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Abstract

Colloidal semiconductor nanoparticles (NPs) contain hundreds to thousands of atoms

in a roughly spherical shape with diameters in the range of 1-10 nm. The extremely

small particle size confines electron transitions and creates size tunable bandgaps,

giving rise to the name quantum dots (QDs). The unique optoelectronic properties of

QDs enable a broad range of applications in optical and biological sensors, solar cells,

and light emitting diodes. The most common compound semiconductor combination

is chalcogenide II-VI materials, such as ZnSe, CdSe, and CdTe. But III-V and group

IV as well as more complicated ternary materials have been demonstrated. Coor-

dinating organic ligands are used to cap the NP surface during the synthesis, as a

mean of protecting, confining, and separating individual particles. This study inves-

tigated the impact of the ligand on particle growth and self-assembly into hierarchical

structures.

ZnSe QDs were synthesized using an aqueous route with four different thiol lig-

ands, including 3-mercaptopropionic acid (MPA), thioglycolic acid (TGA), methyl

thioglycolate (MTG), and thiolactic acid (TLA). The particle growth was monitored

as a function of reaction time by converting the band gaps measured using UV-vis

spectroscopy into particle sizes. A kinetic model based on a diffusion-reaction mech-

anism was developed to simulate the growth process. The growth data were fit to

this model, yielding the binding strength in the order TLA < MTG ≈ TGA < MPA.

This result showed the relationship between the QD growth rates and the chemi-

cal structures of the ligands. Ligands containing electron-withdrawing groups closer

to the anchoring S atom and branching promoted growth, whereas longer, possibly

bidendate, ligands retarded it.

Removing TGA ligands from the surface of CdTe QDs in a controlled manner

yielded new superstructures that were composed of either intact or fused particles.
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Purifying as-synthesized QDs by precipitating them using an anti-solvent removed

most of the free ligand in solution. Aging this purified QD suspension for a week

caused self-assembly of QDs into nanoribbons. The long time needed for self-assembly

was due to the slow equilibrium between the ligands on QD surface and in solution.

Accelerating the approach to equilibrium by diluting purified CdTe QDs with organic

solvents triggered rapid self-assembly of superstructures within a day, forming var-

ious nanostructures from nanoribbons to nanoflowers. The type of nanostructures

that formed was determined by the solvation of TGA in the trigger solvent. Extract-

ing the smallest portion of TGA in methanol promoted vectorial growth into ribbons

consistent with dipole-dipole attractive and charge-charge repulsive interactions. Re-

moving more of the TGA layer in IPA caused the dots to fuse into webs containing

clustered ribbons and branches, and the directional nature of the superstructure was

lost. Completely deprotecting the surface in acetone promoted photochemical etching

and dissolved the QDs, yielding flower-like structures composed of CdS.

Nanocrystal (NC) growth mediated by a ligand was also studied in the organic

synthesis of FeS2 nanocubes. Oleylamine was used not only as the ligand but also

the solvent and reductant during the reaction. A one hour reaction between iron (II)

chloride and elemental sulfur in oleylamine at 200 ◦C and a S to Fe ratio of 6 yielded

phase pure pyrite cubes with dimensions of 87.9±14.1 nm. X-ray diffraction (XRD)

spectra and Raman peaks for pyrite at 340, 375, and 426 cm−1 confirmed phase

purity. Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron

spectroscopy (XPS) results showed that the oleylamine remained on the FeS2 surface

as a ligand. The reaction mechanism includes the production of pyrrhotite Fe1−xS

(0≤x<0.5) via reduction of S0 to S2− by oleylamine and the oxidation of pyrrhotite

to pyrite with remaining S0.
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Chapter 1

Introduction

1.1 Background on Quantum Dots

Quantum dots are semiconductor nanoparticles surrounded by a layer of organic

molecules called ligands. Their diameters usually range from 1 to 10 nm, containing

a few hundred to a few thousand atoms. Due to the small size, QDs exhibit very

different material properties compared to their bulk counterparts. The most impor-

tant one is that the optical properties of QDs change dramatically with size, which

is known as quantum confinement.1 The size-dependent properties of QDs could be

used for a broad array of applications in biological markers, solar energy absorbers,

and light emitting diodes.2–4

Substantial effort has been devoted to the synthesis of group II-VI QDs, containing

either Zn or Cd combined with S, Se, or Te. But III-V and group IV as well as

more complicated ternary combinations have been demonstrated.5–8 Wet chemistry

is the primary method for QD synthesis, which is divided into aqueous and organic

routes based on the reaction media. Most of these high-quality QDs are made using

organometallic chemistry at high reaction temperatures,5,9,10 and ligand exchange

methods are introduced to reduce toxicity and increase bio-compatibility.6,11 Recent

reports show that aqueous synthetic routes are promising alternatives to produce

environmentally friendly and high-quality QDs.12–15

Both QD synthesis routes require anion injection into the mixture solution of metal

cation and ligands. The two precursors are prepared separately before injection. For

instance, water soluble thioglycolic acid (TGA) capped ZnSe QDs are synthesized by

injecting Se2− into a solution containing Zn2+ and TGA precursors. Se2− is prepared

by reducing Se powder using NaBH4. The injection temperature can be room tem-
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perature or elevated temperatures (i.e. 100 ◦C), and then the solution is maintained

at the elevated temperature to keep the reaction running. Injecting at room tem-

perature is called ramp up, which is a major method used for the aqueous synthesis

route, whereas injection at elevated temperature, which is called hot injection, is used

mostly for the organic synthesis route. For example, in a typical organic synthesis of

CdSe QDs capped with trioctylphosphine oxide and trioctylphosphine (TOPO/TOP),

TOP-Se is injected into the solution containing TOPO and the organic Cd salt at

around 260 ◦C. Fig. 1.1 shows the experimental setups for these two methods.

100 oC    N225 oC     N2

200-300 oC  N2

Ramp up Route Hot injection Route

cooling 

water in

cooling 

water out

vacuum/inert gas

manifolds

vacuum/inert gas

manifolds

vacuum/inert gas

manifolds
cooling 

water in

cooling 

water out cooling 

water in

cooling 

water out

Figure 1.1. The experiment setup for ramp up and hot injection routes.

No matter which synthesis route is used, the growth process of QDs during the

reaction is the same. Fig. 1.2 shows a widely accepted three-stage growth of QDs: nu-

cleation, size-focusing, and Ostwald ripening.16,17 Nucleation occurs on a millisecond

to second time scale after cation and anion monomers are mixed, forming small seeds

containing only tens of atoms. In the subsequent size-focusing stage, QDs grow from

the resulting seeds by consuming the remaining cation and anion monomers. The

faster growth rate for the smaller particles narrows the size distribution, focusing the

size. When monomer is depleted, the process enters the Ostwald ripening stage, in

which larger particles grow at the expense of smaller ones.
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1. Cation-ligand 
complexes bind anion 
monomers and small 
seeds form.
2. Further growth is 
based on adding 
monomers onto seeds.
3. Timescale is very 
short: several miliseconds 
to seconds.

1. QD growth depends 
on monomer depletion.
2. The number of QDs 
remains constant.
3. Slower growth rate 
for larger dots; faster 
rate for smaller dots.
4. Duration depends on 
reaction conditions.

1. The growth of larger 
QDs depends on 
dissolution of smaller QDs.
2. The number of QDs 
decreases.
3.  Growth rate becomes 
very slow.
4. Duration could vary 
from several hours to 
several days.

Cation Metal ion-ligand complex

Anion Seeds

Seeds with ligand QDs with ligands

Add anion

Nucleation Size-focusing Ostwald Ripening

Figure 1.2. Three stages of the nanoparticle growth: nucleation, self-focusing, and
Ostwald ripening.
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1.2 Ligand Controlled Growth of ZnSe Quantum Dots

1.2.1 Background

In previous work done in our group, the synthesis of thiol-capped ZnSe and ZnxCd1−xSe

QDs was demonstrated in water based on the ramp up method. The QD size was

tuned by varying the type of ligand. Qualitative discussions were provided in that

work to explain the effect of ligand chemistry on QD growth.18 Although QD syn-

thetic schemes are well developed, difficulties arise when trying to understand and

control QD formation and growth because detailed kinetics studies are lacking. In this

study, we attempted to distinguish different growth stages using the aqueous ZnSe

system and understand how the ligands affect QD growth during Ostwald ripening,

the major growth stage. By understanding this effect, we were able to better control

the QD size, thus their optical properties, via the choice of ligands based on their

chemical structures.

1.2.2 Literature review

Although nucleation is a critical stage in QD growth, it is difficult to access experi-

mentally due to the short time scale. Using in situ UV-vis absorption spectrometry,

nucleation and growth of CdSe nanocrystals were successfully monitored with mil-

lisecond resolution.16 The results showed that there was a semi-proportional depen-

dence between particle size and monomer concentration, which disagreed with the

classic crystallization theory where the concentration of crystals is independent of

the monomer concentrations in the solution. Follow-up work proposed a reaction-

controlled nucleation instead of a diffusion-controlled mechanism (classic crystalliza-

tion).19 The experimental results and theoretical arguments indicated that the classic

nucleation model was not relevant for systems with low bulk solubilities and that QD

formation rates agreed with the reaction-controlled mechanism.



12

Among the three stages of QD growth, the size-focusing stage has attracted the

most research interest because of its importance to the control of QD size and prop-

erties as well as experimental practicability. A diffusion-controlled kinetic model for

the size-focusing stage was developed using the CdSe system.17 The focusing time

(i.e., monomer depletion time, where a monomer was defined as a CdSe molecule)

and particle size changed with monomer concentration. Another study gave a com-

prehensive model for the complete growth process of group II-VI QDs.20 According

to this model, the authors suggested that a narrow size distribution can be achieved

either by modulating the temperature during nanocrystal synthesis or by introducing

small quantities of additives. Along with the kinetic models, experimental measure-

ments indicated that particle concentration was constant during the size-focusing

stage.21 The last growth stage, Ostwald ripening, has been well described using the

Lifshitz-Slyozov-Wagner (LSW) model, showing that V is proportional to reaction

time t, where V is the volume of a QD.22

In addition to the aforementioned insights on QD growth, the ligand is another

important factor that determines the growth and properties of QDs. As capping

agents, ligands contain an anchoring group linked by a hydrocarbon chain to a group

that confers solubility.23 For instance, thiols and amines are two common anchoring

groups in water based synthesis of QDs. Alternatively, carboxyl or hydroxyl groups

make QDs soluble in water. When the anchoring group bonds to the QD surface, the

ligand can do the following: 1) limit the growth rate; 2) keep QDs from agglomer-

ating in a particular solvent; and 3) passivate the surface and improve the electrical

and optical properties of QDs. Because of these significant influences, researchers

have been trying to understand ligand effects from different perspectives. Partially

removing surface ligands can create dipole-dipole interactions between QDs, promot-

ing the self-organization of single CdTe QDs into nanowires.24 A study on surface

ligand dynamics and the resulting properties indicated that the ligand effects depend

strongly on several conditions. Higher reaction temperatures, lower ligand concentra-
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tions, and shorter ligand structures can lead to more dynamic ligands near or on the

QD surface, yielding a higher growth rate.25 Mulvaney and Bullen investigated the

ligand chemisorption effect on the photoluminescence (PL) of CdSe QDs. In addition

to ligand structure, the polarity of the solvent was found to affect the luminescence by

influencing the extent of ligand adsorption.26 Density functional theory (DFT) was

used to calculate the morphology, electronic structure, and optical properties of CdSe

QDs capped with amine or phosphine oxide ligands. Substantial charge redistribution

and polarization were caused by strong ligand-surface interactions, which influenced

the electro-optical response of QDs.27

1.3 Self-Assembly of CdTe Quantum Dots

1.3.1 Background

Spontaneously assembling nanocrystals (NCs) either in place on a surface or free-

standing in solution could create new functional elements for use in devices. Self as-

sembly avoids the necessity of manipulating component nanocrystals, and the struc-

tures produced could bridge the gap between nanometer scale building blocks and

micrometer scale patterning processes. Combining low cost methods for making su-

perstructures containing nanocrystals with standard patterning techniques that were

pioneered by the semiconductor industry and are now leveraged for making micro-

electromechanical systems (MEMS), solar, and microfluidic chips among others could

expand the use of nanomaterials in a variety of technologies.

A primary goal of fabricating hierarchical structures by spontaneous assembly of

nanoscale building blocks is to use the structures as functional elements in devices.

A process used to build a nanostructure is unlikely to be standalone. Other steps

in the process flow used to build the device, the compatibility of the exposed mate-

rials during processing, and the device structure will ultimately dictate the process

choices that are made in addition to cost and ease of implementation. Techniques for
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self-assembly that make use of the same physical and chemical principles, but with dif-

ferent outcomes, will broaden the choices available and could foster the development

of viable process flows for high-volume manufacturing of nanoscale structures.

1.3.2 Literature Review

Self-assembly triggered by removing some or all of the ligand has been used to form

structures with different dimensions and shapes, containing both fused and non-fused

nanocrystals. Partially removing the TGA ligand caused CdTe quantum dots (QDs)

to aggregate spontaneously in water and form nanowires (NWs) whose growth was

parallel to the (001) direction of the lattice.24 The raw QDs were purified using

methanol, and the precipitate was redissolved in water at pH 9. The QDs aggregated

into short chains that over several days fused into nanowires with diameters of a

single QD (2-5 nm) and lengths of 0.5 to 1.5 µm based on transmission electron

microscopy (TEM) and atomic force microscopy (AFM) images. Nanowire formation

was accompanied by a phase transition from the cubic zinc blende structure of CdTe

QDs to a wurtzite crystal lattice. The photoluminescence of the NWs was red-shifted

by 10-20 nm relative to the parent QDs. Partially removing the thiol ligand decreased

the negative charge and, as a consequence, the electrostatic repulsion between QDs,

allowing attractive dipole-dipole interactions to drive self-assembly. The relatively

long-range attractive forces needed for assembly were the result of the magnitude of

the dipole moments on CdTe QDs that were in the range of 50-100 D24 by virtue

of the truncated tetrahedral shapes of the particles28–31 and the localized surface

charges.32 At a low concentration, hydrazine saturated the dangling bonds of TGA-

capped CdTe QDs yielding a large increase in PL, but at high concentration, NWs

were formed with a wurtite crystal structure and diameters of 12±2 nm.33 Based

on zeta potential measurements, hydrazine removed TGA from the surface of the

QDs allowing dipole-dipole interactions to form aggregates that organized into wires
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explaining the larger diameter. A model was developed for CdTe QD self-assembly

based on quantum mechanical calculations and the orientation of the dipole moment

combined with Monte Carlo simulations of the electrostatic interactions.30 The results

showed that the dipoles of neighboring NCs within wires were oriented in opposing

directions as expected, but instead of an end-to-end configuration, they were side-to-

side, perpendicular to the growth direction. The important forces were electrostatic

repulsion between negatively-charged carboxylates on TGA and the attractive van

der Waals and hydrogen bonds between TGA ligands. The simulation showed that in

contrast to previous studies that attributed self-assembly to dipole-dipole interactions,

the charge-dipole interaction was the primary driving force. Oriented attachment had

also been used for the high temperature synthesis of one dimensional wurtzite CdTe

NWs by selecting the ratios of the TDPA (tetradecylphosphonic acid) coordinating

ligand to Cd and the Cd to Te, the solvent, the temperature, and the time.34 Large

red shifts in both the absorption and PL were observed due to NW formation. Both

ZnS NWs35 and CdTe nanorods36 were made by using two capping ligands to promote

growth along one direction.

Flat ribbons composed of non-fused zinc blende CdTe-TGA QDs were made by

mixing the purified NCs resuspended in water with phosphate buffer solution on a

glass slide.37 Screening of the surface charge by ions in the buffer drove the assembly,

which occurred within minutes. The ribbons were 10-50 nm thick and up to several

micrometers in length. The PL was red-shifted by 8 nm from the parent QDs and

the luminescence lifetime obtained from decay curves indicated that the electronic

confinement decreased relative to the dots. Nonfused NCs yielded nonlinear strips

or ribbons that could be mechanically bent, making them potentially advantageous

in positioning between electrical current source and collection electrodes on a surface

for building devices in either two or three dimensions.

Two-dimensional free-floating sheets were formed when the capping ligand DMAET

(2-dimethylamino ethanethiol) was partially removed from CdTe QDs.38 The sheets
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spanned an area of about 30 µm by 50 µm and were 3.4 nm thick. The photolumines-

cence was red-shifted by 27 meV from 557 to 564 nm and was much lower than the

parent QDs. The basic assembly units in the sheets were 6-membered rings contain-

ing QDs interacting with different orientations. Simulations showed that the dipole

moment and small positive charge, both of which were due to the anisotropy of the

QDs, as well as the directional hydrophobic attraction drove self-organization. The

lower ligand concentration reduced the stabilization of apical structures producing

NPs with more flat surfaces and increased both the dipole moment and surface re-

activity. For low surface charge and strong face-to-face attraction, NPs formed 2D

sheets. But for higher surface charge, the long-range electrostatic repulsion made a

2D sheet unfavorable and instead NPs assembled into ribbons. By starting the syn-

thesis with a relatively low ligand to Cd ratio rather than removing ligands, twisted

nanoribbons were formed.39 Light-induced photocorrosion induced an internal strain

in the ribbons that was relieved by twisting. The pitch length could be modulated

with the light intensity.

Mixing crude CdTe-TGA NCs in water with ethanol and sodium acetate at 70

◦C formed a flocculant consisting of a three-dimensional network of CdTe NWs with

encapsulated CdTe NCs and containing ∼5% large spherical nodules.40 The high

aspect ratio, curved ribbons consisted of well separated CdTe QDs held together

by unreacted Cd2+ ions and TGA. They had luminescence properties in solution or

after drying that were close to the parent QDs in solution. Substituting a tetrazole

ligand for TGA yielded CdTe NCs that were soluble in short chain alcohols such as

methanol and, when metal ions were added, that assembled in seconds into a 3D

hydrogel network.41 This approach offered a potential pathway for scale-up since it

avoided destabilization of the ligand shell and photochemical treatment.
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1.4 Synthesis of Pyrite FeS2 Nanocrystals

1.4.1 Background

With solar energy of 173,000 terawatt-year (TWy) reaching the earth,42 photovoltaic

(PV) cells are an attractive option for meeting future worldwide energy needs. Due

to the wide array of applications, including bio-labels, PV cells, light emitting diodes,

and quantum computation devices,1–4,43 semiconductor nanoparticles have attracted

intense research interest. Compared to conventional single crystal silicon based (first

generation) and polycrystalline semiconductor thin film based (second generation)

PV devices, solar cells using semiconductor nanocrystals as working elements (third

generation) could potentially lower the cost-efficiency ratio.44

Iron pyrite (FeS2) is a semiconductor with an indirect band gap of 0.85 eV and

an integrated absorption coefficient of 3.3 × 105 cm−1 in the visible range between

300 and 750 nm.45 These characteristics as well as the abundance of Fe and S in the

earth’s crust make pyrite a promising candidate for low-cost PV materials.46 Various

synthesis methods for pyrite FeS2 have been reported, including hydrothermal reac-

tion, metal-organic chemical vapor deposition (MOCVD), sulfurization of iron films,

inverse micellar cages, and spray pyrolysis.47–52 However, MOCVD, film sulfurization,

and spray pyrolysis are energy intensive, which is counterproductive when trying to

develop PV as a viable source of renewable energy. The NP growth is difficult to con-

trol when using hydrothermal reactions. Moreover, the narrow thermodynamic win-

dow of synthesizing phase pure pyrite FeS2 is another hurdle that hinders the progress

toward successful device fabrication.53–56 The optoelectronic properties exhibited by

almost all of the other Fe-S compounds ruins the performance of pyrite. Based on

these factors, a simple synthetic approach for phase pure pyrite FeS2 nanocrystals is

needed.
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1.4.2 Literature Review

In the last decade, wet chemistry synthesis techniques greatly improved the phase

purity of pyrite FeS2. Through a hydrothermal decomposition of a single source pre-

cursor, cubic FeS2 nanocrystals with an average size of ∼500 nm were synthesized

by Qian et al.50 The precursor iron sodium diethyldithiocarbarmate (Fe-NaDDTC)

was added to the hydrothermal reactor and maintained at 180 ◦C for 12 hours with-

out any surfactants. Single cubic phase pyrite was confirmed by XRD. However,

lowering the reaction temperatures produced impure phases. The ultraviolet-visible

(UV-vis) absorbance spectrum showed a peak at 1420 nm, interpreted by the authors

to indicate a bulk band gap of 0.87 eV. Another work by Alivisatos et al. used a

similar surfactant-assisted hydrothermal method to obtain cubic FeS2 nanocrystals

of ∼100 nm.49 Diethyl dithiophosphate ammonium salt was used to synthesize the

precursor instead of NaDDTC. The precursor and a surfactant (hexadecyltrimethy-

lammoniumbromide, CTAB) were placed in a digestion bomb and maintained at 200

◦C for 4 to 48 hours. XRD and X-ray photoelectron spectroscopy (XPS) results

showed that pyrite FeS2 without any noticeable impurities was obtained. An indirect

bandgap of 0.95 eV was determined using X-ray absorption and emission spectroscopy.

The authors pointed out that suitable reaction conditions are temperatures no lower

than 200 ◦C, pH between 3 and 7, and oleylamine as a secondary surfactant. To

avoid using complex molecular precursors, a one-step polymer-assisted hydrothermal

method was developed.57 Employing S powder and FeCl2 with the polymer surfac-

tants polyvinylpyrrolidone (PVP) and polyvinyl alcohol (PVA), uniform pyrite FeS2

NCs of 100-200 nm were obtained after a reaction of 12 hours at 180 ◦C. The NC

shape changed from cube to octahedron by adjusting NaOH concentration from 0.11

M to 0.14 M. UV-vis spectrum showed an absorption peak located at 990 nm, which

was close to the theoretical bandgap of FeS2.

The rapid development of colloidal metal chalcogenide nanoparticles, including
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quantum dots, inspired the synthesis of phase pure pyrite NCs. Colloidal FeS2 NCs

were first synthesized using a hot injection method by Puthussery et al.58 Iron pyrite

crystals of 5-20 nm in diameter were produced by reacting FeCl2 and sulfur in a

diphenyl ether solution using octadecylamine as a capping ligand. The reaction was

carried out using an air-free Schlenk line setup in order to avoid oxidization. XRD

spectra confirmed that phase pure pyrite was obtained. The absorption spectrum

exhibited an optically allowed transition at 435 nm (2.85 eV) and the band gap

was estimated to be 0.88-0.91 eV. The choice of solvent, ligand, temperature and Fe

precursor was extremely narrow in order to obtain phase pure pyrite NPs, which was

confirmed in another work by Steinhagen et al.53 To utilize pyrite as a potential light

absorber, the authors deposited these NPs on various substrates and sintered the films

in S vapor at 500-600 ◦C. A 2 µm thick FeS2 film with a large grain size of ∼300 nm

was obtained. However, Steinhagen et al. later showed that there was no photocurrent

generation by utilizing pyrite NPs in several different solar cell architectures.53

Phase pure cubic FeS2 NCs with a mean dimension of 80 nm were synthesized using

a hexadecanesulfonate ligand in a similar way by Lucas et al.54 In agreement with

optically determined properties, an indirect bandgap of 1.00±0.11 eV and a valence

bandwidth of about 1.0 eV were determined by synchrotron X-ray spectroscopy. TEM

investigation of the early stages of growth revealed that the initially small nuclei,

which already possessed a pyrite crystal structure, coalescenced and fused into larger

NCs due to the lack of repulsion among the nuclei. Unlike the typical hot injection

synthesis method, where the growth is limited or controlled by the diffusion of solute,

the coalescence process exacerbated the difficulties in controlling the particle size

and size distribution. Moreover, possible in situ reduction of Fe3+ to Fe2+ by H2S

provided by the reaction between amine and S contributed to the large uncertainty

in the formation process.59

Although hydrothermal and colloidal methods have been used widely, other meth-

ods have shown promise. Pyrite FeS2 crystals with an average size of 1.5 µm were
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obtained by aging FeCl2 and Na2S in a N2-saturated aqueous solution for 9 days at

25 ◦C.60 Although the product was mainly FeS2, a noticeable marcasite phase was

unavoidable due to the low reaction temperature, necessitating an extra purification

step. Inverse micellar cages were used to produce extremely small FeS2 particles

with diameters less than 6 nm.51 The observed band gap, which exceeded 2 eV,

was taken as evidence of strong quantum confinement. Well-crystallized single phase

pyrite NCs were synthesized in an aqueous solvent mixed with dimethyl sulfoxide

(DMSO).61 Thioglycolic acid ligand, which is used widely to synthesize water soluble

quantum dots, was the stabilizer for these small NPs with a diameter of 2-10 nm. De-

creasing the ratio between stabilizer and Fe precursor, nanorods and nanosheets were

obtained. A plasma was used to assist sulfurization of films composed of hematite

(Fe2O3) nanorods on a substrate.62 Stoichiometric pyrite thin films were obtained by

this method. A clear solid phase transition from larger bandgap hematite to smaller

bandgap pyrite was optically observed over the course of sulfurization. The increase

in conductivity of such a pyrite film under air mass (AM) 1.5 illumination confirmed

photocurrent generation within the matrix of nanostructures, implying potential ap-

plication in solar cells.

1.5 Explanation of dissertation format

This dissertation adopts the published paper format whereby manuscripts of papers

that are published and submitted are included as appendices. Summaries of the most

important results and findings for each manuscript are given in the chapter entitled

“Present Study”. Appendix A includes the paper entitled “Ligand-Controlled Growth

of ZnSe Quantum Dots in Water during Ostwald Ripening” published in Langmuir.

Appendix B includes the paper entitled “Solvent-Triggered Self-Assembly of CdTe

Quantum Dots into Flat Ribbons” published in The Journal of Physical Chemistry C.

Appendix C includes the paper entitled “Phase Pure Pyrite FeS2 Nanocubes Synthe-
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sized Using Oleylamine as The Ligand, Solvent, and Reductant” that was submitted

to The Journal of Physical Chemistry Letters.
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Chapter 2

Present Study

In this chapter, the most important findings from the papers or manuscripts that are

published and submitted are presented. Detailed experimental methods, results and

discussion, and conclusion are included as an addendum in this dissertation.

2.1 Ligand Controlled Growth of ZnSe Quantum Dots

We synthesized ZnSe QDs based on the reaction of zinc nitrate and sodium hydrose-

lenide using the ramp up method described by Deng et al.18 Four different thiol

ligands, MPA (HS(CH2)2COOH), TGA (HSCH2COOH), MTG (HSCH2COOCH3),

and TLA (HSCH(CH3)COOH), were used to cap the ZnSe QDs. In order to study

the kinetic growth of ZnSe QDs, the target growth stage must be identified. This was

done by monitoring the change in concentration of free Zn monomer in the solution us-

ing inductively-coupled plasma optical emission spectroscopy (ICP-OES). Unreacted

monomers were separated from QDs using centrifugal filters and subjected to ICP-

OES analysis. The Zn monomer concentration decreased in the first 10 min of the

reaction and stabilized thereafter, indicating the nucleation and size-focusing stages

completed within 10 min and the remaining growth was due to Ostwald ripening.17,22

Lifshitz-Slyozov-Wagner (LSW) theory was developed to understand the kinetics of

both the reaction limited and diffusion limited Ostwald ripening,63,64 which yielded

equally good fits using our data. Instead we developed a continuum approach by

writing a mass balance on a single particle to model QD growth during Ostwald

ripening. This model provided the opportunity to examine the effect of ligands on

particle growth.

The differential equation was set up based on equating the flux of diffusion and
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reaction of monomers at the surface of QDs. The ligand gated the surface reaction.

Solving the differential equation with boundary conditions yielded a first-order growth

model with a growth constant, describing Ostwald ripening:

R = R0 +
k2

(
σ
L

)
vZnSec

∞
Se(

1 +
k−1cL−
k1

) (t− t0) (2.1)

where R and R0 are the particle radius at reaction time t and t0; σ, L, vZnSe, cL− ,

and c∞Se are the surface site density, Avagadro’s number, the molar volume of ZnSe

in the particle, ligand concentration, and Se monomer concentration in the solution,

respectively; k1, k−1, and k2 are relevant reaction rate coefficients for the ligand

adsorption, ligand desorption, and reaction between Se monomers and Zn surface

binding sites, respectively.

Linear fits of the growth data starting at 30 min yielded the slowest growth rate

of ∼ 1.3−2.0×10−3 nm/min for MPA-capped ZnSe QDs and the highest growth rate

of ∼ 2.8− 3.2× 10−3 nm/min for TLA capped ZnSe QDs. MTG and TGA produced

similar rates in between these values. Relating the growth rate to the reaction rate

coefficient (k’s in the growth equation), we found that TLA was the easiest ligand

to detach from a QD surface, followed by TGA, MTG, and MPA. This is due to the

difference in electron densities on thiol groups, resulting from the chemical structures

of these ligands. The longer hydrocarbon chain of MPA separated the electron-

withdrawing carboxylate group from the thiol group, maintaining the most electron

density on S and stabilizing the bond with the QD surface. Whereas the short chains

of TGA and MTG lowered the electron density on the thiols, weakening the bonds

with the QD surface. The branched structure of TLA created spatial hinderance,

impeding the packing of ligands on the QD surface and decreasing the stability of the

ligand.

The binding strength between the ligand and the QD surface in the order MPA >

MTG ≈ TGA > TLA also affected the surface passivation of dangling bonds, altering

the photoluminescence (PL) behavior. Leaving a non-purified QD suspension under
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irradiation by a standard fluorescent bulb can improve the PL efficiency, due to

photochemical passivation.65–67 The light induced passivation can be explained by

the formation of a thin ZnS shell in which unstable Se defects or dangling bonds

on the surface are dissolved during illumination and are replaced by sulfur from the

ligands passivating the surface. We observed that the weakly bound TLA created

the largest PL improvement, whereas, the tightly bound MPA yielded the smallest

PL improvement. These observations suggest that the stronger capping strength of

MPA hindered the dissolution of defects and the passivation of dangling bonds. MTG

and TGA have similar binding strengths to the QD surface and are weaker than that

of MPA, which allowed the dissolution of Se defects and the filling of Se vacancies

by S, explaining the similar surface passivation and PL improvements. The most

weakly bound ligand, TLA, yielded the largest improvement in the PL intensity after

photochemical treatment consistent with the smallest proportion of defects and the

most facile defect removal.

2.2 Self-Assembly of CdTe Quantum Dots

TGA-capped CdTe QDs were synthesized using a similar method as the one for ZnSe

QDs in our previous work.68 The as-synthesized (raw) QD colloids were purified by

mixing with acetone and allowing it to stand for 4 hours under ambient conditions

to aggregate the QDs. Centrifugation was used to separate the QDs from unre-

acted species and the QD aggregation was re-dispersed in water to obtain purified

QD colloids. The purification shifted the UV-vis absorption peak of QDs to the

blue, indicating photochemical passivation by removing a portion of the surface lig-

ands. Simply storing the acetone-purified QDs resuspended in water for 1 week in

the dark, self-assembly slowly took place and ribbons formed with heights of 8-10

nm and widths of ∼80 nm. These results were similar to the time scale required for

nanowire formation observed in another work.69 Only some small aggregates formed
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after storing the raw QD colloid for one week, showing that purification was essential.

The time scale needed for self-assembly was reduced to less than one day by injecting

purified QDs into methanol, IPA, and acetone at a dilution ratio of 1:100. All of

these organic solvents have higher solubilities for TGA ligands than water and we

call them “trigger solvents”. AFM images taken several days after injection showed

that nanoribbons with heights from 8 to 18 nm (∼2 to 5 QDs) and widths from 40 to

80 nm (∼10 to 20 QDs) formed. Qualitatively it was much easier to find ribbons by

AFM using the drops taken from either methanol or IPA than from acetone. There

was no nanostructure formation when injecting the raw QDs into these solvents due

to better surface protection from much higher ligand and monomer concentrations.

Intense PL remained after purified CdTe QDs were injected into methanol, whereas

the PL was lost after purified CdTe QDs were injected into IPA and acetone. The re-

sults show that energy loss mechanisms were active when the QDs self-organized into

ribbons in IPA and acetone, but not methanol. In contrast, much weaker PL intensity

was observed after raw CdTe QDs were injected into methanol, but increased for the

cases of IPA and acetone. The increase in the PL intensity of the raw QDs in order

of increasing TGA solubilities from methanol to acetone showed that removing TGA

from the surface in the presence of ions and ligands facilitated etching and passivation

of individual dots.

The PL behavior shed light on the internal structures of the ribbons formed in

different solvents, which was further investigated using TEM. Closer inspection of

the TEM images of the ribbons formed in methanol showed that the lattice planes of

the QDs in the interior were randomly oriented with respect to each other, indicating

individual QDs were intact and not fused. However, the TEM image of the ribbons

formed in IPA showed the lattice planes of QDs were generally oriented in the same

direction within a few degrees of one another across the image, indicating that QDs

fused, which caused loss of PL. Moreover, from the TEM images, the ribbons formed

in IPA showed a characteristic “Y”-like branch structure, instead of the straight and
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smooth ribbons observed in methanol. The branched structure is due to the higher

ligand solubility of IPA which caused loss of growth directionality. Removing more

ligands by acetone and aging for 20 days etched the surface, producing micrometer-

sized flowers composed of branches containing bundles of CdS nanowires based on

scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDS).

2.3 Synthesis of Pyrite FeS2 Nanocrystals

Phase pure pyrite (FeS2) NCs with a narrow size distribution were synthesized by

reacting iron (II) chloride with elemental sulfur in oleylamine without an additional

ligand. The phase purity was confirmed with XRD and Raman. Intense XRD peaks

located at 33.0◦, 37.1◦, 40.8◦, 47.4◦, and 56.3◦ were observed and corresponded to the

(200), (210), (211), (220), and (311) planes of pyrite (ICDD 71-1680), respectively. No

diffraction peaks were observed from impurities such as marcasite (FeS), pyrrhotite

(Fe7S8), and iron oxide Fe2O3. Raman peaks at frequencies of 340, 375, and 426 cm−1

corresponded to anisotropic pyrite.70 Peaks for marcasite (324, 387, and 532 cm−1)

and pyrrhotite (214 and 282 cm−1) were not apparent in the spectra.70,71 SEM images

showed that pyrite NCs had dimensions of 87.9±14.1 nm, based on a histogram. The

relatively narrow size and shape distributions indicated a strong capping effect from

the oleylamine ligand.

The UV-vis spectrum for the pyrite NCs showed that the absorbance slowly in-

creased with wavelength up to about 800 nm. An absorbance peak was observed at

1050 nm (1.18 eV), suggesting the optically allowed indirect band gap was reached.

Although a similar result was observed for pyrite nanocubes with a length of 200 nm

by Wang et al.,57 there are different UV-vis absorbance results reported in the litera-

ture54,55,58,72 due to the complex electronic structure of pyrite. PL spectra measured

using different excitation wavelengths showed no features in the 400 to 800 nm range

indicative of slow exciton recombination in this indirect bandgap material. High-
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resolution XPS spectra of the Fe 2p3/2 peak at 706.8 eV is consistent with literature

values of pyrite.57 Two peaks at 162.3 and 168.1 eV were shown for S 2p peaks, which

corresponded to disulph (S2−
2 , 161.7 eV) or polysulph (S2−

n , 162.9 eV) and sulphate

(SO2−
4 , 168.6 eV), respectively.73 The sulphate peak indicates that slight oxidation

may occur during sample preparation. The molar ratio between Fe and S was calcu-

lated to be 0.45, which is slightly lower than the stoichiometry of FeS2, again, due to

possible oxidation. The presence of a N 1s peak confirmed oleylamine remaining on

the NCs. Transmission FTIR spectrum of the purified pyrite NCs showed peaks at

2923.6 and 2852.1 cm−1, corresponding to the asymmetric (νa) and symmetric (νs)

stretches of CH2 groups from oleylamine.74,75

We varied the ratio of S to Fe in the reaction mixture to gain a general under-

standing of the mechanism. At a S to Fe ratio of 6, phase pure pyrite was produced

at 230 ◦C for reaction times of 1-6 h. Reducing the S to Fe ratio lengthened the time

to synthesize phase pure FeS2. XRD spectra show a mixture of pyrrhotite and pyrite

formed at a S to Fe ratio of 4 at 230 ◦C and a reaction time of 1 h. Prolonging the

reaction time to 3 h at a S to Fe ratio of 4 yielded mixed phases, but at 6 h phase

pure pyrite was produced based on XRD. A S to Fe ratio of 4 is the threshold because

a S to Fe ratio of 3 always produced a mixture of pyrite and pyrrhotite for reaction

times up to 6 h.

Oleylamine is present in large excess and reduces elemental S primarily by reac-

tion with the amine group but also with the C=C double bond. Using standard and

pulsed field gradient diffusion NMR, Thompson et al. showed that the monofunctional

octylamine reacts with sulfur at low temperature producing alkylammonium polysul-

fides.59 At the temperatures used in nanocrystal synthesis, polysulfide ions react with

excess amine by different reaction pathways generating H2S as well as amides and

amidines and the thio analogs of these molecules. The H2S and thioamides combine

with the metal precursor forming metal sulfides. Based on that work, the reduction

of S by the amine end of oleylamine and the following reaction with Fe2+ ions can be
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represented by the two overall reactions

S + oleylamine −→ H2S + thioamides + byproducts (2.2)

Fe2+ + H2S −→ FeS + 2H+ (2.3)

where thioamides can serve the same role as H2S and initiate the reaction with Fe2+

ions. If Fe3+ forms by reaction with residual water, it is reduced by the variety of

sulfur compounds in solution. The FeS represents nanocrystal pyrrhotite formation

with stoichiometries Fe1−xS and 0 ≤ x < 0.5. Moreover, reaction between S and the

oleylamine double bond is possible. Singlet S reacts with alkenes forming episulfide

and thiols,76 and more than one S atom can insert depending upon the structure of

the alkene.77 Although polysulfide ions could form, the impact of these reactions on

the different iron phases is uncertain. Elemental sulfur (S0) and other S species that

have oxidation states greater than -1 oxidize S2− to S2−
2 forming pyrite

FeS + S −→ FeS2 (2.4)

where S represents elemental S, thioamide, and polysulfide chains or rings. We ob-

served that adding thiol with S in an effectively 2- oxidation state to pyrite NCs

immediately turned the black solution yellow brown. This indicates a phase change

occurred from FeS2 where S is in a -1 oxidation state to FeS where S is in a -2 state. In

the literature, attempting to use dodecanethiol as a ligand for FeS2 synthesis yielded

FeS.56 With S0 in large excess in the S to Fe ratio equal to 6 experiments, FeS2

formed quickly. At a S to Fe ratio of 4 multiple phases existed initially and changed

from pyrrhotite to pyrite as reaction time went from 3 h to 6h, which could imply a

thermodynamically controlled reaction between Fe1−xS and S0. Along the same lines,

it was inevitable that the S to Fe ratio of 3 experiments would yield mixed phase

material.
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2.4 Conclusion and Outlook

Ligands play a significant role in the synthesis and self-assembly of nanoparticles.

Not only do ligands passivate the surfaces of particles controlling growth, but ligands

also increase the solubility of nanoparticles preventing them from agglomerating in

solution. Ligands improve the long term stability of nanoparticles and the shelf life,

which is important for practical applications. Self-assembly of nanoparticles requires

destabilizing the ligand shell, stripping the protective ligands off of the particle sur-

face. Particle stability has to be balanced with ease of removal in selecting a ligand

to achieve a specific purpose and make use of the particles.

Understanding the ligand binding strength is one of the most important criteria to

achieve this balance. Our study correlates the chemical structure of several thiol lig-

ands to their binding strength, which allows prediction of the ligand binding behavior

by analyzing the chemical structure. Among the four thiol ligands studied, the longest

ligand MPA, which had the largest separation between the electron-withdrawing car-

boxylic group and the thiol head, showed the strongest binding strength between

the thiol and Zn atoms on the surface of QDs. The shorter but branched ligand

TLA yielded the weakest binding strength, due to both the proximity of the electron-

withdrawing carboxylic group to the thiol and the steric hindrance that the branching

group induces. The ligand binding strength study provides quantified criteria to se-

lect either strongly, moderately, or weakly bound ligands for a specific application.

The criteria were used in the study to self-assemble CdTe QDs. We chose the ligand

TGA with a medium binding strength because it kept the QDs dispersed but could

be removed controllably to trigger self-assembly. Methanol, isopropyl alcohol, and

acetone in order of increasing solvating power for TGA yielded nanostructures from

smooth nanoribbons to branched nanoribbons and finally to giant nanoflowers. The

nanoribbons could potentially become part of a device structure.

The ligand chemistry is even more significant for the synthesis of some sophisti-



30

cated systems, such as binary metal dichalcogenides, because chemical compatibility

of the ligands with the nanoparticle materials being synthesized is as important as the

binding strength and dispersion ability. The ligand ought not to change the chemical

properties of the nanoparticle, for instance, altering its oxidation state. In the syn-

thesis of pyrite FeS2, an amine ligand was used because thiol ligands reduced disulfide

to sulfide yielding impurities. The amine ligand promoted nanocrystal growth con-

trol, despite its weaker coordinating capacity. Moreover, the weak coordination did

not interfere with the reaction chemistry between Fe and S precursors, allowing the

desired pyrite phase to be produced over pyrrhotite.

This dissertation provides a broad examination of several aspects of ligand chem-

istry on nanoparticle synthesis and self-assembly. Although each nanoparticle system

is different, the general findings from this work should be applicable to several classes

of nanoparticles. We hope this work can contribute to our fundamental knowledge of

nanoparticle growth and assembly and facilitate further applications of nanoparticles.

2.5 Future work

Future work on self-assembly of CdTe QDs will be focused on testing the electrical

behavior of nanoribbons using conductive AFM. This is an important step towards

utilizing the nanoribbons as working elements in electronic devices, such as sensors

and transistors. If viable electrical properties could be confirmed for these nanorib-

bons, a device with source and drain electrodes connected by nanoribbons as channels

will be fabricated. However, challenges will arise, such as positioning nanoribbons on

the surface. This challenge could potentially be solved by depositing nanoribbons

on pre-patterned substrates via self-assembly. Future work on FeS2 synthesis will be

focused on decreasing the size of nanocrystals to the 50 nm range, an ideal length for

carrier diffusion. This requires a more profound understanding on reaction mecha-

nism and possibly discovering new precursor materials. A photovoltaic device will be
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built using phase pure FeS2 NCs as the light absorbing layer. Interface engineering

will be done by using appropriate charge injection/withdrawal layers to facilitate the

exciton separation and achieve a photovoltaic current.
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ABSTRACT: A strong ligand effect was observed for the
aqueous-phase growth of ZnSe quantum dots (QDs) in the
Ostwald ripening (OR) stage. The QDs were made by
injecting Se monomer at room temperature followed by a
ramp to 100 °C. The ramp produced a second, more gradual
increase in the concentrations of both Zn and Se monomers
fed by the dissolution of QDs below the critical size. The
dissolution process was followed using measurements of the
mass of Zn in QDs and in the supernatant by inductively
coupled plasma optical emission spectroscopy (ICP-OES). Despite the flux of monomers, there was little growth in the QDs of
average size based on UV−vis absorption spectra, until the temperature reached 100 °C, when there was a period of rapid growth
followed by a period of linear growth. The linear growth stage is the result of OR as the total mass of Zn in QDs and in the
solvent remained constant. The growth data were fit to a continuum model for the limiting case of surface reaction control. The
rate is proportional to the equilibrium coefficient for ligand detachment from the QD surface. The ligand 3-mercaptopropionic
acid (MPA) was the most tightly bound to the surface and produced the lowest growth rate of (1.5−2) × 10−3 nm/min in the
OR stage, whereas thiolactic acid (TLA) was the most labile and produced the highest growth rate of 3 × 10−3 nm/min. Methyl
thioglycolate (MTG) and thioglycolic acid (TGA) produced rates in between these values. Ligands containing electron-
withdrawing groups closer to the S atom and branching promote growth, whereas longer, possibly bidendate, ligands retard it.
Mixed ligand experiments confirmed that growth is determined by ligand bonding strength to the QD. Photoluminescence
spectroscopy showed that the more labile the ligand, the more facile the repair of surface defects during the exposure of the QDs
to room light.

■ INTRODUCTION

The size-dependent properties of semiconductor quantum dots
(QDs) provide a broad array of potential uses as biological
markers, absorption elements of solar energy converters, and
light-emitting diodes.1 Substantial effort has been devoted to
the synthesis of group II−VI QDs containing either Zn or Cd
combined with S, Se, or Te. Most high-quality QDs are made
using organometallic chemistry at high reaction temperatures,2

and ligand exchange is used to lower the toxicity and improve
the biocompatibility.3,4 Aqueous synthesis routes are promising
alternatives because working in water is typically simpler and
costs less.5 Previous work by our group has shown that thiol-
capped ZnSe and ZnxCd1 − xSe QDs can be synthesized directly
in water on the basis of the monomer injection method.6 The
QD size was tuned by varying the type of ligand. Qualitative
discussions were provided in that work to explain the effect of
ligand chemistry on the QD growth.
In the quantum confinement regime, the optical properties of

nanoparticles are strongly size-dependent, providing a means,
in principle, to follow the growth of QDs through the three
generally recognized stages with progressively larger particle
sizes of nucleation, size-focusing, and Ostwald ripening.7,8

Nucleation occurs on a scale of milliseconds to seconds after
the monomer concentrations reach supersaturation, forming

small nuclei containing only tens of atoms. Nucleation has been
treated as a diffusion-controlled process, which follows the
Gibbs−Thomson equation.8 Recent studies revealed that it
might also be controlled by the reaction of monomers.7,9 In the
subsequent size-focusing stage, QDs grow from the nuclei by
consuming the remaining monomers. The faster growth rate for
smaller particles narrows the size distribution. After monomers
are depleted, the growth enters the Ostwald ripening stage in
which larger particles grow at the expense of smaller ones,
driven by free-energy minimization.
Several different approaches have been used to elucidate the

mechanistic details of particle growth in these stages. Using in
situ UV−vis absorption spectrometry, the nucleation and
growth of CdSe nanocrystals were successfully monitored with
millisecond resolution.7 The results showed that there is a
semiproportional dependence between the particle size and
monomer concentration, which disagrees with the classic
crystallization theory where the concentration of crystals is
independent of the monomer concentrations in the solution.
Follow-up work proposed a reaction-controlled nucleation
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mechanism instead of a diffusion-controlled mechanism (classic
crystallization).9 The experimental results and theoretical
arguments indicated that the classic nucleation model was not
relevant for systems with low bulk solubilities and that QD
formation rates agreed with the reaction-controlled mechanism.
A diffusion-controlled kinetic model for the size-focusing stage
was developed using the CdSe system.8 The focusing time (i.e.
monomer depletion time) and particle size changed with
monomer concentration, where a monomer was defined as a
CdSe molecule. A discrete simulation of the complete growth
process of group II−VI QDs suggests that a narrow size
distribution can be achieved either by modulating the
temperature during nanocrystal synthesis or by introducing
small quantities of additives.10 Experimental work shows that
the particle concentration is constant during the size-focusing
stage.11 The Ostwald ripening stage has been well described
using the Lifshitz−Slyozov−Wagner (LSW) model, showing
that the particle volume V is proportional to the reaction time
t.12 The classic kinetic model based on the Gibbs−Thomson
equation has been widely used.8,12−14 This model yields a
critical radius for the dispersed particles when the system is at a
fixed monomer concentration. Particles that are smaller than
the critical radius dissolve, whereas particles that are larger than
the critical radius grow.
Throughout these stages, the ligand is a key factor that

controls the growth and ultimate properties of QDs. As capping
agents, ligands contain an anchoring group linked by a
hydrocarbon chain to an end group that confers solubility.15

For instance, thiols and amines are two common anchoring
groups in aqueous QD synthesis, and carboxyl or hydroxyl end
groups confer water solubility. Ligands limit the growth rate,
keep QDs suspended in a particular solvent, and chemically
passivate QD surfaces, altering the electrical and optical
properties. A study on surface ligand dynamics and the
resulting properties indicates that ligand effects depend on
several conditions.16 Higher reaction temperatures, lower ligand
concentrations, and shorter ligand structures can lead to more
dynamic ligands near or on the QD surface, yielding a higher
growth rate. Partially removing surface ligands can create
dipole−dipole interactions between QDs, promoting the self-
organization of single CdTe QDs into nanowires, 2D sheets,
and twisted ribbons.17−19 Mulvaney and Bullen investigated the
ligand chemisorption effect on the luminescence of CdSe
QDs.20 In addition to the ligand structure, the polarity of the
solvent was found to affect the luminescence by influencing the
extent of ligand adsorption. More polar solvents, such as
toluene, lead to the desorption of alkylamine ligands and the
quenching of the luminescence. Density functional theory
(DFT) was used to calculate the morphology, electronic
structure, and optical properties of CdSe QDs capped with
amine or phosphine oxide ligands.21 Substantial charge
redistribution and polarization are caused by strong ligand−
surface interactions, which influenced the electro-optical
response of QDs. Modifying the surfaces of CdSe QDs with
phenyldithiocarbamate (PTC), a π-donor ligand, increased the
band gap energy by up to 220 meV.22 DFT suggests that the
highest occupied molecular orbital of PTC is near the
resonance of the QD, causing the relaxation of exciton
confinement through the delocalization of the excited hole of
the QD into the ligand shell.
In this study, we show that the binding strength of thiol

ligands with the surfaces of ZnSe QDs varies because of the
proximity of electron-withdrawing and -donating groups to the

S atom in the ligand. This manifests itself in different QD sizes
and growth rates, which are modeled in the Ostwald ripening
stage using the mass balance on a single particle, positing that
ligand detachment from the QD surface is the step that gates
the mechanism. The binding strength also affects the defect
density on the QD surface, and the repair of these defects by
the incorporation of S atoms enhances the photoluminescence
intensity.

■ EXPERIMENTAL METHODS
Materials. Thioglycolic acid (TGA, HSCH2COOH, ≥98%), 3-

mercaptopropionic acid (MPA, HS(CH2)2COOH, ≥99.0%), thiolactic
acid (TLA, HSCH(CH3)COOH, ∼98%), methyl thioglycolate (MTG,
HSCH2COOCH3, ∼95%), sodium borohydride (reagent grade,
≥98.5%), selenium powder (100 mesh, ≥98.5%), and zinc nitrate
(reagent grade, ≥98%) were purchased from Sigma-Aldrich and used
as received. Sodium hydroxide solutions (∼50 wt %) were made by
dissolving NaOH powder in deionized (DI) water (18 mΩ cm). DI
water was used for all experiments.

Synthesis of ZnSe QDs. We synthesized ZnSe QDs on the basis
of the reaction of zinc nitrate and sodium hydroselenide using the
method described by Deng et al.6 A 0.5 M stock solution of sodium
hydroselenide was prepared by dissolving 1 mmol of Se powder and 4
mmol of NaBH4 in 2 mL of water. The container was sealed with
Parafilm, and a pinhole was made to exhaust gaseous products. The
mixture was dark red after reacting for 12 h at 5 °C. In the case of
TGA-capped ZnSe, 0.48 mmol of Zn(NO3)2 and 1.2 mmol of TGA
were mixed in 50 mL of DI water, which had been saturated with N2
for 10 min. NaOH was used to adjust the pH of the mixture to 11.9.
Under vigorous stirring, 500 μL of a NaHSe stock solution was
injected into the mixture at room temperature, providing an initial
molar ratio of TGA to Zn to Se of 4.8 to 1.9 to 1. The resulting
solution was heated over a span of 9 min to 100 °C at a ramp rate of
∼12 °C/min, whereupon it gradually became colorless. A condenser
was used to prevent water loss during the reaction. An aliquot was
taken after 10 min once the temperature stabilized at 100 °C and at 10
min intervals thereafter for 1 h. The hot aliquots were immediately
cooled to room temperature using a cold-water bath.

The following parameters were varied in turn, keeping the other
conditions the same as in the standard synthesis procedure: (1) the
initial Zn2+ concentration in the range of 3.2 to 9.6 mM, (2) pH values
of 11.7 and 12.0, (3) MPA, TLA, and MTG ligands, (4) the mole
fraction of TLA in mixtures with TGA or MPA at a fixed total ligand
concentration of 24 mM, and (5) half of the ligand, Zn, and Se
concentrations at the same molar ratio used in the standard synthesis
by increasing the reaction volume to 100 mL and following the
reaction for a total of 2 h. The photochemical treatment was
performed under fluorescent lighting without any filters. Samples were
left in room light for 10 h and then stored in the dark.

Characterization of QDs. Transmission electron microscopy
(TEM) images were taken on a Hitachi H8100 electron microscope
using a 200 kV accelerating voltage. Ultraviolet−visible (UV−vis)
absorption spectra were recorded at room temperature using a Jasco
V-670 spectrophotometer. Absorption peak positions were determined
using the peak-finding function available in Igor Pro (Wavemetrics
v.6.0). Photoluminescence (PL) spectra were recorded at room
temperature with a Horiba Fluorolog-3 spectrofluorometer, with the
excitation wavelength set to 330 nm. All samples for UV−vis and PL
analyses were optically colorless and homogeneous without any
precipitates. The Brus equation23 was used to estimate the average
radius of the QDs in solution on the basis of the exciton energy
obtained from the absorption edge of a UV−vis spectrum

= + −E r
r r

( ) 2.67
2.975 0.285

eV2 (1)

with parameters from Landolt−Börnstein.24 The average QD volume
and area were calculated using the radius obtained from this equation
assuming a spherical particle shape.
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Filtration and ICP-OES Measurement. QDs were separated
from unreacted species by centrifugation (Eppendorf 5804) using
Milipore Amicon ultra-0.5 mL centrifugal filters with a 3000 molecular
weight cutoff (MWCO) on the same day that they were synthesized to
avoid aging. A 0.5 mL aliquot of a QD solution was loaded onto a
filter, which was inserted into a standard 2 mL centrifuge tube. After
spinning at 12 000 rpm for 30 min, the clear supernatant (containing
ligands and monomers) was decanted from the precipitate (containing
QDs) and saved. The precipitate was rinsed with 0.5 mL of DI water
and spun at 12 000 rpm for 30 min. The clear supernatant was
decanted and saved. A total of four DI rinse and spin cycles were
performed, followed by a final recovery/reverse spin at 1000 rpm for 2
min. The supernatant solutions generated from the initial spin and DI
rinses were mixed together in one container, and the QDs were
collected in another container. Both the supernatant and QDs were
diluted with DI water to a total volume of 10 mL and analyzed by
inductively coupled plasma optical emission spectroscopy (Perkin-
Elmer Optima 5300 DV ICP-OES) measurements (details on the Se
measurement in Supporting Information).

■ RESULTS AND DISCUSSION
Figure 1 shows the growth of ZnSe QDs using MPA for three
different temperature profiles after the injection of the Se stock

solution at time zero. Injecting at room temperature formed
QDs with an average radius of ∼1.5 nm within the first minute.
Maintaining the ambient temperature after injection yielded a
particle radius that was unchanged for 30 min (black circles).
Injecting and simultaneously ramping the temperature at a rate
of ∼12 °C/min (blue squares) did not cause additional growth
until the reaction temperature was close to the target value of
100 °C at about 10 min. QDs grew rapidly between 10 and 20
min, but the growth rate leveled off thereafter and the average
nanocrystal radius was ∼1.85 nm after 50 min. In contrast,
injection into a hot reaction solution already at 100 °C
produced larger particles with an average radius of ∼1.75 nm
within 1 min, followed by slow growth, reaching a value of
∼1.85 nm after about 30 min. Sampling the reaction mixture to
measure the particle size via the optical absorption peak is valid
because immediately cooling hot aliquots quenched the growth

as shown by the ambient temperature experiment. Clearly,
nucleation occurred immediately upon injection of the Se stock
solution, rapidly producing particles with an average radius of
∼1.5 nm, even at room temperature. However, QDs stopped
growing unless the temperature was raised to close to 100 °C,
which consistently required about 10 min starting at room
temperature. Injecting at room temperature and ramping to
100 °C formed a greater number of smaller nuclei that had a
higher ultimate growth rate than injecting hot.
Despite the predictability of the initial and final QD radii, the

growth data for MPA do not clearly demarcate the different
growth stages. The fwhm of the absorption peaks could not be
reliably obtained from the data, making it difficult to distinguish
whether size focusing had taken place before the first aliquot
was extracted or overlapped with the Ostwald ripening stage.
The monomer concentration in solution should decrease
sharply during size focusing because smaller particles grow
more rapidly than larger particles, depleting the monomer in
solution. In contrast, the monomer concentration should
remain constant during Ostwald ripening as smaller particles
dissolve and monomer diffuses into and reacts on the surfaces
of larger particles. In principle, the two stages can be
distinguished by measuring the change in the monomer
concentrations during the reaction. Figure 2 shows the variation

of the mass of Zn in the QDs (blue circles) and in solution (red
circles) measured with ICP-OES during growth using MPA
before and after injecting the Se precusor at room temperature
and ramping to 100 °C. The monomer and ligand
concentrations are half those used in the MPA growth
experiment shown in Figure 1.
The total amount of Zn recovered from the QDs and the

supernatant was 98.3 ± 2.7% over the course of these
measurements. Before the Se precursor was injected, no QDs
had formed and all of the 31.8 mg of Zn was in the supernatant.
This shows that both Zn−ligand−hydroxo and Zn−ligand
complexes successfully passed through the filtration membrane.
Immediately after the Se stock solution was injected, the mass
of Zn in the QDs increased sharply to 24.5 mg and then
dropped gradually, reaching a value of 21.8 mg after 10 min
once the temperature stabilized. Thereafter, the mass of Zn in
the QDs was a constant 22.2 ± 0.4 mg. In contrast, the mass of
Zn in the supernatant initially dropped sharply to 7.6 mg and

Figure 1. Growth curves for MPA-capped ZnSe QDs for Se injection
under the following conditions: room temperature and holding
(circles), room temperature followed by ramping to 100 °C (squares),
and 100 °C and holding (triangles). The QD radius in this and
subsequent growth curves was obtained by converting the wavelength
at the maximum of the absorption peak into a particle radius using the
Brus equation as described in the text.

Figure 2.Mass of Zn in QDs and in the supernatant measured by ICP-
OES during ZnSe QD synthesis using MPA. The standard synthesis
procedure was used except that the precursor concentrations were
halved to 12 mM MPA, 4.8 mM Zn, and 2.5 mM Se. Time zero was
just before Se injection as indicated by the arrow. (Inset) Growth
curve for MPA-ZnSe QDs starting at 10 min.
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then increased gradually, reaching a value of 9.6 mg after 10
min, mirroring that in the QDs. The mass increased slightly and
after 20 min remained constant at 10.0 ± 0.1 mg. The ultimate
ratio of the mass of Zn in QDs to that in solution is 2.2, which
is unexpected on the basis of the molar ratio of Zn to Se of 1.9
and could indicate that the QDs are richer in Zn, which has
been reported previously.25

The sharp drop in the mass of Zn in solution during the first
minute after Se injection is caused by the nucleation of QDs
and the rapid growth of those that are slightly larger than the
critical size.8 The rate of change of the mass of Zn in solution
reverses direction and increases between 1 and 10 min because
the ramp in the temperature to 100 °C that occurs
simultaneously during this interval steadily increases the
saturation concentration of Zn. The direction of the mass
flux shifts, and instead of the QDs acting as a sink and the
solution acting as a source of monomers, the QDs are a net
source and the solution is a net sink until equilibrium is
achieved at around 10−20 min judging by the steady mass of
Zn in both the QDs and the solution. QDs of average size did
not shrink as a result of the loss of mass because the supply of
monomer is coming from the smallest QDs, which are not
probed by the UV−vis measurement. Increasing the temper-
ature increases the capacity of the solution to solubilize Zn and
shifts the critical size threshold, creating a driving force for
particles to dissolve, supplying monomers to the solution.
Ramping the temperature after injection effectively intro-

duced a continuous source of monomer from the dissolution of
the smallest particles. This mass flux did not lead to growth
until the temperature was about 100 °C at around 10 min, and
then growth was rapid (Figure 1). A discrete model of particle
growth showed that either modulating the temperature or
introducing additives that increase the monomer concentration
can contribute to the synthesis of small crystals with narrow
size distributions.10 The mean particle size extracted from the
UV−vis absorption spectra in Figure 3a for the standard
synthesis and in Figure 3b at half the TGA, Zn, and Se
concentrations shows two distinct growth-rate regimes based
on the slope of the R(t) plots for the four ligands studied: a
period between 10 and 20 min where the rate is high that is
followed, starting at about 30 min, by a period where the
growth rate is steady and linear. The period up to about 30 min
is marked by a dynamic process where both the temperature
and the monomer concentrations in solution are changing.

Thereafter, the mass of Zn in the QDs and in solution is steady
and the rate of growth of the particles is steady. This marks the
Ostwald ripening stage. The average particle radius increased
linearly at a rate that depended on the ligand. The steady
particle growth indicates that Se was available, and the Se
concentration is estimated using ICP-OES data although we
were unable to measure it accurately (Supporting Information).
Lifshitz−Slyozov−Wagner (LSW) theory was developed to

understand the kinetics of Ostwald ripening,26,27 and it predicts
that in a two-phase system mass flows from particles of higher
curvature to those of lower curvature.28 There are two limiting
cases describing how the particle radius evolves with time:
diffusion control and reaction rate control. In the case of
diffusion control, the difference between the cubes of the
particle radius and the starting particle radius is linearly
proportional to time, and the diffusion coefficient is part of the
proportionality constant. In the case of surface reaction control,
the difference between the squares of the particle radius and the
starting particle radius is linearly proportional to time, and the
reaction rate coefficient is part of the proportionality constant.
In principle, one could distinguish between these mechanisms
from plots of empirical data, but in practice, the scatter in the
data often precludes this approach to distinguishing the two
mechanisms.29 Using our data, either R3 − R0

3 or R2 − R0
2

versus t yielded equally good fits after a reaction time of 30 min,
where R0 is the starting particle radius. Other approaches
include starting with a batch reactor mass balance and arguing a
posteriori for reaction-limited growth based on the magnitude
of the diffusion-limited rate constant.11 Because an overall
balance is used, it requires a knowledge of the number of
particles in solution, which we do not have.
Instead, we used a continuum approach by writing a mass

balance on a single particle to model QD growth during
Ostwald ripening. With the simplification of pseudo-steady-
state growth in which both the Zn and Se monomer
concentration profiles in solution set up quickly compared to
the QD growth rate, the mass balances for transport by
diffusion and no reaction in solution reduce to ∇2ci = 0, where i
denotes the Zn or Se monomer, and we use ZnL2 and Se2− to
represent all of the possible reactive species of each type, such
as ZnL+ and HSe−. Postulating that the diffusive flux of the
monomers follows Fick’s law, where at the particle surface r =
R, r denotes the distance from the particle center, and R is the
particle radius, the boundary condition is i(dci/dr) = ,

Figure 3. (a) Growth curves of ZnSe QDs capped by the four ligands using standard reaction conditions (24 mM ligand, 9.6 mM Zn, and 5 mM Se
concentrations at a pH of 11.9 for a reaction time of 1 h). Data points are the averaged values using at least three repeated experiments, and error
bars represent 95% confidence intervals. The lines are fits to the data using the surface-reaction-controlled Ostwald ripening model. (b) ZnSe QD
growth curves using half of the standard concentrations of ligand, Zn, and Se for a reaction time of 2 h. The data points were obtained from one
experiment, and the lines are fits to the data using the model. (c) QD growth rates for each ligand obtained from the slopes of the best fit lines
shown in parts a and b. The error bars show standard deviations of the fits. In the ligand chemical structures, S is shown in yellow, C is shown in
gray, O is shown in red, and H is smaller and shown in white.
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where i is the diffusion coefficient of monomer i, ci is the
concentration of monomer i, and is the surface reaction rate.
We propose that the reaction on the QD surface occurs via the
following steps,

||− || − ++ −

−

ZnL Zn L
k

k

1

1
H Ioo

|| − + → || −+ − −Zn Se ZnSe
k2 2

|| − + → ||− +− −ZnSe ZnL ZnSeZnL L
k

2
3

where ∥ represents the QD surface, L represents the ligand,
Se2− represents the Se monomers in solution, ZnL2 represents
the Zn monomers in solution, and k is the relevant reaction rate
coefficient. We postulate that the first reaction is equilibrated
and that the second and third reactions are irreversible, which is
valid only for a particle with a radius larger than the critical size.
As shown in Figure S1c, the QD growth rate is relatively
insensitive to the Zn concentration during Ostwald ripening.
Moreover, the Se concentration in solution during QD growth
was more than an order of magnitude lower than that of Zn.
The ICP-OES data in Figure 2 yield a Zn concentration of 1.5
× 10−6 mol/mL in a 100 mL solution, and the corresponding
data in Figure S6 for Se yield an estimate of 5 × 10−8 mol/mL
(details in Supporting Information). Although the second
reaction proposed for QD growth is a charge neutralization
process that should have a greater rate coefficient than the third
reaction requiring dissociation, the order-of-magnitude differ-
ence between Zn and Se monomer concentrations suggests that
the second reaction limits the rate under the conditions studied.
This means that once Se reacts at the surface, then Zn reacts
quickly, adding a layer of ZnSe.
The rate of the second reaction per area on the QD surface is

given by

θ σ= +⎜ ⎟
⎛
⎝

⎞
⎠k

L
c2 Zn Se

where θZn+ is the fractional coverage of Zn+ sites on the QD
surface, σ is the site density, L is Avogadro’s number, and cSe is
the concentration of Se monomer in solution. Because the
second reaction is rate-limiting due to the presence of Zn
monomer in large excess during growth, as soon as ∥−ZnSe−
forms it reacts with ZnL2, producing ∥−ZnSeZnL and
simplifying the site balance on the surface to

θ θ+ =+ 1Zn ZnL

When the equilibrium expression for the first reaction and the
site balance are used to eliminate θZnL, the expression for the
rate of QD growth per unit area becomes
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where cL is the concentration of free ligand. The boundary
condition on the particle surface becomes
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and the boundary condition far from the particle surface is

= = ∞∞c c rati i

where ci
∞ is the concentration of Zn or Se monomer in

solution, not including particles. When we assume spherical
particles and make the equations and boundary conditions
dimensionless by defining r ̅ = r/R and ci̅ = ci/ci

∞, the equations
yield the concentration profiles for Zn and Se monomers in
solution

̅ = −
+ ̅

∞

∞

⎛
⎝⎜

⎞
⎠⎟
⎛
⎝⎜

⎞
⎠⎟c

c
c

Da
Da r

1
1

1
Zn

Se

Zn

Zn

Se

̅ = −
+ ̅

⎛
⎝⎜

⎞
⎠⎟c

Da
Da r

1
1

1
Se

Se

Se

where the Damköhler numbers are functions of the particle
radius and are defined by
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Equating the molar rate of accumulation of ZnSe in a spherical
particle to the flux of Se monomers reaching the surface yields
an equation for the growth rate dr/dt at the particle surface

=
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that is separable and can be integrated, yielding
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where vZnSe is the molar volume of ZnSe in the particle and t0 is
the starting time when the particle radius is R0.
Although there are no data available for the reaction rate

parameters, an estimate of the magnitude of the other two
terms in the equation is possible. The diffusion coefficient of
HSe− is about 1 × 10−11 m2/s in the water inside of the pores in
bentonite clay,30 and that of selenite (Se4+) and selenate (Se6+)
is about 1 × 10−9 m2/s in weakly ionic solutions.31 When a
value of 1 × 10−10 m2/s is used, the order of magnitude of the
second term in the equation is ∼5 × 10−9 s because the
difference in the squared radii is at most 1 nm2. The molar
volume of bulk ZnSe is 27.4 mL/mol, and the Se concentration
in solution during growth was estimated to be 5 × 10−8 mol/
mL in a 100 mL solution on the basis of ICP-OES
measurements (details in Supporting Information).32 There-
fore, the third term in the growth rate model equation,
vZnSecSe

∞(t −t0), was about 2.5 × 10−3 s at a reaction time of 60
min, where 30 min was used for t0. The diffusion term is
consequently much smaller than the time term and can be
neglected. As a result, the rate of transport by diffusion is much
faster than the rate of QD growth, supporting the pseudo-
steady-state assumption. The reduced equation predicts that R
varies linearly with time for the initial period of Ostwald
ripening under surface reaction control.
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Linear fits of the growth data starting at 30 min are shown in
Figure 3a,b. The growth rates or slopes of the lines at the two
concentrations (at fixed molar ratio) are plotted as a function of
the ligand structure in Figure 3c. The largest ligands are at
opposite ends, with linear MPA yielding the slowest growth
rate of ∼(1.3−2.0) × 10−3 nm/min and branched TLA yielding
the highest growth rate of ∼(2.8−3.2) × 10−3 nm/min. The
two structurally similar ligands, MTG and TGA, yielded about
the same growth rate in between the values for MPA and TLA.
The numerator of the slope of the quantum dot radius versus
time predicted by the model contains the rate coefficient of the
second surface reaction, the surface site density, and the ZnSe
molar density, all of which should not depend on the ligand.
We did not measure the Se monomer concentration in solution
for each of the ligands, but if the masses of Zn and Se in the
QDs are approximately the same, then the Se monomer
concentration is independent of the ligand used. This leaves
only the term in the denominator of the slope to account for
the differences in the growth rates. This term contains the
parameters describing the equilibrium between the ligand and a
reaction site on the QD surface. We expect that equilibrium to
be shifted toward the undissociated ∥−ZnL complex on the left
because the ligand is present in excess and the reverse reaction
involves a charge neutralization process in which ∥−Zn+ and L−

recombine. If k−1cL ≫ k1, then the slope should scale with the
equilibrium coefficient describing the dissociation of the ligand
from the surface, namely, ((k1)/(k−1cL)). The growth rate data
show that TLA is the easiest ligand to detach from a QD
surface, followed by TGA, MTG, and MPA. The ease of
detachment supports the highest growth rate. Experimental
results reported by Van Poucke show that the enthalpy change
(ΔHH) of protonation for the thiol group of TLA is 1 kcal/mol
lower than that of TGA,33 confirming that the thiolate in TLA
dissociates more easily from cations than does the thiolate in
TGA. The binding energy holding the ligand to the surface is
the reverse order; namely, MPA binds the most strongly,
followed by MTG, TGA, and TLA. The more strongly bound
MPA offers better protection, ultimately producing smaller
particles.
At the high pH conditions used to grow QDs, both ends of

the ligand molecules lose protons where possible, forming
thiolate, S−, and carboxylate, −COO−, anions. The binding
strength between the S atom on the ligand and a cationic Zn
surface site depends on the electron density on the S atom and
hence on the electron-donating or -withdrawing properties of
the other functional groups on the molecule and their proximity
to the S atom. A methyl group, −CH3, is electron-donating,
whereas methyl carboxylate, −COOCH3, is electron-with-
drawing because of the polarized carbonyl group. Carboxylate
can be either depending on the local environment. With a
formal negative charge and no other coordinating species
present, carboxylate is electron-donating. The negative charge is
delocalized on the two O atoms, inhibiting the electron-
withdrawing capacity of the carbonyl group. However,
protonating carboxylate to form carboxylic acid restores the
capacity of the carbonyl to withdraw electrons. The duality has
been shown by the quantum chemical modeling of a
carboxylate moiety in the active site of the enzyme cytochrome

P450.34 When isolated, carboxylate donates electron density to
the porphyrin ring of the molecule, whereas when there are
amino acid residues in the active site that hydrogen bond,
carboxylate withdraws electron density from the ring. The
carboxylate group during quantum dot growth is in an aqueous
environment and can hydrogen bond to water. Although details
of the solvent shell are not known, partially protonating the
carboxylate should make it electron-withdrawing, reducing the
electron density on the S atom. The reduced electron density
weakens the interaction of S with a Zn surface site.
All of the ligands studied contain electron-withdrawing

carboxylate groups, but the proximity to the S atom varies.
When the α-carbon atom as the one attached to the S end of
the molecule is chosen, the carboxylate in MPA is attached to
the β-carbon atom, whereas the carboxylate in the other three
ligands is attached to the α-carbon. The increased separation
between the thiolate S− and carboxylate anions in MPA
maintains the most electron density on S, stabilizing the bond
with the surface and producing the slowest growth. Decreasing
the distance between carboxylate and thiolate by one C atom
from MPA to TGA increased the QD growth rate. The reduced
electron density on the S in TGA is supported by the lower pKa
value of 9.8 compared to that of the thiol on MPA, which has a
pKa of 10.3.

35 In both TGA and MTG, the carboxylates are one
C atom away from S, and these molecules produced similar
growth rates. The pKa of the thiol on MTG is only 7.8,35

however, indicating that other contributions are important in
addition to inductive effects. For instance, a van der Waals
attraction between uncharged methyl carboxylates on MTG
could lend stability relative to the other ligands where there is
primarily electrostatic repulsion between negatively charged
carboxylate moieties. This explains how the interfacial energy of
the surface could impact the particle growth rate during
Ostwald ripening.36

The physical size of a ligand also impacts the growth. TLA
has a similar structure to TGA but contains a methyl group on
the α-carbon atom. The balance between electron-donating and
-withdrawing groups is consistent with a pKa of 10.00,

37 which
is between that of TGA and MPA. However, the branched
structure impedes the packing of ligands on the QD surface,
decreasing the stability of the ligand and increasing the growth
rate. This could be the reason that the growth rate of ZnSe
QDs using TLA was the least sensitive to changes in the
concentrations of monomers and ligands (Figure 3c). In
addition to the lateral size of a ligand, the chain length could
play a role. MPA is the longest ligand and offers the best
chemical passivation, protecting Zn surface sites from reaction
with Se monomers. TGA and MTG have similar sizes, which
could explain the lower growth rate of MTG than expected
based on the greater electron-withdrawing capacity of the
carboxylate ester compared to that of a partially protonated
carboxylate, which is borne out by the large difference in the
pKa values.
The comparison of ligand binding strengths gives a reason

for the growth rate differences. Because MPA forms the
strongest bond with Zn, it attaches most tightly to the QD
surface, leading to the lowest growth rate. The growth rate
increases as the bond between the ligand and the surface
becomes weaker with the progression to TLA. Thus, it should
be possible to control the QD growth using competitive
adsorption in a binary mixture of ligands. To test this idea,
MPA and TGA were mixed with TLA, keeping the total ligand
concentration constant. Figure 4 shows the QD radius
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measured at a reaction time of 1 h versus the molar percentage
of TLA. Pure TLA-capped ZnSe exhibited an average particle
radius near 2.4 nm. When the ligand mixture contained 25%
MPA or TGA, the radius decreased to about 2.3 nm, indicating
that the growth rate was slower. When the mixture contained
50% or more TGA, the particle radius remained at about 2.2
nm. Adding MPA produced smaller QDs that decreased
continuously in size to a radius of about 1.8 nm. These results
show that MPA and TGA bind more tightly to Zn2+ sites on the
QD surface, lowering the growth rate. Note that both growth
curves are slightly concave, indicating that the more tightly
bound ligand dominates the competition for binding sites and
has a greater impact on growth.
Ligands bind with Zn monomers in the colloid and on the

surfaces of QDs. The release of ligand from both monomers
and QDs is necessary to support nucleation and growth. The
stronger the bond that a ligand makes with Zn, the more these
equilibria are shifted toward the encapsulated species. In the
nucleation stage, the supersaturation concentration is affected
and stronger bonds between the ligand and Zn reduce the
number of nuclei that form, resulting in fewer but larger QDs.
In the Ostwald ripening stage, the stronger the bond between a
ligand and either the Zn monomer or the Zn surface site, the
lower the concentration of reactive monomer in solution and
the fewer number of sites available on the QD surface for
reaction. Thus, the more tightly bound the ligand is to Zn, the
slower the growth rate. The most tightly bound ligand yields
large nuclei that grow at a slower rate. Conversely, the most
labile ligand yields small nuclei that grow at a faster rate. This
means that there is a time during growth in which the radii are
equal. TLA forms the weakest bond to both the Zn monomer
in the suspension and to Zn atoms on the surfaces of QDs,
yielding the highest growth rate. MPA forms the strongest
bonds to Zn and produces the slowest growth rate in the
Ostwald ripening stage. MTG and TGA are intermediate. The
reason that the QD radii at the beginning of the Ostwald
ripening stage followed the same pattern of TLA > MTG,TGA
> MPA is that we monitored the growth after the QDs passed
the crossover radii. When the ligands were mixed, the more
strongly bound MPA and TGA play a greater role in
determining the particle size during the Ostwald ripening
stage until excess TLA is present, producing an intermediate
particle size.

The photoluminescence (PL) of QDs is significantly affected
by exciton traps on the surface, which depends on the capping
ligands used. Figure 5 shows the PL and the corresponding

UV−vis spectra for ZnSe QDs capped by the four ligands
before and after photochemical treatment, which consisted of
leaving an unpurified QD suspension under irradiation by a
standard fluorescent light in order to improve the PL
efficiency.38−40 For MPA-capped ZnSe before photochemical
treatment, the band gap emission peak at 399 nm exhibited an
intensity similar to that of the surface defect emission peak in
the range of 430 to 500 nm, suggesting that a significant
number of defects exist on the QD surface.6,41 In contrast to
the other ligands that produced relatively fewer surface defects,
MPA can form a secondary coordination to the surface between
the carboxylate oxygen and a Zn surface site, creating more trap
states.42−47 A six-membered ring forms in the case of MPA,
which could confer stability to the structure, whereas the other
ligands can form only highly strained five-membered rings. The
X-ray photoelectron spectroscopy data shown in Figure S5 for
films formed using MPA- and MTG-capped QDs indicate that
there are two Zn oxidation states when MPA was used as the
capping ligand and only one state with MTG. After
photochemical treatment, both the band gap and surface defect
emission intensities for MPA-capped ZnSe QDs decreased by
about 50%, with the band gap peak decreasing slightly more
than the surface emission peak. The band gap emission peak
energy remained at 399 nm before and after photochemical
treatment. Although the photoluminescence intensity changed

Figure 4. Particle size decrease with the addition of either TGA or
MPA to TLA in the ligand mixture shown as the TLA mole fraction.
The concave shape when increasing the fraction of TGA or MPA
indicates that the more tightly bound ligand dominates the
competition for binding sites and has a greater impact on growth.
Error bars represent standard deviations.

Figure 5. PL and UV−vis spectra for ZnSe QDs with different ligands
before and after exposure to room light: (a) MPA, (b) MTG, (c)
TGA, and (d) TLA. The absorption spectra before and after room
light exposure are identical for each ligand, suggesting that the
differences in the PL are due to changes in the surface atoms
terminating the QDs.
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as a result of the photochemical treatment, the absorption
spectra of each ligand were unaffected, suggesting that the
change in the PL is due to a surface modification that did not
alter the size of the QD.
Large improvements in the PL emission intensity were

obtained when QDs were capped with MTG, TGA, and TLA,
as shown in Figure 5b−d. MTG and TGA exhibited similar
improvements in the PL, and the intensity increased in both the
band gap and surface defect emission peaks. In comparison,
TLA exhibited a larger increase in the band gap emission peak
than in the surface defect emission peak. The peak area ratios of
band gap to surface defect emission peaks obtained by
deconvolution were 0.31 for MTG, 0.30 for TGA, and 1.3 for
TLA. There was a corresponding blue shift in the band gap
emission peaks after photochemical treatment of 7 nm for
MTG, 10 nm for TGA, and 13 nm for TLA. The PL
improvement has been observed previously and can be
explained by the formation of a thin ZnS shell in which
unstable Se defects or dangling bonds on the surface are
dissolved during illumination and are replaced by sulfur from
the ligands passivating the surface. The formation of a shell
increases the particle size, and both the absorption and PL
spectra should red shift as observed in the literature.39

However, the absorption spectra for the four ligands in our
study were identical before and after photochemical treatment,
indicating that there was no change in the particle size and no
ZnS shell formation. We propose that the blue shift in the PL
without a change in particle size is due to filling Se atom
vacancies with S without forming a continuous shell. Because
bulk ZnS has a band gap of 3.7 eV, which is higher than the 2.7
eV for bulk ZnSe, substituting a small number of Se atoms with
S alters the electron relaxation without changing the particle
size, yielding a blue shift of the band gap peak. A blue shift was
observed when CdSe−ZnSe QDs (low band gap core and high
band gap shell) underwent interfacial alloying at 250 °C,48

where the energy states of ZnSe affect the relaxation of
electrons. A control experiment showed that the PL intensity
increased for TGA-, MTG-, and TLA-capped QDs kept in the
dark (data not shown), but the increases were only about half
that due to light exposure. Light exposure activated the
processes that removed and passivated Se defects.
These observations suggest that the stronger capping

strength of MPA and its coordination to two binding sites on
the surface hindered the dissolution of defects and the
passivation of dangling bonds. MTG and TGA have similar
binding strengths to the QD surface that are weaker than that
of MPA, which allowed the dissolution of Se defects and the
filling of Se vacancies by S, explaining the similar surface
passivation and PL improvements observed for these two
ligands. The most weakly bound ligand, TLA, yielded the
largest improvement in the band gap PL intensity after
photochemical treatment consistent with the smallest propor-
tion of defects and the most facile defect removal. The greater
the improvement in the band gap emission peak, the larger the
shift in this peak to the blue. The ligand binding strength affects
the defect healing process, and the stronger the binding
strength of the ligand to the QD surface, the fewer defects
removed. Note that even though MPA yielded the least
improvement in the PL, the absolute intensity of the band gap
emission peak was highest for MPA compared to that of the
other ligands, which is consistent with its acting as the best
chemical passivation agent supporting the lowest QD growth
rate.

Because the Zn to Se ratio present in solution initially was
1.9, Se was the limiting reactant, and if it all reacted
stoichiometrically with Zn, then the ratio of Zn in QDs to
that in solution would be 1.1. The experimental ratio based on
the data in Figure 2 is 2.2 ± 0.1, which is much greater than
expected. In a study of ZnSe and ZnCdSe QDs using
glutathione as the capping ligand, the elemental composition
of the QDs based on inductively coupled plasma mass
spectrometry (ICP-MS) showed that there was as much or
more S as Se, which the authors propose is the result of S
incorporation into the nanocrystals to balance the Se
deficiency.25 Moreover, in that study glutathione is shown to
produce high quantum yields (22% for ZnSe and 50% for
ZnCdSe), which is attributed to surface passivation. We do not
have sufficient data to determine the cause of our Zn-rich QDs,
but possible explanations for QDs containing more Zn than
expected based on stoichiometry are due to (1) the Zn coating
on the QD surface that bonds to the terminating thiol ligands,
(2) the replacement of Se with S on the surface of ZnSe, and
(3) the formation of Zn-rich phases mixed with ZnSe in QDs.

■ CONCLUSIONS
Synthesizing ZnSe quantum dots by injecting Se monomer into
an aqueous solution containing Zn−ligand complexes at room
temperature and ramping to 100 °C delivered a second, albeit
more gradual, increase in the concentrations of both Zn and Se
monomers. The temperature ramp increased the capacity of the
colloidal solution for the monomers, which were supplied by
the dissolution of the smallest QDs with subcritical sizes. The
infusion of monomers supported a sharp increase in growth
over 10 to 20 min that occurred after the temperature reached
100 °C without changing the mass of Zn in either the QDs or
in the solvent. Thereafter, the growth rate progressively
decreased and after 20−30 min gave way to a steady growth
rate that was linear in time for each of the four capping ligands
studied. The linear regime marked the Ostwald ripening stage
and was modeled with a continuum approach, which is a
rudimentary approximation because of all of the assumptions
that were made about nanoscale processes. For instance, no one
knows whether Fick’s law is valid on the nanoscale, and the
reactivity of sites on the surface of a quantum dot undoubtedly
changes dynamically as the particle size increases because of
local variations in the structure. The latter may best be treated
with a model containing a range of activation energies and rate
coefficients.49

The continuum model predicts linear growth for Ostwald
ripening under surface reaction control and was used to fit the
ZnSe growth data to obtain the rate from the slopes. MPA
produced the slowest growth rate of (1.5−2) × 10−3 nm/min
because it formed the strongest bond to the cationic Zn sites on
the QD surface and may coordinate to the QD surface through
the terminal O atoms at the carboxylate end of the molecule
forming a six-membered ring. This is consistent with the
highest photoluminescence intensity and the large density of
surface defects that could not be removed by photochemical
treatment. In contrast, the other ligands were less strongly
coordinated to the QD surface because of the proximity of
electron-withdrawing groups to the S end of the molecules.
TLA produced the highest growth rate of about 3 × 10−3 nm/
min, and the MTG and TGA rates were between those of MPA
and TLA. The ultimate particle sizes scaled inversely with the
strength of the Zn−ligand bond: MPA produced the smallest
QDs with an average radius of about 1.7 nm after 60 min of
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growth, and TLA produced the largest QDs with an average
radius of about 2.4 nm after 60 min. Because TLA was the most
labile ligand, the repair of QD surfaces by the incorporation of
S atoms during photochemical treatment was the most facile,
yielding a pronounced decrease in the number of surface
defects and a sharp increase in the band gap emission peak. The
mixed-ligand results support the ordering of the ligands based
on binding strengths derived from modeling the growth data.
Producing QDs targeted for specific applications could involve
using one ligand to achieve a desired particle size and
distribution, exchanging for another ligand to repair surface
defects during light exposure, and introducing a final ligand to
passivate the surface.
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Particle Size versus [Zn2+], pH, and [L]

The typical synthesis procedure consisted of mixing Zn2+ and a ligand forming a uniform solution,

increasing the pH to 11.9 by adding NaOH, and injecting the Se2− precursor. To examine the

equilibrium of this solution, pH values were monitored at each step of the process. The initial pH

of 2.65 for a 24 mM TGA solution dropped slightly to 2.46 after adding 9.6 mM Zn2+, indicating

that less than 10% of the TGA was deprotonated by binding to Zn and that most of the Zn2+

were free ions. Introducing NaOH consumed H+ from both carboxyl (pKa 3.6) and thiol (pKa

9.8) groups,1 allowing free Zn2+ to bind to the thiol anchoring group. Based on the pKa values,

the two functional groups should have been completely deprotonated when the system pH was

raised above 11. The complexes that Zn and the ligand form are primarily mononuclear ZnL2 and

polynuclear Zn3L4, and the mononuclear complex is the most important species at high pH based

on potentiometric and calorimetric studies.2–4 The addition of the Se precursor, which potentially
∗To whom correspondence should be addressed

1

49



consists of all possible species Se2−, HSe−, and H2Se, rapidly forms small nuclei via the reaction

with the ZnL2 complex, and further growth is based on the reaction between the ZnL2 and Se

monomers and the nuclei.

ZnL2 +Se2−+(ZnSe)m−1Ln GGBFGG(ZnSe)mLn +2L−
GGBFGG(ZnSe)mL−

n+1 +L−

The ligand passivates or caps the surface of the growing nanoparticles preventing dissolution and

aggregation. Thus, particles without ligation are not stable in the solvent.5,6 The growth route

described above provides a context to investigate the impact of changing the Zn2+ concentration,

pH, and ligand concentration.

Figure S1a shows the series of growth curves based on absorption peak position, calculated

diameter, and volume, assuming spherical particles for TGA-capped ZnSe QDs at increasing initial

Zn2+ concentrations from 3.2 to 9.6 mM. The absorption peak positions undergo a sharp red-shift

from 10 to 20 min followed by a more gradual shift in the ripening regime (Figure S1a left). The

trends in QD diameter and volume are similar to the peak shift (Figure S1a middle and right). The

diameter of the QDs measured at 60 min varied inversely with the zinc concentration (Figure S1b).

These results are consistent with the trends observed for CdSe QD growth.7–9 The density of

nuclei that form in solution depends on the amount of Zn and Se available. Increasing the Zn

concentration at a fixed Se concentration yielded more nuclei, but smaller QDs. In contrast, fewer

nuclei yielded larger particles. As shown in the middle of Figure S1a, the particle diameter at

10 min when the reaction temperature reached 100◦C increased from 3.2 to 3.8 nm as the Zn

concentration was decreased from 9.6 to 3.2 mM. Figure S1c shows the change in volume relative

to the value at 20 min for different Zn concentrations. The growth rates or slopes of the curves as

a function of time are similar for all Zn concentrations except at 9.6 mM between 20 and 30 min.

Although the number of nuclei depends on the Zn concentration, the reaction rate in the Ostwald

ripening regime does not, showing after 30 min, because the limiting reactant is Se monomer.

Figure S2a shows the pH dependence of QD growth using TGA. The OH− concentration dou-
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bled between the two pHs studied. At a pH of 11.7, the particle radius varied from about 1.65

to 1.85 nm, whereas at a pH of 12.0, the particle radius varied from 1.80 to 1.98 nm. Referenc-

ing the curves to the values at 10 min when the temperature stabilized as shown in Figure S2b

demonstrates that the growth curves are similar, although the growth rate may be a little higher

initially at the lower pH, i.e. lower OH− concentration. The larger QDs produced at the higher

pH could be due to the poisoning effect of OH− ions on Zn-ligand complex formation. Excessive

OH− could increase the formation of zinc hydroxo (Zn(OH)4
2−) and mononuclear ligand zinc hy-

droxo complexes (L-Zn-OH), as observed in a study of Zn enzymes,10 rendering some Zn-ligand

complexes ineffective in forming stable nuclei with Se. This would reduce the number of nuclei

forming larger QDs. Meisel et al. also showed that the growth rate depended on pH for CdS

QD growth using 3-mercapto-l,2-propanediol and concluded that the pH alters the stability of the

Cd-thiol complexes.11

Figure S3 shows the effect of ligand concentration on ZnSe QD growth. For TLA concen-

trations of 20, 24, and 30 mM, the growth rate or slope of the curves is similar showing that the

reaction was insensitive to the ligand concentration. This indicates that the relatively high ratios

of ligand to Zn used in this study (about 2:1 to 3:1) had little effect on changing the number of

Zn-TLA complexes. Lowering the ligand to Zn ratio near 1:1 caused the particles to aggregate.

LSW Model for QD Growth

Efforts have been made to distinguish if Ostwald ripening of QDs is reaction or diffusion limited.

For Ostwald ripening controlled by a first-order surface reaction (i.e. detachment of the surfactant

or ligand), the LSW model shows that the square of the particle radius depends linearly on time.12

R(t)2 −R(t0)2 = Kt (1)
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and

K =
64γC∞ν2ks

81RgT
(2)

where R is the average particle radius; t and t0 are the reaction time and start time of ripening; γ is

the specific interfacial energy of particles; C∞ and ν are the bulk solubility and molar volume of the

material; Rg is the ideal gas constant; T is absolute temperature; and ks is the surface reaction rate

coefficient. In contrast, for diffusion control the LSW model shows that the cube of the particle

radius depends linearly on time.13

R(t)3 −R(t0)3 = K(Q)t (3)

K(Q) is a volume-fraction (Q) dependent rate constant and given by,

K =
6γDC∞ν2ρ3

m
µRgT

(4)

where D is the diffusivity of monomer and µ and ρm are two constants related to the volume

fraction Q and defined by

µ =
3ρ2

m
1+2βρm −β

(5)

ρm =
(β 2 +β +1)1/2 − (1−β )

β
(6)

where

β =
6Q1/3

e3QΓ(Q)
(7)

Γ(Q) =
∫ ∞

8Q
x−2/3e−x dx (8)

Based on the similarity of the growth curves for reaction volumes of 50 and 100 ml shown in

Fig. 3a and b of the paper, one might be tempted to propose that the growth rate is independent

of volume fraction and the growth is surface reaction limited. However, if we assume that all of

the Se reacted with Zn to form 0.24 mmol of ZnSe QDs and using a lattice constant of 0.57 nm

4
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for zinc blende (cubic) ZnSe, the total volume of QDs is estimated as 7.5×10−3 cm3. Therefore,

the volume fractions in the 50 mL and 100 mL reaction systems are 1.5×10−4 and 7.5×10−5.

Using these two values for Q, the ratio of K50ml/K100ml is only 1.06, which is too close to unity to

distinguish if the ripening process is controlled by reaction or diffusion. Significantly increasing

the volume fraction to produce a larger ratio is not experimentally feasible because it will cause the

particles to precipitate. This combined with the equally good fits of our growth data using either

the square or cubic dependence of particle radius on time make the LSW model ambiguous in this

case and prompted us to seek a different approach for modeling QD growth as described in the

paper.

TEM Images

Figure S4 shows TEM images of single QDs capped by different ligands taken at a reaction time

of 1 h: a. MPA; b. TGA; c. MTG; and d. TLA. All the QDs have a tetrahedral shape with clear

fringes, although accurate boundaries are difficult to define.

XPS Spectra

Figure S5 shows the Zn 2p3/2 XPS state for both MPA- and MTG-capped ZnSe QDs. The peak at

1021.7 eV corresponds to Zn-S and Zn-Se bonding and was observed for both samples. For MPA-

capped ZnSe, there is an additional peak at 1024.8 eV, which is possibly due to Zn-O binding14

caused by the secondary coordination between carbonyl oxygen and Zn. This coordination is

much less likely for MTG because the C chain is shorter and because of steric hinderance from the

methyl group on carboxylate, and the peak at 1024.8 eV was absent. It is not clear why the peak

due to Zn-Se(S) bonding is so much smaller on the MPA-capped sample than on the MTG-capped

sample.

XPS spectra were obtained using a twin anode non-monochromatic x-ray source (Al/Mg) and

energy analyzed using a double pass cylindrical mirror analyzer (Physical Electronics 549) at 50
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eV pass energy. Al Kα x-rays (1486.6 eV) were used throughout this study. The C 1s peak at 284.5

eV was used as the reference to calibrate other peaks. 3-aminopropyltrimethoxysilane (APTMS)

coated Si substrates were used to attach QDs and prepared by immersing a piranha-last Si wafer

in a 5 wt% APTMS/methanol solution for 20 min followed by a methanol rinse and N2 dry. The

APTMS/Si substrates were immersed in QD suspensions for 12 h. Air exposure of QDs was less

than 5 min during the sample transfer to the ultra high vacuum (UHV) XPS system.

ICP-OES Measurement of Se

ICP-OES measurements of the mass of Se in both QDs and the supernatant as a function of reaction

time are shown in Figure S6. Most of the Se was present in QDs, and the mass decreased from a

value of 42 mg to about 35 mg over the 2 h reaction time. This corresponds to a 200% recovery

of Se and was caused by the diffusion of H2Se gas from both the supernatant and QD samples into

the plasma chamber during the measurement. The H2Se outgassed from samples even at a near

neutral pH after separation, which was unexpected based on the Eh-pH diagram for Se shown in

Figure S7.15 When dilute HNO3 (5%) was used to digest samples, the problem became worse, and

the Se signal was 10 to 20 times higher than the amount of Se injected.

Although the absolute measurement of the Se was erroneous, the mass fractions of Se in the

supernatant and in the QDs should be accurate because the analysis procedure was the same for

both supernatant and QD samples with the assumption that the H2Se produced is proportional to

the Se monomer in solution at all concentrations. Using the data in Figure S6, the mass fraction

of Se in the supernatant during growth was about 2% of the starting value and was relatively

independent of time as shown in the inset.

Using a lattice constant of 0.567 nm, the molar volume of ZnSe, vZnSe, was calculated to be 27.4

mL/mol. Based on the ICP-OES measurement showing that 2% of the injected amount of Se was

in solution, the Se concentration, c∞
Se, was estimated to be 5×10−8 mol/mL in a 100 mL volume.

Therefore, the third term in the QD growth rate model developed in the paper, vZnSec∞
Se (t − t0), is
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estimated to be 2.5×10−3 s at a reaction time of 60 min, where 30 min was used for t0.

The filter used to separate the precipitate from the supernatant had a molecular weight cut-

off of 3000, corresponding to a (ZnSe)n cluster size of about n≤20. If a significant fraction of

the Se in the supernatant was present in these small clusters, then the Se monomer concentration

would be much less than 5 × 10−8 mol/mL, and the order of magnitude estimates for the terms

in the model would not be valid. Although we have no data on the sizes of the clusters that

are present or their concentrations, clusters in this size range have high solubilities and are not

expected to be stable. If these clusters are formed during Ostwald ripening, they dissolve rapidly,

yielding monomers. Except for one or two atoms, all of the atoms in clusters with n≤20 are on the

surface, and although passivated by ligands, the high surface energy and curvature support a high

dissolution rate. A justification for the enhanced solubility of small clusters due to the high surface

energy follows.

Justification for Using 3000 MWCO Filters

The solubility of a particle in solution increases exponentially with the molar surface area based

on the Ostwald-Freundlich equation,

KA = KA0exp
(

γAm

3.454RT

)
(9)

where KA is the solubility constant of a particle with surface energy γ and molar surface area Am

that depend on particle size; KA0 is the bulk solubility; R is the ideal gas constant; and T is the

temperature.

For a spherical ZnSe particle with a diameter (d) of 1 nm, the molar surface area Am is

Am =
A

ρV
=

4πr2

ρ 4
3πr3

=
3

ρr
(10)

where ρ is the molar density of ZnSe, A and V are the surface area and volume of the particle, and
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r is the particle radius, assuming a spherical particle shape. Using the bulk value of 3.65×10−23

mol/nm3 for the molar density of ZnSe, the molar surface area Am for the d=1 nm particle is

1.644×105 m2/mol.

A conservative estimate of the surface energy of a nanoparticle is 1 to 3 J/m2.16 At the growth

temperature of 100◦C, the solubility ratio, S = KA/KA0, is shown in Table 1 as a function of surface

energy and particle diameter. When the particle diameter is 1 nm, a surface energy of only 1 J/m2

yields a six order of magnitude increase in the solubility relative to the bulk value. As the surface

energy increases to 3 J/m2, which is more realistic based on the value for CdS, the ratio is much

larger,16 showing that very small particles have a propensity to dissolve. When the particle size

reaches 5 nm, the ratio of solubilities is much smaller. These estimates confirm that QDs with

average particle sizes in the range of 5 nm are much more stable in solution than clusters with

diameters smaller than 1 nm, which should dissolve rapidly due to their high surface area and

surface energy, when the monomer concentration is much less than the saturation concentration.

Table 1: Solubility ratio for particles with diameter d relative to the value for the bulk (flat surface)
as a function of surface energy γ .

γ (J/m2) d=1 nm d=5 nm
1 4.6×106 2.2×101

2 2.1×1013 4.6×102

3 9.9×1019 1.0×104
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Figure S1: a) Growth curves for TGA-capped ZnSe QDs based on absorption wavelength, diam-
eter, and volume for increasing initial Zn concentrations from 3.2 to 9.6 mM (Zn/Se ratios range
from 0.64 to 1.92), b) linear decrease of the particle diameter at 60 min with increasing Zn2+

concentration, and c) volume change of QDs relative to the value at 20 min for different Zn con-
centrations. In a) and c), the lines connect data points, whereas in b) the red line represents a least
squares fit of the data.
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Figure S4: TEM images of the single dot capped by different ligands at reaction time of 60 min:
a. MPA, b. TGA, c. MTG, d. TLA.
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Figure S6: Mass of Se in QDs and in the supernatant measured by ICP-OES during ZnSe QD
synthesis using MPA.
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ABSTRACT: Diluting an aqueous colloid containing purified CdTe
quantum dots (QD) by injecting into common organic solvents
triggered self-assembly into a variety of structures. Nanoribbons
formed in methanol with aspect ratios near 1000 containing discrete
dots lacking a packing order. The flat ribbons were 30−90 nm (8−
22 QDs) wide based on AFM and TEM, about 8−18 nm (2−5
QDs) high based on AFM, and 0.5−10 μm long based on SEM.
Passivation of defect sites, likely by S, enhanced the photo-
luminescence of the ribbons relative to the raw QDs. Multibranched
clusters containing fused dots formed in IPA as well as ribbons with
pendent nodules. The photoluminescence of the assortment was attenuated compared to the raw QDs. Injecting into acetone
not only yielded ribbons and clusters but also dissolved the dots over a period of 20 days, forming flower-like assemblies whose
petals consisted of bundles of CdS wires. Diluting in solvents with lower dielectric constants than water initially aggregated the
dots by reducing the electrostatic screening between the negatively charged thioglycolic acid (TGA) ligand layers. The solubility
of TGA in the solvents determined the superstructure that formed. Extracting the smallest portion of this layer in methanol
promoted vectorial growth into ribbons consistent with dipole−dipole attractive and charge−charge repulsive interactions.
Removing more of the TGA layer in IPA caused the dots to fuse into webs containing clustered ribbons and branches, and the
directional nature of the superstructure was lost. Completely deprotecting the surface in acetone promoted photoetching and
dissolved the dots. Control of the ligand surface density by means of the solubility adds another method to direct spontaneous
self-organization of QDs.

■ INTRODUCTION

Nanocrystals that assemble spontaneously could create new
functional elements for use in devices. Self-assembly avoids the
necessity of manipulating component nanocrystals, and the
structures produced could bridge the gap between nanometer
scale building blocks and micrometer scale patterning
processes. Combining low-cost methods for making super-
structures containing nanocrystals with standard patterning
techniques that were pioneered by the semiconductor industry
and are now leveraged for making MEMs, solar, and
microfluidic chips could expand the use of nanomaterials.
Self-assembly triggered by removing some or all of the ligand

has been used to form structures with different dimensions and
shapes, containing both fused and nonfused nanocrystals. CdTe
is a model system because the nanocrystals or quantum dots
(QDs) are strongly anisotropic. Partially removing the TGA
ligand caused CdTe QDs to aggregate spontaneously in water
and form nanowires (NWs) whose growth was parallel to the
(001) direction of the lattice.1 The raw QDs were purified
using methanol, and the precipitate was redissolved in water at
pH 9. The QDs aggregated into short chains that over several
days fused into nanowires with diameters of a single QD (2−5
nm) and lengths of 0.5−1.5 μm based on TEM and AFM
images. Nanowire formation was accompanied by a phase
transition from the cubic zinc blende structure of the CdTe

dots to a wurtzite crystal lattice. The photoluminescence of the
NWs was red-shifted by 10−20 nm relative to the parent QDs.
Partially removing the thiol ligand decreased the negative
charge and, as a consequence, the electrostatic repulsion
between QDs, allowing attractive dipole−dipole interactions to
drive self-assembly. The relatively long-range attractive forces
needed for assembly are the result of the magnitude of the
dipole moments on CdTe QDs that are in the range of 50−100
D1 by virtue of the truncated tetrahedral shapes of the
particles2−5 and the localized surface charges.6 At a low
concentration, hydrazine saturated the dangling bonds of TGA-
capped CdTe QDs, yielding a large increase in PL, but at a high
concentration, NWs were formed with a wurtzite crystal
structure and diameters of 12 ± 2 nm.7 Based on zeta potential
measurements, hydrazine removed TGA from the surface of the
QDs allowing dipole−dipole interactions to form aggregates
that organized into wires, explaining the larger diameter. A
model was developed for CdTe QD self-assembly based on
quantum mechanical calculations and the orientation of the
dipole moment combined with Monte Carlo simulations of the
electrostatic interactions.4 The results show that the dipoles of
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neighboring NCs within wires are oriented in opposing
directions as expected, but instead of an end-to-end
configuration, they are side-to-side, perpendicular to the growth
direction. The important forces are electrostatic repulsion
between negatively charged carboxylates on TGA and the
attractive van der Waals force and hydrogen bonds between
TGA ligands. The simulation shows that in contrast to previous
studies that attributed self-assembly to dipole−dipole inter-
actions, the charge−dipole interaction is the primary driving
force. Oriented attachment has also been used for the high
temperature synthesis of one-dimensional wurtzite CdTe NWs
by selecting the ratios of the TDPA (tetradecylphosphonic
acid) coordinating ligand to Cd and the Cd to Te, the solvent,
the temperature, and the time.8 Large red-shifts in both the
absorption and PL were observed due to NW formation. Both
ZnS NWs9 and CdTe nanorods10 were made by using two
capping ligands to promote growth along one direction.
Flat ribbons composed of nonfused zinc blende CdTe−TGA

QDs were made by mixing the purified NCs resuspended in
water with phosphate buffer solution on a glass slide.11

Screening of the surface charge by ions in the buffer drove
the assembly, which occurred within minutes. The ribbons were
10−50 nm thick and up to several micrometers in length. The
PL was red-shifted by 8 nm from the parent QDs, and the
luminescence lifetime obtained from decay curves indicates that
the electronic confinement decreased relative to the dots.
Nonfused NCs yield nonlinear strips or ribbons that could be
mechanically bent, making them potentially advantageous in
positioning between electrical current source and collection
electrodes on a surface for building devices in either two or
three dimensions.
Two-dimensional free-floating sheets were formed when the

capping ligand DMAET (2-dimethylaminoethanethiol) was
partially removed from CdTe QDs.12 The sheets spanned an
area of about 30 μm by 50 μm and were 3.4 nm thick. The
photoluminescence was red-shifted by 27 meV from 557 to 564
nm and was much lower than the parent QDs. The basic
assembly units in the sheets were 6-membered rings containing
QDs interacting with different orientations. Simulations showed
that the dipole moment and small positive charge, both of
which are due to the anisotropy of the QDs, as well as the
directional hydrophobic attraction drove self-organization. The
lower ligand concentration reduced the stabilization of apical
structures producing NPs with more flat surfaces and increased
both the dipole moment and surface reactivity. For low surface
charge and strong face-to-face attraction, NPs form 2D sheets.
But for higher surface charge, the long-range electrostatic
repulsion makes a 2D sheet unfavorable, and instead NPs
assemble into ribbons. By starting the synthesis with a relatively
low ligand to Cd ratio rather than removing ligands, twisted
nanoribbons were formed.13 Light-induced photocorrosion
caused internal strain in the ribbons that was relieved by
twisting. The pitch length could be modulated with the light
intensity.
Mixing raw CdTe−TGA NCs in water with ethanol and

sodium acetate at 70 °C formed a flocculant consisting of a
three-dimensional network of CdTe NWs with encapsulated
CdTe NCs and containing ∼5% large spherical nodules.14 The
high aspect ratio, curved ribbons consisted of well-separated
CdTe QDs held together by unreacted Cd2+ ions and TGA.
They had luminescence properties in solution or after drying
that were close to the parent QDs in solution. Substituting a
tetrazole ligand for TGA yielded CdTe NCs that were soluble

in short chain alcohols such as methanol and, when metal ions
were added, that assembled in seconds into a three-dimensional
hydrogel network.15 This approach offers a potential pathway
for scale-up since it avoids destabilization of the ligand shell and
photochemical treatment.
A primary goal of fabricating hierarchical structures by

spontaneous assembly of nanoscale building blocks is to use the
structures as functional elements in devices. A process used to
build a nanostructure is unlikely to be stand-alone. Other steps
in the process flow used to build the device, the compatibility of
the exposed materials during processing, and the device
structure will ultimately dictate the process choices that are
made in addition to cost and ease of implementation.
Techniques for self-assembly that make use of the same
physical and chemical principles, but with different outcomes,
will broaden the choices available and could foster the
development of viable process flows for high-volume
manufacturing of nanoscale structures. This paper reports on
the use of organic solvents to reduce the ligand surface density,
producing particles that assemble either anisotropically into flat
ribbons or isotropically into webs. Motivated by the use of
short-chain alcohols as antisolvents for separating nanocrystals
by precipitation, we investigated triggering self-assembly by
injecting small volumes of the aqueous colloid into solvents
with low dielectric permittivities but disparate solubilities for
the ligand. Further weakening the protective ligand shell
increases the relative strength of attractive interactions among
CdTe nanocrystals, and the low dielectric screening accelerates
coalescence by pushing nanocrystals out of solution. The
morphology and internal structure of the resulting products
were altered by the choice of the so-called trigger solvent.

■ EXPERIMENTAL SECTION
Thioglycolic acid (≥98%), sodium borohydride (≥98.5%),
tellurium powder (≥99%), cadmium nitrate (≥98%), methanol
(99.8%), isopropyl alcohol (99.7%), and acetone (99.9%) were
purchased from Sigma-Aldrich and used as received. Sodium
hydroxide solutions (∼50 wt %) were made by dissolving
NaOH powder in water. Ultrapure water (18 mΩ-cm) was used
in all experiments. The aqueous synthesis of TGA-capped
CdTe quantum dots is similar to that used for ZnSe.16 The
reaction is based on cadmium nitrate and sodium hydro-
telluride. A stock solution of 0.5 M sodium hydrotelluride was
made by dissolving 1 mmol of Te powder and 4 mmol of
NaBH4 in 2 mL of water. In a separate flask, 2.35 mmol of
Cd(NO3)2 and 5.7 mmol of TGA were mixed in 120 mL of
water saturated with N2, and the pH was adjusted to 12.0 with
NaOH. NaHTe (0.705 mmol) was injected into the mixture at
room temperature under vigorous stirring. The resulting
solution was heated to 100 °C and refluxed for 24 h. Raw
stock CdTe−TGA colloid was stored in a plastic beaker sealed
with Parafilm at 5 °C in the dark.
The raw colloid was purified by mixing 1 mL with 3 mL of

acetone and allowing it to stand for 4 h under ambient
conditions to aggregate the QDs. The mixture was spun at 1000
rpm for 30 min in a centrifuge (Fisher Scientific benchtop
model 228), the clear supernatant was discarded, and the
precipitate was rinsed twice with IPA. After vacuum drying, the
precipitate was redispersed in 1 mL of water. We performed the
purification process twice and stored the sealed colloid in the
dark at 5 °C.
The raw or purified colloid was diluted by a factor of 100 by

injecting a 20 μL aliquot into 2 mL of water, methanol, IPA, or
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acetone. Superstructures formed that were immediately
apparent in IPA and acetone. Suspensions were stored in the
dark at 5 °C and periodically removed to make UV−vis (Jasco
V-670) and photoluminescence (PL) (Horiba Fluorolog-3)
spectroscopy measurements under ambient conditions. Sam-
ples with visible precipitates were sonicated before measure-
ment. The excitation wavelength for photoluminescence was
480 nm. Suspensions were drop-cast by placing 50 μL on a 1
cm by 1 cm piece of silicon wafer and drying in air for 1 h for
imaging with atomic force microscopy (AFM, Bruker Multi-
mode V). Suspensions were drop cast on an aluminum stub in
place of the Si substrate for imaging with scanning electron
microscopy (SEM, Hitachi S-4800). A 5 μL drop of suspension
without any further dilution was placed on a grid (Ted Pella
01814-F) and dried in air overnight then imaged with
transmission electron microscopy (TEM, Hitachi H8100).

■ RESULTS AND DISCUSSION
The primary reflections in the powder XRD spectrum of QDs
from the raw colloid shown in Figure 1a correspond closely

with the bulk diffraction peaks of zinc blende CdTe (ICDD 75-
2083). The line broadening is due to the small particle size. The
TEM image of a single QD in the inset shows a particle with a
tetrahedral shape and at least one truncated apex, which is
consistent with the literature.17−20 The lattice spacing of 0.39 ±
0.01 nm is an average of multiple measurements and in
agreement with the theoretical lattice spacing of 0.37 nm for
the CdTe (111) plane. The mean particle diameter based on a

histogram obtained from a 250 by 250 nm area of a TEM image
is 4.1 ± 0.2 nm (Figure S1 in Supporting Information).
Purifying the raw colloid after synthesis by precipitating with

acetone (volume ratio 1:3) shifted the UV−vis absorption peak
of the QDs redispersed in water to the blue, from 545 to 539
nm after one purification step and to 531 nm after a second
purification step, and reduced the absorbance (Figure 1b). The
photoluminescence (PL) peak likewise shifted from 587 to 583
nm after the first purification and to 577 nm after the second,
yet the intensity increased after each step. Photochemical
etching has been shown to increase the photoluminescence
intensity of TGA-capped CdTe dots.21 A single PL peak at 600
nm shifted to 550 nm with etching time in that work and the
intensity increased by about a factor of 2. The UV−vis
absorbance peak at 575 nm shifted to shorter wavelengths and
decreased in intensity. The results were attributed to a S
capping layer formed by etching of Te trap sites. Optical
measurements of the photodegradation of TGA were shown to
enhance the PL of CdTe−TGA QDs by releasing sulfide ions
that coordinated with cadmium on the surface and formed a
shell of CdS, which was confirmed by X-ray photoelectron
spectroscopy.22 We also observed enhanced PL by photo-
chemical etching in a previous study on thiol capped ZnSe
quantum dots.23 The exciton energies obtained from the
absorption peak wavelengths in Figure 1b were used to estimate
the radius of the QDs after two sequential purifications and
showed that the particles shrunk from 2.1 to 2.07 nm after the
first step and to 2.03 nm after the second, over a total of about
8 h. The net change of 0.07 nm is only a fraction of the lattice
spacing, and is consistent with the replacement of Te vacancies
by S, rather than etching. It is not clear from these data whether
a CdS shell was formed that covered the entire QD surface or
only individual sites were filled. The results do suggest that
diluting the colloid with acetone and allowing contact for a
period of 4 h removed enough of the ligand from the surface to
allow unstable atoms to dissolve and provided a source of S to
passivate the surface. Resuspending the QDs in water after two
purifications and storing them for four weeks in the dark did
not result in any further changes in size based on the absorption
and photoluminescence spectra.
The QDs are negatively charged because the carboxyl group

on TGA deprotonates in basic conditions forming carboxylate
(COO−). The first purification step in either methanol or
acetone lowered the dielectric strength of the medium (Table
1) and reduced the electrical screening, causing the QDs to
aggregate. The second purification step in methanol was
unsuccessful because the cation concentration must have been
too low to foster agglomeration. The low cation concentration
did not prevent particles from agglomerating during the second

Figure 1. (a) Powder X-ray diffraction (XRD) spectrum of raw
CdTe−TGA QDs. Bulk diffraction peaks for zinc blende are indexed.
Inset: transmission electron microscopy (TEM) image of a single QD
with a size of about 5 nm and lattice fringes 0.39 nm apart. (b)
Absorption (left axis) and photoluminescence (right axis) spectra of
raw and purified CdTe−TGA QDs.

Table 1. Relative Permittivity, k, Dipole Moment, μ, and
Hildebrand Solubility Parameter, δ, of Select
Molecules24,25 a

solvent k μ (D) δ (MPa1/2)

water 80.4 1.85 47.9
methanol 32.6 1.69 29.6
ethanol 24.3 1.69 26.0
2-propanol (IPA) 18.3 1.66 23.5
acetic acid 6.2 1.74 20.7
acetone 20.7 2.91 20.2

aSolvents with similar values of δ are likely to be miscible.
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purification step in acetone because the surface charge must
have been lower. The lower charge could be due to a lower
ligand density on the surface of the QDs in acetone compared
to methanol. Not all of the TGA ligand was removed by
acetone during purification because the particles could be
redispersed in water after drying. These results were the
impetus for the experiments reported next, to vary the amount
of ligand removed from the QDs.
After two complete purification cycles using acetone, the

aqueous QD colloid was injected into methanol, IPA, and
acetone at a dilution ratio of 1 to 100 by volume. Visible
superstructures formed immediately. AFM images of ribbons
drop cast on silicon wafers three days after injection are shown
in Figure 2a−c for the three different solvents. The height of

the ribbons ranged from 8 to 18 nm (∼2 to 5 QDs) and the
width from 40 to 80 nm (∼10 to 20 QDs). Height profiles are
shown in Figure S3. Qualitatively, it was much easier to find
ribbons by AFM using the drops taken from either methanol or
IPA than from acetone. Since the structures had dimensions
that were several quantum dots high and wide, we use the term
ribbon to describe the shape in order to distinguish them from
the nanowires composed of a chain of single quantum dots.1

Moreover, the term twisted ribbons was used to describe
similar structures.13 Based on the AFM, our ribbons are flat like
those made using a phosphate buffer.11 Although only one
ribbon is shown from samples taken from each solvent, the
ribbons grown in IPA and acetone contain nodules or large
clusters on or along the edges. This is evident in Figure 2b and
Figure S4 on the ribbons grown in IPA.
Injecting the raw colloid into the three solvents at the same

high dilution ratio aggregated the QDs but did not form
ribbons. A uniform layer of QDs formed on a Si surface after

drop casting the raw colloid diluted with methanol as shown by
the AFM image taken 3 days after injection (Figure 2d). Using
IPA as a diluent, QDs clustered moderately, and the surface was
sparsely covered with aggregates (Figure 2e). Raw QDs in
acetone formed much larger aggregates that clumped together
(Figure 2f). The variation in the aggregate correlates with the
solubility of TGA in the solvent. The higher the solubility, the
more severe the aggregation.
Injecting the acetone-purified QD colloid into water at a

dilution ratio of 1 to 100 by volume yielded small, separate
aggregates after 3 days based on AFM (Figure 2g). No ribbons
were found in several imaging attempts. Simply storing the
acetone-purified QDs resuspended in water (no injection) for 1
week in the dark, ribbons formed with heights of 8−10 nm and
widths of ∼80 nm as shown in Figure 2h (height profile in
Figure S3d). These results are similar to the time scale required
for nanowire formation.1 Only some small aggregates formed
after storing the raw QD colloid for 1 week (Figure 2i),
showing that cation removal is essential. Figure 2g,h indicates
that QDs after purification in acetone have a net attractive
interaction; this is the reason why they aggregate when injected
into water, but the solubility of TGA in water is too low to
rapidly form ribbons.
A comparison of the photoluminescence intensity after

injecting the purified and raw colloids into the three solvents
over the first several days of storage is shown in Figure 3.

Purified colloid in methanol yielded a fluorescence peak at 574
nm that did not change position but increased in intensity by
∼3× between day 3 and 6 and was stable thereafter (red curves
in Figure 3a). The single, broad (fwhm 50 nm) peak at 574 nm
is at about the same wavelength as the 577 nm peak measured
for the purified QD starting colloid. Injection was done at a
much higher dilution ratio than that used to purify the QDs and
provided the driving force to remove ligand from the surface.
Although TGA is less soluble in methanol, the small blue shift
is again consistent with TGA removal and a slight displacement
of surface atoms. The increase in the fluorescence intensity
without a peak shift over 11 days after injection is associated
with S passivation of defect sites on the surface.21 TGA must
have been removed from sites where it was weakly bound,

Figure 2. AFM images of drop-cast colloids 3 days after injection
unless noted otherwise: (a) purified injected into methanol, (b)
purified injected into IPA, (c) purified injected into acetone, (d) raw
injected into methanol, (e) raw injected into IPA, (f) raw injected into
acetone, (g) purified injected into water, (h) purified, not injected,
only aged for 1 week, and (i) raw, not injected, only aged for 1 week.

Figure 3. Photoluminescence (PL) spectra as a function of time for
raw and purified QDs injected into (a) methanol, (b) IPA, and (c)
acetone. (d) Photographs of test tubes containing purified QDs
excited by a 330 nm black light 6 days after injection in the solvents
shown.
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uncovering defects on the QD surface. The intense photo-
luminescence peak also shows that no energy loss mechanisms
were active when the QDs self-organized into ribbons.
Diluting the raw colloid with methanol yielded a fluorescence

peak at 596 nm that increased in intensity by only ∼50%
between day 2 and 10 (black curves in Figure 3a). The peak has
a small shoulder at about 560 nm possibly indicative of etching.
The red-shift of the 596 nm peak compared to the 587 nm
fluorescence peak of the raw colloid is probably due to
fluorescence resonance energy transfer (FRET) from smaller
particles to larger ones when densely packed QD ensembles
form.11,14 Both raw and purified QDs after dilution were sealed
in test tubes and stored at 5 °C in the dark, and the constancy
of the fluorescence peak maxima with time suggests that there
was no photoetching after dilution with methanol. This
indicates that an oxidant such as O2 is needed for photoetching,
in order to react with Te and form water-soluble species such as
TeO3

2− or TeO4
2−. The fluorescence intensity stabilized by day

11 after diluting the purified colloid and was ∼5× greater than
that obtained on day 10 after diluting the raw colloid.
Diluting the purified QD colloid with IPA yielded a

fluorescence peak at 560 nm that increased in intensity by
∼3× between day 3 and 6 after injection and stabilized (red
curves in Figure 3b). This peak is sharp (fwhm 10 nm) and is at
a much shorter wavelength than the peak at 577 nm measured
for the purified QD starting solution. The strong blue shift is
caused by the removal of TGA, deprotecting the surface, and
promoting photoetching by free ligand in solution. Also there is
a shoulder at about 575 nm and a much smaller peak at about
515 nm. After the dilution was done, the peak stayed at 560
nm, indicating that no further etching occurred. The increase in
fluorescence intensity over time without a peak shift again
suggests that the QD surfaces were passivated. However,
compared to its counterpart in methanol, the stabilized
fluorescence intensity in IPA on day 11 was much weaker, by
about 24×. The loss of photoluminescence is indicative of
strong particle interactions and the formation of a bulk material.
Diluting the raw colloid with IPA (black curves in Figure 3b)
yielded a single, broad fluorescence peak at 598 nm that
decreased then increased in intensity over 8 days. The excess
ligand kept particles separated within the aggregates as
observed in Figure 2e, preserving a high PL intensity. Again,
the red shift for the injection of raw QD colloid is probably due
to FRET.
The fluorescence of the purified QD colloid diluted with

acetone was similar to that for IPA. A sharp peak at 561 nm was
produced with a shoulder near 580 nm as well as a smaller peak
at 520 nm (red curves in Figure 3c). The fluorescence intensity
increased by ∼2.5× between day 3 and 6 after injection and
then stabilized. The fluorescence intensity for purified QDs
injected into acetone was very low. The stabilized PL intensity
at day 11 was about 13× lower than that for dilution with
methanol and 2× higher than that for dilution with IPA. The
low photoluminescence intensity is evidence of strong
interaction and formation of a bulk material. Diluting the raw
QDs with acetone yielded a peak at 596 nm that changed little
with time and maintained a high PL intensity (black curves in
Figure 3c).
Figure 3d shows photographs under black light excitation

(330 nm) of test tubes containing purified QDs 6 days after
injection in the three organic solvents. Photoluminescence from
the methanol sample is still visible but not from the IPA or
acetone samples. This qualitatively supports the comparisons of

the relative intensities of the PL spectra and the conclusion that
CdTe QD properties were preserved after diluting purified
colloid with methanol, but not IPA or acetone.
Table 2 compares the PL intensity of dilute raw and purified

suspensions after reaching stable values. The linear change in

the PL from 1.7 × 106 to 2 × 104 when raw QDs were diluted
by a factor of 100 with water was also observed for L-cysteine-
capped CdSe QDs.26 The increase in the PL intensity of the
raw QDs in order of increasing TGA solubilities from water to
acetone shows that removing TGA from the surface in the
presence of ions and ligand facilitates etching and passivation of
individual dots. The PL increase for the purified compared to
the raw QDs in methanol is also consistent with surface
passivation of separate dots. The loss of PL intensity for the
purified QDs from water to acetone shows that removing
protective TGA without sufficient ions and ligand in solution
promotes the formation of superstructures.
The ribbons formed using methanol as the injection solvent

were smooth after 2 days of growth and were composed of
straight and curved sections as shown by the TEM image in
Figure 4a. The distribution of curvatures is broad, but the

smallest radius is about 200 nm. The width of the ribbons
ranged from 30 to 50 nm or about 10 dots across. Closer
inspection shows that the points where the ribbons overlap one
another are simply crossing points, and there are no branching
points, where a single ribbon becomes two. The high resolution
TEM image in Figure 4b of a section of a single ∼50 nm
diameter ribbon shows that the surface is rough on the particle
scale, varying by 1−2 QDs along the edges in the growth

Table 2. Stabilized Photoluminescence Intensities (×106) of
the 561−598 nm Peaks for Both Raw and Purified QDs
Diluted 100× by Volumea

solvent raw purified

water (no dilution) 1.7 4
water 0.02 1.3
methanol 0.08 0.4
IPA 0.6 0.015
acetone 1.6 0.03

aEntries ordered by solubility of TGA in each solvent based on the
data in Table 1.

Figure 4. TEM images 2 days after injection of the ribbons formed in
methanol (a), (b), and (c) and ribbons as well as branched structures
formed in IPA (d), (e), and (f). The magnification increases in the
progression from (a) to (c) and from (d) to (f). The contrast was
enhanced in (c) and (f) in order to show the lattice planes more
clearly.
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direction. Enlarging a portion of this image in Figure 4c shows
that the lattice planes of the QDs in the interior were randomly
oriented with respect to each other. This demonstrates that the
QDs were not fused together as we surmised from the
fluorescence peak of the ribbons, which was almost identical to
that of the purified colloid. Close inspection of Figure 4c shows
that most QDs are arranged in what appear to be short chains
or groups containing several dots. The chains are separated
from one another by a distance of 1−2 QDs.
Using IPA as the trigger solvent produced a few ribbons

within webs of particles as shown by the TEM image in Figure
4d. Most of the QDs are arranged in clusters that branch
frequently. This structure is similar to the pearl necklace
aggregates that CdTe−TGA QDs formed in water after several
days, which were an intermediate step in the formation of fused
CdTe nanowires that were one QD wide.1 Zooming in on a
branching point containing a “Y” section in the web (Figure 4e)
shows that a higher density of QDs are present than in the
ribbon structures made in methanol. Moreover, most QD
lattice planes are oriented in the same direction. This is shown
by the enlarged view in Figure 4f where the lattice planes are
within a few degrees of one another across the image. The
structures made in IPA consist primarily of what appear to be
fused QDs in a dendritic structure that contains many interior
branching points and void spaces (see additional images in
Figure S4). The attenuated fluorescence intensity compared to
the QDs in the stock solution is consistent with the formation
of a bulk structure. This shows that enough of the ligand was
removed by immersion of the QDs in IPA to allow particles to
come into contact and fuse together.
The SEM image in Figure 5a taken 20 days after injecting a

purified CdTe colloid into methanol shows smooth ribbons 10

μm or longer in length, containing primarily straight sections,
but also many bends. The range of widths measured using this
image is 30−60 nm, which is similar to that obtained from
TEM. There were no other features except some small
protuberances appended to the ribbons as shown in the
enlarged image in Figure 5b. Storing acetone-purified QDs in
ultrapure water (no injection into any solvent) slowly formed
ribbons that are similar to the ones formed in methanol (see

SEM image in Figure S5). Yet dilution with IPA formed
ribbons with pendent clusters as shown in Figure 5c taken 20
days after injection. Higher magnification in Figure 5d shows
that the clusters are both pendent and integrated into the
ribbons. These appear to be composed of QDs that either are
not completely incorporated into the ribbon during growth or
are the start of new ribbons, branching off of the main structure.
In either case, there are many more of these groups dangling
from the ribbons made using IPA compared to methanol.
Nodules form because the dots have lost much of their ligand
shell, and the spherical shape minimizes the exposed area to
volume. QDs could diffuse out of the nodules along the
perimeter of ribbons supporting growth. This explains why the
clusters seen in several images appear near the ends of ribbons.
The webs that were first formed in IPA are a metastable
intermediate that restructure into ribbons over time.
Using acetone as the trigger solvent produced flower-like

superstructures as well as wires as shown by the SEM image in
Figure 6a taken 20 days after injection. The flowers are

micrometer scale and are collections of bundles of fused wires
as shown in the enlarged image in Figure 6b. The chemical
composition of the wires is CdS based on EDS mapping
(Figure S6). This result confirms that Te was removed from the
dots likely by photochemical etching (samples were stored in
the dark but exposed to light during measurement). Te and O
can form soluble species such as HTeO3

− when the oxidation
potential in a neutral pH solution is 0.1−0.5 V, according to the
Eh−pH diagram of CdTe.27 The slow etching process is
evidence for the permeation of oxygen into the solution over
time, increasing the oxidation potential. The formation of
micrometer-scale structures composed of sulfides supports the
notion that there is free sulfur in solution, and the source is the
ligands.
If the solubility of the TGA-capped QDs depended primarily

on the negatively charged carboxylates, then we would expect
the types of structures produced by self-assembly to correlate
with the functional groups on the solvents and the solvent
polarity. Methanol and IPA are both protic solvents with similar
dipole moments, and acetone is aprotic with a relatively large
dipole moment (Table 1). The emergence of different
structures after injection of the QDs led us to conclude that
the charge on the carboxylate although important could not
explain the trajectories that self-assembly takes in these
solvents. The solubility of TGA offers a better explanation.
We chose the Hildebrand solubility parameter for noncharged
molecules and used acetic acid as a model for TGA. The
solubility of acetic acid increases in the series water, methanol,
IPA, and acetone as shown by a comparison of the δ values in
Table 1. During purification acetone extracts some of the TGA

Figure 5. SEM images 20 days after injection of the ribbons formed in
methanol (a) and (b) and in IPA (c) and (d). Smooth ribbons formed
in methanol, whereas nodules and clusters exist along the ribbons in
IPA.

Figure 6. SEM images 20 days after injection of micrometer-sized CdS
flowers formed in acetone. The branches of the flower-like structures
contained bundles of CdS nanowires.
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ligand from QD surfaces and reduces the overall negative
charge on the particles, making it a better antisolvent than
methanol. At the high dilution ratios used to inject QDs into
the solvents, more of the ligand dissolves and the ligand density
on the surface of the QDs becomes patchy in methanol
facilitating growth primarily in one dimension and disappears
almost entirely in acetone leading to the dissolution of the
QDs.
The increasing solubility of TGA in the series water,

methanol, IPA, and acetone varied the types of structures
that could be formed with the dots, from curved ribbons
composed of nonfused dots to webs containing fused dots to
straight CdS rods. This structural diversity associates ligand
removal from QD surfaces with the solvent choice. It
demonstrates the importance of the ligand density on
preserving intact QDs or on dissolving them. Srivastava et al.
produced ribbons by reducing the TGA to Cd ratio to 1.0 from
the start in the synthesis of CdTe NCs.13 Methanol was used
for precipitation, and the NCs were redispersed in water at a
pH of 9. The surface coverage of ligand was so low that the
NCs were poorly protected, and Te was readily oxidized and
dissolved in the light or dark and was replaced by S forming
primarily CdS NCs based on X-ray energy dispersive
spectroscopy (XEDS). Although selected-area electron dif-
fraction (SAED) showed that both CdTe and CdS were
present after 1 day, XEDS analysis of bunches of long, straight
ribbons after 3 days in the dark showed that over 90% of the
NCs was CdS. The height of these structures was 10−12 nm or
3−4 layers based on AFM, and the length was 1−8 μm based
on SEM. Exposure to light corroded the CdS twisting the
ribbons with pitches of 250−1500 nm depending on exposure.
This work shows the importance of the ligand in protecting the
surface of the QDs, and one outcome, twisting in this case,
when strain was generated by photocorrosion. Simulation of
the assembly process showed that ribbons are composed of four
layers of NPs grouped in two bilayers with the tetrahedral
particles arranged hexagonally and inverted in alternating layers.
The energy of the ribbon structure was minimized for widths
ranging from 18 to 110 nm, which is consistent with the data
for the CdS ribbons in that work as well as our results with the
CdTe ribbons. The simulation also showed that the charge on
the NPs determined the widthincreasing the charge yielded
narrower ribbons and decreasing the charge wider ribbons.
Rakovich et al. found that mixing a CdTe−TGA colloid with

phosphate buffer solution (PBS) in a 1 to 20 ratio by volume
better preserved the ligand shell and formed nanowires
containing nonfused zinc blende CdTe QDs on a time scale
of minutes.11 NW formation occurred in solution due to
screening of the surface charge by ions in PBS and was
facilitated by evaporation of water when the colloid and PBS
were mixed on a glass slide. PL decay curves show evidence of
multiple emission pathways due to defect or trap states from
partially removing the ligand. Destabilization of the ligand shell
is proposed to allow attractive dipole−dipole, van der Waals,
and hydrogen-bonding interactions to drive self-assembly. Each
NW was 10−50 nm thick and composed of parallel chains of
NCs, and much thicker wires formed containing bundles of
NWs. A TEM of a single nanowire showed a large thickness
variation, from a single QD at the thinnest section to 3−4 QDs
over most of the wire. Although there is no mention of the
height of the wires, the sharp interference fringes in the TEM
suggest that some structures are 1 QD high. The authors point
out that a problem for device development using self-assembled

structures is the size distribution of the NC building blocks.
Smaller NCs act as charge donors for larger acceptor NCs.
Evidence for this is shown by the ×7 decrease in the
luminescence lifetime of the PL decay curve compared to
NCs in solution. The PL intensity and lifetime were reduced
due to energy transfer at branching points, showing that there
was electrical contact. The aggregates shown in the optical
images must be thicker than one QD and bear a similarity to
the web-like structures that we formed using IPA and acetone,
and the PL behavior supports this observation.
Chen et al. demonstrated that a three-dimensional

nanostructure containing a network of ribbons was formed by
mixing the raw colloid with ethanol and sodium acetate for 8
min at 70 °C.14 The resulting flocculant was dried with acetone
followed by supercritical CO2. The PL peaks of both the wet
and dry structures were strong and relatively narrow (fwhm ∼
50 nm) in contrast to many one-dimensional single-crystal
semiconductors and slightly red-shifted compared to CdTe
NCs in solution, showing that the NC properties were retained.
The red-shift was attributed to either energy transfer from
smaller to larger NCs or reabsorption of the high energy part of
the emission spectrum in the optically dense structures. The
three-dimensional nanostructure contained many curved
ribbons that were about 25 nm wide and several micrometers
long and that were composed of nonfused zinc blende CdTe−
TGA QDs based on XRD, in combination with ∼5% large
spherical particles or nodules. EDS shows that the Cd content
was almost constant with reaction time, but the S content
increased and the Te content decreased. This and the lack of a
black color indicative of elemental Te are used to argue that
there is no photoetching or oxidation of Te from the surface,
but rather Cd2+ and ligand form a complex that serves to hold
CdTe NCs together. The decrease in the Te signal is attributed
to Cd−TGA complexes covering CdTe NCs underneath,
which attenuates the signal from Te. The detailed formation
mechanism starts with ethanol (ratio of 1:5 by volume, colloid
to ethanol) partially depleting the ligand on the surface of the
CdTe NCs allowing the ligand to react with the extra Cd2+ in
solution forming Cd-TGA NWs. The CdTe NCs become
encapsulated in the Cd-TGA NWs forming a hybrid structure.
A high temperature and salt concentration facilitate rapid
formation of a three-dimensional structure. Removing un-
reacted Cd2+ from solution by centrifugation, the resuspended
CdTe NCs form spherical particles rather than a NW or ribbon
network. There is no specific mention of the thickness, but
based on the SEM and TEM, the ribbons appear to contain a
few layers of NCs. Moreover, many of the ribbons appear to be
connected owing to the branches shown in the TEM image, yet
the NCs must be well-separated and not in electrical contact,
consistent with retention of the optical properties of the NCs in
solution. A comparison of the TEM images shows that ions and
ligand in solution lead to a structure containing a higher density
of NCs than we obtained with the purified dots.
Closer inspection of the TEM images of the ribbons that we

made in methanol does not reveal long-range order among the
dots. Figure 7 shows scattered groups of dots that may form
multiple continuous paths. Single dots are juxtaposed, and in
some cases, the interfaces are sharp because the lattice planes
have different directions as shown by the outlines in Figure 7a.
The same image without lines is shown in Figure 7b for
reference. Relevant interaction potentials for ligand-covered
QDs in water in order of strongest to weakest are charge−
charge, charge−dipole, dipole−dipole, van der Waals, and
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hydrogen bonding. The (111) lattice plane spacing of 0.39 nm
shows that the dots retain the zinc blende crystal structure of
the original colloid and the large dipole moments as well.6 Self-
assembly must be related to the charge on the surfaces of QDs
in addition to the dipole moments because ribbons formed
primarily in methanol, the solvent with the lowest solubility for
TGA among the three studied. Ligand removal could alter the
surface charge by redistributing the polar bonds to the end of
the dot with the positive part of the dipole, producing a tripole
as shown in Figure 8a. This is a simplified model for the charge
distribution in the particle because the dipole moment is
comprised of the shape asymmetry along with polar bonds at
the surfaces as Shim and Guyot-Sionnest reported based on an
analysis of the dielectric dispersion.6 The removal of ligand with

methanol uncovers a portion of the surface and reduces the
repulsive charge−charge interactions, allowing relatively long-
range dipole−dipole and charge−dipole interactions to
assemble the dots as depicted in Figure 8b. The repulsive
interactions due to the ligands are minimized if the ligand is
selectively attached to one face of the dot. The dipole moments
were arranged side-by-side with opposite orientations because
the interaction energy is much larger than when they are end to
end. Jankowski and Glotzer have shown computationally that
particles with unusual shapes and directional interactions,
termed patchy, produce a variety of structures that contain a lot
of local order.3 Their work focused on collections of 10−20
particles. Our results are qualitatively consistent with their
results and suggest that smaller numbers of particles may be
worth modeling.
If assembly of tripoles were the only component, then the

dots should have formed two-dimensional sheets. This is what
Tang et al. observed when they intentionally decreased the
surface charge of QDs by using neutral 2-dimethylaminoetha-
nethiol ligands that not only decreased the electrical repulsion
but also increased the hydrophobic attraction between
ligands.12 Two-dimensional nanosheets formed with a thickness
of one dot, but an area of several square micrometers. The
TEM image in Figure 7 shows that dots couple forming chains
with indeterminate lengths. The chains are nonlinear because of
the irregular tetrahedral shapes of the dots. The chains are
composed only of single dots since the PL shows that electron
confinement in the ribbons is strong. The absence of ordered
structures on the nanometer scale and the lack of coalesce into
two-dimensional sheets on a larger scale must be caused by the
electrostatic repulsion of the ligand left on the surfaces of the
dots. The gaps in the ribbons are also consistent with charge
repulsion. The ribbons are not composed of layers of QDs with
a precise structure, but rather a looser collection of dots that
forms because of the action of several forces. Relatively long-
range attractive dipole−dipole interactions are the primary
driving force for growth of the long micrometer-sized
structures. Repulsive charge−charge interactions from ligand
attached preferentially to one face of the particles modulates
growth in the perpendicular direction, producing strips or
ribbons. At short-range, less than 1 nm, much weaker van der
Waals and hydrogen-bonding interactions regulate the
structures that form.
The electrostatic repulsion generated by the surface charge is

weakened further by a large dilution using IPA, and a two-
dimensional structure predominates initially. The ligand density
is insufficient to keep the particles from fusing, and a random
network forms. Depleting the ligand coverage on the surface
even further by diluting the colloid with acetone removes all of
the protection that the ligand lends the surface, and the dots
form a three-dimensional structure that ultimately dissolves.

■ CONCLUSION
Superstructures with different morphologies and internal
structures form by diluting aqueous colloidal CdTe QDs with
organic solvents and demonstrate that ligand solubility is a
means to control self-assembly. Removing part of the ligand
shell makes the charge distribution anisotropic and gives rise to
flat ribbons composed of discrete dots that are held together by
dipole−dipole interactions. The dipole−dipole force also
determines the primary growth direction leading to structures
that are several micrometers long. The remaining ligand on the
surface is bound predominately on one face of the dots and

Figure 7. TEM image showing the distribution of CdTe QDs in the
ribbons 2 days after injecting the colloid into methanol. (a) Outlined
QDs retain zinc blende crystal structure based on lattice spacing and
have face to face contact. (b) Same image but without the lines and
labels added in (a).

Figure 8. (a) Idealized charge distribution in CdTe quantum dot due
to dipole and depletion of TGA ligand. (b) Schematic assembly of
model anisotropic dots in one dimension.
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limits growth of the QD chains in the other directions because
repulsive charge−charge and charge−dipole interactions
compete with attractive charge−dipole, van der Waals, and
hydrogen-bonding interactions. The width and height of the
ribbons are determined by the balance of these forces.
Removing more of the ligand shell by diluting the purified
colloid with IPA reduces the electrostatic charge−charge
repulsion so much that dots initially fuse into two-dimensional
networks, yet the QDs retain the zinc blende crystal structure
of the parent colloid. These networks develop over time into
spherical clusters that supply QDs to form ribbons.
Deprotecting QDs by diluting the purified colloid with acetone
leads to dissolution by photoetching. The free ligand acts as a
source of sulfur, replacing unstable Te sites, and CdS rods form
that assemble into flower-like structures.
Bottom-up self-assembly of nanocrystals where one

dimension is near a micrometer in length could enable
positioning of the structures on surfaces that have been
patterned using lower cost top-down processes. The ligand
solubility method could be used to dynamically assemble a
nanoparticle structure that nucleates in a defined region on a
surface. Varying the average placement of NCs in a structure
will likely be important to balance competing properties and
achieve a particular device function. Also, structures containing
nonfused nanocrystals are bendable and could be used to make
curved parts and three-dimensional structures. Nanocrystal
functional elements can be tuned by changing size without
changing materials. Once an investment is made into a
materials set and its associated processes, different electrical
and optical properties could be realized on a much shorter
development time scale. The next step toward utilizing the
ribbons in devices will be understanding the charge transport
among fused and nonfused CdTe QDs.
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Fig. S1 shows a TEM image (250×250 nm) of the raw CdTe QD colloid.

We measured the sizes of 100 particles in this image and found a mean particle

diameter of 4.1±0.2 nm from a Gaussian fit of the histogram.
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Figure S1: TEM image of raw CdTe QD colloid. The histogram was gen-

erated from 100 size measurements of QDs in this image. The red curve is

a Gaussian fit of the size distribution yielding a mean particle diameter of

4.1±0.2 nm.

Purification of the raw QD colloid was monitored with UV-vis and PL to

select the solvent and dilution ratio. An aliquot of 1 mL of raw colloid was

added to five different volumes of acetone (1-5 mL). After contacting for 4

h, the QD aggregates were collected by centrifugation, rinsed with IPA, and

vacuum dried. The aggregates were redispersed in 1 ml of water. A second

identical purification was done ending with redispersing the QDs in 1 mL

of DI water. The same procedure was used to purify the raw colloid using

methanol, but the second purification was not possible because QDs did not

aggregate.

Fig. S2 shows the UV-vis and PL spectra as a function of solvent and

2
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Figure S2: UV-vis and PL spectra for 1 mL of raw CdTe-TGA QD colloid

purified twice with different amounts (1-5 mL) of acetone and methanol.

UV-vis spectra for (a) acetone and (b) methanol. PL spectra for (a) acetone

and (b) methanol. The black solid lines show the raw colloid in each case.

The other solid lines are for the first purification, and the dotted lines are for

the second purification. Inset in (c) and (d) shows the FWHM of PL peak

versus the amount of solvent used for purification. Volume 0 represents the

raw colloid.
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dilution ratio. The UV-vis spectra for acetone show a small blue-shift from

545 to 540 nm and a slight decrease in intensity after the first purification

except for the 1:1 ratio (Fig. S2a). The absorbance dropped much more after

the second purification, with the 1:1 ratio yielding the largest change. The

peaks shifted farther into the blue to ∼530 nm, except for the 1:1 ratio, which

did not shift. The UV-vis spectra for methanol were the same before and

after the first and only purification, except for the 1:1 dilution ratio whose

absorbance dropped (Fig. S2b). The peaks did not blue shift as with acetone.

PL spectra for acetone-purified QDs in Fig. S2c show a continuous inten-

sity increase and blue shift for dilution ratios greater than 1:2 (raw colloid

to acetone)—the more acetone used, the larger the blue shift observed. The

dilution ratio of 1:1 decreased in intensity and exhibited a red shift compared

to the raw suspension after the first purification. The intensity decreased but

the peak shifted blue after the second purification. The variation of the full

width at half maximum (FWHM) with the volume of acetone used is shown

in the inset of Fig. S2c. Compared to the raw suspension with a FWHM of

45.6 nm, a 1:1 ratio exhibited a lower FWHM of 39.8 nm after both purifica-

tion steps, and using excess acetone the FWHM of 47-48 nm was about the

same. But the FWHM increased as the dilution ratio increased, especially

for the second purification.

PL spectra for methanol-purified QDs in Fig. S2d show similar intensities

and peak positions before and after purification for the dilution ratios studied.

Although the PL intensity changed, there was no trend with the volume of

solvent used for purification. Also the FWHM of 46.8-47.9 nm was about the

same after the first purification except for the 1:1 dilution ratio as shown in

4
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a b

dc

Figure S3: AFM images as well as their corresponding height profiles after

injecting purified QDs into a) methanol, b) IPA, and c) acetone at a dilution

ratio of 1:100 (purified colloid to solvent). d) Purified QDs formed ribbons

after one week in water without dilution.

the inset of Fig. S2d.

Acetone was chosen as the purification solvent because of the increase

in the PL intensity and blue shift, which we attribute to the passivation of

defect sites on the surface of the QDs by S as described in the paper. A

dilution ratio of 1:3 raw colloid to acetone was chosen because it was the

best tradeoff between maximizing both the UV-vis and PL peak intensities.

AFM images of ribbons formed by injecting purified QDs into methanol,

IPA, and acetone at a dilution ratio of 1:100 (purified colloid to solvent) and

their corresponding height profiles are shown in Fig. S3a-c. The height and

width is 15 nm by 75 nm for the ribbon formed in methanol; 18 nm by 40 nm

5
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Figure S4: Close inspection of TEM images of ribbons and nodules formed by

injecting the purified colloid in IPA show that individual QDs fused together.

The arrows indicate the directional of lattice planes.

for the ribbon formed in IPA; and 10-15 nm by 66 nm for the ribbon formed

in acetone. Also note the clusters or nodules at the ends of the ribbon formed

in IPA shown in the three-dimensional image. Fig. S3d shows ribbons that

are 8-10 nm high and 80 nm wide formed by leaving the purified colloid in

water for one week without the large dilution.

TEM images show the direction of the lattice planes for QDs within rib-

bons and nodules formed by injecting the purified colloid into IPA (Fig. S4).

The similar directions show that single QDs fused together to form a bulk-like

structure. The SEM image in Fig. S5 shows the ribbons formed by storing

the purified colloid for 20 days in water without the high dilution ratio. The

smooth and straight appearance of these ribbons is close to those formed by

injecting purified QDs into methanol. No clusters or branches were found.

Fig. S6 shows EDS mapping of nanoflowers formed by injecting the pu-

rified colloid into acetone. The structures contain both Cd and S, but lack
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Figure S5: SEM image of ribbons formed by the purified CdTe QD colloid

after 20 days in water.
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Figure S6: EDS mapping of nanoflowers formed by injecting purified CdTe-

TGA colloid into acetone and contacting for 20 days. The corresponding

SEM image is in the upper left.

Te, C, and O. The Te is spread over the image indicating it dissolved. As

described in the paper, the Te initially in the CdTe dots within the ribbons

dissolved as the TGA ligand was removed creating vacancies that were filled

by S from decomposition of the ligand.
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Appendix C

Phase Pure Pyrite FeS2 Nanocubes Synthesized

Using Oleylamine as The Ligand, Solvent, and

Reductant

Reproduced with permission from Journal of Physical Chemistry Letter, submitted

for publication. Unpublished work copyright 2013 American Chemical Society.
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AbstratPhase pure pyrite (FeS2) nanorystals with a narrow size distribution were synthesized byreating ferrous hloride with elemental sulfur in oleylamine (OAm) without an additionalligand. Despite the versatility of OAm to serve as the solvent, ligand, and reduing agent inthe reation, other ligands were neessary in previous work to obtain well-dispersed, phasepure pyrite nanorystals. Based on XRD, Raman, and SEM, pyrite ubes with dimensionsof 88±14 nm formed at 200 ◦C, a S to Fe ratio of 6, and 1 h reation time in OAm. Thetemperature window to produe pure pyrite NCs was narrow from 200-230 ◦C, and thethreshold S to Fe ratio was 4. High S to Fe ratios ensure that S speies are present withoxidation states greater than -1 to sul�date pyrrhotite to pyrite. Based on XPS and FTIR,OAm was bound to the surfae of NCs even after puri�ation and drying at 190 ◦C.

Keywords: pyrite FeS2, nanoubes, oleylamine, photovoltai materials, Ramanspetrosopy, indiret bandgap
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Pyrite (FeS2) is among the semiondutors omposed of elements that are both geologi-ally abundant and onvert solar energy into eletriity.1 It has an indiret band gap of 0.85-1.00 eV and an integrated absorption oe�ient of 3.3×105 m−1 in the visible range between300 and 750 nm.1�3 The narrow thermodynami window for making phase pure material3�6has hindered the development of photovoltai devies beause mixed valane ompoundssuh as pyrrhotite (Fe1−xS, 0 < x < 0.125) are metalli, and the semiondutors troilite(FeS) disproportionates into a metalli phase and marasite (FeS2) is di�ult to produe asa single rystal.7 The use of wet hemistry to synthesize olloidal metal nanorystals (NCs)by thermolyti redution has improved the phase purity of several metal halogenides.8,9Dissolving a metal salt, elemental sulfur, and ligand(s) in a non-oordinating solvent hasprodued pyrite NCs ranging in size from a few to hundreds of nanometers.3�5 The most fa-vorable ligand alkylamine also ats as both a oordinating solvent and an eletron donor.10,11Many nanopartiles are synthesized using the solvent oleylamine (OAm) beause of itshigh boiling point, ommerial availability, and relatively low ost ompared to other alky-lamines. OAm (CH3(CH2)7CH=CH(CH2)8NH2) solvates many organi and inorgani om-pounds, and it serves as a ligand and mild reduing agent.11 Despite this versatility, OAm istypially ombined with stronger ligands in the synthesis of pyrite NCs. Triotylphosphineoxide (TOPO) ombined with oleylamine enabled ontrol of the size of pyrite ubes in therange from 60 to 200 nm.4 The ligand hexadeanesulfonate yielded ubi NCs with dimen-sions of 80 nm in OAm.3 Problems with rystal solubility12 and phase purity1,5 have beenreported using OAm, and may be due, in part, to its ommerial purity. This has lead tothe use of other solvents suh as diphenyl ether in whih the reation of FeCl2 and sulfurusing otadeylamine (ODA, CH3(CH2)17NH2) as a apping ligand produed a mixture ofoblate and spheroidal pyrite NCs with diameters of 5-20 nm.12 These results motivated usto investigate whether phase pure pyrite rystals with dimensions in the 50-100 nm rangefor optimal light absorption ould be synthesized using only OAm.
3
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Pyrite nanorystals were synthesized by dissolving 81 mg (0.5 mmol) of ferrous hloridetetrahydrate (FeCl2·4H2O; Sigma-Aldrih, 99.99%) in 17 ml (51.5 mmol) of OAm (Aros,80-90%) in a three-nek �ask. The mixture was deaerated by three pump and purge ylesusing N2 for 15 min eah in a Shlenk line. In the last yle, the �ask was heated to 90 ◦Cwith a temperature ontrolled mantle and digital temperature ontroller (DigiTrol II BenhControl, Glas-Col). The mixture gradually hanged olor from yellow to blak as FeCl2dissolved. In a separate glass vial, the sulfur preursor was prepared by dissolving 640 mg(20 mmol) of S powder (Sigma-Aldrih, 99.98%) in 20 ml (60.6 mmol) of OAm. The mixturewas soniated for 10 min at room temperature to break up the powder and left for threedays at room temperature to dissolve ompletely, produing a visous dark brown liquid.A 3 ml (3 mmol) aliquot of the sulfur solution was slowly injeted into the Fe-oleylaminemixture using a glass Pasteur pipette for experiments at a S to Fe ratio of 6 to 1. Thethree-nek �ask was disonneted from the Shlenk line, and the temperature set point wasinreased to 180-260 ◦C. Although the temperature reahed 90% of the set point within 5-10min, the target temperature was reahed only after about 40 min. After heating for 1-6 hfrom the time that the sulfur was injeted, the �ask was ooled in a water bath. One thesolution reahed room temperature, 100 mL of methanol (Sigma-Aldrih, anhydrous, 99.8%)was added. The preipitate was olleted by entrifugation at 1000 RPM for 15 min (FisherSienti� benh-top model 228), washed twie using an equal volume mixture of methanoland toluene (Sigma-Aldrih, 99.9%), and �nally dispersed in ylohexane (Sigma-Aldrih,99.5%). A portion of the preipitate was dried at 190 ◦C in a tube furnae with ontinuously�owing N2 for 1 h to obtain a powder. All of the samples were stored in glass vials �lledwith argon.Figure 1a shows phase and strutural data for the puri�ed NCs prepared using a S to Feratio of 6 at 200 ◦C for 1 h. The intense XRD peaks loated at 33.0◦, 37.1◦, 40.8◦, 47.4◦, and56.3◦ orrespond to the (200), (210), (211), (220), and (311) planes of pyrite (ICDD 71-1680).The major di�ration peaks and intensities for marasite (FeS2, orthorhombi), pyrrhotite4
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(Fe7S8), and hematite (Fe2O3) are marked in Figure 1a, but were not deteted. Phase puritywas on�rmed by the Raman peaks for pyrite at 340, 375, and 426 m−1 shown in Figure1b.13 Raman peaks for troilite FeS (210 and 280 m−1), marasite (324, 387, and 532 m−1)and pyrrhotite (214 and 282 m−1) were not observed.4,13�15 The ubi shape and uniformsize of the rystals is shown in the SEM image of a drop ast sample (Figure 1). The meanlength of a ube edge is 87.9±14.1 nm based on a histogram obtained from measurementsof 100 rystals (Figure 1d). The relatively narrow size distribution is indiative of OAmoordination to the surfae of the rystals.
a b

c d

Figure 1: a) Powder X-ray di�ration (XRD) spetrum of pyrite NCs. Bulk di�ration peaksare also indexed for marasite (FeS2), pyrrhotite (Fe7S8), and hematite (Fe2O3), b) Ramanspetrum of the same FeS2 NC sample using a 532 nm exitation laser at 1% power (0.25mW), ) SEM image of drop-ast NCs, d) histogram of the sizes of 100 ubes in the SEMimage.The UV-vis spetrum in Figure 2a for the same pyrite NCs haraterized in Figure 1shows the absorption onset is in the near infrared at about 1400 nm and drops o� at about450 nm. The spetrum is the di�erene relative to the ylohexane solvent as shown in the5
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Figure 2: a) UV-vis spetrum for pyrite NCs after subtrating the signal from ylohexane.The inset shows the UV-vis spetra for ylohexane and FeS2 NCs in ylohexane, b) PLspetra reorded for di�erent exitation wavelengths show no indued photoluminesene.The sharp peaks near 400 nm are due to light sattering by the solvent.inset. The sharp drop in absorbane at 850 nm is an artifat aused by hanging gratings.Similar absorbane results were reported for pyrite miroubes with dimensions of 200 nm.16The peak at 1050 nm (1.18 eV) is lose to the indiret band gap of 1.00± 0.11 eV measuredfor pyrite ubes with dimensions of 80 nm by synhrotron X-ray spetrosopy.3 The varietyof UV-vis spetra that have been reported for pyrite ould be attributed to its omplexeletroni transitions. The energy levels in bulk pyrite onsist of a S pσ∗ band and a d-bandmanifold. The d-band splits into the oupied t2g and the unoupied eg sub-bands (valeneband) with the indiret band gap falling in between (see the eletroni struture of pyritein the supporting information).17 The indistint boundary between the S pσ∗ band and egsubband auses the ondution band to span from 0.95 to 3.65 eV in the bulk,18 and the bandgap at the surfae ould be as low as 0.4± 0.1 eV based on tunneling urrent measurementsof single rystal pyrite grown by hemial vapor transport.19 As is harateristi of indiretband gap materials, the ondution band minimum (CBM) is at a di�erent momentum thanthe valene band maximum (VBM). Without additional phonon energy, the diret transitionfrom VBM to CBM is not allowed. Aording to the unertainty priniple, it is impossibleto preisely predit the loations of absorption edges with known wave vetors, indiating6
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that the absorption edges an potentially be observed over the entire eg and S pσ∗ bands.This eletroni struture is onsistent with the absorbane that we observed in Figure 2aover a broad range of wavelengths. The photoluminesene (PL) spetra measured usingdi�erent exitation wavelengths show no features in the 400 to 800 nm range exept fortwo peaks near 400 nm with a shoulder at ∼450 nm, whih are due to Raman satteringby ylohexane (Figure 2b). The lak of a PL peak for pyrite is due to slow radiativeeletron-hole reombination harateristi of indiret band gap materials.

Figure 3: a) High resolution XPS and b) FTIR of pyrite NCs.The surfae omposition of the pyrite NCs was measured with XPS for drop-ast nanorys-tals made using a S to Fe ratio of 6 at 200 ◦C for 1 h. The spetra were aligned based onthe adventitious C 1s peak assigned to 284.5 eV. Peaks were �t with a Shirley bakgroundand Voigt line shapes. Figure 3a shows the high resolution XPS peaks for the Fe 2p, S 2p,and N 1s states. The spin-orbit oupled Fe 2p3/2 and 2p1/2 peaks loated at 706.8 and 719.5eV are onsistent with the energies expeted for pyrite.16 The shoulders at 710.3 and 722.57
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eV are oxidized Fe3+ due to super�ial speies suh as hematite (Fe2O3) and ferri sulfate(Fe2(SO4)3)20 on the surfae of the nanorystals that formed during sample preparation forXPS. The spin-orbit oupled sulfur 2p3/2 state at 162.4 eV and 2p1/2 at 163.6 eV were notresolved and appear as a single broad peak entered at 162.3 eV. This peak ould ontainontributions from disul�de S2−2 at 161.7 eV as well as polysul�de S2−n (n > 2) at 162.9 eV.20The S2−2 is bound to Fe2+ onsistent with pyrite formation. The polysul�de is in the form ofhains or rings that are free in solution or bound to other speies. Polysul�de has an oxida-tion state greater than -1 and oxidizes pyrrhotite to pyrite. The small peak at 168.1 eV is dueto ferri sulfate.20 The Fe to S ratio based on peak areas orreted using sensitivity fators is0.45, whih is slightly smaller than stoihiometri FeS2 (see supporting information for thepeak �tting results and molar ratio alulation). A weak N 1s peak was present at 400.3 eV.This on�rms the presene of oleylamine on the surfae of the NCs. The transmission FTIRspetrum of drop ast pyrite NCs is shown in Figure 3b. The peaks at 3423.9, 1630.2, and609.4 m−1 are attributed to adsorbed moisture.21 The group of peaks entered at 1134.4m−1 is onsistent with super�ial oxidation of pyrite.22�24 OAm is present on the surfae ofthe NCs as shown by the peaks at 2923.6 and 2852.1 m−1 orresponding to the asymmetri(νa) and symmetri (νs) strethes of C-H and the peak at 1453.0 m−1 orresponding tothe deformation mode of C-H.11,22 The C=C streth expeted at 1680-1640 m−1 was notresolved beause of interferene from the large water bending vibration at 1630 m−1. TheFTIR spetrum orroborates the small N 1s peaks observed in the XPS, and shows that OAmremains on the pyrite even after puri�ation and drying at 190 ◦C in �owing nitrogen.Theoordination that OAm makes to the surfae of the pyrite is onsistent with the relativelynarrow size distribution of the NCs.Figure 4 shows the XRD patterns, Raman spetra, and SEM images of rystals synthe-sized at reation temperatures of 200-260 ◦C. The XRD di�ration peaks (Figure 4a) for theNCs synthesized at 230 ◦C an be indexed to pure ubi phase pyrite with no obvious im-purities. The sharp peaks indiate good rystallinity. Raman spetrosopy is more sensitive8
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Figure 4: a) XRD pattern, b) Raman spetrosopy (532 nm laser at 0.5% power, 0.125 mW),and ) SEM images of the pyrite or mixed pyrite and pyrrhotite phases synthesized for a Sto Fe ratio of 6 for 1 h at 200, 230, and 260 ◦C.
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than XRD for distinguishing the iron sul�de phases that are present.5 The Raman peaks(Figure 4b) of the NCs synthesized at 230 ◦C are onsistent with pyrite, and again, therewere no peaks for troilite, marasite, or pyrrhotite. The greater intensity of both di�rationand Raman sattering of the 230 ◦C sample ompared to that at 200 ◦C indiates betterrystallinity, whih is onsistent with the slight shift of the Raman peaks for the 200 ◦Csample to lower wavenumbers. Inreasing the reation temperature to 260 ◦C redued theXRD peaks harateristi of pyrite, and new peaks appeared at 29.9◦, 33.8◦, 43.6◦, and 53.1◦marked by solid triangles in the �gure, orresponding to the (200), (206), (20(12)), and (220)planes of mixed valene pyrrhotite (ICDD 29-0725). However, no Raman sattering signalwas found orresponding to either pyrite or pyrrhotite (blue spetrum in Figure 4b). TheSEM images in Figure 4 show that the size and size distribution inreased slightly from 200to 230 ◦C, but irregularly shaped rystals were formed at 260 ◦C that are nearly 1-2 mironsin size.The temperature window from 200-230 ◦C for synthesizing phase pure pyrite NCs isrelatively narrow. The 200 ◦C threshold is onsistent with the pyrite NC literature. Forexample, low reation rates and amorphous side produts formed below 200 ◦C in the solventdiphenyl ether and the ligand otadeylamine,12 and small 14-18 nm NCs that were phasepure based on XRD and had a ubi rystal struture based on HRTEM formed at 180 ◦Cusing only OAm at a S to Fe ratio of 9.5.25 Amaximum below 260 ◦C is somewhat unexpetedbeause pyrite formation from sul�dation of pyrrhotite is known to be rapid above 300 ◦Cfrom geologial studies,26 and pyrite is a stable phase based on measured free-energy minimawith a thermal stability of 742 ◦C.26 The Fe�S system below 350 ◦C is omplex primarily dueto the superstrutures formed by various pyrrhotites, whih pervade the phase diagram.26Beause the formation of some of these strutures is under kineti ontrol and driven byvaanies due to missing Fe atoms, they ould have a signi�ant in�uene on NC growth.A phase transition from pyrite to pyrrhotite also ourred when we heated samples duringRaman analysis with the laser power at 5%. Similar results were reported for the formation10
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of spheroidal pyrite NCs with diameters of 5-20 nm.12 The solubility of the NCs dereasedat temperatures above 240 ◦C, and at about 250 ◦C a mixture of greigite (Fe3S4) and pyriteformed. Moreover, this narrow temperature window seems to be intrinsi to the reationbetween S and Fe preursors, independent of the ligands used. For example, ubi NCs withdimensions of 80 nm were produed in OAm using the ligand hexadeanesulfonate at a Sto Fe ratio of 6, a reation temperature of 220 ◦C, and time of 10 min.3 Pyrite ubes withross-setional dimensions in the range from 60 to 200 nm were obtained using a S to Feratio of 60 at 220 ◦C for 2 h.4

Figure 5: XRD patterns for samples synthesized at 230 ◦C and a) S to Fe ratios of 4 and 6to 1 for 1 h and b) a �xed S to Fe ratio of 4 to 1 and varying reation times of 1 and 6 h.We varied the ratio of S to Fe in the reation mixture and reation time to gain a generalunderstanding of the mehanism. At a S to Fe ratio of 6, phase pure pyrite was produedat 230 ◦C for reation times of 1-6 h (Figure S1 in supporting information). Reduing the Sto Fe ratio lengthened the time to synthesize phase pure pyrite. The XRD spetra in Figure5a show a mixture of pyrrhotite (marked by solid triangles) and pyrite formed at a S to Feratio of 4 at 230 ◦C and a reation time of 1 h. The amount of pyrrhotite was small basedon the relative peak heights, but supports the idea that there was an insu�ient amount ofS to reat with. Prolonging the reation time to 3 h at a S to Fe ratio of 4 yielded mixedphases, but at 6 h phase pure pyrite was produed based on XRD (Figure 5b). A S to Feratio of 4 is the threshold beause a S to Fe ratio of 3 always produed a mixture of pyrite11
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and pyrrhotite for reation times up to 6 h (Figure S1).Oleylamine is present in large exess and hemially redues elemental S by reationprimarily with the amine group but also with the C=C double bond. Using standard andpulsed �eld gradient di�usion NMR, Thompson et al. showed that otylamine reats withsulfur at low temperature produing alkylammonium polysul�des.10 At the temperaturesused in nanorystal synthesis, polysul�de ions reat with exess amine by di�erent reationpathways generating H2S as well as amides and amidines and the thio analogs of thesemoleules. The H2S and thioamides ombine with the metal preursor forming metal sul�des.Although OAm also ontains a C=C double bond, we expet that the redution of S by theamine end of OAm and reation with Fe2+ ions follows a similar route represented by thetwo overall reations S+OAm −→ H2S+ thioamides+ byprodutsFe2+ + H2S −→ FeS+ 2H+where thioamides an serve the same role as H2S and initiate the reation with Fe2+ ions.If Fe3+ forms by reation with residual water, as mentioned in the literature,3 it is reduedby the variety of sulfur ompounds in solution. The FeS represents formation of nanorystalpyrrhotites with variable stoihiometry, Fe1−xS and 0 ≤ x < 0.2. Moreover, reation betweenS and the OAm double bond is possible. Singlet S reats with alkenes forming episul�de andthiols,27 and more than one S atom an insert into C=C depending upon the struture of thealkene.28 Although polysul�de ions ould form, the impat of these reations on the di�erentiron phases is unertain. Elemental sulfur (S0) and other S speies that have oxidation statesgreater than -1 oxidize S2− to S2−2 forming pyriteFeS+ S −→ FeS2
12
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where S represents elemental S, thioamide, and polysul�de hains or rings. We observedthat adding thiol where S is in an e�etively 2- oxidation state to pyrite NCs immediatelyturned the blak solution yellow brown. A phase hange ourred from FeS2 where S is in a-1 oxidation state to FeS where S is in a -2 state. This is supported by the attempt to usedodeanethiol as a ligand for FeS2 synthesis, whih yielded FeS.4 With S0 in large exess inthe S to Fe ratio equal to 6 experiments, FeS2 formed quikly. At a S to Fe ratio of 4 multiplesulfur-poor pyrrhotite phases ould have existed initially that were onverted to pyrite asthe reation time went from 3 h to 6 h. Along the same lines, it was inevitable that theexperiments at an S to Fe ratio of 3 would yield mixed phase material. The hange in theGibbs free energy of reation of FeS and S to form pyrite varies from -45.1 to -40.4 kJ in thetemperature range from 180 to 260 ◦C,29 showing that pyrite formation is thermodynamiallyfavorable, in agreement with the phase diagram.26The reation in pratie is muh moreompliated than this simple model, and the pyrrhotite stoihiometry as well as the variousS speies present in solution ould alter ∆Grxn and thermodynamially favor or hinder theprodution of pyrite. Studies that measure the speies in solution are needed to understandthe detailed mehanism, but the plausibility of the overall reations proposed indiate thatoleylamine is the soure of eletrons that starts the asade of produts in solution and onthe surfae that ontain sulfur.Inks ontaining nanosale materials have the potential to lower the ost of fabriatingeletroni devies if the means to synthesize and deposit them an be saled up to industriallevels. Sine the preursors and temperature used in the synthesis as well as the purity anduniformity of the resulting nanomaterial impat its ultimate funtion, developing a variety ofpreparation methods is important in giving the widest latitude to the devie developer. Thesynthesis method reported here uses a single-soure preursor via injetion of elemental S atlow temperature followed by a ramp to higher temperature, and an be implemented witheither a series of ontinuous stirred-tank reators (CSTRs) or one CSTR with a preheatedfeed, enabling mass prodution. A better understanding of the mehanism is needed to13
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Experimental methodsFerrous hloride tetrahydrate (FeCl2·4H2O 99.99%), sulfur powder (99.98%), methanol (an-hydrous, 99.8%), ylohexane (99.5%) and toluene (99.9%) were purhased from Sigma-Aldrih and used as reeived. Oleylamine with a purity of 80-90% was purhased from Arosand used as reeived. FeS2 nanorystals were synthesized via the reation between FeCl2 andan exess of sulfur dissolved in oleylamine. Typially, 81 mg (0.5 mmol) of FeCl2·4H2O wasmixed with 17 mL (51.5 mmol) of oleylamine in a three nek �ask. The �ask was then purgedand bak-�lled with N2 (one purge yle) for 15 minutes eah using a Shlenk line. This wasrepeated twie more for a total of 3 purge yles. In the last purge yle the �ask was plaedin a heating mantle set to 90 ◦C with a digital temperature ontroller (DigiTrol II BenhControl, Glas-Col). The mixture gradually hanged olor from yellow to blak as FeCl2 dis-solved. In a separate glass vial, the sulfur preursor was prepared by slowly dissolving 640mg (20 mmol) S in 20 mL (60.6 mmol) of OAm over three days. After the third purge yle,a 3 mL of pre-dissolved S oleylamine solution (3 mmol S) was slowly injeted into the hotFe-oleylamine mixture through a glass pasteur pipette. The �ask was disonneted from theShlenk line and the temperature was set between 180 and 260 ◦C. The reation time beganwith the injetion of S, although the ramping and auto-tuning proess took about 40 min toomplete, in whih the temperature reahed 90% of the set point (180 ◦C) in the �rst 5 minand rossed over it four times with a �utuation of ±5 ◦C. After terminating the reationby plaing the �ask in a water bath at room temperature, FeS2 NCs were preipitated byadding 100 mL of methanol. The preipitate was olleted after entrifuging at 1000 RPMfor 15 min (Fisher Sienti� benh-top model 228), washed twie using a methanol/toluene(1:1 volume ratio) mixture, and �nally dispersed in ylohexane. To obtain FeS2 powderfor XRD, FTIR, and Raman analysis, part of the preipitate was dried at 190 ◦C in a tubefurnae with ontinuously �owing N2 for 1 hour. All of the samples were stored in glass vials�lled with Ar. Other reation onditions, suh as Fe/S ratio, reation time, and reationtemperature, were systematially hanged as desribed in the paper.2
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X-ray di�ration data were olleted on a Sintag XDS 2000 X-ray powder di�ratometerwith Cu Kα radiation (λ=1.5406 Å). All of the data sets were olleted from 10 to 70 degreeswith a step size of 0.02 degree and a san rate of 2 degrees/min. Raman spetrosopy wasobtained on FeS2 powder samples using a Renishaw inVia Raman mirosope with 532 and785 nm exitation lasers. Various laser powers from 0.1% to 1% were used (1% power of 532nm laser orresponds to 0.25 mW; 1% power of 785 nm laser orresponds to 1.5 mW). All ofthe spetra were olleted by o-adding 5 sans with a san time of 30 s eah. SEM imageswere taken using a Hitahi S-4800 sanning eletron mirosope. FeS2 suspensions weredrop ast on Si substrates and air dried for imaging. Fourier-transform infrared (FTIR)spetrosopy was performed with a Niolet Nexus 670 spetrometer equipped with a N2-ooled MCT detetor. KBr pellets for transmission FTIR spetra were prepared by grindinga 1-2% (w/w) mixture of FeS2 NCs in KBr powder under an IR heating lamp for 1 h.The ground mixture was onsolidated using a Pike Tehnologies bolt press. Spetra wereolleted with a 4 m−1 resolution and 200 sans were o-added. Baseline orretion andpeak identi�ation were performed with Omni (Thermo Eletron Corp., v6.2).UV-vis absorption spetra ranging from 300 to 1500 nm were reorded at room tem-perature using a Jaso V-670 spetrophotometer with a san rate of 400 nm/min. Thebandwidths of NIR and UV/vis were set to 8 nm and 0.2 nm, respetively, with a gratinghange ourring at 850 nm. Photoluminesene (PL) spetra were measured at room tem-perature with a Horiba Fluorolog-3 spetro�uorometer with exitation wavelength varyingfrom 300-600 nm. All of the samples for UV-vis and PL measurement were homogeneousand free from visible aggregation during the measurement. The elemental omposition infor-mation was obtained with an X-ray photoeletron spetrosopy (XPS) system onsisting of aPhysial Eletronis (Model 549) system equipped with a non-monohromati Al Kα soure(1486.6 eV) and a ylindiral mirror analyzer. High-resolution sans were reorded at a passenergy of 50 eV with inremental steps of 0.1 eV. The peaks were �t with Voigt lineshapesusing Igor Pro (Wavemetris v6.2). FeS2 powder was plaed on arbon tape stuk on a Si3
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substrate, whih was mounted to the sample holder for XPS analysis. Peak alignment wasperformed based on the adventitious C 1s peak at 284.5 eV to orret for speimen harginge�et. Molar ratios were alulated using orreted peak areas. Transmission eletron mi-rosopy (TEM) images were taken on a Hitahi H8100 eletron mirosope using a 200 kVaelerating voltage.Additional XRD, TEM, Raman spetrosopy, quantitativeXPS analysis and eletroni struture of pyriteFigure S1 shows the XRD results of phase purity obtained using various reation onditions,suh as reation time from 1 to 6 h, reation temperature from 180 to 260 ◦C, and S/Feratio from 3 to 6. High S/Fe ratio, suh as 6, leaves a relatively wide window of reationonditions for making phase pure pyrite, whereas lower S/Fe ratios suh as 4 and 3 havemuh higher hane of yielding impurities. Figure S2 shows the TEM images of the ubipyrite rystals with a length of 500 nm obtained with reation time of 3 and 6 h at 230 ◦Cand S/Fe ratio of 6. The large dimension is due to the longer reation time.In Figure S3, the Raman peaks of pyrite shift toward lower wavenumber when the laserpower was inreased from 0.1% to 1% for both the 532 and 785 nm lasers. This is due toheating the samples. Compared to 0.25 mW for the 532 nm laser at 1% power, the 785 nmlaser with 1.5 mW at 1% power indued more shift. Although the peak shifted, the peakintensity inreased with higher laser powers. Figure S4 shows the eletroni struture of bulkpyrite. The zero level of energy orresponds to the valene band maximum. A band gap of0.95 eV loates between the t2g and the eg sub-bands. The boundary between the eg and Spσ∗ bands is not distint and the two bands loate from 0.95 to 3.65 eV.The molar ratio of Fe to S was omputed based on the XPS spetra in Figure S5. Theraw data were normalized based on the number of sweeps sanned. This step allows avalid omparison between di�erent elements. The bakground was removed using a Shirley4
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algorithm.1 The peaks were �t using Voigt distribution. The molar ratio between the twoelements was alulated based on the following equation:
NFe

NS
=

AreaFe/S.F.Fe

AreaS/S.F.S
(1)where N is overage, Area is the peak area, and S.F. is the sensitivity fator. The S.F.values of Fe 2p and S 2p states are 2.686 and 0.57, respetively. The total area of all fourpeaks was used for the Fe 2p state and two peaks for the S 2p state. The molar ratios of Feto S and Fe to N determined using this method are 0.45 and 2.82, respetively.Referenes(1) Shirley, D. A. High-Resolution X-Ray Photoemission Spetrum of the Valene Bands ofGold. Phys. Rev. B 1972, 5, 4709�4714.(2) Folkerts, W.; Sawatzky, G. A.; Haas, C.; Groot, R. A.; Hillebreht, F. U. EletroniStruture of Some 3D Transition-metal Pyrites. J. Phys. C: Solid State Phys. 1987, 20,4135�4144.
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Figure S1: XRD spetra for three groups of samples with S/Fe ratio of 3, 4, and 6. Otheronditions are marked on eah spetrum. The table shows the resulting produt for eahondition.
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Figure S2: TEM images of ubi FeS2 rystals with a length of ∼500 nm, whih weresynthesized with reation time of a) 3 hr and b) 6 hr at 230 ◦C and S/Fe ratio of 6.
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a

b

Figure S3: Raman spetra of FeS2 rystals (230 ◦C, 1 hour and S/Fe ratio of 6) using twoexitation lasers with di�erent powers from 0.1 to 1 %. Laser power at 1%: 0.25 mW for the532 nm laser and 1.5 mW for the 785 nm laser.
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Figure S4: Eletroni struture of pyrite FeS2, reprodued from literature.2
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Figure S5: Peak �tting of high resolution Fe 2p, S 2p, and N 1s peaks and quantitativeanalysis
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