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ABSTRACT

The CdSZnS quantum dots (QDs) were synthesized via three-phase system. Transmission electron microscopy (TEM)
and X-ray powder diffraction (XRD) techniques were used to characterize the as-synthesized QDs. The growing

mechanism of the quantum dots in the phase-transfer process was discussed. As result, the QDs are narrow sized

distribution, uniform morphology and cubic crystal structure. The result of PL spectroscopy measurements reveals
that the exciton emission of CdS was greatly improved by covering with a layer of ZnS. That demonstrates the shell

of ZnSmodified the surface of CdS core and reduced the surface defect.

Keywords. CdS/ZnS, Quantum dots, Three-phase system.

INTRODUCTION

Semiconductor nanocrystals, also called quantura @Ds), show quantum size effects which distinainf these

of the corresponding bulk materials and have beilelw used in light-emitting diodes (LEDK)-3], non-linear
optical devices[4], solar cell[5] and biologicab&ing[6,7], laser source[8] and so on. Among thesmiconductor
materials, groufl -VI semiconductor nanoparticles, especially CdS anBeGuhnoparticles, have been extensively
studied due to the ability to tune their emissinrthie visible range simply by changing their sized due to the
advances in their preparation[9].

Various kinds of high quality QDs such as CdSe &uile were successfully synthesized by organometalli
approach[10-13]. The organometallic precursor romées firstly developed by Murry et. al. in 1993[1®fhich
involved the reaction of cadmium organometalliccprsor Cd(CH),, with a selenium precursor, but it is generally
acknowledged that the reactant of Cd@zHs an expensive, pyrophoric, and hazardous méetia 2000, Peng
et.al. developed a relatively simpler and greem&ionganometallic precursor route using inexpenaiw little toxic
CdO instead of Cd (Cf}, to produce CdSe nanocrystals[11,R8cently, using noncoordinating solvents such as
octadecene (ODE) instead of coordinating solveohsas trioctylphosphine oxide (TOPO) has been ektely
studied[14,15]. In general, Peng’s route and itsraatives involve the injection of a trioctylphbéme selenium
(TOPSe) solution to a cadmium  solution. Thus #wction media involve at least three componenisieha the
TOPO (or ODE) used as solvent, the cadmium soluton the TOP-Se solution. These routes were cétied
TOP-based route[16] and high reaction temperatndeSchlenk technique are always needed. It is ples&r the
cadmium precursor to decompose at high temperatterefore, developing a method for synthesizingpeaystals
under mild conditions and using simple manipulatechniques is still one of the important goalstf@ materials
scientists.

Brust et. al. first used a two-phase approach mh&gize gold nanocrystals, and the approach isswgcessful for
synthesizing noble metal nanocrystals, but it it swtable to synthesize the semiconductor nantals/sbecause
both nucleation and growth can only occur at therface of the two liquid phases. Jiang et. als@néed an
approach to prepare high-quality CdS nanocrystalagutwo-phase method[17]. In their method, a sofubf
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CdMA (myristic acid) and n-trioctylphosphine oxid@ OPO) or oleic oil (OA) in toluene and a solutiof
thiourea in water mixed and heated with stirringeTCdS nanocrystals grew at the liquid-liquid ifsee as the
thiourea slowly decomposed, and the surface ohtheocrystals was capped by a monolayer of TOPOABRO
they formed. A general strategy for nanocrystalgtsgsis was recently proposed by Li et. al.[17e¢hphases was
formed in their system: mixture of ethanol and l&io acid as liquid phase, sodium linoleate asdsphase, and
water ethanol solution containing noble metal iagssolution phase. This liquid-solid-solution (L§Bycess can
generate nanocrystals with a variety of propesigsh as, semiconductors, fluorescent, magnetiadastelctric, and
nearly many the bandgap semiconductors can betigégcprepared though this simple method, but tw best
knowledge, no core-shell nanocrystals were prepayetis strategy.

The high surface defects of the nanocrystals mag te the reduced luminescence efficiency and mhetmical
degradation. Bandgap engineering concepts borrdwed materials science and electronics have leathéo
development of core-shell nanocrystals sample With room temperature quantum yields and much irgmo
photochemical stability. By enclosing a core nagstals of one materials with a shell of anotheritgna large
bandgap, one can efficiently confine the excitatiorthe core, eliminating nonradiative relaxaticathpvays and
preventing photochemical degradation[6] .Herein, take the advantages of the autoclave to obtainhtgh
temperature and high pressure for the nucleatiah growth for the nanocrystals, we prepared the Cd&
nanocrystals and the CdS/ZnS core-shell nanocsybiathe LSS phase transfer and separation proCesspared
with the organometallic scheme, the method wasrenmiental friendly, low-cost and security. The TERd XRD
show that the core-shell nanocrystals are monodisge narrow sizes distribution, cubic zinc—blemgstalline,
and highly enhanced quantum vyield. And no soplagtit equipments were needed. The mechanism of the
core-shell nanocrystals formation was also disalisse

EXPERIMENTAL SECTION

Instruments and Reagents

F-4500 spectrofluorimeter (Hitachi, Japan) equippétth a 150W high-pressure Xenon lamp and a 1.0xin0
quartz cell was used to measure the spectrum dfdheenence. A magnetic force stirring instrumant WH-861
vortex mixer (Huangjin Instrumental Corp., JiangShjna) was used to blend the solutions. The TElgies of the
nanocrystals were acquired on a JEM-1200EX Il trassion electron microscope (JEOL, Japan). Higledpe
freezing centrifugator was used to separate theplmmConstant temperature air-blast drying overichvitan
control the temperature as high as Z5(0Shanghai Anting scientific instrument factory,aBhai China) was used
to keep the reaction temperature. KQ-250B ultrasol@aner was used to disperse the nanocrystals.

Cadmium acetate, zinc acetate, selenium powddurqubwder, sodium sulfur, sodium oleate, oleicda@thanol,
cyclohexane are all purchased from Sinopharm Gpmical Reagent Co. (China), the water used wablgo
distilled. All reagents were analytical grade withéurther purification.

Preparation of CdS core nanocrystals

Cadmium acetate (0.400 g, 1.5mmol) dissolved in l1Tedistilled water, and sodium oleate (1.600 g0 mL
ethanol, 2 mL oleic acid were added to a 100 mikeeander stirring, then NaS ( 0.360 g ,1.5 mma}alved in 3
mL water was dropped into the solution under stiyriwhen all the reagents were added, continuedirtdor 15
min, and the solution turned to colloid. The call@ias loaded into the Teflon—lined stainless saegbclave with a
volume of 50 mL. The autoclave was sealed and miaied at 18Q for 4 hours. When the reaction was completed,
the autoclave was cooled to room temperature rituthe supernatant was decanted, the CdS narnaésys
precipitated at the bottom of the autoclave wasaled in 20 mL cyclohexane, the solution was atiracally
dispersed for 20 min, then added the equal voluheghanol to the solution, the CdS nanocrystals segearated by
centrifugation under 5000 rmp for 5 min, decante& $upertant and the precipitate was washed fahantwice
times with ethanol, dried at 0for 5 hours. Little of the solid dispersed in @léxane was used for recording
UV-Vis and photoluminescence (PL) spectra, thedsalas collected for X-ray powder diffraction (XRDand
transmission electron microscopy (TEM) measuremattiout any size sorting.

Preparation of CdS/ZnS core-shell nanocrystals

The crude solution of CdS nanocrystals preparedeaas cooled to room temperature and then tranesféo a
100 mL beaker, the solution of zinc acetate (0.§3@.5 mmol) dissolved in 3 mL water was droppetd ithe
beaker under stirring, then, sulfur powder (0.048.§ mmol) was slowly added into the beaker urdiering, the
solution was stirred for another 10 min, then tfamed to the Teflon—lined stainless steel autoelavith the
volume of 50 mL, The autoclave was sealed and miaied at 18@ for 8 hours. When the reaction was completed,
the same procedure as the CdS nanocrystals wasteolland purified was used to separate and pheffCdS/ZnS
core-shell nanocrystals. The UV-Vis and photoluregemnce (PL) spectra, X-ray powder diffraction (XRRhd

2713



Baoan Du et al J. Chem. Pharm. Res,, 2012, 4(5):

transmission electron microscopy (TEM) measuremame also obtained.
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(a) (b)
Fig.l Scheme of liquid-solid-solution transfer synthetic strategy for (a) the forming process of the CdS
nanocrystals and (b) the forming process of the shell ZnS on the surface of the core CdS nanocrystals

According to Li's process[17], the formation of thanocrystals occurred at the interface betweenafwbe three
phases formed in this system: ethanol and oleit @iguid), sodium oleate (solid), and the watdvégtol containing
the metal ions (solution). We proposed the differechanism on the forming processes of the Cd®angstals
and the CdS/ZnS core-shell nanocrystals. As showhig.1 (a), when the cadmium acetate was addettieto
solution, it would first be coordinated by the cleicid to form Cd-oleate complex and dispersethénsolid phase.
At the given temperature, thé Slissolved in the ethanol-water solution react v@tf-complex to form the nuclei
which can then enter to the liquid phase as thewdd, because the surface of the nuclei were chpedlayer of
oleic acid, it was more easy for the caped nuddisperse in the liquid phase then in the solugbase, and the
nanocrystals stop growing Their growth resumes whemanocrystals return to the interface of thaitl and the
solid. The separation between nucleation and gretethes is achieved spatially in this three phappsoach. Thus
a slow nucleation does not always lead to the pspgised colloids. At the same time, the slow ghowt
nanocrystals is favorable for achieving monodispersolloid, which is called “focusing” of the namgstals’ size
distribution[18]. The other advantage of the appho& that the Ostwald ripening can be avoidedabse in the
Ostwald ripening, monomers can only be transfetemlgh the homogeneous solution among the particles
Aggregating at the interface of the liquid and wdid, it is more difficult for the little particketo dissolve its
monomer and to transfer them to the bigger padjdleus monodispersed nanocrystals were produeetheSsize
of the nanocrystals can be simply controlled bysiiljig the reaction temperature and the reactioae.ti

In the forming process of the core-shell nanoctgstae monomers such as sulfur powder and zin@agesolution
were added to the crude solution which was useguidépare the core quantum dots, the core quantuswaag used
as “seed” to induced the shell crystals growindhat surface of the core. As shown in Fig.1(b),h&t teaction
temperature, the sulfur powder was first reducegftby ethanol in the solution, and then enters tdithed. Zine

acetate reacts first with oleic acid to form thectmplex and dispersed in the solid phase[18]héndynthesis of
core-shell nanocrystals, the new ZnS nanocrystalg also be formed at the interface between the swid liquid

phases, but it is necessary for the formation aifaite new nanocrystals to firstly produce nucleitty monomers
reaction, then the growth of the nanocrystals. Adicg to the surface free energy theory, the smétie particles,
the higher the surface free energy and the mofeulifthe formation of the new particles. At thadrface of the
two phases, there should exist competing pathwaisden the new nanocrystals growing at the coratquadots
surface and formation of complete isolate new neystals. Since the formation of new nanocrystaksdee two
separate steps: the first nucleation and then tbeth of the crystals, it needs to overcome veghhree energy
barrier for the formation of the much smaller niclend high temperature is always needed to reléidge

concentration precursor to quickly produce largeamh of nucleus at short time. This is a highergngathway.

At the same time, the new nanocrystals may be fdratethe surface of the quantum dots already ekistehe

interface between the two phases. The diametdrenéxisting quantum dots is much bigger than thadenmewly

formed at the other pathway, so with much lowefazg free energy, the formation of new crystalthatquantum
dots surface needs overcoming much lower energyebaso the core-shell nanocrystals were alwayer go be

formed. As mentioned above, the core-shell nantaiy/svere also monodispersed. The thickness oéliled can
also be readily controlled by the reaction time ezattion temperature.

RESULTSAND DISCUSSION
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Photoluminescence (PL) and absorption spectra ateonly utilized to character semiconductor nanstalg
assisted with the TEM and other characterizatioamagbut they are a powerful tool to confirm quamitonfined
property of the nanocrystals. Fig.2 shows the Récgp and the absorption spectra of the CdS nastadsy The
same PL spectra was obtained with the nanocryls&gy exited by 350 nm or 400 nm wavelengths, thession
wavelength of the nanocrystals is 475 nm, but thése exists an obvious emission peak with the \esegh at 570
nm (Fig. 2 a), which indicates that there are gdgrortion of the surface defects in the nanocly/starface[19],and
these defects constitutes the photon traps, thetagunayield are therefore decreased. The narrow FWHINMwidth

at half maximum) in the photoluminescence spectiggssts that the sizes distribution of CdS nandalyds
relatively narrow.

Intensity/(a.u.)

300 400 500 600 700
Wavelength(nm)

Fig.2 (a) The PL spectrum of the CdS nanocrystals. (b) The UV-vis spectrum of the CdS nanocrystals. The
nanocrystalsisdispersed in cyclohexane, the exited wavelength is 400 nm at room temperature..

Fig. 3 shows the typical TEM images of the as-pregaleic acid capped CdS nanocrystals with th@ratisn
peak at the 470 nm, the TEM image demonstrates ttieatsizes distribution of the nanocrystals arerlpea
monodispersed, the average size of the nanocrystabout 4 nm.

S50nm

Fig.3 TheTEM image of the CdS core nanocrystals
The crystal structure of the CdS nanocrystals ssitled by the route is different with those pregabog the

organometallic precursor methods or nonorganonietatecursor methods (zinc blend vs wurzite, respely),
figure 4 shows the powder XRD pattern of the asl®mgized CdS samples.
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Figd4 Thepowder XRD pattern of the CdS core nanocrystals

The diffraction feature of the CdS nanocrystalsvehthat the sample has the characteristic feampegaring at
about 26.6°,44.2°, 52.1°which are respectively matg the (111), (220), and (311) plane of the cutie-blend
phase of the CdS compared to the standard spedfuire bulk CdS (JCPDS card No: 89-0440, 26.5°9%3.
52.0°respectively). According to the previous sfutig zinc-blend phase is more readily to be formethe lower
temperature than the wurtzite phase, because imtuynamics, the zinc—blend is the most stable fatrfower
temperature, while the wurtzite is more stable fatnhigher temperature[16]. In the present studky, zinc-blend
phase is preferred to be formed at the comparathel temperature (180), while the wurtzite phase is preferred
for growth at higher temperature (about Z0020].
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Fig.5 (a) PL spectrum of the CdS nanocrystals. (b) PL spectrum of the core-shell CdS/ZnS nanocrystals. The
nanocrystalsisdispersed in cyclohexane, the exiting wavelength is 400 nm.

Fig.5 shows (a) the PL spectrum of the CdS nantalsysind (b) the PL spectrum of the CdS /ZnS chedts
nanocrystals, the emission wavelength of the chedl-sianocrystals is at 482 nm with the obvioustd-shift
compared to the core CdS nanocrystals, but thesenipeak at 570 nm (Fig. 2 a and Fig. 5 a) disamguk which
indicates that the surface defect of the core Cai®arystals were successfully removed by cappilayexr of ZnS
on it[19], the quality and quantum vyield of the oarystals’ emission was greatly enhanced. Thewvidth at half
maximum (FWHM) is 35 nm, which indicates that tliges distribution is very narrow, and the full widat half
maximum (FWHM) of the PL peak depends strongly b@ growth temperature[21], which is also an effitie
method to investigate the size focusing.
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As the TEM image shows in Fig. 6, the monodispersa@-shell nanocrystals was obtained by this ntethde
thickness of the nanocrystals is about 1.0 nm. & lkegperiments were done without further sizes rgurti

Fig. 6 The TEM image of the CdS/ZnS core-shell nanocrystals

b

Intensity(a.u.)
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Fig.7 The effect of the monomer concentration on the shell thickness of the core/shell nanocrystals. The
molar ratio of Cd*" used to synthesize CdS coreto Zn*" used to synthesize the shell are (a) 1: 0.25, (b) 1: 0.5, (c)
1: 1.25, (d) 1: 1.5, (e) 1: 1.75 respectively. The molar ratio of sulfur powder to the Zn?" is 1. The corresponding

emission peaks of the PL are (a) 483 nm, (b) 485 nm, (c) 486 nm, (d) 488 nm, (€) 489 nm. Thereaction
temperatureis 18001 and thereaction timeis8 h.

The effect of the monomer concentration on thektiéss of the shell is shown in Fig.7. As the th&dsincreases,
the PL peaks will correspondingly red shift[22]. eThesult indicates that as the ?’Zmonomer increases, the
red-shift of the emission peaks of the PL increagh the thickness of the shell and that the thédshof the shell
can be reflected by the optical properties of thaatrystals. Since there already exists “the séadthe new
crystals growth on it, high monomer concentrat®ifiaivorable for the reaction of the crystals groarid this stage

is the so-called sizes focusing, which is favordbtethe surface ordering and reconstructions dutive growth of

the nanocrystals, thus favorable for achievingttigher quantum yield before the Ostwald ripeningt ®o high
monomer concentration would induce new isolate euglof ZnS nanocrystals, so the suitable monomer
concentration is optimized.

The Ostwald ripening can be effectively preventgdchpping the nanocrystals with a layer of oleicdam the
surface of the nanocrystals once formed and themitjger ones dispersed into the solution phaske il smaller
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ones stay at the interface of the phases to cantinel growth. To be coordinated by the oleic acidilel obstacle
the dissolving of the monomer from the smaller mapstals, and the higher monomer concentratiorolid phase
would keep the equilibrium to move to the nanoalgsgrowth, the spatial separation between thestapgrticles
and the smaller particles is also unfavorable fer Ostwald ripening. Thus the separation betweensthes
focusing with higher monomer concentration and@séwald ripening while the most monomer consumed b
readily controlled by adjusting the reaction tintecertain temperature. The similar mechanism cao bé used to
explain the formation of the monodispersed coreongrstals.

489/ v
486 /
483/ /

480+

PL wavelength(nm)

477

474

Time(h)

Fig. 8 Thereaction time effect on the shell thickness of the core /shell nanocrystals. The molar ratio of Cd**
used to synthesize CdS core to Zn?* used to synthesizethe shell is  1: 1.25. The molar ratio of sulfur
powder tothe Zn* is1: 1. Thereaction temperatureis 180 (1.

26 .8

CdS/Zn

Intensity(a.u.)
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Fig.9 The powder XRD pattern of the CdS/ZnS core-shell nanocrystals

The reaction time effect on the shell thicknesthefcore /shell nanocrystals is shown in Fig. &hagime increase,
the red-shift of the FL peaks will also increaseds the thickness of the shells, but too thicdlski#l decrease the
guantum yield of the core-shell nanocrystals, aadidong reaction time will also deteriorate theicgtproperties of
the nanocrystals, because of the Ostwald ripeniagtioned above.

The diffraction feature of the as prepared CdS/Zo®-shell nanocrystals also shows that the satmadethe
characteristic features appearing at about 26.8°4%2.3°which are also respectively matching (thEl), (220),
and (311) plane of the cubic zinc-blend phase ef @S compared to the standard spectrum of the Gdik
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(JCPDS card No: 89-0440, 26.5°, 43.9°, 52.0°respaly). If there are no layer of the ZnS coverihg tcore CdS
nanocrystals, there should be the diffraction festof the isolate ZnS nanocrystals (JCPDS card89e2201,
28.6°, 47.5°, 56.4°respectively) or the mixturetld CdS and ZnS, since the thickness of the Zn$ ishmuch

smaller then the diameter of the core CdS, theadiffon features of ZnS is hardly shown in the pemwdRD

pattern of the core-shell nanocrystals, there ghaldo shows the features of CdS diffraction, sofélets verify that
the growth of ZnS nanocrystals certainly happenghersurface of the core CdS nanocrystals withewtlyisolate
produced ZnS crystals[23].

CONCLUSION

In summary, the reagents used for synthesize theesttell semiconductor nanocrystals are low-cafetg, and
environmental friendly, the reaction conditions aréd in comparison with the organometallic methoalisd need
no Schlenk techniques. The growth of the semicatodutanocrystals can be readily controlled by teaction
temperature and time, CdS, CdS/ZnS core-shell mspesed nanocrystals with high quantum yield aadaw
PL spectra have be obtained by this method. Théhamésm of the formation process of the nanocrydtatsbeen
discussed in detail, the formation of the nanoalgsn this three phases system can be reasonglilEreed by the
mechanism. This method can also be applicablertthegize the other core/shell semiconductor nastelsy
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