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ABSTRACT:

In the present work,. we have successfully synthesized a variety of
selenides nanorods including CdSe, ZnSe and some Cd, «Zn,Se alloys through a
cation exchange approach: The growth mechanism for these selenide nanorods
was also studied, compared, and discussed. 'In the typical process, single
crystalline nanorods of Se were first synthesized through a carboxylmethyl
cellulose-assisted chemical reduction approach. A direct incorporation of Ag"
into Se nanorods was then conducted by the addition of AgNO; into the Se
nanorods solution, resulting in the formation of Ag,Se nanorods. Further
replacement of Ag” of Ag,Se nanorods with Cd** and Zn*'can be achieved by
the cation exchange reactions, leading to the growth of single-crystalline CdSe,
and ZnSe nanorods, respectively. The as-synthesized selenides nanorods have

diameters of 50-70 nm and lengths varying from 500-800 nm, similar to those



of the starting Se nanorods. By using this method in our experiment, we may
further obtain ternary alloyed selenide nanorods, for example, Cd, Zn,Se, to
study the effect of cation composition on the resulting in optical properties of
nanorods. The present synthetic approach can be readily applied to prepare

other selenide- and sulfide-based nanostructures.
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Figure 1.1: Absorption (top) and PL spectra with 1,=365 nm (bottom) for the Cd;.
«ZN,Se nanocrystals with Zn mole fractions of (a) 0, (b) 0.28, (c) 0.44, (d) 0.55, and (e)

Figure 1.2: X-ray powder diffraction patterns of Cd;..Zn, Se nanocrystals with different
Zn molar fractions of (a) 0, (b) 0.28, (c) 0.44, (d) 0.55, and (e) 0.67. ..., 7

Figure 1.3: TEM images of CdSe nanorods of different sizes (A, C, E, G, and 1) and
their transformed Ag,Se crystals (B, D, F, H, and J). As the nanorods become thicker
from (A) to (I), the shape change during the cation exchange reaction is suppressed
K. AR | 7 W\ 11

Figure 1.4: TEM and HR-TEM images of (A,B) CdTe, (C,D) ZnTe, and (E,F) PbTe

nanowires derived from AgaTe nanowires: B . .. e 13

Figure 3.1: a) FESEM image<of Se nanorods; b), d) Typical FESEM and a high-
magnification FESEM image of Ag.Se nanorods derived from Se nanorods, respectively;
c) XRD patterns of Se and Ag,Se nanorods; e€) SEM-EDX result for Ag,Se nanorods; f)
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Figure 3.3: a) and b) TEM images at different magnifications of ZnSe nanorods, c)
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l. INTRODUCTION
1. Properties of CdSe, ZnSe I1-VI Semiconductor

Cadmium Selenide (CdSe) is a semiconducting material with a direct
bandgap of about 1.74 eV. This material is transparent to infra-red (IR) light,
and has been widely used in windows for instruments utilizing IR light.
Researchers are concentrating on developing controlled syntheses of CdSe
nanocrystals. In addition to synthesis, scientists have been working to
understand the properties of CdSe, as well as-apply these materials in useful

ways.!!"?]

Three crystalline forms of CdSe -are’ known: wurtzite (hexagonal),
sphalerite (cubic) and rock-salt (cubic).” The sphalerite CdSe structure is
unstable and converts to the wurtzite form upon moderate heating. The rock-salt
structure is only observed under high pressure. CdSe in its wurtzite crystal
structure is an important [I-VI semiconductor. CdSe is an n-type semiconductor,
which is difficult to be doped to become p-type. CdSe is being developed for
use in opto-electronic devices, laser diodes, nanosensing, and biomedical
imaging.”™ They are also tested for use in high-efficiency solar cells. CdSe

nanorods are interesting for photovoltaic applications since the long axis of the



rod provides a continuous channel for transporting electrons. To use nanorods
in a practical application, surface functionalization is usually explored to

control their lateral distribution and positional orientation. **!

Zinc Selenide (ZnSe) is a light yellow binary solid compound. It is an
intrinsic semiconductor with a band gap of about 2.70 eV at 25 °C and it emits
blue light. ZnSe is used to form II-VI light-emitting diodes and diode lasers. It
is susceptible to n-type after doped with, for example, halogen elements. P-type
doping is more difficult, but can:.be achieved by introducing nitrogen. In daily
life, it can be found as the“entrance optic in the'new range of "in-ear" clinical
thermometers and can bejust seen as a small yellow window. ZnSe can slowly
react with atmospheric moisture, but this is not generally a serious problem.
Panda et al described a chemical route for the synthesis of size-, shape-, and
phase-controlled ZnSe nanocrystals with dimensions below the Bohr radius. !'”
ZnSe nanorods and nanowires can be synthesized in a hot-injection process by

varying the ratios of ligand solvents, TOPO and ODA at relatively low

temperature.

2. Studies of CdSe and ZnSe 1-D Nanocrystals

The unique optical and electrical properties of one-dimensional (1-D)

semiconductor nanostructures, such as nanorods and nanowires, can be



exploited for use in a number of applications, including solar cells, photonic
crystals, lasers, transistors, and sensors. Quantum dots are attractive for both

6,13]

electronic materials applications, for example, as light-emitting diodes,'® "*! and

for biotechnology, for examples, as fluorescence tags in diagnostics.'"
Nanorods may be more advantageous, as the long axis of the nanorods provides
a continues pathway for electron transport. One-dimensional nanostructures
have received ever-growing interest because of their fascinating properties and
unique applications that cannot be obtained from nanoparticles or bulk solids.
The various 1-D nanostructures (nanorods, nanowires, nanobells, nanotubes)
thus represent ideal systems.for dimension-dependent optical, electrical, and
mechanical properties and are expected to play an important role as building

blocks in relevant devices and processes.” > %! 1]

Lots of synthetic methods for preparing controlled size and shape of 1-D
nanostructures based on physical and chemical approaches have been developed,
including hydrothermal methods, microwave irradiation, sequential reactant
injection, solvothermal methods, self-assembly, template-assisted, and seeded-
type approaches.!®*!! Talapin et al successfully synthesized layered colloidal
crystals of CdSe nanorods by slow destabilization of a nanocrystal solution

upon allowing the diffusion of a nonsolvent into the colloidal solution of



nanocrystals."”) The organization of semiconductor nanorods into ordered 3-D
superstructures were observed for the first time. The proposed self-assembly

technique is shown to be applicable to arrange nanorod materials in large scale.
3. Studies of Cd;Zn,Se Alloyed Nanocrystals

The development in the field of synthesis of semiconductor nanocrystals
aims at the use of easy-to-manipulate and inexpensive methods that can even be
applied to industrial scaling. Such methods have been reported recently, for
example, for the preparation of CdSe, CdS, CdTe, ZnSe nanocrystals. However,
some drawbacks exist in these binary nanocrystals, for example, low quantum
yield and limitation of emission region. Therefore, alloying two materials to
form ternary nanocrystals such as Cd;_Zn,Se (E = Se, or S) become the subject
of this field. The ternary semiconductor nanocrystals may emit colors with
tunable wavelength via the variation of the compositions.””*"" The
luminescence properties of the ternary alloyed nanocrystals are comparable to

or even better than their binary counterparts.

Cd;«ZnSe alloyed nanocrystals are attractive materials for
luminescence since their emission color can be tuned from the UV/blue region
(ZnSe) to the visible (CdSe) by changing the composition, that is, the Cd:Zn

ratio, without changing the nanocrystal size. Most of the Cd, Zn,Se alloyed



quantum dots reported in literature were prepared through the organometallic
method and exhibited quantum yields above 45%.1%%! In the previous study, Cd;.
Zn,Se alloyed nanocrystals were prepared via the direct incorporation of Zn**
and Se” ions into the pre-synthesized CdSe nanocrystals at high temperature.””
As the starting CdSe nanocrystals have the large size, the resulting alloyed
nanocrystals were with the emission wavelength longer than 490 nm. The use of

very small ZnSe and CdSe particles as initial seeds can result in the formation

of alloyed nanocrystals with shorter emission wavelength.

Figure 1.1 shows the PL-—and absorption spectra for the Cd,,Zn,Se
nanocrystals with various-Zn molar fractions of 0,-0.28, 0.44, 0.55, and 0.67. In
the absorption spectra, the first excitonic absorption wavelength of CdSe was
quenched with the incorporation of ZnSe, while the overall shape remained
similar. With the increase of the Zn fraction from 0 to 0.67, a significant blue-
shift of about 110-120 nm was observed for both the first excitonic absorption

onset and the band-edge luminescence peak of the nanocrystals.
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Figure 1.1: Absorption (top) and PL spectra with 1,=365 nm (bottom)
for the Cd;..Zn,Se nanocrystals with Zn fractions of (a) 0, (b) 0.28, (¢)

0.44, (d) 0.55, and (e) 0.67.*"]
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Figure 1.2: X-ray powder diffraction patterns of Cd,..Zn,Se nanocrystals
with Zn fractions of (a) 0, (b) 0:28,(¢) 0:44, (d) 0.55, and (e) 0.67.*"]

The X-ray diffraction analysis may provide us with useful information to
confirm the alloy composition in the nanocrystals. As shown in Figure 1.2, the
diffraction peaks of nanocrystals gradually shifted toward high 260 regions as the
Zn content was increased. This phenomenon can be realized by the fact that the
replacement of Cd with Zn of smaller atomic size in alloyed nanocrystals may

lead to the shrinkage in unit cell and thus the decrease in lattice spacing. As a



result, the alloyed Cd;Zn,Se nanocrystals showed diffraction peaks at higher

20 regions as compared to the pure CdSe.

4. Cation Exchange Reaction

Ion exchange is an exchange of ions between two electrolytes or between
an electrolyte solution and a complex. Ion exchangers are either cation
exchangers that exchange positively charged ions (cations) or anion exchangers
that exchange negatively charged ions (anions). Cation exchange reactions have
been demonstrated as useful and simple methods for preparing thin films and

79. . . .
[29-36] The conversion reaction 1is

nanocrystals with specific’' composition.
kinetically prohibited at ambient conditions in: the bulk due to the high
activation energy required for the diffusion of ions in the solid lattice
framework. Nevertheless, the activation energy decreases as particle size
decreases, enabling exchange to occur within seconds for nanoparticles. Cation
exchange provides a facile method for systematically varying the proportion of
two chemical compositions within a single nanocrystal and studying its effect.
In the present work, we successfully demonstrated that cation exchange can be
used to completely convert Ag,Se nanorods to CdSe, ZnSe and Cd,Zn,Se

alloyed nanorods. More importantly, the conversion process could be reversibly

performed.



The large difference in solubility product (Ky,) is a key factor toward
direct replacement between two kinds of cations. Nanocrystals can
spontaneously be converted into the other composition with smaller K,. For
instance, 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 are difficult to be obtained through the

general methods.

For the synthesis of'chalcogenide semiconductors, the cation exchange
has been used in most studies, whose crystal structures are determined by
frameworks of the chalcogen anions (S*,Se”, Te™).”"*! The metal cations are
relatively mobile in the anioni¢ framework, making it possible to replace the
cations under moderate reaction conditions. It is believed that this chemical
transformation is different from the Kirkendall effect caused by the difference

in diffusion flux between two chemical species.

In 2004 Alivisatos et al first reported a research about the cation
exchange reaction for nanocrystal synthesis.”” 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 (from Ag,Se to CdSe) was thermodynamically forbidden. Such
conversion however can be achieved through a kinetically controlled approach,
in which a large amount of Cd*" and the reaction initiator (TBP, tri-butyl

phosphate) were necessarily added in the growth.

Figure 1.3 shows TEM images of the initial CdSe nanorods of different
sizes and their transformed Ag,Se nanocrystals. It is apparent that thinner
nanorods (Figure 1.3A) reorganized to spherical shape during the forward
reaction, which indicates that the anion sublattice was completely disrupted
during the reaction (Figure 1.3B). The dependence of width and the length of
initial nanorods on the morphology of the product suggested that nanorod

thickness is more relevant to the shape change in the resulting product.
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CdSe —>  AgySe

Figure 1.3: TEM images of CdSe nanorods of different sizes (A, C, E, G, and 1) and
their transformed Ag,Se crystals (B, D, F, H, and J). As the nanorods become thicker

from (A) to (I), the shape change during the cation exchange reaction is suppressed.”*”’
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Besides the result reported by Alivisatos, Moon and co-workers
succeeded in synthesizing various ultrathin metal telluride nanowires of M,Te,
M = Ag, Cd, Zn, Pb, and Pt).[30] The Ag,Te nanowires were converted into
CdTe, ZnTe, and PbTe using cation-exchange reactions, and the CdTe
nanowires were further transformed into PtTe, nanotubes. Figure 1.4 shows the
TEM images of the transformed metal telluride nanowires. All of the nanowires
were found to preserve the initial morphology of the Ag,Te nanowires. The
crystal lattices of the nanowires obtained from HRTEM micrographs can be
indexed as zinc blende for CdTe, ZnTe, and NaCl-type cubic structure for PbTe

nanowires.

The governing factots for proper transformations should be considered as
the follows: (1) the thermodynamic @ parameters that determine the
transformation direction (forward and backward), (2) the kinetics of a
transformation (activation barrier), (3) the effect of mechanical stress on
retaining the initial shape, and (4) the mechanisms of transformations (the way
of diffusion for foreign cations). When an ionic solid crystal has lower
solubility than a reactant in the reaction medium, a forward reaction of ion
exchange may occur. If the condition is satisfied, the kinetics can be controlled

by adjusting reaction temperature to overcome the activation energy.

12



Figure 1.4: TEM and HRTEM images of (A,B) CdTe, (C,D) ZnTe, and (E,F) PbTe

nanowires derived from Ag,Te nanowires. (30]

The chemical transformations in our study are illustrated in Scheme 1.
The as-synthesized Se nanorods were first prepared and then transformed into
Ag,Se nanorods. After that, the Ag,Se nanorods were converted into CdSe,
ZnSe, and Cd;.Zn,Se alloyed nanorods via cation exchange approach. We
showed that cation exchange reactions can occur completely in ionic

nanocrystals at ambient pressure.

13



CdSe
7/nSe
Cd;xZn,Se

Scheme 1: Summary of the transformations investigated in this study. The as-
synthesized Se nanorods were transformed into Ag,Se nanorods by direct
incorporation of Ag™ into Se nanorods. After that, the Ag,Se nanorods were
converted into CdSe, ZnSe, and Cd;.ZnsSe alloyed nanorods through cation

exchange reactions.
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Il. METHOD AND ANALYSIS

1. Chemicals

All chemicals were used without further purification.

1. Selenium (IV) oxide (SeO,), 98%, Aldrich

2. Sodium borohydride (NaBH,), 96%, Fluka

3. Sodium hydroxide (NaOH), 98%, Mallinckrodt

4. Carboxymethyl cellulose (CMC), Sodiumssalt, 98%, Sigma
5. Silver nitrate (AgNO;), 99.9%, J. T Baker

6. Zinc nitrate tetrahydrate (N,Qs.4H,0), 98%, Riedel-deHaén
7. Cadmium nitrate hexahydrate (CdN,0.6H50), 98%, Fluka
8. Tri-Butyl Phosphate (TBP), 96%, Kanko Chemical

9. Polyvinylpyrrolidone (PVP), M.W. = 10000, 99%, Sigma Aldrich
10. Absolute Methanol (CH;OH), Mallinckrodt

2. Instruments and Principles

1. X-Ray Diffractometer (XRD): MAC Science, MXP18, operated at 40kV and

30mA

15



2. Field-Emission Scanning Electron Microscope (FESEM): JEOL, JSM-6500F,

operated at 15 kV

3. Transmission Electron Microscope (TEM): Philips Tecnai, F20G2, operated

at 200kV

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

2.1. X-Ray Diffractometer

In XRD, a constructive interference is produced through the interaction
of the incident X-ray with the sample under the regime of Bragg's Law (nA = 2d
sin 0). This law correlates the wavelength of X-ray (A) with the diffraction angle
(20) and the lattice spacing-of crystal (d) of the sample. By scanning the sample
through a wide 260 range to collect primary diffraction peaks, one may identify

the crystal structure of sample by referring to the standard reference patterns.

2.2. Scanning Electron Microscope (SEM)

The kinetic energy of accelerated electrons in SEM is dissipated as many
different signals when hitting the sample surfaces. These signals mainly include
secondary and backscattered electrons. Secondary and backscattered electrons
are then collected and used for imaging the morphology and compositional

contrast of samples, respectively.

16



2.3.  Transmission Electron Microscope (TEM)

In TEM, the electrons are focused with electromagnetic lenses and
transmitted through the sample to image and analyze the microstructure. The
electron beams are basically accelerated at several hundred kV, producing
wavelength much smaller than that of light. For example, 200 kV of
acceleration voltage produces electron beam with a wavelength of 0.025A. The
resolution of TEM 1s however Ilimited by aberrations inherent in

electromagnetic lenses, which is about 122 A,
2.4. Ultraviolet-visible:Spectroscopy

Absorption of incident radiation by-the ¢€lectrons in materials usually
leads to a high frequency, i.e. low. wavelength, absorption band that can be
observed in the range of 200 to 800 nm. For a solution containing an absorbing
substance, the absorptivity ratio at a fixed wavelength is defined as Io/I, which
is logarithmically related to the concentration of solute (c) and the optical path
length of sample cell (b) according to the Beer Lambert law: Absorbance (A) =

logo (Io/I) = a b ¢, where a is a constant named absorption coefficient.

17



3. Preparation of Se and Ag,Se Nanorods

3.1. Preparation of Se Nanorods:

Following a procedure developed by our group, firstly, 0.082g of SeO,
(0.74 mmole) was dissolved in 9ml of CMC solution (4.0wt%), 1ml of NaOH
solution (Cy; = 1M) was then added with vigorous stirring at room temperature
in water-bath until the solution turned to transparent. After that, 0.03g (0.79
mmole) of NaBH, dissolved in Iml deionized water was added into the above
solution with the rate of 100ul/sec. The mixed solution color changed quickly
from transparent to brick-red, then to brown after 4 hours stirring at room
temperature. This brown solution was then centrifuged at 8000 rpm for 20 min
and washed with deionized water and ethanol to remove remaining ions and
impurities. The washed powder (Se nanorods) was finally dried at 60°C in

vacuum for 6 hours.

3.2. Preparation of Ag,Se Nanorods:

The procedure also followed the one done by our group. First of all,
0.0395g of Se (0.5 mmole) nanorods were re-dispersed in 10ml of deionized
water (A solution). After that, 1.25 mmol of AgNOj; dissolved in 10 ml water

was added into A gradually. The mixed solution was then stirred vigorously at
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room temperature. When the color of solution turned to black after 5 hours, the
experiment was stopped. The product (Ag,Se nanorods) was collected by
centrifugation at 8000 rpm for 10 min and washing with distilled water and

ethanol for several times, then drying at 60°C in vacuum for 6 hours.
4, Preparation of CdSe, ZnSe and Cd,;..Zn,Se Alloyed Nanorods

CdSe, and ZnSe and alloyed Cd,Zn,Se nanorods were produced by
using the cation exchange approach from the as-synthesized Ag,Se nanorods.
0.0147g of Ag,Se nanorods.(0.5x10* mole) were re-dispersed in 10ml of
methanol and put into a three-neck round bottom-flask (solution A). Cd(NO;),
and Zn(NOs), was then dissolved in 40ml of methanol contained 0.5g of PVP
(solution B). The molar ratios of Cd*/Zn*" used in this work are 1:0, 1:1, 1:2,
1:4, 0:1. After that, the solution B was added into the solution A at the
temperature of 65°C. 500ul of TBP solution was injected into the above mixed
solution to proceed with the cation exchange reaction. The experiments were
carried out using reflux system to make sure that the volume of the mixture
solution would not change during the reaction. After the reaction time of 20
hours under vigorously stirring condition, Ag,Se was converted into CdSe

(ZnSe or Cd, Zn,Se alloys) completely. The final products (CdSe, ZnSe, and
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alloyed Cd,«Zn,Se) were collected by centrifugation at 8000 rpm for 5 minutes

and washed with distilled water and methanol for several times.

Scheme 2 illustrates the procedures to synthesize Se, Ag,Se, CdSe, ZnSe

and alloyed Cd,_Zn,Se nanorods as describes above.
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(a) Synthesis of Se Nanorods

x 0.03g NaBH,; +1mL H,O

0.1mL At 25°C; 600rpm; 4 hrs

per 5s Washed with H,0, ethanol

0.082g of SeO, (0.739 mmole)
1.0 ml 1M NaOH
9mL of 4% CMC solution

1 mmol of AgNO;
X 10 ml of H,O

v

Se

Stirring at 25°C, f= 600, t = 5h

Washed with H,0, ethanol

0.5 mmaol of Se nanorods
10 mlof H,O

(c) Synthesis of CdSe, ZnSe and alloyed Cd;Zn,Se nanorods

. B solution:
A solution:

a mmol M(NOs),
0.5g PVP
40mL of methanol

0.05 mmole of Ag,Se
10 mL of methanol

Adding 0.5 mL TBP

>

AgZSe

20) hours

" / At 65°C; 600rpm;
t=(0.5; 1; 3; 5; 10; 15; Cd..ZnSe
-X X

> ZnSe

Scheme 2: Illustration of the procedures to synthesize (a) Se nanorods; (b) Ag,Se nanorods; (c)

CdSe, ZnSe and Cd;_xZn,Se alloyed nanorods.
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5. Photocurrent Measurement:

A mercury-xenon lamp was used as a light source. The light intensity
was calibrated with a power meter (Rapitech Enterprise Co., Ltd), but no
correction was made for the reflections. The electrochemical cell was under a
flowing nitrogen atmosphere (but without bubbling) to eliminate the influence
of oxygen. Before measurement, the electrolyte solution was bubbled with N,
for 10 min. Photocurrent measurement were carried out in a three-armed cell
with a Pt-gauze counter electrode and an Ag/AgCl electrode as a reference. An
aqueous 0.1 M Na,S solution was used as-an electrolyte in all of the
measurement reported here. FTO substrates that contained various nanorods
were used as working electrodes. Prior to the deposition of nanorods, the FTO-
coated glass (10x10 mm®) was cleaned with ethanol for 15 min sequentially in
an ultrasonic bath. The working electrode was prepared by dropping 10 pL of
Smg/mL of nanorod solution onto FTO-coated glass substrate, respectively. All

measurements were carried out under ambient conditions.
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6. Characterization

The morphology of the products was examined by a FESEM (Jeol, JSM-
6500F) and a TEM. The crystallographic structure of the samples was
investigated with XRD (MAC Science, MXP18) and HRTEM (Philips Tecnali,
F20 G2) operated at 200kV. The composition of the products was obtained by
the energy dispersive X-ray (EDX) Spectrometer from FESEM and TEM. The
photocurrent measurement of nanorods was carried out using
photoelectrochemical approach «as described above. UV-visible absorption
spectra were recorded using a Hitachi U-3900H at room temperature under

ambient atmosphere.
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Il. RESULTS AND DICUSSION
1. Synthesis of Se and Ag,Se Nanorods

Se Nanorods: The FESEM image from Figure 3.1a shows the morphology of
Se nanorods prepared from the reduction of SeO, by NaBH, in the presence of
CMC. The dimension of the as-prepared Se nanorods was about 50-70 nm in
diameter and 500-800 nm in length. The compositional information of nanorods
was then studied by XRD. The corresponding XRD pattern as shown in Figure
3.1c 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. 65-3404). SEM and XRD results confirm the success in

synthesizing Se nanorods with considerably uniform dimensions.

Direct Introduction of Ag+ into Se Nanorods: It should be pointed out that
Ag,Se can be formed through a direct introduction of Ag™ onto Se crystals at

room temperature. The reaction in this process can be shown as follows:
3Se() + 6Ag+ @ + 3H0 > 2Ag:Se () + Ag,Se0;s g + 6L 140

A molar ratio of 2:1 of Ag' to Se nanorods produced pure Ag,Se
nanocrystals. The EDX analysis from Figure 3.1e displays that the chemical

component of the sample consists of Ag and Se. The corresponding atomic
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percentages of Ag and Se are 34.46% and 16.54%, respectively. In addition, all
the XRD peaks taken from Ag,Se sample are in good agreement with the
corresponding reference data of orthorhombic Ag,Se, with the lattice constants

being a=4.33 A°, b=7.06 A°, and ¢ =7.76 A° (JCPDS 24-1041).

On the other hand, the SEM and TEM results in Figures 3.1b, d, f
confirmed that Ag,Se nanocrystals derived from Se nanorods had rod-like
morphology. The diameter and length of Ag,Se nanorods remained unchanged

compared to those from Se nanorods.
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Intensity (a.u.)

Figure 3.1: a) FESEM image of Se nanorods; b), d) Typical FESEM and a high-
magnification FESEM image of Ag,Se nanorods derived from Se nanorods,
respectively; ¢) XRD patterns of Se and Ag,Se nanorods; ¢) SEM-EDX result for
Ag,Se nanorods; f) TEM image of a single Ag,Se nanorod.
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2. Transformation of Ag,Se Nanorods into CdSe, ZnSe and Cd;.Zn,Se

alloyed Nanorods via Cation Exchange Reactions.
2.1. Morphology of Cd;.«Zn,Se Nanocrystals

After placing Ag,Se into the solvent, the reaction could be carried out in
three ways: (1) Simultaneous injection of both precursors; (2) injection of
cadmium precursor followed by injection of zinc precursor; (3) injection in the
reverse order. By using method (1) in our experiment, we showed that the
morphology of the reaction products can be preserved as that of the initial
sample. The prototypical-semiconductor nanocrystal system of Ag,Se reacts
with Cd*", Zn*" ions to yield CdSe, and ZnSe and alloyed Cd,,Zn,Se
nanocrystals by the cation exchange reaction./Figure 3.2 shows the SEM images
of a series of Cd,.1Zn,Se nanorods obtained with varying amounts of zinc and
cadmium precursors, as indicated in Table 3.1. This table also contains the
composition of final products determined by EDX analysis. It is very clear that
the morphology of these alloyed nanorods is similar to that of initial Ag,Se. The
nanorods have diameters of 50-70 nm and lengths can be varied from 500 to
800 nm. Furthermore, we observed in all experiments that the composition of
the Cd,«Zn,Se nanorods is mainly dependent on the amount of Zn*" and Cd*

precursors used and the intrinsic Zn* and Cd** reactivity. It is worth
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mentioning that the Zn>" precursor has lower reactivity, compared to Cd*"

precursor (as inferred in Table 3.1).

Table 3.1: Experimental conditions in the synthesis of Cd;.xZnySe nanorods

Sample No. Composition Cadmium nitrate Zinc nitrate
(x in Cd;xZn,Se) [mmol] [mmol]
1 0 2 0
2 0.35 1 1
3 0.54 0.7 1.4
4 0.61 0.4 1.6
5 1 0 2
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Figure 3.2: FESEM images of a) CdSe, b) CdjesZngssSe, ¢) CdoacZngssSe, d)
Cdo39Zng 61Se, €) ZnSe nanorods. The CdSe, ZnSe and alloyed Cd;_xZn,Se nanorods were
derived from Ag,Se nanorods via cation exchange process. The morphology of nanorods

remained unchanged after the reactions.
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To obtain more details about structures of Cd;_.Zn,Se nanorods, HRTEM
and SAED measurements were exploited. Figures 3.3 and 3.4 show the TEM
images of the CdSe, ZnSe and Cdg¢sZng ;5S¢ nanorods. All of the nanorods
turned out to preserve the initial morphology of the Ag,Se nanorods. The
crystal lattices of the nanorods obtained from HRTEM micrographs can be
indexed as wurtzite structure for both CdSe and ZnSe nanorods. HRTEM
images in Figure 3.3d shows that ZnSe nanorods have interplanar spacing of
0.19 nm, which corresponds to the separation between (110) of the hexagonal
crystal structure. The interplanar spacing of. CdSe nanorods is 0.22 nm,
indicating the separation-between (110) (see Figure 3.3d). For the alloyed
nanorods of Cdy¢sZng3sSe, thetinterplanar spacing was observed as 0.21 nm,

also indicating the separation between (110), as shown in Figure 3.4c.

The HRTEM images in Figures 3.3d, 3.3e and 3.4c show a growth
direction of [110] observed for CdSe, ZnSe and alloyed Cd, ¢sZn¢ 35Se nanorods.
In addition, the dot-pattern of SAED (see the insets of Figures 3.3d, 3.3e and
3.4c¢) reveals the poly-crystallinity of ZnSe nanorods and single-crystallinity of

both CdSe and alloyed Cd, ¢sZn¢ 35Se nanorods, respectively.
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(0-20)

(2-20)

0.22 nm

Figure 3.3: a) and b) TEM images at different magnifications of ZnSe nanorods, ¢c) TEM
image of CdSe nanorods, d) and ¢) HRTEM images and electron diffraction pattern (see

the inset) of ZnSe and CdSe nanorods, respectively.
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s pectrum 18

0.21 nm

Figure 3.4: a) and b) TEM images at different magnifications, c) HRTEM image and
electron diffraction pattern (see the inset), d) EDX spectrum, e) and f) Line-scan EDX
profiles of CdyesZng35Se alloyed nanorods for cadmium (red signal), zinc (green signal),

selenium (blue signal).
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2.2. Crystallographic Structures of Cd;..Zn,Se Nanorods

The XRD patterns of the Cd,(Zn,Se nanorods (x = 0, 0.35, 0.54, 0.61)
shown in Figure 3.5 indicate a complete cation exchange between Ag” and Cd*"
and Zn”". In addition, the three alloyed nanorods all exhibited the hexagonal
crystal structures. The peak positions of three alloyed nanorods are in between
the ones of the corresponding peaks of CdSe and ZnSe. As the composition of
Zn increases, the diffraction peaks gradually shift toward higher 20 regions,

which is indicative of the transformation from the CdSe to the ZnSe lattice.

The CdSe nanorods-were crystallized. in the wurtzite structure with a =
431 A° ¢ =7.02 A° (JCPDS 65-3415). For ZnSe case, the XRD pattern can
also be indexed to the hexagonal phase (wurtzite structure). The lattice

constants are a = 3.99 A°, ¢ = 6.27 A° (JCPDS 89-2940).

A gradual increase in lattice spacing along the axial direction is observed
with the decrease of Zn content in the nanorods (1.9 A° for ZnSe, 2.1 A° for
CdyesZng35Se, and 2.2 A° for CdSe, as determined from HRTEM). This trend
confirms the formation of alloys with homogeneous distribution of ZnSe inside

the CdSe matrix.
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Figure 3.5: XRD patterns of CdyZn;4Se nanorods with different Zn mole
fractions of a) 0, b) 0.35, ¢) 0.54, d) 0.61 and e) 1. The peaks shift toward the

higher angle with the increase of zinc molar ratio from 0 to 1.

The chemical transformations were also characterized using SEM-EDX,
as shown in Figure 3.6. The EDX results indicate a complete replacement of

Ag" by Cd*" and Zn®' ions in the cation exchange reactions. All peaks indexed
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to Ag in Ag,Se nanorods disappeared after the cation exchange reaction, while
peaks assigned to Zn or Cd. The atomic percentages obtained from EDX data
for CdSe were Cd = 17.3% and Se = 17.4%. For ZnSe, the atomic percentages
of Zn and Se were 9.11% and 8.98%, respectively. The atomic ratios of Cd (or
Zn) and Se are almost 1:1. These results are in good accordance with the XRD

analyses mentioned above.

Besides, Figures 3.6 b, ¢, and d show the atomic percentages of Cd, Zn
and Se of the three Cd,_Zn,Se alloyed nanorods. Determination of Cd:Zn ratio
yields x = 0.35, 0. 54, 0.61 ‘with the increase of initial zinc molar ratio as shown

in Table 3.1.

Furthermore, the TEM-EDX analyses shown in Figures 3.4e and 3.4f are
evidences to prove that the Cd,¢sZng355¢ nanorods are alloyed, neither core-
shell structure nor the separation of CdSe and ZnSe nanocrystals. Zinc

composition distributes randomly on the rod.
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Figure 3.6: EDX spectra taken from a) CdSe, b) CdgesZngssSe, ¢) CdossZngssSe, d)

Cdo39Zng 61Se, €) ZnSe nanorods.
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3. The Growth Mechanism of CdSe, ZnSe and Cd;.,Zn,Se Nanorods

In order to perform the cation exchange reactions, the Ag,Se nanorods
were redispersed in methanol, and PVP was added as a stabilizer to prevent any
possible agglomeration during the cation exchange process. We used nitrate
salts as the precursors because they are highly soluble in methanol, the solvent

used for all cation exchange reactions.

In our research, TBP also played an important role because no cation
exchange was observed without TBP. TBP-is believed to be able to bind to both
Ag" ions in the nanorods and Cd’" (or.-Zn®") ions in solution, forming
intermediate complexes. Methanol may act as a ligand, together with TBP, to

form intermediate complexes. 2

In our experiment, the reaction took place right after the injection of TBP.
The color of the resulting solutions was brown for CdSe, yellow for ZnSe, and
brownish yellow for alloyed samples (see Figure 3.7). Furthermore, the
morphology of Cd;,Zn,Se nanorods kept unchanged during the cation
exchange reaction. This is confirmed by FESEM images of CdSe and ZnSe
nanocrystals with different reaction times, as indicated in Figure 3.9 and Figure

3.10, respectively.
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As mentioned above, the Zn>" precursor has lower reactivity than Cd*
precursor. This is also inferred from the change in Ag:Cd molar ratio (in
synthesis of CdSe), Ag:“Cd+Zn” molar ratio (in preparation of three alloyed
nanocrystals), and Ag:Zn molar ratio (for ZnSe case) when the reaction time
increased from 0 to 20 hours (see Figure 3.8 and Table 3.2). In the synthesis of
Cd,;.«Zn,Se nanorods, the reaction rate increases with the increase of cadmium
molar ratio. Besides, the reaction rate in preparation of CdSe is higher than that

of ZnSe and three alloyed nanocrystals.

s 2 T

Figure 3.7: Photograph of water suspensions of Se, Ag,Se, and Cd, ZnSe

nanorods obtained in this study.
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Table 3.2: The variation in molar ratios of Ag/M (M = Cd; Zn; “Cd+Zn”) for nanorods with

the increase of the reaction times.

Molarratio | o g/cq AgPCd+Zn” | Agl’Cd+Zn” | Ag’Cd+Zn” | Ag/Zn
Reaction times (CdSe) (CdysZng35S€e) | (CdgaeZngs4Se€) (Cdy39Zng6,Se) (ZnSe)
0.5 1.87 7.37 5.89 7.7 5.15
1 097 2.09 2.37 4.35 4.29
3 0.19 0.16 0.27 1.18 1.98
5 0.09 0.12 0.12 0.21 0.94
10 0.06 0.09 0.09 0.14 0.16
20 0 0 0 0 0
g
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Figure 3.8: Plots of the change in molar ratios of Ag/Cd, Ag/“Cd +Zn”, Ag/Zn for

nanorods with the increase of reaction times.
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Figure 3.9: FESEM images of CdSe nanorods obtained by cation exchange reaction with
different reaction times from 0.5 hr to 20 hrs. Ag" was completely replaced by Cd*"

precursors after long reaction time (about 20 hours). The morphology of nanorods

remained unchanged.
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Figure 3.10: FESEM images of ZnSe nanorods obtained by cation exchange reaction
with different reaction times from 0.5 hr to 20 hrs. Ag” was completely replaced by Zn**
precursors after long reaction time (about 20 hours). The morphology of nanorods

remained unchanged.
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It has been reported that the effectiveness in cation exchange between
Ag" and Cd*" can be explained based on the crystal structures of Ag,Se and
CdSe. The anion sublattice in Ag,Se (orthorhombic) and CdSe (wurzite) have a
topotactic relationship. The a and b axes of Ag,Se are almost the same as the a
and ¢ axes of CdSe (a=4.33 A°, b =7.06 A° in Ag,Se case, while the lattice
constants of CdSe are a = 4.31 A°, ¢ = 7.02 A°®). This results in matching of
anion positions that further facilitates the in and out diffusion of Ag" and Cd*"
through the lattice, leading to the formation of CdSe without substantial
rearrangement for the Se”, sublattice. However, such topotactic relationship
between the anion sublattices.is not necessarily required in the present nanorod
systems, since ZnSe (wutzite) does not show any topotactic relationship with

either Ag,Se or CdSe.

In this context, the stronger interaction between TBP and Ag" allows the
association of Cd*" with the anion sublattice, leading to the replacement of Ag"
by Cd*". The reverse reaction, that is, the replacement of Cd*" by Ag’, is
spontaneous due to the large difference in solubility between Ag,Se and CdSe

(Ksp = 1x10™* mol/L for Ag,Se and 4x10™> mol/L for CdSe). "

Similarly, ZnSe has Ksp = 1.9 x 10’ which is higher than that of Ag,Se.

On the basis of these numbers, it is expected that the replacement of Ag' by
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Zn*" will not be spontaneous at room temperature, similar to the replacement of
Ag+ by cd*. Therefore, for the synthesis Cd; Zn,Se nanorods, we had to
employ more delicate experimental conditions (i.e., a small amount of TBP
together with heating to 65 °C). The difference in solubility between CdSe and
ZnSe nanocrystal is another factor that affects the result of cation exchange

reaction.

4, Optical Properties of Cdy.xZnySe Nanorods
4.1. UV-vis spectra

The room temperature, UV ‘absorption spectra of CdSe, ZnSe and Cd,.
ZnySe nanorods in water are shown 1n  Figure 3.11. For semiconductor
nanocrystals, the bandgap (E,) 1s an important value for electron transportation.
Generally, the bandgap of semiconductor nanocrystals could be modulated by
controlling the particle size, which has been widely reported. In our research,
the optical absorption edge was determined by the optical absorption method P®

*Tand was derived based on the following equation:

ahv = A(ho - Ep)"?
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Where o is the absorption coefficient, Eg is the bandgap, and A is a
constant. The variation of (ahv)” with photon energy for nanorods is shown and
discussed (see inset of Figure 3.11). Bandgap values were obtained by
extrapolating the intercepts of the plots (straight lines) on the energy axis. For
CdSe and ZnSe nanorods, the bandgap values are 1.75 and 2.58 eV,
respectively, which match well with the literature report. The bandgap energy
of Cd,_Zn,Se nanorods increases from 1.75 to 2.58 eV with the increase in Zn

concentration from 0 to 1, as shown in Table 3.3 (Eg).

This general trend is in agreement with that obtained by Kolomiets and
Ling ! who established an empirical second-order function to describe the

nonlinear evolution of the bandgap with composition in the bulk alloy.
Egpu(x) = 1.74 + (0.89 — 0.75)x + 0.75x> (1)

On the other hand, in bulk materials, the dependence of E, on x is also
determined by equation 2, where Eig,w is the bulk band gap for i = ZnSe, Cd;.

Zn,Se or CdSe and b is the bowing parameter (for Cd,_Zn,Se, b = 0.35). [(24]

EalloygjoO _ ECdSeg,Oo(l -X) + EZnSeg’OO(X) _ bX(l'X) (2)
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As anticipated, the bandgap energies (E,) of the Cd;«Zn.Se nanorods in
both cases are between those of the CdSe and ZnSe. The bandgap values based

on eq. 1 and eq. 2 are Ey; and Ey, as revealed in Table 3.3, respectively.

15
—CidSe
_C{II].HE“I].HSE
10 -
3
LA
@
o
c
L]
.
| .
o
2 05 -
L]
5
" zshv[evl E)
0.0 T 1 T T Ll 1 " 1 ' 1
200 400 500 §00 700 S00

wavelength {nm)

Figure 3.11: Absorption spectra of Cd;.xZn,Se nanorods with different Zn/Cd molar

ratios. Bandgap values were obtained by extrapolating the linear region in plots of

(ahv)? vs. photon energy (see inset of the figure).
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Table 3.3: The bandgaps for Cd;_xZnsSe nanorods calculated by different methods

Initial Cd**/Zn*" molar ratio | Final products Egi [eV] (1) | Ex[eV](2) Eg [eV](3)
1:0 CdSe 1.74 1.74 1.75
1:1 Cdo.65Zng 35Se 1.88 1.96 1.99
1:2 Cdo 46Zng 54Se 2.03 2.12 2.07
1:4 Cdo39Zng61Se 2.1 2.19 2.18
0:1 ZnSe 2.61 2.61 2.55
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4.2. Photoconductivity

Figure 3.12a shows the photocurrent generation of Cd;Zn,Se (x = 0,
0.35, 0.54, 0.61, 1) nanorods subjected to the on/off cycle of white light
illumination. One can see that the nanorods can be reversibly switched between
the low and the high conductivity state. As shown in the Figure 3.12a, a steady
photocurrent was produced in CdSe, ZnSe and three Cd, Zn,Se samples when
the irradiation was switched on and the current returned approximately to the

baseline when the light was switched off.

The on/off ratio, which 1s defined as the current under the irradiation over
the dark current, is also presented in the Figure 3.12b as a function of the
illuminated time. CdSe sample shows the highest on/off ratio (approximately
7.12), the next come to Cdgg¢sZng3sSe, CdyasZngssSe, CdosoZngeSe samples
with the on/off ratio of about 5.74, 2.20, 2.04, respectively; and the lowest one
belongs to ZnSe (~1.46). As we know, the photocurrent derives mainly from
electron-hole pair excited by incident light with energy larger than the bandgap,
that is, only light with enough energy is able to induce a significant increase in
current. In addition, energy of a phonon in excess of the semiconductor’s
bandgap (hv > E,) is efficiently converted to heat through electron and hole

interactions with the crystal lattice, resulting in larger electron and hole
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mobility and contributing a higher conductivity. In our experiment, the
wavelength of the incident light is from 400 to 800 nm. The electron-hole pair
of CdSe (bandgap of 1.74 eV) can be excited by the light with the wavelength
less than 710 nm. It means that most of the incident light can be used to excite
and mobilize electron and hole in CdSe nanorods, resulting in higher
photoconductivity as compared to alloyed Cd,Zn,Se (x = 0.35, 0.54, 0.61, 1.74

eV <bandgap< 2.61 eV) and ZnSe (bandgap of 2.61 eV).

On the other hand, the reaction rate .in CdSe case is higher than three
alloys and ZnSe as mentioned above. This produced more defects in CdSe
nanorods which lead to the retardation of electron-hole recombination.

Therefore, the photocurrent in CdSe is higher than the alloys and ZnSe.
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Figure 3.12: a) Photocurrent generation of CdSe, CdyesZng35Se, CdgaeZngs4Se, CdoszeZnge1Se,

and ZnSe nanorods. b) Plots of on/off ratio as a function of time for the five nanorod samples.
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V. CONCLUSIONS AND PERSPECTIVE

Overall, we have demonstrated the use of cation exchange as a general
and effective approach to synthesize Cd;Zn,Se nanorods. The mechanism of

their formation were studied and discussed.

This work focused on the synthesis of Cd;Zn,Se nanorods via the
cation exchange between the Ag" in Ag,Se and the M** (M = Cd, or Zn) in
solution. All the products showed monodispersity in size, smooth surface, and
rod-like shape. In these systems, the reaction of Ag,Se> Cd; Zn,Se is
intrinsically non-spontaneous at room temperature because of the large
difference in solubility. As a result, the cation replacement relied on the use of
TBP as a catalyst and elevation of temperature. Our results show that a
topotactic relationiship between the anion sublattices was not a prerequisite for
cation replacement, since ZnSe does not show any topotactic relationship with

AgZSe.

Cd;«Zn,Se nanorods were synthesized and their photoconducting
capability was demonstrated. Cd;Zn,Se nanorods were found to be perfectly
alloyed in the entire range of Zn composition we applied. Photocurrents
dramatically decreased when the zinc composition increases in alloyed samples.

In on-off switching operations, the CdSe sample was found to have better
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photoresponse than ZnSe and the alloyed ones. The present results demonstrate
that Cd,Zn,Se alloyed nanorods can be practically applicable to relevant
photodetectors that may cover almost full range of visible spectrum of light

extending from blue to red.

As a final note, it is feasible to use cation exchange reactions to
significantly expand the scope of II-VI semiconductor nanorods, for example,
PbSe nanorods. We expect that this method can be extended to synthesize high-

quality alloyed nanorods of other:materials:
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