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Abstract

Synthesis, Characterization, Raman, and Surface Enhanced Raman Studies

of Semiconductor Quantum Dots

by
Yi Pan

Advisor: Professor John. R. Lombardi

The major contributions and discoveries of the dissertation includéiqijogeneous
nucleation processes for the formation of nanocrystals can ocaw &rmperature and do not
need to proceed at high temperature to overcome a high energr.bavionodisperse PbS
guantum dots (QDs) obtained with nucleation and growth at 45°C suppofinitiisg. (2)
Monodisperse single elemental Se QDs can be produced by simplersohystallization from
TDE (1-tetradecene) or ODE (1-octadecene). (3) TDE Isetter non-coordinating solvent
compare to ODE. STDE (S dissolved in TDE) and SeTDE (Se dessah TDE) are stable
reagents with long storage time. They can be used as univezsatqars for S-containing and
Se-containing QDs. (4) QDs synthesis can be carried out at topetature and relatively short
reaction time using the simple, non-injection, one-pot synthetic metbydd.hé one-pot method
can be extended for the synthesis of QDs and graphene oxide nanocongusbitestal and
graphene oxide nanocomposites. (6) BHIIA (oleylamine) is a universal system for the
synthesis of Pb-chaclogenides QDs. (7) Surface enhanced Raatctnosmpy (SERS) is used
to probe both size and wave length dependent quantum confinement @f€Eis) of PbS QDs.
(8) Raman spectroscopy is a powerful tool to elucidate crgistadture of Se nanoclusters with

size of 1-2 nm.



Semiconductor QDs have attracted considerable attention due toptitemtial for
energy-efficient materials in optoelectronic and solar cellieggpbdns. When the radius of a QD
is decreased to that of the exciton Bohr radius, the valenceoaddation bands are known to
split into narrower bands due to QCEs. QCEs are both size andleveyte dependent. We
have developed, synthesized and characterized a series of Plgehat#oQDs, which all the
sizes of the QDs are monodisperse and smaller than their respective excitoaddgs)rto study

the QCEs of these QDs.

SERS is used as a crucial tool to investigate these QCHE® QTEs are due to any of
the following three resonances or a combination among them: interesodance, molecular

state resonance, and charge-transfer resonance.
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Chapter 1 Introduction

Quantum dots (QDSY are promising energy-efficient materials for nanoelectronics,
optoelectronics, molecular electronics and spintronics, nano-fabrni@gnd nano-manufacturing,
solar cell, and bioengineering applicatidiis. Considerable efforts have been made in the
synthesis of QD&*? while some experimental resdftd®> show that surface enhancement
Raman scattering, which measure the quantum confinement e@€Es) of the QDs, occurred

on the surface of semiconductor QDs although there are no theoretical predictions.

To better understand and evaluate the properties of energg@ffl@Ds, methods to
characterize QCEs needs to be further developed and investidgiatéas dissertation, we focus
on using surface enhanced Raman spectroscopy (SERS) to studyBkeofthe semiconductor
QDs. SERS technique has a number of important advantages: sensselgtctivity, non-
destructive detection, and feasibility for in-situ studies. Besi8&dRS enables simple and
straight forward determination of detailed information about addodpecies, such as their

molecular structure and orientation.

It has been almost two decades since Bawendi Ytdipt introduced hot-injection
colloidal synthetic method to obtain QDs. Nowadays, different hottioje methods are still
widely used to synthesize various kinds of GD¥ Researchers tend to add different kinds of
reagents to acquire monodisperse size, different shape, and hiigy Qe for various kinds of
potential applications. This makes the synthesis and separationsoim@Qre complicated than
before. In the meantime, it may also affect the stabilityQBfs due to the trace amount of

reagents trapped inside the QDs. Also, some reagents usediarand expensive. Therefore,



simple, environmentally benign, cost-effective, and easy to be indzsuaisgsynthetic methods

need to be developed, especially for the nucleation and growth of QDs at low teneperatur

1.1 Objectives of the Dissertation
This dissertation addresses two important research areasisosdactor QDs. One is
the synthesis of monodisperse QDs and graphene oxide (GO) and QDs nausitesn the
other is the measurement of their QCEs. We try to answer the followinigpgses
e Does QD formation really require high temperature?
e Can the current hot-injection method be simplified for Pb-chaclog&pitisynthesis
using only one metal source and one capping ligand?
e Can a non-injection, one-pot synthetic method be developed for the synthBsis of
chaclogenide QDs, sulfur-containing QDs, and selenium-containing QDs?
e Is it possible to obtain single elemental Se nanoclusters orv@@DEmply solution
crystallization? How to characterize the Se nanoclusters synttiesize
e Can GO and QDs or GO and metal nanocomposites be synthesizedevpot
preparation?
e Can SERS be used to characterize strong QCEs of QDs witls igdis than their

exciton Bohr radius? If so, what causes the enhancement?

e Are QCDs size dependent or wave length dependent?

This dissertation presents several new discoveries in thds fief synthesis and
characterization of semiconductor QDs to address the above-mentiondidngues Raman
spectroscopy and SERS are used to determine their properti€¥C&sl First, a new solvent

for S or Se precursor, 1-tetradecene (TDE), is found and actisalfede-containing S precursor
2



(STDE, S dissolved in TDE) solution or activated selenide-contairengré&ursor (SeTDE, Se
dissolved in TDE) solution is prepared. Second, a POCA system including PbGlas Pb
precursor and oleylamine (OLA) as capping ligand is designed aweloged for Pb-
chaclogenide QD synthesis. Then, a novel, non-injection, one-pot tempdyased synthetic
method to obtain monodisperse PbS QDs, PbSe QDs, MnSe QDs, ZnSanQx) and PbSe
QDs nanocomposites with the PBCILA system using STDE or SeTDE, is developed. It is
extended to synthesize other GO and metal nanocomposites, for ex&iplegnd Ag
nanocomposites. At the same time, simple, cost-effective, hot-injectihiodneith PbCJ-OLA
system to obtain monodisperse PbS, PbSe, and PbTe QDs is alseedchidext, single
elemental Se nanoclusters of 1-2 nm and Se QDs below 20 nm aredbita the first time by
dissolving Se powder in TDE or ODE or other liquid alkenes atagdd temperature followed
by simple solution crystallization; their crystal structurase characterized by Raman
spectroscopy. Last, the first SERS systematic study of(HRsSwith sizes less than its exciton
Bohr radius and surface absorbed with 4-mercaptopyridine (4-Mpgplevhat the QCEs of
PbS QDs are both size dependent and wave length dependent wheeetramnsfgr plays an

important role for the enhancement.

1.2 Structure of the Dissertation

The dissertation consists of six chapters.

Chapter 1 describes the areas the dissertation focused on and thargwhthe major

achievements of the dissertation in these areas, followed by a brief ititbadefoeach chapter.

Chapter 2 highlights the important discoveries of the dissertatidnprovides related

background information. It also introduces the fundamental and expesinaspiects of QD

3



formation, synthetic methods, characterization tools, Raman spegyysand SERS to the

extent of their applications in this research.

Chapter 3 presents the synthesis and characterization of|sfferant energy-efficient

QDs materials:

1. The synthesis and characterization of monodisperse binary semicondRbtor
chaclogenide QDs via new, simple, non-injection, one-pot method andiedodot-
injection method using PbGIOLA system as the only source of metal precursor and
capping ligand, including PbS QDs formed by nucleation and growth at 45°C.

2. Controlled synthesis and characterization of the single elem&stasemiconductor
nanoclusters and QDs by solution crystallization.

3. Controlled synthesis of GO-QDs nanocomposites and other QDs.

Chapter 4 reveals that the QCEs of the PbS QDs with surfaoebatlsby 4-Mpy are
both size dependent and wave length dependent. It demonstrates thatreinsfgecan be used

as effective probe to determine the efficiency of QCEs.

Chapter 5 proves that Raman spectroscopy is a powerful tool fdeteéemination of the
structure of Se nanoclusters. It also shows that Se nanocketeushidergo a reversible crystal
structure transformation under reduced laser power. The Se nanschusteQDs synthesized

may have great potential for photo and thermal applications.
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Chapter 2 Background and Experimental Techniques

The most important discoveries of this dissertation for the syotaeti Raman studies of
guantum dots (QDs) are highlighted here. For the synthesis of f@Bs we find: (1)
Homogeneous nucleation for the formation of nanocrystals camr @atdow temperature and
does not need high temperature to overcome a high energy barriee haVé obtained
monodisperse PbS QDs at the nucleation and growth temperature of 2bMonodisperse
single elemental Se QDs can be produced by simple solutioraltrgtion from TDE (1-
tetradecene) or ODE (1-octadecene). (3) TDE is a better owdinating solvent compare to
ODE. STDE (S dissolved in TDE) and SeTDE (Se dissolved in Tdd&Estable reagents with
long storage time. They can be used as universal precursorsdoteining and Se-containing
QDs. (4) Monodisperse QDs synthesis can be carried out atriguetature and relatively short
reaction time using the simple, non-injection, one-pot synthetic metbydd.hé one-pot method
can also be extended for the synthesis of QDs and graphene oxidendGézpmposites and
metal and GO nanocomposites. (6) BBOLA (oleylamine) is a universal system for the

synthesis of Pb-chaclogenide QDs.

For the Raman part: (1) Surface enhanced Raman spectroscdp$g)(8&n be used to
probe both size and wave length dependent quantum confinement eff€&is)(of QDs. (2)
Raman spectroscopy is a powerful tool to elucidate crystaksteuof small single elemental Se

nanoclusters of 1-2 nm, which cannot be characterized by X-ray diffractopdRiB).

In addition, several fundamental theoretical backgrounds and expelliteeht@iques are

also introduced here to help better understand the discoveries.



2.1 Semiconductor Quantum Dots
Quantum dots™ are semiconductor nanocrystals whose excitohk®(eelectron-hole
pair) are confined by potential barriers in all three spdiraensions—zero dimensional points

(OD) as Figure 2.1 indicated.

@ Exciton Bohr Radius (ap) .

Figure 2.1 A 0D QD with size smaller than its exciton Bohr ragius

The physical properties of QDs’ lie in between those of bulk maédeand those of
discrete atoms or molecules. Similar to bulk semiconductofsQDs are also characterized by
a composition-dependent band gap enekgy, (vhich is the minimum energy required to excite
an electron from the ground state valence band into the vacant conchemidr(Figure 2.2).
When the energy of a photon absorbed in semiconductor QDs is gheaitEy,tthe excitation of
an electron to the conduction band leaves an orbital hole in the valence Taand.
photogenerated " pairs created with excess eneatppveE, (Figure 2.3) can be moved inside
the semiconductor materials if a current generated by amielkeld is present. The exciton’s
size within the bulk crystal is defined by the exciton Bohrusds) (from 0.5 nm to 45 nm)
depending on the materials. If the size of a QD is snthlderag, it becomes spatially confined
by potential barriers, which increase the QD band gap. Therefdieskbw strong QCEs when

their diameters are less than the Bohr radius of exciton itbbuhematerials d < ag). These
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QCEs (Figure 2.4) are due to discrete electronic transiti@nsed by various sizes and shapes of
the QDs. In addition to the strong QCEs, weak QCEs occur when one of the dmerispDs

is greater thamg (d > ag). The weak QCEs are functions of both size and shape of QDs; they
include quantum rods or wires--1D confinement and quantum sheetms+2D confinement.
QCEs can be characterized by absorption spectra when electrongartbeeconduction band
and emission spectra wheihé recombination leads to photo-luminescence (PL). QCEs can
also be measured by SER® when certain molecules are absorbed on surface of QDs.  The
first exciton binding energy, the band gap of bulk material, the confinemenyetiergoulomb
attraction, and the exciton effect are shown in Equatior'123° The relations between band
gap energy and size of QDs are shown in Equation 2. The excitondlhs calculations are

listed in Equation 4-7+2°

SEMICONDUCTOR

energy levels
conduction
band
band gap { hole

electrons "E'=ﬁ valence
G‘="ﬁ band

Figure 2.2 Exciton and band gap.



hov <> & (CB) + h* (VB)

Figure 2.3 Electron-hole pair (exciton) generated by excess ertwgg,.

(b)

Conductlon . Antibonding
orbitals
Band gap
Band gap
Valence . Bonding
band I orbitals

Energy

semlconductor Quantum dots

ON =D

Figure 2.4 Quantum confinement effect (QCE): band gap energyizamdfsQDs. (a) bulk

materials. (b) QDs. It shows the increasing band gap em@djyntra-band spacing with QCE

(from right to left). The QCE is the origin that allowse tuning of absorption and emission

wavelengths over a range of wavelengths (Figure 2.5) as a functiae aff €pDs.

?m?  1.786e2 et
—— —0.248 -~
2uR &R 2h%e

E..= Eg+
where:
e E« is the first exciton binding energy.
o Eyis the band gap energy of bulk materials.
e uis the reduced mass.
e Ris the radius.

e his the reduced Planck's constant.

1)
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e eisthe elementary charge.

e ¢ is the dielectric constant.

h2m?
EQD = Eg + ZuRZ (2)
-1
1 1
= (et m;) ®)

where:
e Eqpis the energy band gap of QDs.
e m, is the effective mass of electrons.

« my is the effective mass of holes.

Let us examine the right side of Equation 1. The second ternsespsehe confinement

energy, which is the origin of QCDs. The third term is the Coulattraction. The fourth term

denotes the exciton effect.

ag = u:@?ez =5.30 x 10—11§ (4)
ag = a, + a, %)
a, =5.30 x 10—11miZ (6)
a, =5.30 x 10-11% (7)

h

where:

e agis the exciton Bohr radius in units of meter.
11



e a.is radius of the electron in units of meter.
e ayis radius of the hole in units of meter.

e Ny is the mass of free electron.

Figure 2.5 shows optical properties of some QDs related to corresgondve lengths
(energies). The binary Pb-chaclogenfd&® PbS, PbSe, PbTe QDs’ absorption spectrum are in
the range from 700 nm to 2500 nm. Extensive researches have be¢edrépathese QDs due
to their potential applications in optoelectronic, solar cell, seasar thermal electronic fields.
Their QCEs are investigated by absorption spectra and PL spekhoavever, there are no
reports of using SERS to study QCEs of these Pb-chaclogebiddilDnow. We hypothesized
that due to Pb-chaclogenides’ large dielectric constantshandlidrge exciton Bohr radii (Table
2.1¢%3! among known semiconductor materials, their QCEs could be charaedtey SERS if
we can synthesize them and absorb certain molecules on thatoesurf To achieve our goal, we
need to find simple methods to synthesize various sizes of monodifiecdaclogenide QDs.

The colloidal synthesis of these QDs will be covered in section 2.5 of this chapter.

Table 2.1 Dielectric Constant, Band Gap Energy, and Exciton Bohr Rawfiu®b-
chaclogenideg !

Exciton Bohr Radius (ag) (nm) Band Gap Energy (eV) Didectric Constant ()

PbS 18 0.41 161
PbSe 46 0.278 280
PbTe 46 0.310 360
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Figure 2.5 QDs and energy (wavelength).

We also study the synthesis of single elemental Se @sing the synthesis of PbSe
QDs, we found that we may obtain monodisperse Se nanoclusterydwe the proper solvents.
That is, Se solutions used as PbSe QDs precursors can also be syeithesize monodisperse
Se nanoclusters and QDs.  All of the QDs we investigatedlieect band gap semiconductor
materials, which are optically active materials. In @aiband gap semiconductor, the top of
the valence band and the bottom of the conduction band (maximum energy) aicthe same
value of momentum, while in an indirect band gap semiconductor, the max@mergy of the

valence band occurs at a different value of momentum as Figure 2.6 shown.

g &
2 g
H =

Conduction Band

Conduction Band

Direct band gap Indirect band gap

Momentum

Momentum

Figure 2.6 Direct and indirect band gap semiconductor materials.
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2.2 Senanoclustersand Se QDs

Selenium has several different structdfe8in the bulk, including trigonal (t-Se, helical
chain, indirect band gap material), monocliniandp (m-o-S&, m$-Se;, Sg rings, direct band
gap material), rhombohedral (r-Se,sSengs, direct band material), cubic and 3, and
amorphous form (a-Se, disordered chains and rings, direct band Hhateaking it an ideal
candidate for QCE study as single elemental semiconducQDSe The Bohr radius of t-Se is
either 0.7 nm or 1.6 nm according to literature reports (Table B}k selenium has a wide
range of applicatior&>° in glass, metallurgy, chemicals (pharmaceuticals, food supptsme
anti-dandruff shampoos, Ilubricants and rubber compounding), pigments, omlectr
(photoreceptors laser printing, xerography, xeroradiography andosliatic textile printing,
semiconductors, solar cells and photoelectric cells), and agric@bumearily additive to animal
feed and fertilizers). Se QDs or nanoparticles can be usedaelegtonic, photonic, biological
fields due to their unique size dependent electronic, optical, photocondpatiperties and
excellent bioavailability as well as high biological activitySe QDs exhibit improved
optoelectronic and photonic properties that could have considerable gd@népplicationd™
%-37in solar energy conversion, photocatalysis, photodetectors, photocopy rsaehéuérical
rectifiers, photoluminescent sensors, and nonlinear optics if monosbBs@ad stable Se
nanomaterials can be fabricated. Se ¥@se also very attractive as biological labels due to
their small size, excellent biocompatibility, low toxicitynission tunability, superphotostability,

and longer PL decay times in comparison to dyes. In addition, Se has additionaminipealth

effects particularly in relation to the immune response and cancer pogventi

Few articles are reported for the synthesis of Se ctuatet Se QDs with sizes below 20

35, 39

nm though colloidal synthesis of single elemental Ge ¥ffshas received considerable
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attentions due to its applications in semiconductor industry. CurréddlyQDs are either
synthesized by redox reaction in aqueous solution or by embedding Se into inert oasbpst
such as zeolites to form Se zeolite nanocompo5it€s.The Se precursors we discovered for
one-pot synthesis of PbSe QDs indeed make it possible to obtain morselsipgie elemental
Se nanoclusters and Se QDs with sizes below 20 nm. The sioipters crystallization
method we used for the synthesis of Se QDs may open a new ootite fsynthesis of single

elemental QDs.

Table 2.2 Dielectric Constant, Band Gap Energy, and Exciton Bohr Radhes'6f *°*

Exciton Bohr Radius (ag) (nm) Band Gap Energy (V) Dieectric Constant (g)

t-Se 0.70r 1.6 1.95 6.4

m-Se 2.13-2.31* 2.53 9.2

* |t is estimated in chapter 3.

2.3 Semiconductor QDs and Graphene Oxide (GO) Nanocomposites

The semiconductor PbSe QDs and GO nanocomposites are 2D confined teaatana
which incorporate 0D QDs into a 2D graphene oxide sheets. Thefsedfinanocomposites are
hot-spots for material scientists> They are energy-efficient materials that may have patenti
for fabricating solar cells. These materials can be produstdb¢cause the new non-injection,
one-pot synthetic method for both S-containing and Se-containing binaryisQisilable as

section 2.5 of this chapter described.
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2.4 GO and Ag Nanocomposites

The Ag QDs and GO nanocomposite are also 2D confined nanomaterials, which
incorporate OD Ag QDs into a 2D graphene oxide sheets. Tremendous efforts havadedm m
develop these kinds of metal-graphene energy-efficient nanonmtéiia have obtained the
nanocomposites during the development of the new non-injection, onerplo¢tsy method for

Se-containing binary QDs synthesis. It will be discussed in details inrs@ch of this chapter.

2.5 Synthesisand Char acterization
2.5.1 Synthesis

From theabove discussions, we know that in order to study the QCEs of QDwuotte
important thing is to obtain QDs with uniform size (size disparsi 10%). Colloidal synthetic
methods are widely used in obtaining micrometer scale colloiddadite scalability and the
convenience of bench top synthesis. Colloidal synthetic methods oiv@®@sdeveloped based
on the classic work of LaMer and Dinegar in 1940-1950 on a three-stdiged formation
model (Figure 2.7)° which is, monomer accumulation (1), homogeneous nucleation (I1), and
diffusion controlled growth (lll). A typical colloidal synthesis QfDs involves dissolving
precursor compounds in solutions, much like traditional chemical precesske synthesis
generally includes a three-component system consisting afirgsogs, organic surfactants, and
solvents. Experimentally, three steps are used to control taelisizibution of QDs® burst
(homogeneous) nucleation (Il in Figure 2.7), diffusion controlled grgitim Figure 2.7), and

Ostwald ripening.

It is commonly believed™® that the burst nucleation is a homogeneous nucleation

reaction according to LaMer crystal formation model. Thisti@adcas a very high energy
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barrier. An extra high super-saturation monomer level in thetiomasolution has to be reached
for the nucleation to proceed (stage | of LaMer model). Therefengpdrature is one of the
crucial factors in determining optimal conditions for both the nudeaind growth of QDs.
The temperature must be high enough to allow for the rearrangemieatoms or molecules
involved during the synthetic process while being low enough to suppa@toStal growth.
Another critical factor that must be strictly controlled durin@Qgrowth is the monomer
concentration. The growth of QDs can occur in two different prosesgecusing” and
“defocusing”. When concentrations of monomer are high, the criizal is relatively small,
resulting in growth of nearly all particles. In this processaller particles grow faster than
large ones (since larger crystals need more atoms to growsthall crystals) resulting in
“focusing” of the size distribution to yield nearly monodispersgiggas. When concentrations
of monomer are lowered during growth, the critical size becomgsrlghan the average size
existed, and the size distribution “defocusing”. It leads te Bipadening as a result of Ostwald
ripening.

[ I 111

Accumulation

S§=8§

[+

Nucleation

Supersaturation

t—

Figure 2.7 LaMer plot of the three-stage crystal formatfon.
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Two colloidal synthetic methods are used for QDs synthesis:njgation and non-
injection (heat-up) approach¥s>® Hot-injection method was first reported by Bawendi's
group® in 1993 for the synthesis of monodisperse cadmium chalcogenide QBs. hoE-
injection method is a special case for the LaMer’s thregestaystal formation model (exclude
stage 1). The Heat-up method was revealed by Cao’s §dhip 2005 for the synthesis of CdSe

and CdTe QDs. It matches all the three stages of LaMer model.

After we carefully reviewed and examined the synthesis ofHalologenide QDs, we
realized that the current hot-injection method is not suitabl®itaining the PbS, PbSe, and

PbTe QDs we desired for the investigation of QCEs in several aspects:

e Multiple sources of Pb precursor.

e Complicated metal-capping ligand system for PbS, PbSe, and PbTe QDs.
e Using oleic acid as capping ligand, which is too strong to be substituted.

e Using reagents which are not environmental friendly for the synthesis.

e Complicated synthesis for various sizes of Pb-chaclogenide QDs.

e Reaction time is too long.

e Reaction temperature is relatively high.

We need to find a simple Pb-capping ligand system to accommotitite aynthesis of
PbS, PbSe, and PbTe QDs with monodisperse sizes below their exotorrdglius while
optimizing the synthetic conditions. Such a system is the,RDIO\ system. To achieve our
goal of investigating QCEs of the binary Pb-chaclogenides, vesl riest to synthesize
hydrophobic QDs with the Pb£OLA system, then transfer the OLA capped QDs to hydrophilic

QDs via ligand exchanffewith 4-Mpy. We succeed in discovering the PBOLA system by
18



reducing reactants used, adopting “green” reagents, loweringoreaemperature, shortening
reaction time, synthesizing in open air environment, and simplithi@gverall reaction process.
Figure 2.8 illustrates the scheme of the hot-injection method dedelypes for the synthesis of
PbTe QDs with the Pb&DLA model system. A typical synthetic procedure is described below.
Two stock solutions of Te and Pb precursors were prepared separébed Pb precursor was
heated to an elevated temperature, and then the room temperatpreciirsor was quickly
injected in the Pb precursor solution. The reaction temperature drapjtesdowest point and
the reaction was maintained at that temperature for PbTeg@gh for various times. After
reaction, the crudes were purified by cooling and centrifuge depavath both polar and non-

polar solvents.

Vacuum, 120°C, stir, 30 min. Pb Precursor

PbCly, + ASASASAS=ASAASACNH - - -
N,, stir, various temp. and time

Oleylamine

S
Glove box, stir
——  » Te Precursor
+ Te

o~~~ P~ Room temp., 24 h. TOPTe

trioctylphosphine (TOP)

{
N NH J:,J\H\r\
/\/\/\/L/\/\/\/\ NH 2 NHQ’\I\I\[\r\I\'\I\I
NH

LN
AAAAAAANHPDTe QDSIIHN AAAAAAAA

NH, HaN
M;;;g B %
Figure 2.8 Hot-injection PbTe QDs synthetic scheme with POCA system.
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Figure 2.9 lists the main instruments used in the synthe$tbDé QDs: glove box, oil-
free vacuum pump, temperature controller, and Schlenk line vacuum rdanifogure 2.10
elucidates the hot-injection method developed by us for the syntheéRixSef QDs with Pb&l
OLA model system. The synthesis uses environmentally benign®3b&s non-coordinating
solvent and SeODE as Se precursor. The Se precursor is injeeledaded temperature instead
of room temperature to further narrowing the size distribution i$ePQDs. The SeODE

precursor can also be used to obtain Se nanoclusters and Se QDs via solutiozatigstall

Figure 2.9 Main instruments used in the synthesis of PbTe @Bge box, oil-free vacuum

pump, temperature controller, and Schlenk line.

a 130°C, 6.5 mi, 0= 6.2%

Se,
n =2-8

/
CCllom |
<:- l SeODE or SeOLA:

HOT-INJECTION

Se nanoclusters

Figure 2.10 Hot-injection synthesis of PbSe QDs with RRCIA system.
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The non-injection heat-up method is simple, convenient, and efficientufge lscale
monodisperse QD synthesis or industrial tailored QD synthesistalube less restrictive
experimental requirements. Therefore, more reports of thisothdrave been published within
the last several yeafs®’ However, the current one-pot method still requires high reaction
temperature and long reaction time due to the fact that non-pretalrsors used are solids and

need to be dissolved at elevated temperature to achieve the burst nucleation.

The perception that homogeneous nucleation process always rdughetemperature
hinders the development of QDs synthesis. The non-injection one-pot syrahé$S QDs
with PbCh-OLA system developed by us lowers the nucleation and growth temmgetay
introducing activated components containing, homogeneous non-metal preolusion. The
synthetic route is shown in Figure 2.11. In contrast to the concepththabomogenous
nucleation process needs high temperature to overcome the verynbigly éarrier, by using
sulfide-containing STDE precursor or selenide-containing Sepi2Eursor, we discovered that
even at temperature of 45°C, monodisperse of PbS QDs with size ohZambe synthesized
within 5 min. while monodisperse PbSe QDs can also be obtained at 90 is a crucial
finding of the dissertation, which may dramatically changewifay QDs are synthesized. The
proposed PbS QDs formation mechanism of the one-pot synthesis in Equafiac&ounts for

additional discovery of the dissertation.

Equation 8 shows that process of Pb@hd OLA form PbGFOLA complex
(CH3(CH,)7,CH=CH(CH)s(NHz)"),Pb(OH).Cl,, in the reaction mixture with the help of the
trace water absorbed in OLA while heating, is a fast stéguation 9 and 10 are slow steps:

release of KIS from either hydrogen polysulfides or the reactiongfvith TDE. The release of
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H.,S is controlled kinetically by the reaction temperature (thagiing ramp rate). The activated
sulfides, which may control the nucleation process, in STDE wdeased at relatively low
temperature. At high temperature, morsShvas generated via the dehydrogenation of TDE by

Ss(Equation 10). Equation 11 is the overall reaction process.

Ss PbCl,

Reflux STDE
——» Precursor —>
Solution

;*

! R
LR e Ak S ok

NON-INJECTION, ONE-POT (HEAT-UP)

Figure 2.11 Non-injection, one-pot synthesis of PbS QDs with RBCA system.

2 H,0
PbCl, +2 CH3(CH,);CH=CH(CHp)sNH, ~_2, (CH,(CH,),CH=CH (CH,)s(NHs)"),Pb(OH"),Cl, (8)

H-S(sx)-S-H — x58 + st (9)

x=1,2,3..

3Sg + 8CHy(CHy CH=CH,—— §CHy(CH)o(C;H;S) + 16H,S  (10)

H,S, OLA
(CH3(CH,);CH=CH (CH,)g(NH3)"),Pb(OH),Cl, ——3=PhS QDs 4+ 2 (NH;"(CHy)sCH=CH(CH,),CH;)CI (11)
2H,0

The finding of TDE solvent is also an important discovery for thehsgis of S-
containing and Se-containing QDs. Both S and Se have higher solubilifE compared to

that of ODE. Further, TDE has low melting point of -13°C. All thies&le the low reactivity
22



and loss of reactivity problems of SeODE®*°caused by using ODE as solvent. Figure 2.12
presents the application of the SeTDE based one-pot synthetic nfethtdte synthesis of
monodisperse GO and PbSe QDs nanocomposites (GO-PbSeQDs) wiHORB&ystem. The

one-pot method can further be used to obtain GO-Ag nanocomposites as Figure 2.i&lindica

Seg PbCl, Graphene Oxide (GO)

Reflux SeTDE
——» Precursor —>

Solution

NON-INJECTION, ONE-POT (HEAT-UP)

Figure 2.12 Application of the one-pot method in the synthesis of GOCHEEsSeRanocomposites

with PbC}-OLA system.

AgNO;3 Graphene Oxide (GO)
+

TDE
Heat

.,‘

Figure 2.13 Application of the one-pot method in the synthesis of GO-Ag nanocomposites.
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Perhaps, one of the most significant discoveries of this résmsaacmethod to synthesize
various sizes of monodisperse, single elemental Se nanoclustersea@iDsS via solution
crystallizatiod® as shown in Figure 2.14. We find that TDE or ODE plays an impaméin
the synthesis of monodisperse Se QDs. They are actually wpping ligands for Se. The
interactions between the terminal double bonds of TDE or ODE ando8es ah Se may

contribute to the size differences of Se QDs.

m-oc-Seg

Figure 2.14 Monodisperse Se nanoclusters and Se QDs synthesized by solutdiizatigst.

After successfully synthesizing the binary PbS QDs, the hydropl@lbic capped PbS
QDs are converted to the hydrophilic 4-Mpy capped PbS QDs mdligechange as Figure-2.15

indicated. The 4-Mpy capped PbS QDs is then used for QCE study by SERS.
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Figure 2.15 Ligand exchange of PbS QDs.

2.5.2 Characterization
Mor phology of QDs

Understanding the morphology of QDs helps to better understand thecgbhsed
chemical structures of QDs. The size, size distribution, and shfa@ds synthesized are
characterized using Transmission electron microscope (TEM), t@gblution transmission
electron microscope (HRTEM), and UV-Vis-Near IR spectrophotemetfTEM images of QDs
were taken using a Zeiss EM 920 instrument operated at 80 kV.rétiglution TEM images of
QDs were taken using a JEOL, JEM-2100F instrument operated at 200h&/TEM samples
were prepared by drop casting one drop of a dilute solution of Qsrachloroethylene (TCE)
or n-hexane on a 300 mesh carbon-coated, copper grid from Electrosddipe Sciences. The
grid was dried by evaporating the solvent in air. The sizessa® distributions (relative
standard deviation) of the QDs were measured from TEM imageg iIEM 5.1 of Olympus
Soft Imaging Solutions GmbH. A minimum of 120 QDs were countedaoh gnage to obtain
the average diameter of the QDs. The following sizing curkzeguie 2.16) and empirical

equation$' (Equation 12 is for PbS Q[¥sand Equation 13 is for PbSe JB)sare also used to
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estimate the sizes and band gap energies of the PbS, PbSTan@Ds. The UV-Vis-Near

IR spectra were recorded by a Cary 500 UV-Vis-Near IR double beam speabroptet

1

Eex (pps) = 041 + G o 763d

(12)

1
0.016d%+0.283d+0.45

Eex (PbSe) = 0278 + (13)

where,d is the diameter of the QDs.
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Figure 2.16 Band gap energy and size relationships of PbS, PbSd&Tan@Ps. Figure 2.16 a-

c are sizing curves of PBS(size in diameter), PbSe(size in diameter), and Pbfesize in

radius) respectively.

Composition of QDs

The composition of QDs is measured by energy-dispersive xpetrescopy (EDS) for
the qualitative and quantitative analysis of the elements in QPBS measurements were
performed using EDS attached to the JEM-2100F instrument. The ctiopadiQDs is also

characterized by powder x-ray diffraction (XRD) diffractometer.
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Crystal Structure of QDs

The crystal structures of QDs are confirmed by the cordbmeasurements using
HRTEM, fast Fourier transformation of HRTEM (FFT), Raman &pscopy, selected area x-
ray diffraction (SAED), and XRD. The SAED was measured udifig-2100F instrument. The
Raman spectra were obtained using a Bruker Senterra Ramaoscojwe with 785 nm
excitation, a 1,200 I/mm holographic grating, a CCD detector, and paivwbe sample of 0.31
mW. A 50 X long working distance Olympus objective was algmlusThe XRD spectra were
recorded on a PanXPert powder X-ray diffractometer with Guddiation § = 0.1542 nm).
The sizes of QDs were also estimated from the full-widtitHhakimum (FWHM) of the certain

peaks of XRD using the Scherrer equatidfi(Equation 14).

__ B4
o B cosf

(14)

where,d is the mean diameter of the QDs, B is a dimensionless shetpe 6f 0.9 (usually) is
the X-ray wavelength (0.1542 nnff)(rad) is the FWHM of the reflection peak af,2andé is the

diffraction angle.

Band Gap Energy and Optical Propertiesof QDs
The UV-Vis-Near IR spectra were recorded by a Cary 500MisvNear IR double beam
spectrophotometer. From the absorption data of the spectra,tiheier coefficiento can be
calculated using Equation £5.”"®
a = B(hv —Ey)" /hv (15)
where,h is Planck’s constantyhs energy of photorB is a constant related with semiconductor,

nis an exponent which depends on the type of transition. The valnes &, and 2 correspond

to indirect and direct transitions, respectivéllize band gaps of QEyp can be estimated using
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Tauc plot ¢hv)? vs.hv. The radius of QIR can also be estimated from Equation 16 (derived

from Equation 2):

_ e’ 172
k= (ZIJ(EQD_ Eg)) (16)

Ligand Dynamics and Compounds Identification

Fourier transform infrared spectroscopy (FT-IR), Raman specipgs‘H and *°C
nuclear magnetic resonance spectroscopy (NMR), differesaainsng calorimetry (DSC), mass
spectrometry (MS), and gas chromatography and Mass Spetgro(@C-MS) were used to
monitor, analyze and identify reactants, products, and QDs synthesizi spectra were
measured using Nicolet iS10 FT-IR Spectrometer from Thermenfftci. Raman spectra
(SERS) were obtained using a Bruker Senterra Raman microsqopmped with excitation
wave length of 488 nm, 633 nm, and 785 nm. DSC curves were recorded \tBZ2Sof
Mettler Toledo. MS data was measured with 4000Q TRARC/MS/MS System, GC-MS were
recorded using Shimadzu GC-Chromatography GC-17A and Mass Speetro@ie-5000.

'HNMR and™CNMR spectra were measured with Varian Mercury-300 NMR Spectrometers.

2.6 Surface Enhanced Raman Spectroscopy (SERS)

Our group has reported two QCEs studies of size dependence of semicor@Ds
absorbed on thiol molecules by SERS recently. One is the ZnAQOs and ZnO QDs-4-
Mba (4-mercaptobenzoic acid) systéhthe other is Ti@ QDs-4-Mba syster’ By scanning
different sizes of ZnO QDs (18.2, 23.8, 25.2, 27.7, 30.6, and 32.8 nm) absorbed witld-either
Mpy or 4-Mba using excitation wave length of 514. 5 nm, ZnO QDszef27.7 nm generated

the strongest QCEs. Similarly, probing %iQDs (6.8, 8.6, 10.9, 12.8, and 14.2 nm) absorbed
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with 4-Mba using the same 514.5 nm excitation wave length,, Qs size of 10.9 nm also
produced the maximum QCEs. The latter enhancements are co-enbiahagm4-Mba
molecular lines (modes) and the phonon modes of WDs. Charge-transfer was attributed to
the enhancements. These studies are important for finding effigcggnesolar cell materials.
Since TiQ QDs are basic materials for solar cell manufacturing, Sy be a fast and
efficient method to select materials for solar cell appbcavia measuring the charge-transfer
rate of the materials. However, both the sizes of ZnO @OsT&, QDs we probed are much
larger than their exciton Bohr radius (ZnO is 0.9 nm and Ti& different values ranging from
0.8 nm to 2.2 nm). These materials may not generate the maximEs Que to their size
constraints.

We expect smaller QDs with sizes less than their excitohr Badius to be better
candidates for solar cell application and energy-efficient maégdvecause these QDs will have
much strong QCEs. We are also interested in the study ¢dtxciwave length dependence of
the QCEs to see at which wave length the QCEs of the sammeh®@2 the maximum charge-
transfer rate, which is also crucial for the development of selamaterials. Two QD systems
are available for SERS study:

1. A binary Pb-chaclogenide system with monodisperse PbS (2.1-16.5 hB8g, P
(3.6-15.5 nm), and PbTe (2.6 nm-14 nm), which all the sizes of QDs arthias
their corresponding exciton Bohr radius.

2. A single elemental system with monodisperse monoclinic Se (106412),

which the sizes of QDs are near the exciton Bohr radius.
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We find both size and excitation wave length dependences of PbSiiQa@rbed on 4-
Mpy by SERS. Figure 2.17 demonstrates the QCEs of PbS Qbdhabon 4-Mpy, which will

be discussed in details in Chapter 4.
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Figure 2.17 QCEs of PbS QDs absorbed on 4-Mpy.

Raman spectroscopy is really a powerful tool for structureackenization. Raman
spectrum of Figure 2.18 reveals that the Se nanoclusters @®grwith HRETM data support.

XRD failed to characterize the m-Se structure due to its measurement limi
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The following chapters report and discuss all the discoveries in details.
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Chapter 3 Semiconductor QDs Synthesis and Characteation

This chapter covers the synthesis and characterization okea sémonodisperse, binary
QDs, single elemental Se QDs, and QD and graphene oxide (GO) nauostes Topics

including:

1. A new universal PbGIOLA (oleylamine) based system developed for PbS, PbSe,
PbTe, and other Se-containing QDs as well as nanocomposites foyntSe

QDs and (GO).

2. A novel, non-injection, one-pot, temperature based synthetic method for PbS,

PbSe QDs, and nanocomposites formed by PbSe QDs and GO with 1.

3. A new solvent 1-tetradecene (TDE) for S to generate adafivsatiide-containing

STDE solution used as universal S precursor for S-containing QD synthesis.

4. Se solution from Se dissolved and reacted with TDE (SeTDE) asrsaivSe

precursor for Se-containing QD synthesis.

5. A new, simple, solution precipitation method for obtaining single efeéai Se

QDs using SeTDE from 4 and SeODE (Se dissolved and reacted with ODE).

6. Modified hot-injection methods for PbSe with different Pb sources, ogppin
reagents, Pb and Se feed mole ratios, and two Se precurdots\(8ed SeODE)

for PbSe QD synthesis with 1.
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7. Modified hot-injection methods for PbTe QD synthesis with 1 usinfgreifit Pb

sources and PbTe QDs stability tests.
They are discussed in the following five sections of this chapter.

3.1 Controlled Synthesis of PbS QDs

A new activated sulfide-containing solution was discovered by dissoduiligr in TDE
at elevated temperatures. The components of the activated suifittess STDE solution are
hydrogen polysulfides and 2-decylthiophene. Using this high concent@&fprecursor, a novel,
simple, non-injection, one-pot, temperature-based synthetic method vedspiel to obtain size
controlled monodisperse PbS semiconductor QDs in short time at lovatmcleemperature. It
reveals that nucleation process of the nanoscaled QD formatnmt reecessary always a high
temperature process as widely acknowledgedieneral PbS QDs formation mechanism is also

proposed.

3.1.1 Introduction

For many years, considerable research has been carried out Byritheétic protocols
using one-pot, green synthetic methods that can be tailored toriadpisiduction to obtain size
and morphology controlled, high quality monodisperse chalcogen-containmigoseluctor
QDs!® Recently, environmentally benign solutions of sulfur, such as S podissslved in
oleylamine OLA™® or ODE have been used as the S precursor for hot-injection methods to

synthesis monodisperse chalcogen-containing QDs.

It was not until recently that Yu’'s group reported a low tempegaton-injectiorf;°

one-pot synthesis of PbS QDs using bis(trimethylsilyl)sulflddg).S), thioacetamide (TAA),
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and elemental sulfur as S precursors at growth temperat8eX#0°C** Simply combining all
the reactants, PbS QDs were synthesized at relative low ratu@s. This represented a
significant improvement and trend for the synthesis of PbS QDs. oNgtwas the reaction
process simplified, the reaction temperature lowered, and theedosted, but they also revealed
that hot-injection can be further substituted by one-pot synthesis wengathe reaction
temperature. Mokari’'s group used lead bisdiethyldithiocarbansatengle source of both Pb and
S precursor with the non-injection approach to obtain PbS nanoatireigh temperatures.
Peng’s group also adopted alkylthiols as S precursor source withoth@njection method to
produce PbS QDs at high temperatdfeSi’'s group synthesized PbS QDs using injection

method to obtain PbS QDs with aqueous media at room tempefature.

However, all of the above mentioned non-injection methods use toxiectmtdining
reagents which are very sensitive to water. They are alssimple—use of several reagents in
the reaction processes. Some of them have to be carried out at tempeet@@0°C with long
reaction time. In addition, except the room temperature injecfipnoach, there is limited
information of the size, size distribution of the QDs synthesized thabgorption spectra are
available. Further, the size of the PbS QDs synthesized attesoperature ranged from 7 nm
to 18 nm with a broad size distribution of 10%-20% because it is vdiguttito control the
release of kS in agueous solution. Moreover, there has been very few discusstas dPDs

formation mechanisi ™’ in the literature, especially for the chemical reactions involved.

Actually, all of the previous synthetic approaches intended to adkey problem: how
to generate and release the reactive speci8siiHa controlled manner so that nucleation and

growth can be achieved at low temperature with relatively short time?
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To achieve the goal of establishing simple, environmentally benign, sizelhand
industry tailored synthetic protocol and solve the low temperature nucleation probletmonatidi
developments are needed, especially for the S precursor to be controlledde re&etive

species KIS during reaction.

Previously, we developed a temperature-based, hot-injection sgrih&cedure through
which size controlled monodisperse PbSe QDs was synthesizedtlpoptrolling temperatures
to accommodate the nucleation and growth procé8s@he rationale behind our hot-injection
method was by mixing two homogenous precursor solutions (instead of mitim§e solids) at
an elevated temperature (nucleation process), size controtleddisperse QDs were prepared
after nucleation and a short time growth at a lower temperatlihe existing environmentally
benign S precursor solution for hot-injection synthesis made by (Djowder dissolved in
ODE around 90°C) was a heterogeneous solution when cooled to room tempeuatue
sulfur’'s low solubility in ODE. This is not suitable for the norestjon, one-pot synthesis we
designed, which mixing two homogeneous precursor solutions at room #&tunper Therefore,
the discovery of novel homogeneous S precursors was crucial forviheoneinjection, one-pot

synthesis of size controlled monodisperse QDs.

We also confirmed that if high concentration S stock solutions icomgaactivated
components of sulfides were available at room temperature, weirtherfsimplify the reaction
protocol to eliminate the hot-injection step by adding the homogen8opesecursor in the
starting reactant mixture to proceed with one-pot synthesis. Tlus$,ahthe above-mentioned
problems can be solved by the proposed environmentally friendly, cestive$f and simple one-

pot synthetic method. This would be helpful to achieve the goaltofgep the size controlled
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and industry tailored syngtic method by streamlining the process of prodydirydroger
sulfide, reducing the reaction time, carrying dhg teaction at low temperature, and facilita
industrial batch productions. We proposed thasthele, sulfid-containing high concentron S

stock solutions can be the universal S precursahfsynthesis of swr-containing QDs.

In this section we report the following discoveries: (1) A newgtigated sulfid-
containing high concentration stock solution, S powdedissolved in TDI at elevated
temperatures, is evaluated systematic: The activated components and the reactivity stufc
STDE compare wittsODE ancSOLA (S powder dissolved in OLA)2) Design and develop
PbCbL-OLA model system to demonstrethat size controlledgnonodisperse PbS QDs below
exciton Bohr radius can be obtained in a dramatically reduceaction timewith our non-
injection, onepot synthetic method. To the best of our knowledlyete are no reports of the

kinds of syithesis until now. (3) new PbS QDs formation mechanism.

The formation oPbS QDsis shown in Figure 3.1.

S precursor (STDE) My “_, N
Heat at various temperature T GO

Metal precursor and capping > h 'H s __H
ligand (PbCl,+ OLA) ,‘ iy Lo T

+

Figure 3.1Nor-injection, one-pot synthesis of PbS QDs.

3.1.2 Experimental
Chemicals

PbC} (99-100%) was from J.T. Baker. Sur (S, 99.5100.5%, powder) was from Fish
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Chemical. Methanol (absolute reagent, 99.8%, A.C.S.) was purchase&pextrum Chemical.
Tetrachloroethylene (TCE, 99%, extra pure), oleylamine (OLA, 80-9Q%jytadecene (ODE,
90%), 1-tetradecene (TDE, 94%), and chloroform-d (GDPOkenrichment > 99.75%) were
purchased from ACROS Organic. Lead acetate paper was froomdhesher Scientific, Inc.

All chemicals were used as received without further purification.

SODE, SOLA, and STDE Precursor Preparation and Reactivity Test

0.8 M, 10 mL S precursor stock solution SODE was prepared by disg@\256 g of S
powder in 10.0 mL ODE at 200-260°C or reflux. Then it was cooled to romperature for
storage. Only at elevated temperature as high as over 200°COME Solution can be

homogeneous when cooled to room temperature.

0.8 M, 10 mL S precursor stock solution SOLA was prepared by disgd\v256 g of S
powder in 10.0 mL OLA at 50-60°C. Then it was cooled to room temperfmustorage. It
was used as S precursor for the modified hot-injection, solvensyrabesis of PbS QDs. The

reactants only include three compounds: RpPGLA, and S.

0.8 M, 20 mL S precursor stock solution STDE was prepared by diss@\&hg g of S
powder in 20.0 mL TDE at 200-250°C or reflux. Then it was cooled doweoota temperature
for storage. The maximum concentration of STDE can reachos¢ than 4 M without any

precipitation at room temperature.

Several drops of the 0.8 M STDE, 0.8 M SODE, and 0.8 M SOLA were plathe lead
acetate papers respectively to check the activated componeadsvitg. The color of lead

acetate papers did not change for a long time if water isdu®da When water was added to
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each lead acetate papers, only the color of SOLA’s test paper cHeorgeshite to black within

15 s (Table 3.1).

Both SOLA solution generated some precipitates when cooled to tevoperature due
to the melting point of OLA is close to room temperature. S@BESTDE remained as a clear

solution.

Table 3.1 SODE, SOLA, and STDE Reactivity Test

Color Change

Lead acetate paper SODE SOLA STDE

Without water

With water - Blackin15s -

'HNMR and **CNMR spectra of STDE were recorded for STDE solution component
analysis. The STDE sample was also passed through a column-MISGGr separation and

additional component analysis.

Non-injection, one-pot synthesis of PbS QDs using STDE with Pb&DLA system

In a typical example of synthesis of the 7.0 nm spherical PbS(@B% 0.110 g (0.40
mmol) PbC}, 3.39 g (10.14 mmol, 4.19 mL) OLA, and 1.0 mL 0.8 M STDE solution was
introduced into a three-neck round-bottom flask at room temperature. mitiare was
magnetically stirred and heated to°G@Qunder vacuum for 15 min. Then, the vacuum was
removed and the temperature of the mixture was further raise80t6 with a heating rate at

about 13.5°C/min. The temperature of the mixture was maintairtedtdevel for 5 min. Then,
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the crude solution was cooled immediately in a water bath. cfide was centrifuged and
washed with methanol. Next, 5 mL of TCE was added into the couebettact PbS QDs. After

centrifuging, the as-synthesized PbS QDs were stored in TCE.

This non-injection, temperature-based synthetic method was usedio wdrious sizes
of PbS QDs by running various batches of the synthesis under the sadigons: the same
amounts of chemical reagents were used, Pb to OLA feed mimlefdt:26, Pb to S feed mole
ratio of 1:2, the growth time of 5 min., but at a variety ottiea temperatures (46 to 220C).

The synthetic conditions and results of PbS QDs sample a-1 to a-7 are listeckiB.Zabl

Table 3.2 Non-injection, One-pot Synthesis of PbS QDs with STDE
Sample # a-1 a-2 a3 a-4 a-5 a-6 a-7 a-8*
Pb to S Feed Mole Ratio 1:2 1:2  1:2 1:2 1:2 1:2 1:2 1:2
OLA to Pb Mole Ratio 26:1 26:1 26:1 261 26:1 26:1 26:11 321
Heating rate (°C/min.) 30 142 135 165 16.3 18.5 19.3 -
Growth time (min.) 5 5 5 5 5 5 5 5
Growth Temperature (°C) 45 90 130 160 185 200 220 55
Sample Sizgnm) 21 40 7.0 82 89 14.8  16.5 10-20

G 8.6% 6.9% 6.9% 7.1% 6.8% 7.3% 7.0% -

* S precursor is SOLA instead of STDE. Reactiometis 5 min. at corresponding growth temperature.

Non-injection, one-pot synthesis of PbS QDs using SOLA with Pb£DLA system

PbS QDs sample a-8 (Table 3.2) was synthesized using a norsmjesivent-free
synthetic method by adding 0.110 g (0.40 mmol) REEB9 g (10.14 mmol, 4.19 mL) OLA and
1.0 mL 0.8 M SOLA into a three-neck round-bottom flask at room testyre. The mixture

was magnetically stirred and heated t6G30nder vacuum for 15 min. Then, the vacuum was
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removed and the temperature of the mixture was further raised¢@o $6e temperature of the
mixture was maintained at that level for 5 min. Then, the crudeé@olvis cooled immediately

in a water bath. The crude was centrifuged and washed with methanol.

Sample characterization

The size, shape, crystal structure and composition of PbS QDschexa&cterized by
transmission electron microscope (TEM), high resolution trangmisslectron microscope
(HRTEM), selected area x-ray diffraction (SAED), and enaligpersive x-ray spectroscopy

(EDS). Component analysis was performed by GC-MSIMR, and**CNMR.

TEM images of PbS QDs were taken by a Zeiss EM 920 instruoperated at 80 kV.
High resolution TEM images of PbS QDs were taken using a JEEM;2100F instrument
operated at 200 kV. The TEM samples were prepared by dropgcastndrop of a dilute
solution of PbS QDs in TCE on a 300 mesh carbon-coated, copper grid Biertron
Microscope Sciences. The grid was dried by evaporating the salvaint The sizes and size
distributions (relative standard deviation) of the PbS QDs werasured from TEM images
using iTEM 5.1 of Olympus Soft Imaging Solutions GmbH. A minimuml?2® QDs were
counted on each image to obtain the average diameter of the PbSSABD patterns were
obtained using JEM-2100F. The EDS spectra were recorded using EDS attached to JEM-2100F
GC-MS were recorded using Shimadzu GC-Chromatography GC-17A arsl 3pastrometer
QP-5000. '"HNMR and “®*CNMR spectra were measured with Varian Mercury-300 NMR

Spectrometers.

3.1.3 Results and Discussion

SODE, SOLA, and STDE Precursor Preparation and Reactivity Test
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Table 3.1 lists the test results of reactivity of SODE, SCdril STDE measured by lead
acetate paper. The results indicate that both SODE and STD®tdelease any activated
components of b6 or polysulfides with either water presented or not at roampéeature. They
may be good candidates for the non-injection method because the reletse activated
components can be controlled by temperature. SOLA is avedlatictive reagent since it can
react with Pb at room temperature with trace water. ForSfDeA solution, the activated
components are alkylammonium polysulfides as reported by Ozin §towye. found that Scan
fully dissolve in OLA to form 0.8 M SOLA upon heating to 50-60°C. Juddiog the test
results of using the same 0.8 M of SODE, SOLA, and STDE,ehetivity of the S precursor
solutions may be in the order of SODE < STDE < SOLA. HoweS&i A generate some
precipitates during storage at room temperature. We chabse 8TDE or SODE as the S
precursor for the non-injection, one-pot synthesis of PbS QDs. Tmeglsa be used as the

universal S precursor for S-containing QD synthesis.

Non-injection, one-pot synthesis of PbS QDs using STDE with PbE&DLA system
The synthetic conditions and the results are listed in Table Bath HRTEM image

(Figure 3.2b) and SAED diffraction pattern (Figure 3.2a top riglatjref sample a-3 of 7.0 nm
confirm that the nanoparticles are single crystals. Thedatftinge of PbS is measured at 3.0 £
0.1 A, which is in consistent with the (200) lattice planes for bulk PEFDS No. 770244,
2.967 A). The TEM images of the PbS QDs synthesized using S$PEeursor (a-1 to a-7)
are shown in Figure 3.3. The size ranged from 2.1 nm to 16.5 nm, beld@ thm exciton Bohr
radius of bulk S. The size distribution is fram= 6.8%-8.6%, which is narrowly distributed.

The shape of the PbS QDs is either spherical or cubic. Comparéable 4.1 of the hot-
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injection synthetic resultsf PbS QD, which has a size distribution from 9.8% to 11.8%e
non-njection synthetic method demonstrates the follmmadvantage

1. Wider size range: from 2.1 nm to 16.5 nm instea8.0fnm to 10.2 nr

2. Namower size distribution: from 6.8% to 8.6% insted®.8% to 11.8%

3. Lower reaction and growth temperatt: as low as 45°C, instead 210°C.

4. Reduced reaction time to 5 m, instead of from 5 min. to 120 m

5. Reactions are cded out in open airenvironment, instead of under nitroc

protection.

6. The QDs have both spherical and cubic shapes thsfeanly spherical shay

Figure 3.2 TEM and HREM image: and SADE of PbS QDs sample3awith size of 7.0 nn
synthesized using the namection, on-pot method. The lattec fringe ofthe PbS QDs is

measured at 3.00 + 0.1 A.

The XRD of PbS QDs is listed in Figure 4.1 of cleapt. It reveals thathe crystal

structure of PbS QDs synthesized is the sanbulk PbS. The compositicof PbS QDs wa
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verified by EDS (Figure 3.4 and Figure 3 TEM, HRTEM, SAED, and EDS data confirm

the size, shape, size distributiond crystal structure of the QDs synthesiaeel Pb..

The syntheticurve obtained (Figure 3.is a useful guideline for the nthesis of variou

sizes of Pb®)Ds using the similar synthesis conditio

Figure 3.3TEM images of PbS QDs synthesized using-injection, onepot metho. Figure
3.3a to Figure 3.3g corgsponding to PbS QDs samfa-1 of 2.1 nm wh size distributiors =
8.2%, a-2 of 4.00m witho = 6.9%,a-3 of 7.0 nm witls = 6.9%, a4 of 8.2 nm witho = 7.0%,
5 of 8.9 nm witho = 6.8%, %,a-6 of 14.0 nm withs = 7.3%, a7 of 16.5 nm withc = 7.0%
respectively. Their reaction temperatures are 45°C, 90°C, 130Q®8D°C, 185°C, 200°C, ar
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220°C respectively. Figure 3.3h is the preliminary result of saraf@ prepared by a non-
injection, solvent-free method using SOLA at 45°C. Its size is ftlOmm to 20 nm with a

relatively broad distribution.

3.00 6.00 9.00 12.00 15.00 18.00 21.00 24.00 kav

Figure 3.4 EDS result of PbS QDs sample a-2 of 4.0 nm.

2.00 4.00 6.00 8.00 10.00 1z.00 14.00 kev

Figure 3.5 EDS result of PbS QDs sample a-3 of 7.0 nm.
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Figure 3.6 The temperature-based synthetic curve of PbS QDsn dther conditions remain

constant and the reaction growth time is at 5 min., narrowly distdb#bS QDs were

synthesized with various reaction temperatures.

Non-injection, one-pot synthesis of PbS QDs using SOLA with Pb£DLA system
Figure 3.3h indicates that the non-injection, solvent-free syntbeBiSS QDs is possible
using only Pb source, capping ligand OLA, and SOLA. Further optiroizat the reaction

conditions is necessary to obtain monodisperse PbS QDs.

Reaction mechanism

We propose a reaction mechanism for the PbS QDs formation., Bb€CIOLA form
PbCb-OLA complex: (CH(CH,);CH=CH(CH)s(NHz)"),Pb(OH).Cl, in the reaction mixture
with the help of the trace water absorbed in OLA while heatingigion 1). It is a fast step.

Indeed, the recently observed (§EH,);CH=CH(CH)s(NH3)"),PbCL* complex in a similar
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reaction system by Koutselas gréUmprovides experimental support for this hypothesis.
Equation 2 and 3 are slow steps: release,&8f firbom either hydrogen polysulfides or the reaction
of S with TDE. The release of 43 is controlled kinetically by the reaction temperature (the
heating ramp rate). The activated sulfides, which may contrahdbkeation process, in STDE
were released at relative low temperature. At high temperature H¥®nsere generated via the
dehydrogenation of TDE bygSEquation 3). The hydrogen polysulfides formation in liquid
sulfur proposed by Wiewiorowski grodp,the post-reaction thiophene observed by Peng's
group? and the 2-decylthiophene detected in STDE solution by our group (GCHWMR: & =
7.09 ppm [dd]5 = 6.90 ppm [dd]5 = 6.78 ppm [m], and°*CNMR results, Figure 3.7 to Figure
3.9) provide evidences for the postulate. Equation 4 is a fast stiee fafrmation of PbS QDs
between Pb metal complex,$ and the capping ligand OLA (the nucleation process), followed
by the growth process of the PbS QDs. This is a verypiastess due to the high value of
solubility product constant of PbS. It is a process that involves cloémical reaction and

nucleation.

2 H,0
PbCl; +2 CHy(CH),CH=CH(CHy)§NHy ——5 (CHy(CH,);CH=CH (CH,)s(NH3)"),Pb(OH ),Cl, (1)

H-S(sx)-S-H e XSS + st (2)

x=1,2,3..

3 SS + 8 CH3(CH2)11CH =CH2 —_— > 8 CH3(CH2)9(C4H3S) + 16 HZS (3)

H,S, OLA
(CH3(CH,);CH=CH (CH,)g(NH;)"),Pb(OH"),Cl ——3=PbS QDs + 2 (NH;" (CH,)sCH =CH(CH,);CH;)CI (4)
-2H,0
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Figure 3.7 GC-MS results of STDE solution. The peak/at 224 is the molecular peak of 2-

decylthiophene.

2 S\ s
3 4
Figure 3.8'"HNMR result of STDE solution. TopHNMR. 2-decylthiophenes = 7.09 ppm

(proton at 3 position)y = 6.90 ppm (proton at 4 positiort);= 6.78 ppm (proton at 5 position).

Bottom: structure of 2-decylthiophene.
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Figure 3.9°CNMR results of STDE solution. Left: STDE solution. 2-decylthiophehe:
131.97 ppm (carbon at 2 positior);= 130.96 ppm (carbon at 3 position);= 124.58 ppm

(carbon at 4 position§ = 123.60 ppm (carbon at 5 position). Right: 94% TDE.

There are two kinds of S stock solutions: one is the S solution dyrtesgtd by some
researchers--S powder dissolves in ODE below 15%*¢ Upon cooling the light yellow
solution to room temperature, S crystals formed. The other is the S solution madswnd)jsS
in TDE with reflux. The color of this S solution is deep brown. Atuad 170°C, the Sin the
TDE solution reacts with the double bond of the TDE to generate amallint of thiophene (2-
decylthiophene) (Equation 3) and releassS Hthe gas released turned lead acetate paper to
black). Then HS react with §to form hydrogen polysulfides (the reverse reaction of Equation
2), which is the activated components of sulfides. Therefore, in tH2ES3Jolution,
thiophenes, hydrogen polysulfides, and TDE co-exist. The interaction aimesg species make
the Sremain soluble and stable in STDE solution even at room temperatareoacentration
higher than 4 M. This STDE solution is the S precursor we devekmedised in the one-pot

synthesis.
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The formation of PbS QDs sample a-1 of 2.1 nm at 45°C revealedyanvgortant
finding that nucleation can occur at a lower temperature. niiodstrated that the nucleation
process does not need to overcome a high energy barrier. This would signéficant impact
on the synthesis of nanomaterials if the one-pot S-containing @iiisesis could be carried out
below 100°C. The energy provided at 45°C is only about 2.64 kJ/mol Khernbdynamic
calculation is necessary to estimate the activation energy lmas the proposed mechanism to
guide the experiments. Solvent-free, hot-injection methods have bednnutee synthesis of
PbS for at least five years. Howev@r,**to our limited knowledge, this is the first report of a
non-injection, one-pot synthesis of PbS QDs with SOLA. In any caseagesults suggest that
solvent-free, one-pot synthesis of PbS QDs using only Pb precutstb€FOLA) and SOLA
are possible. This is crucial for the understanding of the formation of S+dagtgDs since the
reaction is further streamlined with only three reagents. e&bkze that several questions still
need to be addressed systematically to optimize the synttmtiditions, for example, the
heating rate effects on the nucleation process. Can nucleation &un@ebe lowered by
optimizing the interactions among reactant species? How are theplgenerated in the S
precursor? Does the concentration of the S precursor have amgncel on the formation of

QDs?

3.1.4 Conclusion

In conclusion, a new solvent TDE for S was discovered, followed bgebhelopment of
a procedure to obtain the activated sulfide-containing STDE precursor. The@@&sors can
lower the nucleation temperature via a newly designed non-injectiorpadribermal synthetic
method to synthesis size controlled monodisperse PbS QDs. A reaetb@anism is proposed

and discussed for the formation of PbS QDs. We envision that the thBRctivated sulfide-
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containing S precursors, one-pot thermal synthetic method, and the propestidnre
mechanism will be applicable to many practical applications arhdefr be extended to the field
of S-containing QDs synthesis. Table 3.3 summarized PbS QDs siyethéoy both hot-

injection and non-injection methods.

Table 3.3 PbS QDs Synthesized by Hot-injection and Non-injection Methods

Sample # Average size (nm) Size distribution (%) Synthetic Method

PbS QD-1 2.1 8.6 Non-injection

PbS QD-2 4.0 6.9 Non-injection

PbS QD-3 5.0 10.0 Solvent-free, hot-injection

PbS QD-4 6.1 9.8 Solvent-free, hot-injection
PbS QD-5 7.0 6.9 Non-injection

PbS QD-6 7.3 11.0 Solvent-free, hot-injection
PbS QD-7 8.2 7.1 Non-injection

PbS QD-8 8.9 6.8 Non-injection

PbS QD-9 10.2 11.8 Solvent-free, hot-injection

PbS QD-10 14.8 7.3 Non-injection

PbS QD-11 16.5 7.0 Non-injection

3.2 Controlled Synthesis of PbSe QDs

We developed one new non-injection, one-pot method and two modified hot-injection
methods to synthesize PbSe QDs with the universal ,RBDIOA system using three Se
precursors: SeODE, SeOLA, and SeTDE (Se powder dissolved in sbkesats, similar as

SODE, SOLA, and STDE):
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1. Non-injection, one-pot method using SeTDE as Se precursor.

2. Solvent-free, hot-injection method using SeOLA as Se precursor.

3. Hot-injection method using SeODE as Se precursor.

All syntheses are simple, environmentally benign, and phosphine-fféey can be
carried out under open air. It achieves simplicity without compragniie quality of the PbSe
QDs synthesized. Herein, temperature-based synthetic procedsinesed to control the size

and shape of the PbSe QDs while time-based synthetic procedure was alsediscus

With SeTDE precursor, four different sizes of PbSe QDs andPbBe nanorods: 5.5 nm
with 6 = 5.6%, 8.4 nm witls = 5.0%, 9.2 nm witls = 5.6%, and 11.1 nm witb = 4.9%, and
rod with size of (5-10 nm x 40-80 nm), were synthesized via the fpection method. The

shape of the PbSe QDs was either spherical (< ~9-10 nm) or cubic (> ~9-10 nm) or rod.

With SeOLA precursor, two synthetic approaches: time-basedteanderature-based
synthesis of PbSe QDs by the solvent-free, hot-injection method,imagstigated. The size of
the PbSe QDs ranged from 3.6 nm to 15.0 nm with relative standardiale\o& ~2.8-8.1%.

The shape of the PbSe QDs was either spherical or cubic.

With SeODE precursor, four synthetic combinations with PloCllead stearate as Pb
source, OLA or oleic acid (OA) as the capping ligand weredesiidhe size of the PbSe QDs
ranged from 6.5 nm to 15.5 nm with relative standard deviation of ~1.9-6T®# shape of the
PbSe QDs was also either spherical or cubic. The optimal sgntioetditions were found for

both synthetic combinations: OLA with Ph@hd OA with lead stearate.
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3.2.1 Introduction

Semiconductor PbSe QDs have attracted considerable attention dbeirtsttong
guantum confinement properties. The quantum confinement to its nanostrstémesfrom its
unique properties of small band gap (0.27 eV at 360Kjrge exciton Bohr radius of 46 rfih,

and large static dielectric constant of 280.

Since Murray's grodp reported the first colloidal synthesis of PbSe QDs in 2001, several
modified synthetic methods have been repoftéd. PbSe QDs are usually synthesized by
rapidly injecting of TOPSe precursor—Se powder dissolved in triylgiatsphine (TOP) or in
tri-n-butylphosphine (TBP) solution, into a heated solution of Pb precuyporally lead acetate
or lead oleate in a non-coordinating solvent ODE solution. OA wakass¢he capping ligand.
TOP or TBP were used either as capping ligand or as agsst@A. Either diphenylphosphine
(DPP) or 1, 2-hexadecanediol (HDD) was used to increaseidlte and quality of the PbSe
QDs. The main problems of the above synthetic methods are comgbliesiction conditions
with multiple reagents. TOP and TBP are very toxic, air f§easand expensive reagents. They
need special handling. Although, Tang’s group reported phosphine-fréesgnising SeODE
as the Se precursor recentiythey still had to use OLA to “assist” the capping ligand OA to

obtain narrowly distributed PbSe QDs.

Herein, we have developed a non-injection, one-pot synthetic methdgeatdoee hot-

injection method, and a modified hot-injection method to solve these problems.

We select stable phosphine-free solutidrte replace both TOPSe and TBPSe as Se
precursor. We use three phosphine-free Se stock solutions. Th&e@RE, SeOLA, and

SeTDE. Among them, SeTDE and SeOLA reported here is probabljrésh time used as Se
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precursors for the synthesis of PbSe QDs, while SeODE is ywige#d as Se precursor.
Raston’s group found that the SeODE precursor was about as twitieeess that of TOPSe.
All three Se precursors are easy to prepare, inexpensivairasidble. Several key factors to
determine the optimal experimental conditions are also examindtky ihclude choosing
precursors, capping ligands, synthetic systems, and synthetiodset They also involve the
study of temperature, time, concentrations of the reaction speaidsratios of the reaction

species effects on the synthesis of monodisperse PbSe QDs.

With SeTDE, we investigated precursor ratio effect on the @ml shape of PbSe QDs.
With SeOLA, we tested time-based and temperature-based synphetorols, using either
reaction temperature or reaction time to effectively contrel dize and shape of PbSe QDs.
With SeODE, we examined it more thoroughly using a systerappcoach. First, we use low
cost reagents: PbLbr lead stearate as Pb metal source. Then, we choose onlappiegc
ligand, either OLA or OA to simplify the reaction processéext, the reactions were carried
out without inert gas protection in open air. The synthesis results are repteduth relatively
high yield. Thus, nearly monodisperse PbSe QDs capped with only OlghlprOA were
synthesized without any assistant reagents. The morphology Bb8e QDs was controlled by
changing variables such as injection temperature, growth tetupgerand growth time. Both Pb
to OLA or OA and Pb to Se feed mole ratios have been examinedaio tie optimal synthetic
conditions. We choose to inject Se precursor at elevated temperattead of injecting it at
room temperature as for the synthesis of PbTe QDs (section iz ahapter) to successfully
narrowing the size distribution of the PbSe QDs synthesized. Futtiieeresulting PbSe QDs
synthesized by the open air method were compared with PbSe Qhrsedlts the reference

experiments at the same reaction conditions except carryinguralgr the inert nitrogen
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protection environment. We found that there are no size, size distribatidmuality differences

of PbSe QDs between syntheses with protection and without protection.

The new synthetic methods use little reaction equipment, éeggemts and reduce cost
via simplified reaction and post reaction processes. The synthetltod greatly changed the
way in which PbSe QDs were synthesized. It achieves simypligihout compromising the

quality of the PbSe QD synthesized.

3.2.2 Experimental
Chemicals

PbC} (99-100%) was from J.T. Baker Chemical Company. Lead stearate (90-108%) wa
purchased from MP Biomedicals, LLC. Oleic acid (OA, tech, 90%) fr@a® Alfa Aesar.
Methanol (absolute reagent, 99.8%, A.C.S.) was purchased from Spectrum c&hemi
Tetrachloroethylene (TCE, 99%, extra pure), selenium (Se, 99.5%, poR@er,mesh),
oleylamine (OLA, 80-90%), 1-octadecene (ODE, 90%), acetone (99B%jradecene (TDE,
94%), chloroform-d (CDG| D-enrichment > 99.75%), and n-hexane (99+%) were purchased
from ACROS Organic. Lead acetate paper was from Thermime=iScientific, Inc. All

chemicals were used as received without further purification.

SeODE, SeOLA, and SeTDE Precursor Preparation and Reactivity Test

The three Se precursor solutions were prepared as Table 3.4 indix8&dl SeOLA
precursor stock solution was prepared by dissolving 0.878 g of Sgepaw24.30 g OLA at
260-290°C. It was used as Se precursor for solvent-free, hottamesynthesis of PbSe QDs.
The reactants only include three compounds: RbGLA, and Se. 0.6 M SeTDE precursor

stock solution was prepared by dissolving 0.305 g of Se powder in 15.0 quiddE reflux.
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Then it was cooled to room temperature for storage. 0.2 M Sq@d&akrsor stock solution was
prepared by dissolving 0.300 g of Se powder in 15.0 g ODE at 260-280°C. W& ¢boled

to room temperature for storage.

Several drops of the 0.2 M SeODE, 0.37 M SeOLA, and 0.6 M SeTDEpleee on the
lead acetate papers respectively to check the activated compareantsiity. The color of lead

acetate papers did not change with or without water added (Table 3.5).

We found that both SeODE and SeOLA generated some precipitatescatied to
room temperature due to the melting point of either ODE or @L&lose to room temperature.

SeTDE remained as a clear solution.

HNMR, **CNMR, and MS spectra of SeTDE were recorded for solution component
analysis. The SeTDE sample was also passed through a colUB®+-MfS for separation and

additional component analysis.

Table 3.4 SeODE, SeOLA, and SeTDE Stock Solutions

SeODE (0.2 M) SeOLA (0.37 M) SeTDE (0.6 M)

Se () 0.300 0.878 0.305
ODE (g) 15.0 - -
OLA (9) : 24.30 -
TDE () - - 15.0
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Table 3.5 SeODE, SeOLA, and SeTDE Reactivity Test

Color Change

Lead acetate paper SeODE SeOLA SeTDE
Without water - - -

With water - - -

Non-injection, one-pot synthesis of PbSe QDs using SeTDE with PB@LA system

In a typical example of synthesis of the 8.4 nm spherical Pii&e(®2), 0.094 g (0.34
mmol) PbC}, 3.365 g (10.07 mmol, 4.15 mL) OLA, and 0.85 mL 0.6 M SeTDE solution was
introduced into a three-neck round-bottom flask at room temperature. mbtiare was
magnetically stirred and heated to°6Qunder vacuum for 15 min. Then, the vacuum was
removed and the temperature of the mixture was further raise80t6 with a heating rate at
about 20.1°C/min. The temperature of the mixture was maintairtedtdevel for 5 min. Then,
the crude solution was cooled immediately in a water bath. cfide was centrifuged and
washed with methanol. Next, 5 mL of TCE was added into the crude to extract PBSAIHD

centrifuging, the as-synthesized PbSe QDs were stored in TCE.

The non-injection, temperature-based synthetic method can be usedito \abtous
sizes of PbSe QDs by running various batches of the synthesistnadame conditions similar
to Section 3.1.2 of PbS QDs synthesis. Here the feed ratio of & was altered to check its
effects on the size of PbSe QDs. In contrast to the systhieBbS QDs, when the reaction was
carried out at 130°C, PbSe nanorods were obtained. The syntheticamnditid results are

listed in Table 3.6.
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Table 3.6 Non-injection, One-pot Synthesis of PbSe QDs with SeTDE

Sample # b-1 b-2 b-3 b-4 b-5
Pb to Se Feed Mole Ratio 1:2 1:15 1:2 1:3 1:2
OLA to Pb Mole Ratio 30:1 30:1 31:1  50:1 30:1
Heating rate (°C/min.) 21.0 201 20.1 201 8.8
Growth time (min.) 5 5 5 5 5
Growth Temperature (°C) 140 160 160 160 130
Sample Sizghm) 5.5 8.4 9.2 11.1 5-10x40-80

c 5.6% 50% 59% 4.9% -

Solvent-free, hot-injection synthesis of PbSe QDs using SeOLAtwPbCl,-OLA system
Temperature-based synthesis of PbSe QDs

In a typical example of synthesis of the 7.6 nm spherical BliZe(c-1), 0.139 g (0.50
mmol) PbC} and 5.000 g (18.69 mmol, 6.17 mL) OLA were introduced into a three-neck round-
bottom flask at room temperature. The mixture was magnetistithed and heated to 1ZD
under vacuum for 15 min. Then, the temperature of the Pb precursoorsevas further raised
to 140°C. 4 mL (1.48 mmol) 0.37 M SeOLA precursor (the feed mole rafib @b Se was 1:3)
at 128 °C was quickly injected into the Pb precursor solution. Thpemture of the reaction
mixture dropped to 130°C and was maintained at that level for 5 mian, Tie crude solution
was cooled immediately in a water bath to about 50-60°C. The wrasleentrifuged. 5 mL of
methanol was added, and the crude was centrifuged again and theatargenvas removed. 5
mL of TCE was added into the crude to extract PbSe QDs. Thiosolvas centrifuged. After
centrifuging the resulting mixture solution, the as-synthesize&gePRQDs were stored in TCE.
The PbSe QDs solution was converted to solid PbSe QDs using vacuumatenmtve TCE

for further measurement.
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The solvent-free, hot-injection temperature-based synthetic methedused to obtain
various sizes of PbSe QDs by carrying various batches of whthesis under the same
conditions: the same amounts of chemical reagents were used, PAtte€l mole ratio of
1:38, Pb to Se feed mole ratio of 1:3, the growth time of 5 min., batvatiety of reaction

temperature. The reaction conditions and results are listed in Table 3.7.

Table 3.7 Solvent-free, Temperature-based Synthesis of PbSe QDs witA SeOL

Sample # c-1 c-2 c-3 c-4

Pb to Se Feed Mole Ratio 1:3 1:3 1:3 1:3
OLA to Pb Mole Ratio 38:1 38:1 38:1 38:1
Vacuum Heating (min., °C) 15,120 15,210 15,120 15,120
SeOLA temperature (°C) 128 156 152 160
Injection temperature (°C) 140 180 220 240
Growth Temperature (°C) 130 165 200 215
Growth Time (min.) 5 5 5 5
Sample Sizenm) 76 103 118 139

c 5.6% 5.0% 5.9% 4.9%

Time-based synthesis of PbSe QDs

In a typical example of synthesis of the 5.4 nm spherical Bit®e(d-1), 0.139 g (0.50
mmol) PbC} and 5.000 g (18.69 mmol, 6.17 mL) OLA were introduced into a three-neck round-
bottom flask at room temperature. The mixture was magnetistithed and heated to 1ZD
under vacuum for 15 min. Then, the temperature of the Pb precursoorselhat further raised
to 140°C. 4 mL (1.48 mmol) of 0.37 M SeOLA precursor (the feed mole o&tPb to Se was
1:3) at room temperature was quickly injected into the Pb precursor solutionermerature of
the reaction mixture dropped to 130°C and was maintained at thafdewe5 min. Then, the
crude solution was cooled immediately in a water bath to about ®)-60he crude was
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centrifuged. 5 mL of methanol was added, and the crude was cerdrifiggen and the
supernatant was removed. 5 mL of TCE was added into the crudedotdXiSe QDs. The
solution was centrifuged. After centrifuging the resulting tome solution, the as-synthesized
PbSe QDs were stored in TCE. The PbSe QDs solution was cahiedelid PbSe QDs using

vacuum pump to remove TCE for further measurement.

The solvent-free, hot-injection time-based synthetic method waktasebtain various
sizes of PbSe QDs by carrying various batches of the syntlnedts the same conditions: the
same amounts of chemical reagents were used, Pb to OLA feedatimlef 1:38, Pb to Se feed
mole ratio of 1:3, the growth temperature of 130°C, but at a vamietgaction time. The

reaction conditions and results are listed in Table 3.8.

Table 3.8 Solvent-free, Time-based Synthesis of PbSe QDs with SeOLA

Sample # d-1 d-2 d-3 d-4 d-5
Pb to Se Feed Mole Ratio 1:3 1:3 1:3 1:3 1:2
OLA to Pb Mole Ratio 38:1 38:1 38:1 38:1 38:1
Vacuum Heating (min., °C) 15,120 15,210 15,120 15,120 15,120
SeOLA temperature (°C) 20 20 20 20 20
Injection temperature (°C) 140 140 140 140 140
Growth Temperature (°C) 130 130 130 130 130
Growth Time (min.) 0.5 1 5 10 20
Sample Size(nm) 54 56 76 7.9 100

c 7.4% 8.0% 8.6% 7.1% 8.0%

Hot-injection synthesis of PbSe QDs using SeODE with PoE&DLA system
Synthesis and separation of PbSe QDs

The synthesis of PbSe QDs was performed in a three-neck roundibitask with a
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condenser, connected with a Schlenk line, a temperature controllevanduan pump. The Pb
precursor was prepared by adding OLA into a three-neck, round-bdéskridaded with PbGl
The feed mole ratio of Pb to OLA was varied from 1:30 to 1:38. Ptheoncentration was from
0.05 to 0.069 M. The mixture was then stirred vigorously while beingp@aéed under vacuum
at 120°C for about 15 to 30 min. Then, it was heated to the targgeetidn temperature. The
Se precursor solution was heated to an elevated temperature. @& pfrthe heated Se stock
solution (corresponding to various Pb to Se feed mole ratio) waseidjedo the Pb precursor
rapidly. After the injection, the temperature of the mixture drdppeits lowest point swiftly,
the reaction was maintained at that temperature for QD growthiaftous times. After the
reaction, the crude solution was cooled immediately in a watkertdabout 50-60°C. The crude
was centrifuged. A proper amount of methanol was added. The crgdeentsifuged again to
remove OLA and other starting materials by dumping the supetnaknally, about an equal
amount of TCE or n-hexane which is equivalent to the volume of the reaction solutiaddeas
into the crude to extract PbSe QDs. The crude was centrifuggd & precipitate solid
impurities and starting materials. After centrifuging tlesuiting mixture solution, the as-
synthesized PbSe QDs were stored in the extracting solvent.P@®e QDs can further be
converted to solid PbSe QDs to calculate the actual yield duffibrer measurement by using

vacuum pump to remove the solvent.

When either OA is used as the capping ligand or lead steiarased as the Pb source,

the operational procedure is similar to the synthetic and separation proceduiteedesbove.

Open air, temperature-based synthesis of PbSe QDswith OLA as capping ligand

In a typical example of synthesis of the cubic 15.0 nm PbSe(@5), Pb precursor was
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prepared by introducing 0.093 g (0.33 mmol) Bad 3.35 g (10.17 mmol, 4.14 mL) OLA to a
three-neck round-bottom flask. The mixture was magneticathedtand heated to 120under
vacuum for 15 min. Then, the temperature of the Pb precursor solutiofurfser raised to
235°C. 2.5 mL (0.50 mmol) of 0.2 M SeODE precursor (the feed mole ratRbab Se was
1:1.5) from 0.2 M SeODE stock solution maintained at 160°C was quickigtédijénto the Pb
precursor solution. The temperature of the reaction mixture droppe2il®C and was
maintained at that level for 5 min. Then, the crude solution was couladdiately in a water
bath to about 50-60°C. The crude was centrifuged. 5 mL of methaischaded, and the crude
was centrifuged again and the supernatant was removed. 5 mlEov@€added into the crude
to extract PbSe QDs. The solution was centrifuged. After Gagittg the resulting mixture

solution, the as-synthesized PbSe QDs were stored in TCE.

Table 3.9 Hot-injection, Temperature-based Synthesis of PbSe QDs

Sample # e-1 e-2 e3 e-4 e-5 e-6 e7
Pb to Se Feed Mole Ratio 1/1.5 1/1.5 1/15 1/15 1/1.5 1/2.5 1/12.5
OLA to Pb Mole Ratio 31 31 31 31 31 31 31

SeODE Temperature (°C) 128 130 140 160 160 160 160

Injection Temperature (°C) 140 180 200 220 235 245 235

Growth Temperature (°C) 130 165 180 200 215 230 215
Sample Sizgnm) 6.5 8.3 9.5 121 15.0 155 15.0

c 6.2% 19% 57% 69% 6.1% 59% 4.9%
" Under nitrogen protection

The temperature-based synthetic method was used to obtain vazeEsi®fsPbSe QDs

by running various batches of the synthesis under the same conditiensarhe amounts of
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chemical reagents were used, Pb to OLA feed mole ratio of 1:313 Bb feed mole ratio of
1:1.5, the growth time of 5 min., but at a variety of reaction tempesat The synthetic

conditions and results are listed in Table 3.9. The actual yield is around 20%-70%.

Reference synthesis of PbSe QDs under nitrogen protection
All other conditions for the reference synthesis of PbSe @893 under nitrogen are the
same as the open air, temperature-based synthesis of PbSatDd v as capping ligand (e-

5), except using standard Schlenk line techniques with dry nitrogen.

Synthesis of PbSe QDs using lead stearate as Pb source OLA as capping ligand

The synthesis and separation steps are similar to theltggitdesis of the cubic 15.0
nm PbSe QDs. Pb precursor was prepared using 0.259 g (0.33 mmol) sitkeatle, 1.50 g of
OLA (5.61 mmol, 1.85 mL), and 1.85 g (2.34 mL) ODE (OLA to Pb feed male wats 17:1).
The Pb precursor was heated to 180°C followed by the injection off®.56f 0.2 M SeODE
stock solution maintained at 130°C (the feed mole ratio of Pb toaSelut.5). The growth
temperature was 160°C, and the growth time was 5 min. Théoreaaixture was washed with

methanol and extracted with TCE.

Synthesis of PbSe QDs using PbCl, as Pb source OA as capping ligand

Pb precursor was prepared using 0.094 g (0.34 mmol) oL PhZ2 g (5.48 mmol, 1.92
mL) OA, and 1.69 g (2.14 mL) ODE (OA to Pb feed mole ratio was 16:1). The Pb precussor wa
heated to 160°C followed by the injection of 2.50 mL of 0.2 M SeODE stock solution madhtai
at 120°C (the feed mole ratio of Pb to Se was 1:1.5). The gromipetature was 146°C, and
the growth time was 5 min. The reaction mixture was wash#tdagetone and extracted with

TCE.
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Synthesis of PbSe QDs using lead stearate as Pb source OA as capping ligand

Pb precursor was prepared using 0.189 g (0.33 mmol) of lead stda8®tey (6.02
mmol, 2.11 mL) OA, and 1.64 g (2.08 mL) ODE (OA to Pb feed mole raa® 18:1). The Pb
precursor was heated to 180°C followed by the injection of 2.50 iM.2oM SeODE stock
solution maintained at 130°C (the feed mole ratio of Pb to Se was.1:IBe growth
temperature was 171°C, and the growth time was 5 min. Théoreaaixture was washed with

acetone and extracted with n-hexane.

Sample characterization
TEM, HRTEM, SAED, EDS, and powder x-ray diffraction (XRD) difframeter were
used to characterize the size, shape, crystal structure and compositi@eddPs. Component

analysis was performed by GC-MS, MBNMR, and"*CNMR.

3.2.3 Results and Discussion
SeODE, SeOLA, and SeTDE Precursor Preparation and Reactivity Test

The reactivity test results in Table 3.5 reveal that thetikgty of Se precursors are less
than that of S precursors because none of them reacts with Bhesalivhen water is presented.
The solubility of Se in ODE, OLA, and TDE is also lower than thlalS. The maximum
concentration of Se in ODE, OLA, and TDE is 0.2 M, 0.37 M, and 0.6 M regpgc(Table
3.4). This indicates that there are some kinds of activated coniparieselenides in those Se
precursors, but they are not as active as those of sulfidesredtitvity of SeTDE should be
higher than that of SeODE because Se has higher solubility Eharid TDE has shorter chain
than ODE. Therefore, there are strong solvent and solueifBgactions in SeTDE solution,

resulting increased solubility. The SeOLA solution may cora#ltyl selenides. Its reactivity is
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also higher than that of SeODE. However, additional experimentsegded to compare the

reactivity of SeOLA and SeTDE.

TheHNMR and**CNMR spectra show that the species in SeTDE (Figure 3.10 tioeFig
3.11) is quite different than in STDE. In STDE solution, large amounfDi is mainly
unchanged and remain in the solution as solvent, together with some small amount ofiésiophe
Ssand hydrogen polysulfides. However, by comparing'#i&MR spectra of TDE solvent and
0.6 M SeTDE solution, we find that the typical chemical shiftgrofons at the terminal carbon-
carbon double bond of TDE at 5.8 ppm disappeared in SeTDE; instead sign@l gdpm is
observed*CNMR spectra also confirm that the position of the carbon-carbon doubleidond
shifted. The signals of 114.5 ppm and 138.9 ppm of the terminal cardmmaouble bond of
TDE are also missing in SeTDE, showing signals of 124 ppm and 13ingpead, indicating
formation of different carbon-carbon double bond in SeTDE. This iscoordance with
literature reports of ODE and SeODE™% The strong signal at 1.68 ppm of SeTDE is probably
represent the hydrogen atoms shown in Figure 3.12 or protons adjacgatdtom of alkyl

selenides and polyselenides.

The positive ion EI mass spectra analytical results are shofgure 3.13. Due to the
purity of the TDE reagents is only 94%, some twelve (DDE, dodecl-éfteen (PDE,
pentadec-1-ene), and eighteen carbon (ODE) solvents co-exist in TiEsignals of charged
species are attributed to Sa/¢= 80); GHy (pentene) + Sa{/z= 149); DDE (n/z= 167); PDE
(m/z= 209); GH11 (hex-1-ene) + 2Sar(/z= 242); TDE + Serfi/z= 279); TDE (m/z= 291);
ODE + 2Serf/z= 413); TDE + PDE +°Se (n/z= 487); TDE + PDE £°Se n/z= 489); TDE +

PDE +%Se fn/z= 491); TDE + Se (n/z= 551); TDE (m/z= 590); TDE + 2 "*Se n/z=
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748.5); TDE + 2%°Se tm/z= 751.5). The only factor that cannot be explained is the intensity
of the molecular peak involved with isotoffSe. It is the strongest among the three Se isotopes.
According to natural abundanc&Se should have the least peak intensity, wifige should

have the strongest peak intensity.
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Figure 3.10'HNMR spectra of TDE and SeTDE. The signal of 5.8 ppm at therarrearbon-
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carbon double bond of TDE disappeared in SeTDE, instead signal of 5.07 ppm is@bserv
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Figure 3.11"*CNMR spectra of TDE and SeTDE. The signals of 114.5 ppm and 138.9fppm
the terminal carbon-carbon double bond of TDE also shifted in SeTDE, rgheignals of 124

ppm and 131 ppm instead, indicating formation of different carbon-carbon dbabte in
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SeTDE.

SeTDE solution has complicated components. Unlike STDE, there eemmphene in
the solution because no chemical shifts are observed at round 7.00 ppm, svhich |
characteristic peak of protons at the selenohene ring. GCdddt ralso proved that no
selenophenes were presented in SeTDE solution. Se existg for®ein the TDE solution
(Raman spectra in Section 3.4 will prove that). Se also formke s3®gC bond with Searbon
atom of carbon-carbon double bond or’8&bon atom as selenides or polyselenides. The
selenides are more stable than sulfides formed in STDE solufiberefore, SeTDE, SeODE,
and SeOLA do not react with Pb salt at room temperature even iwgtieesented. This makes

the controlled release of,Be from SeTDE at higher temperatures possible.

Figure 3.12 Proposed protons (blue) with chemical shift of 1.68 ppm.
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Figure 3.13 MS spectra of SeTDE solution.

Non-injection, one-pot synthesis of PbSe QDs using SeTDE with PB@LA system

The TEM images of PbSe QDs synthesized are shown in Figure 3\Mi#en the Pb to
Se feed mole ration is decreased from 1/1.5 to 1/3, the size Bb®e QDs increased from 5.5
nm to 11.1 nm. This is the precursor ratio effect on the size @Ehtormed. It demonstrated
that different sizes of PbSe QDs can be obtained by changingebersor ratios in the non-
injection, one-pot method. The PbSe nanorods synthesized confirmed that the growtnisf PbS
anisotropic at 130°C or below. Similar to the PbS QDs synthesisiotivénjection, one-pot
synthetic method can produce a series size and shape of monodipees®Ds using SeTDE

as precursors with PbEDLA system at relative low temperatures and short reaction time.

SeODE precursor is not suitable for the non-injection method duetstdow
concentration. However, it is still a good Se source for the hettion method. For the
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SeOLA precursor, it is possible to develop a solvent-free, oneyptitesis of PbSe QDs, just
like the solvent-free, one-pot synthesis of PbS QDs becauseelimipary test results revealed
that point. The formation of PbSe nanorods (Figure 3.15) at 130°C also pravesadieation

can occur at low temperature. Our test results also demodstinateeven at 90°C, PbSe QDs

can be formed, but they are mixture of QD and nanorods.

Figure 3.14 TEM images of PbSe QDs synthesized by non-injedimpot method using
SeTDE as Se precursor. Figure 3.14a to Figure 3.14d correspon&®b§adQDs sample b-1 of

5.5 nm with size distributios = 5.6%, b-2 of 8.4 nm witl = 5.0%, b-3 of 9.2 nm witle =
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5.9%, b-4 of 11.1 nm with = 4.9%, b-5 of rod with size of 5-10 nm x 40-80 nm. Their reaction
temperatures are 140°C, 160°C, 160°C, and 160°C respectively. Theiongauoes are all 5

min. Figure 3.14e shows the PbSe nanorods synthesized at 130°C.

Figure 3.15 TEM images of PbSe QDs and nanorods formed at 90°C.

Solvent-free, hot-injection synthesis of PbSe QDs using SeOLAtwPbCl,-OLA system

The TEM images of PbSe QDs obtained via solvent-free, tempeitadged and time-
based synthetic methods are shown in Figure 3.16-Figure 3.17. Fig8ran8.Figure 3.19 are
the temperature-based diameter vs. temperature and time-base dianteter sgnthetic curves,
which can be used as guideline for the PbSe QDs synthesis. Eabasad synthetic method is
good for industrial production at low temperatures once all thdioeaelated parameters are
optimized. The temperature-base synthetic method is suitabéeddemic research to obtain

various size QDs in a short time. In this research, we focus on the temperaadedsshod.
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Figure 3.16 Temperature controlledynthesis of PbSe QDs. Figure 3alGo Figure 16d
corresponding to PESQDs samplic-1 of 7.6 nm with size distributios = 6.0%,c-2 of 10.3 nm

with size distributions = 7.4%, €3 of 11.8 nm with size distributiost = 7.5%, ancc-4 of 13.9 nm

with size distributiors = 8.6%respcetively

Growth at 130°C for 0.5 min. Growth at 130°C for 1 min.

50 nm

Growth at 130°C for 10 min.

Figure 3.17 Time controlledysthesis of PbSe QL Figure 3.17a to Figure 3.@Corresponding to

PbSe QDs sample d-1 of 5.4 mwith size distributio ¢ = 7.4%, d-2 of 5.9 nmwith size distributio
76



o = 8.0%, d-3 of 7.6 nm with size distribution= 8.6%, d-4 of 7.9 nm with size distributien=
7.1%, and d-5 of 10.0 nm with size distributior 8.0% respectively. Figure 3.17f is the HRTEM

image of sample d-1. Itis 3.1 + 0.1 A, which matches the bulk Bateof ICDD, PDF Card 01-
071-4753.
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Figure 3.18 The temperature-based synthetic curve of PbSe QDs.
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Figure 3.19 The time-based synthetic curve of PbSe QDs.
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Hot-injection synthesis of PbSe QDs using SeODE with PoE&DLA system
Synthesis and separation of PbSe QDs
Based on the synthetic results of the solvent-free, hot-injectidhochaising SeOLA

with PbCh-OLA system, a systematic investigation of the four synthagimbinations among
two Pb sources (Pb£and lead stearate) and two capping ligands (OLA and OA) usinBBeO
as Se precursor has been carried out. The experimental reswdted that the first two
combinations below are in the optimal synthetic condition ranges, aBpefr the first
combination between OLA and Pb@lhe universal PbGIOLA system):

1. OLA and Pbdi.

2. OA and lead stearate.

3. OA and PbGl.

4. OLA and lead stearate.

The other two synthetic combinations may be optimized by chang@agjon conditions,
such as, concentration of Se precursor, Pb to Se feed mole ratio, and OLA or O&ed Rinfe
ratio. The TEM images of PbSe QDs of sample e-1 to e-6 viapie air, temperature-based
synthesis with PbGIOLA system are shown in Figure 3.20. Table 3.9 includes theoflist

synthetic conditions, sizes and size distributions of PbSe QDs synthesized.

The sizes of the PbSe QDs were from 6.5 nm to 15.5 nm with a ndistvibbution of
relative standard deviations ~1.9-6.9%. From TEM image of Figc3W#€ observed that the
shape of the PbSe QDs began to transit from spherical to cuhindasize of 9 to 10 nm.
Comparing the results of PbSe QDs synthesized with and withoogentiprotection, we found

that the element analysis results from EDS (Figure 3.21) ofdamtiple e-5 and sample e-7 were
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identical: both had Pb and Se elements with similar ratio; the TEM images also show that the
two PbSe QDs samples have similar shape, size and size distribution (Figure 3.22). It is well
known that PbSe QDs are sensitive in air due to desorption of OA-bonded Pb atoms.*” However,
in this study, we use OLA to substitute for OA as the capping ligand to prepare PbSe QDs.
Although the synthetic results indicated that there was no significant quality difference between
PbSe QDs obtained in air and under inert condition, the stability of PbSe QDs synthesized need
to be further investigated. Nevertheless the ability to synthesize PbSe QCs in open air greatly

simplified the overall process and makes the synthetic process more convenient.

o,

130°C, 6.5 i, 6 = 6.2% 1658 Bt 0 4 1.9%, 0

bl

Figure 3.20 PbSe QDs synthesized by hot-injection method using SeODIE as Se precursor. Fig.3.20a to
Figure 3.20f corresponding to PbSe QDs samples e-1 to e-6. Their growth temperatures, sizes and
relative size distributions are also shown there.
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Figure 3.22 TEM images of PbSe QDs synthesized without (sanfpl&igure 3.22a) and with

nitrogen protection (sample e-7, Figure 3.22b).

Open air, temperature-based synthesis of PbSe QDswith OLA as capping ligand
The open air, temperature-based synthetic procedures developgdounginreaction
temperature to control the size of PbSe QDs are powerful anticplaimols for the size

controlled monodisperse nanoparticle synthesis. The synthetic curugeddtaFigure 3.23 is a
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useful guideline for the synthesis of various sizes of PbSe Qg tise¢ similar synthetic
conditions. For example, to obtain PbSe QDs size of 10 nm, west#dmesgrowth temperature
at 190°C and growth time for 5 min. To obtain PbSe QDs size srttzdle 10 nm, one way is to
keep the growth temperature unchanged while simply to reducehgtiovd to 3 min. or 1 min.
or 0.5 min.; the other is to keep the reaction time unchanged at 5ndito aeduce the growth

temperatures below 190°C.
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Figure 3.23 The temperature-based synthetic curve of PbSe QBbsSe®DE. When other
conditions remain constant and the growth time is at 5 min., narrowly distributed PlsSec@®

synthesized with various injection and growth temperatures.

Figure 3.24 shows the HRTEM image of PbSe QDs sample e-5.aftlee lfringe of
sample e-5 obtained from the HRTEM measurement is 3.1 + 0.1 Bhwiatches the standard
card data of 3.07 AICDD, PDF Card 01-071-4753)The XRD and SAED data of sample e-5 are

shown in Figure 3.25.
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Figure 3.24 HRTEM image of PbSe QDs sample e-5 of 15.0 nm wiittelfringe of 3.1 + 0.1
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Figure 3.25 The XRDcurve and SAED patterns of PbSe QDs sample e-5. The sigé of
calculated from the full-width-half-maximum (FWHM) of the (200@ak of XRD using the
Scherrer equation (Equation 14 of chapter 2) was 15.0 nm. Inset ipthghioshows electron

diffractogram linked with the main diffraction rings of sample e-5.

The SAED patterns at the top right insets of Figure 3.25 and the HRTEM imBmggi icf
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3.24 confirmed the high crystallinity of PbSe QDs sample e-5. pleae5 has an fcc structure
with theFm3mspace grouplCDD, PDF Card 01-071-4753)XRD pattern of the resulting PbSe
QDs Illustrated the values of the major peaks located in theerénogn 20° to 80° (@
corresponding to the characteristic diffraction of PbSe, vegfyirat only PbSe was present.
The crystalline sizes were calculated by using the Scheguation for the line broadening of
the (200) peak. It was 15.0 nm, which is also consistent witHR¥EEEM observation of sample
e-5 (15.0 nm). The EDS results of sample e-5 (Figure 3.21) rhatdhe PbSe QDs consist of
Pb and Se elements. The XRD, TEM, HRTEM, SAED, and EDS data firaveample e-5 is

cubic PbSe QDs of 15.0 nm with a size distribution of 6.1%.

Synthesis of PbSe QDs using lead stearate as Pb source OLA as capping ligand

Figure 3.26 shows the TEM results of PbSe QDs synthesizedPlito Se feed mole
ratio of 1:1.5. The PbSe QDs sample obtained were unevenly distribdkesizeis ranging from
5 nm to 15 nm. The experimental and separation conditions need to bedct@mofpain the
monodisperse PbSe QDs. The necessary changes including: (1)tose &eeeplace methanol
as the post-reaction washing agent; (2) adjust the Pb to Se t@edatio; (3) use n-hexane

instead of TCE to extract the PbSe QDs.

Synthesis of PbSe NCs using PbCl, as Pb source OA as capping ligand

Figure 3.27 shows one of the TEM results of PbSe QDs syrgdesith Pb to Se feed
mole ratio of 1:1.5. The PbSe QDs sample obtained were unevenilyuet with sizes ranging
from 10 nm to 20 nm and shapes varying from cubic to triangulaamgular or other irregular
shapes. This is probably due to lack of sufficient “monomers” to feeth-developed PbSe

NCs. Obviously, more trials of synthesizing PbSe QDs using,RIn@IOA are needed to obtain
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the optimal synthetic conditions. A possible adjustment is tch&ysynthesis with different Pb
to Se feed mole ratio while keeping other synthetic condition unchandg¢éalvever, the
maximum concentration of SeODE is only 0.2 M. It is a hurdlettier optimization of the
synthetic conditions. Perhaps, SeTDE is the right choice to obtain rspamsk PbSe QDs with

PbC} as Pb source and OA as capping ligand due to SeTDE’s high concentration up to 0.6 M.

Figure 3.26 Unevenly distributed PbSe QDs synthesized using ézadtstas Pb source OLA as

capping ligand.

Figure 3.27 Unevenly distributed PbSe QDs synthesized using, RSCPb source OA as

capping ligand.
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Synthesis of PbSe QDs using lead stearate as Pb source OA as capping ligand
The synthetic combination of lead stearate and OA has resultédei successful
synthesis of PbSe QDs with size of 12.0 nm @rd4.6%. Figure 3.28 is the TEM image of the

PbSe QDs synthesized using this method.

Figure 3.28 Monodisperse PbSe QDs of 12.0 nm with4.6% synthesized using lead stearate

as Pb source and OA as capping ligand.

The formation mechanism of PbSe QDs is similar to th&b& QDs (Equation 1 to 4 of
this chapter). Pbglnd OLA form PbGFOLA complex; TDE or ODE or OLA is oxidized by
Sg to form alkyl selenides and alkyl polyselenides; the activatdenides (by heat) release

H,Se; then PbGIOLA react with HSe and OLA to generate PbSe QPs.

3.2.4 Conclusion
We have developed a new non-injection, one-pot method using SeTDE, a $aeent-
hot-injection method using SOLA, and a modified hot-injection methods We@DE, to

synthesize a series of monodisperse, different shapes and sReS@QDs with the universal
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PbCL-OLA system. A patrtial list of the synthetic results is shown in Taldle. We also found

that the formation mechanism of PbSe QDs is similar to that of PbS. QDs

With SeTDE, we used the non-injection, one-pot method to investigatargoe ratio
effect on the size and shape of PbSe QDs. We found that SeTth& Se precursor for the

synthesis of Se-containing QD either with non-injection or hot-injection method.

With SeOLA, we tested time-based and temperature-based symiwbdcols with the
solvent-free, hot-injection method, using either reaction temperaiureeaction time to
effectively control the size and shape of PbSe QDs. Itaspalssible to develop, solvent-free,

non-injection method use SeOLA.

The new, open air, environmentally benign, phosphine-free, hot-injectsdnoch with
SeODE to synthesize monodisperse and size selective PbSe Q®ssysematically
investigated. We achieve simplicity without compromising the qualitthe PbSe QD. Four
synthetic combinations with PbCbr lead stearate as Pb source, OLA or OA as the capping
ligand were tested using our group’s temperature-based synthmtedpres to control the size
and shape of the PbSe QDs. By using the optimal synthetic cosdibortombinations of
PbCb with OLA and lead stearate with OA, PbSe QDs from 6.5 nm to 15.Wvitimrelative
standard deviation of ~1.9-6.9% were successfully synthesized. Tberystals were either
spherical (< ~9-10 nm) or cubic (> ~9-10 nm). The temperaturelbssehetic procedures
developed with SeOLA precursor proved to be powerful and practical fooblshe size
controlled synthesis of monodisperse nanoparticles. The synthetic metasdittle reaction

equipment, less reagents and reduces cost via simplified reaction and positfracesses.
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Table 3.10 PbSe QDs Synthesized by Solvent-free, Hot-injectionjnjdéation and Non-

injection Methods.

Sample # Average size (nm)  Size distribution (%) Synthetic Metd
PbSe QD-1 3.6 6.9 Solvent-free, hot-injection
PbSe QD-2 4.5 5.9 Solvent-free, hot-injection
PbSe QD-3 5.5 5.6 Non-injection

PbSe QD-4 6.5 6.2 Hot-injection

PbSe QD-5 7.5 6.1 Solvent-free, hot-injection
PbSe QD-6 8.4 5.0 Non-injection

PbSe QD-7 9.5 5.7 Hot-injection

PbSe QD-8 10.5 5.0 Hot-injection

PbSe QD-9 111 4.9 Non-injection

PbSe QD-10 12.1 6.9 Hot-injection

PbSe QD-11 13.5 5.3 Hot-injection

PbSe QD-12 13.9 6.0 Solvent-free, hot-injection
PbSe QD-14 14.7 6.8 Hot-injection

PbSe QD-15 15.0 4.9 Hot-injection

PbSe QD-16 15.5 5.9 Hot-injection

PbSe QD-17 5-10 x 40-80 (rod) - Hot-injection

3.3 Controlled Synthesis of PbTe QDs

We report a new, simple method to synthesize a series of mpami#shydrophobic
PbTe QDs followed by a stability study of the as-synthedized in air. We provide evidence
that small air-stable PbTe QDs may be synthesized usingnétisod. PbGIOLA was again

used as the model system. Te powder dissolved in TOP was u$edpascursor. OLA was
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used as the capping ligand. The size and shape of the PbTe QDsonteoied by changing
variables such as injection temperature, growth temperature, awthgrme. Both Pb to OLA
and Pb to Te feed mole ratios have been examined to obtain thelaptitieetic conditions.
The PbTe QDs can be changed from hydrophobic to hydrophilic through kgahdnge using
4-mercaptopyridine (4-Mpy) to replace OLA as capping ligaimte colloidal PbTe QDs were
characterized by transmission electron microscope, high resolttamsmission electron
microscope, selected area x-ray diffraction, energy-dispersiag pectroscopy, UV-Vis-Near
IR spectrophotometer, and powder x-ray diffraction. The sizeBeoPbTe QDs synthesized
ranged from 2.6 nm to 14.0 nm with a standard deviation of ~5.6-9.1%. The shthpePdiTe

QDs was either spherical (< ~9-10 nm) or cubic (> ~9-10 nm).

3.3.1 Introduction
Semiconductor QDs have been widely investigated, due to their quantuimeowerft
properties”* phonon confinement featur&s* and potential for electronic and optoelectronics

applications” thermoelectric applicatiorfs;*® and solar cell§”>°

PbTe QDs have attracted much attention with respect to &8 band gap (0.32 eV at
300K)? largest exciton Bohr radius 46 Aht*among known crystalline semiconductor QDs,

and large static dielectric constant of 360.

A typical PbTe QDs synthesis uses lead acetate trileydsaPb precursor, TOPTe as Te
precursor, TOP and OA as capping ligand, and phenyl ether asoaahnating solvent, was
first reported by Fang’s group in 2004Since then, several grodps®>®reported synthesis of
high quality monodisperse PbTe QDs ranging from 2.6 nm to 50 nm witlusashapes. Most

of the syntheses use OA as ligand and lead acetate trinygdrBt@O as Pb precursor in some
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high boiling point non-coordinating solvents, such as ODE or phenyl ethely f&@v studies
involved using basic, solid, long chain primary amine as cappirgqdigr PbGl as starting
materials for Pb precursét>’ Moreover, the PbTe QDs obtained either have a relatively large
size distribution or need a long reaction time at high temperallge¢he best of our knowledge,
there are no reports of using liquid primary amine--OLA as #ppiag ligand and Pb&DLA

system for the synthesis of PbTe QDs.

In this study, we report a modified, simple, hot-injection method yiathesize
monodisperse hydrophobic PbTe QDs using liquid OLA as capping ligandle@idOLA as Pb
precursor in relatively short reaction times without any noneinating solvent. We have
obtained nearly monodisperse PbTe QDs ranging from 2.6 nm to 14 nmhageedf the PbTe
QDs was either spherical or cubic. We performed a systeratty on the temperature
controlled synthesis of PbTe QDs, ligand exchange of PbTe QDs Hyanophobic to
hydrophilic, and the stability of as-synthesized PbTe QDs in emhbénvironment. The
synthetic approach has the following advantages: (1) Use of &l_Both capping ligand and
solvent to eliminate unnecessary reagents and reaction processofféhé a convenient and
alternative way to further investigate the fundamental synthmBchanism and formation
process of PbTe QDs. (2) The hydrophobic PbTe QDs synthesizeshsiy be changed to
various kinds of liganti capped PbTe QDs due to OLA's surface ligand dynamics that makes
OLA a good leaving liganfl.This makes it possible to obtain bio-conjugated PbTe QDs which
otherwise cannot be directly synthesized. (3) Some small PDBes¢ghthesized are air-stable
either in tetrachloroethylene (TCE) solution or as thin film. Témperature-based synthetic
procedures were developed to use only reaction temperature to chatsite of nanoparticles.

(5) The synthetic results are reproducible with relatively higihd. The synthesis may be a
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potential candidate for industrial scale production due to fewgents usage and reduced cost

via simplified reaction and post reaction processes.

3.3.2 Experimental
Chemicals

PbC} (99-100%) was from J.T. Baker Chemical Company. Lead std@&tE00%) was
purchased from MP Biomedicals, LLC. 4-mercaptopyridine (4-MpyoPWas from Sigma-
Aldrich. Tri-n-octylphosphine (TOP, tech, 97%) was purchased from AHdaar. Methanol
(absolute reagent, 99.8%, A.C.S.) was purchased from Spectrum Chemticaihlbeoethylene
(TCE, 99%, extra pure), tellurium (Te, 99.80%, powder, 200 mesh), oledd@LA, 80-90%),
1-octadecene (ODE, 90%), and n-hexane (99+%) were purchased €03 Organic. All

chemicals were used as received without further purification.

Synthesis and separation of PbTe QDs

Te precursor stock solution (TOPTe) of 0.5 M was prepared by disgole powder in
TOP in a glove box and stirred overnight at room temperature. Thieesys of PbTe QDs was
performed in a three-neck round-bottom flask with a condenser, connettiesd Schlenk line, a
temperature controller and a vacuum pump. The Pb precursor wasegdrbpadding OLA into
a three-neck, round-bottom flask loaded with BbChe feed mole ratio of Pb to OLA was
varied from 1:30 to 1:38. The Pb concentration was from 0.05 to 0.069 M. The mixture was then
stirred vigorously while being pre-heated under vacuum at 120°@bfort 30 min. Then, it was
heated to the targeted injection temperature under nitrogen. Arpoiftithe Te stock solution
(corresponding to various Pb to Te feed mole ratio) stored at erapetature was injected into

the Pb precursor rapidly. After the injection, the temperature ohtkieire dropped to its lowest
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point swiftly, the reaction was maintained at that temperdtur@Ds growth for various times.
After reaction, the crude solution was cooled immediately imtembath to about 50-60°C. The
crude was centrifuged. A proper amount of methanol was added. rddhee was centrifuged
again to remove OLA and other starting materials by dumping thensiget. Finally, about an
equal amount of TCE or n-hexane which is equivalent to the volumedtiae solution was
added into the crude to extract PbTe QDs. The crude was cesdrifiggin to precipitate solid
impurities and starting materials. After centrifuging tlesuiting mixture solution, the as-
synthesized PbTe QDs were stored in the extracting solvent. Phlhe QDs can further be
converted to solid PbTe QDs to calculate the actual yield diuftrer measurement by using

vacuum pump to remove the solvent.

Temperature-based synthesis of PbTe QDs

A typical synthesis of cubic 14.0 nm PbTe QDs (f-6) is destridsow. 0.5 M TOPTe
stock solution was prepared by dissolving 0.56 g (8.5 mmol) of Te pawd&r mL TOP in a
glove box and stirred overnight. Pb precursor was prepared by intngdu®93 g (0.33 mmol)
PbC} and 3.36 g (10.17 mmol, 4.15 mL) OLA (the feed mole ratio of Pb to OLIA3B) to a
three-neck round-bottom flask. The mixture was magnetictithed and heated to 120°C under
vacuum for 30 min. The Pb precursor was kept under nitrogen at thatratmmedor another 5-
10 min. Then, the temperature of the Pb precursor solution was fratbed to 250°C. 0.7 mL
(0.35 mmol) Te precursor (the feed mole ratio of Pb to Te wasfrbrh) 0.5 M TOPTe stock
solution was quickly injected into the Pb precursor solution. The tetaperaf the reaction
mixture dropped to 225°C and was maintained at that level for 5 mian, Tie crude solution
was cooled immediately in a water bath to about 50-60°C. The crasleemtrifuged. 5 mL of

methanol was added, and the crude was centrifuged again and theatargenvas removed. 5
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mL of TCE was added into the crude to extract PbTe QDs.sdléion was centrifuged. After
centrifuging the resulting mixture solution, the as-synthesizele FQDs were stored in TCE.
The PbTe QDs solution was converted to solid PbTe QDs using vaoum to remove TCE

for further measurement.

The temperature-based synthetic method was used to obtain vares®fsPbTe QDs
by carrying various batches of the synthesis under the samdicosdihe same amounts of
chemical reagents were used, Pb to OLA feed mole ratio of 1:3 Pbé feed mole ratio of
1:1.5, the growth time of 5 min., but at a variety of reaction temperature. The reaciions

and results are listed in Table 3.11.

Table 3.11 Reaction Conditions and Results of Temperature-based Synthesis of BbTe QD

Sample # Size Injection Growth Pbto Te Pbto Te Mole Relative Yield (%) based
(nm) Temp. ('C) Temp.('C) Feed Mole Ratio by EDS Standard on the theoretical
Ratio Deviation yield of PbTe
f-2 33 140 125 1/3 2.4 7.3% 16
f-3 5.5 180 165 1/3 1.0 5.6% 52
f-4 9.5 230 210 1/3 1.1 7.4% 36
f-5 10.5 240 215 1/3 1.0 8.2% 28

" Sample f-2 data was off the scale probably ditheaexcess amount of Pb on the surface of the maticlps. The growth time
was 5 min. each.

Ligand Exchange of PbTe QDs with 4-mercaptopyridine

A synthetic method used to prepare PbS QDs capped with 4-Mpyrbgraug® was
modified for the synthesis of PbTe QDs capped with 4-Mpy. 1 mh-leéxane solution of the
as-synthesized PbTe QDs and 9 mL 0.01 M 4-Mpy methanol solution were transferradial
with a magnetic stirrer; the vial was wrapped with aluminfeihand stirred overnight. The

solid samples were washed with 2 mL methanol 3 times and ogetif The samples were
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redistributed in 10 mL methanol and sonicated for 30 min. The as-siyr@tiePbTe QDs

capped with 4-Mpy were stored in methanol.

PbTe QDs stability test

For each PbTe QD to be tested, four types of TEM were usedE(ll) sample made
immediately after synthesis. (2) The same TEM sampledton TEM copper grid at ambient
environment for 130 days and measured again. (3) PbTe QDs samplarsib@tel solution at
ambient environment for 130 days, and then new TEM sample was made asurede (4)
PbTe QDs solid sample stored in air for 130 days, and then new TiaMesaas made using

TCE as solvent and measured.

Sample characterization

Transmission electron microscope (TEM), high resolution transmniss&lectron
microscope (HRTEM), selected area x-ray diffraction (SAEBhergy-dispersive x-ray
spectroscopy (EDS), and powder x-ray diffraction (XRD) diffractten were used to

characterize the size, shape, crystal structure, and composition of PbTe QDs

3.3.3 Results and Discussion
Synthesis and separation of PbTe QDs
Figure 3.29 lists the TEM images of PbTe QDs via the teatyner controlled synthesis.

Figure 3.30 shows the TEM images of the smallest sample 216afm withc = 9.1% and the

largest sample f-6 of 14.0 nm wish= 8.7% synthesized. Table 3.12 includes the list of size and

size distribution of PbTe QDs synthesized.
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Figure 3.29TEM, HRTEM images nd SAED patterns of temperaturased synthesis of Pb’
QDs. Figure 3.29a to Figu2¢d corresponding to PbTe QDs samplesdf 3.3 nm wih size
distributionc = 7.3%, f3 of 5.5 nm witho = 5.6%, +4 of 9.5 nm withe = 7.4%, and-5 of 10.5
nm withc = 8.2% at growth temperature of 125°C, 165°C, €]1@nd 215°C respectivel The
insets at the top right show their SAED patterThe HRTEM images at the bottom reveal 1

the PbTe QDs have high crystallin

The as-synthesizedPe QDs have high crystalline quality. We haveaoi®d all lattice
fringe images from every PbTe QDs we synthesiZlte size distribution of PbTe QDs (2.6 1|
to 14.0 nm with a standard deviation of ~-9.1%) is a little wider compared to our rec
phosphineree synthesis results of PbSe QDs (6.5 nm to @ag0wvith a standard deviation
~1.9-6.99%® using SeODE as Se precur®® This is probably because the Te precursor t
injected was kept at oon temperature, while the Se precursor to be iefeetas heated at
elevated temperature (125-£6). In the reaction mechanism study of si-amine solutions,
Ozin’s group® demonstrated that heated st-octylamine solution at 13Q generated mor

H.S, which combined with metal precursor to form rhetdfide. The reaction mechanism
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SeODE solution for the synthesis of PbSe is uncldéowever, SeODE solution can genel
active species such as,$¢ upon heating were both evidenced by our ements and by
Raston’s grouf investigation of SeODE solution. Although the réattmechanism of ot
PbTe QDs synthesis method is complicated, our syictimethod offers an alternative way
tackle thefundamental reaction mechanism problems of the PbSg, and PbTe QDs synthe

using either acid--OA or bas®LA as capping ligan

50 nm

Figure 3.30TEM and HRTEM images othe biggest and smallest PbTe QD:nthesized.
Figure 3.30athe biggest PbTe QDs (sampt6) of 14.0 nm with size distributios = 8.7%.

Figure 3.30b, the smallest P QDs (sample-1) of 2.6 nm witho = 9.1%.
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Table 3.12 PbTe QDs Synthesized by Hot-injection Method

Sample # Average size (nm)  Size distribution (%)
f-1 2.6 9.1

f-2 3.3 7.3

f-3 55 5.6

f-4 9.5 7.4

f-5 10.5 8.2

f-6 14.0 8.7

f-8" 5.5 -

f-9° 9.5 -

*Capped with 4-Mpy.

For the separation and purification of the PbTe QDs, we found that, timdilke/nthesis
of PbSe QDs using either SeODE or SeOLA as the Se precursoy, am
precipitation/centrifugation and extraction/centrifugation/suspensiole eayas necessary in the

post reaction process. Otherwise, the capping ligand OLA would be washed out (Figure 3.31)

D

Figure 3.31 TEM image of PbTe QDs with excess washing. PldiepQrified two times lead

to the loss of OLA ligand.
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Temperature-based controlled synthesis of PbTe QDs

The TEM images of the obtained temperature-based controlledesisiof PbTe QDs
are shown in Figure 3.29, in which PbTe QDs show a relatively moneosisdestribution of
sizes 3.3 nm with size distributien= 7.3% (sample f-2), 5.5 nm with= 5.6% (sample f-3), 9.5
nm witho = 7.4% (sample f-4), and 10.5 nm with= 8.2% (sample f-5). The SAED patterns at
the top right insets of the TEM images and the HRTEM images at the botféign il confirmed
the high crystallinity of the PbTe QDs. From Figure 3.29c of TiEMge of sample -4, we
observed that the shape of the PbTe QDs began to change from $phettéc around the size
of 9to 10 nm. The TEM images showing large areas of the PBBes¢hthesized can be seen
in Figure 3.32. The temperature-based synthetic procedures developedihgrenly reaction
temperature to control the size of PbTe QDs are powerful andicatatdols for the size
controlled monodisperse nanoparticle synthesis. The synthetic curugedadtaFigure 3.33 is a
useful guideline for the synthesis of various sizes of PbTe @bsy the similar synthesis
conditions. For example, to obtain PbTe QDs size of 8 nm, we cHrmresgtowth temperature at
180°C and growth time for 5 min. To obtain PbTe QDs size smdien 8 nm at that
temperature, simply reduce growth time to 3 min. or 1 min. or 0.5 mamodisperse PbTe QDs
with size less than 8 nm will be produced. We found that the ataim@nalysis results from
EDS (Table 3.13 to Table 3.16 and Figure 3.34) of samples f-2, -3, f-4;5amngife identical:
all had Pb and Te elements. All of them except sample f-2 had similar finalTetratio of 1:1.
Sample f-2 data was off the scale probably due to the eaoemsnt of Pb on the surface of the

nanoparticles.
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Figure 3.32 TEM images showing large areas of the hydrophobic ®@DBe Fig. 3.32a-3.32f
corresponding to PbTe QDs sample f-1 to f-6. Figure 3.32g-h emgessof lead stearate based

PbTe QDs.

11
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Figure 3.33 Temperature-based synthetic curve of PbTe QDs. Whencooinditions remain
constant and the reaction growth time is at 5 min., narrowly distiib PbTe QDs were

synthesized with various injection and growth temperatures.
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Table 3.13 EDS Results of PbTe QDs sample f-2

Element Weight % Atomic %
TeL 20.2 290
PbL 79.8 70.8
Total 100.0 100.0

Table 3.14 EDS Results of PbTe QDs sample f-3

Element Weight % Atomic %
Tel 38.0 499
PbL 62.0 50.1
Total 100.0 100.0

Table 3.15 EDS Results of PbTe QDs sample f-4

Element Weight % Atomic %
Tel SRl 46.7
PHL, 65.0 sE R
Total 100.0 100.0

Table 3.16 EDS Results of PbTe QDs sample f-5

Element Weight % Atomic %
TeL 37.8 497
PbL 62.2 503

Total 100.0 100.0
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Element Weight % Atomic %
Tel 40.5 52.5
PbL 59.5 47.5 Pb
Total 100.0 100.0

I I ¢
+ + + + +
s.00 9.00 1000 11.00 1200 keV

Figure 3.34 EDS Result of PbTe QDs sample f-6.

Figure 3.35 is the HRTEM image of sample f-5 showing theéaftinge of 3.2 + 0.1 A,
which matches the JCPDS card file no. 38-1435 of 3.24 A. Figure 3.38Ribeand SAED
data of sample -5, shows that -5 has an fcc structure withrtt8mspace group corresponding
to JCPDS card file no. 38-1435. XRD pattern of the resulting PbTeil@Bsated the values of
the major peaks located in the range from 20° to 80f ¢@rresponding to the characteristic
diffraction of PbTe, verifying that only PbTe was present. ditystalline size was calculated by
using the Scherrer equation from the line broadening of the (20K) jteaas 11.0 nm, which is
also in consistent with TEM observation of the size of samplé1®®% nm). The HRTEM,
SAED, XRD, and EDS data all pointed out that the as-synthesized @D$ecrystal structure
and composition were PbTe. The TEM data revealed the shape of b evas either

spherical (< ~9-10 nm) or cubic (> ~9-10 nm).
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Figure 3.35 The HREM image of PbTe QDs samplt5 of 10.5 nm with lattice fringe of 3.2 £

0.1A.

Intensity (Counts per second)

26 (°)

Figure 3.36 The XRDcurve and SAD patterns of PbTe QDs samplé.f The size of-5
calculated from the full-widtthalf-maximum (FWHM) of the (220) peatf XRD using the
Scherrer equation was 11.0 nm. The red plot i actual XRD curve. It is in agreement w
JCPDS card file no. 38435 (cubic phase PbTe) Inset in the top right shows electr

diffractogram linked with the main draction rings of sample f-5.

Ligand exchange of PbTe QDwith 4-mercaptopyridine
The hydrophilic PbTe QD<8 and f-9 were the result$ ligand exchange of PbTe QI

f-3 and f-4 using Mpy to replace OLA. Both of their sizes remaineatihianged. However, tf
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hydrophilic PbTe QDs connected more closely due to the hydrogenfawonation between 4-
Mpy molecules (Figure 3.37). The hydrophilic PbTe QDs synthesmoustrated a complete
replacement of OLA ligand and formation of PbTe QDs networkiairto Lu's result® while

Janssen’s reslft indicated a partial replacement of strong OA ligand usingdime in the

synthesis of PbSe QDs. Therefore, TOP was not a ligand faytitleesis of the hydrophobic
PbTe QDs. Otherwise, there would be a partial replacemenh©Bf by 4-Mpy, generating a
result similar to that of the Janssen group. The TEM imagesgistndarge areas of hydrophilic

PbTe QDs synthesized were presented in Figure 3.38.

Figure 3.37 The TEM and HRTEM images and SAED patterns of-Mpyicapped hydrophilic
PbTe QDs sample -8 (5.5 nm) and -9 (9.5 nm). Sample f-8 and fésyathesized via ligand

exchange between OLA and 4-Mpy. The PbTe QDs were networked together.

Figure 3.38 TEM images showing large areas of the hydrophilic PbTe QDs saRiglee

3.38a-3.38b corresponding to PbTe QDs sample f-8-f-9.
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PbTe QDs stability test

Table 3.17 and Figure 3.39 to Figure 3.40 show sample f-3 stabsityesults. Table
3.18 and Figure 3.41 list sample -7 stability test results. Samfydend f-7 were synthesized
under the same conditions, but not at the same day with different at€heb and Te
precursors. We found that except for the PbTe QD samples -2 (3,3-8(6.5 nm), and f-7
(5.5 nm), all the sizes of the PbTe QDs samples stored as lthsx dn TEM copper grids
measured 130 days later “swelling” compared to their origiredsured sizes, but without any
significant shape and size distribution changes (sample f# eéxample, its size became 14.9
nm instead of 14.0 nm. Refer to Figure 3.42 and Table 3.19.); all #eeiPbTe QDs stored
in TCE solution in air and measured 130 days later, also “sigélliHowever, both their shape
and size distribution remain almost unchanged. PbTe QDs storeddnfaohi were not air-
stable. For the stability test, we obtained different resoltspared to PbSe QDs synthesized
using OA as capping agent. After PbSe QDs were stored for 390ohgar, they shrank to
smaller particle§?®® The “swelling” and “shrinking” differences between PbTe andeP®Bs
are probably due to the fact that long chain primary amine OL& gsod antioxidant. PbTe
QDs samples f-2, -3, and f-7 were stable both in TCE storage antd@ent environment and
stored as thin films on TEM copper grids, without size, shape, andlisizdution changes.
These air-stable small PbTe QDs may have potential to barugedntum dots structured solar

cell devices.
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Table 3.17 Stability Test Results of PbTe QDs Sample -3

Sample # Sample measurement Sample size (nmpample distribution (%)
f-3a (+3) After synthesi 5.E 5.€
Sored setnfisontEl s
f-3c %%r((ajg )I/I‘Sl TCE solution fc 5.6 46

Figure 3.39 The TEM images of the PbTe QDs stability tesampte f-3. Figure 3.39a, f-3a of

5.5 nm withc = 5.6%: samples measured after synthesis; Figure 3.39b, f-3b of SWtmm =
5.2%: samples stored as thin films on TEM copper grid and mehattes 130 days; Figure
3.39c, f-3c of 5.6 nm witls = 4.6%: samples stored in TCE solution and measured after 130

days. No apparent changes observed for f-3 during this period.

Figure 3.40 The TEM images of the PbTe QDs stability testofple f-3 (Figure 3.40a-c) at a
smaller scale bar of 50 nm compared to Figure 3.39 scale §a0@ihm). Sample f-3a, f3-b,

and f-3c have similar size.
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Table 31€ Stability Test Results of PbTe QDs Sample f-

Sample # Sample measuremer Sample size (nm) Sample distribution (%)
f-7a (+-7) After synthesi 5.5 5.7

Sored senfizs ol T s

o %%rag)i/rsl TCE solution fc 55 5.2

£-7d g;())/rsed in solicform for 130 decomposed )

Figure 3.41The TEM images of the Pb QDs stability test of sample f-7Figure3.41a, f-7a of

5.5 nm with size distribution = 5.7%: samples rasured after synthesis; Figurdlb, f-7b of

5.6 nm witho = 5.0%: samples stored as thin films on TEM copgpet ard measured after 1%

days; Figure 3.41c, ferof 5.5 nm withe = 5.2%: samples stored in TCE solutind measured

after 130 days; Figure 3.41d7d (decomposed): stored in solid form and measafter 130

days.
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Table 3.1%tability Test Results (PbTe QDs Sample f-6

Sample # Sample measuremer Sample size (hm) Sample distribution (%)
f-6a (f-6) After synthesi 14.C 8.7
f-6b Stored as thin films on TEI 14.9 9.4

copper grid for 130 da

Figure 3.4ZThe TEM images of the Pb QDs stability test of sample f-6Figure 3.42a,-6a of
14.0 nm withe = 8.7% samples measured after syntheFigure 3.42b, f-6 of 14.9 nm withs
= 9.4% samples stored as thin films on TEM copper gnd measured after 130 days. T

samples “swell” 6.4% in 130 days on TEM copper ¢

3.3.4 Conclusion

We have developed a modified, simple,-injectionmethod to synthesize monodispe
PbTe QDs. We selected TOPTe as Te precursor,, as Pb metal soug¢c and OLA as th
capping ligand. The synthetic method used fewageats and reduced cost via simplif
reaction and post reaction processes. The siziéedtbTe QDs ranged from 2.6 nm to 14.0

with a standard deviation of ~-9.1% (Table 3.20)Some small sizes of PbTe QDs synthes
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(3.3 and 5.5 nm) were air-stable. The temperature-based symitteteriures developed by our
group using only reaction temperature to control the size of narmparare powerful and
practical tools for the size controlled synthesis of other monodespeasoparticles. The
synthetic results are reproducible with relatively high yielthis synthesis may be a potential

candidate for industrial scale production.

Table 3.20 PbTe QDs Synthesized by Hot-injection Method

Sample # Average size (hnm)  Size distribution (%) Synthetic Metd
PbTe QD-1 2.6 9.1 Hot-injection
PbTe QD-2 3.3 7.3 Hot-injection
PbTe QD-3 5.5 5.6 Hot-injection
PbTe QD-4 9.5 7.4 Hot-injection
PbTe QD-5 10.5 8.2 Hot-injection
PbTe QD-6 14.0 8.7 Hot-injection
PbTe QD-7 5.5 5.7 Hot-injection

3.4 Controlled Synthesis of Se Nanoclusters and Se QDs
Selenium is one of very important semiconductor materials. Sew@bsize below 20

nm should have strong quantum confinement effects as we discussed in chapter 2.

Se QDs are mainly prepared by redox reaction in aqueous sdttiffeamnealing at high
temperaturé® " laser irradiatiod? and embedding Se into host such as zedfit€s.Most Se
QDs reported are not monodisperse when the sizes are below 20 n@se reports are lack of
convincing evidence, such as TEM images, HRTEM images, XRD dathsize distribution

data for Se QDs with size less than 20 nm though some Se QDddadhe zeolites have small
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size around 1-2 nm characterized by Raman spectroscopy. Th# laagress in the colloidal
synthesis of single elemental QD is mainly due to some harsh synthetitiam It is common
among single elemental QD synthesis. For example, the colkyd#iesis of monodisperse Ge

QDs required severe reaction conditih

During the synthesis of PbSe QDs, we found a new solvent TDE to dissolve Se powder to
obtain SeTDE solution as Se precursor. Two observations let ams/elisthe simple solution
precipitation or crystallization method for the synthesis of Se @i?h size less than 20 nm.

One is that we obtained the TEM image of species from Se®E® as the result of curiosity;
the other is we observed that some red powder remained in themeask while dissolving
the black t-Se power at high temperature. At that timad very interested in this phenomenon
and thought | could obtain nano Se from SeTDE though the topic was outssfgeof my
research at that time. | had a very strong motivation todutdvhat happened in the SeTDE

solution.

3.4.1 Introduction
My curiosity, strong motivation and persistence to obtain nano siz€DSeeally push

me to success in the discovery, especially with the strong support of Prof. Lombardi.

It is well known that different size and shape of crystatslm grown from solution by
controlling the nucleation and growth processes, such as adjustisglthiity, cooling rate,
temperature, and time, €tc®* There are many ways to synthesize nanoparticles. Mostmf the
are complicated methods with multiple processes. Solution preéicpitar crystallization is a
simple method to growth crystals with different sizes, shapes,ceystal structures for bulk

materials. By rapid cooling and crunching the liquids and supeasadusolution of some
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compounds and metals, small crystals of micrometer size carobeced. For non-metals, to
the best of our knowledge, there is no report of growing nanocrystafsthss physical method

till now because of the complicated processes of producing these kinds of naiadsnate

We have developed a new, simple, and convenient method to synthesize @& tides.
Elemental selenium nanoparticles with size less than 20 nsuacessfully synthesized using a
solution precipitation or crystallization method. It opens a neld for controlled synthesis of
elemental, non-metal nanoparticles. By dissolving Se powder in liquid alkelkaoe aolvents,
which has higher boiling point than the melting point of t-Se, at eldvi@mperature to form a
supersaturated solution, followed by the controlled rapid cooling, monodispe@®s of 1 nm

to 12.0 nm can be synthesized.

The solvents used here are TDE and ODE. Se QDs are préqmamedither SeTDE or

SeODE solution.

3.4.2 Experimental
Chemicals

Selenium (Se, 99.5%, powder, 200 mesh), 1-octadecene (ODE, 90%), acetone, (99.9%)
1-tetradecene (TDE, 94%), tetradecane (TDA, 99%), cycloheg@@%), and n-hexane (99+%)
were purchased from ACROS Organic. Sulfur (S, 99.5-100.5%, powder) douwh ahisulfide

were from Fisher Chemical.

Synthesis of Se Nanoclusters and Se QDs
Synthesis of Se Nanoclusters

A typical synthesis of monodisperse Se nanoclusters is as folld®17 g (11.61 mmol)
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of Se black powder was loaded in a 50 mL round bottom flask, followedlding 15.000 g
(71.80 mmol, 19.35 mL) TDE. The mixture were heated and stirred yapidlissolve the Se
powder. The mixture was refluxed for 2-3 hours. The red brown hatigolat 260°C was
poured into a centrifuge tube immediately at a cooling rate ofl085The red precipitates then
were centrifuged. After removing the excess solvent, 0.512 g oeth&e nanoclusterss were

stored at room temperature for structure identification.

Synthesis of Se QDs

A typical synthesis of monodisperse Se QDs is as follow. 0.300 g if31&6l) of Se
black powder was loaded in a 50 mL round bottom flask, followed by adding 15.(@34gq
mmol, 19.01 mL) ODE. The mixture were heated and stirred rajudljssolve the Se powder.
The mixture was refluxed for 2-3 hours. The red brown hot solution at 3g¢8S@oured into a
centrifuge tube immediately at a cooling rate of 0.91 K/s. Thelg@ued precipitates then were
centrifuged, followed by washing with n-hexane or cyclohexanacetone to remove excess
TDE and other impurities till the solution is almost colorléster removing the excess solvent,

0.112 g of the purple red Se QDs were stored at room temperature for stidentifeeation.

Synthesis of Bulk m-a-Se

A typical synthesis of bulk m-Se is as follow. 0.08 g (0.40 mmol) of Se black powder
was loaded in a 50 mL round bottom flask, followed by adding 25 mL TDi#e niixture were
heated and stirred rapidly to dissolve the Se powder. The mixageefluxed for 2-3 hours.
The light red hot solution at 260°C was poured into a centrifuge tulnednately. The small
amount of red precipitates then were centrifuged, followed tshivg with n-hexane and dried

in air. The small amount of red Se crystals was re-dissalwedarbon disulfide for
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recrystallization. The red crystal obtained from the redtstion was stored in air for Raman

measurement.

Sample characterization

Raman spectroscopyH and *C nuclear magnetic resonance spectroscopy (NMR),
differential scanning calorimetry (DSC), mass spectrom@t§), and gas chromatography and
Mass Spectrometer (GC-MS) were used to monitor, analyze, andfyidemictants, products,
and Se nanoclusters and Se QDs synthesized. DSC curves eadedefor the investigation
of phase transitions of Se QDs. UV-Vis-Near IR spectra weed to estimate the size of the Se
nanoclusters. The crystal structures of Se QDs are deterromddRTEM, fast Fourier
transformation of HRTEM (FFT), Raman spectroscopy, selectsalxaray diffraction (SAED),

and XRD.

3.4.3 Results and Discussion

Two kinds of Se nanocrystals were produced from the precipitatioe TS solution.
The synthesis turns micrometer trigonal f-$lelack) to nanometer m-Se (red) and r-Sg
(purple red). From microscale to nanoscale, for Se, it is jsishale journey, but for us, such a

journey is not easy to be discovered and observed.

The synthetic results are listed in Table 3.21. These areetf@CS, which have the
crystal structure of na-Se; (red) we obtained that have TEM images taken. The ciystals
without TEM images are not taken are not listed in the table. eMenywe will discuss their
crystal structure and estimate their sizes. Part of tiuetste elucidation will be covered in

chapter 5 for the Raman study.
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Table 3.21 Se Nanoclusters and Se QDs Synthesized

Sample # Average size (nm) Size distribution (%)
Se QD-1 1.6 6.1

Se QD-2 4.3 6.0

Se QD-3 12.0 -

The crystal structure of Se nanoclusters sample Se QD-g& wenfirmed by a
combination of TEM (Figure 3.43), HRTEM (Figure 3.44), FFT of HREMy(Fé 3.45), UV-

Vis (Figure 3.46 and Figure 3.47), DSC (Figure 3.48), and Raman spectra (Figure 3.49).

Figure 3.43 TEM image of Se nanoclusters sample Se QD-1. The average sigdnil$&1.6

nm with a size distribution of 6.1%.
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Figure 3.44 HRTEM image of Se nanoclusters sample Se QD-&.lafilce fringe of Se QD-1
measured is 3.21 + 0.02 Ahich matches the bulk m-Se; data ofICDD, PDF Card 04-007-
2085

(220)

&7, (400

%

"F\(220)

Figure 3.45 FFT of HRTEM image of sample SeQD-1. It cleangws the (220) and (400)
lattice planes of Se, matching thelk m-o-Se data oiCDD, PDF Card 04-007-2085
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Figure 3.46 UV-Vis absorbance spectra of Se nanoclusters sample Se QD-1.
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Figure 3.47 Tauc plots UV-Vis data from Figure 3.46. The band gagyené Se QD-1Eqp

estimated from the intercepts at x axis is 2.80 eV.
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Figure 3.48 Raman spectrum of sample Se QD-1. THeeAding at 110.5 ¢y A; stretching at

252 cm', E; at 98.5 crit, and & bending at 98.5 cthprove it hasn-u-Se; crystal structure.
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The exciton Bohr radius ofi-a-Se; is estimated using the equations below:

h2e

ap = —=5.30 X 10-115 (5)

agp = a, + a, (6)
a, =5.30 x 10-11mi2 )
a, =5.30 x10"11 = (8)

mp
where:
« agis the exciton Bohr radius in units of meter.
e acis radius of the electron in units of meter.
e ayis radius of the hole in units of meter.
e My is the mass of free electron.
« meis the effective mass of the electrons, which is 925

e myis the effective mass of the holes, which is 1.358%7%".
« ¢is the dielectric constant of mSe; which is 9.2°

The exciton Bohr radius is estimated in the range from 2.13 nm to 2.3hsed on the
values of effective mass of holes ofa¥Beg we used. First, we take the experimental value from
literature: 2.7y of t-Se asm, for m-u-Se. Then, we calculatas of m-u-Se by assuming they,

of m-a-Se is 1.35y since there is no experimental data availablerfoof m-o-Ses.
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TEM image (Figure 3.43) of sample Se QD-1 demonstrates th&ethmanoclusters are
monodisperse particles with a size of 1.6 nm and a size distributi6ri@. HRTEM image
(Figure 3.44) of sample Se QD-1 and FFT of the HRTEM imageld¢hat he lattice fringe of
Se QD-1 measured is 3.21 + 0.02 A, clearly showing the (220§48%) lattice planesyhich

matches the crystal structure of bulkenBe; data withlCDD, PDF Card 04-007-2085

From the UV-Vis data of the absorbance spectra, the extinctioficteetf oo can be

calculated using Equation 9 (refer to Equation 15 of chapter 2):

a = B(hv — Ey )" /hv (9)

Extinction coefficieni. can be calculated using Equation®t0:

__ 23000Ad
- My,cl

(10)

where:
e A: absorbance.

d: 4.39 g/cr, density of m-Se.

Mw: 78.96 g/mole, atomic mass of Se.

c: 0.02 M, concentration of Se.

I: 1 cm, length of the cuvette.

The band gap energy of Se QD-1 estimated from Figure-3.47 of Tauglphyst vs. hy
is 2.8 eV. Using Equation 11 (refer to Equation 16 of chapter 2),dthesr of Se QD-1 is

calculated as 0.25 nm. The diameter is 0.5 nm.
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h2m?
R = _\1/2 11
(Zu(EQD— Eg)) (11)

where:
e Egpis 2.80 eV for Se QD-1.
e [Ejis2.53 eV
e meis the effective mass of the electrons, which is ©g25

e myis the effective mass of the holes, which is®.7

e his the reduced Planck's constant.

e Risthe radius of Se QD-1.

The calculated diameter for Se QD-1 is 0.5 nm, while the diametaesured from TEM
is 1.6 nm. The mismatch is due to several factors, such as thefratior of the Se solution is

estimated, th&g used, then, used, etc. Nevertheless, they are in the same range.

The Se QD-1 cannot be measured by XRD since its size is talb @nad beyond the
measuring limit of the XRD used. Raman spectroscopy shewsreéngth in this case. The A
bending at 110.5 cih A; stretching at 252 cil) E; at 98.5 crit, and k& bending at 98.5 cth

(Figure 3.48) of sample Se QD-1 prove that the Se sampla-h&Se; crystal structure.

The TEM image of sample Se QD-2 of 4.3 nm with a size digtan of 6.0% is shown
in Figure 3.49. Figure 3.50 is the HRTEM image of Se QD-2, whieh @mlatches the crystal

structure of bulkm-o-Seg; data with ICDD, PDF Card 04-007-2085.

Figure 3.51 is the HRTEM image of Se QD-3. Figure 3.52 is the XRD result of S QD-

which matches the crystal structure of bulku-Se data with ICDD, PDF Card 04-007-2085.
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The EDS result of Se QD-3 in Figure 3.53 demonstrates th&dh@D-3 consists of only Se

element.

All of the measurements we used confirmed that the Se nanoslusidr Se QDs

synthesized have the crystal sturcturenaf-Se;.

Figure 3.50 The HRTEM image of Se QD-2.
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Figure 3.51 The HRTEM image of Se QD-3.
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Figure 3.52 The XRD result of Se QD-3.

Card 04-007-2085.
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Figure 3.53 The EDS result of Se QD-3.

The phase transitions involved in the formation obii8e and r-Se is illustrated in
Figure 3.54. It is similar to Minaev's report of the liquid Sestem phase transitiofA$%°
Contrary to the normal crystallization, the SeTDE solutionrstitiains clear when it is cooled to
room temperature slowly (naturally). This is probably due to gbom-carbon double bond
interactions with Se atoms or the formation of Se-C bond that thak&e soluble in TDE as
section 3.3 described. The preliminary DSC result and sometuitereeports®® support the
finding. At 52°C, the weak capping ligand of alkene separated fromt34;7°C, the n-Se
melted; at 124.5°C, it transfers to txSelt indicates that this simple solution precipitation is not
a simple physical process. The process involves some cherhaadges worth to be further
investigated. The reason that we can obtain different sizeonbdisperse Se QDs is that the
alkenes inside the SeTDE or SeODE solution are actually astegpping ligands. They come

out of the solution together with S® form Se QDs as Figure 3.56 indicated.
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Figure 3.54 Solution Precipitation of Se Nanoclusters and Se QDs.
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Figure 3.55 DSC scan of Se QD-3 at a rate of 10 K/min. ekbéhermic process at 52°C may

represent the leaving of the weak capping ligand of alkene. eXdtbermic process at 117°C
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indicates the melting of m-Se;. The endotherm process at 124.5°C is the transfersfSa-to

t-Sea.

TDE, ODE or other alkenes as weak capping ligand

sy

Figure 3.56 Weak alkene capping ligand of Se QDs.

Attempts to obtain S QDs using SODE or STDE, or STDA wereal successful.
Perhaps the interactions betwegqwih the solvent SODE or STDE in the solution are much
stronger than that of Siith the solvent SODE or STDE. These lead to the S solulmtitgase
significantly in SODE or STDE solution. Thus, the similar methsed for preparing Se QDs

cannot be extended to obtaining S QDs.

3.4.4 Conclusion

Monodisperse Se nanoclusters and Se QDs with size smaller 2Banm were
synthesized via the solution precipitation method. The crystaisafmn process is similar to
the physical crystallization, but it also involves some complicateemical changes. The

optimal crystallization conditions were found. We have also condirtihat the Se QDs formed
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is either me-Se; or r-Sg or their mixtures. The simple method can be easily scaled up for
industrial production with a relative high yield. We propose that nandearbf non-metals can
be produced via solution precipitation if there are solvents that havertogiling point than the
melting point of the non-metals and if they can form super-satlirablution at elevated

temperature.

3.5 Controlled Synthesis of GO-QD Nanocomposites and Other QDs

STDE or SeTDE precursor solutions can be used as the universaisprefor the non-
injection, one-pot synthesis of S-containing or Se-containing, binaryeamay QDs. They also
make the non-injection, one-pot synthesis of 2D nanocomposites of graptideeor reduced
graphene oxide with QD possible. We will explore the synthetidicapipons for producing
energy-efficient nanomaterials using the new SeTDE precunatios), PbC}-OLA, and OLA

in this section.

3.5.1 Introduction

The energy-efficientmaterials consist of nanocomposites made of QDs with other
materials have attracted enormous attentions recétily.However, the methods to produce the
nanocomposites lag behind their applications. A typical examplentbesjze nanocomposites
is usually to obtain the individual components first, and then combined tgathér. It is
similar to the hot-injection method to synthesize QD. We caplgyrihe synthetic process by
using the newly discovered SeTDE precursor solution to obtain the nanod@sposa single
step. The following actual examples of synthetic applicationdh@fnew synthetic method

reveal the power of the non-injection, one-pot synthetic method—its simplicity
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3.5.2. Experimental
Chemical

PbC}b (99-100%) was from J.T. Baker Chemical Company. Graphene oxiddéravas
SinoCarbon (>95%). Methanol (absolute reagent, 99.8%, A.C.S.) was purclusetbictrum
Chemical. Tetrachloroethylene (TCE, 99%, extra pure), silveatait(99.0%), zinc chloride
(>98%), manganese (Il) chloride tetrahydrate (99%), seleng@en49.5%, powder, 200 mesh),
oleylamine (OLA, 80-90%), 1-tetradecene (TDE, 94%), and n-hef@9) were purchased

from ACROS Organic. All chemicals were used as received without furth&cation.

Synthesis of QD, GO-QD, and GO-Ag Nanocomposites

The following syntheses demonstrate the advantages of the non-injectiopptone
synthetic method. In a typical synthesis of the 6.4 nm GO-PbSeQD nanocompasifde GO-
PbSeQD-1, 0.094 g (0.34 mmol) PhC3.39 g (10.14 mmol, 4.19 mL) OLA, 1.1 mL 0.6 M
SeTDE solution, and 25 mg GO were introduced into a three-neck roulodibitask at room
temperature. The mixture was magnetically stirred and h&a®&@C under vacuum for 15 min.
Then, the vacuum was removed and the temperature of the mixtufarihes raised to 16Q
with a heating rate at about 20.1°C/min. The temperature of ittareawas maintained at that
level for 5 min. Then, the crude solution was cooled immediately iatarwath. The crude was
centrifuged and washed with acetone. Next, 5 mL of TCE wdsedinto the crude to extract
the nanocomposites. After centrifuging, the as-synthesized 88D nanocomposites were

stored in TCE.

Table 3.21 lists the amount of reagents used for the five diffeyatiheses of QD, GO-

QD nanocomposites, and GO-Ag nanocomposites, the reaction tempenatutbe aesults of
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these syntheses with sample size and size distribution. The reaction timmidd each of the

synthesis. The heating rate is also the same for each of the synthesig 20ab&/min.

Table 3.21 QD, GO-QD, and GO-Ag Nanocomposites Synthesized

Size c MnCl,-4  PbCl, ZnCl, OLA SeTDE AgNO; GO Growth temp.

(hm) (%) H0(9) C)] C)] @ (mL) @ (mg) (°C)
MnSe QDs 5.6 8.0 0.065 - - 3.39 1.1 - - 160
ZnSe QDs 3.5 9.7 - - 0.045 3.34 11 - - 160
GO-PbSeQD-1 6.4 7.3 = 0.094 = 3.34 11 = 25 160
GO-PbSeQD-2 7.2 5.3 - 0.094 - 3,34 1.1 - 25 180
GO-Ag 27.6 12.5 - - - 4.29 1.1 0.090 25 160

Sample characterization
TEM and EDS are used to characterize the size, shape, and canpoiihe QD and

nanocomposites synthesized.

3.5.3 Results and Discussion

The TEM images of the QD synthetic results are shown in Figy&# and Figure 3.58.
Figure 3.57a is TEM image of MnSe QDs of size 5.6 nm with a size distribution of &igWe
3.57b is TEM image of ZnSe of 5.8 nm with a size distribution of 9.7%shows that SeTDE

can be used as universal Se precursor for the synthesis of Se-containing QDs.

The EDS of MnCGi QDs in Figure 3.59 confirmed the components of the Yia€d the

same as its bulk material.
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S0 hm |

Figure 3.57 MnSe QDs and 3a QDs synthesized. Figure Za, MnSe QDs of size 5.6 n

with a size ditribution of 8.0%. Figure 3.b, ZnSe of 5.8 nm with a size distribution of 9."

Figure 3.58 GO nanocgmosites synthesized. Figure Za, sample GARbSEQI-1 of size 6.4
nm with a size distribution of 7.3%. Figur.58b, sample GO-PbSEQDef size 7.2 nm with
size distribution 0f5.3%. Figure 3.tc, GoAg nanocomposites of size 27.6 nm with a :

distribution of 12.5%.
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Figure 3.59 EDS result of Mn&gDDs.

The GO nanocomposites TEM results are displayed in Figure 3.58DIé®-PbSeQD
samples have monodisperse 0D PbSe QDs attached to it. ThethiedPbiSe QDs attached can
be controlled by reaction temperature. At 160°C, GO-PbSEQD-1 has a size of 6.thratsize
distribution of 7.3%; while at 160°C, GO-PbSEQD-2 has a size of 7.2 thmawiize distribution
of 5.3%. Here, we notice that the PBOILLA system is such a good synthetic system; it can be
even used in the non-injection, one-pot synthesis of 0D contained nanoces\pdsie predict
that ternary or multi-chalgoen containing GO nanocompositebegmoduced from STDE and
SeTDE we developed. In the same time, multi-chalgoen contairiigyo@n also synthesized
with the reagents and the synthetic systems we developed in thectpr The GO-Ag
nanocomposites are shown in Figure 3.57c¢ though the Ag nanocrystals G®tsheet have a
relatively broad distribution of 12.5%. The new building blocks of the gneetpted
nanomaterials using reagents and methods developed in this Phxlrgsegect may have

great potential to be used as basic materials in solarpg@itations. These new methods and
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reagents provide alternative ways to synthesize energyegtfimaterials that cannot be made
before. It is obvious that nanocomposites including metal nanocrya@sbinary QDs, and

GO can be obtained using the non-injection, one-pot synthetic method.

3.5.4 Conclusion

The reagents, synthetic system, and synthetic methods developsdaby successfully
used in the synthesis of other OD QDs and 2D nanocomposites whidsaareomodisperse. It
demonstrates the methods can be extended and are applicable tootieaimonodisperse

nanomaterials.

We believe the techniques develop in this project will greathaece the development
of new nanomaterials, especially in the fields of solar cethigeductor, and optoelectronic

applications.
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Chapter 4 Surface Enhanced Raman Spectroscopy of PbS QDs

4.1 Introduction

Considerable interest has been found in examining the size depenfilsecgiconductor
quantum dots (QDsS)> When the radius of a spherically shaped semiconductor particle is
reduced to that of the semiconductor Bohr radius or less, the valadasonduction bands are
known to split into narrower bands due to quantum confinement effdeseTands are shown
to mimic those of still smaller atoms. The energies of rdsilting levels are known to be
strongly size dependent. When a molecule is adsorbed on the saffac®D, there is the
possibility of charge-transfer transitions between the moleante semiconductor, and it is
expected that the spectroscopic location of these transitionaslsalbe size dependent. Indeed a
size dependent charge-transfer transition has been identifiedrferegptopyridine (4-Mpy) and
4-mercaptobenzoic acid (4-Mba) on ZnO QDEhe charge-transfer nature of this transition was
later confirmed using Ag-assisteeaminothiophenol on ZnO QOsin all three cases, the size at
which resonance was observed was about 28 nm, and was attributadlely aurface-bound
exciton-acceptor complex near the QD surfatée size at which this resonance was observed,
however, is far larger than that of the exciton Bohr radius, whidn@ is less than 2 nm, so
that quantum confinement effects are probably not involved. It would tensfderable interest
to examine size dependent charge-transfer resonances in the vicinity of thaddasiriowever,
in ZnO the difficulties of controlling the QD size for small fodes preclude a careful size
dependent study. We therefore have turned our attention to lead gRlii which has a much
larger exciton Bohr radius (18 nfhyyith a considerably smaller bandgap (0.41 eV) as well. We

are thus easily able to synthesize QDs in this range, wahvelly monodisperse distributions.
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In this way, we are able to explore the effect of increpgjmantum confinement on charge-

transfer in these systems.

In a recent work, electron injection from colloidal PbS nanoparti¢esTiO,
nanoparticles has been observed as a function of particlé liza. similar system, charge-
transfer between PbS and FiBanobelts was measurg&ize dependent optical properties on
PbS QDs have also been examifiethey found that smaller QDs display more efficient charge-
transfer in that system. Size dependent optical nonlinearitfe$nQDs have been shown to be
associated with photoexcited free carri@rsn this study we examine the charge-transfer
resonance between 4-Mpy and size selected PbS QDs in the dieangi of 5.0-10.2 nm. The
Raman spectrum of the molecule is followed, and lines are choser) atacmarkers for
charge-transfer. The degree of charge-transfer is then abtasma function of particle size as

well as excitation wavelength.

4.2 Experimental
Chemicals

PbCb (99.999%) and oleylamine (OLA, 80%—90%) were purchased from Sigma-Aldrich.
Methanol and hexanes were purchased from Fisher Scientificofifee chemicals were all

analytical grade without further purification.

Sample preparation
The PbS QDs synthesis is based on the previously reported hot injeetibads’ ** 2

One (1.0) mmol PbGland 5 mL OLA were introduced to a three neck round-bottom flask at

135



room temperature. The mixture was magnetically stirred an@dhéatl00°C under vacuum for

60 min. to form a special Pb-OLA complex. Then, the mixture waseggr nitrogen at 100°C

for another 5 min. A solution of 0.67 mmol sulfur in 2.5 mL OLA (preheate80&C under
vacuum for 30 min.) was quickly injected into the above Pb-OLA comptdntion. The
resulting mixture was rapidly heated to 210°C and aged at that ratmgefor 5 min. Cold
hexanes were added to the solution to quench the reaction, and thelutibe svas centrifuged

to remove excess PhCIThe supernatant was transferred to another centrifuge tube. Minimum
amount of methanol was added to precipitate PbS QDs. The regukicigitate was redispersed

in hexanes. Various sizes of the PbS QDs were obtained byngamgrious batches of the

synthesis at a variety of growth time of 10, 20, 40, 60, and 120 min., respectively.

The samples for Raman measurement were prepared as follomisobthe above PbS
dispersion was introduced to an Erlenmeyer flask, and then 5 mL qfy4011 M) methanol
solution was added. The mixture was stirred for 12 h at room tammpeito change the capping
ligand of PbS QDs from OLA to 4-Mpy. Then the mixture wasrifeigied and rinsed once more
with distilled water. The purified PbS QDs capped with 4-Mpyemedispersed into 20 mL
methanol solution. 10L of the above PbS-4-Mpy dispersion was dropped onto a silicon wafer.
It was spread into a circle of about 2 cm in diameter. Aftevesl evaporation, Raman

measurements were taken on these samples.

I nstruments
X-ray diffraction (XRD) patterns of the resulting PbS particlesewecorded on a Bruker
D8 Advanced X-ray diffractometer using Cw Kadiation ¢ = 0.1542 nm). The morphologies

of samples were observed by transmission electron microscégdé, JEM-2100) and scanning
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electron microscope (LEO-1550, 5 kV) equipped with an energy dispetsiag spectrometer
(EDS). The Raman spectra of 4-Mpy on PbS QDs were igatstl at the excitation
wavelengths of 488.0 nm and 514.5 nm, obtained from an Ar+ laser (Sphgtias), at 632.8
nm, obtained from a He/Ne laser (Melles Griot), and at 785 nm, obthima a diode laser. To
ensure the obtained spectra were comparable, the settinggjingcthe lasers power and
exposure time, were all the same. The silicon line at 520 nnusesto calibrate the observed
wavenumbers, and the background was subtracted from the Raman spectthm ihtensity

measurements.

4.3 Results and Discussion

XRD pattern of the resulting PbS QDs is illustrated in Figufie 2) values of the major
peaks located in the range from 20° to 80° correspond to the @histic diffraction of PbS?
13 verifying the presence of PbS only. The TEM image of the obtafe®i QDs (8.2 nm) is
shown in Figure 4.2, in which PbS QDs show a relatively monodispersibution with an
average diameter of 8.2+1.0 nm. The insert shows the fast Foansfarm image of PbS QDs,
confirming the crystallinity of PbS particles. The sizes aB#iiTimages of other five sized PbS
QDs can be seen in Table 4.1 and Figure 4.3. The sizes and sibeitists (standard deviation)
of the PbS QDs were measured from TEM images udigi 5.1 of Olympus Soft Imaging
Solutions GmbH. A minimum of 120 QDs were counted on each image tm dhaaverage

diameter of the PbS QDs.
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Figure 4.1 XRD of the resulting PbS QDs.

Figure 4.2 TEM image of PbS QDs sample d. Average size is 8.2 nm.
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Table 4.1Average Sizes of PbS QDs Synthesized

Sample Average size (nm) Growth Time (min.)

(b) 6.1+0.6 10

(d) 8.2+1.0 40
(f) 10.2+1.2 120

Figure 4.3 TEM images and sizes (Figure 4.3a-4.3f) of PbS @PS5:q + 0.5 nm, (b) 6.1 + 0.6

nm, (c) 7.3+£0.8nm (d) 8.2+ 1.0 nm (e) 8.9 £ 0.9 nm (f) 10.2 £ 1.2 nm.
139



In Figure 4.4we display a comparison of the Raman spectrum of 4-Mpy powder with that
of 4-Mpy adsorbed on the PbS QDs (8.9 nm diameter). It is tleathe Raman signals of 4-
Mpy adsorbed on PbS QDs is considerably different and considerably enbangeated to that
of 4-Mpy powder, since the observed enhanced Raman signal is framadayer of 4-Mpy on
PbS surface¥"*® In Table 4.2we list the wavenumber measurements of the observed lines as
well as those from previous wotk? It can be seen that the spectrum of 4-Mpy on the QDs
resembles that of the powder spectrum, with some shifts in fregubat more importantly,
severe differences in relative intensity. This is similasudface-enhanced Raman spectroscopy
(SERS), which is normally carried out on a metal surface.céimparison in Table 4.2, we list
the observed SERS spectrum of 4-Mpy on a Ag electrode at ¥&30s SCE). In Figure 4.4,
the most serious differences are the large enhancement ofebet 1278 and 1586 chmwhich
are considerably weaker in the powder spectrum. Other notable emfeantseare observed at
780 and 682 cil, which are also quite weak in the powder spectrum. The firstibes are, in
fact, the most intense in the spectrum of 4-Mpy on the PbS surfhite the latter two are at
least comparable in intensity to the other lines of the specReferring to the assignments of
the bands it can be seen that the first two lines are assgmedymmetry, while the latter two
are of h symmetry. Many of the totally symmetri¢ modes are seen to be either suppressed or
reduced in relative intensity on the PbS surface. These observatenkaracteristic of surface
enhancement, and are taken to be signs of strong charge-traosfeibutions to the

enhancement factéf.
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Table 4.2 Spectral lines and assignments of 4-Mpy observed bands

Wang. SERS PbS
Assipnment® Symmetry® Rothberg?®  Powder®  —0.8V® 5145 nmP
1645
8a a) 1620 1615 1605 1623
gb by 1580 1587 1576 1586
1499
19a a; 1470 1467 1463 1464
14 b, 1396 1373
3 b, 12871318 1291 1278
ip-NH def 1250 1232
9 a) 1220 1213 1216
9 NH+ a) 1206 1197 1195
12C=8 a 1099 1107 1096 1107
18 a) 1030-1050 1041 1051 1037
1 a) 1013 989 1009
4 by To0 785 780
6 a4y 720 721 713
11 C=H oop b, 700 682

3Columns 1-3 are the assignments of Wang and Rugff{lmbtained by analogy
with the benzene spectrum. They are also staTgiwith those of benzene tHfbl
b Columns 4 and 6 are from this work (see Figuré. 4.4

®Column 5 is the SERS on Ag electrode from Chetal.

1000 ~
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800

400

Intensity / a.u.

200

T . T o T = T

: . :
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Figure 4.4 (a) Comparison of the Raman spectrum of 4-Mpy powder (b) with that of 4-

Mpy adsorbed on a 8.9 nm PbS QD. Excitation is at 514.5 nm.
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PbS QDs Size Dependence of 4-Mpy Spectrum
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Figure 4.5 Raman spectra of 4-Mpy on PbS QDs of sizes from 5.0 to 10.2 nm.

In Figure 4.5nve show the Raman spectra of 4-Mpy on PbS QDs of various sizeseine
5.0 and 10.2 nm in diameter. The arrows mark the normal modes atl@82§, 780 ¢4, b)),
1107 ¢12, a), 1278 ¢3, by) and 1586 cit (v8, by), which will be used for analysis. Note that as
the particle diameter grows, the Raman intensity increases, untdimmuma is reached at 8.9 nm,
then decreases (the baselines of each spectrum are offaetdase clarity). We are primarily
interested in measuring the degree of charge-transfer inspactrum. For that we require the
ratio (R) of intensity of a non-totally symmetric line either theodb by lines to that of a totally
symmetric line @ We choose totally symmetric lines; as a reference since they are not
sensitive to charge-transfer effect. They derive most of th&nsity from Franck—Condon
factors (the Albrecht A-Term), while the non-totally symneelines are derived from vibronic

coupling (B-Terms) which are highly sensitive to charge-transfentributions to the
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enhancemerit Use of the ratio also has the advantage of making our meastharge-transfer
independent of other effects on the total enhancement factor. The dégiearge-transfef; *

(pcT) is then defined as:

R

PFTTTTR )

WhenR is zero, there is presumably no charge-trangier € 0), while for largeR, the
degree of charge-transfer approaches 1. In Figurevd.8how the results of determination of
the degree of charge-transfer as a function of quantum dot siag,thsiratios of intensities of
the four non-totally symmetric lines1(1, v4, v3, v8) to the totally symmetric linev{2). Note

that thepct goes through a resonance at the particle size around 8.2 nm.

We have chosen théd.2 (a) line as a reference because it is fairly intense aatively
isolated from interference with nearby lines. The other tossitymetric (@) possibilities are the
v9 line, which is strongly overlapped by the NH in-plane deformatitwiewhev18 line at 1037
cm ™t or thevl9a line at 1464 ci are similarly overlapped. Nevertheless we tried to subtract
out the nearby lines and obtained cruder results, which also showedness at approximately

the same particle size (8.2 nm), but the results were not deemed sufficéabie to present.
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Degres of Charge-Transfar
4-Mpy on PbS Quantum Dots
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Figure 4.6 Degree of charge-trandfiggr) as a function of PbS QDs diameter. The black and red

points are for ratios of the lines ¢8 andv3) while the green and blue points are for théres

(v4 andvll).

Using the particle size at which resonance occurs (8.2 nm), wealsw®btained the

excitation profiles of 4-Mpy using several laser lines at 488, 5588,8, and 785 nm (see

Figure 4.7). Plots of the excitation profiles are illustrateBigure 4.74b; lines) and (blines) in

the right hand inset. With so few points a pattern is diffituliscern, except to note that the

charge-transfer resonances are most likely centered around 5Z%isnis confirmed by fitting

the profiles to a Gaussian curve using energy as the abscissa.
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Figure 4.7 Raman spectra of 4-Mpy on 8.2 nm PbS QDs at varioitatiexcwavelengths: (a)
785 nm, (b) 632.8 nm, (c) 514.5 nm, and (d) 488 nm. On the right are excitatfdespof the

non-totally symmetric lines of 4-Mpy on PbS QDs: (a) is fomodes, while (b) is fordmodes.

These results indicate that charge-transfer transitions letiseen PbS QDs and 4-Mpy
molecules adsorbed on the surface. By scanning the particleasizeneasuring degree of
charge-transfer, we have shown that a maximum occux8.2t nm. Further, by scanning the
excitation wavelength for the 8.2 nm particle, we obtain a maximuheimtensity of the pand
b, lines at approximately 525 nm. In order to further analyze ouitsesve use the functional
form of the bandgap of PbS QDs as a function of particle sizndi@ed by Moreelgt al.’

They show that the energies can be fit to the form:
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1

Ep = 041
o t 0.025242 1 0.283d

Whered is the particle diameter. We have plotted this in Figurefer.§articles in the
ranged = 2-15 nm. We have also included in the graph both the ionization potenjian@dP
electron affinity (EA) of 4-Mpy, as well as the photon enexgié the 488 and 514.5 nm laser
lines. Note that in the range of particle sizes used in ®usergnent, we should expect charge-
transfer from the valence band of the QDs to unfilled levelh®fmolecule at approximately
2.41 eV (514.5 nm). This is close to our observed resonance in excitatigy.eftas also close

to the size-dependent resonance observed at around 8.2 nm.
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Figure 4.8 Size dependence of conduction and valence bands for PbSIQDshdwn are the

electron affinity (EA) and ionization potential (IP) of 4-Mms well as the energy of the 488 nm
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(2.54 eV) and 514.5 nm (2.41 eV) laser lines. The bulk bandgap of PbS is 0.#Bee¥ero of

energy is at the bulk conduction band (-4.6 eV from vacuum).

4.4 Conclusion

PbS QDs SERS study demonstrates that the charge-transfeanmes accounts for the
enhancement. By measuring the degree of charge-transfer, we govatidiate the size
dependence of PbS QDs quantum confinement effect, which has a maximdegree of
charge-transfer a+8.2 nm, but also show the wavelength dependence of PbS QDs quantum
confinement effect, which generates maximum intensity at 525 nmRig& QDs of 8.2 nm.
The quantum confinement effects of PbS QDs are both size deperalhogave length

dependence where charge-transfer plays an important role for the enhancement
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Chapter 5 Raman Spectroscopy of Se Nanoclustersand Se QDs

5.1 Introduction

The size of the Se nanoclusters synthesized in chapter 3 ismaally It is just too close
to the boundary of amorphous and crystalline Se and makes the aleatiotedifficult because
selenium is very sensitive to photo and thermal stimulation and akderapid phase
transitions:? Among the characterization methods for Se QDs, XRD mayhéebest tool
because during the measurement there is almost no energyrtethtbethe samples. However,
the size of the Se nanoclusters we synthesized is beyond theunement of the XRD
instrument. HRTEM and TEM measurements may induce phase transitions air&xarple,
it is very difficult to snap a high quality HRTEM image of &&noclusters using HRTEM. The
strong electron beams at high voltage “burn” the Se very frequerdglyshort time. HRTEM is
possible to prompt the transformation of amorphous Se (a-Se) tallingsSe under such a high
energy. To clarify these uncertainties for the structuradgtion of Se nanoclusters, we need to
find an alternative characterization method. Raman spectroscdpat ialternative. It uses a
non-destructive approach. Besides, each forms of Se have Ranctia syth distinguished

absorbance peaks.

Photo-induced Se structure changes were reported by Roy's’grou®98. They
observed the ring to chain conversion of a-Se using the 488 nm excitatvelength. Lukacs
group’ recently observed the photo-induced structural changes, whicheweesible after
relaxation, in a-Se using the 785 nm excitation wavelength. Talgneup also reported the
photo-crystallization of a-Se, which is an irreversible procass)g the excitation 633 nm

wavelengtt™® Our study of the Se nanoclusters and Se QDs synthesizet$ g arystalline
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m-a-Se also undergo the laser stimulated, photo-induced reversible strabfumges at certain
energy level under the laser illumination of the 785 nm excitatiorelagth; while these Se
QDs carry out the irreversible changes under the laser illtiminaf either the 488 nm or the
633 nm excitation wavelength. The reversible phase transfornaiti®e nanoclusters first
observed by us may bring new applications for Se QDs. Sen@@p<de used as storage media
since the reversible phase changes mimic the on and off stogspof the memory card of

the computer devices.

5.2 Experimental
Chemicals

Selenium (Se, 99.5%, powder, 200 mesh, t-Se), 1l-octadecene (ODE, &@%6ne
(99.9%), 1-tetradecene (TDE, 94%), and n-hexane (99+%) were puichrase ACROS
Organic.  Se nanoclusters @¥Sg), Se QDs (mx-Seg and r-Sg), and bulk m-Se were

synthesized by us. All chemicals were used as received without furthecgiion.

I nstrument
Raman spectra were measured using a Bruker Senterra Raonascope equipped with
excitation wavelength of 488 nm, 633 nm, and 785 nm, a 1,200 I/mm holographng geati

CCD detector, and adjustable laser power.

Sample preparation and measur ement

The Raman samples were prepared by placing Se nanoclusters or $& Qllst-Se, or
bulk m-Se on top of a silicon wafer. Sample images were takeq tie 50 X objective of the
microscope. The sample Raman spectra were recorded usingrdi#&citation wavelength at

varies energy levels with a variety of exposure and accumulation times.
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5.3 Results and Discussion

The irreversible changes of Se nanoclusterg-S8¢ using the 633 nm excitation
wavelength as laser source, are shown in Figure 5.1. Thaellasenation cycle performed is
as follow: the sample got a 5 s exposure with two accumulatidhs total exposure), then 1
min. relaxation (no laser illumination on the sample). The lalsays shines on the same spot
of the sample. The left side image of Figure 5.1 is the intdge sample before laser
illumination. The “burnt”, black image (after the third laser illaation), right side of Figure 5.1
indicates that the Se crystals are changed from ring (®&ehain structure (§e¢ They support
the Raman spectra results shown in Figure 5.2. The top lefgwfeF5.2 displays the sample
spectrum after the first laser illumination, showing the tyigebending of Sgring at 252 crit
(only Se rings exist). The top right of Figure 5.2 shows the samplerspectfter the 3rd laser
illumination. The photo-induced irreversible ring to chain changes occurfée. typical A
stretching of t-Se (Sg chain) at 233 cih is observed while at the same time the typical E
bending of Sgring at 252 cnt (ring) is still presented. The bottom left of Figure 5.2 presents
the sample spectrum after the 17th laser illumination. The itteighe A stretching mode of
Se, at 233 crit become stronger while the intensity of thelending of Sgring at 252 cni
become weaker. Their intensities are almost at the garek More rings are transferred to
chains. The bottom right of Figure 5.2 represents the sample speafter the 30th laser
illumination. The intensity of the Astretching mode of Sechain at 233 cfh continues to
increase while the intensity of the Bending of Sgring at 252 crit remains decreasing. Their
intensities reverse order. There is morg Bansfer to Se After 210th laser illumination
(Figure 5.3), most of Sbecome Se It is known that the m-Se to t-Se phase transformation is

an irreversible process. Additional Raman measurements observeaaseof the intensity of
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peak at 252 ciy only decrease. This confirms the photo-induced, irreversibieS®-to t-Se

phase transition. The laser illumination at 488 nm wavelengthralsoces the same irreversible

phase transition.
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Figure 5.3 Se nanoclusters ring to chain phase transition.|éfigiaser illumination, almost all

Se nanoclusters become,Se

The reversible changes of Se nanoclustersS8eSe;, using the 785 nm excitation
wavelength as laser source, are shown in Figure 5.4. Thellasgnation cycle performed is
as follow: the sample got a 1 s exposure with five accumulatiosgdtal exposure), then 5 min.
relaxation (no laser illumination on the sample). The laseryalshines on the same spot of the
sample. The left image is taken after first laser ilhetion. The right image is taken after the
30th laser illumination. It shows a slightly “burning” effexticating that the Se particles are
changed from Seto Se. Figure 5.5 illustrated the whole process of the reversibleepha
transition: SgSe-Se under the laser illumination at the excitation wavelength of 785 nm.
After the first laser illumination, Raman spectrum indidati@at only ring structure (the typical
ring E; bending of Sgring at 252 crif) existed in the Se nanoclusters (bottom spectrum of

Figure 5.4). After the 35th laser illumination, Raman spectrevealed that both ring (the
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typical ring & bending of Sgring at 252 crit) and (the typical chain #stretching mode of Ge
at 233 cril) structures were co-existed (middle spectrum of Figure 54)Se transition
occurred). After the 65th laser illumination, only rings ldfie(typical chain Astretching mode

of t-Se at 233 cifdisappeared) ($6Se; transition occurred).

40 -30 20 10 0 10 20 30 40
-40 30 20 40 0 10 20 30 40

Figure 5.4 Reversible ring to chain changes of Se nanocluténe excitation wavelength of
785 nm. The left image is taken after first laser illumonati The right image is taken after the
30th laser illumination. It shows a slightly “burning” effexticating that the Se particles are

changed from ring (Sgto chain structure (§e

65th laser illumination
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Figure 5.5 Reversible changes: Se nanoclusters phase transitas3d-Se under the laser

illumination at the excitation wavelength of 785 nm. After tingt 1aser illumination, Raman
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spectrum indicated that only ring structure (typical ringbEnding of Sgring at 252 crif)
existed in the Se nanoclusters (bottom spectrum). After the |88¢h illumination, Raman
spectrum revealed that both ring (the typical ringbEnding of Sgring at 252 cnit) and (the
typical chain A stretching mode of t-Se at 233 {nstructures were co-existed (middle
spectrum). After the 65th laser illumination, only rings ldfe(typical chain Astretching mode

of t-Se at 233 cifdisappeared).

The normal laser power used for the 633 nm excitation wavelen@ti2 imiW. Only
0.093 mW reach the sample. The normal laser power used for the 7@&ation wavelength

is 10 mW. Only 2.3 mW reach the sample.

The reversible phase transition may be due to the partial depafttine weak alkene
capping ligand and temporary break of the Se-Se bondgafreto form Sg chain as Lukacs
indicated. After relaxation, the broken Se-Se reformed with tkeaictions of the weak capping
ligand to generate the &Seing again. Further investigations are necessary for better

understanding the mechanism of the photo-induced reversible phase transition.

The Raman modes and results (including assigned peaks) of Se-Q&)s $e QDs (m-
a-Se), Se nanoclusters (m-Se), bulk m-Se, and bulk t-Se (Jewvere shown in Figure 5.6.
Raman peak positions of $&e, and the literature values are listed in both Table 5.1 and Table

5.2.

From the experimental results, we find that all these difteBe crystal structures can be
identified using Raman spectroscopy. It demonstrates that Repeatroscopy is indeed a

powerful tool for Se structure elucidation.
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Table 5.1 Raman Modes of &&

Mode Symmetry gE Alg Eg Alg
Calculated Sg(D, ) (Cm_l) 112 136 280 276
Se QDs (cm_l) 110 131 - 251
Experimental in Bulk (cfrl1) 102 129 221 247

-1
Experimental in Zeloite (cm) 104, 108 135, 137 274,274 274,274

Table 5.2 Raman Modes of &1t

Mode Symmetry E2 E2 Al E3 A1 E3 E2 E1
Calculated Sse(D4d) 33 80 110 121 271 290 287 273
Se8 QDs - 82 1105 - 252 -

Bulk (Monoclinic) 50 84 114 128 249 239 254 254
Bulk Monaclinic - 79 1105 124 255.5 246

Rb-YSe 31 79 109 130 259 272

Sr-YSe 30 75 107 122
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Figure 5.6 Raman spectra of Se. From top to bottom: Se Q&¥5)(ISe QDs (nmx-Ses, 12 nm),

Se QDs (ma-Se;, 1.6 nm), m-Se bulk (m-Se; bulk), and t-Se bulk (t-Séoulk).

We observed the reversible sS8g8-Se phase transitions of Se nanoclusters using
excitation wavelength 785 nm as laser illumination source at therpoi2.3 mM. We also
revealed that using higher energy excitation wavelength; Se nateoslabvays proceed with an
irreversible phase transition of S8, Raman spectroscopy is a powerful tool for the structure

elucidation of Se with different structures.
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Chapter 6 Conclusions

6.1 Summary
This research project addresses several important fielsisn@tonductor quantum dots,
including: synthesis and characterization, synthetic applicationaRaand SERS studies of

semiconductor quantum dots (Figure 6.1 is the summary of the achievement).

For the synthesis and characterization, we have successfully syathdéour kinds of
monodisperse QDs: PbS, PbSe, PbTe, and Se QDs with the following major achievement:

(2) Homogeneous nucleation for the formation of nanocrystals can ocdomwat

temperature and does not need high temperature to overcome a hghkbeneer. We

have obtained monodisperse PbS QDs at the nucleation and growth temperature of 45°C.

(2) Monodisperse single elemental Se QDs can be produced by siolpters

crystallization from TDE (1-tetradecene) or ODE (1-octadecene

(3) TDE is a better non-coordinating solvent compare to ODE. STDE and SeTDE are

stable reagents with long storage time. They can be used as ainprexaursors for S-

containing and Se-containing QDs.

4) Monodisperse QDs synthesis can be carried out at low tempeaatlirelatively

short reaction time using the simple, non-injection, one-pot synthetic method.

(5) PbCL-OLA is a universal system for the synthesis of Pb-chaclogenide QDs.

For the synthetic application, energy-efficient nanocomposites dmet QDs were
obtained with the newly developed non-injection, one-pot method, SeTDE mreand PbGH
OLA system. They are MnSe QDs, ZnSe QDs, GO-PbSe QDs naposibes, and GO-Ag
nanocomposites.
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For the Raman study, we observed the reversibieS&§eSe phase transitions of Se
nanoclusters using excitation wavelength 785 nm as laser illuonrstiurce at the power of 2.3
mM. We also revealed that using higher energy excitation wagti; Se nanoclusters always
proceed with an irreversible phase transition ot-S&. In addition, we used Raman
spectroscopy to determine the crystal structure of the 1.6 nnai®elusters we synthesized,

which cannot be characterized by X-ray diffractometer.

For SERS study, we found both size and wavelength dependent quanifineroent

effects (QCEs) of PbS QDs absorbed with 4-Mpy.

6.2 Future Studies
We will focus on the following four areas as Figure 6.2 shown:
(2) Continue the SERS studies of PbSe, PbTe, and Se QDs.
(2)  Synthesize other S-containing and Se-containing semiconductor QDs,
nanocomposites, and energy-efficient materials using the STDE and SeTdDEpre
3) Study the properties of GO-QD nanocomposites and GO-Ag nanocorsposite

their potential applications in the solar cell field.
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