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Solid submicron particles, composed of amorphous, hexagonal and cubic phase
CdS, were synthesized in water–ethylenediamine solution by precipitating Cd2þ

ions with S2� ions, which were generated from the radiolytic reduction of
Na2S2O3. In addition, the effects of the absorbed dose on the crystallization
process of CdS were investigated in detail. Moreover, hollow CdS submicron
particles with needle-like structure could be obtained from the solid CdS
submicron particles probably through a hollowing process based on Ostwald
ripening and the phase transition of CdS from amorphous to crystalline. In the
above processes, ethylenediamine played an important role.

Keywords: phase transition; crystal structure; �-irradiation; cadmium sulfide

1. Introduction

As an important semiconductor with a wide band-gap energy (2.5 eV), CdS has attracted
much attention because of their novel properties and possible application in both
optoelectronic and biological fields [1–5]. It is well known that CdS has two common
crystal structures, i.e., hexagonal phase and cubic phase, besides amorphous CdS. At
relatively low temperature, cubic phase and amorphous CdS are easily obtained, while
hexagonal phase CdS is not. As the properties of hexagonal phase CdS are much better
than those of cubic phase CdS in the fields of photocatalysis [6,7], photoconduction [2,8]
and so on, much efforts have been paid to the phase transition in CdS, i.e., amorphous to
crystal [9,10] and cubic to hexagonal [4,11–18]. In the studies of the phase transition in
CdS, the largest activity has been focused on the thermal treatment methods, such as
thermal annealing [12–18] and hydrothermal treatment [9]. In addition, there are also
reports about the laser or pressure induced phase transitions [19,20]. Generally, only the
size of CdS nanoparticles increase after the phase transition [4,9,11,13,17,19].

In recent years, the self-assembly and highly-ordered organization of nanostructured
building blocks into complex architectures have been of great interest in the areas of
materials synthesis and nanodevice fabrication [21–28]. Especially, controlled organization
into hollow and curved structures from rod-like building blocks is attractive to scientists
not only because of its importance in understanding the concept of self-assembly with
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artificial building blocks but also for its great application potential [24]. Cao et al. [24]
synthesized hollow V2O5 microspheres through the self-assembly of nanorods with
poly(vinylpyrrolidone) micelles as templates in a ethylene glycol medium at 140�C, and the
following calcination. In particular, Zhang et al. [27] obtained fluffy ZnS hollow
microspheres (hexagonal phase) via the Ostwald ripening of the flower-like solid
microspheres (hexagonal phase) at 60�C. However, to obtain the above flower-like solid
ZnS microspheres, the concentrations of Zn2þ, ammonia and (NH4)2SO4 should be strictly
controlled, and the synthesis process should take place at 4�C [27]. Otherwise, irregular
aggregates of cubic phase ZnS were obtained [27]. If the above fluffy ZnS hollow
microspheres could be synthesized from the easily synthesized cubic phase or amorphous
ZnS at relatively low temperature, it will be interesting and practical. As to CdS, although
a lot of references have reported how to control the morphologies of the nanoparticales
and nanostructures [1–3], the reports on the template-free synthesis of the nanostructures
with complex architectures at relatively low temperature are still scarce in the literature.
Therefore, it is worthwhile exploring the synthesis of complex three-dimensional CdS
nanostructures by using phase transition in solution at room temperature.

�-Irradiation has been widely used in preparing nanoparticles [29,30]. Recently, our
research group has successfully synthesized Ag and Cu nanoparticles [31,32], octahedron
Cu2O nanocrystals [33], solid and hollow Cu2O nanocubes [34] in water-in-oil
microemulsions and Ag-poly(4-vinylpyridine) hybrid microgels [35,36] in surfactant-free
aqueous solution. In addition, it has been proved that �-irradiation can also be used to
synthesize metal sulfide nanoparticles. For example, CdS nanoparticles (cubic phase) were
synthesized in aqueous solution [37], while CdS nanoparticles (mixture of cubic and
hexagonal phase CdS) were obtained in ethylenediamine (en) [38]. However, the
generation course and the morphology transition were not studied in detail. In the
present article, we report the syntheses and the generation course of the solid submicron
particles, composed of amorphous, hexagonal and cubic phase CdS, in water–
ethylenediamine solution by �-irradiation. Then, the hollow CdS submicron particles
with needle-like structure are further obtained through the Ostwald ripening and the phase
transition of CdS from amorphous to crystalline with the assistance of ethylenediamine.

2. Materials and methods

2.1. Chemicals

Cadmium sulphate, sodium thiosulfate and ethylenediamine (en) of AR grade were used as
received. Deionized and tri-distilled water was used in the experiments.

2.2. Synthesis of CdS submicron particles

An aqueous solution containing 4mmol L�1 CdSO4, 4.2mmol L�1 Na2S2O3 and
1.6mol L�1 ethylenediamine was prepared. After bubbling with high-purity N2 under
anaerobic conditions for 20min, the solution was irradiated in the filed of a 60Co �-ray
source for a definite time at a special location whose dose rate was determined by a ferrous
sulfate dosimeter. The absorbed dose was 20 kGy and the dose rate was 20Gy/min unless
otherwise stated.

After irradiation, the obtained yellow precipitate was kept in a certain solution away
from light at room temperature for a definite time. Except as stated otherwise, the ripening
process took place in the mother solution and the aging time was 60 days. Then, the
ripened sample was obtained.

592 Q. Chen et al.
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2.3. Characterization

After irradiation or ripening, the precipitates were washed with water, and then dispersed
in water. The obtained dispersion was dropped onto a Formvar-covered copper grid that
was placed on a filter paper. After the solvent was evaporated at room temperature, the

transmission electron microscopy (TEM) and selected area electron diffraction (SAED)
images were conducted on a JEOL JEM-200CX microscope operated at 160 kV, the high-
resolution TEM (HRTEM) images were performed on a Hitachi 9000 transmission

electron microscope operated at 300 kV, and the scanning electron microscopy (SEM)
images were obtained via a Hitachi S-4800 scanning electron microscope operated at
1.0 kV. The range of particle sizes was determined by measuring the dimensions of more

than 100 particles based on the obtained micrographs. After the dispersed sample was
deposited on a piece of glass, powder X-ray diffraction (XRD) pattern was recorded on an
X0 Pert PRO MPD diffractometer with Cu K� radiation (�¼ 0.15418 nm) and X-ray
photoelectron spectrum (XPS) was collected on a Kratos Axis Ultra spectrometer with

monochromatized Al K� radiation. After the dispersion was lyophilized, UV–Vis diffuse
reflectance spectrum (DRS) of the solid sample was obtained by a UV–Vis-NIR
spectrophotometer (JASCO V-570) equipped with an integrating sphere assembly.

3. Results and discussion

As well known, when an aqueous solution is irradiated by �-rays, the water molecules
absorb most of the irradiation energy and generate the reactive species, i.e., hydrated
electron (eaq

�), H, �OH and so on (Equation (1)) [39]:

H2O ������4
irradiated

e�aq, H, �OH, H3O
þ,� � � ð1Þ

Then, the reducing species, especially e�aq, reduce S2O
2�
3
ions to S2� ions (Equation (2)) [40],

which react with [Cd(en)2]
2þ ions to generate CdS (Equation (3)).

S2O
2�
3 þe

�

aq
�! S2� ð2Þ

½CdðenÞ2�
2þ
þS2� �! CdS # þ2en ð3Þ

Furthermore, besides coordinating with Cd2þ and neutralizing H3O
þ, ethylenediamine can

also scavenge �OH (Equation (4)),

�OHþH2NCH2CH2NH2 �! H2NCH2 C
�

HNH2þH2O ð4Þ

with a rate constant of 5.5� 109 Lmol�1 s�1 [39], which can eliminate the influence of �OH
on the formation of S2� and favor the generation of CdS.

3.1. Synthesis of solid CdS submicron particles

Figure 1(a) shows the TEM image of the fresh product synthesized by �-irradiation. It can
be seen that the product is composed of quasi-spherical solid submicron particles, with
diameter of 50–700 nm, and the surface of few particles appears needle-like structure,

which is confirmed by the corresponding SEM image (Figure 1(d)). Furthermore, many
small tuber-like structures appear on the surface of most particles, which further form
coral-like structure via aggregation (Figure 1(d)). The related TEM image in higher

Phase Transitions 593
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resolution (Figure 1(c)) further indicates that the surface of most submicron particles is
quite coarse and they are comprised of numerous nanoparticles, with the diameter ranging
from 5 to 10 nm. The corresponding XPS analysis (curves a in Figure 2) shows that the
binding energies of S 2p3/2, S 2p1/2, Cd 3d5/2 and Cd 3d3/2 are 161.29, 162.46, 404.96 and
411.73 eV, respectively, close to the values reported in the literature [41], which indicates
the generation of CdS.

In the corresponding XRD pattern (curve c in Figure 3), four broaden (102), (110),
(103) and (112) diffraction peaks, corresponding to the hexagonal phase CdS structure,
were observed. However, the existence of cubic phase CdS could not be excluded because
the (110) and (112) diffraction peaks of hexagonal phase CdS overlap with the (220) and

Figure 1. TEM (a–c) and SEM (d–e) images of the fresh (a, c, d) and ripened (b, e) samples.
Notes: The inset shows the SAED pattern of the corresponding product,
*Represents hexagonal phase CdS,
^Represents cubic phase CdS. (Absorbed dose: 20 kGy, dose rate: 20Gy/min).

594 Q. Chen et al.
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(311) diffraction peaks of cubic phase CdS, respectively. It is also noticed that the peak
at �27.3� could not be ascribed to the (002) or (101) diffraction peak of hexagonal phase
CdS, and not to the (111) diffraction peak of cubic phase CdS. This peak might have arisen
from the scattering of amorphous CdS. The related SAED analysis (inset, Figure 1(a))
shows that there is an abroad noncrystalline ring (see the arrowhead in the inset of
Figure 1(a)) besides two sharp diffraction rings, corresponding to (110) and (112) planes of
hexagonal phase CdS or corresponding to (220) and (311) planes of cubic phase CdS. This
indicates the coexistence of amorphous and crystal CdS. The HRTEM images of the as-
prepared products shown in Figure 4(a) and (b) exhibit lattice fringes with d spacings of
0.29 and 0.25 nm, corresponding to (200) reflection of cubic phase CdS and (102) reflection

Figure 2. X-ray photoelectron spectra in the Cd 3d (a) and S 2p (b) regions for the fresh (line a) and
ripened (line b) samples.
Note: Absorbed dose: 20 kGy, dose rate: 20Gy/min.

Figure 3. XRD patterns of the samples synthesized under different conditions: (a) 3 kGy, fresh;
(b) 9 kGy, fresh; (c) 20 kGy, fresh; (d) 20 kGy, ripened; (e) 9 kGy, ripened.
Note: Dose rate: 20Gy/min.
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of hexagonal phase CdS, respectively, which indicates the coexistence of the two structures

of CdS. Meanwhile, it can be found that the lattice fringes appear discontinuously,

suggesting the presence of amorphous CdS.
According to the above discussion, it can be deduced that the fresh product is

composed of amorphous, hexagonal and cubic phase CdS.

3.2. Formation of hollow CdS submicron particles with needle-like structure

The TEM image of the ripened sample (Figure 1(b)) shows a distinct contrast between the

dark edge and the pale center in most particles, evidencing their hollow nature. At the

same time, the surface of most particles appears obvious needle-like structure

(Figure 1(b)), which has been further confirmed by the corresponding SEM image

(Figure 1(e)). The corresponding XPS analysis (curves b in Figure 2) indicates that the

product is still CdS. As shown in Figure 3 (curve d), besides those broaden hexagonal/

cubic phase CdS diffraction peaks mentioned above, there are broaden (100), (002) and

(101) diffraction peaks of hexagonal phase CdS, or (111) diffraction peak of cubic phase

CdS in the XRD pattern of the as-prepared product. In the related SAED analysis (inset,

Figure 1(b)), there is a sharp diffraction ring, corresponding to the (103) plane of

hexagonal phase CdS, besides the diffraction rings mentioned above. Moreover, the

noncrystalline ring becomes weak, in which there are many diffraction dots, corresponding

to (002) plane of hexagonal phase CdS or (111) plane of cubic phase CdS. These indicate

that more crystal CdS was generated during the period of ripening.
As shown in the typical HRTEM image (Figure 4(c)), clear lattice fringes with d

spacing of 0.37 nm, corresponding to (100) reflection of hexagonal phase CdS, appear not

Figure 4. HRTEM images of the fresh (a, b) and the ripened (c, d) samples.
Note: Absorbed dose: 20 kGy, dose rate: 20Gy/min.
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only in the needle-like structure but also in the basal body of the submicron particles.

Moreover, cubic phase CdS only exists in a few bare particles (Figure 4(d)). It is worth

noticing that the lattice fringes of the ripened sample appear more continuously than those

of the fresh sample. Combining the disappearance of the peak at �27.3� in the

corresponding XRD pattern (curve d in Figure 3) and the weakening of the non-crystalline

ring in the related SAED pattern (inset, Figure 1(b)), it can be deduced that the crystal

CdS, especially hexagonal phase CdS, is the main component of CdS submicron particles.

In other words, the phase transition from amorphous to crystalline takes place in the

period of ripening.
While the ripening temperature rose to 60�C, a similar morphology was obtained after

24 h (Supporting information, SI-1). Namely, the ripening process could be accelerated by

raising the temperature.

3.3. Effects of the absorbed dose

Before further exploring the phase transition, the effects of the absorbed dose on the

synthesis of CdS submicron particles were first studied in detail. At the absorbed dose of

3 kGy, obvious CdS exciton absorption, with an absorbed edge (�e) of �483 nm, appears

in the UV–Vis diffuse reflectance spectrum (curve a in Figure 5). When the absorbed dose

increases to 9 and 20 kGy, the �e of the exciton absorption are red-shifted to �494 and

500 nm (curves c and d in Figure 5), respectively. According to the experimental

correlation between �e and the average diameter for CdS nanoparticles [42], the average

sizes of the CdS nanoparticles are estimated to be about 5.0, 5.7 and 6.2 nm when the

absorbed doses are 3, 9 and 20 kGy, respectively. However, the particle sizes observed via

TEM images (Figures 1(a), 6(a) and 6(b)) are much larger than those calculated via

UV–Vis spectra, suggesting that the submicron particles are the aggregations of CdS

nanoparticles. This is in good agreement with the result from the TEM image in higher

resolution (Figure 1(c)).

Figure 5. The effect of absorbed dose on the UV–Vis diffuse reflectance spectra of the solid samples:
(a) 3 kGy, (b) 6 kGy, (c) 9 kGy, (d) 20 kGy.
Note: Dose rate: 20Gy/min.
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When the absorbed dose is 3 kGy, two broaden peaks at �27.3� and 46.6�, which are
not related to the hexagonal phase or cubic phase CdS structure, appear in the
corresponding XRD pattern (curve a in Figure 3). When the absorbed dose increases to
9 kGy, the two broaden peaks still exist, but become sharper (curve b in Figure 3).
Especially, the peak at �27.3� does not disappear when the absorbed dose increases to
20 kGy (curve c in Figure 3). Furthermore, the related SAED analyses (not shown)
indicate that the CdS obtained at the absorbed doses of 3 and 9 kGy are amorphous. Thus,
it can be concluded that the CdS obtained at lower absorbed dose is amorphous and the
two broaden peaks could arise from the scattering of amorphous CdS.

3.4. Phase transition of amorphous CdS under different conditions

To study the phase transition, the amorphous CdS with an absorbed dose of 9 kGy was
kept in mother solution for 24 h under the same ripening conditions as mentioned above.
Then, a XRD pattern, similar to that of amorphous CdS, was obtained (not shown). This
suggests that, under such conditions, the rate of phase transition is so slow that the
amorphous CdS cannot be transformed to crystalline CdS in such a short time. Therefore,
the crystal CdS in the fresh sample with the absorbed dose of 20 kGy is generated during
the later stages of irradiation course because of the lower degree of supersaturation.

To further explore the effects of ethylenediamine on the phase transition, the identical
amorphous CdS was washed sufficiently with water and then was kept in water for 60 days
under the same ripening conditions. There appear not only the diffraction peaks,
corresponding to the cubic phase CdS structure, but also the amorphous CdS scattering
peak in the related XRD pattern (curve e in Figure 3). However, the (100), (101) or (103)
diffraction peak, corresponding to the hexagonal phase CdS structure, is not observed.
This indicates that only cubic phase CdS is generated via phase transition in the absence of
ethylenediamine, which is further confirmed by the related SAED analysis (inset,
Figure 6(c)). The corresponding TEM image (Figure 6(c)) shows that the CdS submicron
particles are still solid and there is not needle-like structure on their surface.

Figure 6. TEM images of the samples synthesized under different conditions: (a) 3 kGy, fresh;
(b) 9 kGy, fresh; (c) 9 kGy, ripened.
Notes: The inset shows the SAED pattern of the corresponding product. (Dose rate: 20Gy/min).
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3.5. Formation mechanism of hollow CdS submicron particles with needle-like structure

According to the above experimental results, it is suggested that the hollow CdS submicron
particles with needle-like structure evolve from the solid submicron particles, composed of
amorphous, hexagonal and cubic phase CdS, with the assistance of ethylenediamine.

Yang and Zeng [43] have obtained hollow TiO2 nanospheres from solid nanospheres,
aggregation of TiO2 nanoparticles, via Ostwald ripening under hydrothermal conditions.
They considered that the nanoparticles located in the inner cores have higher surface
energies, compared with those in the outer surfaces [43]. Therefore, the inner nanoparticles
are preferentially dissolved in the ripening course, resulting in the hollow interior [43].
Here, the solid submicron particles are comprised of numerous CdS nanoparticles. In the
ripening course, a similar hollowing process may take place. Because ethylenediamine can
coordinate with Cd2þ and increase the dissolution rate and the solubility of CdS, the
presence of ethylenediamine is propitious for this process. Then, CdS is precipitated again,
in which ethylenediamine can favor the generation of hexagonal phase CdS [38]. Thus, the
amorphous CdS could be transformed to crystal. Moreover, ethylenediamine could be
preferentially absorbed on the growing surfaces parallel to a certain crystallographic
direction of hexagonal phase CdS, resulting in the needle-like structure. While in the
absence of ethylenediamine, the dissolving process of CdS becomes slower and water
favors the generation of cubic phase CdS [38]. Therefore, the solid submicron particles,
composed of cubic and amorphous phase CdS, are obtained. Combining the above
discussion, it can be concluded that ethylenediamine plays an important role in the
generation of hollow CdS submicron particles with needle-like structure.

4. Conclusions

Solid submicron particles, composed of amorphous, hexagonal and cubic phase CdS, were
synthesized in water–ethylenediamine solution by precipitating Cd2þ ions with S2� ions,
which were generated from the radiolytic reduction of Na2S2O3. The crystalline CdS was
generated during the later stages of irradiation course. Moreover, hollow CdS submicron
particles with needle-like structure could be obtained from the solid CdS submicron
particles probably through a hollowing process based on Ostwald ripening and the phase
transition of CdS from amorphous to crystalline, where ethylenediamine played an
important role. This process can be accelerated by rising the ripening temperature.
According to our results reported herein, it is believed that complex three-dimensional
architectures can be obtained by using Ostwald ripening and phase transition in the
solution at room temperature, which will contribute in a new aspect to the construction of
complex three-dimensional nanostructures.
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