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a b s t r a c t

An interesting shape evolution of cadmium sulphide nanocrystals is observed in the presence of a multi-
dendate ligand, ethylenediamine tetra acetic acid (EDTA). In our study, EDTA is used as a capping agent
and a ligand forming complex with the trivalent gadolinium ion for the synthesis of cadmium sulphide
(CdS) nanoparticles. EDTA-capped CdS nanocrystals and gadolinium (Gd) doped CdS nanoneedles have
eywords:
uminescent CdS nanoneedles
anthanide
xcitonic
athodoluminescence
uantum confinement

been synthesized using wet chemical route. Addition of Gd as a dopant to the nanocrystals resulted in
formation of luminescent CdS nanoneedles. Fourier transform infrared spectroscopy, energy dispersive
X-ray analysis, X-ray diffraction, optical absorption, photoluminescence measurements, scanning and
transmission electron microscopic measurement techniques were employed to characterize the sam-
ples. Photoluminescence investigation revealed the highly luminescent behavior of the CdS nanoneedles.
Further, cathodoluminescence mapping confirmed the excellent luminescent properties, which can be

ion of
riented attachment exploited for the fabricat

. Introduction

Much research has been devoted to the investigation of the
ptical properties of II–VI semiconductor nanocrystals doped with
uminescent centers such as transition metal ions [1], lanthanide
ons [2] and donor–acceptor impurities [3]. Many authors have
ynthesized zinc sulphide (ZnS) and cadmium sulphide (CdS)
anoparticles in the presences of Eu3+, Tb3+ and Er3+ using vari-
us techniques [4]. The trivalent lanthanide ions are very attractive
uminescent centers for their high color purity and relatively
onger lifetimes of the excited states as a result of transitions

ithin the partially 4f shells of the ions. The unusual photo-
uminescence properties of rare earth ions have been exploited
or the applications in optoelectronic devices, fiber amplifiers
nd solid state lasers [5,6]. Synthesis of uniform nanostructures
y accurate control of morphology at nanoscale is a scientific
hallenge. In recent years, much effort has been directed to the
abrication of nanostructures, which are potentially useful in elec-
ronics, optics, catalysis and biomedicine. Nanostructures such as

anorods, nanowires, nanoribbions and nanotubes have attracted
uch attention due to their unique properties and applications in

anoscale devices [7,8]. It is reported that the modification of the
urface chemistry of the nanocrystals through the attachment of
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organic ligands may lead to the organized assembly of nanocrystals
[9].

CdS, a direct band gap (Eg = 2.42 eV) material, is being widely
used for photovoltaic conversion solar cells, light-emitting diodes
for flat panel displays and other optical devices based on its
non linear properties [10,11]. CdS nanoparticles show a signif-
icant improvement in sensor sensitivity [12] and are used as
oligonucleotide labeling tags for the detection of DNA hybridiza-
tion [13]. CdS semiconducting nanowires have been intensively
studied because of its vital optoelectronic applications for laser
light-emitting diodes and optical devices based on nonlinear prop-
erties [14–16]. Since the band gap of CdS corresponds well with
the spectrum of sunlight and conduction band edge is more nega-
tive than H+/H2 redox potential, these properties enable it to be
used efficiently in the process of photocatalytic hydrogen evo-
lution [17]. A number of new methods have been reported for
the synthesis of CdS based nanostructures. Most of the methods
adopt reaction temperatures above 100 ◦C. He and Goa synthe-
sized flower-shaped multipods of CdS by hydrothermal route at
180 ◦C [18]. Li et al. synthesized rod-like and granular shaped CdS
nanocrystals by hydrothermal method at temperature at 120 ◦C
[19]. One-dimensional (1D) CdS nanowires have been prepared by

many groups at temperature above 100 ◦C [20–22]. Although these
approaches are promising, it is still a challenge for material scientist
to develop controllable methods for the synthesis of nanostruc-
tures, with 1D anisotropy with simple experimental set up and at
temperatures less than 100 ◦C. Although CdS nanowires with a wide

dx.doi.org/10.1016/j.jallcom.2011.02.130
http://www.sciencedirect.com/science/journal/09258388
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from planes (1 0 2) and (1 0 3) are characteristics of hcp phase. These
ig. 1. FTIR spectrum of (a) EDTA, (b) EDTA-capped CdS nanoparticles, and (c) Gd-
oped CdS nanoneedles.

istribution of sizes have been achieved by individually tailored
outes, there are no reports on concerning the growth of lumi-
escent CdS nanoneedles, which can also be versatile nanoscale
uilding blocks for electronic and photonic nanodevices similar to
anowires.

Incorporation of rare earth ions into the lattice of nanoparti-
le is a difficult technological task. Generally rare earth ions get
hysically absorbed onto the surface and hence easily dissociate
rom surface of the nanoparticles. This will greatly affect their lumi-
escence property and hence seriously limit their applications. To
vercome this difficulty, EDTA, a versatile ion-chelating compound
as used. It has six binding sites, four carboxylic groups and two
airs of electron on nitrogen. It can simultaneously chelate with
admium ions on the CdS surface and with free rare earth ion [23].
n this paper, we report a two step process in synthesis of Gd-doped
dS nanoneedles by a simple wet chemical route at temperature
elow 100 ◦C. In the first step, EDTA-capped CdS nanocrystals of
ifferent shapes are obtained from the same solution at 50 ◦C for
h reaction time. In the second step, Gd is added as a dopant to

he EDTA-capped CdS at a slightly higher temperature (70 ◦C) for

onger reaction time (5 h) to obtain luminescent CdS nanoneedles.
ormation of CdS nanoneedles is explained on the basis of oriented
ttachment process, which potentially controls the development of
ize and morphology [24].

Fig. 2. EDAX analysis of Gd-d
mpounds 509 (2011) 5816–5821 5817

2. Experimental details

In this work, a simple wet chemical route is adopted to prepare EDTA-capped
CdS nanoparticles and Gd-doped CdS nanoneedles. All the chemicals were of analyt-
ical purity and were used without further purification. 0.201 g of cadmium chloride
was dissolved in 50 ml of ethanol (sol A). 0.19 g of thiourea and 0.292 g of EDTA
were separately dissolved in another 50 ml of ethanol (sol B). Under vigorous stir-
ring, the solution B was injected into sol A. The mixture was heated at about 50 ◦C
for 1 h. Gradual color change to yellow indicated the formation of CdS nanoparticles.
Further, the synthesized yellow color precipitate was washed and centrifuged with
water for several times. Finally, the product was dried in vacuum for 5 h and was
stored for characterizations. To prepare Gd-doped CdS sample, 0.5 g of EDTA-capped
CdS and Gd ions (Gd3+) were extracted from Gd compounds and were added to
50 ml of ethanol and heated to about 70 ◦C for 5 h. The final precipitate was washed
with water thrice to remove the free Gd3+ ions and dried in vacuum for 5 h. The
products were characterized with Fourier transform infrared measurements (FTIR,
Perkin Elmer), X-ray diffraction (XRD, X’per PRO PANalytical), ultraviolet (UV, Varian
Cary 5E UV–vis–NIR spectrophotometer), photoluminescence measurements (PL,
Fluorolog-3-11 Jobin Yvon spectrophotometer, excitation wavelength 300 nm) and
scanning electron microscopy (SEM, Hitachi S-3400) attached with an energy dis-
persive X-ray spectrometer (EDAX) and transmission electron microscopy (TEM,
JEM 3010 JEOL).

3. Results and discussions

FTIR spectra in Fig. 1(a)–(c) show the formation of EDTA-capped
CdS nanoparticles and the coordination of trivalent Gd ions (Gd3+)
through EDTA to the nanoparticles surface. For unionized EDTA,
the strong absorption bands due to the carboxylic group (–COOH)
can be identified in the region 1750–1550 cm−1, 1350–1340 cm−1

and 950–800 cm−1 [25–27], whereas the absorption occurs in the
region 1650–1350 cm−1 for coordinated EDTA [28]. In compari-
son with the spectrum of EDTA, the spectra of the EDTA-capped
CdS and Gd-doped CdS show quite similar absorption band struc-
ture except the strong band at 1700 cm−1 (due to free –COOH)
shifts to lower wave number 1650 cm−1 and 1635 cm−1, respec-
tively. This shift is due to the chelation of carboxylic groups
with the metal ions [29]. In addition, some subtle bands van-
ish in the fingerprint region less than 1550 cm−1. All these data
indicate the formation of EDTA-capped CdS and the coordina-
tion of Gd to CdS via EDTA. Further, the presence of the dopant,
Gd along with CdS is confirmed by EDAX curve as shown in
Fig. 2.

Fig. 3(a) and (b) indicates the XRD spectra of the EDTA-capped
CdS and Gd-doped CdS which are assigned to hexagonal structure
of CdS (JCPDS Card, File No. 75-1545). On doping with Gd, the three
peaks around 26.9◦ are well distinguished. The two diffracted peaks
results are in agreement with the XRD results [30], which are based
on the influence of Cd source on the crystal structure. Moreover,
there is no peak related to gadolinia in XRD pattern, which indicates
that these ions are not incorporated in the lattice but are absorbed

oped CdS nanoneedles.
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Fig. 4. Room temperature optical absorption (a and b) and photoluminescence spec-
tra (c and d) of EDTA-capped CdS nanoparticles (continuous line) and Gd-doped CdS
nanoneedles.
2 theta (degree)

ig. 3. XRD patterns of (a) EDTA-capped CdS nanoparticles and (b) Gd-doped CdS
anoneedles.

n the surface. This might probably be due to low synthesize tem-
erature adopted for synthesis [4].

It is well known that the optical and electronic properties of
he semiconductor would be obviously changed when the parti-
le size is comparable or less than excitonic Bohr radius. The well
efined ‘excitonic shoulder’ in Fig. 4 (curves a and b) of the syn-
hesized sample is the indication of quantum confinement effect.
he UV spectrum of the EDTA-capped CdS (curve a) sample shows
wo excitonic peaks with a step-like absorption [31]; this is possi-
ly relative to the different shapes of nanoparticles present in the
ample as shown in TEM (Fig. 6).

Fig. 4 (curves c and d) compares the PL spectra of the EDTA-
apped CdS nanocrystals and Gd-doped CdS nanoneedles. Emission
eak of the EDTA-capped CdS nanocrystals at 347 nm is assigned to
he band edge luminescence. No peaks related traps were observed.
he doped sample shows a high luminescent intensity when com-
ared to the EDTA-capped CdS. The lanthanide ion has the inherent
bility to form complexes with various Lewis bases in interac-
ion of these functional groups with f-orbital of the lanthanide
ons [32]. The enhancement of the fluorescence emission of Gd-
oped CdS nanoneedles is due to the chelation of the EDTA with
he Gd3+ ion. This effectively increases the rigidity of the ligand
nd reduces the loss of energy by radiation with less decay of the
ntraligand emission excited state [33]. Hence, the origin of the
trong luminescence emission is attributed to ligand–metal charge
ransfer (LMCT). Further, the luminescence property was verified
y cathodoluminescence (CL) mapping image in Fig. 5. Cathodolu-
inescence technique is used to investigate the optical properties

f nanostructures, because of its spatial resolution and surface sen-
itivity [34].

The size and morphology of the EDTA-capped CdS and Gd-
oped samples were investigated using TEM and SEM, respectively.
he morphology of the nanoparticles could be facilely controlled
hrough adjusting the experimental parameters like the concen-
ration of the capping agent, reaction time, and temperature
35]. A striking observation of the representative TEM patterns
f the EDTA-capped CdS is that the nanoparticles feature various
hapes and sizes. The nanoparticles exhibited mixed morpholo-

ies of spherical, hexagonal, triangular and rod-like as shown in
ig. 6(a)–(d). Fig. 6(a) shows nanoparticles of uniform size and
pherical morphology. The size distribution histogram shows that
he particle size ranges from 1 nm to 6 nm, with maximum num-
er of particles around 2 nm. The Fig. 6(b) shows a large number of
Fig. 5. Cathodoluminescence image of Gd-doped CdS nanoneedles.

spherical nanoparticles around 2 nm and a few larger ones of hexag-
onal shape. Fig. 6(c) and (d) exhibited nanoparticles in different

shapes and with the size 30 nm. In all these cases, the nanoparticles
are absolutely free from agglomeration.

The HRTEM image in Fig. 7 shows clear crystal fringes which
indicate the formation of high quality CdS nanocrystals. Selected
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Fig. 6. (a–d) TEM images of EDTA-capped CdS nanoparticles. [Inset: particle size distribution of EDTA-capped CdS nanoparticles.]

F
p

a
s
h
E

lored to get a uniform well-defined shapes. Many researchers
ig. 7. HRTEM image of individual EDTA-capped CdS nanoparticles. [Inset: SAED
attern of EDTA-capped CdS nanoparticles.]
rea diffraction pattern (SAED) inset shows multiple rings corre-
ponding to wurtzite structure of CdS nanocrystals. Though we
ave succeeded in getting a regular shaped CdS nanocrystals using
DTA as a capping agent, the reaction parameters must be tai-
Fig. 8. SEM image of Gd-doped CdS nanoneedles.
have reported high quality nanocrystals of well-defined shape
using a bisurfactant system, such as hexylphosphonic acid and
trioctylphosphine oxide [36], oleylamine and dodecanthiol [37].
Unlike the EDTA-capped CdS nanocrystals, the SEM image of the
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ig. 9. (a) Oriented attachment of spherical nanoparticles to form CdS nanoneedles.
f CdS nanoneedle. (c) HRTEM image shows nanoparticles attached to each othe
anoneedles.] (d) The marked regions (A) and (B) shows the interface between asse

d-doped samples in Fig. 8 clearly reveals the formation of lumi-
escent CdS nanoneedles. The diameter of the nanoneedles ranges

rom 255 nm to 650 nm with their length in micrometer range. TEM
mages of these luminescent CdS nanoneedles in Fig. 9(a) reveal
he spontaneous self-organization of adjacent CdS nanoparticles
esulting in the formation of nanoneedles. HRTEM images (Fig. 9(b)
nd (c)) confirm the oriented attachment mechanism, which shows
lenty of randomly aggregated nanoparticles trying to share a
ommon crystallographic orientation. The circled regions (A) and
B) in Fig. 9(d) shows the interface between the assembly units.
AED pattern (inset of Fig. 9(c)) of these structures shows diffuse
ings indicating the polycrystalline nature. In recent years, several
eports on the formation of 1D nanostructures from correspond-
ng nanoparticles by solution-based synthesis have been published
38,39]. Deng et al. [40] reported the formation of sharp tipped
anorods, ultra thin nanowires and three-dimensional sheaf-like
nd broccoli-like nanostructures of lanthanide compounds by
arying the concentration of EDTA. Pacholski et al. reported the
ormation of ZnO nanorods from self-assembly of ZnO nanoparti-

les based on “oriented attachment” [39]. Zhang et al. [41] reported
he formation of CdS nanorod bundles from the self-assembly of
dS nanoparticles. Nie et al. [42] explained the anisotropic of the
dS nanocrystals taking into account the structure of the inter-
ediate formed during the reaction. Norsten et al. [43] explained
micrographs showing aggregation of CdS nanoparticles resulting in the formation
he common crystallographic orientation. [Inset: SAED pattern of Gd-doped CdS
units.

the formation of large aggregates of capped gold nanoparticles in
the presence of metal ions as a metal directed assembly process.
He reported that overall strength of the assemblies can be con-
trolled through choice of bridging metal atom. In our case, the EDTA
molecule attached on the surface of CdS facilitates the attachment
of the nanoparticles at higher temperature for longer reaction times
[17]. These reaction parameters enhance the particle-to-particle
attachment which resulting in the formation of CdS needles. The Gd
ions attach to the free binding sites of EDTA molecule and impart
excellent luminescence to these CdS needles.

4. Conclusions

In this paper, we present a facile route for the size and shape-
controlled synthesis of CdS nanostructures. Ethylenediamine tetra
acetic acid serves as a good surface-active agent. It plays a signif-
icant role as a contributor to growth mechanism and an efficient
sequestering agent. Higher temperature and longer reaction times
assist EDTA to produce uniform morphology of CdS nanoneedles.

Formation of CdS nanoneedles is explained on the basis of ori-
ented attachment of the nanoparticles. High luminescent behavior
of these nanoneedles is attributed to ligand–metal charge trans-
fer. The CL measurement shows that these materials serve as a
promising candidate for phosphor in display devices.



and Co

A

a
s
f

R

[
[
[

[
[
[
[

[
[
[
[

[
[

[

[
[
[

[
[

[
[
[
[
[

[
[
[
[
[

K.D. Nisha et al. / Journal of Alloys

cknowledgments

One of the authors KDN thanks the Head of SAIF, IIT Chennai
nd Center for Materials Science and Nanodevices, SRM Univer-
ity, India, for rendering their support towards the characterization
acilities.

eferences

[1] R.N. Bhargava, D. Gallagher, X. Hong, A. Nurmikko, Phys. Rev. Lett. 72 (1994)
416.

[2] S. Okamato, M. Kobayashi, Y. Kanemistu, T. Kushida, Phys. Status Solidi B 229
(2002) 481.

[3] A. Ishizumi, C.W. White, Y. Kanemistu, Appl. Phys. Lett. 84 (2004) 2397.
[4] A.A. Bol, R. Beek, A. Meijerink, Chem. Mater. 14 (2002) 1121.
[5] B. Mercier, C. Dujardin, G. Ledoux, C. Louis, O. Tillement, J. Appl. Phys. 961

(2004).
[6] J.W. Stouwdam, G.A. Hebbink, J. Husken, F.C.J.M. Veggel, Chem. Mater. 15 (2003)

4604.
[7] Z. Wang, J.H. Song, Science 312 (2006) 242.
[8] W.U. Huynth, J.J. Dittmer, A.P. Alivisatos, Science 295 (2002) 2425.
[9] A. Chemeseddine, T. Moritz, Eur. J. Inorg. Chem. 2 (1999) 235.
10] Z.L. Wang, Adv. Mater. 12 (2000) 1295.
11] R. Agarwal, C.J. Barrelet, C.M. Lieber, Nano Lett. 5 (2005) 917.
12] H. Peng, C. Soeller, M.B. Cannell,.G.A. Bowmaker, R.P. Cooney, J. Travas-Sejdic,

Biosens. Bioelectron. 21 (2006) 1727.

13] Y. Xu, H. Cai, P.G. He, Y.Z. Fang., Electroanalysis 16 (2004) 150.
14] K.T. Yong, Y. Sahoo, M.T. Swihart, P.N. Prasad, J. Phys. Chem. C 111 (2007) 2447.
15] S. Mandal, D. Rautaray, A. Sanyal, M. Sastry, J. Phys. Chem. B 108 (2004) 7126.
16] L. Weinhardt, T. Gleim, O. Fuchs, C. Heske, E. Umbach, M. Bar, H.J. Muffler, Ch.-H.

Fischer, M.C. Lux-Steiner, Y. Zubavichus, T.P. Niesen, F. Karg, Appl. Phys. Lett.
82 (2003) 571.

[
[

[
[
[

mpounds 509 (2011) 5816–5821 5821

17] J.S. Jang, U.A. Joshi, J.S. Lee, J. Phys. Chem. C 111 (2007) 13280.
18] X. He, L. Gao, J. Phys. Chem. C 113 (2009) 10981.
19] Y. Li, Y. Hu, S. Peng, G. Lu, S. Li, J. Phys. Chem. C 113 (2009) 9352.
20] J.H. Zhang, X.G. Yang, S.D. Li, Wang.F D.W., Y. Xie, Y.T. Qian, J. Cryst. Growth 220

(2000) 231.
21] T. Thongtem, A. Phuruangrat, S. Thongtem, Ceram. Int. 35 (2009) 2817.
22] S. Huaqiang, Z. Xiaodong, X. Fu., W. Debao, H. Zhengshui, Mater. Lett. 60 (2006)

1793.
23] G. Zhu, K.D. Tomsia, H. Yu, Motlan, E.M. Goldys, Solid State Commun. 137 (2006)

503.
24] J. Zhang, F. Huang, Z. Lin, Nanoscale 2 (2010) 18.
25] B. Algimantas, J. Darius, K. Aivaras, Vib. Spectrosc. 28 (2002) 263.
26] P. Germanas, T. Kaia, B. Toma, K. Aivaras, J. Non-Cryst. Solids 311 (2002)

250.
27] D. Simona, F. Alanah, J. Chem. Educ. 75 (1998) 1018.
28] J.R. Bargar, P. Persson, G.E. Brown, Geochim. Cosmochim. Acta 63 (1999)

2957.
29] Y.E. Zhao, C.Y. Cai, Y.Y. Luo, Z.H. He, J. Supercond. Novel Magn. 17 (2004) 383.
30] T. Thongtem, A. Phuruangrat, S. Thongtem, J. Phys. Chem. Solids 69 (2008) 1346.
31] W. Du, J. Zhu, S. Li, X. Qian, Cryst. Growth Des. 8 (2008) 2130.
32] Z.M. El-Bahy, A.A. Ismail, R.M. Mohamed, J. Hazard. Mater. 166 (2009) 138.
33] S.L. Zheng, M.L. Tong, S.D. Tan, Y. Wang, J.X. Shi, X.Y. Tung, H.K. Lee, X.M. Chen,

Organometallics 20 (2001) 5319.
34] D.D.D. Ma, S.T. Lee, P. Mueller, S.F. Alvarado, Nano Lett. 6 (2006) 926.
35] Y.C. Li, X. Li, C. Yang, Y.F. Li, J. Mater. Chem. 13 (2003) 2641.
36] L. Manna, E.C. Scher, A.P. Alivisatos, J. Am. Chem. Soc. 122 (2000) 12700.
37] M.T. Ng, C. Boothroyd, J.J. Vittal, J. Am. Chem. Soc. 128 (2006) 4276.
38] Z. Tang, N.A. Kotov, M. Giersig, Science 297 (2002) 237.

39] C. Pacholski, A. Komowski, H. Weller, Angew. Chem. Int. Ed. 41 (2002) 1188.
40] H. Deng, C. Liu, S. Yang, S. Xiao, Z. Zhou, Q. Wang, Cryst. Growth Des. 8 (2008)

4432.
41] H. Zang, D. Yang, X. Ma, Y. Ji, S.Z. Li, D. Que, Mater. Chem. Phys. 93 (2005) 65.
42] Q. Nie, Q. Yuan, W. Chen, Z. Xu, J. Cryst. Growth 265 (2004) 420.
43] Norsten, B.L. Frankamp, V.M. Rotello, Nano Lett. 2 (2002) 1345.


	Influence of lanthanide ion on the morphology and luminescence properties of cadmium sulphide nanocrystals
	Introduction
	Experimental details
	Results and discussions
	Conclusions
	Acknowledgments
	References


