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ABSTRACT

In this thesis, we successfully synthesized high-quality Se nanorods
through a CMC-assisted chemical reduction-approach. The growth mechanism
for Se nanorods was systematically studied and discussed. We demonstrated that
CMC molecules formed quasi-1-D channels that surrounded Se nanocrystals,
enabling the occurrence of anisotropic growth of Se to form nanorods. Control
over the resulting morphology of Se can be -achieved through carefully
modulating the relevant reactionconditions such as the pH value, reaction
temperature and concentrations of CMC and reducing agents. Through the direct
incorporation of Ag' into Se, Ag,Se nanorods could be readily obtained. In
addition, cation-exchange reaction was performed on the as-synthesized
nanorods of Ag,Se, resulting in the formation of CdSe and ZnSe nanorods. The
photoconductive properties of the as-synthesized Se nanorods were
characterized, demonstrating their potential application in optoelectronic

switching devices. Furthermore, the as-obtained Se nanorods showed
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considerably high photocatalytic activity for MB degradation under UV light
illumination, implying that they could be a good photocatalyst toward many

species.
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Chapter 1. Introduction

1.1 Properties of Se

Elemental Selenium (Se) possesses many unique physical and chemical
properties. As shown in Figure 1.1, its noticeable photoconductivity (0.8x10"
S/cm) ensures great potentials in the fields of solar cells, rectifiers, photographic
exposure meters, xerography and solid-state light sensing.' In addition, Se is
semiconducting with a relatively-low melting point (~217°C) and exhibits good
catalytic activities toward many organic reactions.” From the chemical point of
view, Se has a high reactivity toward metal. ions, which can be potentially
exploited to convert into other semiconductor materials such as Ag,Se, CdSe, and
ZnSe.” One of the topics in my thesis attempts to-perform this chemical

conversion toward Se to explore the properties of Se-derived compounds.
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Figure 1.1 List of photoconductivity of common materials.



1.2 One-dimensional Se Nanocrystals

One-dimensional (1-D) nanostructures including nanowires, nanorods,
nanoribbons and nanotubes have been the subject of intensive research due to
their potential use as active components or interconnects in fabricating nanoscale
electronic or electromechanical devices.* Recently, 1-D Se nanocrystals have
been fabricated with a few approaches, such as laser ablation,” solution-phase
approach,’ vapor-phase growth,’ electrochemical synthesis,’
photothermally-assisted ~solution phase,” ultrasonic,'® hydrothermal or
solvothermal method,'! and micelle=mediated ‘synthesis.'* The as-prepared 1-D
Se nanostructures could be used as the sacrificial template for further growth of
various 1-D architectures of other compounds. For example; Xia et al reported
the synthesis of high-quality Pt nanotubes by using trigonal Se (t-Se) nanowires
as the sacrificial template.”” To'the best of our knowledge, all of these syntheses
of 1-D Se nanostructures were characteristic of relatively severe reaction
conditions such as elevated temperatures, high pressures, long growth time and of
unsatisfactory product quality including low yields and non-uniformity in sizes.
There is limited study available to obtain 1-D Se nanostructures with uniform
dimensions using a facile method. In this thesis, we developed a simple

soft-template solution-phase approach to obtain high-quality single-crystalline



Se nanorods. We also investigated the relevant optoelectronic properties of the
as-synthesized Se nanorods such as the photoconducting behavior and

photocatalytic activity.

1.2.1 Previous Studies of 1-D Se Nanocrystals

The most representative system for the growth of 1-D Se nanocrystals was
first demonstrated by Xia et al. They succeed to obtain trigonal Se nanowires
with uniform sizes through'a simple “two-step”’ chemical reduction method' and
a sonochemical approach.”’-In-the chemical reduction synthesis, selenious acid
and hydrazine were used as the precursor and reducing agent, respectively. The
diameter of the as-synthesized Se nanowires can be well modulated by
controlling the refluxing temperatures. As shown in Figure 1.2, the diameter of
Se nanowires can be grown-from 10 to 800 nm as increasing the refluxing
temperatures from 90 to 130°C. Figure 1.3 displays the TEM images of

high-quality Se nanowires which were synthesized by the sonochemical process.



Figurel.2 SEM images of<Se nanowires with“a mean diameter of 10 nm
obtained with a refluxing:temperature of (A)-90°C, (B) 100 °C, (C) 110°C, (D)
130 °C. The average diameter of Se nanowires was 10, 32, 100, 800 nm for (A),
(B), (C), (D), respectively.'

Intensity (a.u.)

Figure 1.3 Se nanowires synthesized through a sonochemical process: (A, B)
TEM images, (C) XRD pattern and a typical electron diffraction pattern (insert),
(D) high-resolution TEM image obtained from the edge of an individual
nanowire.”



The “two-step” process means “seed and growth”, and it is a well-known
system in the synthesis of Se nanowires. Xia et al illustrate a plausible
mechanism as depicted in Figure 1.4." First, Se ion would be reduced by
appropriate reducing agent like hydrazine and uniform amorphous nanocrystals
of Se were formed. Then, there were definite driving force which could make

the amorphous Se nanocrystals re=construct to form nanowires.

H,Se0, + NH,

|

Se (3) + N (9)
+31,0

|-"‘ .
Se chain Qbsalom

Figure 1.4 Schematic illustration of the formation mechanism for Se nanowires

obtained ina “two-step” process.'



1.2.2 Recently Studies of Se 1-D Nanocrystals

Even though the development of the synthetic system for Se nanocrystals
has been nearly complete in the past decade, research regarding to 1-D Se
nanorods is just popular in present. In the recent two years, Chen et al*’ and
Mondal et al*® reported two organic-molecule-assisted synthetic systems that can
produce Se nanorods. These syntheses are different from those in previous
studies, mainly coming from the rutilization. of shape-confining organic
molecules such as L-cysteine. Figure 1.5 displays the TEM images of Se
nanorods synthesized with the L-cysteine assisted hydrothermal process. By
controlling the ultrasonic times, the diameter of Se nanorods could be effectively
tuned. Figure 1.6 further shows the morphological evolution of Se nanorods
with increasing hydrothermal reaction times.

There have been more and more studies about the soft-template-assisted
synthetic system since these shape-confining soft templates could confine the
growth of atoms to form various anisotropic nanocrystals. Through these
recently reported studies, mechanism of Se nanorods formation get much more
understood, but there still are lots of issues needed to be solved such as the wide

size-distribution and non-uniformity of products and complicated experiment



setups. In this thesis, we try to solve these issues by carefully controlling the

reaction conditions in a simple soft-template synthetic system.

300nm

Figure 1.5 TEM images of Se nanorods obtained with an-ultrasonic time of (A)
14 min and (B) 20 min. Their corresponding HRTEM images were shown in (C)
and (D).”’



Figure 1.6 SEM images of Se nanorods prepared at the hydrothermal reaction
times of (a) 6 h, (b) 9 h, (c) 12 h, (d) 24 h.**

1.3 Soft-Template 'Synthesis

It has been well-known that specific organic compounds could be applied
as the soft-template for the growth of inorganic nanomaterials. For the syntheses
of Se nanocrystals in solution, polymers with long alkyl chains such as PVP and
PVA are commonly used.'”'® Additionally, various polysaccharides, such as
chitosan (CTS), konjac glucomannan (KGM), acacia gum (ACG) and
carboxylmethyl cellulose (CMC), can be applied to obtain Se nanocrystals,”” but
the resulting morphologies were unfortunately not uniform. Figure 1.7 shows the
TEM images of Se nanocrystals synthesized by using the above-mentioned

polysaccharides as soft template.



. “\,/A* * : AN ) ¢ l
Figure 1.7 TEM images of Se nanocrystals prepared by using the soft template
of (a) CTS, (b) KGM, (c) ACG,and (d) CMC."

With the modification on the reaction conditions;. we reported here that
high-quality 1-D Se nanorods can be synthesize by using carboxymethyl
cellulose (CMC) as the soft template. The molecular structure of CMC was
shown in Figure 1.8, We studied in details the effect of reaction conditions on
the morphologies of the resulting Se nanocrystals. A plausible reaction
mechanism was also proposed to interpret the formation of 1-D Se nanorods in

the presence of CMC.
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1.4 Cation-Exchange Reaction

Presently, an improved in-situ template method involving a cation-exchange
reaction is demonstrated as an efficient way to “duplicate” nanostructures without
altering the morphology.'*"” Large difference in the solubility product (Ks) is a
key factor toward direct replacement between two kinds of cations. Nanocrystals
can spontaneously be converted into another much stable one with smaller K.
For example, several cations including Cu’, Ag", Sb>*, and Bi’“have been used to
replace Zn>"in ZnS nanotubes to produce the corresponding sulfides with the
preservation of the tubular shape. '

This approach opens up a new access to design and prepare nanostructures
that is difficult to achieve through other general methods. Based on the concept
introduced above, we performed the cation-exchange approach on Ag,Se
nanorods which were fabricated through the direct introduction of Ag' into the
as-synthesized Se nanorods. The result showed that a series of selenides

including ZnSe and CdSe can be obtained with the preservation of rod shapes.

1.4.1 Studies of Cation-Exchange Reaction
In order to extend the application of Se nanorods, we tried to exploit the
high chemical activity of Se to transform Se into other semiconductor. The

realization of cation-exchange seemed relevant to this concept, so we took a
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survey of this method. In 2004, Alivisatos et al first published a research about
the cation-exchange reaction for nanocrystals in Science, and they found some
interesting phenomena about the reversible transformation between CdSe and
Ag,Se nanocrystals.'* CdSe could be transformed into Ag,Se easily by the
addition of Ag™ due to thermodynamically favorable regime. Note that the
reverse transformation (i.e. from Ag,Se to CdSe) was thermodynamically
forbidden. Such conversion however ¢an be achieved through a kinetically
controlled approach, in which'a farge amount of Cd*"‘and the reaction initiator
(TBP, tri-butyl phosphate) were necessarily added in.the growth. As shown in
Figure 1.9, the shape and dimension of nanocrystals could be reversibly
maintained at suitable. reaction conditions. Besides the result reported by
Alivisatos, Wark et al succeed to synthesize various sulfides and selenides
nanocrystals through the cation-exchange reaction.” Figure 1.10 displays the
variety of sulfides and selenides nanocrystals obtained in the specific cation-
exchange process. Note that even the rod-shape can be preserved for
nanocrystals after the ion exchange reaction. The concept of cation-exchange
reaction is applicable in our system because Se nanorods can be readily

transformed into Ag,Se by adding Ag’. We could then perform cation-exchange
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reaction upon the as-obtained Ag,Se nanorods to fabricate other selenides

nanorods.

C Recovered CdSe =

Figure 1.9 Revers ' i : “ ind Ag,Se nanocrystals
through the catior

Figure 1.10 TEM images of various sulfides and selenides nanocrystals
obtained by cation-exchange reaction.”
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Chapter 2. Experimental Section

2.1 Chemicals
All chemicals used were analytic grade reagents and used without further
purification.

1. Selenium(IV) oxide (Se0,), 98%, Aldrich
2. Sodium borohydride (NaBH,), 96%, Fluka
3. Sodium hydroxide (NaOH), 98%, Mallinckrodt

4. Carboxymethyl cellulose (CMC), Sodium salt, 98%, Sigma
5. Silver nitrate (AgNQs3), 99.9%,-J.T.Baker

6. Zinc nitratre hexahydrate (Zn(NO3),), 98%, Riedel-deHaén
7. tri-Butyl phosphate (TBP), 96%, Kanko Chemical

8. Cadmium nitrate tetrahydrate (Cd(NOs),), 98%, Fluka

9. Polyvinylpyrrolidone (PVP), MW=10000, 99%, Sigma Aldrich

2.2 Instruments

1. Field-Emission Scanning Electron Microscope (FESEM) : Jeol, JSM-6500F,
operated at 15 kV

2. Transmission Electron Microscope (TEM): Philips Tecnai, F20 G2, operated
at 200kV

3. UV-Visible Spectrophotometer : Hitachi, U-3900H

14



4. X-ray photoelectron spectroscope (XPS) : VG Scientific, Microlab 350
5. X-Ray Diffraction (XRD) : MAC Science, MXP18, operated at 40kV and

30mA

2.3 Preparation of Se Nanorods

First, 4.0wt % CMC solution was prepared and stored at room temperature.
0.0821g SeO, (0.74 mole) was then dissolved in 9mL CMC solution, and 1M
NaOH solution of 1mk wasadded into it with vigorous stirring at 25°C until the
solution turned transparent. Subsequently, NaBH, solution of 0.79 mole (0.030g
NaBH,; in 1mL deionized water) was added dropwise with a rate of about
0.2uL/sec into the selenious selution. The color of the selution changed quickly
from transparent to brick.red. After the stand for 4 hours at 25°C, the color of
solution would change from brick red-to brown. The product (Se nanorods) was
collected by centrifugation at 10000 rpm for 10 min and washed with distilled
water and ethanol to remove remaining ions and impurities. The washed product

was then dried and stored at 60°C in vacuum for later characterization and use.
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2.4 Preparation of Ag,Se, CdSe, ZnSe Nanorods

Ag,Se nanorods were obtained through the direct introduction of Ag™ into
Se nanorods at room temperature. CdSe and ZnSe nanorods were then produced
using the cation-exchange approach from the as-obtained Ag,Se nanorods. For
the preparation of Ag,Se nanorods, 0.0395g Se NRs (5x10* mole) were first
re-dispersed in 10mL of 5% PVP solution. AgNO; solution of 10mL (0.17g
AgNO;, 1x107 mole) was then added dropwise.into Se nanorod solution. The
solution was stirred for reaction at 25°C in water bath. The product was
obtained after the color of the solution turned to black. The product (Ag,Se
nanorods) was collected by centrifugation at 8000 rpm for 10 min and washed
with distilled water and-ethanol for several times. The washed product was then
dried and stored at 60°C in vacuum for later characterization and use.

For the synthesis of CdSe nanorods; 0.147g Ag,Se nanorods (5%10™ mole)
were re-dispersed in 10mL of 5% PVP solution and put into round-bottom flask
with vigorous stirring at 80°C. Cd(NOs), of 2.364 g (1x10” mole) was dissolved
in 20mL methanol. The above two solutions were then mixed to reach the
thermal equilibrium at 80°C. 300uL. TBP was injected into the above mixing
solution to proceed with the cation-exchange reaction. After six hours of

reaction, the solution turned dark-red and was cooled down naturally. As to the
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fabrication of ZnSe nanorods, Zn(NO;), of 1.894g (1x10~ mole) was used as the
cation source, followed by the same procedure performed in the synthesis of
CdSe nanorods. The product (CdSe and ZnSe nanorods) was collected by
centrifugation at 8000 rpm for 10 min and washed with distilled water and
ethanol for several times. The washed product was then dried and stored at 60°C
in vacuum for later characterization. A schematic illustration of the whole

experimental procedures in this. work was depicted in Figure 2.1.
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0.082g Se0, (0.74 mmole) 0.0295g NaBH, (0.79mmole) +1mL H,0
1.0 mmole NaOH ‘
o <> At25C
min 620?]”"" High Quality Se
’ 4r. Nanorods
Stir at RT

9mL 4% CMC solution Add NaBH, solution into
5e0, solution slowly.

_Synthesis of 1-D Ag,Se nanorods

Add the Se nanorods (centrifugal)
0.05 mmole into the Ag* solution.

At 25°C 600rpm for2 hr 1-D Ag,Se nanotubes
_ was obtained

i

0.1 mmole AgNO,
dissolve in 10mL H,O

Synthesis of 1-0 CaSe 2 - \'zx/\/\
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Figure 2.1 Schematic illustration of the experimental procedure.
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2.5 Preparation of Se Nanorod Film for Electrical Measurement
Nanorod film, well adhered to Si substrates, was prepared by dripping
nanorod suspensions of sufficient amount onto Si wafers, followed by a heat

treatment to remove the solvent.

2.6 Photocatalytic Activity Study

Photodecomposition of methylene blue (MB) was monitored to test the
photocatalytic activity of the as-prepared Se nanorods. Irradiation was provided
by a UV lamp (8W) with a wavelength of 275 nm. The concentration of MB in the
presence of Se nanorods under illumination was determined by the absorption

spectra on the basis of Beer’s Law.

2.7 Characterizations

The morphology and dimensions of the products were examined with a
field-emission scanning electron microscope (FESEM, Jeol, JSM-6500F). The
crystallographic structure of the samples was investigated with X-ray diffraction
(XRD, MAC Science, MXP18) and a high-resolution TEM (Philips Tecnai, F20
G2) operated at 200 kV. The compositional information was obtained with an

energy dispersive spectrometer (EDS), an accessory of the TEM (F20 G2), and
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X-ray photoelectron spectroscope (XPS, VG Scientific, Microlab 350).
UV-Visible absorption spectra were obtained using a Hitachi U-3900H at 25°C
under ambient atmosphere. Electrical measurement for the Se nanorod film was
conducted under white-light (Halogen lamp, 150W) and UV illumination (UV
lamp, 30mW) via a Keithley 236 semiconductor parameter analyzer by contacting

the film surface with two measuring microprobes.
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Chapter 3. Results and Discussion

3.1 High-Quality Se Nanorods

Reduction of SeO, by NaBH, in the presence of CMC produced nanorods
with considerably uniform dimensions. From the SEM image shown in Figure
3.1(a), the dimension of the as-prepared nanorods was 4543 nm in diameter and
500+£28 nm in length. The compositional.information of nanorods was then
studied with XPS and XRD. Figure 3.1(b). shows XPS spectrum of the
as-synthesized nanorods. Note that the binding energies obtained in the XPS
analysis were corrected for specimen charging by referencing the Cls to 284.60
eV. In Figure 3.1(b), the binding energies observed.at 54.4 and 54.8 eV
correspond well to Se3ds, and Se3d;, peaks of elemental Se, respectively,20
implying that nanorods were made of Se. The corresponding XRD pattern in
Figure 3.1(c) confirms the formation of elemental Se. All the diffraction peaks in
this spectrum can be indexed as the hexagonal phase of Se by referring to the
reference (JCPDS, No.06-0362). As a result of these two surveys, it was
confirmed that we succeed in synthesizing high-quality Se nanorods with

considerably uniform dimensions.
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Figure 3.1. (a) SEM image, (b) XPS spectrum and (c) XRD pattern of the
as-synthesized Se nanorods.
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To obtain more details about structures of Se nanorods, HRTEM and
SAED were exploited and the result was shown in Figure 3.2. From the HRTEM
image of Figure 3.2(b), a growth direction of [001] could be observed for the
as-synthesized Se nanorods. In addition, the dot-pattern of SAED in Figure 3.2(c)
revealed the single-crystallinity of Se nanorods. The growth direction of [001]
for Se nanorods explained why (100) peak was the most intense among the other
crystallographic planes in the XRD survey. Because the direction of X-ray was
basically parallel to <the longitudinal direction of nanorods (i.e. the [001]
direction), a direction of [100] - which was perpendicular to [001] would possess

the highest probability during the diffraction of X-ray.

200 nin
]

Figure 3.2 (a) TEM image, (b) HRTEM and (¢c) SAED images of the
as-synthesized Se nanorods.
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3.2 Formation Mechanism of Se Nanorods

The growth mechanism of 1-D Se nanocrystals has been extensively
investigated in many solution-based approaches. In general, there are three steps
involved in the solution-phase growth of 1-D Se nancrystals. At first, the
precursor of Se was reduced by suitable reducing agent to form amorphous Se
(a-Se) particles of hundreds nm in sizes. Secondly, trigonal Se nanocrystals (t-Se)
were accompanied to generate by providing definite driving force for system,
such as sonication operation,”' variation of temperature or. exertion of high
pressure.” Finally, Ostwald ripening took place in solution to re-dissolve a-Se,
leading to the further growth of 1-D'Se nanocrystals.” The re=dissolution of a-Se
was probably due to its higher surface energy than t-Se: The above mechanism
however didn’t account for the formation-of Se nanorods in our experiment
because we didn’t observe the generation of a-Se and no extra driving force was
provided in the system. To interpret the growth of the as-synthesized Se nanorods,
experiments with various reaction times were performed and the resulting
morphologies were compared in Figure 3.3. At the beginning of reaction, Se
particles of 40-60 nm in sizes were produced, followed by a particle-to-particle

aggregation. A branch was then pulled out of individual particle-to-particle
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blocks, resulting in the formation of quarsi-1-D nanostructures. As the reaction

proceeded, 1-D nanorods shaped up with considerably uniform dimensions.

Figure 3.3. SEM images of Se nanorods obtained with different reaction times:
(a) 5 min, (b) 10 min, (¢)20 min, (d)-40-min, (e) 60 min, (f) 80 min, (g) 100 min,
(h) 2hr, and (i) 4hr.

A schematic illustration of the formation mechanism for the current Se
nanorods was proposed and shown in Figure 3.4. At the beginning of reaction, Se
particles with 40 nm in sizes were generated through the reduction of SeO, by
NaBH,. The polysaccharide of CMC added in the growth solution may surround
Se particles, forming the quasi-1-D channels for the later crystal growth. After

this stage, Se started to nucleate and grow at the surfaces of the first-formed
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particles, which can be inferred from the morphology observed at 40 min of
reaction time. Due to the confinement of the quasi-1-D channels built by CMC
molecules, anisotropic growth may start to dominate the growth of Se,

resulting in the formation of 1-D nanocrystals.

________

", N
1/6’ “'“
____________ o —
® -9
> b

Figure 3.4 A schematic illustration of the formation mechanism for Se
nanorods.

The quasi-1-D channels formed by CMC molecules can be further verified
with the Mark—Houwink equation which is usually applied to-anvestigate the
rheological structures of polymers. Here 1s the expression of Mark-Houwink

equation: ~40nm

Mark — Houwink Equation : a : Mark — Houwink parameter
[7]=KM* K': Mark — Houwink constant
CMC d&|: Limiting viscosity

M Viscosity - average molecular weight

By referring to the value of a, one is able to identify the rheological structures of
the tested molecules. For most of the flexible polymers, the value of a is between

0.5 to 0.8. As to the semi-flexible polymers, a is found to be larger than 0.8. For
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polymers with an absolute rigid rod-shape, the value of a is roughly 2.0.°" As
shown in Figure 3.5, the rod shape was clearly revealed for the polysaccharide
molecule (tobacco mosaic virus) with the a value of 2.0.%° It was known that an
increase in o value was observed for CMC molecules with increasing
concentration of NaOH.””> Thus, it’s reasonable to infer that the rheological
structure of CMC is also the absolute rigid rod. Although the exact structure of
CMC molecules was not observed in rsolution, the rod-shaped rheological
structures supported the soft-template concept in the growth of Se nanorods in

this work.

200nm

Figure 3.5 (A) Rheological structure of polysaccharides when a > 2.0. (B)

TEM image of tobacco mosaic virus particles.’"*
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3.3 Morphological Control of Se Nanorods
3.3.1 Effect of pH value

It should be noted that we failed to obtain nanorods of Se in the
CMC-assisted chemical reduction system without the addition of NaOH. It is
therefore worthy to investigate the role of NaOH played in the growth of Se
nanorods in this system. It was found that by changing the amount of NaOH we
added, the dimension of the resulting;Sé nanorods can be effectively tuned. As
increasing the amount of NaOH from 0.6 to 1.2 mmol, the length of Se nanorods
increased evidently, accompanied by a slight growth in diameter. As shown in
Figure 3.6, Se nanorods with 200 nm in length and 40 nm in diameter can be
obtained when 0.6 mmele NaOH was added. When the amount of NaOH was
raised to 0.8 mmol, the mean length of Se nanorods inctreased to 350 nm. With
the addition of 1.0 mmole NaOH, we could obtain Se nanorods with longer
length of 450 nm. A further increase of NaOH to 1.2 mmol produced Se
nanorods with 80 nm in diameter and 884 nm in length. A more detailed relation
between the amount of NaOH added and the length of Se nanorods was depicted

in Figure 3.7.
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Figure 3.6 TEM .images of Se nanorods obtained with various amounts of
NaOH added: (a) 0.6 mmole,(b) 0.8 mmole, (¢)1.0 mmole, (d) 1.2 mmole.

—
(=]
(=3
(=1

length of nanorods (nm)

00 02 04 06 08 10 1.2 14 1.6
NaOH amount added (mmole)

Figure 3.7 Relation between the amount of NaOH added and the length of Se
nanorods.
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When the amount of NaOH increased from 0.1 mmole to 1.2 mmole, the
length of Se nanorods increased gradually. But this tendency was terminated
when NaOH of more than 1.2 mmol was added. This phenomenon could be
explained by three concepts. First, the addition of NaOH would alter the pH value
of CMC solution, which is determinant to the viscosity of CMC.** CMC solution
is stable with a constant viscosity at the pH value of 2 ~10.** An amount of NaOH
of more than 1.2mmole resulted in a pH value over 10 of the solution, which may
significantly reduce the viscosity of CMC and thus losing its ability to stabilize
the growth of Se. Consequently, the lengths of the. Se nanorods get shortened
when more than 1.2 mmol of NaOH was added. Secondly, the pH value would
affect the reducing ability of NaBH,.” The higher the pH value gets, the less
reducing ability NaBH, shows, leading to the slow growth of Se and thus shorter
nanorods. Lastly, the solubility of Se*"ion-mayalso play an important role since it
is related to the pH value, too. The solubility of Se*" gets higher with increasing
pH value.” It explained why the length of Se nanorods increased with increasing
amount of NaOH added since there are increasing amount of Se*" ions that can be
readily consumed.

Because Se crystal possesses the direct bandgap energy of 1.95 eV and the

indirect bandgap energy of 1.85 eV, its optical property would be revealed by
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measuring the UV-Vis spectrum. Figure 3.8 shows the UV-Vis spectra of Se
nanorods with different lengths. From these spectra, we could observe the direct
bandgap absorption at about 636nm (1.95¢V). Besides, the absorbance at around
600nm increased with increasing length, possibly due to the interaction among

the inside-chain atoms of Se nanorods in the [001] direction.™

— 0.6mmole200nm
— 0.8mmole350nm

1.0mmole500nm
= |.Immole600nm
1.2mmole900nm

1.0

0.8

0.6

0.4

absorbance

0.2

0.0
direct bandgap absorption (1.95eV, 636 nm)

200 300 400 500 600 700 800 900
wavelength (nm)

Figure 3.8 UV-Vis spectra of Se nanorods with different lengths.
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3.3.2 Effect of Reaction Temperature

From the viewpoint of growth kinetics, higher reaction temperature caused
the higher reaction rate, which could probably vary the dimensions of the
resulting nanorods. It is thus expected that Se nanorods became longer in length
and larger in diameter as increasing the reaction temperature. From the SEM
result of Figure 3.9, we concluded undoubtedly that Se nanorods with larger
dimensions in both diameter and.length ‘can.be produced as the reaction

temperature is increased.

Figure 3.9. SEM images of Se nanorods obtained at the reaction temperatures of
(A) 25°C, (B) 50°C, (C) 75°C and (D) 100°C.
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3.3.3 Effect of CMC Concentration

We also tried to change the concentration of CMC solution (wt 0%, 2%,
4%, 6%, and 8%) to see if Se nanorods with different dimensions can be
obtained. As shown in Figure 3.10, a CMC solution of 4% was found to be the
optimal recipe for the growth of Se nanorods. Experiments with CMC of lower

or higher concentrations produced Se nanocrystals with irregular morphologies.

200mn

Figure 3.10. SEM images of Se nanocrystals obtained with a CMC
concentration of (a) 0%, (b) 2%, (c) 4%, (d) 6% and (e) 8%.
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3.3.4 Effect of NaBH, Concentration

Experiments with different molar ratio of reducing agent (NaBH4) to SeO,
were conducted to study its influence on the morphology of product. As shown
in Figure 3.11, a molar ratio of 0.5 produced Se nanoparticles instead of
nanorods because there was not enough amount of reducing agent to reduce Se**
ion. As the ratio was raised to 1, nanorods of Se with uniform dimensions
resulted. Further increase in the ratio'of NaBH, to SeO, produced rod-like

nanocrystals of Se with irregular‘dimensions.
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Figure 3.11. SEM images of Se nanocrystals obtained with the molar ratio
(NaBH4 to SeO,) of (a) 0.5, (b) 1.0 and (c) 2.0.
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3.3.5 Effect of Type of Reducing Agent

In this work, other reducing agents (hydrazine and ascorbic acid) that are
commonly used in the synthesis of inorganic nanocrystals were also utilized to
synthesize Se nanocrystals. As shown in Figure 3.12, nanorods of Se with a
much shorter length can be fabricated by using hydrazine as the reducing agent.
On the other hand, Se particles of irregular shapes were produced when ascorbic

acid was utilized.

Figure 3.12. SEM images of Se nanocrystals obtained by using the reducing
agents of (a) NaBHy,, (b) hydrazine and (c) ascorbic acid.

3.4 Direct Introduction of Ag" into Se Nanorods

It was reported that silver selenide (Ag,Se) can be formed through a direct
introduction of Ag" into Se crystals at room temperature. The reaction involved
in this process can be shown as follows:’

3Se +6Ag @ +3H,0——>2Ag,Se(s) + Ag,Se0,(aq) + 6H"

As shown in Figure 3.13(a), a 2:1 molar ratio of Ag to Se nanorods produced
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Ag,Se nanocrystals with rod-shaped morphology. The corresponding EDS and

XRD analyses confirmed the composition of the resulting nanorods as Ag,Se.

. 2 o Element Weight% Atomic%
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Figure 3.13. (a) SEM image, (b) EDS analysis and (c) XRD pattern of Ag,Se

nanorods.

3.5 Cation-Exchange Reaction for Ag,Se Nanorods

The cation-exchange reaction was carried out for the as-synthesized Ag,Se
nanorods to obtain CdSe and ZnSe nanocrystals. From the SEM result shown in
Figure 3.14, the rod shape was found to preserve after the cation-exchange
reaction. The EDS analysis indicated that nanorods of CdSe and ZnSe were

successfully obtained by exchanging Ag" of Ag,Se with Cd*" and Zn™",
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respectively. Then, the UV-Vis spectra shown in Figure 3.15 would be exploited

to observe the bandgap energy of the products.

= N [ atomee

SK T si 73.30
SoL | 7 1275

Figure 3.14. (a) SEM image and (b) EDS analysis of CdSe nanorods. (c), (d) are

for ZnSe nanorods.
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Figure 3.15 UV-Vis spectra-of Se, Ag,Se, CdSe and ZnSe nanorods. The inset
arrows indicated the observed bandgap energies:

3.7 Photoconductivity of Se nanorods

Figure 3.16 shows the typical [-V curves of Se'nanorod film under different
illumination conditions. It/ was found that visible light could stimulate
photocurrents inside Se nanorods. A much more drastic enhancement of about
an order of magnitude in photocurrents was observed for Se nanorods under the
UV illumination. The above result indicated that the as-prepared Se nanorods
can be integrated as the photoconducting devices. To demonstrate this potential
application, we tested the reversible switching of nanorod film between low and

high conductance states when the UV light was turn on and off. The
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characteristics of the photoconductive Se nanorods suggest that they are good
candidates for optoelectronic switches, with dark insulating states as “off” and

the light-excited conducting state as “on”.

— Dark

6.00E-0103 | v
4.00E-010 uv

2.00E-010

0.00E+000
-2.00E-010
-4.00E-010
-6.00E-010
-8.00E-010

-1.00E-009
-1.20E-009

Photocurrent (A)

A0 5 0 5 10
Voltage (V)
b — Light Off
0.00014
0.00012
0.00010 / ( ( ﬁ
-~ 0.00008
< :
= 0.00006
g
= E
5 0.00004
0.00002
U Ut
0.00000 4
o 50 100 150 o 200

time(s)

Figure 3.16. (a) [-V curves of Se nanorod film under different illumination
conditions. (b) Reversible switching of Se nanorod films between low and high
conductance states when the UV light was turn on and off. The bias on the film
is 10V.

3.8 Photocatalytic Activity of Se Nanorods
A great enhancement in the photocurrents was observed for Se nanorods

upon light illumination, implying that photo-induced charge carriers of a



considerable amount can be produced therein. One effective way to utilize these
photogenerated charge carriers in Se nanorods is to perform the photocatalytic
reaction. We chose MB as a representative organic dye for the photocatalysis
test. Figure 3.17(a) shows the time-dependent UV-Vis absorption spectra of MB
solution during the photodegradation in the presence of Se nanorods. MB
solution exhibits two characteristic absorption bands at around 610 and 660 nm.
The absorbance of these two. bands 'got.less intense during the course of
photocatalysis. The decolorization was completed at 30 min of irradiation for the
Se nanorods. The result for Degussa P25 TiO, was included in Figure 3.17(b) for
comparison, which shows a lower efficiency of MB degradation. In Figure
3.17(c), the decolorization comparison of MB over irradiation time revealed that
Se nanorods showed more effective phtocatalytic activity than P25. The result
indicated that the as-synthesized Se-nmanorods possessed high photocatalytic

activity for MB degradation under UV light.
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Figure 3.17. Time-depéndent ‘absorption spectra of the MB solution in the
presence of (a) Se nanorods and (b) P25. (¢c) Comparison of MB degradation
under UV illumination between Se nanorods-and P25.
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Chapter 4. Conclusion

In this thesis, high-quality Se nanorods have been successfully synthesized
using the CMC-assisted chemical reduction approach. The growth mechanism
for Se nanorods was systematically studied and discussed. We demonstrated that
CMC could form the quasi-1-D channels surrounding the Se nanocrystals,
enabling the occurrence of anisotropic growth of Se to form nanorods. Control
over the resulting morphology- of Sercan be achieved through carefully
modulating the relevant reaction conditions. Through the direct incorporation of
Ag" into Se, Ag;Se nanorods could be .readily obtained. In addition,
cation-exchange reaction was performed on the as-synthesized nanorods of
Ag,Se, resulting «in the’ formation of CdSe and ZnSe nanorods. The
photoconductive properties of the as-synthesized Se nanorods were
characterized, demonstrating ' their- potential “applications in optoelectronic
switching devices. Furthermore, the as-obtained Se nanorods showed
considerably high photocatalytic activity for MB degradation under UV light

illumination, implying that they could be a good photocatalyst for many species.
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