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Two different strategies for the synthesis of t-selenium
nanorods and nanowires are described, wherein the
solution based method involves a reaction of selenium
powder with NaBH, while the other employs the thermal
decomposition of [(CHj3)4N],GesSeqy.

Selenium exhibits several useful properties such as high
photoconductivity and catalytic activity and has commercial
use in photocopiers and rectifiers.! It also undergoes an
interesting amorphous to t-phase transition.” Nanorods of
selenium of different diameters from 20 nm to several hundred
nanometers have been prepared by laser ablation of selenium
powder.®> Se nanowires have been prepared by refluxing
selenous acid with N>H,4.% Se nanorods are also prepared by
the reduction of sodium selenate using cytochrome ¢3.* The
solution methods generally yield amorphous selenium as the
initial product which then transforms to t-selenium. Xie ez al.’
have recently reported the spontaneous transformation of
monoclinic Se microballs to trigonal nanorods in ethanol
solution. In this communication, we describe a simple and
novel solution based synthesis wherein selenium powder is first
reacted with NaBH, to yield NaHSe® in solution which then
transforms to amorphous selenium.

In a typical room temperature reaction, 0.025 g (0.32 mmol)
of selenium was mixed with 20 ml of deionized water in a three
necked round bottom flask. 0.030 g (0.81 mmol) of NaBH,4 was
added to this mixture and the flask was immediately purged
with nitrogen gas in order to create an inert atmosphere. The
entire selenium dissolves in water within 60 minutes giving rise
to a clear colourless solution. The colour of the solution starts
turning red thereafter. We propose the following reaction
scheme for the formation of Se:

2NaBH,4 + 2Se + 7H,O — NaHSe + Na,B,0; + 14H, (1)
Na,B,0; + 2NaHSe + 2Se + 5H,O — Na,Se, + H3BO; (2)
Na,Se, + 2H,0 — 2Se (amorphous) + 2NaOH + 5H, (3)

Se (amorphous) — t-Se 4)

We see that in this method, selenide ion acts as the source of
Se while the other methods reported in the literature use the
oxyanions with a positive charge on Se as the source. The
nascent selenium produced in step (3) imparts the wine red
colour to the aqueous solution. On standing for a few hours the
solution transforms into amorphous Se in colloid form. A small
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portion of the dissolved selenium precipitates as the t-Se
nanoparticles which act as nuclei to form one-dimensional
nanorods. The amorphous Se colloid dissolves slowly as the
nanorods increase in length. In the process, the red colour of
the solution fades away and the dark selenium nanorods settle
down.

In Fig. 1a, we show the SEM image of nanorods formed at
30 °C after 24 h. The diameter of the rods is around 150 nm.
TEM images show rods of smaller diameters along with a
majority of bigger ones (see the inset in Fig. 1a). Fig. 1b and the
inset shows SEM images of the rods after 96 h and 15 days
respectively. The rods grow in length with time while the
diameters remain almost the same. The high resolution TEM
(HRTEM) image shown in the in Fig. 1c reveals that the rods
are single crystalline, devoid of crystallographic defects. The
lattice spacing of 4.9 A in the HREM image along the growth

Fig. 1 SEM images of t-Se nanorods. (a) After 24 h (bar = 300 nm).
The inset shows TEM image of one of the rods (bar = 200 nm).
(b) After 96 h (bar = 500 nm). The inset shows SEM image of the
nanorods after 15 days (bar = 1 pm). (c¢) The HRTEM image of one of
the nanorods (bar = 5 nm). The growth direction is shown by an
arrow. (d) Low magnification SEM image of a free standing film of
t-selenium nanoparticles (bar = 1 pm). The inset is a high
magnification SEM image of the same film (bar = 300 nm).
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Fig. 2 SEM images of t-Se nanorods synthesized at (a) 0 °C (bar =
500 nm) and (b) at 30 °C after dilution. The inset is a TEM image
showing a bundle of nanorods of diameter 20 nm (bar = 50 nm).

direction corresponds to the separation between the (001)
lattice planes, showing thereby that the growth direction is
along the ¢ axis. Along with the nanorods, we observe the
formation of nanoparticles of t-Se which assemble on the water
surface to produce free-standing films of nanoparticles. Fig. 1d
shows such a film which is intact upto several microns. We
obtained shorter nanorods when the reaction mixture was
quenched at 0 °C for 96 h (Fig. 2a). The diameter of the
nanorods could be decreased by diluting the reaction mixture.
Thus, 20 nm nanorods were obtained when the reaction
mixture was diluted four times. These nanorods assemble in
bundles as shown in Fig. 2b (see the TEM image in the inset of
Fig. 2b).

The Se nanorods were characterized by powder X-ray
diffractometer (XRD) as well as by Raman and X-ray
photoelectron spectroscopy (Fig. 3). The powder XRD pattern
could be indexed as the trigonal phase with the (001) peak being
more intense due to orientation effects. The Raman band
found at 239 cm™! arises from the vibration of the helical Se
chains.” The absence of boron and sodium in the samples was
confirmed by X-ray photoelectron spectroscopy, the peak at
55.2 eV corresponding to the Se” (2p) level.

We have observed an interesting morphology of t-Se when
the synthesis was carried out under hydrothermal conditions or
in the presence of a capping agent. Use of polyvinylpyrrolidone
leads to a flowery morphology (Fig. 4a). The magnified SEM
image (see inset) shows non-homogeneous diameters of the
rods. However, the reaction carried out under solvothermal
conditions gives a scroll-type morphology, with a wall
thickness of the order of 100 nm (Fig. 4b).

In addition to the above solution method, we have also
found another way of obtaining t-Se nanowires based on the
thermal decomposition of [(CH3)4N]4Ge4Se,, prepared by the
literature procedure.® When this compound was thermally
decomposed in a furnace at 600 °C under argon gas flow, a
black product was obtained at the outlet of the reaction tube.
The product contained nanowires of t-Se, as seen in the TEM
image shown in Fig. 5a. The yield of the nanowires by this
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Fig. 3 Powder XRD patterns of t-Se nanorods and bulk selenium used
as the starting reagent. In the inset, the Raman and XPS spectra of the
nanorods are shown.

Fig. 4 SEM images of (a) PVP-capped selenium (bar = 1 pm). The
inset is a magnified SEM image of one of the bundles (bar = 1 pum).
(b) Scroll-type morphology of t-Se obtained under hydrothermal
conditions (bar = 1 um). The inset shows a high magnification SEM
image of one of the scrolls (bar = 200 nm).

method is high, nearly 90%. The nanowires have diameters of
30 to 80 nm, and lengths of several microns. The layer
separation of 3.8 A estimated from the HRTEM image
(Fig. 5b) matches the (101) layer separation of t-Se. The ED
pattern shows the single crystalline nature of the nanowires and
the spots could be indexed to (101) and (100) planes. From the
HRTEM and ED patterns, it is concluded that the growth
direction of the nanowires is along the ¢ axis. The mechanism
of formation of Se by this method involves the decomposition
of the precursor to yield GeSe, and Se, the latter subliming
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Fig. 5 (a) TEM image of the selenium nanowires obtained by the thermal
decomposition of the precursor (bar = 100 nm). (b) HREM image of
a nanowire (bar = 5 nm). The inset shows the ED pattern of a nanowire.

View Online

from the reaction product and collecting at the cooler zone of
the reaction tube.

In conclusion, we have been able to synthesize t-Se nanorods
and nanowires by two new independent procedures. The
procedures are attractive because of their simplicity.
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