads
Tnssaduiiaeandody TnssadruuuenusnInusausarisilsenou CusSns az SAD 7
innmuidundndennsrdnnauuaaiiiudmuniundnveunulasives
#131l5200Y CueSns fwIon'ld wa SEM ﬂ'aunﬁﬁuﬂmﬁmﬂﬁmuumu"lﬂiﬁﬁqﬂwu‘lu
nnaanzildieddu Inansaidludninzate uns 1égniududrumailn TEM udarireynn
wulasinaniuffeasusznoy CusSns é’ufu'%'afnmmﬁ:ﬂ'lﬁ"hmsﬂsxnauTauz
CueSn;s fimson I8 TavTEmemsazarsiivsngguidnasdunuuen lasy

psndnuuzmsiAu Invesnu lasviinnuddgotianndmsumsti e
Uszlombveaianmalsznendmivifidravvesdifion losounumnes nnuitnui
detlFinasfigavesgsimuuaulasisaiiililan overpotential u3nmseuseld Taoll
anAWMIIiuYeInszua 06 lafinmsiud hidanuinfisi luglisdnyazuumau
Tasvisaadoslumsduns w354l “point effect of the electric field” Aena'lnii1dgn
Rosandmiunuaiosvesgliaeu lasvszuimsansin sonlsfinmdiofnueng

w i o e - [ -‘: 'q ]
fndmatwdudnnifoades Adadinafunenmun i dufussaauelui 4 uaulasy

.



1% Uky XL LER Tgrm WO I cnm

71U 9 uomas o SEM vesnBndumiildeinmsdunnizviniuaniaz (a) EGZnd45TR,

(b) EGZn10TR, (c) DMFZn45TR, (d) DMSOZn45TR, (¢) EGZn45TS0 ugz
() EGZn45T0



31!*?; 10 s TEM voswdnduainldeinnisdunsizimuaniie (a) EGZn45TR, (b)
EGZn10TR, (c) EGZn45TO0, and (d) EGZn45T50



o P o J = o =) v_a = g 1 © ar
ypamsUsznomianisnesivunidaned Taofinadinz @dmnimiionds Wi dmsy
oy S ar G =] e lﬂl ¥ = J d.
Ujpsuriantuusidoonuesiunazaoliles nalninmhldifavugnuandlugun 1

IMHundl overpotential NTowADITHINMTAzMBUATAENOURRNBRNMIvz a3 19 e Tvh

=4 o ¥ o ar = L2 = d’ 9 = ' 9t
Al ldidanisswduesesnssuauSnadasveaaulasv anudai ldgnwaisanneunin

ﬂr . . . [ Y] = o ] a .
fI9uflumilou rationalization dFmsumisifaaulasNsenitansnii electroplating

2.4 msanunalamsmalassaauuaylasn

msAnunsia Inssaduumeulas laemsulsdunainldlunisilinsor lao
v 1 ' 4 o Ao o ) ’ o o
MWogseninamiossuiiinedinz Fiaidgnse luvue uaz g3 luuvvesd3drdana
o A ' o A g - ' o o o '
piiafogisnuuuiunidsifenldlunisnaassiivua uazsusevesdridssuuuiiuusy
[ o A q -3 a o as o e H4q Yo o P
daunaridendnul fie 1, 2 uaz 5 iR S uSuUfRTe R IFaEA LRI uazIaN 1, 2, 3,
4 uaz 5 win Sl FAsonlddIasuunusy wansastsasuzlsednymsdumaiin
] ¥
SEM wpandasimaiit idonldnadane Fiilua s fduazinalumsdnljisomiserunarld
pei -~ ] s = 1 o oy onen & = = []
gnuamaluzlii 12 soufanmoonsdansdneuinlgasouiedumsnfsouiion daunanis
] o = = oo oo ’ as = ar -
asvapuglssdnuuzdlomaiin SEM veandasmain 1danlddudinsfiudSaduae
a ey, u’; 9 ¥ a' F=} ] ] ar a0 'y
natlumsinlgasomainm Idgouaaslugadfil 13 saufainmeourudinsFnou

dfaseuiailunmsilSoudiou snninete SEM vosmedinsdneuinlfiter ezifuid

» »
& =

AufineudiaSsuuazivuiavesoynnegsznia 30-50 lunseu daundaduainlden
URseildoe 1 u1ﬁwud1ﬁaummau‘lmﬁﬂmm?mfﬁm'mmﬂﬂqnmaﬁaumaqf‘;’uﬁwm
wedanzd aumginuay lasvuinadnfidemnnniuna 1 wifidisdnasowfivnndiu
fignamidfuseouvesnetilosunzdesuvesiueimiumsyszneuniefaidueu
lasviusnafesmedinzdiuies wdaduata ldinmsinliaTer 2 uik nuihdieulesy
Aquiiivesrsdanzd Fanalnlumsifamu lasvdaunsootue Idnnmsfinsanmsiia
vosmsisznevnelilesiuuuivewdinzdFufia lnenniiunguussfoumdna figilsa
"h.iuu'uauﬁauuawﬁqmnﬁ"ﬁﬁm%‘tynﬁuimi‘fu;ﬁumu‘lmﬁTﬂuﬁnﬁumm1'stiwmﬁxﬁnﬂsau
Hiuksdanz & Fanaaaluglit 14) mnadifszaomimsazats daitIdauenaInluh
(fipa91nd electrochemical overpotential fiuSuaseuRBYBIM T AZAWAVAYNOUTIAN
p0n1 ﬁﬁ%’Nﬁmumim?1'nuazﬁ1nﬁ1ﬁmﬁamf'z‘lvl'ﬂﬁm%’uﬂﬁﬁ?uﬁﬁn%‘uﬂmﬁaawm
funazdesuvenstilesfivsnalavvouaulasy ﬁ'ufumsﬂsznau'ﬁanﬁm?m;ﬁuTn
ponuuilunsdesq s1aven luaindeuvosaulasilunewuusn wAASMITH 1 d9 N §R5ed 5
Wil nuduaulasiididu Tadhuau lasifisoudemuusalinzivuia Ingudissduann

J v a » dy [ ] Vet [
Y naznuinaulasiimaril ldngeeensinduiiies s Tane danz divdond- uazmulasy



Isopotential and/or
Isoconcentration
line

N 11 mmneuaasnalomisnedvesmulasnuesmsiszney CuSn, wuByMIA

L=

YoIdInza



¢t as ¢

3UN 12 snche SEM veamadinzaneunlfinsen (a), waasuainFunsizvion

anznlvie 1 w19 (b), 2 ¥IM (c) uas 5 W (d)



SEL 150wy W70

3 ) 1 o = A oW e <
31U 13 awmaw SEM veamiudanzanewinl§nie (a), ndndamiiiduniizvion

aaziilding 1 0# (b), 2 1f (¢), 3 widl (d), 4 1R (e) uaz 5w (f)



DTS

KT
2000 kv 200 nm
BpEn

5U7 14 amewr TEM weseynamulasrivesmsidsznou CueSns sofiueynin

ypHaXInz A fituiiuaae diffraction pattern Tuminunin



e
mmuﬁgnmw’f’mmnumsmu“lumsvmam 'Sawqmaﬂmﬂﬂuuazﬂszmumag“lu
- ] = ar :::‘ [ <
msazaw uaznmuuIduiian1sneoniduudimdny
[] - ra - ar I - 9} o enea P 9 - oo
TIAENIT NI IR IMNAUA TEM mmmmmm"lﬂmnﬂgnm‘m"lmam 1 N A3
P [ T Ao = 1ar - - o o b 4
waaalugds 1 wuamusnm‘nnmnmagﬂuusnmmﬂuaummﬂu"lﬂsw FIVINNTND 0
o oo 3 o ’ ¥ o or =
SAD pattern ¥03u5 MR AMAs I Inuvsunu lasinuNasandseny lanedang & a1nwa
dyd =4 é as 1 9 1 ar = s -
miwﬂamumsfluaﬂﬁumangm'nmu"lﬂsw”lﬂﬂamua:mﬂﬂuumgmmaaﬂmzﬁmn

na'lnfildianely) (point effect of the electric field)

P

a al =, ey -1 [l ar s = Cd [l = o
dmsul§nsorn lduriudaine §dlud3a9d nwaio SEM vpandaduainanun
] ar ] o = aem 1 & U = ar o =1
saudumudane fnouvdniognuaasuiti 13 Fmn o rvveananiumnine 1 win
wuh ldifangudsuvesmsuszneulovz Iddediuumvsurudins Guada lulatizisie
o A ' Sy A gy e ad waa o &
Wuaulav Fumadrsnwanmsnaaoi ldie ldnading®Hithua s @ auneaiiiomnein
T da ' a o y ¢ A v & a a ' a o
NArRemnudInziasisnevoen lsandovey ¥ lussozusnifanismwumdidnasou
aod ' A 3 Aaa & o ¥ = 1 Yo o o o
dilanaseumaril lalglumssarvoon ladnouudtidne IMnudseuvensilulesinzdoo
a A a Yar 1N 1 L ot = @ - PR
uvsanuyieglumsazato Mg luwuan lasnnmar 1 i ndmiveulasna’la
- J - 97 J - 2 -g & a1 = of e’: re  ar
o ladu HRsdnniwdionaniniuisesq lavidSnmvesdianasauiiulidia
s o ' o o aaa =g 9 v P -
duidunairdruauveseynimau lasvnululfAsonldnedanedhinat 1 uid
1 A & ﬂ. r s é d @ = Y
wnnhluldfaseildududined FiaungdsldeiurelUudy Aerilesninnavosson lod
= 1 ar =4 @ W = =4 o =gy v o a3V
vuRveHudIngd Tunisassdudwine s uil wulasiessaniizildurudnedlv

= A

Y ofed o1 ' a s ' dq ¥ o a4 o
waadudtau lasnndvuiaivguaziinnuauugainnnhaanzhlenadine§ Faanunah

=i

24 » ] o = q’: oo a o 1o o lll o= o = 9 o
s dineFiuiidwaudidaesen id e wulasitsawsodadulaldidush
ﬂﬂ! - [ YR as = 11 ﬂlyw -1 cl o p o v =
Wivoivuduanizhldnedaine § wulasvldsuddnasouluiwaudneadanuanouiie:
<& 4 =t o v ot o o LY o =

fam 5 i ' lesvisadu Ta biduiuas lidevmuugeinniin uos ludehigaingasen

INAY nsznvey lumisazny

3. msduasizimsdsznsunethtesuendlulud (CusSh)
nsanuuls TunisFuassdifinademsifiaiumslseneunasaenisfaiiy
Tnssadruuuiaulasy daalsinnu 18un #3382 adansd nasmaunidiFon) vuie
BYAINVBIAITA (HeFanzFvinm 10 uaz 45 lunsou) uazgamgiilumsin§aser o
DA, #o4 uaz 50 sruzaidon lavianmisudsAudunlsang lunsdunseisie 7 ane

asamiluaisu s



#1913 6 naaamsulseiushmlslums§uasizviaisdsznay CuaSb

Reaction MMiazas  YHIAYNIAYB qquﬁﬁ‘m
Code u o
HATINE T (um) ign5e1 (°C)
1  EGZn45TR EG 45 R
2  EGZnl0TR EG 10 R
3 EGZn45T50 EG 45 50
4 EGZnl0T50 EG 10 50
5 EGZn45TO0 EG 45 0
6 EGZnl0TO EG 10 0
7 EGMgTR EG unknown R
NG
EG unu ethylene glycol Mg tnu wanuniidon
R 1My gun)iiiod Zn unu Mgz a

3.1 msasindmiiziienanyaiussndndurid mmatia XRD

XRD uwnidinusandafusin 1dnnnisduasiziamaniazis 7 gpuaadlugldi 1s
dunan1sAs931Us 1dnuuzdumaila SEM Aanuaasluguii 16 Smfunnanine
wudeIdy msdnsidaumain TEM widenimswiivtsaniziviniu Fawagouanaly
317 17 910ma XRD nusunadulngifilsinggnastvasuendnusiiuiluassadan

zlnueavsaaisdsznou CuxSb au JCPDS card Muiaav 85-492 dwmsuvnaniazlu
msduns e laoddunmndnioevasmrluidou Fagruanslilusud 15 dufidanad
finfinudaiiqaldsueinaniiz EGZn45TR uageinnmeiu SEM vosrn1zdiitamy
symmaulanivwadniunnanadididesuiaoennnineyniaginsanauiiniznguiy
Taoflvuradssuim 1 Tunseu Asuaaslugi 16a uosgadivaenlinziavuiaurlu vinwa
msAndiomaiin EDS wuihdganavesnetilesiozieud ufignwuluiaesnon
uaradlfituinudiu 189 305 muuunsanauszddaddon Tudueu 1as uazein
nmiw TEM Tuzilit 17a wuhlasduIngeymaiiviufeauiasiuunmdn Jueulasd
wailssgnmaineunihil ldaneysuoymalngjfiiuluniweio SEM Taus1vezgnuun
ooneINAUNINLIUMIMTRS BudIet 1B IS 1EY&0 TEM d2u SAD Swumwidiadi
insnlunmais TEM aeandsanyInssadrunns Inuoavesnisisznesy Cu,Sb ad1a1si
amdnsiiusinaiiduiduu i SAD unwnminaeandesiulanzastiles dgnAuny

swtwinuveslonzasdulesdudans & (Mgnastedumaiia EDS) uaz SAD unnifia



08

ejayiz

0L 09 0s 1) og 174 1]
_ 0
N1SPuzo3
w
o 004
H10UZO3
00¢
01SpuzZ93
00€
010LuZo3
ooy
0S.1SpuzZo3
005
‘_ ‘ c ( - ( 0s10LuzZo3
009
0 c yL6Wo3
~ s 0 O v O
.m_ua = g o & £ 9 F 00L
o N -m_a — % 7, B, %
X g & 3% &8 &
— — - = N -
m N — Q - - e o
- o 8" & CHC 2 008
c
i [ ] [ oom
W1BWO3 zen 05101UZ93 ‘'06L5¥UZOT ‘010LUZDT ‘01SPUZOT
y1l0Luzo3g .m._.mv—__vam ALLUERLBNALSVIMRSLUULERBIUSVEMMCR suJaned QX reEn G w—_.-w

0001

Risuaju)



7114 16 namanmehs SEM sinmisdanszt Cu2Sb mmaniaz (a) EGZn45TR, (b)
EGZn10TR, (¢) EGZn45T50, (d) EGZn10T50, (¢) EGZn45TO0, (f)
EGZn10T0, (g) EGMgTR fidsvenosi, and (k) EGMgTR Mid 1woiegs



5U7 17 wansnmwes TEM sanmsdanszdiansdszneu CuSh muaaie (a)
EGZn45TR #aaaseymamulnsniuas SAD unnifiaainvinaaulasn lng
imninatineandestumiatlszney Cu:Sb, usnaflduuanil SAD Jumnifia

fhvssTanzaetnlesnazuinafinedesfusinedil SAD seandoafius-
CuZn; , (b) EGZnl0TR, and (c) EGZn10T50



mmu?nmﬁtﬂummmﬂlizna"u e-CnZns ﬁ%aﬂ‘smg’lu XRD unviiiafi 36.24 uaz 41.95
8371 20 ﬁ'ufu'%’aﬁ'amﬁ'iawmmuﬁiuﬁﬁﬁ'a'111'"lé’fﬁ1ﬂ§ﬁ?u1ﬁﬂawmaﬂxﬂa§ﬂsm;ﬂu
XRD uwnifia uoziiuiidanahidadnliues himusadualdedgadeaiiosnnie
msimdendeutuvesiinlu XRD uwwidia

dmFuan1az EGZn10TR, EGZnd5T50 uaz EGZn10T50 tfu syniafinudan
Tngifusymanuuinulasd Faaaalugud 16b-16d idamazdvuaseududnni
ievufugsiuumsnasfiinluaniie EGZndSTR wafinamnfefnfindadsinglu
XRD uwnifadgnaiam i ufianininnavesuuineynniidn wan1s Iinseialomnaiin
TEM veaaamziemntl nuhiianuasandesfudfunaves SEM fwsnueyninay
lasnunalngndfivyluaniiz EGZndSTR uas (110) zone axis veauwniniananife?
vosan1az EGZn10TR (314 17b) 1dgnuanlunimunsn Swaasdanmuiundngaves
wu'lasvesmisiseneay Cu,Sb #miuaniz EGZnl10T50 1fu (101) zone axis YOIINN
WananEor U 17¢) veseymmaw lasldgnnusudadu s lsAanmui i
yosNauatazuSuYes CnZng "lé’\'gnwu‘lumnﬁm'zzf':

i asondivhiteanal 0 ssm Avaniaz EGZn45TO uaz EGZn10TO Y fin
fintaldgamulu XRD unnifadsuansdannuiiu T 18inufundnedyguezlsng
Tumeaanzil nansinsw1idae SEM wungUswdnvazdmingidunuuoyninuuia
Tngfiiamsimznguiu Faaaslugilii 16e uaz 16f Fuaaaliiuiuravomdnedy
it ldnyiufefniinialu XRD uwniia srnwanisnaasanani esaagl 14
ﬂ'nmi'fluu?invmwﬁmﬁmqﬁua:ﬂ:1mu?qm%"mmwﬁﬁﬁmqﬁmqﬁmawi‘fuag:ﬁ'uqmﬁqﬁﬁm
Ufn5en n"i‘mmﬂﬂﬁﬁ?miﬂuﬂﬁﬁ?mnmumumm%’auﬁuﬂuﬁﬁ'amﬂ'hmi"l%'ﬁ"ﬁ'ﬁmﬁmﬂ

ST

10 lunseufigninpineszndanimuioutumnninma 18§ faduua 45 Tuaseu dnds
dugavemstumdiinaseufidasuiivs lfinaldidamy lasedreanugal msefuiei 14
emi I dmsudFAsedt so ssndromudu dmiulAsuiigunad o osreznia
HANBFYTIMY8Y CupSh Hudaning Tavfignidladiudaeinms IRsundnui ifeawe
dmfuvuuns diffusion egelsimunis iarudeunindadiuainioldussemeves
ufrerfneusrsiotfutyeniundnliad 14

ﬂﬁﬁ?m-ﬁ‘lfﬁmuunﬁﬁumﬂuﬁﬁG‘iﬁlfuNﬁﬂaqnm'ﬁﬁgﬂﬁﬂﬁuﬁuauuumfnz
nguiu Aaemalugil 16g uazfioymauuunulasvinauey é’mﬁm‘luzﬂﬁ 16h wnTUnan
yfu #in XRD ﬁn"z'u"lﬁ’fﬂsmgﬂfuﬁm%’Uﬂﬁﬁ?mi‘fﬁc“ﬁagﬂmmminﬁﬂmnnmaaaqmn

o

o - o : 4 a = wr
vunaidnuazdeanddanea il T 18RuuniliBonssahavussuuumassaseany

o

= a

Tuenavesmsdunidinafluaisiszneudunidlanz Tanfarkunisosnonvoiesndiou



- 5t * - 1 ar g o
voiluanaveusiiau Inanea SusilumniiiFuusedimdnd IiinT uraduiasguiluauy
1w e o w o = o da ]
vinandaned URasuludidiazawdunidnevez lumuz ey
- -~ g = dyv 1] ¥q ¥ &£y oo - v o

mawsonmistsznoulanziammyiatdylalfimatdasuns nsalunistuduns 1y
o 4 a o o d'cc'ye--o {‘ aa =4 vy
Wevuvosmsusgnouduniolavndel#d whazaothuenaulnanea Fanwuinlu

o o @ Py =
Funarudyguveaesidulnanealunanisneaouveniaiusiing

5. ayUwamsnaaes
MsANYIAIUIF ST uUNITes sudesnaasazaisveimsUsznay InSb, CugSns
waz Cu,Sb wuhdulsniwasenmisiimiluaisdsenou Aoxiiavesesazaio uas
= Py =3 ] =) L3 =y v Py
msazawhlinaminaasiangafsionaulnanen dauvunavesnlsadIziinanansiie
Wuasdsaouuinfigamwizlunismien CuShmviniu mswsonaisisznauaesdifinie
) 1 1 - e ¥ ar o Y- = [ -
YUIAYIR I3 A lidamansznusthaiiuiduna’ld dulsiSosvesgunpiifidu@ordtu fe
¥
punplszinansznummizdmiunsmioumstsenoy CusSh miiu mswion
[ .=; = =Y [ 1 é o N ¥ o L1 - =
asUszneurnsfimae gungi lidwmansznusdiaiufiduna1d dulsgaiioforiia
LYW o = a = [ = g4 ¥ =a e et = ] [~ Mg ¥ a ow o
Y0IA2383% Mnngauiige Aeridanz dez indaiunangs diunandnz lulindnium
a9 ilpaninmadlauesdnd I EsnFunas gl hidivawe e bifel §7501 14 dw
ranunilFoud sl eeiinad1aveamidnd IS anduuiasguiiann ualfudasaanidu
asvsznouTanzluvniannzuazifiueshdlundneduysiuluuiianioe Telumaunzay
¥ ) r
nazunTdadnfudlsatunn Innziadliuesdszneuddousudirazaw'ld
Tumsanyina lnmisda lnswadauumeu lasmdu ldaunatni idiwaus Ao
v . an & n‘é 1 o 7 =1 =y
“point effect of the electric field” FuaulasmivnodiuuoymadineFuazimuTailuau
w = 1 e o =1 “ [ g
Tasnlavsudidnaseuriudatsvouau lasiiliinsuannsd s uaulasvae liTee

J - ’ a Ag
nannuIue ldiaulasinvualvguazauugalnniu



6. 1BNA1561984

1. M. M. Thackeray. J. T. Voughey, A. J. Kahaian. K. D. Kepler, and R. Benedek,

Electrochemistry Communications 1(1999) 111-115.

™I

. D. Kepler, J. T. Vaughey. and M. M. Thackeray. Electrochemical and Solid-State
Letters. 2(7) (1999) 307-309.

. M. M. Thackeray, C. S. Johnson, A. J. Kahaian. K. D. Kepler, J. T. Vaughey, Y.
Shao-Horn, S. A. Hackney. ITE Battery Letters 1(1) (1999) 26

4. J. Yang, M. Winter, and J. O. Besenhard. Solid-State Ioincs, 90 (1996) 281.

. J. O. Besenhard, J. Yang, and M. Winter, J. Power Sources, 68 (1997) 87.

6. D. Kepler. J. T. Vaughey. and M. M. Thackeray. J. Power Sources, 81-

82(1999)383-387
. R. Janot, D. Guérard, Progress in Materials Science 50(2005) 1-92.

W

W

00 ~

. T. Sarakonsri, Ph.D. Thesis, Michigan Technological University, Houghton,
(2002).
9. B. D. Cullity, Elements of X-ray Diffraction, 2" ed. (Massachusetts, Addison-
Wesley, 1977)
10. C. U. Davanzo. G. Yoshitaka. Journal of the Chemical Society, Dalton
Transactions: Inorganic Chemistry 3(1981) 843-6.
11. C. U. Davanzo. G. Yoshitaka, Inorganica Chimica Acta 60 (1982) 219-22.
12. L. Coghi. C. Pelizzi and G. Pelizzi. Journal of Organometallic Chemistry,
114(1976) 53-65
13. Modemn Electrochemistry: an introduction to an interdisciplinary area (New York,
Plenum Press, 1970).
14. R. Benedek and M. M. Thackeray., Journal of Power Sources, 110(2002) 406-411
15. M. M. Thackeray. J. T. Vaughey, C. S. Johnson, A. J. Kropf, R. Benedek, L. M. L.
Fransson. and K. Edstrom. Journal of Power Sources, 113(2003) 124-130
16. M. Kis-Varga and, D. L. Beke. Matenals Science Forum (1996), 225-227(Pt.1),
465-470
17. L. M. L. Fransson, J. T. Vaughey. R. Benedek, K. Edstrom, J. O. Thomas, and M.
M. Thackeray, Electrochemistry Communications, 3(2001) 317-323
18. Seung-Wan Song. R. P. Reade, E. J. Caims, J. T. Vaughey, M. M Thackeray, and
K. A. Striebel, Journal of the Electrochemical Society (2004), 151(7)



19.

20.

21.

22.

23.

24.
25.

26.
. C. S. Johnson, J. T. Vaughey, M. M. Thackeray, T. Sarakonsri. S. A. Hackney, L.

28.

29
30

31.

T. Sarakonsri, T. Apirattanawan, S. Tungprasurt and T. Tunkasiri. Submitted to
Journal of Materials Science

C. S. Johnson, T. Sarakonsri. S. A. Hackney, J. T. Vaughey, N. Li. and M. M
Thackeray. presented at 2004 IBA Battery and Fuel Cell materials Symposium,
Graz, Australia, April 18-22, 2004

T. Sarakonsri, C. S. Johnson, J. T. Vaughey, N. Li, S. A. Hackney, and M. M
Thackeray, presented at 12" International Meeting on Lithium Batteries (IMLB-
12), Nara, Japan, June 27-July 2, 2004

T. Sarakonsri, Ph.D. Thesis, Michigan Technological University, Houghton,
(2002)

R. Juskenas, V. Pakstas, A. Sudavicius, V. Kapocius, and V. Karpaviciene,
Applied Surface Science 229(2004) 402-408

R. Juskenas, V. Latvys, Chemija, 1(1992)54-66

B. D. Cullity, Elements of X-ray Diffraction. 2™ ed. Massachusetts., Addison-
Wesley, 1977

A. G. Sharpe, Inorganic Chemistry, 2™ ed. Singapore, Longman. 1986

Fransson, K. Edstrom, J. O. Thomas, Electrochemical Communications 2 (2000)
595-600

J. T. Vaughey, J. O'Hara. and M. M. Thackeray, Electrochem. Solid State Lett., 3
(2000) 13

R. Janot, D. Guérard, Progress in Materials Science 50 (2005) 1-92

O. Mao, R. L. Turner. 1. A. Courtney. B. D. Frederickson, M. 1. Buckett, L. J.
Krause, and J. R. Dahn, Electrochemical and Solid-State Letters. 2(1) (1999) 3-5
J. Yang, Y. Takeda, N. Imanishi, J. Y. Xie, O. Yamamoto, Solid State Ionics 133
(2001) 189-194



7. Output nldaninsams

ﬂl =
wquonasnduiszyuunavia

]
4

~ o’.-; .-.; ) 2 ] - Py
I@UDNANVLLNY I1lmmn*jn'll'z‘xmﬂﬂ_n,lﬁl.uszﬂ’.na’nm 27 UQUIBY fa2 NINYINY
2547 audinans) lumadseyn 12™ International Meeting on Lithium Batteries
(IMLB-12) Tiniwaisas Low temperature synthesis of intermetallic and

composite clectrodes for lithium batteries
o et -1 v w =
iwwenanaunu T aaasilszmmmnaluszningTuin 24-26 davaw 2548 an

13T Tumisilsza 11" Asian Chemical Congress Tuiiidai381 Electron

microscopy study of the formation of dendrite CueSns powders, synthesized
by solution route method

aNUANNN szAUYIOY IR

Solution Route Synthesis of Dendrite Cu,Sns Powders. Anode Material for
Lithium-ion Batteries. T. Sarakonsri. T. Apirattanawan. S. Tungprasurt and T.
Tunkasiri. submitted to Journal of Material Science

Another Investigation: Solution Route Synthesis of Dendrite Cu,Sb powders,
Anode Material for Lithium-ion Batteries. T. Sarakonsri. T. Aamjaikad. T.

Tunkasiri. submiticd to Journal of Power Sources

< o o ar o
A THANWNN IZAHY 161

Solution Route Preparation and Characterization of Dendrite InSb powders,
Anode Material for Lithium-ion Batteries, T. Sarakonsri, K. Choksawatpinyo,
S. Seraphin, T. Tunkasiri. submitted to Chiang Mai Journal of Science
Electron microscopy study of the formation of dendrite CugSns powders,
synthesized by solution route method, S. Tungprasurt, T. Sarakonsri, T.
Tunkasiri, submitted to Asean Journal on Science & Technology for

Development



HAIANUIN



Low Temperature Synthesis of Intermetallic- and
Composite Electrodes for Lithium Batteries

T. S. Sarakonsri'", C. S. Johnson®, J. T. Vaughey’, N. Li%, -

S. A. Hackney' and M. M. Thackeray®

' Depariment of Metallurgical and Materials Engineering,
Michigan Technological University
Houghton, Michigan 49931, USA
? Chemical Engineering Division
Argonne National Laboratory
Argonne, lllinois 60439, L/SA

*Current address: Department of Chemistry, Chiang Mai
University, Chiang Mai 50200, Thailand

Over the past ten years, there has been a renewed
interest in metal alloys and intermetallic compounds for
replacing graphitic carbon as the anode of choice in
lithium-ion batteries. These compounds react with
lithium in several ways:

1) by lithium insertion that occurs with little or no
extrusion of any metal atoms from the host structure as it
occurs in pure metal systems such as Al, St and Sn, that
form discrete Li,Al, Li,Si and Li,Sn phases, respectively
[1]. Examples also include the intermetallic compounds
CugSns and MnSb that form Li,CuSn [2] and LiMnSb 3],
respectively.

2) by lithium insertion into, and metal displacement
from, an intermerallic host structure. The host can be
comprised of elements, all of which react with lithium,
such as SnSb [4], InSb [5] or Ag;Sb [6], or of elements,
only some of which react with lithium, such as FeSna [7],
Cu,Sb [8] and CoSb, [9].

Electrochemical reactions of lithium with metals or
intermetallic compounds are typically accompanied by an
increase in volume. Repeated expansion and contraction
during electrochemical cycling pulverizes the electrode
particles, In attempts to overcome this problem, nano-
composite intermetallic electrodes have been fabricated,
for example, by high-energy bali-milling [7, 10] in order
to control lithium diffusion lengths within the metal
matrix and to minimize the loss of particle-to-particle
contact during the electrochemical pulverization process.

We are using a solution technique as an alternative
method to making small intermelallic particles at room
temperature. We have been depositing these particles
onto a carbon or graphite matrix in an attempt to increase
the capacity advantage that the metal component offers
and the structural stability of the carbon component. This
approach yields similar results to those obtained by Dailly
et al in which Sb metal was deposited onto graphite by
reduction of SbCls with potassium-intercalated graphite
(KCg) [11].

In this presentation. we report the morphological
features and the electrochemical behavior of InSb, Cu,Sb,
and CusSns electrodes when synthesized by the solution
route on their own and in the presence of carbon or
graphite.  Salts of the appropriate metals (typically
chlorides) were dissolved in ethylene glycol and reduced
with metallic zinc powder. Products were isolated and
anncaled at 220°C under an inert atmosphere to
homogenize the materials. Intermetallic compounds
prepared by this technique tend to crystallize with high-
surface area dendritic structures, as shown in Figure 1 for
an InSb sample. Apart from a large irreversible capacity
loss on the initial cycle, CusSb electrodes prepared by the
solution technique deliver more than 80% of their

theoretical capacity with excellent cycling stability
(Figure 2) in good agreement with previously reporwed
data for ball-milled Cu;Sb samples [8]).
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Fig. 1. A TEM image showing the dendritic
morphology of InSb formed from a solution route.

"

- 00 -1
-l g - -
s . . |—e—Charge
- -
'i ¥ -| —m— Discharge
v X0 T ===
1 = -
$ -
G w -
= wl - .
s B
= e
[ [ 0 15 0 P » »
Cyele Ne.

Fig. 1. Cycling stability of a Li/Cu,Sb cell with an
annealed Cu,Sb electrode formed from a solution route.



The investigation of the formation of dendrite CusSns powder, synthesized by
solution route method
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Abstract

Dendrite CueSns powders. anode material for lithium-ion batteries [1. 2]. can be
synthesized by performing a redox reaction between stochiometric amount of metals
chloride and zinc in cthylene glycol solvent [3]. The formation of dendrite morphology
was investigated by varying two processing parameters. Reducing agent, which were zinc
powders (45 pm) and zinc plate. was the first parameter. Reaction time varying from 1-5
minutes was the second one. From the characterization of the product powder by SEM
and TEM techniques. CueSns compound was confirmed to nucleate on reducing agent
particles and grown into dendrite structure. showed in figure 1. More dendrite structure
with long branches was tound consequently when letting the reaction went for longer
time. Finally. only dendrite particle have found to disperse in the solution.

Keywords: Cu,Sns. lithium-ion batteries. synthesis. dendrite structure, and electron
microscopy
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Figure 1 SEM micrograph dendrite structure from the synthesis of CugSns by zinc
powder for 1 minute



Solution Route Synthesis of Dendrite CusSng Powders,
Anode Materials for Lithium-ion Battery
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Abstract

Intermetallic dendrite particles. such as CusSns compound. possible anode materials
for high power lithium-ion batteries. can be synthesized by using solution technique.
Solution route method can induced the formation of the compound by performing a
redox reaction between metal-chloride salts and metallic reducing powder in a
suitable solvent. The morphological features and single phase formation
corresponding to ditferent processing conditions including, solvent type, reducing
agent particle size, and reaction temperature, were determined. The XRD, SEM, and
TEM results illustrating the dendritic morphology of CueSns particles with small
amount of impurities can be synthesized by using ethylene glycol as a solvent and
zinc powder as a reducing agent. Reducing agent particle size and reaction
temperature has a very small effect on the formation of the CugSns dendrite powder.

Keywords; Lithium-ion battery, intermetallic alloys and compounds, synthesis,
electron microscopy, and CugSns
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Introduction

Rechargeable lithium battery has long been known as a state of the art because
of its high energy density in a portable size. The microstructure properties of a
positive and a negative electrode materials. makes this type of battery outstanding
among other types of battery. Commercially rechargeable lithium battery composes of
LiCoO, as a positive electrode and graphite as a negative electrode. These electrodes
were considered as intercalation electrodes because they act as a host lattice structure
for lithium insertion/extraction without significant change in lattice parameters.
Graphite electrode delivers about 360mAh/g or about 700mAh/cc. The great thing
about this electrode is that the volume expansion of the alloy phase is only about 6
percent [1]. However, there is a concem about the safety of this cell because lithiated
graphite electrodes, Li\Cs, reach the lithium potential when cells approach a fully
charged state, as well as, the presence of a highly oxidizing Li;..Co0O; electrode and a
flammable organic electrolyte [2]. Recently, alternative negative clectrodes that
operate a few hundred milivolts above lithiated graphite have been proposed [3] with
the zinc-blende structure. Like the LiCoOas structure. the Zinc-blende compounds
contain vacant interstitial sites for lithium ions to be inserted reversibly without
dramatic volume expansion. Recently the idea of an intermetallic compound MM*
was introduced by M.M. Thackeray group {3- 5], where M is an active alloying
element and M" is an inactive element (or elements). n-CusSns (space group
P63/mmc). which has NiAs and Ni.In structures (similar to zinc-blende). was
considered as an intermetallic insertion electrode [3]. The electrochemical
investigation of this intermetallic compound electrode shows excellent properties
(about 275mAh/g or about 1900mAh/cc) and potentially safer over graphite electrode

[2.3. 6]



Mechanically alloying or ball milling process was reported [6] for the
preparation of CusSns compound. Small particles size usually receives by this
method. However, due to high pressure applied during the process may introduce
some disordered or amorphous phase in the product as well as particles agglomeration
due to high reactivity surfaces [7], which will associate in poor cycle ability. Smaller
particles with relatively low crystal defects may be required to improve the cell
performance. Solution route method was introduced here as an alternative way of
making crystalline intermetallic compounds at ambient temperature with size
approaching as small as nanometer scale. Initial experiment [8] showed that the
precipitated was formed in a specific morphology with dendrite structure, which
composed of very fine particles. The reaction conditions are considered to have an
influence on the dendrite formation. This research will explore a study of the effect of
processing parameters, such as, solvent, reducing agent particle size, and reaction

temperature, to the dendrite formation of CugSns compound.

Experimental

The general idea of solution route method may be represented as an oxidation-
reduction reaction between metal chloride salts and reducing agent in a non-aqueous
solution. Processing parameters, such as, solvent, reducing agent particle size, and
reaction temperature were varied in order to examine the effect of processing
parameters to the dendrite formation (shown in table 1). Various viscosity and
polarity solvents such as ethylene glycol (EG, JT. Baker, purity 99.0%), dimethyl
sulfoxide (DMSO, Sigma Chemical) and dimethyl formamide (DMF, Labscan Asia,
99.8% v/v) were chosen. Size of reducing agent particle (Fluka, 10 and 45y particle

size) may involve in kinetic process and affect the size of dendrite particles. However,



due to an exothermic reaction some oxide compounds may be introduced in the
product. The reaction temperature was then controlled at zero degree. In contrast,
reaction above room temperature may introduce the driving force for the phase
transformation to occur as more intermetallic phase will be received. In this
experiment, zero, room temperature and 50 degree reaction temperatures will be
investigated.

The preparation of CusSns was conducted and coded according to the
processing parameters as shown in table 1. The detail of the preparation for the first
experimental condition is described by dissolving stoichiometric amounts (equation
(1)) of CuCl;, (Sigma-Aldrich, purity 99.0%) and SnCl,.2H;0 (Sigma-Aldrich, purity
99.99%) in ethylene glycol (EG, JT. Baker, purity 99.0%) at room temperature. Zinc
powder, a reducing agent, was gradually added to the soluticn. The reaction was
continuously stirred for over 1 hour before it was filtered and washed by methanol

(Merck, commercial grade). Finally, it was dried in the oven at 65°C for 30 minutes.

6CuCl, +55nCl, +11Zn — Cu,Sn, +112ZnCl, (1)

Phases present were examined by powder X-ray diffraction (XRD, siemen

D500/D501, Cu Ka (A1.54) Ni filter, 20 = 10-80°) technique as well as the quantitative

analyses. Secondary Electron Microscopy (SEM) equipped with Energy Dispersive
Spectroscopy (EDS) (JEOL JSM-6335F) technique was used to observe morphology
of the product powders. Finally, nanometer scale morphology directly related to the
crystallography of the phase presents was determined by Transmission Electron

Microscopy (TEM, JEOL JEM-2010) technique.



Results and Discussion

Powder XRD patterns (figure 1) from the preparation of CugSn;s indicated the
occurrence of CugSns hexagonal structure (JCPDS card no 02-0713) in all conditions
using ethylene glycol (EG) as a solvent but varied in concentration (Table 2) due to
the impurity by Sn metal presence. The concentration of CusSns and Sn phases were
calculated as percentage volume fraction by direct comparison method using the
integrated intensities of CusSns (101) and Sn (101) peaks [9]. The calculated volume
fractions of CusSns phase were slightly different in four conditions (EGZn45T0,
EGZnl10TR, EGZn45T50, and EGZn45TR). However, these small differences may
not significantly count as the effect of processing parameters. It is interesting that
alloys, such as CugSns can thermodynamically be produced at this ambient
temperature and at this short period of time by this method, which is impossible to
occur at this temperature taking into consideration by the phase diagram. However, as
the contaminated Sn phase exists, annealing in inert gas atmosphere at about 400°C
may be required to improve intermetallic purity. For other observations, only Zn and
Cu metals were detected in XRD patterns for the conditions using dimethyl sulfoxide
(DMSO) and dimethylformamide (DMF) solvents. The vanished of Cue¢Sns compound
in DMSO and DMF conditions can be explained by the possibility of Sn?* jon
preferably coordinated with these solvent molecules, which act as ligands, through
their oxygen atoms to form stable coordinated ions, [(CH3)4S,C1;0,Sn]** [10-12]. The
formation of these coordinated ions hindered the reduction Sn?* ion to a metal form.
Therefore, unreacted Zn powder was remained undoubtedly after the reaction
finished.

After XRD data were obtained, the SEM technique for morphological study

was employed. SEM micrographs of product powders synthesized from all conditions



for CugSns are revealed in figure 2. Dendrite particles are found in conditions using
EG as a solvent. Plate shape particles were obtained with conditions using DMF and
DMSO solvents corresponding to and Cu metal, identified by EDS spectrum. The
SEM result, which was in consistency with XRD data, indicated the appearance of the
remained Zn metal as equiax white particles located on top of the Cu plates. It should
be noted that reaction in DMF and DMSO solvents could not be used to stimulate
dendrite intermetallic phase. Due to large distribution of dendrite particle sizes in both
conditions (EGZn45TR and EGZn10TR) as illustrated in figure 2, the effect of
reducing particle size to dendrite formation is not too diverse to be measured.

The microstructure of the dendrite particles was confirmed by TEM technique.
Figure 3 shows the TEM micrographs of dendrite particles synthesized from condition
EGZn45TR, EGZn10TR, EGZn45T0, and EGZn45T50. The inserted figures are the
consequent selected area diffraction pattern from the dendrite area. which give
diffraction spots correspond to the crystallographic planes of CusSns hexagonal
structure. The SAD patterns of both single crystal and polycrystalline suggest
crystalline dendritic morphology of CugSns phase obtained. The previous SEM results
illustrate dendrite morphology observed in all conditions using EG as a solvent, which
was verified by TEM images associated with SAD patterns as CusSns compound.
Therefore, it can be summarized that intermetallic CugSns compound prepared by this
method is considered to appear as dendritic configuration.

The dendritic growth morphology is of particular importance to the application
of the compound materials as a component to the Li ion negative electrode. The high
surface area to volume ratio inherent in the dendrite morphology acts to reduce the
interface overpotential by reducing the current density. It is not obvious, however,

why a dendritic morphology is stabilized in this synthesis method. The ‘point effect of



diffusion’ is the mechanism that has been considered for stabilizing the dendrite
morphology during solidification. However, when electric potentials are involved,
there is also a contribution from the point effect of the electric field. The proposal put
forth here is that the compound dendrites nucleate on the Zn powder, acting as
electrodes for the reduction of the Sn and Cu ions. The proposed mechanism is
illustrated in figure 4. The electrochemical overpotential at the solution/precipitate
interface will produce an electric field acting to focus the ionic current to the dendrite
tip. This idea has been considered previously as a rationalization for dendrite

formation during electroplating [13].

Conclusion

The nanometer crystalline dendrite CugSns powder was successfully
synthesized by reacting copper and tin chloride salts with zinc powder in an unreacted
polar non-aqueous solvent, such as ethylene glycol. Particle size of zinc powder, a
reducing agent, unaffected the size of dendrite particles as well as reaction
temperature in the range of 0 to 50°C has unconsiderably effect to the formation of
the intermetallic phase. Therefore, the solution route method is the economic,
convenience, and powerful technique for making dendritic morphology intermetallic

compounds.
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Figure Captions

Figure 1 Powder XRD patterns from the synthesized of Cu,Sns with conditions
LGZndSTR. EGZn10TR, DMEZndSTR, DMSOZndSTR. EGZnd5T50, and
EG/Znd5 150

Figure 2 SIEM micrographs from the synthesized of CuSns with conditions (a)
EGZnd5STR. (b)Y EGZn10TR, (¢) DMEZnd5TR. (d) DMSOZnd5TR, ()
EGZnd5T50, and (D EGZnd45T0

Figure 3 TEN micrographs from the synthesized of CulSns with conditions (a)
EGZndSTRO (M) EGZn10OTR. () FGZnd3T0 and (d) EGZndSTS0

Figure 4 Schematic diagram ot the mechanism of the dendrite nucleation



Tables

Table 1 Processing parameters for the synthesis of CugSns compound

Reaction Solvent types Particle size Temp (°C)
of Zn(p)
EGZn45TR EG 45 Room
EGZn45TO EG 45 0
EGZnl0TR EG 10 Room
EGZn45T50 EG 45 50
DMSOZn45TR DMSO 45 Room
DMFZn45TR DMF 45 Room

Table 2 Percentage calculated volume fraction of CusSns and Sn phases from XRD
data using integrated intensities of CugSns (101) and Sn (101) peaks

Reaction Volume Fraction (%)
CueSns: Sn
EGZn45TR 97.48 : 2.52
EGZnl10TR 99.66 : 0.34
EGZn45T0 99.73:0.27
EGZn45T50 99.50 : 0.50

10
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Another Investigation: Solution Route Synthesis of Dendrite
Cu,Sb powders, Anode Material for Lithium-ion Batteries
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Abstract

Dendrite Cu;Sb powders, anode materials for lithium-ion batteries, was
successfully synthesized by redox reaction between metal chloride salts and metallic
reducing agent at ambient temperature. This experiment reports on the consequence of
processing parameters to the formation of dendrite Cu;Sb powder. The results from
XRD, SEM, and TEM techniques suggest that high purity dendrite Cu,Sb powder can
be synthesized in ethylene glycol by using zinc powder reducing agent at reaction

temperature ranging from room to 50°C.
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microscopy, Copper antimonide
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Introduction

The tetragonal copper antimonide, Cu,Sb {space group P4/nmm) has been
proposed as a potential anode material for lithium-ion batteries with the possibility
that lithium can be intercalated in its structure [ 1]. High gravimetric capacity (about
290 mAh g" or about 1914 mAh cc™') and excellent capacity retention were received
from this electrode |2]. The preparation of Cu2Sb compound can be carried out by
conventional ball-milling process or by pulse laser deposition method [3-5]. Due to
the concerning of particle size and nanotechnology come to play an important role in
this part, recently the economical and less time consuming method to prepared
nanocrystalline intermetallic CusSns compound has been introduced [6]. Solution
route or oxidation-reduction method was reported for the production of CusSns with
dendritic morphology. The intermetallic compound was received by performing in
ethylene glycol, using 10 and 45um zinc powder. and at reaction temperature up to
50°C. Nanocrystalline intermetallic Cu2Sb compound additionally has been
synthesized in this way and was reported for using as anode material for lithium-ion
batteries [7-9]. There were several processing parameters that had to be controlled to
acquire the most suitable means to synthesize this material: such as solvent, reducing
agent, and temperature. Therefore, this experiment will explore the consequence of
those processing parameters to dendrite Cu,Sb powder formation in order to obtain

the most suitable means to produce crystalline dendrite Cu;Sb powder.

Experimental

The theory concerning solution route synthesis was described in the report on
dendrite CugSn;s powders [9]. For Cu;Sb compounds, the processing parameters
affecting dendrite formation are solvents, reducing agents, reducing agent particle

sizes, and reaction temperatures. Only one type of solvent was examined which is



'ad

ethylene glycol (EG, JT. Baker, purity 99.0%) From the previous siudyv. EG solvent
initiated more suitable for synthesizing dendrite intermetallic powder over other two
solvents (dimethyl sulfoxide, DMSO and dimethyl formamide, DMF) [6]. Zinc (Fluka.
10 and 45 particle size) was used as reducing agent along with magnesium (Sigma-
Aldrich, purity 99.0%), which has more negative value of standard reduction potential
than zinc. The reaction temperature at 0°C, room, and 50°C were employed.

The preparation of Cu;Sb was conducted and coded according to the
processing parameters as shown in table 1. The detail of the preparation for the first
experimental condition was carried out by dissolving stoichiometric amounts
(equation (1)) of CuCl; (Sigma-Aldrich, purity 99.0%) and SbCl; (Aldrich Chemical.
purity 99.0%) in ethylene glycol at room temperature. Zinc powder was gradually
added to the solution. The reaction was continuously stirred for over 1 hour before it
was filtered and washed by methanol (Merck, commercial grade). Finally. it was dried

in the oven at 65°C for 30 minutes.

2CuCl, + SbCI, +3.5Zn — Cu,Sb +3.5ZnCl, (1)

As received powders were characterized for the phases presented by powder

X-ray diffraction (XRD, siemen D500/D501, Cu Ka (A1.54) Ni filter, 20 = 10-80°,

step:0.02°, step time: 1s) technique. Scanning Electron Microscopy (SEM) equipped
with Energy Dispersive Spectroscopy (EDS) (JEOL JSM-6335F) technique was used
to observe morphology of the product powders. Finally, nanometer scale morphology
which directly related to the crystallography of the phase presented was determined
by Transmission Electron Microscopy (TEM) equipped with Energy Dispersive

Spectroscopy (EDS) (JEOL JEM-2010) technique.



Results and Discussion

The X-ray diffraction patterns and SEM images of the as received powders for
all synthesis conditions were illustrated in figure 1 and 2. respectively. TEM analyses
of selected conditions were demonstrated in figure 3. The major phase presence was
identified to be tetragonal Cu,Sb phase (JCPDS card no 85-492) for all synthesis
conditions with some small amount of impurities as indicated in figure 1. It was
observed that sharpest XRD peaks were obtained in EGZn45TR condition. Its SEM
image (figure 2a) revealed number of relatively small dendrite particles being
nucleated out of agglomerated rounded particle (1 um in diameter); assemble the sea
anemones in nanometer scale. By EDS study, analogous copper and antimony signals
were observed from both areas suggesting the possibility of rounded morphology
being transformed into dendrite. Form the TEM analysis (figure 3a), mostly small
dendrite particles were observed. These dendrites hence were assumed to be former
attached to those large particles observed in SEM image which they were separated
out by the TEM sample preparation process. The selected area diffraction (SAD) ring
pattern in the inserted figure corresponds to tetragonal Cu;Sb. However, there was a
thin film area which its SAD pattern corresponded to copper was discovered as well
as the area of copper plus zinc metals (confirmed by the EDS spectrum) and its
corresponding SAD pattern (figure 3a) belongs to e-CuZn; phase [10-11] which
appeared in XRD pattern at 36.24 and 41.95 degree 20. Therefore, some antimony
metal remained unreacted and evident in the XRD pattern. It was noted that the
volume fraction could not accurately calculated due to peaks overlapping in XRD
patterns.

For EGZn10TR, EGZn45T50, and EGZn10T50 conditions, mostly dendrite

particles were observed (figure 2b-2d), which is relatively smaller compared to



rounded particles in EGZn45TR. Consequently, broad peaks which appeared in XRD
patterns may assumed as because of small particle size effect [12]. The TEM analyses
of these conditions were in good agreement with SEM data for relatively larger
dendrite particles than observed in EGZn45TR. The (110) zone axis single crystal
SAD pattern of EGZn10TR (figure 3b) was shown in the inserted figure representing
high crystalline Cu,Sb dendrite. For condition EGZn10T50, the (101) zone axis single
crystal SAD pattern (figure 3c) of the Cu,;Sb dendrite particle was observed as well.
There were no areas of thin copper and CuZn; film as observed in EGZn45TR.

The reactions reacted at 0°C (EGZn45T0 and EGZn10T0) reveal very broad
XRD peaks suggesting the possibility of amorphous phase presence. The SEM results
show the major morphology of large agglomerated particles (figure 2e and 2f)
suggesting amorphous phase which is in accordance with the very broad peaks
observed in XRD pattern. From these results, it can be concluded that product
crystallinity and purity perhaps depend on reaction temperature. Because of an
exothermic process, it was observed that using 10 reducing agent at room
temperature generate more heat than using 45u. Consequently, equilibrium electrons
diffusion process occurred, which was resulted in complete growth of dendrite
structures. This explanation was applied for the reaction at 50°C additionally. The
0°C reaction produced mostly Cu;Sb amorphous phase, which was understood to be
insufficient energy for diffusion process. However, anealing the product powders
under argon atmosphere may improve the crystallinity [8].

The reaction using magnesium reducing agent powder produced mostly
agglomerated unwell defined particles (figure 2g) with some dendrite morphology
(figure 2h), Furthermore, broad XRD peaks appeared in this reaction, which was

assumed to be small particle size effect and more importantly the feasibility that the



magnesium prefer to tetrahedral coordinated by organic group [13] to form
organometallic compound through oxygen atoms of ethylene glycol molecules.
Although it has more negative standard reduction potential value, reaction in organic

solvent might not applicable.

Conclusion

The tetragonal Cu,;Sb was successfully synthesized by solution route method.
Reaction temperature and reducing agent particle size has an effect on dendrite
particle formation and crystal characteristic. The reaction using zinc 10um powder at
room temperature and the reactions at 50°C produced the most purified crystal Cu,Sb

dendrite powders.
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Figure Captions
Figure 1 Powder XRD patterns from the synthesized of Cu:Sb with conditions

EGZn45TR, EGZnl10TR, EGZn45T50, EGZn10T50, EGZn45TO0,
EGZnl10T0, and EGMgTR

Figure 2 SEM micrographs from the synthesized of Cu;Sb with conditions (a)
EGZn45TR, (b) EGZn10TR, (c) EGZn45T50, (d) EGZn10TS50. (e)
EGZn45TO0, (f) EGZnl10TO, (g) EGMgTR for low magnification, and (h)
EGMgTR for high magnification

Figure 3 TEM micrographs from the synthesized of Cu,Sb with conditions (a)
EGZn45TR showing dendrite particles and its corresponding SAD pattern
which corresponds to Cu>Sb compound, thin tilm area which its SAD ring
pattern belongs to copper metal and copper plus zinc area which its SAD

pattern corresponds to e-CuZn; phase, (b) EGZn10TR, and (¢) EGZn10T50
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Tables

Table 1 Processing parameters for the synthesis of Cu>Sb compound

Reaction Solvent types  Particle size Temp (°C)
of Zn(p)

EGZn45TR EG 45 Room
EGZn10TR EG 10 Room
EGZn45T50 EG 45 50
EGZn10T50 EG 10 50
EGZn45TO EG 45 0
EGZnl10TO EG 10 0

EGMg45TR EG Mg Room
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Solution Route Preparation and Characterization of
Dendrite InSb powders, Anode Material for Lithium-ion
Batteries
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Abstract

Solution route method can be used to synthesize InSb compound, potential
anode material for lithium-ion batteries. Stoichiometric amount of InCl;, SbCl;, and
Zn powders were reacted in ethylene glycol to receive intermetallic InSb powders.
The characterization of the as received product by XRD technique indicated 48%
InSb volume fraction and some other impurities. From SEM results, the morphology
of the product was observed to have dendritic structure. The selected area diffraction
(SAD) pattern obtained from TEM technique verified the dendrite particles as InSb
phase. High crystallinity InSb dendrite was also confirmed by TEM micrograph and

its single crystal SAD pattern.

Keywords; Lithium-ion battery, intercalation compound, synthesis, electron
microscopy, indium antimonide
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Introduction

The binary semiconducting compound InSb, with zinc-blende type structure
(space group F43m (216)) has exhibited interesting properties a negative insertion
material for lithium-ion battenes replacing graphite electrode for the safety reason [1-
3]. Crystallographically, the zinc-blende framework also contains three dimensional
interstitial sites suitable for lithium 1ons intercalation [3]. It was reported that InSb
electrode prepared by ball-milling method provides approximately 340 mAh g,
which was relatively high compared to carbon base electrode [2]. However, the
matenial producing by bali-milling process may introduce some residual stresses as
well as particles agglomeration, which potentially reduce the cell performance [4].
Chemical route approach was then came into attention and was proposed [5] with the
objective to minimize those problems and more importantly the production cost. The
theory concerning this method was reported else where, which analogous to the
synthesis of CugSns and Cu;Sb compounds [5-7]. From those preliminary results, the
intermetallic compounds were observed to precipitate out as dendritic morphology.
This morphology appeared to compose of nanometer particles, which associated with
high surface area. Consequently, this experiment explored the synthesis of InSb
compound by carried the reaction out using only one condition as for the synthesis of
CugSns and Cu,;Sb compounds, which were ethylene glycol solvent, zinc power
(45pm particle size) reducing agent, and reacted at room temperature. X-ray
diffraction (XRD), scanning electron microscopy (SEM), and transmission electron

microscopy (TEM) techniques were employed for phase identification and

morphological studied.
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Experimental

The preparation of InSb was conducted by dissolving stoichiometric amounts
(equation (1)) of InCl; (Fluka, purit)-f 98.0%) and SbCl: (Aldrich Chemical. purity
99.0%) in ethylene glycol (EG, JT. Baker, purnity 99.0%) at room temperature. Zinc
powder (Fluka, 45pm particle size) was gradually added to the solution. The reaction
was continuously stirred for over 1 hour before it was filtered and washed by
methanol (Merck, commercial grade). Finally, it was dried in the oven at 65°C for 30

minutes.

InCl, + ShCl, +32Zn — InSb +3ZnCl, (1)

As received product powder was characterized for the phases presented by

powder X-ray diffraction (XRD, siemen D500/D501, Cu Ka (A1.54) Ni filter., 20 = 10-

80°, step:0.02°, step time: 1s) technique. Scanning Electron Microscopy (SEM)
equipped with Energy Dispersive Spectroscopy (EDS) (JEOL JSM-6335F) technique
was used to observe morphology of the product powders. Finally. nanometer scale
morphology which directly related to the crystallography of the phase presented was
determined by Transmission Electron Microscopy (TEM) equipped with Energy

Dispersive Spectroscopy (EDS) (JEOL JEM-2010) technique.

Results and Discussion

The powder XRD pattern of the as received product was presented in figure 1.
There were three phases present; inSb. Sb metal (space group R-3m). and In metal
(space group [4/mmm). By applying direct comparison method, the volume fractions
of those phases were calculated using the integrated intensities of InSb (111). Sb

(012). and In (101) peaks [8]. The intermetallic InSb was observed to form 48% by



volume followed by Sb and In which were observed to appear 34% and 18% by
volume, respectively. Small amount of InSb phase presence may possibly be
explained by the insufficient electrons moving energy due to low temperature reaction,
additionally metals phase presented consequently. However, annealing the product
powder at 400°C under argon atmosphere can improve the intermetallic formation
approximately 82% InSb, 16% Sb, and 2% In;O; [5,7]. The existence of In,O; was
considered as due to the reaction between indium metal and the unremoved ethylene
glycol solvent [5].

The morphology of the as received product observed by SEM technique was
shown in figure 2. Dendrite structure with an average of 0.84-2.00 um primary arms,
0.16-0.40 pm secondary arms, and 40-100nm ternary arms was discovered. Because
of individual nanometer particle attached to each other creating a specific dendrite
structure, the surface area was understood to be relatively high. This property is one
of the key parameters needed for fast cell reaction and good capacity retention as well
as long charge-discharge cycle life due to proportional of the particle size to the
absolute dimensional changes [9-10]. The identification of dendrites was confirmed
by TEM studied. The selected area diffraction (SAD) pattern taken from the dendrite
particle indicated in figure 3 was indexed as zinc-blende InSb compound. From the
preliminary studied, dendrites with lighter color were additionally determined as
antimony metal [5]. It is interesting that high crystallinity intermetallic InSb dendrites
can amazingly occur at this low temperature, which takes an advantage over other
method by lowering the cost of electrode material manufacturing. It also was
attractive to note that growing of secondary arms was determined to be 60° angle
from primary arms as well as between ternary and secondary arms. The

crystallographic growth direction of the primary arm was measured to be [220]



direction. The mechanism of dendrite formation was proposed [5-6] as a nucleation of
the intermetallic compounds on the reducing agent particles and finally grown into
dendrites. After zinc powders had all transformed into ions. detached dendrite
particles were found to disperse in the solution.

The electrochemical properties of the annealed material were reported
previously [7] to provide approximately 400 mAh g’! in the first cycle and drop to 350
mAh g in the second cycle followed by slow capacity fading in the subsequence
cycles. The large irreversible capacity in the first cycle and capacity fading were
assumed as due to Sb and In,O; impurities. The electrochemical performance of this
material can be improved by minimizing those impurities. Processing parameters.
such as solvent type, reducing agent, reaction temperature. and more importantly
reacting under inert gas atmosphere are all necessary parameters that need to be
controlled in order to receive the most suitable mean to produce high purity InSb

compound.

Conclusion

The binary semiconducting compound, InSb can be synthesized by solution
route method with In and Sb impurities. Crystalline dendrite morphology of InSb
powders were received from this method. It was considered to provide high surface
area suitable for making lithium-ion batteries negative electrode. However, the small
amount of impurities presence affected the cell performance. Therefore. the synthesis

method improvements are strongly necessary to minimize those contaminations.
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Figure Captions

Figure ! Powder XRD pattern of the as received product

Figure 2 SEM micrograph of the as received product powders showing dendrite
morphology

Figure 3 TEM micrographs showing the dendrite particles (a) and the dendrite tip

with the inserted single crystal SAD pattern corresponds to InSb phase (b)
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Electron microscopy study of the formation of dendrite CusSns powders, synthesized
by solution route method
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Abstract

Dendrite Cu¢Sns powders. a potential anode material for lithium-ion battery. can
be synthesized by performing a redox reaction between stochiometric amount of metals
chlorides and zinc metal in ethylene glycol solvent. The formation of dendrite
morphology was investigated by considering two processing parameters. Two forms of
reducing agent: zinc powders (45 um) and zinc plate. were the first parameter. Reaction
time varying from 1-5 minutes was the second one. From the characterization of the
product powders by using SEM and TEM techniques. CugSns compound was discovered
to nucleate on reducing agent particles and subsequently grown into dendrite structure
with long branches. These results have confirmed the proposed mechanism for dendrite

formation in this solution system.
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Introduction

A lithium-ion battery is an important portable power source for the current human
society because of its high energy density. high voltage. long cycle life, flexible design
and considerably safe to use [1]. Lithium-ion batteries were developed to replace Ni-Cd
batteries which contain toxic materials and encounter a problem on memory effect [2].
Lithium-ion batteries commercially made from graphite negative electrode, which gave
excellent cycle ability without memory etffect problem [3]. However, there is a safety
concemn due to lithiated graphite, Li,Cs. reach the lithium potential when cells approach a
fully charged state as the positive electrode (Li;«C00Q>) was a highly oxidizing agent [4].
Moreover. it provides volumetric capacity only about 750 mAh/em® [3]. The CuqSns
compound, then was proposed as an intermetallic insertion negative electrode due to their
high volumetric capacity (approximately 1760 mAh/cm®) over graphite electrode and it
reacted with lithium at the voltage above 100 mA. which satisty the safety issue [5.6].

The CueSns. which initially has NiAs type structure. can be rearranged itself into
zinc-blende type structure after the first discharge [7]. The initial-research reported that
CueSns compound could be synthesized at low-temperature by the solution route method
[8]. which also can be used to synthesize other intermetallic compounds. The morphology
of the intermetallic powders was studied and reported to have dendrite structure [8]. The
dendrites, which had branches composed of nanometer size particles, were considered to
have relatively high surface area compared with the material synthesized by mechanically
alloying. The dendrite structure also could be synthesized by another methods such as
solvothermal or hydrothermal [9.10}. These two methods produce nanoscale dendrite
structure similar to solution route method. However, it takes longer time to synthesize.
Solution route method then was a convenience and easy controlled method, which was

applied to follow the formation of dendrite in a short period of time.



As was reported initially. the dendrite morphology was proposed to occur by the
“point effect of the electric field™ [8]. This research therefore has applied electron
microscopy techniques which were scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) to investigate the dendrite formation and to
prove the above hypothesis. Difterent forms of zinc reducing agent. which were zinc
powders and zinc plates, were studied in this experiment. The plate shape reducing agent
was used because the dendrite development will be easily observed due to larger particle,
which associated with high electron density. compared with powder reducing agent.
Reaction time was an important parameter for the study of dendrite formation
mechanism. Products examination after the reaction occurred for 1.2.3.4, and 5 minutes

allowed the dendrite development to be observed.

Experimental

The experimental procedure was conducted as followed. The experimental
condition was described by dissolving stoichiometric amounts (equation (1)) of CuCls
(Sigma-Aldrich. purity 99.0%) and SnCl, (Sigma-Aldrich. purity 99.0%) in ethy! glycol
(JT. Baker. purity 99.0%) at room temperature. The metal ions were reduced by adding
zinc powder (Fluka, 45 um particle size) and the reaction was stirred for 1 minute. Then,
the product powder was filtered and washed by methanol (Merck, commercial grade).

Finally, it was dried in the oven at 65 *C for 30 minutes. The subsequence experiments

were performed analogues to the above experiment except varying reaction times to 2 and
5 minutes. Other reactions were carried out the same as all the above experiments except
using zinc plate (Riedel-deHén. purity 99.9%) as reducing agent and varying the

reduction times by 1,2,3.4, and 5 minutes.



6CuCl, + 58nCl, +11Zn — Cu Sn, +11ZnCl . (1)

The dendrite formation at different reaction times then was studied by Scanning
Electron Microscopy (SEM. JEOL JSM-6335F) technique. The nanometer scale
morphology was observed to confirm the SEM results using Transmission Electron

Microscopy (TEM. JEOL JEM-2010) technique.

Result and discussion

Initially. the SEM technique was employed for morphology study. The pre-reacted
zinc powders was observed as smooth surface and had particle size around 30-50 pm
(figure 1a). At 1 minute reaction. the SEM micrograph in figure 1b shows that the zinc
particlewas partly covered by a large number of small dendrites. The small size of
dendrite particles were observed due to only a few electrons were transferred to copper
and tin ions for copper tin compound formation. At 2 minutes reaction. the dendrite
particles were found to fully cover the zinc particle (figure 1¢). The mechanism of
dendrite formation can possibly be considered to occur initially by the Cug¢Sns
intermetallic compound on the zinc surface had formed in group of lump and
subsequently grown out into dendrites by the prefer transferring path of electrons from
zinc through intermetallic compound rather than transferring to distributed ions in the
solvent. The possible reason as was proposed. due to there was the electrochemical
overpotential at the solution precipitate interface that produce an electric field and act as
electrodes for the reduction of the Sn and Cu ions at the dendrite tip. Intermetallic
compound therefore. has grown out as branches from lump to dendrite structure (figure 2)
by the “point effect of the electric field” mechanism. The electrons from zinc particles

had transferred through intermetallic compound to metal ions in solvent at the top of



branches. At 3 minutes reaction (figure 1d). the dendrites grown into complete dendrite
and were dispersed in the solution due to the disappearance of zine metal. It was observed
at the end that the groups of dendrite particle were dispersed in the solution by the stirring
process and some dendrites had broken into small branches.

The characterization by TEM technique gave similar results to SEM technique. As
shown in figure 3a and 3b for the product svnthesized for 1 minute. The light color
particle attached to dendrite at the bottom left corner was confirmed by poly crvstal
selected area diffraction (SAD) pattern to be zinc metal. It was noted that more spots in
SAD pattern similar to ring pattern were observed in figure 3b due to large zinc particles
presence. Therefore. the TEM results consistence with SEM results which verified the
number ot dendrite structures from zinc particle and the growing of their branches by the
proposed mechanism.

For the reaction using zinc plate reducing agent. the SEM image of the pre-reacted
zinc plate is shown in figure 4a. The SEM image of the product from | minute reaction
was shown in figure 4b along with the SEM image of the products from 2. 3. 4. and 5
minutes reaction in figure 4c-4f. respectively. At | minute reaction. zinc plate bonded the
group of lump on it surtace. Similar results as for zinc powders condition were observed.
except no dendrite structure formed on the zinc surface because of the electrons
transferring  from zinc to metal ions for zinc powders were better than for zine plate
condition. Its reason which can be described as due to the presence of an oxide film on
the zinc plate surface. which was a good oxidizing agent. snatched electrons from copper
and tin ions and consequently decease growing rate of intermetallic compound. Then. the
dendrites were observed to grow into longer branches at 2 minutes reaction time and

continue 1o grow extensively as the time increase. Compared with the previous zinc



powder condition. larger dendrites were formed by using zinc plate because of an infinite
number of electrons provided for the reduction process.

This research has also discovered that the number of dendrites at 1 minute
reaction time from the zinc powder condition were relatively higher than those from the
zinc plate condition. This phenomenon con be explained by the possibility of the impurity
such as oxide film on the zinc plate surface hindrance the dendrite nucleation. On the
other hand. at 5 minutes reaction. the dendrites from the zinc plate condition had
relatively longer branches than those from the zinc powders condition. The reason was
due to the insufficient electrons from zinc powder for extended grown of dendrites and
the reduction process completed before it reached 3 minutes. Therefore. separated

dendrites were found randomly in the solution.

Conclusion

The dendrite CueSns powder can be successively synthesized by solution route
method. The formation of CusSns dendrite was effectively monitored by examining the
products at different reaction times using SEM and TEM techniques. Different froms of
zinc reducing agent were employed to reveal the dendrite formation behavior. The
proposed nucleation mechanism by “point effect of the electric field™ was confirmed to

occur in this solution route method.
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Figure 1 SEM micrographs showing the pre- reacted zinc powders (a)
CusSns dendrites on zine powder at 1 minute (b). 2 minutes (¢). and § minutes

reaction time (d).
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Figure 2 Schematic diagram of the nucleation mechanism of dendrite

CusSn; on zinc particle.

. - o
2 ’ o

D10V

V' Tax ) _ :
g S y P T
: . B X208 —
o - . ) 20K
Bl -y = 2o W8 o v 200 0m 15

-

Figure 3a and 3b TEM micrographs of CusSns dendrite particles attached

to zinc powder and the corresponding zinc diffraction patterns from 1 minute

reaction iime in the inserted figures.
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Figure 4 SEM micrographs showing the pre-reacted zinc plate surface {a),
CueSns dendrites on zinc plate at 1 minute (b). 2 minutes (c). 3 minutes (d), 4

minutes (¢), and 5 minutes reaction times (f).
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