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Abstract Hierarchical CdS microspheres self-assembled

by nanowires were synthesized via an ethylenediamine

tetraacetate assisted solvothermal approach using cadmium

chloride and L-cysteine as reaction agents. The phase

structure, morphology, and optical properties of the products

were investigated by X-ray powder diffraction, scanning

electron microscopy, transmission electron microscopy, and

electro-chemiluminescence, respectively. Studies showed

that the final morphology of the products was strongly

influenced by the concentration of ethylenediamine tetra-

acetate and reaction temperature. The as-prepared hierar-

chical CdS spheres could be a good candidate for a detective

technology due to its high electro-chemiluminescence

intensity.

Introduction

Recently, self-assembled hierarchical nanostructures with

novel morphology and properties have attracted intensive

attentions for its unique function in the development of

advanced devices and systems. For instance, TiO2 nano-

column arrays [1], porous ZnO [2], flowerlike CeO2 [3],

metal sulfide, V2O5/TiO2, Au/Ag/Fe3O4 have been synthe-

sized by pulsed laser deposition, hydrothermal, microwave

radiation, vapor deposition process, and self-assembled

methods [4–9]. However, it is still a challenge to develop

facile and effective route for the fabrication of hierarchical

structure assembled with one-dimensional nanowire under

mild condition.

As an important II–VI group semiconductor with a nar-

row band gap of 2.4 eV at room temperature, CdS has been

widely studied for its various potential applications in

photoelectric conversion in solar cells, light-emitting diodes

for flat-panel displays, thin film transistors, and optical

devices based on nonlinear properties [10–16]. During the

past decades, many methods have been explored for the

synthesis of CdS nanostructures, including solvothermal

[17], hydrothermal [18, 19], thermal evaporation [20],

template growth [21], and chemical vapor deposition [22,

23] routes. Among these methods, organic amine assisted

solvothermal method is the most common one. Since eth-

ylenediamine was used by Li et al. to synthesize one-

dimensional CdS nanorods through solvothermal method,

many efforts on the synthesis of CdS nanostructures via the

same strategy had been reported [24–26]. In this work, we

first used ethanolamine as solvent to replace ethylenedia-

mine to synthesize hierarchical CdS microspheres for its

low toxicity and good performance in the synthesis of

hierarchical CdS nanostructures [27].

Experimental section

Preparation of hierarchical CdS microspheres: in this work,

all of the reagents were analytical grade and used without

further purification. In a typical synthesis, 1 mmol cad-

mium chloride (CdCl2�2.5H2O) and 2 mmol L-cysteine

(C3H7O2NS) were dissolved, respectively, in 20 mL etha-

nolamine under stirring for 6 h to form a transparent

solution. The two solutions were mixed together at room

temperature. Then 3 mmol ethylenediamine tetraacetate

(EDTA, C10H14N2O8�2H2O) was added to the mixture and
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stirred for another 1 h until EDTA was homogeneously

dissolved in the solution. The resulting solution transferred

into a 60 mL Teflon-lined stainless steel autoclave which

was sealed and heated at 150 �C for 6 h. The yellow pre-

cipitate was collected by filtration and washed with dis-

tilled water and absolute ethanol for several times. The

yielded product was then dried in vacuum at 60 �C for 6 h

and kept for further characterizations. In the comparative

experiments, the reaction time and reaction temperature

were altered, respectively, while keeping other conditions

constant.

Characterizations

X-ray powder diffraction (XRD) patterns of the samples

were characterized using a Shimadzu XRD-6000 with Cu

Ka radiation. For the element analysis of the products,

energy-dispersive spectrometer (EDS) was measured by

scanning electron microscopy (SEM, Hitachi S-4800)

with Horiba EMAX Energy EX-250. Morphology, struc-

ture, and size of as-synthesized products were obtained on

SEM and high-resolution transmission electron microscopy

(HRTEM, JEOL-2010). The electro-chemiluminescence

(ECL) of products was performed on a MPI-E ECL analyzer

system (Xi’an Remax Electronic Science & Technology

Co. Ltd.). Cyclic voltammetry (CV) was demonstrated on a

CHI660C electrochemical analyzer (Chenhua Inc.). All

ECL measurements were performed on a standard three-

electrode set-up (3 mm glassy carbon electrode (GCE) as

working electrode, Ag/AgCl saturated KCl as reference

electrode, Pt as counter electrode). 10 mg of the products

was added into 10 mL acetone and dispersed by ultrasonic,

then 10 lL mixing solution was dropped on electrode sur-

face to form films while acetone volatilization. The ECL-

potential curve for the hierarchical CdS spheres was

obtained in phosphate buffer solutions (PBS, pH = 9.0)

solutions containing 10 mmol H2O2 and the working volt-

age of the photomultiplier tube (PMT) was intercalated at

800 V. The luminescence intensity with the working

electrode current was observed in the potentials ranging

from -1.5 to 0 V at a scan rate of 100 mV/s.

Results and discussions

Figure 1a is the XRD pattern of the as-prepared CdS

sample. The reflection peaks can be indexed to be pure

hexagonal wurtzite CdS with lattice parameters a =

4.146 Å and c = 6.705 Å, which is consistent with the

standard data (JCPDS card number 41-1049). Compared

with the standard diffraction pattern, no peaks of impurities

were detected. In Fig. 1a, the relative intensity of the (002)

diffraction peak is much stronger than the standard pattern,

which indicates the products’ tropism should be [001]

direction. The element analysis of the products was also

studied by EDS (Fig. 1b). The result indicates that products

consist of Cd and S element with the atom ratio of Cd and

S is about 1:1.03. (Cu element signal due to the use of Cu

foils as the products substrate).

Figure 2a is the low-magnification SEM image of the

obtained products, which shows that the product is com-

posed of hierarchical uniform CdS microspheres with

narrow diameter distributions of about 2 lm. Further

observation of the sample shows that the microspheres are

composed of uniform CdS nanowires (Fig. 2b). These

nanowires, radiating from the center of the microspheres,

have average diameters of about 15 nm and lengths of

about 1 lm. The detailed structure of CdS spheres is fur-

ther verified by TEM in Fig. 2c, which confirms that these

nanowires are aligned in a radial way from the center to the

surface of the microspheres. The HRTEM image of a single

nanowire in Fig. 2d shows that the nanowire has clear

lattice fringes with a lattice spacing of about 0.32 nm,

corresponding to the spacing for the (002) planes of

wurtzite CdS, indicating that the nanowire is a single

crystal with preferential [0001] direction growth, and this

Fig. 1 a XRD patterns of as-

prepared CdS samples. b EDS

of hierarchical CdS spheres
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agrees well with the XRD result. The fast Fourier transform

(FFT) pattern (the inset of Fig. 2d) also indicates that the

nanowires grow along [21 10] zone axis.

The former results suggested that L-cysteine can coordi-

nate to Cd2? to form [Cd(cysteine)2]2? complex and then

decomposes to form the initial CdS nuclei under solvo-

thermal condition [28]. The FT-IR spectra of L-cysteine and

the products collected at different reaction time are shown in

Fig. 3a. The absorption bands of L-cysteine centering at

3180–2981 cm-1, 2552 cm-1, 1595 cm-1, and 1066 cm-1

are assigned to the m(NH2) (asymmetric and symmetric

stretching modes), m(SH) (stretching modes), m(C=O)

(stretching modes) and d(NH) (bending mode), respectively

[29]. FT-IR of the products collected after solvothermal

treatment for 1 h exhibit absorption band of m(C=O), d(NH),

and other bonds which observed in pure L-cysteine. How-

ever, the absorption band of m(SH) was disappeared for the

deprotonation and coordination through the sulfur [30]. (The

broad m(O–H) at *3400 cm-1 come from the trace amount

of water in the products.) Along with the reaction time

increases, the absorption band becomes weaker and weaker

(Fig. 3a). The result indicates the decomposition of

[Cd(cysteine)2]2? complex and the formation of inorganic

products. Figure 3b is the XRD pattern of the product

obtained at different stage. The reaction products obtained

after 1 h have a poor crystallinity. Along with the reaction

time prolong, the crystallinity improved, which may indi-

cates the growth of CdS nanowires. UV–Vis absorption

spectra of the products obtained at 1, 3, and 6 h display an

absorption peak in 392, 486, and 488 nm (Fig. 3c), all

absorption peaks show blue shift compared with that of bulk

CdS [22]. The product obtained after reacting for 1 h exhibit

stronger quantum size effect compared with other samples,

which indicates the smaller particle size of CdS crystals

obtained at initial reaction. Both XRD and UV–Vis

absorption spectra results illuminated the step-by-step

growth of CdS crystals.

TEM study shows that the precipitation obtained at the

first 1 h was mainly composed of incompact spheres being

composed of CdS nanoparticles (Fig. 4a). Along with the

reaction proceeding, hierarchical CdS microspheres were

formed at the expending of CdS nanoparticles (Fig. 4b).

On the basis of the experimental results mentioned above

(IR, XRD, UV, and TEM), a solid–solution–solid process is

Fig. 2 FESEM images of the hierarchical CdS nanostructures. a Low

resolution SEM image of hierarchical CdS spheres; b high-resolution

SEM image of a single hierarchical CdS sphere. c TEM image of the

hierarchical CdS nanostructures; d HRTEM image of the hierarchical

CdS nanostructures. The inset is the Fourier transform electron

diffraction patterns
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Fig. 3 a IR spectra; b XRD

pattern; and c UV–Vis

absorption spectra of the

products at different reaction

time

Fig. 4 TEM images of the

samples synthesized at 150 �C

for different reaction times:

a 1 h; b 3 h. c schematic

formation process of the

hierarchical microspheres
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proposed to illuminate the formation mechanism of the

hierarchical structure. As shown in Fig. 4c, [Cd(cys-

teine)2]2? complex decomposed to release CdS nuclei at a

given temperature. To reduce total surface energy, the nuclei

aggregated to form the incompact spheres in the first step.

The formation of the incompact spheres is crucial in the

whole synthetical process, because they served as substrate

for the subsequent deposition of CdS nuclei. Finally, the

urchin like CdS microspheres were formed with the expense

of CdS nuclei decomposed from [Cd(cysteine)2]2? complex.

As demonstrated by Li et al. and other groups, the

coordinating effect between Cd2? and organic amine has

strong influence on the formation of CdS nanostructures

[17]. In our experiment, it is speculated that EDTA acts as

coordinating molecular template just like amine. To eval-

uate the effect of EDTA, we also varied the quantity of

EDTA to study the effect of the additional capping ligand.

Figure 5a presents an SEM image of the product obtained

using 1 mmol EDTA, while keeping other conditions con-

stant with the typical synthesis. The resulting urchin-like

CdS microspheres was non-homogeneous. The relatively

low concentration of EDTA caused a decrease in coverage

of the CdS nanowires. The incomplete coverage of EDTA

could not effectively control the growth rate of CdS nano-

wires, and the microspheres became non-homogeneous.

Increasing the quantity of EDTA to 6 mmol, the products

are polydisperse nanorods as shown in Fig. 5c. The high

concentration of EDTA might cause high coverage on CdS

nuclei at initial stage and make them monodiperse. The

monodisperse CdS nuclei lead to polydisperse CdS nano-

rods along with the reaction proceeding. Furthermore, the

high coverage on CdS nuclei will make the preference

growth of crystal plane of CdS. XRD results of the products

show that the sample at the high concentration of EDTA has

[0001] tropism (Fig. 5b, d).

To further elucidate the roles of reaction temperature,

we studied other two experiments at 100 and 180 �C. In

Fig. 6a and b, they show spherical CdS nanostructures

formed at 100 �C, no nanowires are observed on its sur-

face. It seemed that the relatively low reaction temperature

could not provide enough kinetic energy for the anisotropic

growth of CdS nanowires. XRD in Fig. 6c shows that the

products are nearly amorphous. However, over-high tem-

peratures should be favorable for the formation of hierar-

chical microspheres. When the reaction temperature was

increased to 180 �C, well self-assembled hierarchical CdS

spheres were synthesized (Fig. 6d, e). The diameters of the

hierarchical CdS spheres were about from 2 to 4 lm, which

are dramatically increased in comparison with those

obtained at 150 �C. The high-resolution SEM image of the

individual hierarchical CdS sphere in Fig. 6e clearly indi-

cates the well-aligned nanowire arrays with longer size.

Fig. 5 FESEM image and XRD

pattern of the samples

synthesized with different

quantity of EDTA: a, b 1 mmol;

c, d 6 mmol
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XRD shows that the sample has good crystallinity with

some cubic phase CdS impurity (Fig. 6f).

Cyclic voltammetry (CV) (line a in Fig. 7) indicates the

cathodic peak current of the hierarchical CdS sphere is

9.5 lA. The ECL onset voltage (line b in Fig. 7) of the

products is about -1.15 V, which consists with the CV

result (-1.20 V). CdS is reduced by charge injection dur-

ing electrode potential cycling and the electrogenerated

reduced species (R-) come into being (Eq. 1). The reduced

species R- is stable and collide with H2O2 to form an

excited species (R*) with H2O2 being reduced into OH- at

the same time (Eq. 2). The unstable excited R* gives off

light finally (Eq. 3) [31–33]:

CdSþ 2e� ! 2R�; ð1Þ
2R� þ H2O2 ! 2R� þ 2OH�; ð2Þ
nR� ! CdSþ hv: ð3Þ

The ECL-potential curve for the hierarchical CdS

spheres shows a strong peak at -1.50 V and indicates a

high ECL intensity of the products. According to the pre-

vious literature [7, 34, 35], the ECL emission depends on

the surface properties and the presence of surface states.

The high ECL intensity of the hierarchical CdS spheres is

sure due to their unique morphology and will have poten-

tial value in analytical fields.

Conclusions

Hierarchical CdS microspheres have been synthesized by

solvothermal method. The experimental results revealed

that the morphologies of CdS microspheres were influenced

by the concentration of EDTA, which act as coordinating

molecular template. The hierarchical CdS nanostructures

show a high ECL intensity, which may have potential

applications in analytical and detection technologies.

Fig. 6 FESEM images and XRD of the samples synthesized at different reaction temperatures. a–c 100 �C; d–f 180 �C. In figure (f), c denotes

cubic CdS (JCPDS 75-1546)

Fig. 7 Line a: the CV of the hierarchical CdS crystals film electrodes

containing 10 mmol/L H2O2 at a scan rate of 100 mV/s. Line b: ECL

curve of the hierarchical CdS crystals film electrodes in 0.1 mol/L

PBS (pH 9.0) containing 10 mmol/L H2O2
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