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ABSTRACT
TOWARDS DEPOSITION OF IRON AND NICKEL ONTO CADMIUM SELENIDE/CADMIUM SULFIDE

NANORODS

Metal-semiconductor hybrids have been studied extensively as photocatalysts for the water-
splitting reaction to generate hydrogen gas and oxygen gas to use as a renewable energy source.
The semiconductor component converts light into electrochemical energy, while the metal
component provides a site for chemical reactions with water. Here, the choice of metal can have
a significant impact on the efficiency of the catalyst. Platinum efficiently catalyzes the water-
splitting reaction and is therefore commonly used in metal-semiconductor hybrids to generate
hydrogen. Platinum is very expensive, which motivates research into improving less costly metals
like iron or nickel that do not have nearly the catalytic performance of platinum. Recent results
have shown that iron and nickel can be combined into structures with oxygen that behave
similarly to platinum as catalysts for water-splitting on electrodes, but these materials have not
been tested as replacements for platinum in metal-semiconductor photocatalysts. This thesis will
describe our work toward synthesizing metal-semiconductor hybrids using iron and nickel to

replace platinum.

Keywords: [water splitting, photocatalyst, electrode, semiconductor ]
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Chapter 1. Introduction and overview of water splitting

Fossil fuels like coal, oil, and gas are exhaustible and produce different kinds of greenhouse gases
such as carbon dioxide.! Hydropower, solar energy, wind energy, and bioenergy are common
sources of renewable energy derived from inexhaustible natural sources.>3 One approach is to
harvest solar energy by photocatalysis to obtain hydrogen gas from water, where hydrogen is a
renewable fuel that produces no carbon dioxide when consumed. These photocatalysts
frequently use platinum to facilitate hydrogen production, and in our research, we are trying to
develop a new photocatalyst where we replace platinum with more abundant metals like iron
and nickel. This chapter will introduce the concept of water splitting to produce hydrogen gas as
well as design features of photocatalysts relevant to this project.

Water splitting is a chemical reaction where the water breaks down into oxygen and hydrogen,

the latter of which can be a source of renewable energy.*

2H20 —— 2H2 + 02

OER half reaction: 4OH" —» 4e+2H,0+0,

HER half reaction: 2H,0 + 4 ——» 40H + 2H,
The water splitting reaction is a combination of two half reactions. One half reaction is the
hydrogen evolution reaction (HER) and the other half reaction is the oxygen evolution reaction
(OER). Water is reduced to hydrogen in the hydrogen evolution reaction (HER) and oxidized to
oxygen in the oxygen evolution reaction (OER).
The water splitting reaction requires a standard Gibbs free energy of 237 kJ/mol.> This is the
minimum energy theoretically required to get hydrogen from the water splitting reaction, while

the rate of water splitting is controlled by the kinetic barrier determined by the reaction

1



conditions. Catalysts are used to lower the activation energy required for water splitting (Figure
1.1). Hydrogen can be produced from water by electrochemical or photocatalytic means, as

described in the following sections.

E. 2H20—)2H2+02
r'y

Transition state

E, (uncat.)

2H, + O,

AE,,

(AG = 237
kcal/mol > 0)

>

Reaction progress

Figure 1.1 A reaction coordinate diagram for water splitting reaction. The water splitting
reaction is an uphill reaction. It shows the presence of a catalyst (red line) in the reaction lower
the activation energy compared to a reaction without a catalyst (black line). This figure is
reproduced from reference 4.

1.1 Electrochemical water splitting

Electrochemical water splitting is one of the approaches to produce hydrogen and oxygen.
Electrochemical water splitting is conducted using an electrochemical cell which consists of two
electrodes (anode and cathode) that relate to the electrical power source (Figure 1.2). An
oxidation reaction takes place at the anode generating oxygen gas and electrons, and then a
reduction reaction takes place between hydrogen cations and electrons from the cathode to form

hydrogen gas. Here, the electrodes can incorporate catalysts to lower the voltage required to

achieve water splitting.



2 — :
—~V
o @0 o|®
H
® 2 ®:H; O
O
4e +2H,0+0, e WE2H,0
o
Q
=
()
40H = 40H +2H, ®
Anode Cathode

Figure 1.2 A schematic diagram of electrochemical water splitting in an alkaline solution. An
electrochemical cell consists of two electrodes (anode and cathode) connected to an external
power supply. Oxidation reaction takes place at the anode and produces oxygen while reduction
reaction happens at the cathode and generates hydrogen.

The hydrogen evolution reaction (HER) commonly uses platinum-based electrodes due to the
lowest overpotential of platinum among all metals, while Ir/Ru-based compounds are utilized for
oxygen evolution reaction (OER).® Other noble metals like Pd, Ru, and Rh can also act as catalysts
in hydrogen evolution reactions (HER), but they are not cost-effective and are less abundant on
Earth.* To replace these noble metals, researchers have developed electrocatalysts based on
metal oxides, non-noble metal alloys, metal sulfides, carbides, and phosphides for HER.® 7 Ni(OH),

decorated platinum surface shows enhanced hydrogen production compared to bare platinum.®

Recently, it was reported that Ni-Fe nanoparticles with nickel-iron oxide interface demonstrated
catalytic performance comparable with platinum on carbon catalyst for electrochemical water
splitting reaction.® Figure 1.3 shows the formation of Ni-Fe nanoparticles through oleate-assisted
micelle formation and a schematic presentation of Ni and Fe nanoparticles. The enhancement of

hydrogen production is caused by the coupling effect between the iron oxide and nickel at the



interface.’ The surface area to volume ratio for nanoparticles influences the properties of the
material. The surface area to volume ratio increases when the size of particles is decreased. It
means that for a certain volume when the particles are smaller specific surface area increased
compared to bulk materials due to this Ni-Fe nanoparticle with nickel and iron oxide interface

facilitating the electrochemical water splitting reaction.

. Ni-O-Fe bridge
Hexane N ) ,/ 5
Precursor mixture A ’
(aqueous) / // v’\/ @/
o /
Pha 3o !
se P> Thermal IFeOx
transfer reduction 1
o~ \
)
,/ o’ \\
¢ \
\

@O Ni Fe ®o OH
Figure 1.3 Formation of Ni-Fe nanoparticles through oleate-assisted micelle formation and
schematic presentation of Ni and Fe nanoparticles. This figure was reproduced from reference 9.

1.2 Photocatalytic water splitting

A photoelectrochemical water splitting by using an electrochemical cell with Pt/TiO; electrode
was reported by Akira Fujishima and Keinchi Honda in 1972 (Figure 1.4).1%11 When the surface of
TiO2 was irradiated with light, current flow was recorded. The direction of current flow was
platinum electrode to TiO: electrode through the external circuit where OER occurs at the TiO2

electrode while HER occurs at the platinum electrode.!



Potentiostat
CE Ref WE

V.

Figure 1.4 A schematic electrochemical cell for photoelectrochemical water splitting using a
TiO2 semiconductor photoanode working electrode (WE) with a platinum counter electrode
(CE), and reference electrode. This figure is reproduced from reference 10.

Photocatalytic water splitting is favorable when the photocatalyst has a more negative
conduction band edge than the redox potential of H*/H, (0 V vs. NHE, pH=0) and a more

positive valence band edge than the redox potential of 02/H20 (1.23 V vs. NHE, pH=0).%?

«2.0 7
1.0 ZrO, Cas GaP
“~ CdSe Si
KTaO; SeTi0; .
0 ~4» > >—— ::71— - > - > S MoS, H'H,
HIEIEIEIE =l x| 2| Z| 5[ 4 Ee05
v - - - —- - ~ - K 4
w ~ =
1.0 i
£10 > 3 {-om0
: e 1
2.0~ o~
e
3.0 - . r A 7
40~ 7»

Figure 1.5 Bandgap, valence band, and conduction band of different semiconductors on a
potential scale (v) versus the normal hydrogen electrode (NHE). This figure is reproduced from
reference 13.



Photocatalytic hydrogen production depends on light harvesting. Figure 1.5 shows the band gaps
of different semiconductors with redox potentials.'®> Wide bandgap semiconductors like TiO>
harvest light from the ultraviolet region to get photocatalytic hydrogen. This small portion of light
harvesting compared to the full range solar spectrum is one of the limitations of these wide
bandgap semiconductors. Elemental doping, surface sensitization, and heterojunction structure
construction are different approaches to utilizing the visible range light for photocatalytic
hydrogen production.4

The activity of a photocatalyst also depends on the separation of photogenerated charges. In
photocatalytic water splitting, a semiconductor absorbs light to generate electron-hole pairs.
Then charge separation and migration to the surface of the photocatalyst occurs and electrons
and holes react with water and produce hydrogen and oxygen. Electron/hole recombination in

photocatalytic water splitting reaction can limit the photocatalytic activity of a photocatalyst.

The photocatalytic activity of a photocatalyst is limited by electron hole recombination. The
transfer of photogenerated charges to the surface of a photocatalyst or their recombination is
influenced by crystal size, surface properties, and structural defects. By altering the size,
composition, and shape of nanoscale semiconductor materials, their properties can be changed
from those of bulk materials.’> Nanomaterials of suitable band gap energy can be achieved by
changing their size and changing their solar light harvesting performance relative to bulk
materials.’> The surface area of semiconductor photocatalysts made from nanomaterials is
another important feature. The number of surface atoms per unit mass increases when the size

of the material is decreased. Additionally, photocatalytic activity is enhanced by surface



roughness, which increases the specific surface area and provides more active sites for

photocatalytic reactions.®

1.2.1 Metal-semiconductor heterojunctions

Metal-metal alloys, metal oxides, metal sulfides, and metal nitrides are attached to
semiconductors to get metal-semiconductor heterojunction materials that enhance light
absorption, limit electron-hole recombination rate, and change electronic properties. A cartoon
representation of these metal-semiconductor heterojunctions is shown in Figure 1.6-A.% In these
materials, electrons promoted to the conduction band of the semiconductor can migrate to the
metal-semiconductor interface where the electron can transfer from the higher energy
conduction band of the semiconductor to the available lower energy states of the metal.
Recombination of the electron and hole within the semiconductor is also possible, and the
efficiency of these catalysts is influenced by the relative rates of recombination versus electron

transfer to the metal cocatalyst.

Metal-Semiconductor Metal-Semiconductor-Semiconductor

Semiconductor B

H,

L H*

' Reduction Reduction

H,
(0]
H,0 wemmy 2
—_— Oxidation
Oxidation
) H,0
0, Semiconductor Semiconductor A

Figure 1.6. A schematic representation of A) metal-semiconductor heterojunction, and B) metal-

semiconductor-semiconductor heterojunction.



Materials with both semiconductor-semiconductor heterojunctions and metal-semiconductor
heterojunctions have also been investigated as photocatalysts that benefit from additional
charge separation by driving the holes to the semiconductor having the higher energy valence
band edge, while the electrons migrate to the other semiconductor followed by the metal
cocatalyst (Figure 1.6-B). This additional spatial separation of charges helps to limit electron/hole
recombination which can increase light harvesting efficiency.?!

Platinum is one of the most common metals used for metal-semiconductor heterojunction
materials due to platinum helps to trap electrons from the semiconductor’s conduction band
which limits electron-hole recombination and enhances the light harvesting efficiency.® It was
reported that platinum decorated titanium dioxide acts as a photocatalyst, and TiO2
nanoparticles decorated with platinum produced roughly double the amount of hydrogen from
water compared to bare titanium dioxide under the same illumination conditions.'® This
performance from platinum decorated titanium dioxide is due to electrons being transferred
from titanium oxide to platinum where hydrogen cations are reduced to hydrogen gas. Platinum
enhances photocatalytic activity compared to bare semiconductors, but limited availability and
high cost limit the application of materials that use platinum. One way to overcome this challenge
is to increase the surface to a bulk atomic ratio of metal without reducing the metal loading to
the material, incorporating non-noble metals to replace or supplement platinum on the
photocatalysts.

The CdS semiconductor has the potential to function as a photocatalyst for water splitting
reactions due to its suitable band gap, electron affinity, and responsiveness to visible light.4

However, its photocatalytic activity is limited by photo corrosion and aggregation. To enhance its



performance, different methods such as introducing metal cocatalysts onto CdS, controlling
particle size, and attaching CdS with other semiconductors can be employed.® The introduction
of metal cocatalysts helps to decrease electron-hole recombination and acts as a reaction site for
the reduction of water. Research has shown that noble metals like Pt, Pd, Au, Ag, and Rh-loaded
onto CdS semiconductors perform better as photocatalysts than bare CdS semiconductors.*® For
instance, loading Pt onto CdS can increase photocatalytic hydrogen production by up to 20
times.’® A new photocatalyst with low loading of Pt (0.30%) and PdS (0.13%) as cocatalyst to CdS
has also been developed, achieving quantum efficiency of up to 93%.'° Recent efforts have
focused on developing low-cost photocatalysts by attaching non-noble metals. For example, CdS
nanosphere with NiS quantum dots produces 24 times more hydrogen gas than a pure CdS
nanosphere due to the incorporation of NiS quantum dots, which reduces the rate of electron

hole recombination by separating photogenerated charge carriers.?°

Amirav et al designed a metal-semiconductor-semiconductor heterojunction, Pt tipped CdS
nanorods with CdSe seed.?? The metal present in the metal-semiconductor heterojunction
facilitates photogenerated charge separation and acts as a reaction site for hydrogen evolution
reaction but still faces electron hole recombination. In the new photocatalyst, holes are confined
in the CdSe seeds, and electrons reside in the metal. In this system, electrons are separated from
holes by three components which limit electron hole recombination (Figure 1.7-A). By controlling
the length of CdS and diameter of CdS seed different photocatalyst were synthesized and
compared their performance for hydrogen production. It was observed that 70 nm long CdS
nanorods perform as a better photocatalyst compared to 27 nm long nanorods when the

diameter of the CdSe seed was 3.1 nm (Figure 1.7-B). A similar trend was observed when the



CdSe seed diameter was 2.3 nm with the different lengths of CdS rods. It was reported that
photocatalysts with a smaller seed diameter with comparable lengths produce greater amounts
of hydrogen than other photocatalysts. CdSe seed with a smaller diameter facilitates charge
separation efficiently compared to a larger seed because when the diameter increased band gap
will increase and limits the rate of electron hole recombination while longer CdS helps to spatially

separate two half reactions of water splitting reaction further apart.

e

Pt

Relative QE for H2 Production

CdSe

60nm 20nm 27nm 40nm 70nm 60nm
Samples of Pt-tipped Seeded and Unseeded Rods

Cds

Figure 1.7 A) A schematic representation of charge separation by three component system Pt
tipped CdS rod with CdSe seed. B) relative quantum efficiency of hydrogen production for Pt
tipped CdS rods without CdSe seed(yellow) and five other samples with different rod lengths and
seed diameters. The X-axis represents relative quantum efficiency while the Y-axis represents the
average length of the CdS rods. This figure is reproduced from reference 22.

1.3 Overview of research

In our research, we are trying to use the finding of the Suryanto et al paper that Ni-Fe
nanoparticles can replace platinum in electrochemical water splitting reactions and apply this

idea to photocatalysts that use platinum cocatalysts.’ Amirav et al developed a photocatalyst, Pt-

tipped CdS nanorods with CdSe seed.?? It was reported that platinum tipped CdS nanorods with

10



CdSe seed acts as a photocatalyst and produces a greater amount of hydrogen gas compared to
bare CdS nanorods due to holes confined into CdSe seed and electrons being transferred to metal
and reducing the electron-hole recombination.” The presence of seed onto CdS nanorods
increases the stability of heterostructure semiconductors by reducing photo erosion.

Our research goal is to replace platinum with iron, nickel, or both on CdSe/CdS nanorods and
develop a new photocatalyst for water splitting as shown in Figure 1.8.

In this thesis, we are focused on the synthesis of CdSe/CdS nanorods and metal decoration using
two different approaches, reducing metal salts at high temperature (polyol reduction) and
photodeposition. First, we synthesized CdSe quantum dots which were then used to synthesize
CdSe/CdS nanorods. Synthesis and characterization of CdSe quantum dots and CdSe/CdS
nanorods are described in Chapter 3 and Chapter 4 respectively. Then we tried to deposit
platinum, iron, and nickel onto CdSe/CdS nanorods by two different methods which are described
in Chapter 5. Optical emission spectroscopy and electron microscopy were used to learn about
the composition and morphology of different metal decorated nanorods. The complete
photocatalyst proposed has not yet been synthesized, and these materials will need further

development before conducting photocatalytic water splitting experiments.

B K

CdO, sulf Metal™*(acac) Platinum,
selenium , sulfur . platinu
solvents solvents @ i) high temp_’erature .? e

ligands ~ Cdse “83”(15/ or
CdSe —/ ii) photochemical LB

Figure 1.8 Overview of materials described in this thesis. CdSe quantum dots (chapter 3),
CdSe/CdS nanorods (chapter 4), and metal co-catalyst semiconductor hybrid photocatalyst which
can be achieved by two different synthetic routes (chapter 5).
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Chapter 2. Experimental

In this chapter, the procedure for the synthesis of CdSe quantum dots, CdSe/CdS nanorods, and
metal deposition onto CdSe/CdS nanorods are described. Materials and instruments which were
used in the different experiments are also described in this chapter.

Table 1. Definitions of abbreviations used in this thesis.

Chemicals Abbreviations
octadecylphosphonic acid ODPA
trioctylphosphine TOP
trioctylphosphine oxide TOPO
hexylphosphonic acid HPA
metal acetylacetonate Metal"*(acac)n
oleic acid OLAC
oleylamine OLAM
1,2-hexadecanediol HDD
diphenyl ether DPE
dichlorobenzene DCB
TEM Transmission electron microscopy
HAADF High angle annular dark-field imaging
STEM Scanning transmission electron microscopy
ICP Inductively coupled plasma
OES Optical emission spectroscopy
2.1 Materials

Cadmium oxide, trioctylphosphine oxide, trioctylphosphine, selenium, toluene, octadecene,
hexylphosphonic acid, oleic acid, diphenyl ether, 1,2-hexadecanediol, platinum(ll)
acetylacetonate, nickel(ll) acetylacetonate, iron(lll) acetylacetonate, oleylamine and 1,2-
dichlorobenzene were purchased from Sigma Aldrich and octadecylphosphonic acid was
purchased from Synthonix. Calibration standard solutions of cadmium, iron, nickel, and platinum

were purchased from Inorganic Ventures. All chemicals were used without further purification.
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2.2 Synthesis

2.2.1 Procedure for synthesis of CdSe quantum dots
CdSe quantum dots capped with phosphonic acid ligands were prepared by hot injection as
previously reported.3?

TOP: Se stock solution

A stock solution of selenium dissolved in trioctylphosphine (TOP) was prepared under argon for
later use. Selenium powder (1.398 g) was weighed into a 20 mL scintillation vial with a stir bar
and sealed tightly with a septum that was secured to the vial with duct tape. The gases in the vial
were evacuated under reduced pressure and the headspace was filled with argon (3 cycles)
before adding trioctylphosphine (10.0 mL) under an argon atmosphere. The mixture was stirred
overnight until the solids dissolved, ensuring that the contents of the vial did not contact the
septum.

Cadmium complexation

Cadmium oxide (0.180 g), trioctylphosphine oxide (TOPO) (9.000 g), and octadecylphosphonic
acid (ODPA) (0.840 g) were loaded into a three-neck round-bottom flask containing a stir bar,
fitted with a reflux condenser and a temperature probe, and the remaining neck was sealed with
a septum. Then, the gently stirred mixture was placed under a vacuum and heated to 150 °C for
20 minutes followed by filling the headspace of the flask with argon and the mixture was heated
to 300 °C with vigorous stirring and held at this temperature until a clear/colorless solution was

observed.
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Hot injection of TOP: Se

Trioctylphosphine (5.5 mL) was injected, and the solution was heated to 380 °C. The heating
mantle was carefully removed from beneath the flask and the stirring was allowed to stabilize
briefly before the trioctylphosphine/selenium stock solution (1.2 mL) was quickly injected into
the vigorously stirring mixture under argon. After 12 seconds from the time of injection, 1-
octadecene (15.0 mL) was injected slowly to quench the reaction, and toluene (15.0 mL) was
added after cooling to approximately 100 °C to prevent the solidification of the mixture at room
temperature.

Purification

After cooling to room temperature, the crude product was transferred to two 50 mL centrifuge
tubes and each tube was diluted to approximately 48 mL with ethanol to precipitate the particles.
The dispersions were centrifuged for 7 minutes at 7000 rpm, and the supernatants were
decanted. The pellets were dispersed in 15 mL toluene each, diluted to approximately 48 mL with
ethanol, and centrifuged for 7 minutes at 7000 rpm, and supernatants were decanted. The pellets
are dispersed in toluene and precipitated with ethanol once more followed by centrifugation as
above. The pellets obtained from the third centrifugation cycle were transferred to a tared vial
with dichloromethane and then dichloromethane was evaporated under reduced pressure and
the resulting solids were dried under vacuum at 60 °C for up to 2 days. The yield of CdSe quantum

dots for Sample A and Sample B were 0.098 g and 0.130 g respectively.

2.2.2 Synthesis for the procedure of CdSe/CdS nanorods
The procedure for the growth of CdS shells around the CdSe quantum dots synthesis was adopted

from the literature.?
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TOP:S and CdSe QDs stock solution

The trioctylphosphine (TOP), sulfur, and CdSe quantum dots stock solution were prepared for
later use by the addition of elemental sulfur powder (0.500 g) and CdSe quantum dots (0.080 g)
in a 20 mL scintillation vial with a stir bar, and then sealing a septum tightly with duct tape,
evacuating air, and filling with argon. Trioctylphosphine (TOP) (15 mL) was then injected under
argon and the solution was stirred overnight.

Cadmium Complexation

Cadmium oxide (0.32 g), trioctylphosphine oxide (TOP) (12.00 g), octadecylphosphonic acid
(ODPA) (1.12 g), and hexylphosphonic acid (HPA) (0.32 g) were loaded into a three-neck round-
bottom flask with a stir bar, fitted with a reflux condenser, a temperature probe was connected,
and the remaining neck was sealed with a septum. The mixture was then placed under a vacuum
and was heated to 150 °C for 30 minutes while stirring at 300 rpm. The headspace of the flask
was then filled with argon and the mixture was heated to 320 °C and held at this temperature
until the formation of a clear/colorless solution.

Hot injection

Trioctylphosphine (TOP) (7.20 mL) was injected, and the solution was held at 320 °C for an
additional 20 minutes. Then the solution was heated to 380 °C and the trioctylphosphine (TOP),
sulfur, and CdSe quantum dots stock solution (7.20 mL) was injected quickly, and the
temperature was held at approximately 350 °C for 6 minutes before removing the heating
mantle. Toluene (20 mL) was then slowly added after cooling to approximately 150 °C to prevent

solidification of the mixture at room temperature.
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Purification

After cooling to room temperature, the crude product was transferred to four 50 mL centrifuge
tubes, each tube was diluted to 27 mL with toluene, and then diluted to approximately 48 mL
with ethanol to precipitate the particles. The dispersions were shaken to mix, centrifuged for 7
minutes at 7000 rpm and the supernatants were decanted. The above pellets were dispersed in
22 mL toluene each, diluted to approximately 48 mL with ethanol, shaken to mix, centrifuged for
7 minutes at 7000 rpm, and the supernatants were again decanted. The above pellets were
dispersed in 12 mL toluene each, diluted to approximately 48 mL with ethanol, shaken to mix,
and centrifuged for 10 minutes at 7000 rpm before the supernatants were decanted. The pellets
obtained from the third centrifugation cycle were transferred to a tared vial with
dichloromethane and a small (0.1 mL) sample was taken for TEM imaging before the
dichloromethane was evaporated from the pellet under reduced pressure and the resulting solids
were dried under vacuum at 60 °C for up to 2 days. The yield of CdSe/CdS nanorods was 0.077 g
and 0.155 g respectively for Sample A and Sample B synthesis experiments. The small aliquot

taken for TEM was dispersed in toluene (1.0 mL) in a small vial and cast onto a TEM grid.

2.2.3 Procedure using polyol reduction for metal decoration onto CdSe/CdS nanorods
The synthesis procedure for platinum decoration onto CdSe/CdS by polyol reduction was
reported previously.?* This procedure was applied to iron and nickel as described below.

Reducing agent and solvent

Oleic acid (OLAC, 0.1 mL), oleylamine (OLAM, 0.1 mL), 1,2-hexadecanediol (HDD, 0.021 g), and

diphenyl ether (DPE, 5.0 mL) were loaded into a 50 mL three-neck-round bottom equipped with
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a reflux condenser and 1-inch stir bar. The reaction mixture was then heated to 80 °C under
vacuum for 30 min at 300 RPM using a heating mantle.

Metal precursor and nanorods dispersion

Metal acetylacetonate (metal™(acac),, 0.031 mmol as metal) and CdSe/CdS nanorods (0.012 g)
were added to a 20 mL vial and dispersed in 1,2-dichlorobenzene (DCB, 1.5 mL) by vortex mixing
followed by sonication for at least 30 minutes just before injection.

Hot injection

The reaction mixture was then heated to 225 °C under argon before injecting the platinum
precursor and nanorods dispersion, and the reaction mixture was maintained at 225°C under
argon gas flow for 8 minutes. After 8 minutes the reaction had turned completely black and was
removed from the heating mantle. Toluene (10.0 mL) was injected upon cooling to below 100°C.
Purification

The crude sample was transferred to a centrifuge tube (50 mL) and diluted to 35 mL with toluene.
The solution was precipitated with the addition of ethanol (10.0 mL). Then the solution was
centrifuged at 2500 rpm for 12 minutes. The supernatant was decanted, and the pellet was
dispersed in toluene (35.0 mL) before adding ethanol (10.0 mL) to the centrifuge tube. Then the
solution was centrifuged again at 2500 rpm for 12 minutes. The pellet was transferred to a tared
vial using dichloromethane and a small (0.1 mL) sample was taken for TEM imaging before the
dichloromethane was evaporated from the pellet under reduced pressure and the resulting solids
were dried under vacuum at 55 °C overnight. The small aliquot taken for TEM was dispersed in

toluene (1.0 mL) in a small vial and cast onto a TEM grid.
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2.2.4 Procedure for photodeposition of metals onto CdSe/CdS nanorods

The synthesis procedure of platinum decoration via photodeposition was reported

previously,>2® and this procedure was applied to iron and nickel as described below.

CdSe/CdS nanorods and metal precursor solution

CdSe/CdS nanorods (0.005 g) were dispersed in toluene (4.5 mL) containing triethylamine (0.5
mL) and metal acetylacetonate (metal™(acac)n, 0.038 mmol as metal) in a photocatalytic reaction
cell with a stir bar. Then the solution was sparged with nitrogen gas for 15 minutes.

Light irradiation

The reaction cell was sealed with a lid and irradiated with a xenon arc lamp and placed directly
in contact with the reaction cell for four hours with continuous stirring at 300 rpm.

Purification

The solution was divided between two 15 mL centrifuge tubes and each tube was diluted to 15
mL with ethanol. Centrifugation at 2500 rpm for 12 minutes afforded a black pellet which was
retained and a clear supernatant which was discarded. The pellets were dispersed in toluene and
precipitated with ethanol followed by centrifugation as above. The pellets obtained after four
centrifugation cycles are dispersed in toluene and stored in a 20 mL sealed vial.

2.2 UV-vis spectroscopy

A Shimadzu UV-2600 UV-vis spectrophotometer was used to obtain UV-vis spectra. The samples
were scanned with a wavelength range of 300 nm to 800 nm when the slit width was 2 nm. The

spectrophotometer was set to its slowest speed with 2 nm increments using absorbance
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measuring mode, and samples were held in a 0.5 mL quartz cuvette. The spectrometer was

blanked using toluene and samples were dispersed in toluene.

2.3 Fluorescence spectroscopy

A PerkinElmer FL 6500 fluorescence spectrophotometer was used to get the emission spectrum.
The instrument was operated at 100 Hz frequency when the slit width was 5 nm. Emission spectra
were collected by using fluorescence light source mode. Samples were held in a 0.5 mL quartz
cuvette. An excitation wavelength was selected for each sample and scanned with a wavelength
range of 300 nm to 900 nm depending on which excitation wavelength was used for the sample.
Toluene was used for background correction of the instrument. All samples were dispersed in

toluene and then emission spectra were collected.

2.4 Transmission electron microscope (WKU)

A JEOL 1400Plus transmission electron microscope was used to image synthesized particles for
TEM imaging. A voltage setting of 100kv was used for imaging. The magnification of the images
ranged from 100x to 250000x. A lanthanum hexaboride (LaB6) filament was used. AMT camera

engine software was used to collect images of the sample.

Two different types of TEM grids were used for TEM imaging. The tabbed center-marked grids
with 200 mesh, and 3.0mm O.D with copper support were purchased from Ted Pella. Carbon-
coated mica was collected from WKU Electron Microscopy Lab. A small portion of mica cut which
was approximately the same size as the TEM grids. Then it was placed on a droplet of water. It
was found a thin film of carbon floated on the water droplet when mica sank to the bottom of
the water because mica is hydrophilic, and carbon is hydrophobic. The copper grid was placed
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into the water droplet and under the carbon film. Then the copper grid was lifted with carbon
film so that the surface of the grid became carbon coated. The copper grid was placed on filter
paper to dry before samples were cast onto the grid. Another type of TEM grid was used which
was a lacey carbon grid with 300 mesh, and grid hole size: 63um copper supported purchased

from Ted Pella. Samples were dried at 100 overnight under a vacuum to evaporate toluene.

Imagel) software was used to measure the average length and diameter of the CdSe quantum
dots, CdSe/CdS nanorods, and different metal decorated nanorods.?’ Size distributions were

determined by measuring the dimensions of at least 100 particles for each sample.

2.5 Transmission electron microscope (UK)

A Thermo Scientific™ Talos™ F200X TEM operating at 200 kV accelerating voltage equipped with
a 16M pixel 4k x 4k CMOS camera was used to collect HAADF and EDS images. TEM grid was used
which was a lacey carbon grid with 300 mesh, and grid hole size: 63um copper supported
purchased from Ted Pella. The sample which was dispersed in toluene cast onto the lacey carbon

grid and was dried at 100 overnight under vacuum to evaporate toluene.

2.6 Inductively coupled plasma-optical emission spectroscopy

A ThermoScientific ICAP 6500 ICP-OES was used to determine the concentration of different
metals in the sample. A series of standard solutions were prepared to produce standard
calibration curves for metal contraction determination. Calibration standard solutions
containing cadmium, iron, and nickel were prepared by diluting a 1000 ppm standard solution.
Five different calibration standards solutions (50 mL) were prepared with nitric acid (10% v/v)
as a diluting solution (1.0 ppm, 2.5 ppm, 5 ppm, 7.5 ppm, and 10 ppm). This set of calibration
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standard solutions was used to determine the concentration of cadmium, iron, and nickel in the

sample.

A small spatula tip amount of purified nanorods were dispersed into toluene. Then CdSe/CdS
nanorods (1.00 mL) and metal deposited CdSe/CdS nanorods (1.00 mL) were transferred into a
vial (20 mL) which were dispersed in toluene. Samples were dried at 100 °C overnight under a
vacuum to evaporate toluene from the samples. After evaporating toluene from the sample,
concentrated hydrochloric acid (0.9 mL) and concentrated nitic acid (0.3 mL) were added to the
sample for digestion and diluted to 10 mL with nitric acid (10 % v/v) solution. The nitric acid (10
% v/v) solution was used as a blank solution. Then ICP-OES data were collected for bare

nanorods and different metal decorated nanorods.

2.7 Centrifugation

In 50-mL polypropylene centrifuge tubes from VWR, samples were centrifuged using a Thermo

Scientific Sorvall ST 8 with a radius of 12 cm (max rcf 17,000 g).
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Chapter 3. CdSe quantum dots

In our research, we synthesized two different batches of CdSe/CdS nanorods from two different
batches of CdSe quantum dots. In this chapter, these two batches of CdSe quantum dots are
described as Sample A and Sample B.

The reaction scheme of the synthesis of CdSe quantum dots is shown below in Figure 3.1. CdSe
qguantum dots were synthesized from cadmium and selenium precursors in the presence of
trioctylphosphine oxide (TOPO) and trioctylphosphine (TOP) and octadecylphosphonic acid
(ODPA). The properties of CdSe quantum dots largely depend on the size of the quantum dots.
Ligands like octadecylphosphonic acid (ODPA) help to stabilize the growth of quantum dots and
prevent the aggregation of nanocrystals. CdSe quantum dots synthesis is the first step of

synthesis of the core/shell structure of CdSe/CdS nanorods which is described in Chapter 4.

TOPO, ODPA CAIRPOLH) TOP, TOP:Se CdSe Quantum Dots
_— _—

Figure 3.1 Reaction scheme for the synthesis of CdSe quantum dots.

3.2 Characterization

3.2.1 UV-Vis and fluorescence spectroscopy

When the size of the quantum dots becomes smaller the band gap becomes larger compared to
the larger quantum dots. It was reported that there is a correlation between the size of the
guantum dots and the lowest energy absorption peak of UV-vis absorption spectra, and the
following equation (1) was empirically determined by relating the average size of CdSe quantum

dots with the lowest energy absorption wavelength.?®
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CdSe: D = (1.6122 x 10°)A%- (2.6575 x 10°)A3 + (1.6242 x 103)A% - (0.4277)\ + (41.57) (1)
D is the diameter (nm) of the CdSe quantum dots and A (nm) is the wavelength of the lowest
energy absorption peak. Many samples of quantum dots were used to obtain this correlation,
where all the quantum dots were synthesized using the same reagents and reaction temperature.
This correlation has since been used in the literature to benchmark sizes of CdSe quantum dots
prepared by various methods with mixed results.

Sample A shows a UV-vis absorption peak (Figure 3.2-A, black solid line) at approximately 574 nm
while Sample B shows at approximately 608 nm (Figure 3.2-B, black solid line). Equation (1) was
used to estimate the diameter of CdSe quantum dots for Sample A and Sample B as 3.57 nm and

5.27 nm respectively.
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Figure 3.2 Absorption (black solid line, left y-axis) and fluorescence emission spectra (orange
dotted line, right y-axis) of CdSe quantum dots. The lowest energy absorbance peak for A) Sample
A and B) Sample B was observed at 574 nm and 608 nm respectively. Emission peaks were
observed at 584 nm for Sample A and 629 nm for Sample B. Excitation wavelengths for Sample A
and Sample B were 400 nm and 450 nm, respectively.

Figure 3.2 shows the absorption spectra and fluorescence emission spectra of CdSe quantum

dots. Sample A was excited at 400 nm wavelength and shows emission peaks at 584 nm (Figure

3.2-A, orange dotted line) while Sample B was excited at 450 nm wavelength and shows emission
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peaks at 523 nm and 629 nm (Figure 3.2-B, orange dotted line). The fluorescence emission
wavelength is slightly red shifted from the absorption peak, as expected for these materials.?®
3.2.2 Transmission electron microscopy (TEM)

Figure 3.3 shows the TEM images of CdSe quantum dots. Quantum dots in both samples were
not spherical (prolate spheroids), with the average lengths and diameters of CdSe quantum dots
of Sample A measured as 5.3 £ 1.0 nm and 3.1 + 0.6 nm respectively (Figure 3.3-A) while the

average length and diameter of CdSe quantum dots of Sample B are 8.0 £ 0.8 nm and 3.7 £ 0.7

nm respectively (Figure 3.3-B) from the TEM images.

Figure 3.3. TEM images of CdSe quantum dots showing the average length and diameter of A)
Sample Aare 5.3+ 1.0nmand 3.1+ 0.6 nm respectively whereas the average length and diameter
of CdSe quantum dots of B) Sample Bare 8.0+ 0.8 nm and 3.7 £ 0.7 nm respectively. The diameter
was measured using ImageJ software.?”

3.3 Discussion

Sample A CdSe quantum dots show absorbance at 574 nm (Figure 3.2-A, black solid line) with

emission spectra slightly red shifted at 584 nm (Figure 3.2-A, orange dotted line). This

phenomenon also was observed for Sample B CdSe quantum dots where absorbance was
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observed at 608 nm (Figure 3.2-B, black solid line) and emission at 629 nm (Figure 3.2-B, orange

dotted line). It was also observed that there is a significant deviation between the average

diameter estimated using UV-Vis lowest energy wavelength correlation (equation 1) versus

measurements obtained by sizing TEM images (Table 2). This discrepancy between estimated and

measured diameters has been seen before,!? and can be partially attributed to using a different

synthesis procedure and capping ligands than the study which initially reported the correlation

of UV-vis absorbance with diameter.

Table 2. Comparison of different properties of Sample A and Sample B CdSe quantum dots.

Absorbance | Emission Estimated Measured Measured
(nm) (nm) diameter from | length from | diameter from
UV-vis (nm) TEM (nm) TEM (nm)
Sample A 574 584 3.57 53+1.0 3.1+£0.6
Sample B 608 629 5.27 8.0+0.8 3.7+0.7

These two batches of CdSe quantum dots were used to synthesize two different batches of

CdSe/CdS nanorods.
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Chapter 4. CdSe/CdS core/shell nanorods

Our goal is to deposit different metals (Pt, Fe, and Ni) deposited onto nanorods to compare these
materials as photocatalysts. However, these nanorods are obtained in small batch sizes, so we
needed two batches of nanorods (Sample A and Sample B) to study the different metal deposition
conditions described in Chapter 5.

Figure 4.1 shows the reaction scheme for the synthesis of CdSe/CdS nanorods. CdS shell grows
around CdSe quantum dots to get the core/shell CdSe/CdS nanorods which are the
photosensitizer portion of the photocatalyst that harvests sunlight. Electron hole recombination
decreases photocatalytic activity in pure semiconductors, and the core/shell structure minimizes
the rate of electron-hole recombination. Organic ligands with electron-donating groups like
octadecylphosphonic acid (ODPA) and hexadecylphosphonic acid (HPA) help to foster shell

growth around the core.

®
L X
e .
Cdo —> Cd(RPO;H), ~ hanorods
320°C 350°C

Figure 4.1 Reaction scheme for the synthesis of CdSe/CdS nanorods.

4.2 Characterization

4.2.1 UV-Vis and fluorescence spectroscopy

Figure 4.2 shows the absorption (black solid line) and emission spectra (orange dotted line) of
CdSe/CdS nanorods. The absorption spectra can in principle include features from the CdSe seed,
the CdS shell, and the CdSe/CdS interface (heterojunction). Sample A (Figure 4.2-A, black solid

line) shows an absorption shoulder attributed to CdS at 471 nm while Sample B (Figure 4.2-B,
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black solid line) shows a similar shoulder at 474 nm. Absorption features attributed to the CdSe
seed were not observed in either sample. An absorbance feature at 611 nm attributed to the
CdSe/CdS heterojunction was observed for sample A (Figure 4.2-A, dotted grey line), while a
similar feature was not conclusively observed for sample B (Figure 4.2-B, dotted grey line).

Sample A shows an emission peak at 603 nm (Figure 4.2-A, orange dotted line) when the
excitation wavelength was 500 nm while Sample B shows an emission peak at 662 nm (Figure

4.2-B, orange dotted line) when the excitation wavelength was 550 nm.
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Figure 4.2 UV-vis absorption (left y-axis, black solid line, and dotted gray line) and fluorescence
emission spectra (right y-axis, orange dotted line) of CdSe/CdS nanorods. Absorbance peak at
471 nm was observed for A) Sample A and at 474 nm for B) Sample B. A shoulder peak was
observed at 611 nm (Figure 4.2-A, dotted grey line) for Sample A, but this absorption peak was
not observed in Sample B. Emission peaks were observed at 603 nm for Sample A and 662 nm for
Sample B. Excitation wavelengths for sample A was at 500 nm while for Sample B at 550 nm.

4.2.2 Transmission electron microscopy

Figure 4.3 shows TEM images of core/shell CdSe/CdS nanorods of Sample A (Figure 4.3-A and
Figure 4.3-C) and Sample B (Figure 4.3-B and Figure 4.3-D). The average length and diameter of
CdSe/CdS nanorods were 98.3 + 7.2 nm and 2.8 + 0.5 nm for Sample A, respectively while the
average length and diameter of CdSe/CdS nanorods were 29.7 = 2.6 nm and 7.0 = 1.2 nm for

Sample B, respectively. The length and diameter of CdSe/CdS nanorods were measured by using

Image) software.'*
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Figure 4.3 TEM images of Sample A (A-low magnification, C-high magnification) and Sample B (B-
low magnification, D-high magnification) CdSe/CdS nanorods. All images were taken at 100 KV.
The average length and diameter of CdSe/CdS nanorods were 98.3 + 7.2 nm and 2.8 + 0.5 nm for
Sample A while the average length and diameter of CdSe/CdS nanorods were 29.7 + 2.5 nm and
7.0 £ 1.2 nm for Sample B. The length and diameter of nanorods were measured by using Image)
software.!

4.3 Discussion

Two different batches of quantum dots were used to synthesize two different batches of
CdSe/CdS nanorods. The average length and diameter of the two batches of nanorods were
different due to the presence of different CdSe seeds in the nanorods (Table 3). A small
absorbance feature at approximately 611 nm (Figure 4.2-A, dotted grey line) was observed for
Sample A CdSe/CdS nanorods which were not observed for Sample B nanorods (Figure 4.2-B,
dotted grey line). This shoulder peak is attributed to light absorption by interfacial states
associated with the core/shell structure.3* Sample A (Figure 4.3-A and C) nanorods are thinner
compared to Sample B (Figure 4.3-B and D) nanorods, and due to this light can be absorbed at

the interface of the core/shell of Sample A and shoulder peak at 611 nm was observed. Nanorods
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are thicker for Sample B, and due to the greater thickness light absorption is not observed at the
interface of the core /shell of Sample B. However, strong emission peaks were observed for both

Sample A (Figure 4.2-A, orange dotted line) and Sample B (Figure 4.2-B, orange dotted line)

CdSe/CdS nanorods, which is evidence for the core/shell heterojunction in both materials.

Table 3. Comparison of different properties of Sample A and Sample B CdSe/CdS nanorods.

Absorbance Ex. Emission Nanorod Nanorod Quantum
(nm) Wavelength (nm) length from | diameter dot seed
(nm) TEM from TEM diameter
(hm) (nm) from TEM
(nm)
Sample A 471 500 603 98.3+7.2 2.8+0.5 3.1£0.6
Sample B 474 550 664 29.7+25 7.0+13 3.8+0.7

These two different batches of CdSe/CdS nanorods were used for the synthesis of metal
decorated nanorods by using reducing metal salts at high temperatures (polyol reduction) and
photodeposition methods. Nanorod size and shape vary from batch to batch, and therefore
nanorods taken from the same batch were used to evaluate a given approach for metal

deposition described in Chapter 5.
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Chapter 5. Metal deposition

In our research platinum(ll) acetylacetonate, iron(lll) acetylacetonate, and nickel(ll)
acetylacetonate were used as platinum, iron, and nickel sources to synthesize different metal
decorated nanorods. We evaluated two different synthetic routes that were previously reported
to attach platinum to CdSe/CdS nanorods to determine if these approaches would work for iron
and nickel (Figure 5.1). One approach was to reduce the metal salts at high temperatures in the
presence of organic reducing agents (the polyol reduction),?* and the other approach used

illumination for photodeposition of metal onto CdSe/CdS nanorods near room temperature.?®

B L

selenium CdO, sulfur Metal™*(acac), F’|atlnum,
CdO m———— . ——ll —_— ?/|r9n’ or
solvents solvents B i) hightemperature [ nickel

ligands ~ CdSe Iigands/ or
CdSe —/ i) photochemical o

Figure 5.1 Overview of two synthetic routes to achieve metal attached CdSe/CdS nanorods.

5.1 Polyol reduction for metal decoration onto CdSe/CdS nanorods

A reaction scheme for polyol reduction synthesis of metal decorated CdSe/CdS nanorods is
shown in Figure 5.2, and the detailed synthesis procedure for metal decoration onto CdSe/CdS
nanorods was described in Chapter 2. Metal acetylacetonate (metal™(acac),) acts as a metal
precursor for the synthesis of metal decorated CdSe/CdS nanorods. Metal acetylacetonate
(metal™(acac)n) and CdSe/CdS nanorods were introduced into the reaction in the presence of

oleic acid (OLAC), oleylamine (OLAM), 1,2-hexadecanediol (HDD) and diphenyl ether (DPE). Oleic
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acid (OLAC) and oleylamine (OLAM) are used as ligands, and 1,2-hexadecanediol (HDD) acts as a

reducing agent to reduce metal precursor to metal and diphenyl ether (DPE) as the solvent.

Metal™*(acac),

CdSe/Cds OLAC, OLAM R Metal decorated CdSe/CdS
nanorods HDD, DPE nanorods
225°C

CdSe
Figure 5.2 Reaction scheme for polyol reduction synthesis of metal decorated CdSe/CdS

nanorods.

5.1.1 Transmission electron microscopy from polyol reduction

Figure 5.3 shows TEM images of platinum (Figure 5.3-A), iron (Figure 5.3-B), and nickel (Figure
5.3-C) decorated CdSe/CdS nanorods. High contrast black features are seen clearly from the TEM
images after the reduction of platinum in the presence of CdSe/CdS nanorods, but nickel and iron
deposition could not be conclusively confirmed using bright-field TEM. The average length and

diameter of nanorods were unchanged after metal deposition reactions for each sample.

Figure 5.3 TEM images of platinum (Figure 5.3-A), iron (Figure 5.3-B), and nickel (Figure 5.3-C)
onto CdSe/CdS nanorods. Platinum decoration onto CdSe/CdS nanorods was observed clearly
from bright TEM images but iron and nickel decoration were not confirmed conclusively.
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More sensitive microscopy experiments were conducted at the University of Kentucky Electron
Microscopy Centre to search for evidence of metal deposition onto these nanorods. High-angle
annular dark-field imaging (HAADF) is a technique where detected electrons are incoherently
scattered electrons where electrons are scattered at high angles and collected only scattered
electrons by an annular detector.?® HAADF is dependent on the atomic number of the sample
and insensitive to sample structure. A sample with a high atomic number will scatter more
electrons at higher angles because larger interaction between the nucleus and electron beam
due to this a greater signal will record for the sample with a higher atomic number and produce
a brighter image of the sample. HAADF is helpful to learn about metal presence and distribution

onto heterogeneous material.?®

We were able to get clear images for platinum decorated CdSe/CdS nanorods but not for iron
and nickel decorated nanorods. Iron and nickel are in low contrast compared to platinum,
maybe due to this we were unable to see the presence of iron and nickel onto our nanorods.
We tried to get better images by changing the sample preparation method. The sample was
cast onto lacy carbon supported with copper and dried in a vacuum oven at 100°C overnight to
get rid of toluene from the sample. We also tried with different sample holders to get clear
images of the samples but still, it was hard to see the presence of metal onto nanorods. We
also observed that our nanorods were degraded with the time being under electron beam

exposure.

Figure 5.4 shows HAADF images of platinum decorated CdSe/CdS nanorods at low and high

magnification. From dark field TEM images, it was seen high contrast dot and a region with low
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contrast. The high contrast bright dots represent platinum, and the low contrast region

represents CdSe/CdS nanorods.

Figure 5.4 HAADF images of platinum decorated CdSe/CdS nanorods at low (Figure 5.4-A) and
high magnification (Figure 5.4-B). The images were taken at 200 KV.

Recently we got elemental mapping for iron decorated CdSe/CdS nanorods (Figure 5.5) by using
scanning transmission electron microscopy (STEM) with energy dispersive X-ray spectroscopy
(EDS). The analytical method of energy-dispersive X-ray spectroscopy (EDS) enables us to know
the chemical characterization and elemental analysis of the material.3® A material that has been
activated by an energy source like the electron beam of an electron microscope releases a core
electron and a higher energy outer-shell electron moves in to take its place. The difference in
energy is subsequently released as an X-ray with a distinctive spectrum depending on its parent
atom. An energy dispersive spectrometer is used to collect the number and energy of the X-rays
emitted from the sample. The difference in energy between the two shells is characteristic of the
element. Each element has a characteristic set of peaks on its electromagnetic emission
spectrum. The location of the signal identifies the element while signal strength helps to know

the concentration.
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The EDS mapping shows the elemental composition of iron decorated CdSe/CdS nanorods (Figure
5.5-A). The green and purple color images represent cadmium (Figure 5.5-B) and iron (Figure 5.5-

C) presence onto nanorods.

Figure 5.5 shows the EDS mapping of iron decorated CdSe/CdS nanorods. The overlapping image
shows iron decoration over CdSe/CdS nanorods (Figure 5.5-A). The green and purple colors
represent cadmium (Figure 5.5-B) and iron (Figure 5.5-C) respectively.

5.1.2 Inductively coupled plasma optical emission spectroscopy from polyol reduction

Calibration standard solutions containing cadmium, iron, and nickel were prepared by diluting a
1000 ppm standard solution. Five different calibration standards solutions (50 mL) were prepared
with nitric acid (10% v/v) as diluting solution (1.0 ppm, 2.5 ppm, 5 ppm, 7.5 ppm, and 10 ppm).
Figure 5.6 shows the standard calibration curve of cadmium, iron, and nickel. This set of
calibration standard curves was used to determine the concentration of cadmium, iron, and
nickel in the sample. The metal concentration was determined for bare CdSe/CdS nanorods and
different metal (platinum, iron, and nickel) decorated CdSe/CdS nanorods. Table 4 represents the
concentration of metal and the ratio of cadmium to metal in different metal decorated CdSe/CdS

nanorods.
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Figure 5.6 standard calibration curves of cadmium (Figure 5.6-A), iron (Figure 5.6-B), and nickel
(Figure 5.6-C) for determination of metal concentration present onto different metal decorated
CdSe/CdS nanorods and bare CdSe/CdS nanorods.

Table 4. Cadmium, iron, and nickel concentrations obtained from ICP-OES digestion solutions,
and the ratio of cadmium to metal onto metal decorated nanorods synthesis via polyol reduction.

Sample Cd (ppm) Fe (ppm) Ni (ppm) Fe: Cd Ni: Cd
CdSe/CdS 8.05 0.00 0.00 0 0
Nanorods

Fe-CdSe/CdS 2.82 0.13 0.00 0.05 0
Nanorods

Ni-CdSe/CdS 3.80 0.04 0.29 0.01 0.07
Nanorods

5.1.3 Discussion for polyol deposition of metals onto CdSe/CdS nanorods

Metal decorated CdSe/CdS nanorods were synthesized by reducing metal acetylacetonate salt to
metal at high temperatures. The reduced metal can be deposited onto the nanorods or form free
metal nanoparticles. Platinum decoration onto nanorods was confirmed from TEM (Figure 5.3-A)
and HAADF (Figure 5.4) images but iron and nickel decoration onto nanorods could not confirm
conclusively using bright field TEM (Figure 5.3-B and Figure 5.3-C). The concentration of
cadmium, iron, and nickel present in nanorods was measured by conducting ICP-OES analysis.
We also observed false signals for nickel decorated nanorods. The false signals are negligible to
metal concentration. Maybe false signals are coming from the background of the instrument. The

ratio of iron to cadmium for iron decorated CdSe/CdS nanorods is 0.05 while the ratio of nickel
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to cadmium is 0.29 for nickel decorated nanorods (Table 4). This ICP-OES data determined the
concentration of metals in the composite sample, but the location or chemical state of the metals

is not confirmed by the ICP-OES.

We observe many free platinum particles in the crude mixture obtained from platinum
decoration onto nanorods, and some of these free platinum particles remain after purification.
Further, unreduced Pt(acac); may be present as platinum ions which would also contribute to
the ICP-OES signal. This same incident may happen for iron or nickel decorated nanorods
experiments. The signals of iron and nickel were determined by ICP-OES may be coming from
free metal or metal ions present in our sample. So, this ICP-OES data gives us information about
the presence of metal in the sample but not the metal decoration onto nanorods conclusively.
We changed the amount of metal precursor in our reaction scheme six times than the amount of
metal precursor mentioned in the synthesis procedure for iron and nickel deposition onto
CdSe/CdS nanorods (Chapter 2) and run the reaction for an hour instead of 12 minutes to make
nanorods larger and easy to see in TEM images but still, we did not see metal decoration from
bright field TEM images for iron and nickel deposition. However, EDS mapping (Figure 5.) provides
evidence that at least some iron is deposited onto the nanorod surface, and these materials could
be investigated for subsequent deposition of nickel to form the Ni-FexO, cocatalysts on the
nanorod surface. EDS mapping is challenging due to the beam sensitivity of these nanorods, and

we have not obtained high quality EDS maps for the nanorods after nickel deposition.
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5.2 Photodeposition of metals onto CdSe/CdS nanorods

Photodeposition is one of the ways to synthesize metal decorated nanomaterials. The synthesis
procedure for metal photodeposition onto CdSe/CdS nanorods is described in Chapter 2. In this
method, the sample isilluminated to generate excited electrons that reduce metal salts to metals
at the nanorod surface, with triethylamine acting as a mild sacrificial reducing agent. The
photodeposition method is based on the band gap of the semiconductor material. The energy of
the photon generated from irradiated light should be greater than the band gap of the
semiconductor. Electrons are moved from the valence band to the conduction band when
enough energy is absorbed by semiconductors. The reduction potential of the metal ion is
needed to be more positive than the conduction band energy of the semiconductor. The
semiconductor nanomaterials have large specific surface areas and metal deposition occurs on
the surface of the semiconductors. In our research metal acetylacetonate acts as metal
precursors and is deposited as metal on the surface of the CdSe/CdS nanorods. The reaction

scheme for metal photodeposition onto CdSe/CdS nanorods is shown in Figure 5.7.

Metal™(acac),

Toluene . Metal decorated CdSe/CdS
Triethylamine nanorods

CdSe/CdS nanorods

UV light, 4 hours

cdse  cds Metal

Figure 5.7 Reaction scheme for metal photodeposition onto CdSe/CdS nanorods
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5.2.1 Transmission electron microscopy from photodeposition

Figure 5.8 shows bright-field TEM images after the photodeposition of platinum (Figure 5.8-A),
iron (Figure 5.8-B), and nickel (Figure 5.8-C) onto CdSe/CdS nanorods. It is seen with high contrast
black dots and low contrast regions from bright field TEM images. Those black dots are platinum
attached with CdSe/CdS nanorods. Some changes to the nanorod surface were observed for
nickel and iron, but nickel and iron nanoparticles attached to CdSe/CdS nanorods could not be
conclusively identified or measured using bright-field TEM at 100 kV. The average length and

diameter of nanorods were statistically unchanged after metal deposition.
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Figure 5.8 TEM images of photodeposition of platinum (Figure 5.8-A), iron (Figure 5.8-B), and
nickel (Figure 5.8-C) onto CdSe/CdS nanorods. Platinum deposition onto nanorods was seen
clearly from bright field TEM image but iron and nickel decoration could not confirm conclusively.
We were able to get clear HAADF images and EDS maps for platinum decorated CdSe/CdS
nanorods but not for iron and nickel decorated nanorods (Figure 5.9). Iron and nickel are in low
contrast compared to platinum, maybe due to this we were unable to see the presence of iron
and nickel onto our nanorods. We tried to get better images by changing the sample

preparation method. The sample was cast onto lacy carbon supported with copper and dried in

a vacuum oven at 100°C overnight to get rid of toluene from the sample. We also tried with
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different sample holders to get clear images of the samples but still, it was challenging to see
metal decoration onto nanorods. We also observed that our nanorods are beam sensitive and

degrading for the time being under electron beam exposure.

Figure 5.9 shows the HAADF image and EDS mapping of photo deposited platinum onto CdSe/CdS
nanorods. From this HAADF image, bright dots represent platinum deposition onto CdSe/CdS
nanorods when the low contrast region is responsible for CdSe/CdS nanorods. EDS mapping

image shows Pt decoration (orange colored dot) onto CdSe/CdS nanorods (light blue colored).

Sire Owel | HT | Scan fow | STEM Mag | Pl sire | L Spot | | screen | Detocus
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Figure 5.9 A) HAADF image and B)EDS mapping of photo deposited platinum decorated
CdSe/CdS nanorods.

5.2.2 Inductively coupled plasma optical emission spectroscopy from photodeposition

Calibration standard solutions containing cadmium, iron, and nickel were prepared by diluting a
1000 ppm standard solution. Five different calibration standards solutions (50 mL) were prepared

with nitric acid (10% v/v) as diluting solution (1.0 ppm, 2.5 ppm, 5 ppm, 7.5 ppm, and 10 ppm).
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Figure 5.6 shows the standard calibration curve of cadmium, iron, and nickel. This set of
calibration standard curves was used to determine the concentration of cadmium, iron, and
nickel in the sample. The metal concentration was determined for bare CdSe/CdS nanorods and
different photodeposited metals (platinum, iron, and nickel) decorated CdSe/CdS nanorods.
Table 5 represents the concentration of metal and the ratio of cadmium to metal in different

metal decorated CdSe/CdS nanorods.

Table 5. Cadmium, iron, and nickel concentrations obtained from ICP-OES digestion solutions,
and the ratio of cadmium to metal onto metal decorated nanorods synthesis via photodeposition.

Sample Cd (ppm) Fe (ppm) Ni (ppm) Fe: Cd Ni: Cd
CdSe/CdS 6.38 0.18 0.0 0.03 0
Nanorods

Fe-CdSe/CdS 21.32 4.03 0.05 0.19 0
Nanorods

Ni-CdSe/CdS 15.41 0.86 7.73 0.06 0.50
Nanorods

5.2.3 Discussion for photodeposition of metals onto CdSe/CdS nanorods

Metal photodeposition onto CdSe/CdS nanorods was achieved by using the illumination of light
and a mild reducing agent. Platinum decoration onto nanorods was confirmed from TEM (Figure
5.8-A), HAADF image, and EDS mapping (Figure 5.9) but iron and nickel decoration onto nanorods
could not confirm conclusively (Figure 5.8-B and Figure 5.8-C). The concentration of metal
present in nanorods and metal decorated nanorods was measured by conducting an ICP-OES
analysis. We also observed false signals from ICP-OES for bare CdSe/CdS nanorods and different
metal deposited nanorods. The false signals are negligible to metal concentration. Maybe false

signals are attributed to the background of the instrument. The ratio of iron to cadmium for iron
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decorated CdSe/CdS nanorods is 0.19 while the ratio of nickel to cadmium is 7.73 for nickel
decorated nanorods (Table 5). Metal decoration onto nanorods is not confirmed from this ICP-

OES data but learned presence and metal concentration onto nanorods.

5.3 Conclusion

The goal of this of this research replace platinum with iron, nickel, or both onto CdSe/CdS
nanorods to produce a new photocatalyst. We synthesized CdSe/CdS nanorods by using CdSe
guantum dots. CdSe quantum dots and CdSe/CdS nanorods were characterized with optical
spectroscopy and electron spectroscopy. Optical spectroscopy and electron microscopy data
confirmed the morphology of quantum dots and nanorods. We synthesized two different batches
of nanorods from two different batches of CdSe quantum dots because we were trying to deposit
metals onto nanorods by using two synthetic routes. One synthetic route was the reduction of
metal acetylacetonate salts to metal in the presence of a reducing agent at high temperature and
another route was metal photodeposition with the illumination of light in the presence of a mild
reducing agent. We used ICP-OES to obtain the relative metal concentrations present in our
sample and calculate the ratio of metal to cadmium in different samples, and we used microscopy
to get information about metal decoration onto nanorods. TEM was performed for different
metal decorated nanorods. Platinum decoration onto CdSe/CdS nanorods was achieved from
both synthetic routes. Evidence for the deposition of iron by polyol reduction was also obtained,
but EDS mapping after the photodeposition of iron remains to be completed along with EDS

mapping after nickel decoration by both polyol reduction and photodeposition.
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