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Abstract

In this research was studied synthesis of high aspect ratio one dimensional CdS
nanostructures in solution system without template and surfactant. Uniform and high aspect
ratio CdS nanowires (NWs) were successfully synthesized under by solvothermal method using
Cd(NO3),.4H,0 and (NH,4),S as cadmium and sulfur sources and studied three effects - molar
concentration of stating material, reaction temperature and holding time - on phase and
morphology of as-synthesized CdS NWs. The phases, morphologies and optical properties of
the as-synthesize CdS NWs were investigated using XRD, Raman spectroscopy, SEM, TEM,
SAED, HRTEM, UV-Vis spectroscopy and PL spectroscopy, respectively. It found that
dimension and length of one dimension wurtzite CdS structure depend on the concentration of
stating materials, reaction temperature and holding time. At the concentration to 0.01 mol, the
completely unifrom CdS NWs with aspect ratio more than 300 was produced by solvothermal
at 200 "C for 24 h. Next, the combined sonochemical/solvothermal syntheses were developed
to synthesize nanostructured materials. In this research, 0.001 moles of Cd(NO;),4H,O and
(NH,),S were dissolved in ethylenediamine, sonicated for 1-5 h under ultrasonic radiation and
followed by the solvothermal synthesis at 200 °C for 24 h. To achieve 1-3 um long and 20-30
nm diameter nanorods, the process was carried out by the 5 h ultrasonic route combined with

the 200 OC and 24 h conventional solvothermal reaction.
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Eﬂ‘ﬁ 1.1 Schematic of the formation mechanism of MoO, nanobelts.6
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Eﬂﬁ 1.2 (a) Schematic illustration of ion-pair formed between CTA+ and Zn(OH)42-. (b)

Schematic illustration of landing process on the surface of ZnO [0001] crystal face.8
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gll‘ﬁ 1.3 SEM images of CdS synthesized in (a) PEG-free solution, (b) the solution
containing 0.50 g PEGwith themolecularweight of 6000, (c—e) the solutions containing 0.10,
0.25 and 0.50 g PEG with the molecular weight of 10,000, and (f) the solution containing 0.50 g
PEG with the molecular weight of 20,000, respectively.24
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;Jﬂ“?l 1.4 Schematic diagram for possible surface coordination modes25
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;J‘l]‘ﬁ 1.5 SEM images of (a) titanium glycolate nanowires and (b) TiO, nanowires after

calcined titanium glycolate nanowires in air at 500 °C for 2 h.30
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;J‘ll‘ﬁ 1.6 Schemaitic illustrations of linear complexes that were formed between ethylene
glycol and (A) tin, (B) titanium, (C) indium, and(D) lead cations. These chain-like complexes
could further aggregate into nanostructures with 1D morphology due to a weaker interaction
(van der Waals force) between chains relative to the interaction between atoms with each

. 30
chain.
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;51]171 1.8 TEM and HRTEM images of (a) multipod CdS, and (b, c) single bipod nanostructures

synthesized by aminethermal method at 200 °C for 10 h.

. ] 38V o % 2 aa o . .
W. Qingging wazame  latasoulatiainanilefid cds  lasands pyvinylpyrrolidone
(PVP) 1duda%18 1InMIdAn s Tayan1duKan é’mgm?wmLLazqmauuyﬁmdLLmImmﬁb
WAfA@19 § XRD SAED, photoluminescence (PL) spectroscopy ®1anInfiusdilainnanaad
cds liimadfouudaslasaniaiiuanududusas PVP wddiuimaes PVP iutadbdeany
1uﬂ’3uquam§’1mﬂmua:auwmmawaa Cds smLaauvlm"nmmzamq@lumnwmmﬂa
ANuduTuas PVP 11y 0.8 g/50 mL laowRanmainldidu uawilu cds Nz
cl> 1 et a a d'l Ajl/w o 6 ] ni
s snaus: lWUSMIWINeTRadu g uananiduauans Inlun1sgsansiurisuilu Cds 0
§ PVP 1uaa 118330 Ine g
A 39 [ A o o =& A {
H. Gai hazamse adawastNasiduaimolun1siasouidwaiaule CdS Sanadiuasn
o v a ad 004/ a Vo =3 °q: o a s 6
anlsda waRiafidwlnanaa (Polyetheneglycol) ludiuaanifien lad1L59 NBUINFITHRA A U]
§ o { o | o &

nlalddnelauanda XRD, SEM, TEM, HRTEM, UV-VIS uazPL lagnidwaiau luntAadisi
HANLAEINAAAN19n1TIaSyLaula [001]wananhdsnuinani@nisuadtia quantum
confinement effect 14aL1UIuUNBUNY bulk CdS materials IMNNANIINARDINLINNANTLAALFUAIN
wlu CdS gﬂmuqsf[@ﬂﬁ‘hmumaaﬁ’smﬁﬂa CdS lum”umaumnﬁmﬂﬁﬁ%mﬁuﬁu LRZAIIIRAL

[ ! a & v a a 3 a a
nalniguaawlu Ccds Miadulasltwad lhflawaanagad (polyvinyl alcohol) WnuwadLafan

1nanaa



12

Y.C. Zhang uazAmz" sanInAILAuNIIRIATIzRYalATIET 9w U CdS INETAIAU
Wi Tia lasiaSour 1w cadmium NN-diethyldithiocarbamate [Cd-(DDTC),], 99013
§I1ATE7 CdS  mansoudsaantidu 2 duaau fo 1. N131A3BUEIINIAL [CA-(DDTC),], 91N
Uffse1lagasainnisanaznanaesuaatisugaiwe (CSO,) e sodium
diethyldithiocarbamate Twihnsunmeldannuaadon uaz 2. M3a3sy CdS mnmsleasasdn
aensnlapisloalunesveadadonltasazarsfinnalolwe (Nucleophilic solvents) 4 wfiada
pyridine, diethylamine, hydrazine hydrate and ethylenediamine %quiﬁﬁmgﬁuﬁﬂﬂﬁmad CdS ‘ﬁ
L@%ﬂw"l,@i”ifuagﬁumﬁ@maaaﬁmmmﬁamﬁia"lﬂﬁ

H. Wang uazame’ tosoulassairomlunieda weadoudalng (cds) lagldwadliia
waanagaa (Polyvinyl-alcohol, PVA) idudigislasiasunanitiaaliinasuea (Solvothermal
method) Tagld afidwlaafin (Ethylenediamine, en) uaziiamziasnaanmsiniesonldlas
XRD, TEM, HRTEM, PL uaz UV — VIS wan1snagaudisiadasiions 9 uaasliinuin PVA
dudataoldifiaursunlu cds ilafiouiudneaan PVA dSanawes PVA ilutsbinany
TunsmuguangwIneussaulanisuasvauriaulu Cds %aﬂ?mmﬁmm:awﬁq@ﬁa 3 g
PVA/70 ml en

R. Thiruvengadathan uas O. Regev' baaILATIEHILAZAN IR AN HIULLANIZYDILEUAIA
wluwaadoutalnalasls ordered mesoporous silica Tia SBA - 15 LuLainuuiNanIzaneaa
LﬁummuﬂmmmLﬁﬂuﬁ'avlmﬁﬂmfzaLﬁ&l’aﬁ'ul,l,a:ﬁﬂ’nmaﬁﬂﬂfiaag}luﬁﬂmiﬁmﬁwhm%a
Taa (Sodium dodecyl sulfate, SDS) @28 anmsazimwanefldlesassnuinsiia
nanoconnectors 3xWINNIWIUVBITOIINIUNULL SBA — 15 AutFualIaw lunaaldougs lwe
w%am%ﬁnmmsgmﬂﬁmmLLazmﬁ@msSaaLmamaqmmﬁm‘”msﬁﬁm

B. Zhang WazAms lddszynd g5 mIunsvesfine (Gas diffusion) wazitlalasinad
woa (Hydrothermal method) 1Tnssiwdassiaziuaaidougalve (Cds) wudrsanisuws
a3 H,S Thaziiaamgiwinginsisaanlal (flower-likes) waailondslwe wardafingas
msuwizasfimsidu é’mgm%mﬂfi’ﬂ;manVL;TLﬂﬁiﬂu;;ﬂiwLﬂuf,%'mg'mmanam (Spherical
morphology)  @INITIT@UINIVES FUFIUNTINAVLAALT BUTS WG UazF Mg waa18aan 1o
Lm@]Lﬁﬂuﬁ’a"LWﬁﬂ'difuayjﬁuqmﬁgﬁﬁﬂﬁasl BN B NI ANIILEIVITNTHAAS ATTLUT S
o duad 35 — 300 K
1.4 N1IRUARIINGIRTOYAFNDUAS

R.D. Gossman uazams™ ledaadniiaslumsiasousuuaaloudalndlasiiaainasy
SueAaUUWAITa9RITaIT LA BN I@ﬂl*’ftﬂmmﬂﬁﬁmaomeﬁﬂmﬂuaaﬁﬂszﬂauagj 75 -
100 % lusnzusssmandiuzduduasdlsznoy Sﬁ!aﬁﬂﬁmmmifugﬂfmm@Lﬁwsﬁ'a"lW@T

LW aﬁﬁvl.ﬂﬂi:qn@lﬁlﬁﬂuqﬂmm‘vlwm}nm‘im5
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= % U
NILASUNLAZNITHIAN BB LBNIZVDILEBAIA W11 CdS

Taa3slaalinasuaaiiande polyethylene glycol Lilwaazae

21 @5ad

1.

waatdonluatanaszlalasa (Cadmium nitrate tetrahydrate, Cd(NO)s.4H,0) AW
u?q‘n%rz 99 % U31N Sigma-Aldrich Chemic U3sind &3aLTasuane

Inlagn3y (Thiourea, NH,CSNH,) mmu‘%qw? > 99 % USHYN Sigma-Aldrich Chemic
Uszind aalTasuane

Infiafifulnanau dmsnluiana 10,000 (Polyethylene glycol (PEG) MW 10,000 L35
Sigma-Aldrich Chemic U3zin@ &3alasuana

Lan1uaa (Ethanol) ﬂ’J’]SJU%EgY]"ﬁKQS%

Wnan (Distiled water)

2.2 gunsntuazialosdio

1.

ﬂﬁaaqamiﬂﬁﬁuﬁnmaumﬁm&aamm (Scanning electron microscopy ; SEM) 314 JEM-
6335, NAAlALUSHN JEOL, Japan

n3oasntsganunsnlafiaes (X-ray diffraction ; XRD) 1 D-500 uSHN Siemens,
Germany

ﬂﬁadqaﬂﬁﬂﬁﬁlﬁﬂmauﬁﬁ@daoﬁhu (Transmission electron microscopy ; TEM) 3%
JEM 2010, US1h JEOL, Japan

Lﬂ'%"aa‘n@ﬁaums@@ﬂﬁmmﬂuma%’aﬁgﬁ-?&ﬁa (UV-Visible  spectrophotometer) 34
Lambda 25 131" Perkin- Elmer, USA

tn3o9munuatnlnsalail (Raman spectroscopy) % HORIBA JOBIN YVON T64000

1319 UM HORIBA JOBIN. YVON, France



19

2.3 25n15nnaal

° o a o £ an a ) Aad & g

fntuninassulasignaniiidnaaiougalneglagislaaliinasuas lkn1Inaaadnhas
ANWINANITNUVaY polyethylene glycol AalaIvasnanan SmgIniINeUasRULANIILEY THAaw

o & o a ° o h A o a

LINATTIRIIAIANVAILAAL T ULA I N Do t1982 0.005 Tua lasluniazltuaadsyluiase
(CA(NO5),) uaz'lnlagiis (NH,CSNH,) tlussasdn illageasasdnldinluazaroean
ethylenediamine 31%3% 50 fadaas (ml) NNUWLAY polyethylene lglycol (PEG) MW 10000
%wiin 0.5 n3u adldlussazaualrinnianluria Teflon wsavinnsdan solvothermal reactor
nvwin l1vanusaun 200 asaratgasiiuwiaan 24 T2 1u9 Namﬁmsﬁgnﬂsaoﬁ’mﬁmﬁ’]ﬂ&u
LazlaMUAnaNY 9 aTdiNasIEIIAnAuazauuiINa N 80 aseoaduaiduiian 12
134 mmmagﬂ?'ﬁmimaam”al,mumwﬁ 2.1 WIRLARADITNNNANENRNIALATIRTIINAN

a a wa = a . a a &al W v a
FIUITWINYIRSRUUANIILUR waztdIoutnauny miwa@mmmw"l,w"l,@mu PEG

Cd(NO5),.4H,0 + NH,CSNH, 81382aN8 en + PEG

!

49/ a e
UL SIS [T Taght

|

aniainly solvothermal 7 200 °C 24 73

$IUINTDY ey - %
- A9NIYUINAL 150 ml
\ 4 LaztanIuaa 50 mi
AN

WHWAINN 2.1 MILaSoutFuwaIaw luuaatlauss lWea (CdS nanowires)



20

2.4 wan1Inaaadiazanilig

(@) g: (b)

% "E' FEG-added
o =)

3 3

< <

= =

E | PEG- i= PEG-free

free

15 20 25 30 35 40 45 50 55 60 200 300 400 500 B00 700
28 (degree) Wavenumber {cm'1}

3l 2.4 myTansdannianmeineionldlay (a) XRD uaz (b) Raman spectroscopy

gﬂﬁ' 2.1(a) LRAINITLAIILLUVBISIFONS (XRD) VaIHAAS MHDITUNTOLAUTZUILNNS
BELUuIad (110), (002), (101), (102), (110), (103), (200), (112), (201) Waz (004) vaslasaia
tanazlnuen CdS Lileifinuny JCPDS mangaw 41-1049' 910 XRD aztinladnanuduvas
T (002) §INIIANNNAIZIUVEY JCPDS RANHLAY 41-1049 fasanansandunanzans
naanmrnasolennanmanslaluszwu [002]

Tassgsianazlnuas CdS HAMUsNNIGTULLY C g lapfisonidves 1A+1E,+2E,
(Epn U8 Ey) udlnue 2E, azdmnuduaniios Tagfl phonon polarization 189 A1 9z uWHERL
Tas9a9nanlussuny z ue phonon polarization 2849 E, kay E, RUNWINUIATIRIINAN b
UL x-y LATIET RUNATNIIN UV INRAA DN a931 2.1b UEAIAIUALILABINUBES 1LO
ez 2LO va A, 1 300 uaz 601 cm '
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l pm RS ey 1 pm
4 tdl t&l ada ci ] v Aa
311 2.2 MW SEM 289 CdS  Nignanzidulapitmislaalinasuealasd (a) liladn PEG

uay (b) LAx PEG

gﬂ‘ﬁ' 2.2 ugaInw SEM 2aslasiasiemilu cas Alifuazlinisiin PEG wuidmgiwing
w89 CdS Alassarouunurismwlu (nanorods) fidaI1NE1LaR889 100-800 wiluiuasuazd
PNALFUGUEINA1T 60 w1 lwnns dladn PEG Wl lwuniediased wuihdmgiuinanvas
cds wasnanursmw luduarauilu (nanowires) Afanusnalugas 2-4 luasauiuasuazmwa
\EuRuAUINa19 20-30 Wil

v o
ad v A @

dmsunalnnaifeduguingmieda cds mantneBuneld 2 35 @il Tuaauusn cd”

lasau swsnifinasdsznauidetauduinlenise (Tu) Wumsysznauifedan [CdTul Lﬁagﬂ
AnusanINnITLINASLTalnesues asUsznauidstauainanaziiamsaatsaidn CdsS
Ansuidulalufians [002] iase1n surface energy”” Aidnlufieniasansna nszuauitanann
URAIAIRUNTT (2.1)

cd” + 2Tu — [Cd(Tu),]” — Cds 2.1)
LL@iLfia'ﬁmsmﬂuLaqamauaﬁﬁuvlmaﬁu (en) Dasansarnldwindu chelating  lddnia Tu
i cd” leaan anveziAniduansszneuny en naw LﬁavaIagﬁ'mﬁm"laimvl,a%mmﬁ@ﬁw
H,S mﬁwﬂﬁﬁ?m& " wazAauduwuriawnln CdS a9sNMIT (2.2-2.4)

cd” + 2en — Cd(en), (2.2)

NH,CSNH, + H,0 —> NH,CONH, + H,S 2.3)

Cd(en), + S <> CdS(en), <> CdS(en)., + n(en) (2.4)
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Absorbance (Arbitrary Unit)

250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)
gﬂ"?i 2.3 MIQANAUVEY UV-Visible 284 CdS Assevdulasisnsloalanesuaalasd (a)

laléiéin PEG uaz (b) 1w PEG

mﬂgﬂﬁ' 2.3 wnnldinisganiuuaslugig UV-Visible zaslasiaiomiluy CdS azwuns
@@ﬂﬁugaq@ﬁ' 487 W IWLUATENWILWYIIU L1 CdS Uaz 480 w1 LMUATEWILLFUAIAU LY CdS
BIENINTOFIWI AL U WS 191U T 89919 (band gap, Eg) VaI8NINAAAIINNINATTVES Planck
Taouriaw luuaziduarauw i CdS SAMnAL 2 54 eV uaz 2.58 eV awday Gaifaifiuny
mig@ﬂﬁmmLLazLmuwé'amuﬁaadﬂwaﬁa@; CdS wwalng (bulk CdS) deviny 2.42 eV
w8512 wilwaaslagdiuladn uismuuazduarauwlu CdS aziinnsindoudiunialnig

{ a ¥ A o 4 g oA 9,10
AAUAINIWHRBINKANNIANTIAIBUGAN (quantum confinement effect ) VaITaAUILY

04 g a o
2.5 HAdNONDVDIIWIY
7. Anukorn Phuruangra, Preparation and characterization of CdS nanowires by

polyethylene glycol-assisted solvothermal reaction, Journal of Ovonic Research , 7

(2011) 125 - 130

2.6 1@N&1591999
1. Powder Diffract. File, JCPDS Internat. Centre Diffract. Data, PA 19073-3273,
U.S.A.(2001).
2. A. Phuruangrat, N. Ekthammathat, T. Thongtem and S. Thongtem, Glycolthermal
synthesis and characterization of hexagonal CdS round microparticles in flower-like

clusters, J. Alloy. Compd., 509 (2010) 10150-10154.
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Controllable synthesis of nanocrystalline CdS with different morphologies and particle
sizes by a novel solvothermal process, J. Mater. Chem., 9 (1999) 1283-1287.
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unn 3
Solvothermal synthesis of uniform and high aspect ratio of CdS nanowires

and their optical properties

3.1 @158

6.

9.

10.

uaatdonluasaiaaszlaiasa (Cadmium nitrate tetrahydrate, Cd(NO);.4H,0) A4
u?q‘n%rz 99 % U3HN Sigma-Aldrich Chemic U3sind &3aLTasuane
waulutfausalned (Ammonium sulfide, (NH,),S) mmu?qw§ 20 % lwih U5un
Sigma-Aldrich Chemic, #3ALTaILAKA

wafiaulataiiu (Ethylenediamine, NH202H4NH2)m'mu%qw§2 995 % UIWN Fluka
Uszing Lwavub

LaNIukaa (Ethanol) ﬂQWNU%Qﬂ§€95%

Wnan (Distiled water)

3.2 aUnsntuazia3asdio

6.

10.

11.

ﬂﬁadﬂaﬂiiﬂﬁaﬁﬂﬁiau%ﬁﬂEf'(a\‘mi’l(ﬂ (Scanning electron microscopy ; SEM) {1 JEM-
6335, NAAlasu3HN JEOL, Japan

n3oadntisganunsnlafiaas (X-ray diffraction ; XRD) 1 D-500 uSHN Siemens,
Germany

ﬂﬁadfﬂqaﬂi‘sﬂﬁﬁﬁﬂmauﬁﬁ@dmBhu (Transmission electron microscopy ; TEM) 3%
JEM 2010, U3 JEOL, Japan

Lﬂ’%iaa"n@aaUﬂ’]s@@ﬂﬁmLaﬂuﬁaﬁaﬁg‘i-?&ﬁa (UV-Visible  spectrophotometer) §%
Lambda 25 131" Perkin- Elmer, USA

n3aaunuamdnlnyalad (Raman spectroscopy) 34 HORIBA JOBIN YVON T64000
131 13N HORIBA JOBIN. YVON, France

Lﬂ%BGIWIﬁQﬁLuLmu@T sinlasdiaas  (Photoluminescence (PL) spectrometer) M

Perkin—Elmer LS50B U330 Perkin- Elmer, USA
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3.3 AomInaaad
snsumaesoulasaPanisiduaaoutandlasisloalamasuenaziisnminasosensil
TIIAITUVDI  CA(NO,),4H,0 5w 0.3085-3.0849 N3 (0.001-0.010 lua) wnazanslu
myazanslafiawlatedn (ethylenediamine, en) Usunas 25 mL melunisandatitas :niuss
REARNITAZALANUTNTH 20 % (NH,),S Auidutu 0.001-0.010 lua a1ntusiiansazans
avacansdmdonld]ldluvia Teflon waavinnisdar solvothermal reactor 3101 solvothermal
reactor T1Waausandt 200 ssrmiaaidoaiinag 24 $2lus Nﬁ@n”msﬁgﬂmaoﬁwﬁfmﬁmé;u
LAZLONKBARANY ﬂ%Lﬁaﬁ’Nﬁ’ﬁ@mﬁNLLQZ@ULLﬁGﬁqm%Qﬁ 80 adaLTalSoaIdwIaN 12
SZYETR mmmagﬂ?ﬁmimaaqﬁmmumwﬁ 2.1 indanmwiniesonlal@nwautialasea

HAN FUgIUWINILATRNLANILRIALLATEINaNY 9

0.001-0.010 mole Cd(NO3),.4H,0 ®§1I8218 en 25 mi

!

ABNFNLD WL HOLALINYK %Ea 0.001-0.010 mole (NH,),S

|

114 solvothermal # 200 °C 24 73

$ININTDI A oA Y
r A9NIPUINAL 150 mL
A 4 LaztanIuwaa 50 mL
NIFLARND

WHWATNN 3.1 MIaSoutaualIaw luiaatdousa e (CdS nanowires)
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3.4 wan1aaasuazanilg

_—
-
[ T
= -
™ =)
L —
= =

(112)

e)
bt
o

00100 mole }

00075 maole

00050 maole

00025 maole

Intensity (Arbitrary Unit)

000017 maole

R IR = UTT R
10 15 20 25 30
20 (degree)

P & o A 6 a v &l a va CZ2 7 &
;51]71 3.1 EﬂLL‘]J‘]Jﬂ’]ﬁLaU’]LU%"UEN?GE‘TLE]T]‘H?Jﬂdﬂﬂiwa@mmsﬂﬂmiﬂﬂ@‘ﬂﬂ’l’mL?lll?l%ﬂlﬂdﬁ’]i@]d@]%

- | | | -y !
35 40 45 50 55 60

619 9 N

A g o A & P’ o &2 =

E‘I_I‘YI 3.1 ULFQINITLAYAILUBYDITINLDND (XRD) VYBINRNANTUNDIRINUIIDLAR WIS UWIUNNT
WREILUNYBITTUIY (100), (002), (101), (102), (110), (103), (200), (112) Uaz (201) NAURILIYA
MIRLILLW 20 = 24.92° 26.64°, 28.36°, 36.76°, 43.80°, 47.96 ., 51.040, 52.04° uaz 52.80",

o % (% § % 1

AN TﬂdIﬂixﬁﬂi’]dNﬁﬂLﬂﬂ‘ﬁZIﬂ%aa CdS LﬁﬂLﬁUUﬂU JCPDS wnu1uLa1 41-1049 Li‘j%ﬁ’]'i
[ a =3 U Y =1 d' 1 (o] o] =1 Y] =1 ;3’ :'l
NN "ﬂZLﬂ%‘l(ﬂ’J’Tﬂ’J’]&JL?JM?IBGW?WHJT]T‘]QI%‘H’N 26 = 10 -60 aGﬂW&IQ’JW&ILﬂJﬁJTBGWﬂgOT%L&IS
lmﬂmmmwumadmsm@ﬂuammgwu LL@@\‘II‘V\L%%'J’]ﬂ’l']mLﬂ%Nﬂﬂ“llax‘l CdSs i;ﬂx‘i"ll%(ﬂ')&l

g g v A i a A v & P e A
%aﬂ"ﬂﬂﬂugﬂLLUﬁJﬂ’]iLaEl’)LU%“IIQG‘N&L'P]ﬂ‘ITWLNﬂ‘S’mQWﬂi’]% 6] u,a@ﬂmmmwmmamnmmmmw

va a AG' cal =1 [} A v
"me’;mmqmgd Usaangstwdan 1w Cd(OH), %38 CdO Liuan
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¥ o ] . .23
HONINHINNITOAWI AN preferred orientation = 3MNRUNT 3.1

P, = I(hkl)2||(hkl) (3.1)
I I(hkl) ZI(hkl)
Tapinual 1 w8z 1w Lﬂu@hmmLﬂszmaaﬁﬂﬁLﬁm‘fumﬂmsmaaaLLaszuq’m. Tunsdif
sainaaIyidulauuugunniianig il P ivinnu 1 atnslsfianafladumme P vasszwy
(002) VOIRIINAAAIH CAS NeNEuTH 0.010 Twa wuinddn > 1 Souaasinasnaan st

cds Massuladnmaasydulaluiana@en fe Aensauuwiuns C

g 0.0100 mole
=

5

&

G

| -

by —

S

[ -

<L 0.0050 mole
-

by —

W

=

€

el

=

0.0007 mole

T " T AN URY T UM Rl T R
200 250 300 350 400 450 500 550 600 650 700 750 800
Wavenumber (crri")
Eﬂﬁ 3.2 nusdnasvesmskansunlasun leRa U LT eI AI AU 9 N

Y 4 o
lassafaianazlnuan Cds danuauanasuuy Ce laofimdaniluas 1A+1E+2E,
(Epy WaT Ey ) Wailnae 26, azdianuduianitas laaf phonon polarization 289 A1 93@UNHENL
lassgananlussuiy z ue phonon polarization U84 E, was E, sunusnulasigsrananlu
o [ a o & o ° oA o
W xy 1039839 aunasimanusainianmet a93l 3.2 ugaadiuniafsanuzas 1LO uaz

{ -1 v Lt . . a o Rt
2L0O 184 A, ﬁ 300 ez 601 cm I@Uﬁa@ﬂaﬂ\‘]ﬂﬂﬂ'ﬁ polarization I%YI?I‘VH\‘] Xy B8 Z MU/
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4 o { ' o { o \ -1 X 46 A
mauﬁummmmﬂgﬂﬁ 3.2 TNUINANNTNVRINA 2LO NELRII 601 cm GE 1Wa997n

a Q o a A aa A v 1
mswa@nmgm’ Cds ﬁamgwmwmuuuwmm mmmmmmaaﬂ@mﬂ SEM 8z TEM @a"lﬂ

¢

: I um
LA

g . ¢ 2 5 =g 100_1{111
) p LN AT S 3 U s | [ .
317 3.3 1MW SEM 283 CdS Nsnarziiulasitmislaalumasuealasfienudniueiansng

v

Gufl (a) 0.0001, (b) 0.0025, (c) 0.0050, (d) 0.0075 &z (e, f) 0.0100 Lua

ﬁ]’]ﬂgﬂ‘ﬁl 3.3 usa3l SEM 284 CdS Asnesiiulagisnislaalmasuaalasiinanu
T U9 TAIR A 0.001-0.010 Tua vzdainawinlddinems cds  Assamziiianududyu
0.001 luauas CA(NO3), uaz (NH,),S tiuunsdidnsuaatdoauazinnsot LaIgmaIwinguuy
nauszritteunmawily,  wiswiluuazuvislales ludandiusonas 25:25:50 aRuany
dutuwasssaseuidu 0.025-0.075 lua wudwé’mgm%mLmum‘]{,mﬂm‘[uﬁﬂ%mmﬁia@mﬁaﬂ
M1 2% AenuduTurasansesiud 0.075 lua waznwulassaPanuuiduaawnlufidenuen
Afvasnin 25 wiluuas ﬁmmmé’umﬂuﬁnma 3-4 lulAsiuas IuNs=raRunNUTNTUYe
a3naduils 0010 Tua wudmgwinsuunidusIauluagsauysoiasuaasluglil 3.3e-f lag
Lﬁum@miuﬁ'@na’nﬁl,é'fumgmﬁﬂmmi:mm 20 WILULUAT LAZULAZAINEIINIANTT 5
lulasiuas (aspect ratio > 250)

I@]Llﬁ';vlﬂz%'mgﬂu?wsmjaaNﬁmﬁmsﬁﬁﬁdmﬁzﬂﬁazifuaQﬁué’mwmnﬁ@ﬁ'smﬁﬂmaa
NANUAzEATIN LI LAU AU INEN %aﬂ%a"’w"’anﬁi’n%zgnﬁwwumimﬂ%ﬁmﬁq 9 LT% LATIFTS
WANTABTITNTNE TRAFTAINY ANuTRTH udn lunsdifidsannafiefiiedoguasnind
Aannnisanmaaiygdulavasnan sz liuanvesasnianmridwiaan lunsasanuda
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Novel combined sonochemical/solvothermal syntheses, characterization and optical

properties of CdS nanorods

4.1 @158
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12.

13.
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waatdouluatanaszlalasa (Cadmium nitrate tetrahydrate, Cd(NO)s.4H,0) AW
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waulutfausalned (Ammonium sulfide, (NH,),S) mmu?qw§ 20 % lwih U5un
Sigma-Aldrich Chemic, 83ALTaILAKA

wfaulataiin (Ethylenediamine, NHZCZH4NH2)mmu%qw§€z 995 % UINN Fluka
Uszine wwasuh

Lan1uaa (Ethanol) ﬂ’J’]&J‘]J%Ej‘Y]%KQS%

#naw (Distilled water)
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12.

13.

14.
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6335, NAAlasu3HN JEOL, Japan
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ﬂé’aafﬂqamsﬂﬁﬁﬁnmaumﬁ@ﬁmw'm (Transmission electron microscopy ; TEM) 3%
JEM 2010, US1h JEOL, Japan

Lﬂ’%iaa"n@aam’]s@@ﬂﬁumﬂuﬁaﬁaﬁg‘i-"?ﬁl,ﬁa (UV-Visible  spectrophotometer) §%
Lambda 25 131" Perkin- Elmer, USA

n3aaunuamdnlnyalad (Raman spectroscopy) 34 HORIBA JOBIN YVON T64000

1319 UM HORIBA JOBIN. YVON, France
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AA = . . ' A < =
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81382818 20 % (NH,),S A218LTuT% 0.001 mole ﬁnﬂﬁuﬁ’]mm:mmﬁaﬂﬁ’]ﬂﬂaqamﬂeﬁﬁmﬁu
1987 1-5 T a9 F1IazangaztiamaaswianaITaza 1 AdigLduasaran o RSN )

ﬁ'lmsazmﬂmia:mslﬁfmL’Eul,muL*ﬁmﬁmumiqamﬂsﬁﬁa"l,ﬂlﬁlmia Teflon L&¥INANT
Jae solvothermal reactor 31N solvothermal reactor Vl,ﬂsl,ﬁmm%”auﬁ 200 DIANTRLTURLD W
1987 24 T2 139 wﬁmﬁmsﬁgﬂﬂsaaﬁnﬁmﬁmé’uua:Lamuaa%mﬂ 9 ATILNDEITANAIILAY
auuﬁaﬁqmwnﬂﬁ 80 ade LAl TR TWIAN 12 T lag mmmagﬂ’i%msmaamﬁLmumwﬁ 4.1
° A o e A =< an o =< o P~ en o A A
Indanmsinie3on e lane s i@ lasagsnan FugIuinguasuUanuas auaIadle

@ 9

0.001 mole Cd(NOs),.4H,0 81382818 en 30 ml

!

ABNFNLD WL HOLALINYK %Ea 0.001 mole (NH,),S

!

Wl lgluesasoaalone 1dwaan 1-5 B3

Nt b solvothermal 71 200 °C 24 7w

#uNT89 FO% © -
y 8NaWHINAK 150 ml
A 4 LaZLANIBaa 50 ml
W

WHWATNN 4.1 MIaSoRtadalIaw lulaatdousa e (CdS nanowires)
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4.4 anInaaadnazandg

Intensity (Arbitrary Unit)

10 15 20 25 30 35 40 45 50 55 60
20 (degree)
3111 4.1 XRD patterns 289813IHAAA U CdS ﬁgﬂqamﬂsﬁﬁmﬂunm (a) 1, (b) 3 ez (c) 5

T304 mnﬁfuﬁ’]vl,ﬂiﬁmhmafuaaﬁqmﬁngﬁ 200 °C 24 1134

A & o a & a o & =
JUN 4.1 LFAINITIALILLBYBITIFLENT (XRD) VBINAAA AN TITN NN TALAUITZWILNNT
WALUBY (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) waz (202) Va4
o 4 o 1 v A o
lassanaanazlnuea CdS latfisuny JCPDS nanaaa 41-1049 Luan381989 avihinladn
v { [ v J 4 v =3
anuduasiinfdnnglutg 26 = 10°-60° danuiduvasingsduialdinalunisgaalaiin
X 1 y 'y X X .« a
aIwudn weadliduitenudunanues CdS gadudis wananizUuuumaAsIuwYeITIF
. a A v & A o ed A oA A i~ a
ndlddnngAngu 9 usasldiiuiranfadusinaionlafianuuignigs dnaainis
Uwdaw 1% Cd(OH), #3a CdO LTdudan
JTAUNNTINSLIG IUAANI9UNK C (degree of the c orientation) VBIRNIHANN AN
° % > v ) . 2,3
RNINAUIULABNADANNFUNRTVBIA NN UV BITTUL (relative texture coefficient, TC)
9N HATAUIHINNANUTUNAVBITEUIL (100) LAE (002) AILEAIIUENNTN 3.1

(1002/1°002)

TC002 =
[1002/1°002 + 1100/1°100

(3.1)

lasfinua b TCoo2 Ao relative texture coefficient of the (002) over the (100) diffraction
peak, lppy AT lige A AMNTUNAEITEUIL (002) and (100) NleannN1Inaaad waz %y, and

v { v { 1 A 1
100 A AMMTNRAVEITZUIY (002) and (100) NldINMImINENATinTlawuugy F9A1 TCosm
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AMNENVDILFWRIAU 114 CdS N3 SEM YDINAAN TN CdS ﬁm%‘w@”wﬁ?ﬁqamﬂmﬁmﬂu
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gIHAaA M IaUgIwINEIEIRNENIERIIaUAIAAN B Iz AR BUTITEAL U LUl NATLAS
lulaswasnauiu udillaiuszoznanlumsvhaaanlafadu 1-5 Talusauirduaiuaaslugy
N 4.2bf azinladnamgwingwes cds diaadunranlamduuddanuiduioifaanulu
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PREPARATION AND CHARACTERIZATION OF CdS NANOWIRES
BY POLYETHYLENE GLYCOL-ASSISTED SOLVOTHERMAL REACTION

ANUKORN PHURUANGRAT"
Department of Materials Science and Technology, Faculty of Science,
Prince of Songkla University, Hat Yai, Songkhla 90112, Thailand

Cadmium sulfide nanowires have been successfully synthesized via polyethylene glycol-
assisted solvothermal method at 200 °C for 24 h. The products were characterized by X-
ray diffraction (XRD), Raman spectroscopy, scanning electron microscopy (SEM),
selected area electron diffraction (SAED), high resolution electron microscopy (HRTEM),
transmission electron microscopy (TEM) and UV-Visible spectroscopy, respectively. The
XRD and SAED results indicated that as-synthesized CdS samples are single phase with
hexagonal structure. The SEM images show morphologies of CdS nanorods and nanowires
for PEG-free and PVA-added in precursors with growth direction along [001] direction.
The optical absorbance spectra of products showed that a strong absorption appeared at
487 nm for CdS nanorods and 480 nm for CdS nanowires.

(Received October 3, 2011; accepted November 25, 2011)
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1. Introduction

One-dimensional (1D) materials (nanowires, nanorods, nanoribbons and nanotubes) have
attracted considerable research activities due to their immense potential for fundamental studies of
the roles of dimensionality and size in their physical properties as well as for application in
optoelectronic nanodevices and functional materials [1-3]. CdS is one of the most important
groups [I-VI semiconductors due to its wider band width (2.5 eV for the bulk hexagonal wurtzite
structure and 3.53 eV for bulk cubic zinc blende structure) and non-linear optical properties [3-5].
CdS nanomaterials have already shown vital applications in light-emitting diodes, solar cell, or
other optoelectronic devices [6-7]. Physical synthesis, such as chemical vapor deposition (CVD),
metal organic chemical vapor deposition (MOCVD) and thermal evaporation, have been
developed to synthesize 1D CdS nanostructures [8-13]. However, those methods usually require
special instruments, high vacuum or high temperature. Compared to the chemical route, the
solvothermal method is a facile, one-step, inexpensive, simple, morphology and size controlled
and highly efficient synthetic approach for the preparation of 1D CdS nanostructures [14-17].

In this research, one-dimension CdS nanostructures were synthesized by PEG-assisted
solvothermal. The products were characterized by X-ray diffraction (XRD), Raman spectroscopy,
scanning electron microscopy (SEM), selected area electron diffraction (SAED), high resolution
electron microscopy (HRTEM), transmission electron microscopy (TEM) and UV-Visible
spectroscopy, respectively.

2. Experiment
In a typical procedure, 0.005 moles of cadmium nitrate (Cd(NOs),), and thiourea

(NH,CSNH,) were mixed with 50 ml ethylenediamine (en). After that 0.0 and 0.5 g polyethylene
glycol (PEG) M.W. 10,000 was added into the solution. Then it was put into a Teflon-lined
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autoclave. The autoclave was heated at 200 °C for 24 h. The products were filtered, washed with
distilled water and absolute alcohol several times to remove the impurities and dried at 80 °C for
12 h, the yellow powders were collected for characterization.

X-ray powder diffraction (XRD) was recorded using a Siemens D500 x-ray diffractometer
with graphite monochromatized Cu Ko radiation with the scanning angle 26 ranging from 15 ° to
60 °. Raman spectroscopy was recorded on HORIBA JOBIN YVON T64000 with a 50 mW Ar
laser (514.5 nm). A scanning electron microscopy (SEM) of JEOL JSM-6335F was operated at 15
kV. Transmission electron microscopy (TEM), high-resolution transmission electron microscopy
(HRTEM) and ), selected area electron diffraction (SAED) were performed with a JEOL, JEM-
2010 microscope operated at 200 kV. The room temperature UV-visible spectra were obtained on
a UV-Visible spectrometer Perkin ElImer LAMBDA 40 at wavelength range of 200-800 nm with
scan rate 0.5 nm.sec™.

3. Results and discussion

Fig. 1a shows XRD patterns of the products. All the diffraction peaks can be indexed as
(110), (002), (101), (102), (110), (103), (200), (112), (201) and (004) planes of hexagonal CdS
structure with comparing to the JCPDS No. 41-1049 [18]. It can be seen that the intensities of
(002) plane are higher than standard, which suggests that products have a preferential growth
along the [002] direction.
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Fig. 1 (a) XRD pattern and (b) Raman spectra of products were synthesized by
solvothermal method at 200 °C for 24 h

The hexagonal CdS have e space group. Its Raman actives are 1A, + 1E, + 2E; (Eay
and E,;) but 2B, modes are silent. The phonon polarization for the A, branch is in the z direction.
But for the doubly degenerate E; and E, branches, the phonon polarizations are in the x—y plane.
The wurtzite structure is noncentrosymmetric. Therefore, both A; and E; modes split into
longitudinal optical (LO) and transverse optical (TO) components. Raman spectra of the products
(Fig. 1b) show the same position of 1LO and 2LO for A; mode at 300 and 601 cm™, polarizing in
the x—z face and strong coupling to the exciton along c-axis [19-21].
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Fig. 2 SEM image of as-synthesized CdS nanostructures synthesized by solvothermal
method at 200 °C for 24 h with (a) PEG-free and (b) PEG-added.

Fig. 2 shows the SEM images of as-synthesized CdS nanostructures without and with
PEG-added. In PEG-free, CdS nanorods with an average length of 100-800 nm and a diameter of
60 nm were obtained. It was observed that the CdS nanorods transformed to nanowires by added
PEG in precursor as shown in Fig. 2b. The product prepared in the presence of PEG is composed
of CdS nanowires with an average length of 2-4 um and a diameter of 20-30 nm. Therefore, CdS
nanostructures with high aspect ratio were produced by PEG-added as capping reagent, resulting
in the formation of CdS nanowires.

Fig. 3 TEM image, SAED pattern and HRTEM image of as- synthesized CdS
nanostructures synthesized by solvothermal method at 200 °C for 24 h with (a) PEG-free
and (b-d) PEG-added.
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Fig. 3 shows the TEM image, SAED patterns and HRTEM image of CdS without and with
PEG-added prepared by solvothermal at 200 °C for 24 h. The product (Fig. 3a) is composed of
CdS nanorods with length of 50-200 nm and diameter of length about 15-20 nm. While the
product produced by PEG-added at 200 °C for 24h (Fig. 3b), the aspect ratio of 1D CdS
nanostructure was increased from 8-50 of CdS with PEG-free to 100-250 of CdS with PEG-added.
The diameter and length of CdS nanowires were about 20-30 nm and 2-4 um. That result indicates
that the PEG has influence on the formation of CdS nanowires. SAED pattern as inserted in Fig.
3b displayed a bright spot pattern which indicated that products are single crystalline. It can be
indexed to (-1-10), (-1-1-2) and (00-2) planes of hexagonal CdS structure with [-110] as zone axis.
HRTEM image shows lattice fringes which are parallel and perpendicular to the growth direction
of single nanowires with the spaces of 0.358 and 0.336 nm. They correspond with those of (100)
and (002) planes of hexagonal CdS phase. HRTEM image of single CdS nanowire as shown in
Fig. 3d found a straight traverse stripes on the nanowire which may be attributed to defects during
the growth process. Stacking faults as planar defect are the most frequently observed planar
defects in 1D wurtzite semiconductor nanomaterials [22-25]. Stacking faults are formed by a
change in stacking sequence of atomic planes. In the wurtzite semiconductor nanomaterialse, there
are three possible types of stacking faults as 11, 12, and E in bulk materials, which are produced by
extracting one layer, extracting two layers, and inserting a layer, respectively. In this case, it found
the stacking defect along [0001] direction was due to the shape effect of the planar defects in ¢
plane. The atom arrangement of perfect hexagonal CdS structure is a ABABAB stacking sequence
parallel to the (001) plane [22]. However, a new sequence identified as to be
..ABABCACABAB... as Il and an I2 stacking faults can be formed in growth stage. The
ABABAB stacking sequence changes to ABCABC in some local areas as shown in Fig. 3d,
corresponding to the formation of the zinc blende CdS phase in the wurtzite-matrix [22-24].
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Fig. 4 UV-Visible spectra of as-synthesized CdS nanostructures synthesized by
solvothermal method at 200 °C for 24 h with (a) PEG-free and (b) PEG-added.

The possible formation mechanism of 1D CdS has two possible routes. Firstly, the Cd**
jons can complex with thiourea (Tu) to form [Cd-Tu]*" complexes. After that Cd—Tu complexes
decompose under solvothermal condition to produce 1D CdS nanostructures with grow along
[002] direction due to the minimum surface energy effect [3, 25, 26, 27]. The process can be
expressed as the following equation (1):

Cd* + 2Tull— [Cd(Tu),)* 0— CdS (1)
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However, en has often been used as a complexing agent to the synthesis of 1D materials in the
solvothermal process because of its strong chelate-forming ability. The coordination ability of en
is much stronger than Tu and the complex ion [Cd(en)z]z’ will form in solution instead of
[Cd(Tu),]*". The Tu reacts with a small amount of H,O in the system to produce S*". Finally, CdS
nanorods nucleated and grew by the following reactions as below [3, 5, 25, 27] :

Cd** + 2en — Cd(en),” (2)
NH;CSNHQ + HQO = NHQCONHQ + st (3)
Cd(en),>" + §* o CdS(en), < CdS(en)y. + n(en) (4)

The reaction rate is relatively slow due to the slow release rate of S* ion as a precursor to
form complex with en, and S* ion also has a relatively weak intermolecular coordinating to Cd**
ion (log B> = 10.09, and B, is a constant of the complex ion Cd(en),”") [3, 20, 25]. The slow
reaction rate can play a role in the crystal growth towards 1D CdS nanostructure. The CdS
nucleate grow along the {001} plane according to closed-packing effect which causes it to form
1D CdS nanostructure [3]. When a PEG was added in the solution at the same condition, the length
of CdS increased several times and formed to nanowires. The strong interaction of PEG with the
side faces of CdS nanorods is higher than that with their ends along c-axis. Therefore, PEG
inhibited the growth of side faces by capping them heavily, in comparison to the end faces with
less capping by PEG, remaining as highly active for the continuous growth [2, 20]. As a result, the
orientation growth along c-axis was advantaged. Therefore, PVA has the influence on 1D growth
of CdS nanostructures.

The UV-Visible spectra of CdS nanostructures is shown in Fig. 4. It can be observed that a
strong absorption appeared at 487 nm for CdS nanorods and 480 nm for CdS nanowires which are
assigned to the first excitation of CdS [28]. The band gap energy of product was calculated by the
Planck’s equation [29]. The calculated band gap energies from UV-visible absorption for CdS
nanorods and nanowires are 2.54 eV and 2.58 eV, respectively. In comparison to the CdS bulk
material with 2.42 eV band gap and maximum absorption 512 nm [28, 30], CdS nanowires and
nanorods showed a blue shift due to quantum confinement effect of the small diameter.

4. Conclusions

One-dimension CdS with high aspect ratio was synthesized using cadmium nitrate and
thiourea in ethylenediamine as a solvent by PEG-assisted solvothermal method. Comparing the
aspect ratio between CdS with PEG-free and PEG-added, the aspect ratio increased form 8-50 of
CdS with PEG-free to 100-250 of CdS with PEG-added. The experiment results indicated that
PEG play an important role in controlling growth of 1D CdS nanostructures.
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Cadmium sulfide (CdS) nanorods were synthesized by simple solvothermal reactions at
200 °C for 12-24 h using Cd(NO;),"4H,O and NH,CSNH, as starting materials and
(C,H;),NH as solvent. XRD and TEM analysis show a hexagonal-phase single crystalline
CdS nanorods with diameter of 20 nm and length of 100-200 um. UV-visible absorption
of as-prepared CdS nanorods presented an absorption peak of around 482 nm. The PL
spectrum exhibited an emission band at 403 nm due to electron-hole recombination of
CdS.
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1. Introduction

One-dimensional semiconductors have attracted a great deal of attention because of their
novel properties. They have promising applications in optoelectronic nanodevices due to their
important non-linear photonic properties, luminescent properties, quantum size effects and other
important physical and chemical properties [1-3]. As a well-known direct-band gap II-VI
semiconductor, CdS has primary band gap of 2.4 eV and exhibits a number of remarkable
characteristics, including good thermal, mechanical and size-dependent optical properties, which
has potential applications in laser light-emitting diodes and optical devices [4-7]. One-
dimensional CdS nanostructured material with different morphologies including nanorods [2, 4, 6],
nanowires [5, 8, 9], nanobelts [10-12], and nanotubes [13-15] has already been synthesized by a
variety of processes, such as solvothermal methods [2, 4, 5, 13], thermal evaporation [10],
chemical vapor deposition (CVD) [11, 12], chemical bath deposition [14] and electrochemical
synthesis [15].

In this research, we report a simple approach for the synthesis of CdS nanorods by
solvothermal reaction. The phase, morphologies and optical properties of the as-synthesized CdS
solids were investigated.

2. Experiment
All of the chemicals are analytical-grade and were used without any further purification.

In a typical procedure, appropriate amount of Cd(NOs),"4H,O and NH,CSNH, with 1:2 molar
ratio was dissolved in 20 ml diethylamine ((C,Hs),NH) and followed by the addition of 0.1 g
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polyvinylpyrrolidone (PVP) into these solutions under 30 min stirring. The precursor was
transferred into a Teflon-lined stainless steel autoclave which was filled with (C,Hs)>NH to 80% of
its capacity. The stainless steel autoclave was heated by an electric oven at 200 °C for 12-24 h.
Then, they were cooled to room temperature. The precipitates were filtered, washed by deionized
water and ethanol several times, dried in an oven at 70 °C for 12 h, and collected for further
characterization.

XRD patterns were collected by a Philips X’Pert MPD X-ray diffractometer equipped with
graphite monochromatized Cu K, radiation, employing a scanning rate of 0.02 deg/s in the 20
range from 10 deg to 80 deg. Raman spectroscopy (T64000 HORIBA Jobin Yvon) was operated
using 50 mW Ar green laser with 514.5 nm wavelength. TEM images and SAED pattern were
taken by a TEM, JEOL JEM-2010 transmission electron microscope at an accelerating voltage of
200 kV. The samples for these measurements were dispersed in absolute ethanol by ultrasonic
vibration. Then, the solutions were dropped onto Cu grids coated with amorphous carbon films.
UV-visible absorption was carried out on a Lambda 25 PerkinElmer spectrometer, using 450 W
Xe-lamp with the resolution of 0.2 nm. The photoluminescence was studied by a fluorescence
spectrophotometer (LS50B PerkinElmer) using 208 nm excitation wavelength at room
temperature.

3. Results and discussion

Fig. 1 shows XRD patterns of the as-synthesized CdS samples prepared by solvothermal at
200 °C for 12-24 h. All XRD patterns can be consistently indexed to be hexagonal wurtzite-type
CdS of the JCPDS No. 41-1049 [16]. The reflection peaks at 20 = 25.09°, 26.75°, 28.43°, 36.89°,
43.97°, 48.11°, 51.34°, 52.13°, 53.07°, 54.89°, 58.63°, 67.11°, 69.52°, 71.17°, 72.72° and 75.85°
corresponded to the (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), (202),
(203), (210), (211), (114) and (105) planes, respectively. The distinctive reflection peaks at 20 =
28.43° and 53.07° are the evidence of hexagonal CdS phase. The absence of a reflection peak at 20
= 31.5° is the specification of no incorporation of the cubic zinc blende phase of CdS.
Nevertheless, the intensities of diffraction peaks were relatively enhanced with an increase in the
lengths of the reaction time from 12 to 24 h which confirmed the increasing in the crystalline
degree of these products as well.

kL@
N e
WL ®
- 2

Intensity (Arbitrary Unit)

(@)

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
26 (degree)
Fig. 1 XRD patterns of the as-synthesized CdS samples prepared by solvothermal reaction
at 200°C for (a) 12 h without PVP, (b) 12 h with PVP, (c) 18 h with PVP, and (d) 24 h
with PVP.
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The hexagonal wurtzite CdS has C*s, space group. The different vibrations were assigned
to be the 1A, + 1E, + 2E, (E>y and E,; ) Raman active modes and the 2B, silent modes. The A,
branch was the phonon polarization in the z direction, including the doubly degenerate E; and E,
branches in the x-y plane. Both of A, and E, modes were split into longitudinal optical (LO) and
transverse optical (TO) components, because the wurtzite CdS structure is noncentrosymmetric
[16-18]. Raman spectra of the products showed at the same vibrations of 1LO and 2LO belonging
to the A; modes at 299 and 600 cm™', which were polarized in the x-z face and strongly coupled to
the excitons along the ¢ axis [16-18].

Fig. 2 TEM images and SAED pattern of the as-synthesized CdS samples prepared by
solvothermal reaction at 200 °C for (a) 12 h without PVP, (b) 12 h with PVP, (c) 18 h with
PVP, and (d) 24 h with PVP.

The morphologies of products were examined by TEM. Fig. 2 displays the TEM images
representing the morphology evolution of the CdS nanoparticles into nanorods. The as-synthesized
CdS sample by the solvothermal reaction at 200 °C for 12 h without PVP adding was detected only
nanoparticles in shape with below 5-10 nm in diameter. No other morphologies were detected in
the system without PVP adding. The SAED pattern indicated the (100), (002), (101), (102), (110),
(103) and (200) planes corresponding to the JCPDS No. 41-1049 [16]. Comparing to PVP-added
solution at 200 °C for 12 h, the morphology of the product was transformed from nanoparticles
into nanorods, which confirmed the functionality of PVP as a template to control the formation of
CdS nanorods. In the solution without PVP adding, the nanoparticles were free to grow, and a
number of nanoparticles with different orientations were synthesized. Fig. 2d reveals that the CdS
product was straight and uniform nanorods with 100-200 nm long and 20 nm in diameter. The
SAED pattern shows a brightness spot pattern, revealing that each nanorod was wurtzite CdS
single crystal. The SAED confirms that the growth direction of the nanorods was in the [001]
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direction parallel to their axial lengths. High resolution TEM (HRTEM) image presents the lattice
fringes of nanocrytallites with a spacing of 0.34 nm, corresponding to the interplanar distance of
the (002) plane of hexagonal CdS phase. The plane is normal to the growth direction of the
nanorod which confirms that CdS nanorods have the [001] growth direction. Composition of the
products was analyzed by EDX technique. They showed the presence of Cd and S elements at the
23.11 keV K, line for Cd and 2.31 keV K, > line for S. The atomic ratio of Cd to S is 1.03, very
close to the CdS chemical formula. However, the C and Cu peaks were also detected, resulting
from the TEM grid used for the TEM analysis.
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Fig. 3 (a) UV-visible and (b) photoluminescence spectra of CdS nanorods.

The UV-visible absorption spectrum of as-synthesized CdS nanorods dispersed in ethanol
is shown in Fig. 3a. The absorption spectrum of CdS nanorods exhibited an absorption peak of
around 482 nm, assigned to be the first excitation of CdS [5]. The band gap of the CdS nanorods is
estimated to be 2.57 eV from the UV-visible absorption spectrum. They are blue shift as compared
to the characteristic absorption of bulk CdS material (515 nm) due to the quantum size effect [2, 5,
16, 19].
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The photoluminescence (PL) spectrum of the as-synthesized CdS nanorods dispersed in
ethanol is shown in Fig. 3b. The PL of CdS nanorods exhibited a broad band emission wavelength
ranging from 325 nm to 584 nm with the emission centered at 403 nm in the violet wavelength
range. The result indicates that the PL emission comes from the electron—hole recombination of
Cds [18].

4. Conclusions

The crystalline CdS nanorods have been synthesized in the presence of PVP through a
solvothermal route. The product shows a hexagonal wurtzite CdS structure with 100-200 nm in
length and 20 nm in diameter. The UV-visible absorption spectrum of CdS nanorods presents an
absorption peak of around 482 nm, blue shift relative to its bulk, due to the quantum size effect.
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Hierarchical tree-like wurtzite CdS nanostructure was successfully synthesized by the 200 °C and 24 h sol-
vothermal reaction of cadmium nitrate and thiourea as starting materials in 1:1 volume ratio of diethylene-
triamine and ethylenediamine as a mixed solvent. Phase and morphology of the as-synthesized CdS product
were characterized by X-ray diffraction (XRD), Raman spectroscopy and transmission electron microscopy
(TEM), including its photonic absorption by UV-visible spectroscopy. XRD spectrum and TEM image showed
hexagonal wurtzite CdS structure with a 1-2 um prototypical cluster, composed of a number of limbed
nanorods. Its Raman spectrum was specified as the first-order (1LO) and second-order (2LO) longitudinal op-
tical phonon modes at 298 and 599 cm ™~ '. UV-visible spectrum shows an absorption peak centered at around

489 nm, assigned as the excitonic transition, blue shifted comparing to its bulk.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Among the II-VI semiconducting materials, cadmium sulfide
(CdS) with 2.42 eV direct band gap at room temperature has re-
ceived much attention for a number of researchers, due to its excel-
lent properties for luminescence and photochemistry. It has a wide
variety of applications, such as light-emitting diodes, solar cells and
optoelectronic devices [1,2]. Over the past decade, different mor-
phologies were produced, including nanorods [1], microflowers
[2], nanostructured mutipods [3], nanowires [4,5], nanotubes [6]
and nanoribbons [7,8]. They were successfully synthesized by
both physical and chemical processes: solvothermal/hydrothermal
[1-4], dc electrochemical deposition [5], chemical vapor deposition
(CVD) [6,7] and microwave radiation [8]. Among them, the sol-
vothermal route, reaction of precursors in a closed system in the
presence of an organic solvent at a temperature higher than the
boiling temperature of the solvent, is one of the most effective syn-
thetic methods for synthesizing nanostructured CdS [1] controlled
by a variety of parameters. In this work, a hierarchical tree-like
CdS nanostructure was synthesized by a facile solvothermal meth-
od and its optical property was also studied.

* Corresponding author. Tel.: 4+ 66 74 288 374; fax: + 66 74 288 395.
** Corresponding author. Tel.: +66 53 941 924; fax: + 66 53 943 445.
E-mail addresses: phuruangrat@hotmail.com (A. Phuruangrat),
schthongtem@yahoo.com (S. Thongtem).

0167-577X/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.matlet.2012.04.089

2. Experiment

To synthesize hierarchical tree-like wurtzite CdS nanostructure,
each 0.005mol of cadmium nitrate (Cd(NOs),) and thiourea
(NH,CSNH,) was dissolved in 50 ml of 1:1 volume ratio of diethyle-
netriamine and ethylenediamine mixture under 30 min stirring at
room temperature. Subsequently, the solution was solvothermally
processed at 200 °C for 24 h, and left cool down to room tempera-
ture. At the conclusion, orange precipitate was synthesized, separat-
ed by filtration, washed with de-ionized water and absolute ethanol,
and dried at 70 °C for 12 h, for further characterization by X-ray diffrac-
tion (XRD), Raman spectrometry, transmission electron microscopy
(TEM) with equipped energy dispersive X-ray (EDX) spectroscopy
and UV-visible spectroscopy.

3. Results and discussion

XRD spectrum (Fig. 1) of the as-synthesized CdS product was
indexed using Bragg's law for diffraction, and specified as wurtzite
hexagonal CdS structure with P63mc space group, comparing to the
JCPDS database no. 41-1049 [9]. No other characteristic peaks of im-
purities were detected, showing that the product was pure phase.
The spectrum shows sharp and narrow diffraction peaks with differ-
ent intensities, indicating that the as-synthesized CdS product was
good crystalline. The (002) diffraction peak was higher than the
others, implying that the product has a preferred ordering orientation
growth along the c-axis. Calculated lattice parameters for wurtzite
hexagonal CdS structure using Bragg's law for diffraction and plane-
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Fig. 1. XRD spectrum of the as-synthesized CdS product.

spacing equation [10] were a=b=0.413 nm and ¢ = 0.669 nm, in ac-
cordance with those of the JCPDS database.

The c-orientation degree of the as-synthesized CdS product was
explained by a relative texture coefficient (TC) [3] of the (002) peak
calculated using the formula,

(1002/1°002)

TC002 = 756271002 + 1100/°100)"

(1)

where TCyo; is the relative texture coefficient of the (002) over (100)
diffraction peaks. lpo2 and lipp are the diffraction intensities of the
(002) and (100) experimental peaks, including 1%y and 1°,00 the cor-
responding intensities of the randomly oriented CdS powder of the
JCPDS database, respectively. Texture coefficient of random crystallo-
graphic orientation wurtzite CdS structure is 0.5. In the present re-
search, the calculated TCpp, is 0.55, which supports the preferential
orientation of the as-synthesized CdS product grew along the [001]
direction.

Fig. 2 shows TEM images of the as-synthesized CdS product of a hi-
erarchical tree-like CdS nanostructure with 1-2 um prototypical
cluster, composing of a number of limbed nanorods. At high magnifi-
cation, the branches were composed of small nanorods with 20-
30 nm in diameter and 100-200 nm in length, growing out of hierar-
chical tree-like CdS nanostructured trunks. HRTEM image (inset of
Fig. 2¢) revealed that the hierarchical tree-like CdS nanostructured
nanorods grew out along the [001] direction. Qualitative and quanti-
tative analyses of the as-synthesized CdS product were characterized
by EDX. It presents three Ly, Li3; and L, lines of Cd at 3.13, 3.32 and
3.53 keV, and a K > line of S at 2.31 keV (Fig. 3). The molar ratio of
Cd:S was 0.98:1 in good accordance with the stoichiometric CdS
phase. The Kq;2 and K, lines of Cu at 8.04 and 8.91 keV as well as

500 nm

Fig. 3. EDX spectrum of a hierarchical tree-like CdS nanostructure.

C-Kq12 line at 0.28 keV of Cu grid with C film coated on top were
also detected [11].

Hexagonal wurtzite structured CdS belongs to a C%y space group.
According to factor group analysis, its Raman active modes are
1A; + 1E; + 2E, (EY and E5). Only the 2B, modes are silent. Pho-
non polarization of the A, branch is in the z direction, and those
of the doubly degenerate E, and E; are in the xy plane. The wurt-
zite structure is noncentrosymmetric, thus both A; and E; modes
split into longitudinal optical (LO) and transverse optical (TO)
components [12]. Raman spectroscopy of hierarchical tree-like
CdS nanostructure was at 298 and 599 cm~' wavenumbers,
assigned as the first (1LO) and second (2LO) longitudinal optical
phonon modes [4,12], comparing to the characteristic Raman
spectrum of bulk CdS at 297.5 and 599 cm ™' corresponding to
the 1LO and 2LO reported by Singh et al. [13]. The 1LO Raman
wavenumber of the hierarchical tree-like CdS nanostructure was
blue shifted due to the phonon confinement in the transverse di-
rection and the transition of elementary excitons in the longitudi-
nal direction and strain effect [13].

Energy level and band gap of CdS were calculated and reported by
Ge et al.[2]. For this material, S3p character is the highest occupied
molecular orbital level, and Cd3d + S3p hybrid is the lowest unoccu-
pied molecular orbital level. Upon photoexcitation, charged particles
transferred from the S3p orbital to the empty Cd3d + S3p hybrid, in-
cluding the formation of photogenerated electron-hole pairs. The op-
tical absorbance spectrum of hierarchical tree-like CdS nanostructure
(Fig. 4) showed strong absorption edge at 489 nm. Obviously, blue
shift to a shorter wavelength was detected, comparing to its CdS
bulk (515 nm) - caused by the quantum confinement effect [14,15].
Fig. 4 shows UV-visible absorption of hierarchical tree-like wurtzite
CdS nanostructure. Its band gap was determined at zero absorbance
to be 3.93 eV [16]. In the present research, band gap and maximum
absorption of hierarchical tree-like CdS nanostructure are blue shifted
comparing to bulk CdS (2.42 eV) [8].

Fig. 2. TEM images at different magnifications of hierarchical tree-like wurtzite CdS nanostructure.
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Fig. 4. (a) UV-visible spectrum and (b) (ahv)? vs hv curve of the hierarchical tree-like wurtzite CdS nanostructure.

4. Conclusions

Hexagonal wurtzite CdS nanostructure was successfully synthesized
by the 200 °C and 24 h solvothermal method. XRD and TEM analyses
revealed that the product was hierarchical tree-like CdS nanostructure
with a 1-2 um prototypical cluster, composed of a number of limbed
nanorods. UV-visible absorption spectrum was blue shift at 489 nm,
assigned as the exitonic absorption comparing to its bulk.
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Uniform and high aspect ratio CdS nanowires (NWs) were successfully synthesized by the solvothermal
reaction of the solution containing Cd(NO3),, (NH4)2S and ethylenediamine (NH(CH3),NHy). In this
research, the effects of molar contents of the stating materials, reaction temperatures and lengths of time
on phase, vibration modes, morphologies, and optical properties of the as-synthesized products were
studied using XRD, Raman spectroscopy, SEM, TEM, SAED, HRTEM, UV—vis spectroscopy and PL spec-

troscopy. They were found to be controlled by the contents of the stating materials, reaction tempera-

Keywords:
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tures and lengths of time. Mixed nanoparticles and short nanorods of CdS were synthesized by the
200 °C and 24 h solvothermal reaction of the solutions containing 0.0001-0.0050 mol of the starting
materials. Upon increasing the content of the starting materials to 0.0100 mol, the completely uniform
CdS NWs with aspect ratio of >250 were synthesized.

© 2012 Elsevier Masson SAS. All rights reserved.

1. Introduction

Nanomaterials mean structures with one dimension of <100 nm
which can be classified into 4 groups: zero-dimension, one-
dimension, two-dimension and three-dimension [1—3]. In partic-
ular, semiconducting one-dimensional (1D) nanostructures with
two physical dimensions in the range of <100 nm and larger third
dimensions have attracted considerable attention due to their
unique properties that strongly controlled by their morphologies,
including their possible use as building blocks as near-future
nanodevices [2,3]. Semiconducting nanowires (NWs) have been
used as building blocks for a number of nanoscale energy
converters, photonic and electro-optical devices, including dye
sensitized solar cells, photocatalysts, displays, light-emitting diodes
and waveguides [1-3]. Cadmium sulfide (CdS) is one of an impor-
tant and classical [I-VI group semiconducting material with
a direct band gap of 2.42 eV for bulk hexagonal wurtzite structure
CdS, and 3.53 eV for bulk cubic zinc blende structure at room
temperature. It is considered to be an excellent material for various
optoelectronic applications in visible spectrum range of the elec-
tromagnetic spectrum which has been widely studied due to its
nonlinear optical property, luminescence, quantum size effect, and

* Corresponding author. Tel.: +66 0 74 288374; fax: +66 0 74 288395.
E-mail address: phuruangrat@hotmail.com (A. Phuruangrat).

1293-2558/$ — see front matter © 2012 Elsevier Masson SAS. All rights reserved.
doi:10.1016/j.solidstatesciences.2012.05.004

other important physical and chemical properties [4—6]. More
important, CdS semiconducting material has received much
attention due to its emission in the visible region, which has been
appropriated for a number of applications [7—9].

Recently, there have been different reports on the synthesis of 1D
CdS nanostructure by both physical and chemical methods, such as
hydrothermal/solvothermal route [4—10], electrochemical synthesis
[11,12], chemical bath deposition [13,14], microemulsion [15] and
chemical vapor deposition (CVD) [16,17]. Among them, the sol-
vothermal method is simple and facile to synthesize 1D CdS nano-
structures, due to its low temperature synthesis, one step process
and easily controlling. However, solvents are an important factor in
controlling one-dimensional semiconducting nanomaterials under
solvothermal process. Ethylenediamine (en) as a solvent and self-
template is wildly used to synthesize 1I-VI semiconductor NWs
[18—21]. It has lone pair electrons on nitrogen atoms to donate to d-
orbital of transition metals, which lead to achieve inorganic—organic
hybrid materials as precursors: ZnS-0.5en, CdS-0.5en and CdSe-
-0.5en. In 2002, Deng et al. [ 18] reported the synthesis of ZnE-0.5en
(E =S, Se, Te, en = ethylenediamine) layered structure by the direct
solvothermal reaction of zinc and E powders. Subsequently, the
ZnE-0.5en layered precursors were separately annealed under argon
stream to produce ZnE products. In 2003, Ouyang et al. [ 19] reported
the synthesis of inorganic—organic hybrid ZnS-0.5en by sol-
vothermal reaction of zinc and sulfur elements in ethylenediamine
(en). The unprecedented inorganic—organic hybrid ZnS-0.5en
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structure was composed of an ethylenediamine pillared ZnS layered
compound, containing two dimensional (2-D) boat-type 6-
membered rings. In the same year, Deng et al. [20] reported the
synthesis of pure hexagonal wurtzite CdS and CdSe phases by post-
hydrothermal treatment of the CdS-0.5en and CdSe-0.5en precur-
sorsat 120 °C for 12 h.In 2009, Li et al. [ 10] reported his success in the
hydrothermal synthesis of Cd(OH); nanowires with the further
conversion of the Cd(OH), precursor to CdO nanobelts by thermal
treatment, including the synthesis of CdS nanowires (NWs) and CdSe
nanoparticles through the solvothermal and mixed-solvothermal
routes, respectively.

On the basic processing of inorganic—organic hybrid materials,
uniform CdS NWs with high aspect ratio were synthesized by
etching the en (NH,CH,CH;NH;) from CdS-0.5en by solvothermal
method. The effects of molar concentrations of starting materials,
reaction temperatures and holding times on phase and morphology
of CdS products were studied. The optical properties of the as-
synthesized CdS NWs were investigated. A possible formation
mechanism was also proposed and discussed in this report.

2. Experimental procedure

All  chemical regents (cadmium nitrate tetrahydrate
(Cd(NO3)2-4H,0)), ammonium sulfide ((NH4)2S) and ethylenedi-
amine (NH2(CH3),NH3) used in this experiment were A.R. grade of
Fluka.

Typically, 0.0001, 0.0025, 0.0050, 0.0075 and 0.0100 mol of
Cd(NO3),-4H20 were dissolved in 25 ml en solutions in Teflon-
lined autoclaves each. The mixtures were kept stirring for 30 min.
Then the same moles of 20% (NH4),S in water were put in the Cd**
solutions and stirred for 30 min. The Teflon-lined autoclaves were
tightly closed, heated in an electric oven and maintained at 150,
180, and 200 °C for 24, 48 and 72 h. After the completion, the
autoclaves were naturally cooled down to room temperature.
Yellow-orange products were synthesized, collected by filtration,
washed with distilled water several times and 95% ethanol, and
then dried at 80 °C for 12 h for further characterization. Further-
more, the effect of growth conditions, contents of starting agents,
reaction temperatures and reaction duration, on the morphology of
CdS nanostructures were studied.

The X-ray diffraction (XRD) was operated on Philips X'Pert MPD
X-ray diffractometer using CuK, radiation at 45 kV and 35 mA in the
10—-60° range with 0.02° per step scanning rate, and Raman spec-
trometer (T64000 HORIBA Jobin Yvon) using a 50 mW and 514.5 nm
wavelength Ar green laser to determine crystalline phase, purity and
vibration modes of the products. Their morphologies were charac-
terized by scanning electron microscope (SEM, JEOL JSM-6335F)
operating at 15 kV with LaBg cathode electron gun. The nano-
structures and growth direction were further investigated by
transmission electron microscopy (TEM), high-resolution trans-
mission electron microscopy (HRTEM) and selected area electron
diffraction (SAED) on the JEOL JEM-2010 operating at 200 kV. Optical
properties of the products were analyzed by UV—visible spectrom-
eter (Lambda 900 Perkin Elmer) in the 250—-800 nm wavelength
range, and LS50B Perkin Elmer fluorescence spectrophotometer
using 370 nm excitation wavelength at room temperature.

3. Results and discussion

XRD patterns of the as-synthesized CdS products using different
contents of starting agents by solvothermal at 200 °C for 24 h are
shown in Fig. 1. The XRD peaks were sharp, and specified as the
(100), (002), (101), (102), (110), (103), (200), (112) and (201) planes
at 260 = 24.92, 26.64, 28.36, 36.76, 43.80, 47.96, 51.04, 52.04 and
52.80, respectively. The XRD patterns of the representative
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Fig. 1. XRD patterns of CdS synthesized by the 200 °C and 24 h solvothermal reaction
of the solutions containing different contents of starting materials.

products having all the peaks corresponded to the hexagonal phase
of CdS wurtzite structure of the JCPDS card no. 41-1049 [22], with
their lattice constants a = b = 4.13 A and ¢ = 6.71 A, matched well
with those of the JCPDS standard. It should be noted that the
increase in the lattice parameters at room temperature can be
ascribed to nonlinear effects caused by the existence of microstrain,
originated from surface defects, such as vacancies and vacancy
clusters. The crystal lattice expansion mainly existed near and
inside grain boundaries. Those inside grain boundaries of nano-
materials were the main source of lattice expansion [23], leading to
the increase in the length of NWs. An estimate of the preferred
orientation [24] was determined by

P POLET)
= T Tow
(hkl) (hkl)

Ithkiy and I’y are the integrated intensity of the experimental
and random (simulated) XRD diffraction, respectively. For random
orientation, P equals to 1. But for a particular CdS (hkl) plane, which
has preferred orientation, Pis greater than 1. The (002) plane shows
strong preferred orientation in the growth direction of the 1D
nanomaterial, implying that CdS grew along the c axis.

The hexagonal wurtzite structured CdS belong to the space
group C%y. According to factor group analysis, the Raman active
modes are 1Ay + 1E; + 2E; (Eoy and Ej), and the 2B modes are
silent. For the A; branch the phonon polarization is in the z direc-
tion. But for the doubly degenerate E; and E; branches, the phonon
polarizations are in the xy plane. Because the wurtzite phase is
noncentrosymmetric structure, both A; and E; modes split into
longitudinal optical (LO) and transverse optical (TO) components
[25,26]. Fig. 2 displays the Raman spectroscopic spectra at room
temperature excited by the 514.5 nm wavelength of Ar green laser,
which was used to characterize the as-synthesized CdS products.
The Raman spectra showed the peaks at 298 and 596 cm ' wave-
numbers, corresponding to the first-order (1LO) and second-order
(2LO) longitudinal optical phonon modes of CdS, which were

(1)
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Fig. 2. Raman spectra of CdS synthesized by the 200 °C and 24 h solvothermal reaction
of the solutions containing different contents of starting materials.

polarized in the x—z face and strongly coupled to the excitation
along the c-axis, respectively [4,25,26]. The 1LO and 2LO vibrations
corresponded to the fundamental and overtone modes. Thus the
intensity ratio of the 2LO to 1LO (I510/l110) was less than 1, and the
strength of exciton—phonon coupling was very weak. In some
cases, the strength of exciton—phonon coupled in semiconductors
can be gotten access by the intensity ratio of overtone to funda-
mental phonon vibrations. The large intensity ratio of the CdS NWs
reflected a strong exciton—LO phonon coupling with the phonon
confinement in the transverse direction and the transfer of the
elementary excitation particles (carriers, excitons and phonons) in
the longitudinal direction [4]. In the present research, the I o/l1o
intensity ratio was increase with the increase in the contents of the

starting materials. This implies that the exciton—phonon coupling
became strengthened.

SEM images of different contents (0.0001-0.0100 mol) of
starting agents for the synthesis of CdS products are shown in Fig. 3.
The as-synthesized CdS product using 0.0001 mol of Cd(NO3),; and
(NH4),S as cadmium and sulfur sources by the 200 °C and 24 h
solvothermal reaction was mixed shapes of nanoparticles, nano-
rods and microrods of around 25:25:50 ratio. By increasing the
precursor contents to 0.0025—0.0075 mol, they were found that the
nanoparticles were decreased to be less than 2% at the starting
content of 0.0075 mol. The shape was NWs with less than 25 nm in
diameter and 3—4 pm in length. The complete and uniform CdS
NWs at low and high magnifications as shown in Fig. 3e and f were
achieved using the content of 0.0100 mol of Cd(NO3), and (NH4),S
by the 200 °C and 24 h solvothermal reaction. The approximate
diameter of CdS NWs was 20 nm, and the length was more than
5 pum with aspect ratio of >250. In general, morphologies of the
products are controlled by the rates of crystal nucleation and
crystal growth which are determined by the inherent crystal
structure and the chemical potential of the precursor solution. If
the rate of crystal nucleation is greater than that of the crystal
growth, the crystallite size will be small and the aspect ratio of the
crystal will be low. In contrast, fast crystal growth will give large
crystallite size and high aspect ratio along the preferential growth
direction. By using the high content of the starting sources, they
accelerated the crystal growth rate which was higher than crystal
nucleation rate, and influenced the growth of high aspect ratio 1D
CdS NWs as the final product.

To investigate the effects of reaction temperature and holding
time on the phase and morphology of CdS, an appropriate content
of 0.0100 mol starting cadmium and sulfur sources was used. The
XRD patterns (not shown in here) of all these present products
were indexed and specified as pure phase of wurtzite hexagonal
CdS structure — in good agreement with the JCPDS card no. 41-1049
[22]. The SEM images of CdS nanomaterials synthesized by sol-
vothermal method using different reaction temperatures and
lengths of time are shown in Fig. 4. At 150 °C and 24 h (Fig. 4a), it
was the mixture of nanoparticles with the size of <100 nm, and
nanorods with <30 nm in diameter and <1 pum long. When the
reaction temperature was increased to 180 °C and at the same
length of time, the product morphology was transformed into

100 nm

Fig. 3. SEM images of CdS synthesized by the 200 °C and 24 h solvothermal reaction of the solutions containing (a) 0.0001, (b) 0.0025, (c) 0.0050, (d) 0.0075 and (e, f) 0.0100 mol of

starting materials.
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Fig. 4. SEM images of CdS synthesized in the solution containing 0.0100 mol of starting materials by the (a) 150 °C and 24 h, (b) 180 °C and 24 h, (¢) 200 °C and 48 h, and (d) 200 °C
and 72 h solvothermal reactions.

Fig. 5. (a) TEM image, (b) SAED pattern, and (c, d) HRTEM images of CdS NWs synthesized by the 200 °C and 24 h solvothermal reaction of the solution containing 0.0100 mol of
starting materials.
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almost complete NWs with diameter of <30 nm and length of
>1 pum (aspect ratio of 33—50) as major shape, and <1% of nano-
particles as minor shape were still detected. The uniform CdS NWs
with high aspect ratio (> 250) as shown in Fig. 3e and f was
completely synthesized when the reaction temperature was
increased to 200 °C and the length of time remained at 24 h. By
keeping the reaction temperature at 200 °C and prolonging the
lengths of time to 48 and 72 h (Fig. 4c and d), the lengths of CdS
NWs became shortened to 500 nm — 1 pum and 300-800 nm,
respectively. Possibly, the CdS NWs were broken due to micro-
strain in the lengthened CdS NWs at the reaction temperature and
length of time of more than the optimum condition (200 °C and
24 h solvothermal reaction). These can be concluded that the
reaction temperature and length of time played the role in the
growth of uniform and high aspect ratio of CdS NWs. In this
research, the best condition for the synthesis of CdS NWs with high
aspect ratio of >250 was 0.0100 mol of Cd(NO3),; and (NH4),S as
cadmium and sulfur sources in ethylenediamine as a solvent under
solvothermal reaction at 200 °C for 24 h.

Fig. 5 shows the TEM and HRTEM images and SAED pattern of
the CdS NWs synthesized using 0.0100 mol of Cd(NOs); and
(NHg)2S at 200 °C for 24 h Fig. 5a clearly displays long uniform
regular-shaped NWs with the length up to 10 pm and the diameter
of about 40 nm. The SAED pattern (Fig. 5b) was recorded with an
electron beam perpendicular to an individual CdS NW shown in
Fig. 5a. The SAED pattern was composed of spot pattern which was
specified as single crystal of hexagonal structured CdS. The sharp
bright diffraction spots were the indication of good crystalline

product with the atoms in normal crystal lattice. Moreover, the
SAED pattern can be indexed to correspond with the (110), (112)
and (002) planes and the [1—11] as zone axis of the hexagonal CdS
NW — in good accordance with the above XRD analysis. The HRTEM
images (Fig. 5c and d) demonstrate the structural perfection of the
CdS NW. The crystal lattice fringes were clearly detected and the
measured spacing of the crystallographic planes were 0.336 and
0.358 nm, corresponding to the (002) and (100) planes of hexag-
onal CdS. The c-axis growth direction of the CdS NW makes an
angle of 90° and 180° with the (002) and (100) lattice planes,
respectively. In the present research, the SAED pattern and HRTEM
images revealed that the product was composed of CdS NWs with
their growth direction in the [001]. In general, the anisotropic
growth of wurtzite CdS hexagonal structure was driven by the
effect of excess energy of surface atoms relative to those inside. The
excess energy of the (001) face of wurtzite structure is much lower
than those of other faces, such as the (100) and (110), due to the
high packing density and large number of coordinated atoms of the
(001) face. Growth rate along the [001] direction is the most rapid
comparing to other directions, which finally led to the progressive
elongation along the [001] direction of the nanocrystals and
formation of 1D NWs structure [8].

Planar defects such as dislocations, stacking faults and twins
could occur during the formation of one-dimensional semi-
conductors. Stacking faults are the most frequently detected as
planar defect in CdS NWs, forming by changing in stacking
sequence of atomic planes in the NWs. For the wurtzite CdS
structure, there are three possible types of stacking faults, I1, 12,

Fig. 6. Planar defects of CdS NWs synthesized by the 200 °C and 24 h solvothermal reaction of the solution containing 0.0100 mol of starting materials.
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Fig. 7. Schematic diagram for the formation of CdS NWs.

and E in bulk materials, originated by extracting one layer, two
layers, and inserting a layer, respectively [27—29]. The nature of
stacking fault needs to be identified by HRTEM images shown as
wurtzite CdS NWs structure of Fig. 6a. At high magnification
(Fig. 6b—d), the images show the streaking of CdS NWs along the
[001] direction due to the shape effect of the planar defects in the ¢
plane. The wurtzite CdS semiconductors were the ABABAB stack-
ing sequence parallel to the (001) plane, a new sequence identified
as ...ABABCACABAB... in the local area suggested the existence of I1
and 12 stacking faults. The ABABAB stacking sequence changes to
ABCABC in some local area, corresponding to the formation of the
zinc blende semiconductors structure in the wurtzite semi-
conducting matrix [28].

The formation mechanism of wurtzite CdS NWs has been
proposed as follows. Ethylenediamine (en), a bidentate ligand, as
asolvent and complexing agent is a key parameter used to control the
growth of CdS NWs in the same manner as the previous reports
[4,18,21,30]. First, cadmium ions combined with ethylenediamine
(en) molecules to form Cd-ethylenediamine complexes ([Cd(en);]**),
stabilized in the solution.

Cd** + 2en — [Cd(en)y]** (2)

Subsequently, $%* ions of (NH4),S reacted with [Cd(en);]**
complexes of equation (2). The S*” ions can substitute for en of the
complexes. In sequence, the Cd-en bonds of the complexes were
broken, and the Cd-S bonds were concurrently created to form CdS
crystals [30].

Absorbance (Arbitrary Unit)

T T T T T T T T T T 1
250 300 350 400 450 500 550 600 650 700 750 800
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Fig. 8. UV—visible spectra of CdS synthesized by the 200 °C and 24 h solvothermal
reaction of the solutions containing (a) 0.0001, (b) 0.0050, and (c) 0.0100 mol of
starting materials,

[Cd(en)m]?* + S~ — CdS(en)y, — CdS(en)m — o + n(en)
............ — CdS + m(en) 3)

Due to the slow release of S>~ ions and the low concentration of
free Cd®* ions (log B2 = 10.09, B, is the stability constant of the
[Cd(en)zlz* complex), the reaction rate was slow, which favored the
orientated growth of the CdS NWs [4,18]. Schematic diagram for the
formation of CdS NWs is shown in Fig. 7.

The optical properties of CdS NWs synthesized under three
different conditions were analyzed by UV—visible spectroscopy at
room temperature. The UV—visible absorption spectra of the CdS
NWs with difference aspect ratios are shown in Fig. 8. The
absorption band yielded an onset near 520 nm and absorption peak
at 480 nm, which is the characteristic absorption band of CdS NWs.
They are blue-shifted, comparing to the absorption at 512 nm
(2.42 eV) of bulk CdS, due to the quantum confinement effect of the
small diameter NWs [31,32].

Photoluminescence (PL) of II-VI CdS semiconducting nano-
materials originates from very low concentration of particles
(impurities in most case, crystalline defects), such as cadmium
vacancies (Vcq) and sulfur interstices (S;) as acceptors, and sulfur
vacancies (Vs) and cadmium interstices (Cd;) as donors. Different
processes are caused by the following: band-to-band transition,
free exciton recombination, excitons bound to neutral donors,
excitons bound to neutral acceptors, donor—acceptor pairs, green
emission caused by S;, yellow emission by Cd;, red emission by Vs,
and transition from Vg to valence band (VB). Absorption of
photons generated electrons and holes, trapped in different
interstitial sites and vacancies. The photoluminescence (PL)
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Fig. 9. PL spectra of CdS synthesized by the 200 °C and 24 h solvothermal reaction of
the solutions containing (a) 0.0001, (b) 0.0050, and (c) 0.0100 mol of starting materials.
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spectra of CdS synthesized using 0.0001, 0.0050 and 0.0100 mol of
starting materials by the 200 °C and 24 h solvothermal reaction
are shown in Fig. 9. It is noteworthy that the PL spectra were sharp
peaks at 512 nm (2.42 eV green emission) related to the sulfur
interstitial sites [33], in accordance with the previous reports
[33—-35].

4. Conclusions

In summary, the uniform and high aspect ratio CdS nano-
structure was synthesized by solvothermal reactions of the solu-
tions containing Cd(NOs3); and (NH4)2S as cadmium and sulfur
sources in ethylenediamine as solvent at different reaction
temperature and time, without the use of any templates. The effects
of concentration of the starting sources, reaction temperature and
holding time in this reaction system were investigated on the
morphology of CdS nanostructure. Furthermore, detail of the
formation mechanism of CdS NWs was discussed in this report. In
this research, the CdS NWs with uniform and high aspect ratio
(>250) could be synthesized by using 0.0100 mol of Cd(NO3); and
(NH4),S in ethylenediamine under solvothermal at 200 °C for 24 h.
But for other conditions, they were mixture of nanoparticles,
nanorods and nanowires. The optical properties of these products
were found to be influenced by the aspect ratio CdS NWs.
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The combined sonochemical/solvothermal syntheses were developed to synthesize nanostructured materials. In
this research, the Cd(NO3),-4H,0 and (NH,4),S chemicals were dissolved in ethylenediamine, sonicated for
1-5 h under ultrasonic radiation and followed by the solvothermal synthesis at 200 °C for 24 h. The products
were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron mi-
croscopy (TEM), high resolution transmission electron microscopy (HRTEM), selected area electron diffraction
(SAED), UV-visible (UV-vis) spectrometry and Raman spectroscopy. The analyses showed pure phase of hexag-
onal CdS uniform nanorods. To achieve 1-3 um long and 20-30 nm diameter nanorods, the process was done by
the 5 h ultrasonic route combined with the 200 °C and 24 h conventional solvothermal reaction. These nanorods
became the mixture of nanoparticles, nanorods and microrods when the solution mixture was processed by only
the conventional solvothermal method. In addition, the absorption peak of the long nanorods was detected at
487 nm.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Until now one-dimensional (1D) 1I-VI nanostructured semiconduc-
tors: nanowires, nanorods, nanobelts, nanoribbons, etc. have been studied
for the use of electronic, optoelectronic, electrochemical and electrome-
chanical devices, such as ultraviolet (UV) lasers, light-emitting diodes,
field emission devices, solar cells due to their important nonlinear optical
properties, luminescent properties, quantum size effects and novel phys-
ical and chemical properties, comparing to bulk semiconductors. CdS is
one of the important materials in the II-VI semiconducting group with
its direct energy gap (E;) of 242 eV at room temperature, including
other attractive properties such as piezoelectric, optoelectronic and pho-
tocatalytic [1-5].

1D CdS nanostructure was synthesized by different approaches in-
cluding solvothermal or hydrothermal method [1,2,4,5], thermal evapo-
ration [6], chemical vapor approach [7], chemical bath deposition and
wet chemical etching [8] and electrochemical deposition [3,9,10].
Among them, solvothermal is a simple synthetic and easily controlled
method for the preparation of CdS nanomaterials, including high yield
product. In case of the sonochemical and hydrothermal/solvothermal
methods, the kinetics of reaction would be increased accordingly
[11-13]. To control the 1D nanomaterials, templates of both soft and
hard types were used to achieve the desired size and morphology prod-
ucts. There have been reported disadvantages of using templates which

* Corresponding author. Tel.: +66 74 288374; fax: + 66 74 288395.
E-mail address: phuruangrat@hotmail.com (A. Phuruangrat).

0032-5910/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.powtec.2012.08.027

were required to be removed from the 1D nanomaterials [14]. There-
fore, solvents as soft-templates were developed in facile and efficient
method in preparing and controlling of 1D nanostructures of one step
process.

In this report, the novel combined sonochemical/solvothermal
methods were used to synthesize CdS nanorods from Cd(NOs), and
(NHa4),S as cadmium and sulfur sources in ethylenediamine as a sol-
vent and soft-template, as compared with the product obtained by a
conventional solvothermal one. The X-ray diffraction (XRD), scanning
electron microscopy (SEM), transmission electron microscopy (TEM),
Raman spectrometry and UV-visible (UV-vis) spectroscopy, were
employed to characterize phase, morphology, atomic vibration and
optical property of the as-synthesized CdS nanorods. Uniform
nanorods (NRs) with higher aspect ratio and yield were achieved in
this research.

2. Experimental procedure

Cadmium nitrate tetrahydrate (Cd(NO3),-4H,0), ammonium sulfide
((NH4),S) and ethylenediamine (NH»(CH,),NH,) of Fluka were AR.
grade and were used in all the experiment. To synthesize CdS products,
0.001 mole Cd(NO;),-4H,0 was dissolved in 30 ml ethylenediamine
(en) under vigorous stirring. Subsequently, the 20% (NH4),S in water so-
lution was slowly dropped into the solution and followed by continuous
stirring till 30 min completion. The mixture was sonicated in a closed
round bottom glass container for 1-5 h. At this stage, light-green solu-
tion changed to green-blue gel, which was followed by heating in a
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Fig 1. XRD patterns of CdS products synthesized by (a-c) 1, 3 and 5 h sonication and
followed by 200 °C and 24 h solvothermal treatment, respectively.

tightly closed stainless steel autoclave at 200 °C for 24 h, and naturally
cooled to room temperature. Finally, light yellow-orange precipitates
were synthesized, washed with distilled water several times and abso-
lute ethanol, and dried at 60 °C for 24 h.

The crystalline phase and morphology investigation of the as-
synthesized nanostructured products were characterized by X-ray dif-
fractometer (XRD, Philips X'Pert MPD) operating at 45 kV 35 mA and
using Cu-K, line in 26 of 10°-60° range, field emission scanning elec-
tron microscope (FE-SEM, JEOL JSM-6335 F) operating at 35 kV and
transmission electron microscope (TEM, JEOL JEM-2010), high resolu-
tion transmission electron microscope (HRTEM) and selected area elec-
tron diffractometer (SAED) operating at 200 kV, including the atomic
vibration modes by Raman spectrometer (T64000 HORIBA Jobin
Yvon) of 50 mW and 514.5 nm wavelength Ar green laser. Optical

property of the products was analyzed by UV-visible spectrometer
(Lambda 900 PerkinElmer) in the 250-800 nm wavelength range.

3. Results and discussion

Fig. 1 shows the XRD patterns of the products synthesized by the
combinations of 1, 3 and 5 h sonochemistry and 200 °C and 24 h
solvothermal reaction. All of the XRD patterns were assigned as
pure hexagonal wurtzite CdS structure with lattice constants of a=
4.1398 A and c=6.7251 A, in good agreement with the JCPDS data-
base no.41-1049 [15]. In this research, intensities of CdS product syn-
thesized by the 5 h sonochemistry and 200 °C and 24 h solvothermal
combinations were the strongest and sharpest, showing that the
product was the best crystalline degree in nature. It should be noted
that the intensity of the (002) plane is higher than that of the stan-
dard, suggesting that wurtzite hexagonal CdS product has the orien-
tation growth along the c direction.

The degree of the c orientation of the as-synthesized CdS product
was determined by the relative texture coefficient (TC) [16,17] of the
(002) peak calculated using the formula,

_ (ona/Too2)
TCooz [lo02/T"002 + Thoo/I"100] M

TCyo> is the relative texture coefficient of the (002) over the (100)
diffraction peak. Ipo2 and lgo are the measured diffraction intensities
of the (002) and (100) peaks, and I°o, and I°1op are the corresponding
values of the standard measured from the randomly oriented powder
(TC=0.5), respectively. The calculated TCyp, was 1.53, which supported
the growth of CdS nanorods along the c direction.

SEM images of the CdS products synthesized by conventional
solvothermal and combined sonochemical/solvothermal methods are
shown in Fig. 2. The mixture of nanoparticles, nanorods and microrods
CdS (Fig. 2a) was synthesized by conventional solvothermal at 200 °C
for 24 h. In contrast, the synthesis route basing on the sonochemical/
solvothermal combinations led to the elongation of CdS nanorods
(Fig. 2b-f). The elongation of CdS nanorods was controlled by the

Fig. 2. SEM images of CdS products synthesized by (a-f) 0, 1, 2, 3, 4 and 5 h sonication and followed by the 200 °C and 24 h solvothermal reaction, respectively.
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50 30 morphologies were detected in this research. Upon prolonging the ul-
454 trasonic time to 5 h, the CdS nanorods were increased to 1-3 um long
55 and 20-30 nm diameter. The change in the length and diameter of 1D
40 s : CdS nanomaterial with the ultrasonic reaction time is shown in Fig. 3.
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Fig. 3. Diameters and lengths of CdS nanorods synthesized by 1-5 h of sonication time
and followed by solvothermal reaction at 200 °C for 24 h.

lengths of sonochemical time. For 1 h sonication followed by the 200 °C
and 24 h solvothermal reaction, only uniform CdS nanorods with a
length of 200 nm and a diameter of 10 nm were synthesized. No other

Further information of hexagonal CdS nanorods synthesized by the
1 h and 5 h ultrasonic method and followed by the 200 °C and 24 h
solvothermal reaction was characterized by TEM, HRTEM and SAED.
The as-synthesized CdS crystals of Fig. 4a were rather short and irregular
nanorods with different diameters and lengths. Higher magnification
image of Fig. 4b shows that the surface of the nanorods was uneven.
These nanorods were 20 nm in diameter and up to 200-400 nm in

Fig. 4. TEM and HRTEM images, and SAED pattern CdS nanorods synthesized by 1 h sonication time and followed by solvothermal treatment at 200 °C for 24 h.
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Fig. 5. TEM and HRTEM images, and SAED pattern CdS nanorods synthesized by 5 h sonication time and followed by solvothermal treatment at 200 °C for 24 h.

length, including the detection of traverse straight stripes which might
demonstrate the growth process of the nanorods. The traverse stripes
on the rods were also attributed to some defects during the growth pro-
cess. Detail stacking faults as planar defects as shown on HRTEM image
(Fig. 4c) are the most frequently observed planar defects on 1D wurtzite
semiconducting nanomaterials [19-22]. The stacking faults were formed
by a change in stacking sequence of atomic planes. In the wurtzite semi-
conducting nanomaterials, there are three possible types of stacking
faults: Iy, I, and E in bulk materials, produced by extracting one layer,
extracting two layers, and inserting a layer, respectively. In this case,
the stacking defects were along the [0001] direction, due to the shape ef-
fect of planar defects in the ¢ plane. The atomic arrangement of perfect
hexagonal CdS structure is ABABAB stacking sequence parallel to the
(0001) plane. However, a new sequence specified as ... ABABCACABAB...
as I; and I, stacking faults were formed during the growth stage. The
ABABAB stacking sequence changes to ABCABC in some local area,
corresponding to the formation of the zinc blende CdS phase in the
waurtzite matrix [19-23]. These stacking defects were also evidence as
the diffraction pattern shown in Fig. 4d. For 5 h of sonication, the
nanorods (Fig. 5a) grew as 15-20 nm in diameter and 600-1000 nm in
length with very smooth surfaces. The inserted SAED pattern of Fig. 5b,
taken from a CdS nanorod of Fig. 5b, presents bright diffraction spots, in-
dicating that the nanorod was a single crystalline hexagonal CdS with
high crystalline degree. The pattern was indexed to correspond with

the (110), (112) and (002) planes of hexagonal CdS structure with
[1-10] as zone axis, including the preferential growth along the c-axis.
No other electron diffraction spots of impurities were detected.

Absorbance (Arbitrary Unit)
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Fig. 6. UV-visible absorption of CdS nanorods synthesized by (a-c) 1,3 and 5 h sonica-
tion and followed by the 200 °C and 24 h solvothermal reaction, respectively.
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Fig. 7. Raman spectra of CdS nanorods synthesized by (a, b) 1 and 5 h sonication and
followed by 200 °C and 24 h solvothermal treatment, respectively.

Evidently, the as-synthesized CdS nanorod was pure single crystalline
hexagonal CdS. HRTEM images (Fig. 5¢, d) revealed the crystal plane
space of 0.335 nm and 0.358 nm, consistent with the (002) and (100)
crystalline planes of wurtzite CdS structure, and the as-synthesized CdS
nanorod grows in the preferential direction of [001] or c-axis (Fig. 5b-d).

The formation of II-VI CdS semiconducting nanorods can be explained
by a solvent coordination molecular template (SCMT) mechanism. In this
research, the anisotropic growth of CdS nanorods was achieved through
the direct reaction of Cd®>* and S~ in en. En seemed to be very important
for the formation of 1D CdS nanorods, and the SCMT mechanism was then
proposed with the role of en molecules in assisting the anisotropic crystal-
line growth. In a typical SCMT process, en acted as structure-directing
molecules, incorporated into the inorganic/organic-layered structures
and subsequently escaped from them to form 1D nanocrystallites.
In the novel class of inorganic/organic-layered structure, CdS-0.5en
formed during ultrasonic processing through reactions between Cd?*
and $*~ ions in en. These compounds contained atomic sheets of inor-
ganic CdS frameworks inserted by en molecules, serving as bridged li-
gands between two Cd atoms in neighboring inorganic layers and also
prevented these inorganic slabs from collapsing and condensing into
bulk CdS phase [24-27]. From the structural viewpoint, the essential
mechanism for the formation of CdS nanorods in en initiated by ultrason-
ic assisted solvothermal synthesis and the unique striation of the CdS
products obtained through the post ultrasonic assisted solvothermal
treatment of the CdS-0.5en-layered precursors.

Optical property of CdS nanorods was investigated by UV-vis
spectroscopy at room temperature. Fig. 6 shows UV-vis analysis of
CdS nanorods with different lengths of sonochemical reaction time
followed by the 200 °C and 24 h solvothermal treatment. The spectra
of CdS nanorods show an absorption peak centered at around 487 nm
(2.55 eV), 482 nm (2.57 eV) and 479 nm (2.59 eV) for CdS nanorods
during sonochemical reaction for 1, 3 and 5 h and followed by the
solvothermal reaction at 200 °C for 24 h, assigned as the first excita-
tion of CdS. They are blue-shifted comparing to the absorption at
512 nm (2.42 eV) of bulk CdS due to the quantum confinement effect
of the nanosized crystals [5,28,29]. There was no other apparent max-
imum absorption peak in the UV-vis spectra of the CdS nanorods.

The hexagonal wurtzite CdS nanorods belong to the C%y space
group. According to factor group analysis, the 1A, + 1E, + 2E, (E5 and
E5) modes are Raman active, while the 2B, modes are silent. For the
A, branch, the phonon polarization is in the z direction. But for the dou-
bly degenerated E, and E; branches, the phonon polarizations are in the

Xy plane. Wurtzite CdS is a noncentrosymmetric phase, therefore, both
A, and E; modes split into longitudinal optical (LO) and transverse op-
tical (TO) components. Raman spectroscopy excited by 514.5 nm wave-
length of an Ar green laser was used to characterize the CdS nanorods at
room temperature. The Raman analysis (Fig. 7) shows two peaks at 298
and 599 cm ™!, caused by the first-order (1LO) and second-order (2LO)
longitudinal optical phonon modes of CdS. They were polarized in the
x-z face and strongly coupled to the excitation along the c-axis. Since
the strength of exciton-phonon coupling in the semiconductor can be
accessed by the intensity ratio of the 1st overtone to the fundamental
(I1o/li10)- The large intensity ratio of the CdS NRs reflects a strong cou-
pling of LO phonons, confined in the transverse direction and the trans-
fer of the elementary excitons, carriers and phonons in the longitudinal
direction [30-33].

4. Conclusions

One-dimensional CdS nanorods were synthesized by the novel
combined sonochemical/solvothermal methods using cadmium ni-
trate and ammonium sulfide as starting reactants in ethylenediamine.
In this research, the morphology and crystal structure of CdS were
controlled by the lengths of sonication time. The UV-visible spectra
of CdS nanostructures were blue shift w.r.t. CdS bulk due to the quan-
tum confinement effect of the nanoparticles.
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One-dimension (1D) cadmium sulfide (CdS) nanorods were successfully synthesized using cadmium nitrate
(Cd(NOs)) and thiourea (NH,CSNH>) as starting materials and poly(vinyl butyral-co-vinyl alcohol-co-vinyl
acetate) as a capping agent in ethylenediamine as a solvent by solvothermal reaction at 200 °C for 24 and
72 h. The phase, morphology, atomic vibration and optical property of the products were characterized by
X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM),
Raman spectroscopy and UV-visible spectroscopy. In the present research, the products were wurtzite hex-
agonal CdS nanorods growing along the [001] direction, with the 1LO and 2LO vibration modes at 298 and
597 cm~ ! and the absorption peak centered at 486 nm.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

One-dimensional (1D) nanostructured materials, such as nano-
wires, nanorods and nanotubes, which have anisotropic geometries
and unique physical properties are highly potential application for a
number of technologies [1-3]. CdS, one of the most advantaged direct
band-gap [I-VI semiconductors, has stimulated intensive interest due
to its wide applications in photoelectronic conversion for solar cells,
optoelectronics, light-emitting diodes and photocatalyst. It is one of
the most important materials with a wide band gap of 2.5 eV for the
bulk hexagonal wurtzite structure, and 3.53 eV for bulk cubic zinc
blende structure [4-7]. It has been synthesized by both physical
and chemical methods, including solvothermal [6], cyclic microwave
radiation [7], electrochemical synthesis [8] and chemical vapor de-
position [9].

Previously, 1D CdS was synthesized by solvothermal method
using polymer-added solutions such as polyvinyl alcohol (PVA) [10],
polyethylene glycol (PEG) [11] and polyvinyl pyrrolidone (PVP) [12]
to improve the length and diameter. For the present research, 1D CdS
nanostructure was synthesized by solvothermal method using
ethylenediamine as a solvent and poly(vinyl butyral-co-vinyl alcohol-
co-vinyl acetate) as a capping agent, and compared with the non-
capping solvothermal condition.

* Corresponding author. Tel.: +66 74 288374; fax: + 66 74 288395.
** Corresponding author. Tel.: +66 53 943344; fax: + 66 53 892277.
E-mail addresses: phuruangrat@hotmail.com (A. Phuruangrat),
ttpthongtem@yahoo.com (T. Thongtem).

0032-5910/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.powtec.2012.01.033

2. Experimental procedure

To synthesize CdS nanostructure, 0.005 mol of Cd(NOs), and
NH,CSNH, as cadmium and sulfur sources each was mixed in 50 ml
ethylenediamine (en), and followed by 0.5 g poly(vinyl butyral-co-
vinyl alcohol-co-vinyl acetate) as a capping polymer adding. The
mixture solution was transferred in a Teflon container and put in a
home-made stainless steel autoclave, which was tightly closed, heat-
ed in an electric oven at 200 °C for 24 h, and cooled to room temper-
ature. The 200 °C solvothermal processes were also done for two
more solutions with and without polymer adding for 72 and 24 h, re-
spectively. Finally, yellow precipitates were produced, collected,
washed with distilled water and absolute ethanol for several times
and dried at 80 °C for 24 h.

The products were analyzed by X-ray diffractometer (XRD,
SIEMENS D500) operating at 20 kV 15 mA, and using Cu-K, line of a
copper target with the scanning angle 26 ranging from 15 to 60°.
Raman spectrometer (T64000 HORIBA Jobin Yvon) was operated by
a 50 mW and 514.5 nm wavelength Ar green laser. SEM images
were taken through a scanning electron microscope (SEM, JEOL
JSM-6335F) operating at 15 kV, equipped with an energy dispersive
X-ray analyzer (EDX, Oxford Instruments). TEM and HRTEM images
of the products were taken on a transmission electron microscope
(TEM, JEOL JEM-2010) using LaBg electron gun with an accelerating
voltage of 200 kV. The samples used for TEM analysis were prepared
by sonicating of dried products in absolute ethanol for 15 min and fol-
lowed by putting 3-5 drops of the suspensions on carbon-coated cop-
per grids. A room temperature absorption spectrum was carried out
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Fig. 1. XRD patterns of CdS synthesized by the 200 °C solvothermal reaction of different

solutions and lengths of time: (a) polymer-free for 24 h, (b) polymer-added for 24 h
and (c) polymer-added for 72 h.

55 60

on a Perkin ElImer Lambda 25 UV-visible spectrometer with the reso-
lution of 1 nm in the wavelength range of 250-800 nm.

3. Results and discussion

XRD patterns of the as-synthesized samples prepared by sol-
vothermal method at different conditions are shown in Fig. 1. All
the diffraction peaks can be indexed to be hexagonal CdS phase, in
agreement with the JCPDS no. 41-1049 [13] (a=b=4.1409 A and
c=6.7198 A). No impurities such as CdO, S, and Cd(OH), were
detected. In the present research, the products were very high purity.
The lattice parameters of hexagonal CdS structure of polymer-added
at 200 °C for 72 h were calculated using plane-spacing equation for
hexagonal structure and Bragg's law for diffraction [14]. They were
a=b=4.1395A and c=6.7356 A and were very close to the stan-
dard values. It should be noted that the c/a ratio and intensity percent
of the (002) plane of the experiment were higher than those of the
standard, implying that the product has preferential growth along
the c axis.

The degree of c-orientation of CdS nanorods was illustrated by the
relative texture coefficient [15-17], given by

(Too2/1°002)

TC, =ET—7% 1 o 3
902 Tlooa/T 002 + hio1 /T 101]

where TCqo, Was the relative texture coefficient for diffraction peaks
of (002) over (101). Ipo2 and I;9; were the experimental diffraction
intensities of the (002) and (101) peaks, including I°p0> and 1°¢;
were the corresponding values of the standard measured from the
randomly oriented particles. The texture coefficient of CdS with ran-
dom crystallographic orientations is 0.5. TCoo of CdS with polymer-

100 nm
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A[ﬁ cd c
S Cu A_C/\u (c)
5
)
©
2
<
) L o
3
Q
) L e
0 2 4 6 8 10 12 14 16

Energy (keV)

Fig. 3. EDX spectra of CdS synthesized by the 200 °C solvothermal reaction of different
solutions and lengths of time: (a) polymer-free for 24 h, (b) polymer-added for 24 h
and (c) polymer-added for 72 h.

added at 200 °C for 72 h was 0.53, showing the product growth
along the c-axis with low c-orientation.

Morphologies of the products were investigated by scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM). SEM images of the products are showed in Fig. 2. It should
be noted that the as-synthesized CdS sample for polymer-free at
200 °C for 24 h was spherical nanoparticles with the size of 20 nm
approximately. For the solvothermal reaction at 200 °C for 24 h of
the polymer-added solution, morphologies of the as-synthesized
CdS sample became nanorods with the length of 100-200 nm and
diameter of 20-50 nm approximately, and a little amount of spheri-
cal nanoparticles. The whole CdS nanorods were synthesized by
prolonging the solvothermal reaction time to 72 h. Their length and
diameter were 1000 nm and 20-60 nm, respectively. It can be con-
cluded that the poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate)
and reaction time have the influence on the formation and elonga-
tion of 1D CdS nanorods. The qualitative and quantitative analyses
of the as-prepared CdS samples were analyzed by EDX (Fig. 3),
which revealed the presence of only Cd and S as the elementary com-
ponents of the products. The molar ratios of Cd to S obtained from
the peak areas were very close to that of the stoichiometric CdS of
1:1 by mole. The Cu and C peaks of the copper stubs and carbon
tapes were also detected.

TEM images of the products are showed in Fig 4. The TEM image and
SAED pattern of CdS for polymer-free (Fig. 4a) presented mixed-
morphologies of nanoparticles and nanorods with the ring pattern,
confirming the product of different orientation particles. These rings
were indexed to be the (100), (002), (101), (102), (110), (103) and
(200) planes, corresponding to those of the standard [13]. When the
polymer was added to the solution at 200 °C 24 h (Fig. 4b), CdS

Fig. 2. SEM images of CdS synthesized by the 200 °C solvothermal reaction of different solutions and lengths of time: (a) polymer-free for 24 h, (b) polymer-added for 24 h and

(c) polymer-added for 72 h.
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Fig. 4. TEM images and SAED pattern of CdS synthesized by the 200 “°C solvothermal reaction of different solutions and lengths of time: (a) polymer-free for 24 h, (b) polymer-added

for 24 h and (c) polymer-added for 72 h.

nanorods with the diameter around 20 nm and the length around
120-700 nm were detected. Their lengths were increased to 3000 nm
by prolonging the reaction time to 72 h (Fig. 4c).

Fig. 5 shows a transmission electron microscopic (TEM) image on
a rectangle area of Fig 4c, selected area electron diffraction (SAED)
patterns, and high resolution transmission electron microscopic
(HRTEM) images of CdS nanorods with polymer-added at 200 °C for

200 nm
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72 h. Fig. 5b-d shows SAED patterns on the area numbers of 1, 2
and 3 of Fig 5a. They were identified as the [— 110] zone axis of hex-
agonal CdS structure. The electron diffraction pattern was simulated
by CaRIne program [18] with the [—110] as zone axis of hexagonal
CdS structure (Fig. 5e), which confirmed the product phase detected
by SAED. Finally, HRTEM images of Fig 5f-h were taken on the area
numbers of 1, 2 and 4, respectively. Their lattice plane spaces were

Fig. 5. (a) TEM image of CdS nanorods solvothermally synthesized in the polymer-added solution at 200 °C for 72 h. SAED patterns and HRTEM images on different areas of (a): (b and f)
on1,(candg)on2,(d)on3,and (h)on4. (e) Electron diffraction pattern simulation for the [—110] zone axis.
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calculated to be the same of 3.42 A, corresponding to the space of the
(002) plane of wurtzite CdS. These indicated that the product was
CdS nanorods with their growth along the [001] direction.

The hexagonal wurtzite CdS has C%, space group. The 1A; + 1E, +
2E; (Ey and E;; ) modes are Raman active and the 2B, modes are silent.
For the A; branch, phonon polarization is in the z direction. The
doubly degenerate E; and E, branches are polarized in the x-y
plane. Because the wurtzite structure is noncentrosymmetric, both
A; and E; modes split into longitudinal optical (LO) and transverse
optical (TO) components [1]. Raman spectra of the products (Fig. 6)
show at the same position of 1LO and 2LO of A; modes at 298 and
597 cm ™', which were polarized in the x-z face and strongly couple
to the excitons along the c axis [5,19]. Intensity of the 1LO was
stronger than that of the 2LO. Intensity ratio of Iy 0210 decreased
from 3.13 for CdS polymer-free at 200 °C for 24 h to 2.11 for CdS
polymer-added CdS at 200 °C for 24 h, and 1.72 for CdS polymer-
added at 200 °C for 72 h. The exciton-LO phonon coupling in the 1D
nanostructured semiconductor was greatly strengthened, caused
by the phonon confinement in the transverse direction and the tran-
sition of the elementary excitation particles (carriers, excitons and
phonons) in the longitudinal direction [19].

In the present research, ethylenediamine (en), a strongly biden-
tate ligand, coordinated with Cd?* and reacted with thiourea to syn-
thesize CdS nanorods in the en solution containing the capping
polymer.

Cd** +2en—Cd(en)3 "

NH,CSNH, + H,0 — NH,CONH; + H,S

Cd(en)Z" 452~ —CdS(en)y, — CdS(en)m_n +n(en).

Due to the relatively weak attraction of Cd®> * and en (logf> = 10.09,
{3 is a constant of the Cd(en)? * complex ions) and the slow release rate
of 2~ ions to bond with the complex, the reaction rate was relative-
ly slow [20]. The last reaction proceeded for several steps. Finally,
hexagonal CdS nuclei were synthesized. During growing of the nu-
clei, the capping polymer adsorbed on their side walls, causing the
lateral growth to be terminated. The tips were uncovered, and axial
growth proceeded in the [001] direction (Fig. 5f-h) via the diffusion
process. Hence, CdS nanorods were synthesized [21].

The optical characterization of CdS nanorods was investigated by
UV-visible spectroscopy as shown in Fig. 7. The spectrum of CdS
nanorods shows an absorption peak centered at around 486 nm
with its band gap (Eg) of 2.55 eV due to the excitation of CdS. It
should be noted that the absorption peak was blue-shift (27 nm) to
the shorter wavelength, comparing to the bulk CdS (E;=2.42eV,
513 nm), due to the quantum confinement effect of the small diam-
eter of CdS nanorods [11,22].

§
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Fig. 6. Raman spectra of CdS synthesized by the 200 °C solvothermal reaction of differ-

ent solutions and lengths of time: (a) polymer-free for 24 h, (b) polymer-added for
24 h and (c) polymer-added for 72 h.
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Fig. 7. UV-visible absorption spectrum of CdS nanorods solvothermally synthesized in
the polymer-added solution at 200 °C for 72 h.

4. Conclusions

Cadmium sulfide nanorods were synthesized by solvothermal reac-
tion of the mixture of cadmium nitrate, thiourea and poly(vinyl butyral-
co-vinyl alcohol-co-vinyl acetate) in ethylenediamine at 200 °C for 72 h.
The results indicated that the capping agent and length of reaction time
played an important role in the 1D growth of CdS nanorods.
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ABSTRACT

Uniform high aspect ratio CdS nanowires (NWs) were successfully synthesized under by solvothermal method using
Cd(NOs), and (NH,),S as cadmium and sulfur sources. Effects of different parameters on phase and morphology of the
as-synthesized CdS were studied by XRD, SEM, TEM, SAED, HRTEM, including Raman spectroscopy, UV-Vis
spectroscopy and PL spectroscopy, respectively. In the present research, dimension and length of one dimension wurtzite
CdS structure were controlled by three parameters - concentration of stating materials, reaction temperature and lengths
of time. Both nanoparticles and short nanorods were synthesized using 0.001-0.005 moles of the starting sources. Upon
increasing the concentration to 0.01 mol, completely unifrom CdS NWs with the aspect of ratio more than 300 were
successfully synthesized.
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