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ABSTRACT

Bi,S, hierarchical architectures (multipodlike- and flowerlike-structure) were
successfully synthesized using thiourea as the sulfur source under ultra-
sonic radiation. A mixed solent system of glycol and nitric acid agueous
solution was employed for the tunable synthesis of Bi,S,. The results show
that Bi_S, multipodlike- and flowerlike-structure were consisted of nanorods,
while the size and phase structure of Bi,S, nanorods were severely depen-
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dent on the volume ratio of the solvent system. Furthermore, aremarkable
Raman signal enhancement effect was observed in different architectures,
suggesting a novel potential of Bi_S, in nanosensor devices.
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INTRODUCTION

Remarkabl e progressin the tunable synthesis of
various nanomaterias (such as semiconductors, noble
metals, alloys, and metal oxides) hasbeenachievedin
the past decades. Self-assembling the nanoscal e buil d-
ing blocksinto hierarchica architectures pavesthepre-
requisiteway to fabricate functional nanodevices, a-
though both of them gill remain asthegreat chalenge.

Bismuth sulfide (Bi,S,) withadirect band gap (Eg)
of 1.30 eV hasbeen widely used as photovoltai c mate-
rialsand photodiode arrays, aswell asthethermoel ec-
tric cooling technologiesderived from the Peltier ef-
fect™. A great ded of effort hasbeen focused onthe
synthesisof different nanostructuresof Bi_S,. Forin-
stance, Bi,S, nanorods®*®, nanowires™, nanori-
bbong**12, microspheres®**®, and flowerlike-struc-

tures’&19 have been synthesi zed through the solvother-
mal processes, wet chemical routes and sonochemical
methodswith theass sance of biomolecules, polymers,
ionicliquid, etc. Recently, abiomedical application of
Bi, S, nanoparticlesastheinj ectable computed tomog-
raphy (CT) imaging agent has been reported®!. The
PV P-coated Bi S, nanoparticleswere demonstrated
with excellent stability and biocompatibility, very long
circulationtimeinvivo, and high X-ray absorptionin
particular, suggesting apromising potentid in biomedi-
cd fidd.

Inthe present study, Bi._S; hierarchica architectures
includingtheflowerlike- and multipodlike-structurewere
tunably synthesizd using the ultrasonicradiationina
mixed solvent system. Although sonochemisiry hasbeen
routinely utilized in the fabrication of various
nanomaterials asoneof the earliest preparation tech-
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Figurel: XRD patter nsof samplessynthesized in thediffer-
ent solvent systems (a) theglycol volumeratio of 50%; (b) the
glycol volumeratio of 75%; (c) theglycol volumer atio of 100%

niguesin the fields?Y, few researches have been re-
ported on thetunable synthesisof hierarchical architec-
tures. Furthermore, the Bi._S, flowerlike-structures con-
sisted of nanorodsdisplay aremarkabl e enhancement
of Ramansignd.

EXPERIMENTAL

Inatypical synthesis, bismuth nitrate[Bi(NO,),
5H,0, 2mmol] wasdissolvedinto 20mL glycol under
magnetic girring. Thiourea(Tu, 3mmol) wasdissolved
into 20 mL of diluent nitric acid agqueoussol ution (0.025
M) under magnetic girring. Then, Tusol utionwasadded
dropwiseinto bismuth nitrate sol ution and the mixture
wastreated using aultrasonic probe (Ti-horn, 2cmin
diameter, 20 kHz, 80 W/cn?; 88-1 Ultrasonic Instru-
ment, Institute of Acoustics, CAS) after stirred mag-
netically for 16 h. Theradiation was performed for 2
min followed with ainterval of 2 minand fivecycles
were carried out. The mixturewas placed for 2 hand
cooled to room temperature. The precipitates were
collected by centrifugation (10 000 rpm x 5 min),
washed aternately with deionized water and ethanal,
anddriedinair a 60°C for 4 h. In the series of synthe-
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sis, thevolumeratio of glycol and nitric acid solution
was changed. Inthe case of glycol asthesinglesolvent
(100% glycoal), Tuwasaddedinto themixtureafter bis-
muth nitratewas dissolved.

The phases of sampleswere characterized by X-
ray diffraction (XRD). Themorphol ogiesand structures
of sampleswereobserved using transmission el ectron
microscopy (TEM, Tecnal G2-20, FEI Corp., Neth-
erlands) and high-resol ution field-emissiontransmission
el ectron microscopy (HRTEM, JEM-2100F, JEOL,,
Japan). Raman spectrawererecorded usnginVialLa
ser Confocal Raman Microscope (Renishaw Corp.,
UK) at room temperature between 100 and 1500 crmr
1 excited withthe514.5 nmAr* laser.

RESULTSAND DISCUSSION

The phasesof samplessynthesized inthe different
solvent systemswereidentified by XRD characteriza-
tion. Asshowninfigure la-c, corresponding to samples
synthesized with aglycol volumeratio of 50%, 75%
and 100%, respectively, al the peakscan beindexed
to the orthorhombic structure of BiS, (JCPDS card
No. 65-3884). The sharp peaksindicatethe excellent
crystalline nature of samples. Further decreasing the
glycol volumeratio to 25% and 0%, the XRD diffrac-
tion patternsstrongly imply theexistenceof unidentified
impurities (datanot shown). Theseresultssuggest that
thevolumeratio of glycol and nitric acid solution plays
acrucia roleintheformation of pureBi,S, crystals.

Figure 2 displays the SEM, TEM and HRTEM
images of samples synthesized in thedifferent solvent
systems. Asshownin Fig. 2aand b, multipodlike-struc-
tures cond sted of nanorodswere obtained when glycol
was used asthe single solvent. Nanorods consisted in
multipodlike-structures are ca. 0.78 um in average
length and ca. 0.21 um in average diameter. The per-
fectly aligned lattice planesand reduced FFT patterns
(asshownintheinsetsof figure 2b, respectively) pro-
videthe strong confirmation for thewell-crystallized
nature of multipodlike-structures. Theinterplanar spac-
ing of ca. 0.356 nm obtained fromthe HRTEM images
can be ascribed to the adjacent (111) planes of Bi,S,
crystal. Flowerlike-structureswere synthesized when
theglycol volumeratio was adjusted to 50%, asshown
infigure2eand 2f. Nanorodsconsisted in flowerlike-
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Figure2: SEM, TEM and HRTEM imagesof samplessynthesized in thediffer ent solvent sysems (a) and (b): theglycol volume
ratioof 100%; (c) and (d): theglycol volumeratio of 75%; (€) and (f): theglycol volumer atio of 50%. Theinsetsin pand (b) and
() show an enlar gement of HRTEM images(upper -right) and thereduced FFT patter ns(lower -right) of thesample

structures are ca. 0.53 um in average lengthand and
ca. 40nminaveragediameter. Thesinglecrysta nature
of samples can be aso confirmed by the perfectly
aligned lattice planesand reduced FFT patterns. Both
of themultipodlike- and flowerlike-structureswas ob-
served in the case of the glycol volumeratio at 75%
(Figure 2c and 2d). Obvioudy, thesizesof nanorodsin
thearchitectureswere severdly influenced by thevol-
umeratio of glycol and nitric acid solutionin the sol vent
Sysem.

Tu has been shown to control the morphol ogical
evolution of meta sulfidesinthesolution phaseg9,13,22].
In the present studies, bismuth ionswere coordinated
with Tuto formthecomplex of [Bi(Tu) *], which could
be decomposed under the ultrasonic radiation and re-
sultedintheformation of Bi_S, multipodlike-structures,
However, thedecomposition of [ Bi(Tu) *] complex was
accelerated inthe presence of nitric acid solution due
totheingability of Tuintheacidicenvironment, leading
to theformation of moreBiS, nuclei compared with
that inthe absence of nitric acid solution. Therefore,
flowerlike-structures cons sted of nanorodsinsmaller
diameter and shorter length was obtai ned, instead of
thelarger multipodlike-structures.

The Raman spectraof Bi,S, nanostructureswere
recorded at room temperature between 100 and 1500
cnmrt, asshown in Fig. 3. A steep Raman absorption
band consisted of two shoulder peaks at ca. 234.95
cnrt and 252.36 cnt can be contributed to Bi-S bond,
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well agreed with that reported previoudy®*23, Very
interestingly, asignificant enhancement of absorption
intensity in Raman spectrahas been shown with the
decrease of glycol volumeratio from 100% to 75%
and 50% in solvent system, whichisprobably derived
fromthesmaller szeof nanorodsintheflowerlike-siruc-
tures. Although Raman shiftsof Bi_S, nanostructures
have been reported inthe literatures?*%9, the size-de-
pendent Raman signal enhancement has been rarely
reportw[l&ZIZS] .

CONCLUSIONS

Inconclusion, Bi,S, hierarchical architecturesin-
cluding multipodlike- and flowerlike-structurewere suc-
cessfully synthesized using thioureaasthe sulfur source
and glycol/nitric acid solution asthemixed solvent sys-
temunder ultrasonicradiation. Particularly, the obtained
Bi,S, nanostructuresdisplay asignificant Raman signal
enhancement effect dependent onitssize. Thessmple
and low-cost route can be potentially employed to the
synthesis of other metal chalcogenide hierarchical
nanostructures.
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Figure3: Raman spectra of samplessynthesized in thedif-
ferent solvent systems
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