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ABSTRACT  
Nearly monodisperse spherical amorphous Se colloids are prepared by the dismutation of Na2SeSO3 
solution at room temperature; by altering the pH of the solution, amorphous Se colloid spheres with sizes 
of about 120 nm, 200 nm, 300 nm, and 1 μm can be obtained. Se@Ag2Se core/shell spheres are successfully 
synthesized by using the obtained amorphous Se (a-Se) spheres as templates, indicating the potential 
applications of these Se nanomaterials in serving as soft templates for other selenides. Meanwhile, selenium 
nanowires are obtained through a “solid-solution-solid” growth process by dispersing the prepared Se 
spheres in ethanol. This simple and environmentally benign approach may offer more opportunities in the 
synthesis and applications of nanocrystal materials.   
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Introduction

Materials which are composed of the element selenium 
play important roles in the fields of photonics 
and electronics due to its special photoconductive 
properties [1, 2]; the electrical conductivity of selenium 
can be enhanced by several orders of magnitude when 
it is exposed to visible light, and it has been applied 
in photodetectors or sensors, photocopy machines, 
and electrical rectifi ers [1, 3]. Selenium also has many 
attractive physical and chemical properties that 
may be beneficial in the field of optical applications, 
such as a relatively high refractive index and a high 
solubility in various solvents like CS2 or N2H4 [3], 
which makes it a potential candidate for fabricating 
three-dimensional photonic crystals or inverse opaline 

structures, as it is easily removed [4, 5]. Furthermore, 
selenium is a relatively active material and can react 
with a variety of chemical reagents to form other 
materials, such as Ag2Se, and CdSe [1, 6, 7], which 
possess wide potential applications as soft templates 
for functional selenides.

In the past few years, a number of methods have 
been reported for the preparation of Se nanomaterials 
including spherical colloids and one-dimensional 
structures. Most of these have focused on trigonal-
phase selenium (t-Se) one-dimensional structures 
[8 13], as they can be conveniently synthesized in 
large quantities with uniform size due to the inherent 
anisotropic crystal structure of Se. In contrast, the 
preparation of Se colloidal spheres has been less 
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discussed. The formation of spherical Se is generally 
only possible if the element retains an amorphous 
structure, which is thermodynamically unstable, 
and meticulous synthetic methods are required to 
obtain such a-Se spheres. The phase transformation 
energy from amorphous selenium to trigonal 
selenium is only 6.63 kJ / mol, and the glass transition 
temperature is around 31 ºC [1], and thus slightly 
forcing reaction conditions or temperature will lead 
to a phase transformation from the a-Se to t-Se. The 
main methodology which has been adopted for the 
preparation of a-Se spheres is aqueous chemical 
reduction. Selenous acid and sodium selenite are the 
most frequently used precursors in these reduction 
methods, and several different reducing agents have 
been used, such as hydrazine, glutathione, ascorbic 
acid, and sodium thiosulfate [14 18], as shown in the 
following equation:

H2SeO3 + N2H4/Na2S2O3/C6H8O6
 
equeous  

Se

The reduction of selenium precursors to form Se 
spheres has also been achieved byγ-irradiation [19]. 
However, few of these methods are able to prepare 
Se colloid spheres with satisfactory sizes and size 
distribution. In addition, selenous acid and sodium 
selenite are very toxic precursors, and careful 
operations are needed in the experiment and the fi nal 
treatment. Very recently, Xia and co-workers [20] 
have reported the synthesis of uniform a-Se spheres 
by reducing selenous acid with hydrazine in ethylene 
glycol. Moreover, by changing the molar ratio of 
selenous acid and hydrazine, a-Se spheres with 
diameters from ~90 nm to 420 nm can be obtained. 

In this work, we introduce another simple 
synthetic route and an environmentally benign 
precursor, Na2SeSO3, as Se source to prepare uniform 
a-Se spheres. Na2SeSO3 is sensitive to the acidity of 
the solution. It can be synthesized by refluxing Se 
powder and Na2SO3 in an alkaline aqueous solution, 
while the dismutation phenomenon (which can 
separate out elemental selenium) will occur when it 
is in a neutral or acidic solution at room temperature. 
The transformation of the Na2SeSO3 is shown as 
follows:

Na2SeSO3 
pH＜8.0
pH＞8.5  Na2SO3 + Se

Thus, by controlling the reaction conditions, Se 
powder can be transformed into Na2SeSO3 by reacting 
with Na2SO3 in alkaline aqueous solution, and then 
separated out as a-Se spheres by dismutation of the 
Na2SeSO3 in acidic solution; the pH of the solution, 
which will influence the dismutation rate of the 
Na2SeSO3, can be utilized to adjust the diameter of 
the a-Se products.

1. Experimental

Materials. All reagents used in this work, including 
Se powder, Na2SO3, NaOH, oleic acid, and ethanol, 
were A. R. grade (>99.99%) from the Beijing Chemical 
Factory, China. The selenium source, Na2SeSO3 
solution (0.1 mol/L), was prepared by refluxing 5 
mmol selenium powder and 7 mmol Na2SO3 in 50 mL 
deionized water for 2 h.

Synthesis of a-Se spheres. In a typical synthesis, 
0.2 g NaOH and 8.0 mL oleic acid were dissolved 
in a mixture of 10 mL deionized water and 15 mL 
C2H5OH to form a transparent solution, then 5 mL 
Na2SeSO3 solution (as prepared above) was added to 
this solution with stirring. The solution immediately 
changed from colorless to red, indicating the 
formation of the a-Se. The red color slowly changed 
to orange-red during the reaction. After about 45 
min, the orange-red product was separated from 
the solution by centrifugation, and dried at room 
temperature to afford the final powdered product. 
The preparation of a-Se spheres with sizes of ~200 
nm, ~300 nm, and ~1000 nm was carried out by 
changing the amount of the NaOH to 0.4 g, 0.6 g, and 
0.9 g, respectively, with the other parameters in the 
reaction system remaining unchanged. Subsequent 
treatments of these products were similar to the 
above.

Synthesis of t-Se nanowires. After the dismutation 
of the Na2SeSO3 in the above reaction system, the 
precipitate of a-Se spheres was redispersed in ethanol 
solvent by stirring or sonication, and the solutions 
were kept at 50 ºC for about 2 days. The resulting 
black products were separated by centrifugation 
or filtration, and dried at 50 ºC to afford the final 
nanowire products.

Characterization. X-ray diffraction patterns were 



405Nano Res (2008) 1: 403 411

recorded on a Bruker D8 Advance X-ray 
diffractometer (XRD) with Cu Kαradiation 
(λ = 1 . 5 4 1 8  Å ) .  T h e  s i z e s  a n d  t h e 
morphology of the as-prepared Se spheres 
and Se nanowires were examined by 
using a transmission electron microscope 
(JEOL JEM-1200EX), a scanning electron 
m i c ro s c o p e  ( J S M - 6 3 0 1 F )  a n d  h i g h 
resolution transmission electron microscope 
(HRTEM, FEI Tecnai G2 F20 S-Twin, 
working at 200 kV). Raman spectra were 
recorded with an RM 2000 microscopic 
confocal Raman spectrometer (Renishaw 
PLC, UK) employing a 514 nm laser beam.

2. Results and discussion

Figure 1(a) shows the TEM image of 
the a-Se product obtained in the typical 
synthesis process, when 0.2 g NaOH 
and 8.0 mL oleic acid were used; the pH 
value of the solution was 6.08, and the 
Na2SeSO3 decomposed immediately at 
this acidity. Since the reaction temperature 
(~20 ºC) was controlled below the glass 
transition temperature of selenium, all the elemental 
Se separated out was in amorphous form. It can be 
seen from Fig. 1(a) that the product is composed of 
nearly monodisperse nanocrystals with a diameter 
of about 120 nm, which usually self-assemble into 
two-dimensional arrays on the TEM grids. Since the 
amorphous form is not the stable phase of selenium, 
the product on the TEM grid tends to show a little 
melting under the strong electron beam. The melted 
a-Se product slowly fills in the interspaces between 
the nanoparticles, which makes the spherical particles 
look hexagonal in shape [21]. There are no detectable 
X-ray diffraction (XRD) peaks for the amorphous 
phase Se products [20]. Figure 1(b) shows the energy 
dispersive spectroscopy (EDS) result for the Se 
product. In the EDS, Se is the only element detected, 
indicating that the product is highly pure. Figure 1(c) 
shows the SEM micrograph of the a-Se product; the 
image reveals that the a-Se particles are all spherical 
with a mean diameter of 120 nm, which matches well 
with the TEM result in Fig. 1(a).

Raman spectra of  the a-Se products were 
also recorded. Selenium exists mainly in three 
polymorphs, the principal one being a trigonal 
phase, consisting of helical chains, with a less 
stable monoclinic phase, consisting of Se8 rings, 
and amorphous selenium consisting of a mixture of 
disordered chains. These three different structures 
have Raman resonance peaks at ~235 cm 1, ~256 cm 1, 
and ~264 cm 1, respectively [22]. Figure 2 displays 
the Raman spectrum of the a-Se powder product. 
Figure 2(a) is the result after the sample was scanned 
by the Raman laser for the first time, and Figure 
2(b) is the result after the sample had been scanned 
several times. It can be seen that in Fig. 2(a) that the 
main peak is at ~236 cm 1, with two lesser peaks 
at ~254 cm 1 and ~262 cm 1. In Fig. 2(b), the peaks 
at 254 cm 1 and 262 cm 1 have almost disappeared, 
leaving the enhanced peak at 237 cm 1. The change 
in Fig. 2 can be explained as follows: since the phase 
transformation energy from amorphous selenium 
to trigonal selenium is low, when the sample is 

Figure 1   TEM image (a), EDS spectrum (b) and SEM image (c) of the a-Se product 
obtained in a typical synthesis with 0.2 g NaOH and 8.0 mL oleic acid (pH = 6.08)

（a） （b）

（c）
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exposed to the Raman laser (a powerful energy 
beam), the amorphous form readily changes to the 
more stable ordered structure. Therefore, even when 
the Raman measurement was recorded for the first 
time, the amorphous Se had begun to change to the 
monoclinic phase and the trigonal phase, which 
resulted in the appearance of the three characteristic 
peaks in Fig. 2(a). When the laser had scanned the 
sample several times, the sample had completely 
transferred to the trigonal phase, explaining why 
only the characteristic peak of trigonal selenium 
at 237 cm 1 remained in Fig. 2(b). After the Raman 
measurements, the color of the sample that had been 
exposed to the laser changed from red to black when 
viewed in a microscope, consistent with the phase 
transformation of the a-Se.

Since the stability of Na2SeSO3 is sensitive to the 
acidity, and the pH of the solution can infl uence the 
dismutation rate of the Na2SeSO3, it can be used to 
adjust the nucleation events of the a-Se formed by 
decomposition of the Na2SeSO3 and thus control 
the final diameter of the products. By varying 
the amount of the NaOH from 0.2 g to 0.4 g, 0.6 
g, and 0.9 g with the other reaction parameters 
remaining the same, the pH value of the reaction 
solution changed from 6.08 to 6.44, 6.92, and 7.75, 
respectively, which led to the final diameter of the 
a-Se sphere products increasing from 120 nm to 200 
nm, 300 nm, and 1 μm, as shown in Figs. 3(a), 3(c), 
and 3(d), respectively. The diameter changes of the 
a-Se spheres were evidently caused by the different 
dismutation rates of the Na2SeSO3 in environments 
with different acidity. In this dismutation reaction, it 
can be envisaged that more acidic solutions would 
lead to the faster dismutation rate of the Na2SeSO3 
due to its inherent instability in acidic environments. 
The faster dismutation rate afforded larger amounts 
of the a-Se nuclei, resulting in the smaller size of the 
final products. In contrast, more alkaline solutions 
would lead to fewer a-Se nuclei and thus result in 
larger products. The different dismutation rates 
of the Na2SeSO3 can also be easily observed in the 
experiments. When Na2SeSO3 was added to the 
solution with pH value of 6.08, the colorless solution 
changed to red immediately; meanwhile in the 
solution with pH value of 7.75, the solution changed 
slowly from colorless to orange, then to the red, and 
this transformation process lasted for about 5 min. 
The dismutation rate of the Na2SeSO3 slowed down 
with increasing pH value, and if we further increased 
the pH value of the solution by adding an amount 
of NaOH beyond 1.0 g (pH>8.5) to the reaction, the 
dismutation phenomenon did not occur, showing 
that the Na2SeSO3 was stable in this relatively alkaline 
solution. 

Besides the pH value of the solution, oleic acid 
also plays important role in controlling the size 
distribution of the products. When the amount of 
the NaOH and oleic acid was reduced to half of the 
quantity in the typical synthesis reaction, that is, 
using 0.1 g NaOH and 4.0 mL oleic acid dissolved in 
the mixture of deionized water and C2H5OH, the size 

（a）

（b）
Figure 2   Raman spectra of the a-Se spheres scanned by the laser 
for the fi rst time (a) and several times (b)
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Figure 3   SEM images of a-Se sphere products with diameter of about 200 nm (a), 300 nm (c), and 1 µm (d), 
which were obtained in solutions with pH value of 6.44, 6.92, and 7.75, respectively. (b) SEM image when 
the a-Se spheres (200 nm) solution was dropped on the Si substrate

Figure 4   SEM image of the a-Se spheres prepared with half of the 
amount of the oleic acid used in the typical synthesis (see Fig. 1)

of the resulting products had a wide distribution, as 
shown in Fig. 4, although the pH value remained the 
same at 6.08 under these conditions. The effect of the 
oleic acid here could be to increase the viscosity of 
the solution, which is similar to the function of the 
more viscous solvent ethylene glycol in a previous 
report in the Ref. [20]. The oleic acid could ensure a 
better control over the processes such as nucleation 
and growth kinetics involved in the formation of 
elemental selenium, leading to the more uniform 
sized products. On the other hand, the sodium oleate 
(the product of reaction of oleic acid with sodium 
hydroxide) could also act as a surfactant, which could 
prevent the fi ne particles from aggregating irregularly.

As an effective synthesis strategy, the template-
directed synthesis method is a powerful approach 
for generating products with specific shape. Since 
selenium can react with a variety of chemical reagents 
and be transformed into many other functional 
materials [1, 6, 7, 23 25], herein we chose Ag2Se 
as an example to illuminate the template-directed 
synthesis of the a-Se products. Figure 5 shows the 

SEM micrograph and XRD pattern of the Se@Ag2Se 
core/shell spheres obtained by reacting a-Se spheres 
with AgNO3 in ethylene glycol as solvent in the 
presence of polyvinylpyrrolidone (PVP) (the average 
molecular weight, Mw=30 000). The refl ections in the 
XRD pattern match well to orthorhombicβ-Ag2Se 
(JCPDS 24-1041), and there is still no refl ection peak 
for elemental Se as the Se core is in the amorphous 
form. From Fig. 5(a) we can see that the Se@Ag2Se 

（a） （b）

（c） （d）
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products retained almost the same uniform size 
as the a-Se spheres, which implies that these a-Se 
spheres can serve as effective soft templates for 
functional selenides. 

Compared to the monodisperse a-Se spheres, 
the preparation of high quality t-Se nanowires 
is easier because the trigonal form is the stable 
phase of selenium and it has an anisotropic crystal 
structure which can guide the one-dimensional 
growth. Trigonal Se nanowires can be synthesized 
by the reduction of selenous acid [26 31] or the 
recrystallization of Se powder [32, 33]. In these two 
synthetic routes, the formation of t-Se nanowires 
mostly involves a transformation from a-Se (which 
is produced in the reaction) to the t-Se through 
a dissolution and sequential  crystal l izat ion 
process, which is called the solid-solution-solid 

（a）

（b）
Figure 5   (a) SEM micrograph of the Se@Ag2Se sphere products 
which were prepared by reacting the a-Se spheres with AgNO3 in 
ethylene glycol solvent in the presence of PVP (Mw=30000). Inset 
is the TEM image of a single Se@Ag2Se sphere. (b) XRD pattern 
of the Se@Ag2Se. The reflections in the XRD pattern match well 
to orthorhombic β-Ag2Se (JCPDS 24-1041). There is no peak for 
elemental Se as the Se core is in the amorphous form

mechanism [26]. Herein, we directly used the a-Se 
spheres obtained above as a material to prepare 
t-Se nanowires through such a solid-solution-
solid process. The preparation of the t-Se involved 
dispersion of the a-Se spheres in ethanol by stirring, 
followed by aging at 50 ºC for about 2 days, which 
allows the a-Se to transform completely into the t-Se, 
and fi nally collection of the products by fi ltration.

XRD was used to characterize the composition 
and structure of the product. All the refl ections in the 
XRD pattern in Fig. 6(a) match well to the trigonal 
phase of Se (JCPDS 73-0465). The Raman spectrum 
gives further evidence confi rming the presence of the 
trigonal phase. Figure 6(b) shows a typical Raman 
spectrum of the as-prepared Se nanowires. Only 
one resonance peak at around 237 cm 1 is observed, 
without the appearance of the peaks at 256 cm 1 and
264 cm 1 during the Raman measurements, indicating 
a pure trigonal phase was present. Figure 6(c) shows 
an SEM image of the t-Se products. It can be seen that 
the t-Se products are nanowires with a mean diameter 
of 300 nm ± 30 nm and length of up to several 
micrometers, and no Se spheres are observed. In 
this conversion process, when the a-Se spheres were 
dispersed in ethanol, the a-Se gradually dissolved to 
form a metastable solution, and then the selenium 
atoms recrystallized on the t-Se seeds which were 
produced in the hot ethanol solvent because of the 
low solubility of the t-Se in ethanol [9]. At this time, 
the anisotropic characteristic of the t-Se provided 
a natural template to guide the growth of Se atoms 
along one particular axis, and thus the products 
turned out to be nanowires [27, 33, 34]. The solvent 
in which the a-Se is dispersed plays an important 
role in the Se nanowire growth in this conversion. If 
water was used instead of ethanol, only massive Se 
products were found instead of t-Se nanowires, and 
thus an appropriate solvent in which the solubility of 
a-Se is larger than that of t-Se is important to ensure 
conversion of the initial a-Se to the t-Se nanowires.

When the a-Se spheres were dispersed in 
ethanol by sonication, the t-Se nanowires obtained 
were thinner than those obtained after dispersion 
by stirring. From Fig. 7(a), it can be seen that the 
products are about 160 nm ± 20 nm in diameter 
and can grow up to several tens of micrometers. 
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The spindly products produced here through the 
sonication process might be caused by the larger 
amounts of t-Se seeds present because the sonication 
process is known to induce the formation of such 
t-Se seeds [27]. Growth of the Se material on the 

（a）

（b）

（c）
Figure 6   (a) XRD pattern of the Se nanowires; (b) Raman spectrum 
of the Se nanowires; (c) SEM image of the as-prepared t-Se 
nanowires

Figure 7   (a) SEM image of the t-Se nanowires produced by the 
sonication process. The inset is a high magnifi cation SEM image of 
the sample; (b) A typical TEM image of the sample; (c) HRTEM image 
obtained from the edge of the individual Se nanowire sample in (b). 
The inset in (c) is the fast Fourier transform (FFT) of the HRTEM image

large number of the individual t-Se seeds will result 
in thinner products. Figure 7(c) displays a high-
resolution TEM image of the t-Se nanowires. The 
fringe spacing (0.5 nm) observed in this image agrees 
well with the separation of the (001) planes of t-Se, 
indicating that the as-prepared Se nanowires were 
structurally single crystals with a growth direction of 
[001] (c axis). The inset of Fig. 7(c) is the fast Fourier 
transform of the HRTEM image; the symmetrical 
pattern in the image further confi rms the integrity of 
the single crystal structure. These well-crystallized 
t-Se nanowires may fi nd potential application in the 
field of fabricating electronic/optical nanodevices, 
and also can serve as the templates to generate 
other functional selenide nanomaterials with one-
dimensional shapes.

3. Conclusions

In summary, by utilizing the stability diversity 

（a）

（b） （c）
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of  Na 2SeSO 3 in  di fferent  pH environments , 
we successfully transformed Se powder into 
monodisperse a-Se spheres through the synthesis 
and dismutation of Na2SeSO3. Subsequently, t-Se 
nanowires can be prepared by aging these a-Se 
spheres in ethanol through a “solid-solution-solid” 
process. The synthesis approach here is simple 
and straightforward with the precursors being 
environmentally friendly. This synthetic strategy, 
which utilizes the stability properties of a precursor, 
may provide more inspiration in the synthesis of 
other nanocrystals.
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