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ABSTRACT 

This dissertation explores the effect of nanometer-scale changes in structure on the 

energetics of photocatalytic and photovoltaic materials. Of particular interest are 

semiconductor nanocrystals (NCs), which have interesting chemical properties that lead to 

novel structures and applications. Chief among these properties are quantum confinement 

and the high surface area-to-volume ratio, which allow for chemical tuning of the 

energetics and structure of NCs. This tunable energetic landscape has led to increasing 

application of NCs in various areas of research, including solar energy conversion, light-

emitting diode technologies, and photocatalysis. However, spectroscopic methods to 

determine the energetics of NCs have not been well developed, due to chemical 

complexities of relevant NCs such as polydispersity, capping ligand effects, core-shell 

structures, and other chemical modifications. In this work, we demonstrate and expand the 

utility of photoelectron spectroscopy (PES) to probe the energetics of NCs by considering 

the physical processes that lead to background and secondary photoemission to enhance 

photoemission from the sample of interest. A new methodology for the interpretation of 

UP spectra was devised in order to emphasize the minute changes to the UP spectra line 

shape that arise from nanoscopic changes to the NCs. We applied various established 

subtractions that correct for photon source satellites, secondary photoelectrons, and 

substrate photoemission. We then investigated the effect of ligand surface coverage on the 

surface chemistry and density of states at the top of valence band (VB). We systematically 

removed ligands by increasing numbers of purification steps for two diameters of NCs and 

found that doing so increased photoemission density at the top of the VB, which is due to 
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undercoordinated surface atoms. Deeper VB structure was also altered, possibly due to 

reorganization of the atoms in the NC.  Using the new UPS interpretation methodology, 

we examined the evolution of the valence band energy (EVB) of CdSe NCs as it was 

modified from spherical NC to rod to Au-NP tipped nanorod (NR). We also employed 

potential-modulated attenuated total reflectance spectroscopy (PM-ATR) to probe the 

conduction band energy (ECB) of the series. The EVB decreased with each modification, 

which is predicted with a band-bending model. This trend was also observed in the ECB, as 

revealed by spectroelectrochemistry, along with the appearance of new metal-

semiconductor states in the band gap. UPS was finally used to investigate the even more 

complex Pt-NP tipped CdSe@CdS core@shell NR heterostructure. The addition of the 

CdS shell decreases the EVB relative to CdSe, as expected from common cation II-VI 

compounds. The Pt-NC increases the EVB, which, like the Au-CdSe NR, is predicted by 

employing a band-bending model. XPS revealed that PtSx-like chemical states were formed 

near the CdS-Pt interface. These experiments, along with the improved UP spectra 

interpretation methodology, demonstrate the wealth of information regarding surface 

chemistry and energetics that can be obtained with PES which can be applied to not only 

NCs, but also to metal oxide or molecular thin films.  
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CHAPTER 1. INTRODUCTION 

This dissertation focuses on understanding the effect of nanoscale changes to the 

surface and the bulk composition of semiconductor nanocrystals (NCs) and nanorods 

(NRs) on their band-edge energies (energetics) and, in the case of NRs, the spatial 

distribution of these band-edge energies, from tip region to NR bulk, using photoelectron 

spectroscopies (PES). Herein, new methodologies for interpreting ultraviolet photoelectron 

spectroscopy (UPS) which will enable the study of modifications to NCs and NRs on 

nanometer length scales, which are proposed components of technologies for 

photoelectrochemical solar fuel production, and for active layers in photovoltaics, is 

presented.1–13 In this introduction, the need for advancements in renewable energies, in 

particular solar photocatalysis, will be explored, followed by an argument that the 

properties of NCs that make them unique materials for solar photocatalysis.  The rates of 

the critical electron transfer reactions in photocatalytic processes are controlled by offsets 

between the band edge energies and the redox couples responsible for both hole-harvesting 

(oxidation) and electron-harvesting (reduction) reactions.6,9,14–22 However, the complex 

nature of NCs have made their band edge energies, and the correlation of these energies 

with composition, difficult to characterize with currently available techniques like 

electrochemistry,23–30 scanning tunneling spectroscopy,8,31–36 and photoelectron 

spectroscopy (PES),37–44 which have been well established for planar, bulk 

semiconductors.  To understand the difficulty, a review of the current literature using these 

techniques examining the surface chemistry and energetics of NCs, both simple and 

complex, is presented along with perspective on their respective shortcomings. Finally, a 
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case will be made that the methods described in this dissertation are uniquely capable of 

providing measurements of the surface chemistry and energetics that determine the 

properties of not only heterostructured NCs, but also those of small molecules and 

conductive polymers in solar energy applications. 

 

1.1 THE CASE FOR SOLAR FUELS AND THEIR OPERATION 

One of the greatest challenges of the time is that of global climate change and the 

search for renewable energy sources to combat it.10,45–54 While many solutions have been 

proposed, such as wind, geothermal, and hydroelectric, solar is the most promising, since 

the solar flux on the surface of the earth per hour (4.3 × 1020 J) is comparable to the world’s 

yearly energy usage in 2014 (4 × 1020 J) and is a carbon neutral energy source.54 However, 

in the same year, the International Energy Agency estimated that approximately 81.1% of 

the total world energy supply is comprised of fossil fuels such as coal, natural gas, and 

oil.55 Renewable sources only accounted for 1.4% of the portfolio, of which solar is but a 

tiny fraction. In 2015, the United States produced only 9.7% of its energy by renewable 

energy sources and of that, solar was only 4.7% of the renewable energy consumption.56  

Despite the ever decreasing cost of solar energy, there exist several barriers to 

greater solar penetration including, but not limited to, a) the average cost per watt of solar 

relative to established energy sources, b) poor efficiency of current technologies, and c) the 

problem of intermittency of solar power due to the earth’s diurnal cycle and weather 

patterns. As of 2015, the average cost per watt for residential electricity generation in the 

US stands at $0.1253 per kilowatthour (KWh)57, and while a report from the Department 
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of Energy’s Lawrence Berkeley Lab reported that in 2016, the levelized power purchase 

agreement pricing from utility-scale photovoltaic (PV) projects were priced at or below 

$0.05 per KWh, there is a rather large installation price between $3.30/W and $5.00/W for 

residential systems.58 Increasing the efficiency of the various types of solar technologies 

being explored can help to reduce these costs, and indeed, significant progress has been 

made in research-scale PV efficiency.  Figure 1 shows the best research-cell efficiencies 

for the various types of direct solar-to-electricity PVs being researched since 1975.59 For 

nearly every type of PV being researched, an increase in efficiency is realized over time, 

with many of the so-called “emerging PVs” such as quantum dot cells and perovskite cells 

demonstrating rapid improvement in recent years.  
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Figure 1. Research progress of various PV technologies. Emerging PVs such as quantum dot cells (open red diamond, bottom right) and 

perovskite cells (yellow-filled red circles, bottom right) show rapid improvement in only a few years of development. Figure credit: National 

Renewable Energy Labs59  
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1.1.1 Overview of artificial photosynthesis and photocatalytic water splitting 

Despite the rapid growth of PV power conversion efficiency, the issue of solar 

intermittency due to the diurnal cycle or weather patterns necessitates the coupling of direct 

solar-to-electricity PV systems to energy storage solutions such as batteries. The alternative 

approach wherein solar energy is used to drive reactions to produce chemical fuels (solar-

to-fuel) is one way to address both the need for solar energy and the subsequent need for 

energy storage solutions. Nature has already provided the blueprint for this type of solar 

energy conversion in photosynthesis, where sunlight is used by plant life to produce 

carbohydrates and oxygen from water and carbon dioxide through a series of electron 

transfer processes.52 In artificial photosynthesis, researchers aim to replicate this rather 

efficient process to produce hydrogen gas, which may be derived from hydrocarbons such 

as fossil fuels or biomass or water; however, to avoid the need for sequestration of 

greenhouse gases, water is a preferred hydrogen source.47 The simplest scheme for the 

photoelectrolysis of water is shown in Equation 1: 

𝐻2𝑂 →  
1

2
𝑂2(𝑔) + 𝐻2(𝑔), 𝐸0 = −1.229 𝑉 

(Equation 1) 

Figure 2 shows the general scheme for an artificial photosynthetic system producing 

hydrogen; in general, a light-absorbing species (chromophore) is coupled to an electron 

donor and an electron acceptor on opposite sides so that oxidation and reduction reactions, 

respectively, occur in spatially separated regions of the system and so that charge 

separation of the photoexcited electron and hole is long-lived. In this scheme, when the 

chromophore absorbs a photon of light (1) to produce a coulombically-bound electron-hole 
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pair, known as an exciton, which must dissociate into free charges prior to recombination 

(2), the coupled electron donor will perform an electron transfer reaction (3a); the coupled 

electron acceptor will undergo an equivalent but opposite electron transfer reaction (3b).52 

Once the spatially charge separated state is generated, the corresponding oxidation of water 

(4) and reduction of hydrogen reactions can occur at the appropriate ends of the 

photocatalytic system (5). The system is thus regenerated and the cycle can be repeated.  

The total efficiency of this system, the amount of hydrogen produced per photon of 

light, is determined by the efficiency of each step.47 Any process that consumes an excited 

electron will decrease the efficiency and should be avoided. In step 1, the efficiency is 

determined by the absorption coefficient of the chromophore in the visible spectrum (EBG 

< 3.0 eV) with sufficient energy to drive the reaction (EBG > 1.229 eV) with minimal 

reflection or scattering of light. The propensity of the chromophore to generate free charges 

from the exciton rather than undergo recombination dictates the efficiency of step 2. 

Recombination can occur at either the surface or the bulk, and can result in the emission of 

light or generation of phonons. To produce the free charge carriers from the exciton, the 

exciton binding energy must be overcome, which is inversely related to the dielectric 

constant of the material according to the equation: 

𝐹 = 𝑒2

(4𝜋휀0휀𝑟𝑅2)⁄  

(Equation 2) 

where F is the electrostatic force between to charges, e, separated by a distance R in a 

dielectric medium. ε0 is the permittivity of free space, and εr is the dielectric constant. The 

efficiency of step 3 depends on the rapid transfer of the free charges to the electron donor 
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or acceptor prior to recombination of the charges or trapping of the electrons, which can 

be described by the diffusion coefficient of the charge carrier in the material. Finally, the 

likelihood of the forward redox reaction to occur at either the donor or acceptor relative to 

the reverse reaction determines the efficiency of the final steps 4 and 5. The forward 

reactions can be favored by the addition of sacrificial reagents or by increasing the spatial 

separation of the photoactive sites on the photocatalyst. 
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Figure 2. Scheme for solar-to-fuel energy conversion system. (1) Solar irradiation strikes the 

chromophore to produce an excited state (2). The coupled electron donor and acceptor perform 

electron transfer reactions to yield the charge separated state (3a and 3b). Oxidation (4) and 

reduction (5) reactions can occur at the donor and acceptor, respectively, to produce the fuel 

and regenerate the system.  
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Figure 3. Calculated band energies of various metal oxides and common II-VI semiconductors 

and their comparison with the redox potentials of the hydrolysis reactions in contact with 

aqueous electrolyte at pH 1. Modified from Graetzel et al.62 Adapted by permission from 

Macmillan Publishers Ltd: Nature, Ref. 48, copyright 2001. 
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1.1.2 Metal oxides for photocatalytic water-splitting 

Many different chemical systems, including metal oxides, organic molecules, and 

metal sulfides/selenides, have demonstrated the capability for photolysis of water. 

Becquerel presented the first works involving the photoeffects at semiconductor-liquid 

interfaces in 1839,60 using a AgCl electrode in electrolyte to generate current upon 

illumination, but the use of such photoeffects to perform photolysis was not considered 

until the earliest report of photolysis of water using a semiconductor was presented by 

Fujishima and Honda in 1972.61 In that work, an electrochemical cell with a n-type TiO2 

anodic electrode connected to a platinum counter electrode in separate chambers was used 

to generate O2 and H2 gas, respectively.61 This is because the conduction band energy (ECB) 

of TiO2 is appropriated poised to drive the reaction, as shown in Figure 3, reprinted from 

Ref 62. However, the band gap (EBG) of TiO2 is ca. 3.0 eV, which means that it does not 

absorb in the visible spectrum, making it a poor choice for solar photoelectrolysis of water. 

Bard was able to show that particulate TiO2 with Pt partially deposited on the 

surface was able to execute the desired reactions at different sites on the same particle, 

which he argued was superior to a typical photoelectrochemical cell because it can be 

simpler, less expensive, and because the high surface area of the particulate suspension or 

slurry would increase light absorption efficiency.49,63 Furthermore, the use of particulate 

systems allows a greater variety of materials, which may not be readily available in single 

crystal or feasible as polycrystalline material due to high resistivity or long migration 

distance which increases the likelihood of recombination, to be used to perform the 

reactions.49,63 Duonghong and coworkers furthered this research by functionalizing a TiO2 
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particle (ca. 20 nm in diameter) with both Pt and RuO2 to catalyze the reaction with a 

quantum yield of H2 gas of ca. 30 ± 10%, as shown in Figure 4.64 By adding a Ru(bpy)3
2+ 

or rhodamine B sensitizer to the particle, visible light could be used to drive the redox 

reactions.  

1.1.3 Molecular triads for photocatalytic water-splitting 

Organic molecules have also been used to power artificial photosynthesis.46,52,65 

The most common are the so-called molecular triads, which employ a porphyrin as the 

chromophore, coupled to a carotenoid and fullerene to act as the electron donor and 

acceptor, respectively. An example is shown in Figure 565. Kodis and coworkers found that 

in a 2-methyltetrahydrofuran solution, the excitation of the porphyrin produced an excited 

singlet state which underwent electron transfer to the fullerene with a time constant of 32 

ps, whereas hole transfer to the carotenoid occurred with a time constant of 125 ps, both of 

which were faster than the time constant for charge recombination of 3.3 ns. The final 

charge separated state had a lifetime of 57 ns, making it a feasible reaction center for 

photocatalytic water splitting. More recent work has improved the design of these 

molecular triads by adding light-harvesting antennae to better capture light and by 

introducing a light-switching molecule to reduce photodamage.52   

However, both the semiconducting metal oxide and the molecular triad suffer from 

several drawbacks. As previously mentioned, metal oxides such as TiO2 are quite robust 

but have very wide band gaps (EBG = 3.0 eV) which means it absorbs in the UV, of which 

the photon flux is low on the surface of the earth. Molecules can be tuned to absorb different 

wavelengths of light by modifying the side chains on the porphyrin, but suffer from 
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decomposition of the chromophore.10,66 Although doping of TiO2 has enabled it to absorb 

in the visible spectrum,47,49 an intriguing class of materials known as semiconductor 

nanocrystals (NCs) combines the beneficial properties of the metal oxides and the 

molecular triads and may be the key to unlocking commercialization of a solar fuels 

economy. 
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Figure 4. Illustration of TiO2 particle (ca. 20 nm diameter) functionalized with Pt and RuO2 

photocatalysts and the various steps yielding H2 and O2 gases. Reprinted with permission from 

Ref. 50. Copyright 1981 American Chemical Society. 

Figure 5. Molecular triad for photocatalytic water-splitting. Reprinted with permission from 

Ref. 32. Copyright 2009 American Chemical Society. 
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1.2 OVERVIEW OF SEMICONDUCTOR NANOCRYSTALS 

NCs are crystals of metals or semiconductors which are composed of only several 

hundred or thousand atoms, and are therefore only several nm in diameter (ca. 1-100 nm) 

first reported by Brus in 1983.23 In that work, Brus discovered that while large crystallites 

had intrinsic properties that were dependent on the bulk band structure, when the 

crystallites become very small, the electronic, optical, and sometimes magnetic properties 

of the crystal become dependent on its size and shape, a phenomenon that has been named 

quantum confinement. These small crystallites were poorly understood by quantitative 

methods of either quantum chemistry or solid state physics at the time67 since their 

intermediate state between molecule and bulk crystal allows them to possess discrete 

electronic transitions like molecules while exhibiting other bulk-like electronic properties 

such as large extinction coefficients and broad absorption spectra arising from large density 

of states.20 However, in the years since, advancements in both synthetic9,10,19,20,68–77 and 

instrumental methods78–88 have revealed new fantastic properties that make NCs intriguing 

materials for light emission applications,15,19,20,74,89–105 photovoltaics,6,15,19–

21,49,53,68,74,91,103,106–119 and photocatalysis.1,2,6,11–15,17–19,22,47,48,91,107,120–135  

We will now briefly discuss the synthesis of NCs and their properties that have 

made them such intriguing tools – specifically, the properties of quantum confinement; size 

and shape control; and surface and symmetry control. We will also discuss the effect of 

each on the energetics of the NCs. 
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1.2.1 Basics of NC synthesis 

NCs are most commonly synthesized as colloids suspended in solution via hot-

injection of precursors, typically inorganic salts or organometallic compounds, in the 

presence of coordinating organic ligands at elevated temperatures. The following is a 

summary of the most common technique, adapted for large-scale synthesis of CdSe@CdS 

core@shell NCs via successive ion layer adsorption and reaction (SILAR) by Li et al.69 A 

typical synthesis is composed of three stages: nucleation, growth, and isolation and 

purification. 

The initial injection of precursors into the reaction vessel produces the first step, 

homogeneous nucleation. The uniformity of the formed nuclei is governed by both the 

injection temperature and injection speed.68,69,76,136 Nucleation is thermodynamically 

favored initially due to supersaturation of precursors in solution, until the formed nuclei 

reach a critical size.68 Nuclei which do not meet or exceed this critical size will dissolve. 

For narrow size distributions of NCs, it is beneficial to have a short burst of nucleation and 

quickly progress to nuclei growth. 

In the hot-injection synthetic method, the initial injection drops the temperature of 

the solution which halts nucleation and initiates the second phase, growth of the nuclei, 

which occurs by molecular addition when reactants are still available followed by Ostwald 

ripening once reactants are no longer available. During molecular addition, “focusing” of 

the nuclei size is achieved since the free energy driving force is larger for the smaller 

particles than larger ones, which allows them to grow faster.68 Ostwald ripening, on the 

other hand, is a “defocusing” process, whereby smaller particles are dissolved to sustain 
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the growth of larger particles.68,76,77 To obtain nearly monodisperse NCs, it is necessary to 

terminate the growth during the focusing stage or after the depletion of the smaller NCs 

via Ostwald ripening is complete.  

At this point, it is important to consider that since NCs are small and thus possess 

a large surface area-to-volume ratio whereby many atoms are exposed on the surface, they 

are not inherently thermodynamically stable and are prone to aggregation.68 To overcome 

this, organic ligands which are often long chain carboxylic and phosphonic acids, 

alkanethiols, phosphines, phosphine oxides, and amines included in the reaction vessel. 

They dynamically coordinate on the surface of the growing NCs and slow the growth by 

acting as steric barrier for addition of material and stabilize the NCs post-synthesis by 

providing a repulsive force to prevent the agglomeration of NCs as well as providing 

favorable interaction with the solvent.19,68 We provide a much deeper discussion of the role 

of ligands in Appendix A of this dissertation. 

Once the synthesis is complete, the NCs can be isolated and purified from the 

unreacted precursors and excess ligand. This is most often achieved by precipitation from 

a solvent/nonsolvent system using centrifugation. Successive precipitations can also 

remove ligands from the surface of the NC, which can affect its properties. Munro and 

coworkers found that changing the concentration of ligand on the NC surface affect the 

photoluminescence (PL) peak position and intensity.137 In Appendix A, we explore the 

effect of surface ligand concentration on the energetics and surface chemistry of the NC. 
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1.2.2 Quantum confinement in NCs 

Changing the various parameters described allows researchers to alter the various 

properties of NCs. One of the most important properties of NCs is that of quantum 

confinement, which allows researchers to change the electronic structure of the NC without 

changing its chemical composition. Quantum confinement occurs when the diameter of the 

NC is smaller than the Bohr exciton radius, RB, which is given by Equation 3: 

𝑅𝐵 =
ℏ2𝜅

𝜇𝑒2
 

(Equation 3) 

where κ is the dielectric constant of the semiconductor and μ is the reduced mass 

of the electron or the hole.138 When the diameter of the NC, R, is much smaller than RB, the 

energy of the electron and hole can be described with the quantum mechanical particle-in-

a-box, with a general form derived by Brus in 1986 for EBG of a NC: 

𝐸𝐵𝐺 = 𝐸𝐵𝐺
′ +

𝜋2ℏ2

2𝑅2
[

1

𝑚𝑒
+

1

𝑚ℎ
] −

1.8𝑒2

𝜖𝑅
 

(Equation 4) 

where E’BG is the bulk band gap of the semiconductor, R is the diameter of the NC, 

me and mh are the effective mass of the electron and hole, respectively, and ϵ is the dielectric 

coefficient of the semiconductor.139 The physical interpretation of Equation 4 is rather 

simple – the effective EBG of a NC is determined by the bulk band gap plus the energy of 

the electron and hole which are quantized due to their confinement in the quantum particle-

in-the-box (middle term of Equation 4) minus the Coulombic interaction of the electron-

hole pair. In Equation 4, it is apparent that while the Coulombic interaction decreases EBG 
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as 1/R, because the quantum localization term increases EBG as 1/R2, as R decreases, the 

effective EBG for a NC is will increase rapidly. The dependence of EBG on the size of the 

NC is shown in Figure 6A, which shows the red shift of the first excitonic peak of spherical 

CdSe NCs as the diameter increases from ca. 2.0 nm to 5.0 nm (data provided by Dr. Mario 

Malfavon, University of Arizona).  

It is important to note here that another result of the use of the effective mass 

approximation for electrons and holes to describe EBG is that because mh is typically larger 

than me, changes in EVB are minimized relative to ECB.140. This is represented in Figure 6B, 

which shows that ECB shifts to higher energy as a function of CdSe NC size more rapidly 

than EVB shifts to lower energy. Indeed, this phenomenon is found in all NC compositions, 

as seen in Figure 7, which shows both calculated and measured ECB and EVB energies as a 

function of NC diameter for various NC compositions.141 This discrepancy in energy shifts 

means that changes to EVB can quite small, making them more difficult to measure 

experimentally, as we will address in a subsequent section. 
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Figure 6. Size-dependent characteristics of CdSe NCs. (A) UV-Visible spectroscopy of CdSe 

NCs ranging from 2.0-5.0 nm in diameter. Arrows denote the center of the first excitonic peak 

of the NCs. With increasing size, the peak position red shifts, indicating that the band gap 

decreases with increasing NC diameter. Spectra was collected by Dr. Mario Malfavon 

(University of Arizona) (B) Proposed band diagram for series of CdSe NCs shown in (A). EVB 

levels are based on UPS measurements and are in accordance to the effective mass 

approximation, which suggests that ECB will show greater NC size dependence.  



31 

 

 

 
  

Figure 7. Measured and calculated ECB and EVB of (A) CdSe, (B) CdTe, (C) PbS, and (D) 

PbSe NCs as a function of NC diameter. Several measurements are represented in each figure 

including photoelectron spectroscopy in air (PESA), electrochemistry, and theoretical 

calculations. Reprinted with permission from Ref 130. Copyright 2011 American Chemical 

Society. 
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1.2.3 Modifying size, shape, and symmetry of NCs 

Another promising aspect of colloidal NCs is the possibility of manipulating the 

synthetic conditions to produce novel NC shapes, sizes, and symmety.19,68,76,77,142–152 We 

previously discussed the nucleation and growth process of NCs. Allowing the growth stage 

to proceed for longer periods of time increases the size of the NC. Creating NCs of different 

shapes, on the other hand, is accomplished by taking advantage of the crystalline nature of 

NCs and the dynamic coordination of organic ligands during the growth phase. By 

selectively introducing organic ligands that preferably bind more strongly to certain facets 

of the NC during growth, the growth rate of other facets can be increased. For example, in 

the synthesis of CdSe, trioctylphosphine oxide (TOPO) and hexadecylamine (HDA) are 

commonly used ligands which bind weakly to the NC surface, since they are neutral 

molecules that coordinate to the surface by forming a dative bond.153 This results in rapid 

growth of the CdSe NC along all crystal axes to yield spherical or oblate particles. 

However, if ligands such as phosphonates or carboxylates, which bind strongly to Cd sites, 

are used, then growth is retarded on Cd-rich facets and growth along the Se-rich facets is 

preferred to produce rod-like NCs commonly known as nanorods (NRs).77,142–144,146,148 

Using these techniques, many interesting NC shapes in addition to NRs, have been 

synthesized. In a work by Manna et al., varying the precursor, TOPO, and hexylphosphonic 

acid (HPA) was shown to produce a variety of shapes from NRs, arrows, pine trees, 

tetrapods, and branched tetrapods, as the transmission electron microscopy (TEM) 

micrographs in Figure 8 shows.77 Generally, they found that spherical NCs are favored 

when the growth rate is slow, whereas faster growth rates promote the unidirectional 
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synthesis of NRs. Increasing the HPA concentration increases the differences in growth 

rates of different facets, which helps to produce tetrapods. 

Changing the shape of the NC, however, can relax quantum confinement in one or 

more dimensions, since the dimensions may exceed the Bohr exciton radius. However, it 

has been shown that ECB and EVB are still predominantly defined by the confined 

dimensions.31,154 So, the advantage of asymmetric NCs lies in its simultaneous possession 

of both quantum confined properties and bulk-like properties (large absorption cross 

section, high electron and hole mobility).1 Furthermore, NRs and other elongated structures 

possess a greater number of surface atoms than do spherical NCs, which is beneficial for 

photocatalytic redox chemistry.20  
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Figure 8. TEM micrographs of various shapes and morphologies of CdSe NCs. (A) pencils, (B) arrows, (C) pine tree shaped, (D) tetrapod, 

looking down on the [001] direction of one of the arms, and (E) a tetrapod with branches growing off of each arm. Adapted with permission from 

Ref 64. Copyright 2000 American Chemical Society. 
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1.2.4 Surface control of NCs 

The properties of NCs can also be modified by changing the chemical composition 

on the surface. We briefly discussed the effect of surface ligand concentration on the PL of 

the NC as well as EVB in a previous section, but several other methods have been developed 

to modify the surface of NCs. 

The simplest technique to modify the surface of NCs is to exchange the native 

organic ligands with other organic or inorganic ligands. A more robust discussion of the 

types of ligands that have been explored can be found in Appendix A of this dissertation. 

Briefly, NC properties can be changed by using dipolar ligands that change the energetics 

of the NC, highly conjugated ligands that relax the quantum confinement by delocalizing 

the exciton into the ligands, short, bifunctional ligands that link two NCs to improve NC 

thin film conductivity by decreasing the tunneling distance.103  

Inorganic or metal shells can also be grown over NCs to passivate surface defect 

states or trap sites and stabilize the NC. Additionally, combining different nanomaterials 

can change the NC’s optical and electronic properties. The most common method for 

growing a spherical shell over the NC core is via the SILAR method, whereby single 

monolayers of the inorganic shell are added to the NC core successively, akin to atomic 

layer deposition (ALD).69 However, by employing rapid growth conditions, the shell can 

be grown into a NR encapsulating the NC core to produce even more exotic 

heterostructured NCs.147 In both cases, at sufficiently high growth temperatures, the shell 

grows preferentially over the NC core since the activation energy for nucleation on the core 

is lower than homogeneous nucleation in solution.147  



36 

 

The addition of another semiconductor shell over the NC core can greatly influence 

the confinement of holes and electrons in the core@shell NC. Li and coworkers showed 

that using SILAR to add monolayers of CdS shells to CdSe cores could red shift the 

excitonic peak positon by over 40 nm after 5 monolayers due to the relaxation of the 

quantum confinement.69 Using semiconductors with significantly different band gaps as 

shells can confine electrons and holes in different parts of the NC, as shown in Figure 9, 

which illustrates the types of heterojunctions that can be made with CdSe cores and various 

shells. In Figure 9A, a type-I heterojunction is formed when the wide band-gap ZnS is used 

as the shell; in this case, the wavefunctions of the electron and the hole, Ψe and Ψh 

respectively, are localized on the CdSe core since both face large energetic barriers. This 

configuration is particularly useful for photo- and electroluminescence, since the CdSe core 

is protected from oxidation.19 Figure 9B shows a quasi-type-I/II heterojunction, where the 

wavefunction describing the electron is no longer confined to the core since the ECB offset 

between CdSe and CdS is small. When combined with elongated NC structures like NRs 

or tetrapods, the electron wavefunction can be delocalized over the length of the shell, 

whereas the hole remains confined to the core; indeed, this spatial separation of charges 

across a CdSe@CdS core@shell NR has been predicted by computation and demonstrated 

experimentally.145,155–160 Finally, in Figure 9C, a type-II heterojunction is formed between 

the CdTe core and the CdSe shell, and the electron wavefunction is shifted into the shell 

due to the favorable energetics. Carrier recombination in this configuration occurs across 

the interface between the core and the shell at a lower energy, which makes it an intriguing 

system for lasing applications.161 Gur and coworkers also used CdTe@CdSe core@shell 
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NRs to produce an air-stable photovoltaic with 2.9% conversion efficiency.162 Notably, 

neither CdTe NRs nor CdSe NRs were able to produce rectifying devices, showing that the 

type-II heterojunction from the core@shell configuration was necessary to separate 

charges and prevent recombination. 
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Figure 9. Band diagrams for types of possible heterojunctions that can be produced by mixing 

different semiconductors, along with lowest energy electron and hole wave functions. In the 

Type-I structure, both hole and electron wave functions are confined to the core CdSe, but in 

the quasi type-II, because the difference between the ECB of CdS and CdSe is small, the electron 

wave function is delocalized across both materials. In the type-II regime, the electron is 

localized in the CdSe shell, while the hole remains confined in the core CdTe.  
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A third type of surface modification of NCs is the site selective deposition of metals 

and metal oxides to produce hybrid metal-semiconductor NCs.9 The site selectivity of 

metal deposition proceeds similarly to the growth of core@shell heterostructures – certain 

facets of the NC, and crystal defect sites, have greater chemical reactivity that promote 

heterogeneous nucleation on the NC rather than homogeneous nucleation in solution. This 

has been achieved for semiconductors including CdSe, CdS, CdSe@CdS with metals such 

as Au,9,86,163–165 Pt,4,166–172 PtCo,173 PtNi,173 Pd, Ag2S, Co,174–176 PdO,177 and Pd4S.177 

Control of the morphology of the deposited metal NC has also been achieved, which is 

important for properties such as plasmon resonance or catalytic activity.9 Indeed, the 

addition of Pt metal tips to CdSe@CdS NRs was shown to improve photocatalytic 

hydrogen production significantly compared to the untipped NR.2,11–13,18,128,130,131  

The addition of metal NC tips to NCs introduces unique chemical and energetic 

states, known as metal-semiconductor interface (MSI) states first reported by Banin and 

coworkers using scanning tunneling spectroscopy (STS), shown in Figure 10.8 The arrows 

in Figure 10 denote ECB (positive bias) and EVB (negative bias) of the CdSe NR. In trace 1 

of Figure 10, the scanning tunneling microscopy (STM) tip is poised over the Au metal tip, 

and the expected Coulomb blockade and staircase pattern can be seen, but with smaller 

peaks interspersed which the authors attributed to MSI states in the metal. The MSI states 

in the NR are new interface states within a few nm of the metal-semiconductor junction, as 

a result of Fermi level equilibration via charge transfer. This charge transfer is shown in 

Figure 11, where the left panel represents the EVB and ECB of the CdSe NR and Au metal 

NC separately, and the right panel shows the band bending due to Fermi level equilibration 
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when the Au metal tip is grown on the CdSe NR. This is investigated further in Appendix 

B of this dissertation. Traces 2 and 3 of Figure 10, which are taken approximately 1 nm 

and 4 nm from the metal-semiconductor junction, respectively, show these new MSI states 

as peaks in the middle of the gap. The MSI states disappear completely at the center of the 

NR, as shown in trace 4, which the authors note is nearly identical to the STS of a bare 

CdSe NR.8,31,32 With the appropriate combination of semiconductor and metal, MSI states 

could be used to promote fast charge transfer from the NC to the metal tip. Along with NC 

size, shape, and surface composition, NCs with optimized energetics to match the redox 

potentials necessary to drive the redox reactions of water splitting can be developed. We 

report our findings on the chemical and energetic effect of metal tipping on CdSe with Au 

NCs and CdSe@CdS NRs with Pt NCs in Appendices B and C, respectively. 
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Figure 10. Scanning tunneling spectroscopy (STS) at various points along the length of an Au-

CdSe NR. Trace 1 is positioned over the Au NC, and shows the typical Coulomb blockade in 

addition to smaller peaks associated with MSI states in the Au NC. Trace 4 is positioned at the 

center of the NR, and shows a clean band gap consistent with unmodified CdSe. Traces 2 and 

3 are taken near the Au-CdSe interface and show new density of states associated with MSI 

states. Reprinted with permission from Ref. 8. Copyright 2005 by the American Physical 

Society. 
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Figure 12. Proposed band diagram showing the effect of deposition of Au NCs to a CdSe NR. 

Pre-contact, the Fermi levels of the materials are not aligned, but once contact is made, electron 

transfer from the Au to the NR is made to equilibrate the Fermi levels. The states comprising 

the band bending region may be those of the MSI states. 
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1.2.5 The case for NCs in photocatalytic water splitting reactions 

The properties described in the previous section all provide methods to enable NCs 

to become particularly promising materials for photocatalytic water splitting. Here, we 

briefly expound on some of the arguments for the use of NCs.  

1. Enhanced charge carrier collection. One of the factors limiting 

photocatalytic efficiency is that of recombination of either the exciton or the free charges 

before they are either separated or consumed by the appropriate redox reactions.10 The 

probability of recombination is governed by the exciton lifetime and the diffusion length 

of the charges (either the electron or the hole), L: 

𝐿2̅ = 𝑞𝐷𝜏 

 (Equation 5) 

where q is a dimensionality factor (q = 2, 4, 6 for one-, two-, and three-dimensional 

diffusion), D is the carrier diffusion constant, and τ is the carrier lifetime. To optimize the 

collection of the carriers, it is necessary for L to be approximately equal to or greater than 

the thickness of the material, but a thicker film is often needed to absorb more light. This 

balance can be achieved in this films by roughening the surface or by using small particles 

like NCs, as shown in Figure 12. In Figure 12A, the exciton is generated in the bulk 

semiconductor and both the electron and the hole must reach their respective contacts, but 

because L is smaller than the thickness of the material, d, the probability of recombination 

of either the exciton or the free charge carriers is high. In fact, for this particular example, 

the electron is unlikely to be collected at the appropriate contact since the diffusion length, 

as defined by the circle of radius L, of the electron does not extend far enough. However, 



44 

 

in Figure 12B, which depicts a nanostructured surface, because the thickness varies, the 

area defined by the diffusion length of the charges which overlap with the contacts is 

greatly increased, suggesting a greater probability that the charges can be consumed for 

their respective processes before they recombine. In Figure 12C, the suspension of NR 

particles essentially eliminates the issue of diffusion length, since the exciton is already 

confined by the surface of the NR. This example shows a NR which is functionalized with 

a metal co-catalyst NC tip, which further aids the spatial and temporal separation of the 

charges to suppress charge recombination. The length of the NR can also be tuned to 

increase separation of the charges, as Müller et al. found by measuring the Stark effect by 

field induced PL intensity modulations and finding that it increased in longer NRs due to 

increased spatial separation of the delocalized electron and strongly confined hole.145  

2. Enhanced charge transfer due to increased surface area-to-volume ratio. 

Since the charge transfer and redox reactions occur at the solid-solid and solid-liquid 

interfaces, respectively, the increased surface area-to-volume ratio of NCs should promote 

these events.1,10 Furthermore, when the NCs have strong quantum confinement, the charge 

carriers extend beyond the boundaries of the NC, which enhances electronic coupling to 

adsorbed charge acceptors, thus increasing the rate of interfacial charge transfer from the 

NCs.1,178,179 As discussed previously, elongated NCs like NRs can also increase the surface 

area-to-volume ratio. However, the increase in surface area can also lead to increased rate 

of surface trapping and recombination, since the atoms on the surface are disordered due 

to incomplete coordination.20 Surface passivation with organic or inorganic ligands, or 

inorganic shells that are more resistant to surface traps is therefore necessary to improve 
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performance.19,100,103,137,153,180–189 Surface ligands can also be used to extend the NC wave 

functions, such as dithiocarbomate ligands explored by Frederick and coworkers190,191 and 

chalcogenol ligands.186,192,193 
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Figure 12. Illustration depicting how NCs can improve charge carrier collection. (A) A flat thin 

film of a semiconductor of thickness d with a carrier diffusion length of L (when d > L, to 

maximize light absorbance) is only able to collect one of the charge carriers to drive a reaction. 

(B) A nanostructured surface of the same semiconductor with average thickness d is able to 

collect both charges since the roughened surface creates areas where d < L. The charge which 

was unable to reach the reduction interface in (A) can now do so in (B) . (C) a metal-tipped NR 

solution where d < L is able to collect both charge carriers since the carriers are able to be 

spatially separated along the length of the NR, aided by compositional asymmetry from the 

metal NC tip. 
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3. Tunability of NC energetics. The benefit of quantum confinement afforded 

by NCs for photocatalysis is in the tunability of the EVB maximum and ECB minimum by 

changing the size, shape, and composition of the NC, which may increase the 

thermodynamic driving force for the electrolysis of water. Holmes et al. showed that the 

H2 evolution rate declined logarithmically with increasing CdSe NC diameter, a result of 

decreasing thermodynamic driving force from the change of the ECB minimum.121 

Additionally, as we explored in a previous section, the use of core@shell heterostructures 

can be used to engineer ECB and EVB such that there exists strong confinement of one charge 

carrier and delocalization of the other. Amirav and Alivisatos used various lengths of Pt-

tipped CdS and CdSe@CdS NRs, along with variation of CdSe core diameter, and found 

the greater apparent quantum efficiency for hydrogen production via photocatalytic water 

splitting occurred when the CdSe core NC diameter was 2.3 nm, rather than 3.1 nm.14 They 

reasoned that the smaller diameter CdSe core NC produced a quasi type-II band structure, 

which allows for the delocalization of the electron along the NR while confining the hole 

in the core. The application of metal NC tips to NRs also provides energetic tunability, 

both through charge transfer across the interface during Fermi level equilibration and the 

generation of MSI states. 

4. Multiple exciton generation. A product of strong quantum confinement in 

NCs is the possibility of multiple exciton generation (MEG) with a single incident photon, 

as illustrated in Figure 13.10,21,98,111,179,194 In MEG, a high energy photon excites an electron 

into a high energy state (step 1), which upon relaxation (step 2) produces a second exciton 

(step 3). MEG can improve the efficiency of solar energy conversion since in traditional 
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systems, excess kinetic energy is lost as heat and is thus not able to be converted to 

electrical or chemical energy. 

5. Ability of NCs to self-assemble. NCs are also able to assemble with methods 

of varying complexity.10,19,49,68,195–199 Simple methods to form thin films of NCs include 

methods such as evaporation and solution destabilization, which can produce grain sizes 

that approach hundreds of micrometers.19,68,74,200 The evaporation method typically 

produces thin film superlattices and includes techniques such as drop-casting, spincoating, 

doctor blading, and, with the appropriate choice of solvents, Langmuir-Blodgett 

techniques. The synthesis of magnetic NCs also provide a useful method to produce 

ordered thin films of NCs, as has been demonstrated with ferromagnetic Co-tipped 

CdSe@CdS NRs.7,173,174,176,199,201,202 Ferromagnetic Co NCs which are selectively grown 

on the ends of NRs may be instrumental in the self-assembly of photocatalytic NRs. 
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Figure 13.  Schematic of multi-exciton generation (MEG). First, a photon impinges the sample 

to excite an electron into a high energy state (1). This excited state electron relaxes to a lower 

excited state (2); if this relaxation process has enough energy, another electron in the material 

can be excited to produce a second exciton in the material (3). 
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1.3 MEASUREMENT OF NC ENERGETICS 

The importance of energetics of NCs has been alluded to several times thus far in 

this introduction, but the techniques for the measurement thereof has not yet been 

presented. It is necessary to know the energetics of the NC, since the ECB and EVB, and EBG 

by extension, control the light absorption, the driving force for charge separation, and the 

driving force for photocatalysis. Several experimental techniques have been used to 

measure the electronic structure of NCs, the most common being electrochemistry and 

spectroelectrochemistry, STM and STS, and photoelectron spectroscopy (PES). However, 

to our knowledge, these techniques have never been used to definitively examine the 

surface chemistry and electronic properties of photocatalytically relevant heterostructured 

NCs, most likely due to the complexity of these materials.  In this section, we explore these 

techniques and their capabilities in measuring the effect of NC size, capping ligands, and 

other surface modifications such as the addition of shells and metal tips.  

1.3.1 Electrochemistry and spectroelectrochemistry of NCs 

Guyot-Sionnest and Wang reported the first quantitative voltammetric response for 

the reduction of CdSe NC thin films on ITO and Pt in 2003.24 While voltammetric 

measurements had been attempted on NCs previously by Haram et al., who were able to 

correlate the reduction and oxidation peaks to the electron transfer to the LUMO and 

HOMO of 2.4 nm CdS NCs, respectively, due to irreversibility, poor conductivity in the 

thin films, and poor electrical contact with the substrate, quantitative results could not be 

collected.25 Nevertheless, they reported a EVB of ca. 5.71 eV and ECB of ca. 2.76 eV, which 

are comparable to energies presented in this manuscript. By exchanging the native ligands 
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on the CdSe NCs with cross-linking dithiol or diamine ligands, Guyot-Sionnest and Wang 

showed that rapid bleaching and recovery of the excitonic peak could be observed and 

quantitative information regarding the charge density was obtained.24 These results 

demonstrated, among other works, the feasibility of electrochemistry to probe the 

energetics of simple NCs. 

Cyclic voltammetery (CV) is the commonly used electrochemical technique to 

determine ECB and EVB of NCs.24–29,141,203 When the vacuum level potentials of the 

reference electrodes are known, it is possible to estimate the absolute energy of ECB and 

EVB of the NCs. Kucur et al. found that measurements obtained by CV matched well with 

theoretical calculations of quantum confinement in different sizes of spherical CdSe NCs,30 

and Querner et al. demonstrated that CV was capable of measuring differences in EVB and 

ECB of CdSe NCs not only as a function of size, but also when the native TOPO ligands 

were exchanged for an electrochemically active aniline tetramer, as shown in Figure 14.26 

In Figure 14A, the size dependence of ECB and EVB for CdSe NCs as determined 

electrochemically is compared to theoretical predictions, with good agreement. For 3.0 nm 

CdSe NCs, they estimated EVB = 5.74 eV and for 6.5 nm CdSe NCs, EVB = 5.59 eV. These 

values are also comparable to those presented in this dissertation. Figure 14B shows the 

two NC-ligand systems used to obtain the CV of Figure 14C, where the TOPO-capped NC 

voltammogram is shown in Figure 14C(i), and the aniline tetramer is shown in Figure 

14C(ii). The exchange of the TOPO ligand for the aniline tetramer ligand introduces a new 

redox couple at ca. E = 0.2 V, corresponding to the oxidation of the ligand. Additionally, 

the oxidation peak corresponding to EVB is shifted 100 mV more positive, while the 
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reduction peak corresponding to ECB is shifted ca. 200 mV more negative. Using ionic 

liquid as the supporting electrolyte afforded Kucur and coworkers the electron mobility to 

measure oxidation and reduction peaks associated with defect states in CdSe NCs.27 They 

found evidence that, for the sizes investigated, the predominant defect state observed were 

the result of Se/Cd divacancies located on the surface of the NC, along with some surface 

defects due to oxygen adsorption at Cd surface sites.  

CV was also shown to be a potential method for investigating the absolute energy 

levels of CB and VB states of both core and shell in CdTe@CdSe and CdSe@CdTe 

core@shell NCs, shown in Figure 15.29 Figure 15a shows the voltammograms for CdTe 

and CdTe@CdSe NCs, where peaks that roughly correspond to ECB and EVB of each 

semiconductor are marked by the downward and upward facing triangles, the square, and 

the circle. Voltammograms for CdSe and CdSe@CdTe NCs are shown in Figure 15b. In 

both cases, new peaks evolve with increasing number of shell monolayers that appear to 

match the type-II band alignment predicted for CdTe@CdSe and CdSe@CdTe NCs. The 

authors, however, expressed uncertainty regarding the assignment of the peaks, since they 

were not clearly predicted by effective mass approximation calculations, and suggested 

alternative techniques such as STS to clarify the assignment.  
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Figure 14. (A) Measured EVB and ECB of CdSe NCs as a function of NC diameter with CV 

(squares and triangles) along with pseudopotential calculations (+). (B) Scheme of CdSe capped 

with TOPO ligands (left) and aniline tetramer ligands (right). (C) CV of (i) TOPO capped CdSe 

NCs and (ii) aniline tetramer-capped CdSe NCs. Adapted from Ref. 26 with permission of The 

Royal Society of Chemistry. 



54 

 

 

  

Figure 15. CV of (a) CdTe@CdSe core@shell NCs and (b) Cdse@CdTe core@shell NCs, as a 

function of number of monolayers. Reprinted with permission from Ref. 29. Copyright 2013 

American Chemical Society. 
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Spectroelectrochemistry is also often used to probe the ECB of NCs, since the 

injection of electrons into the CB via an applied potential bleaches the absorbance of the 

NCs.24,26,30,203,204 Araci and coworkers used potential-controlled attenuated total 

reflectance (ATR) spectroscopy, which is uniquely capable of characterizing both 

spectroscopic and redox processes of weakly absorbing species or submonolayer 

coverages, to characterize the reversible electron injection into isolated CdSe NCs tethered 

to indium tin oxide (ITO).204 Figure 16A shows the schematic view of the 

spectroelectrochemical cell with the tethered NCs, to which light can be coupled into the 

ITO waveguide, and a potential can be applied to inject electrons into the NCs. By 

measuring the onset potential for electron injection, which was monitored by the bleaching 

of the 1Se transition (Figure 16B), an estimate of ECB was found to be ca. 3.5 eV w.r.t. 

vacuum, and using the optical band gap, EVB was estimated to be ca. 5.5 eV, which is close 

to literature values and those presented in this dissertation.141 Applying a potential 

modulation to the spectroelectrochemical cell and measuring the real and imaginary 

components of the electroreflectance response, Rac, with respect to frequency yields the 

apparent electron injection rate, which was found to be ca. 500 s-1 (Figure 17C).  
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Figure 16. (A) Schematic of the PM-ATR spectroelectrochemistry experiment, showing the 

tethered monolayer of pyridine-capped CdSe NCs to the ITO surface (top). The light is coupled 

into the waveguide to interact with the NCs and measured upon outcoupling (bottom). (B) 

Representative spectra of the reversible bleaching of the excitonic peak of the CdSe NC, as a 

function of applied potential. (C) The plot of real and imaginary reflectance components used 

to determine the rate constant of the reversible bleaching. Adapted with permission from Ref. 

204. Copyright 2010 American Chemical Society. 
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Even from this small selection of work, it is clear that electrochemistry is a capable 

tool for determining the electronic structure of simple NCs. However, because the NCs are 

solvated in an electrolyte, polarization effects and differences in the dielectric constants 

between solvents mean that ECB and EVB values determined via electrochemical methods 

may not coincide with those observed by other methods, particularly those made in 

vacuum.23,204,205 The work function, ϕ, of the NCs cannot be measured, so changes in 

energetics due to charge transfer at heterojunctions, and the resulting band-bending, cannot 

be determined. Furthermore, even for simple NCs, the chemical source of the changes to 

the NC energetics can be difficult to determine using electrochemical techniques. Prior to 

publication of the work shown in Appendix C of this manuscript, no electrochemical 

measurements of complex heterostructured NCs have been reported in the literature. 

1.3.2 Scanning tunneling microscopy and spectroscopy of NCs 

We briefly discussed the work of Steiner et al. using STM and STS to investigate 

the electronic structure of Au metal tipped CdSe NRs in Section 1.2.4. The appeal of STS 

is the ability to directly and separately probe the CB and VB of a single NC, which is not 

possible in optical spectroscopy, since only the allowed transitions of an ensemble of NCs 

between the VB and CB are detected. Resonant tunneling through the discrete energy levels 

of the NCs appears as peaks in the conductance dI/dV spectra which are proportional to the 

local density of states.8,31–36  

An early report of STS on semiconductors was presented by Bar-Sadeh in 1994, in 

which they examined granular Au embedded in Al2O3 films co-sputtered onto an Au 

substrate.206,207 In this work, they found that the Au granules exhibited equidistant steps of 
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equal intensity characteristic of a Coulomb blockade observed in the STS of metals, but 

additional small steps were observed. They attributed these extra steps to tunneling through 

multiple Au granules, however, it could be the MSI states that arise from charge transfer 

between the Au and the Al2O3 when they contact, as we described previously.  

Since that work, STS has been used in increasingly complex and interesting NC 

systems. Soreni-Harari used STS to measure the differences to the electronic structure of 

spherical InAs NCs deposited on Au substrates when capped with trioctylphosphine (TOP), 

aniline, and 4-methylthiophenol (MTP).208 They found that both aniline and MTP shifted 

EVB and ECB towards lower energy by ca. 0.2 eV compared to the TOP-capped InAs NC, 

which compares well with photoelectron spectroscopy in air (PESA) results on ligand 

exchanged CdSe NCs.141 Furthermore, they were able to measure changes to the band 

structure when the the NCs were aggregated. In 2002, Katz and coworkers,32 and later 

Rothenberg and coworkers,31 successfully investigated the evolution of the band structure 

of CdSe NRs as a function of rod length and diameter. As predicted, the band gaps of the 

NRs were affected by the NR diameter but not the length of the NR; however, the deeper 

band structure does change with NR length.  

Core@shell heterostructured NCs can also be investigated using STS, as 

demonstrated by Steiner and coworkers.33 CdSe@CdS and ZnSe@CdS NRs were 

deposited on Au(111) substrates via drop casting and single NRs were probed by the STM 

tip. In that work, they found that when the STM tip was positioned over the CdS shell, the 

band gap was ca. 2.9 eV, but was ca. 2.3 eV when positioned over the CdSe core. Both 

values matched well with the measured optical gaps of the material, which suggested that 
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the CdSe-CdS interface formed a type I heterojunction, as expected. A similar result was 

found for the ZnSe@CdS NRs, where a type II heterojunction was observed. Finally, as 

we explored earlier in Section 1.2.4, Steiner et al. showed that STS could explore the effect 

of Au metal tipping on CdSe NRs on EVB and ECB as a function of proximity to the metal-

semiconductor interface, and thus discovered the so-called MSI states within the first few 

nm of the interface.8 However, the chemical identity of the MSI states could not be 

determined using this technique.  

These results highlight the ability of STS to measure and identify changes to the 

electronic structure of NCs when nanoscale changes are made to the NC. However, the 

need for very low temperatures (ca. 4 K) in order to obtain high resolution spectra, and 

voltage division effects lead to enlargement of the measured EBG. Furthermore, STS, like 

electrochemistry and spectroelectrochemistry, does not give information about the local 

vacuum or work function of the NCs, nor does it reveal the chemical nature of the energetic 

changes. A combination of PES techniques which probe both the core and valence level 

electrons, such as XPS and UPS, respectively, would be able to yield information about 

both the surface chemistry and the electronic properties of both simple and complex NCs. 

1.3.3 Photoemission spectroscopy of NCs 

PES is an analytical technique based on the photoelectric effect discovered in 1887 

by Hertz when he observed ultraviolet radiation emitted by an arc triggered by a second 

arc, and explained by Einstein in 1905 with the quantum nature of light.209 Einstein showed 

that when both the photon energy, hν, and the kinetic energy (KE) of the onset of 
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photoemission is known, the work function, ϕ, of a metal can be determined by the 

equation: 

𝐾𝐸 = ℎ𝜈 − 𝜙 

(Equation 6) 

Since then, despite being performed essentially the same way, PES has evolved into a 

powerful tool for surface sensitive chemical and energetic analysis.  

In 1991, Colvin, Alivisatos, and Tobin presented the first observations of the 

electronic structure of CdS NCs using synchrotron radiation with photon energy hν = 20-

70 eV.78 In this work, the CdS NCs of increasing diameter were tethered to Au substrates 

using hexanedithiol (HDT) and to Al with mercaptopropionic (MPA) acid. They found that 

in both cases, the photoemission cutoff, which corresponds to photoelectrons originating 

from the top of the VB, shifted to higher binding energy (BE) as the diameter of the NC 

decreased, as expected due to quantum confinement. Bowen Katari et al. utilized the same 

tethering technique to study the chemical composition of CdSe NCs as a function of size 

using x-ray irradiation, which probes the core level electrons rather than the valence level 

electrons.79 Using the core level information, they were able to show that the decreased 

curvature of larger particles introduced steric hindrance for the TOPO ligands, since the 

P/Cd atomic ratio decreased for larger NC diameters. Furthermore, they were able to detect 

oxidation of the NCs due to air exposure.  

The effect of the net dipole moment of the capping ligand on the EVB of CdSe NCs 

tethered to Au by HDT was investigated by Munro et al. in 2010.83 The native TOPO/HDA 

ligands were exchanged for 1-hexanethiol, 1-benzenethiol, and 4-fluorothiophenol. The 
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shift of the ligand dipole moment from 2.0 D for 1-hexanethiol to -0.6 D for 4-

fluorothiophenol caused a local vacuum shift to increase ϕ by 0.5 eV in 6.0 nm NCs and 

0.2 eV in 3.6 nm NCs. Since photoelectrons ejected from the solid must pass through the 

dipole layer produced by the ligand, the dipole moment of the ligand can increase or 

decrease the KE of the photoexcited electron; this has the effect of changing the ϕ of the 

material. They found that the EVB of the CdSe NCs ranged from ca. 6.1 eV with 1-

hexanethiol ligands to ca. 6.5 eV with 4-fluorothiophenol ligands, which are larger than 

values of similarly sized CdSe NCs obtained electrochemically. To enhance the primary 

photoemission from the CdSe NCs, Munro et al. subtracted a weighted UP spectrum of the 

HDT-Au substrate from the collected spectra of CdSe tethered to the substrate. However, 

since the resulting baseline is not flat, it is not immediately clear if the photoemission is 

due to photoelectrons from some small density of states or background photoemission that 

was not accounted for.  

Jasieniak et al. used PESA to measure the EVB of spherical CdSe, CdTe, PbS, and 

PbSe NCs as a function of size, as well as the effect of ligands with different functional 

groups.141 Their results corresponded well with previously acquired CV measurements as 

well as theoretical calculations, with EVB for CdSe NCs ranging from ca. 5.3–5.7 eV for 

NC diameters from 2-6.5 nm, showing that PES can be complementary tool to determine 

EVB alongside electrochemical or spectroelectrochemical measurements of ECB. Jasieniak 

et al. also showed that for a single size of NC, EVB can be shifted by as much as 0.35 eV 

just by changing the functional group of the capping ligand; however, they found no 

dependence of EVB on the length of the alkyl chain of the ligand. In order to interpret the 
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spectra, Jasieniak et al. used the cubic root of the photoelectron yield, which has been used 

in bulk semiconductors to account for low energy tailing due to surface states.210,211 

However, this approach was developed for measuring low yields of surface states in simple 

semiconductors and not their bulk processes, which follow different power laws depending 

on their scattering mechanisms. As shown in later chapters and appendices, changes to the 

NC such as the addition of a metal NCs complicate the photoemission spectra significantly, 

and thus, a simple power law relationship may no longer be appropriate. 

While PES of spherical, homogeneous NCs  and electrochemical and scanning 

tunneling techniques have made initial efforts to explore the effect of compositional surface 

modifications like the addition of shells and metal tips, measurement of photocatalytically 

relevant heterostructured NCs has never been performed using PES, to our knowledge, 

before the work that appears in this dissertation. The various background sources in PES 

make measurements of the minute changes to the chemistry and energetics of the NCs 

difficult to discern; however, that the work we present herein to reduce these backgrounds 

makes PES a much more useful measurement tool for complex, photocatalytically relevant 

NCs. 

1.4 BASICS OF PHOTOEMISSION SPECTROSCOPY 

In order to describe background photoemission and our methodology to remove it 

to improve spectral contrast, which can be found in Chapter 2 of this manuscript, we must 

first provide a brief explanation of the photoemission experiment. In this section, we will 

focus on the basic theory, general instrumental setup, and explore briefly the types of PES 

that are commonly used. For a more in-depth investigation into the theory of 
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photoemission, refer to the references, which cover the many body theory oft used to 

describe the experiment.39,212–222  

1.4.1 Theory of photoemission 

PES experiments have not significantly changed since the first experiments. In 

general, a photon source of energy hν impinges a surface to photoexcite core or valence 

electrons which can relax via radiative emission or Auger decay; or escape the solid. If the 

photoelectron is ejected from the sample, the measured KE of the electron is related to the 

BE according to the following modified Einstein equation:39–41,43,44,222,223 

𝐾𝐸 = ℎ𝜈 − 𝐵𝐸 −  𝜙𝑠𝑝𝑒𝑐 

(Equation 7) 

where ϕspec is the work function of the spectrometer. The result of Equation 7 is that 

chemical and energetic information about the sample can be obtained, since the BE of the 

electron is unique to each element and is sensitive to different chemical environments.39,212 

The type of information obtained is determined by the energy of the excitation source.212,223 

When high energy ionizing sources (hν > 100 eV) in the x-ray regime are used to 

interrogate the core levels of the sample, the process is known as x-ray photoelectron 

spectroscopy (XPS). Alternatively, when lower energy sources (hν = 5-100 eV) in the 

ultraviolet (UV) regime are used to probe the valence levels of the sample, it is known as 

ultraviolet photoelectron spectroscopy (UPS). Electron beams have also been used to 

interrogate samples in a process known as inverse photoelectron spectroscopy (IPES); in 

IPES, an electron impinges the sample and emits Bremsstrahlung which is detected to yield 

information about the unfilled states of the sample.223 We note that with both x-ray and 
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electron beam sources, there is the possibility of Auger decay. The various types of PES 

are depicted in Figure 17. While AES and IPES are both still popular types of PES, they 

are not used in this work; as such, we refer the reader to the references for more information 

regarding these techniques.37,38,42,222–231 

PES is commonly described using a three-step model, where each step represents a 

distinct and independent process, although in reality, the photoemission process should be 

treated as a single step.214,221,223 This three-step model is broken down into: a) 

photoexcitation of the electrons, b) transport of photoexcited electrons to the surface, and 

c) escape of photoexcited electrons to the surface. 

In the first step, the excitation source impinges the sample and electrons at an 

energy E0 are excited. The photoexcitation probability of an N-electron system is 

proportional to Fermi’s golden rule, 

∑|⟨𝑓|𝑨 ∙ 𝒑𝑗|𝑖⟩|
2

𝛿(𝐸𝑓(𝑁) − 𝐸𝑖(𝑁) − ℎ𝑣)

𝑓,𝑗

 

(Equation 9) 
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Figure 17. Energy level diagram showing the general processes for commonly-used types of 

PES. We explore XPS (A) and UPS (D) in greater detail in the text. AES (B) and IPES (C) are 

not in the scope of this work. 



66 

 

where |i› is the initial state, |f› is the final state, Ei(N) and Ef(N) are the initial and final 

energy of the N-electron system, A is the quantized vector potential of the excitation light, 

and pj is the momentum operator for the j-th electron to be excited.222 There is no term for 

the interaction between the photoexcited electron and the remaining electrons in the 

system, since the timescale of the photoexcitation process to create the photoelectron is 

much shorter than those of electron interaction, which is the so-called “sudden 

approximation.”222 Due to the formation of intrinsic plasmons which can interact with the 

excited electrons, some electrons lose some energy proportional to the number of plasmons 

they interact with; these electrons are centered around energies E0 - ħωp, E0 - 2ħωp, etc., 

where ħωp represents the plasmon energy. These plasmonic losses contribute to the 

background in the PES experiment, as we discuss in greater detail in Chapter 2.  

The second step involves the transport of the photoexcited electron to the surface. 

In this step, there exists a probability that the electron is scattered by collisions with other 

electrons or with phonons during transport to the surface and thus lose some energy. This 

probability is considered uniform through the solid, and thus, electrons that arise from deep 

in the interrogated material have a high probability of scattering. This scattering process 

gives rise to the inelastic mean free path (IMFP) of the electron, λ, which can be modeled 

by Equation 10:223,232–234 

𝜆 = 𝐸/ {𝐸𝑝
2 [𝛽 ln(𝛾𝐸) − (

𝐶

𝐸
) + (

𝐷

𝐸2
)]} 

(Equation 10) 

where E is the KE of the electron, Ep = 28.8 (Nvϱ/M)1/2 is the free electron plasma energy, 

where ϱ is the density of the material, Nv is the number of valence electrons, M is the atomic 



67 

 

or molecular weight, β = -0.0216+0.944/(Ep
2+Eg

2)1/2+7.39×10-4 ϱ, γ = 0.191ϱ-0.50, C = 1.97-

0.91U, D = 53.4-20.8U, U = Nvϱ/M = Ep
2/829.4, and Eg is the band gap. From Equation 10, 

it is clear that the IMFP is a function of material properties like density; however, it was 

shown experimentally that an universal curve was useful for predicting the IMFP, which 

is shown in Figure 20.232 The effect of the IMFP is that electrons from the bulk of the 

interrogated sample cannot escape the solid due to scattering, making PES a surface 

sensitive technique. From Figure 20, we see that the sampling depth, which is commonly 

taken to be three times the IMFP, for UPS (region bracketed by dashed lines) is ca. 1-3 nm 

and for XPS (region bracketed by dotted lines) it is ca. 2-10 nm, depending on the electron 

KE after photoexcitation. 

The final step is the escape of the electron from the surface of the solid. This is 

modeled by the probability of scattering of electrons by surface plasmons as it escapes the 

solid. The surface plasmon scattering probability is small, and therefore does not contribute 

greatly to the photoemission probability.  

The product of the probability of each of the three steps is proportional to the total 

photoemission intensity at any particular energy. While there are slight differences in 

photoexcitation of core-level electrons and valence electrons, these general principles are 

sufficient to understanding the photoemission experiment.  
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Figure 18. Compilation of IMFP measurements for various elements. Relevant energy regimes 

for UPS and XPS are shown in between the dashed and dotted lines, respectively. Reprinted 

with permission from Ref. 235. Copyright 1979 Wiley. 
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1.4.2 Instrumental setup for PES 

A typical photoelectron spectrometer is shown in Figure 19. In this example, the 

instrument contains two photon sources, an X-ray source (Mg or Al Kα x-ray sources) with 

a monochromator, and a UV source (He-I discharge lamp), which impinge the sample to 

generate photoelectrons. The photoelectrons then encounter a retarding lens which uses a 

field to decelerate (or accelerate) the photoelectrons to a near constant energy determined 

by the pass energy of the experiment. This is done to increase the resolving power of the 

instrument. A concentric hemispherical analyzer, which consists of two hemispheres which 

are poised at different potentials to focus electrons of a particular KE onto the detector. 

The detector can be a single channel electron multiplier or a multichannel electron 

multiplier to collect photoelectrons in a small KE range, typically ca. 10% of the pass 

energy. We direct the reader to the references for a more in-depth review of the 

instrumentation.212,222–224 
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Figure 19. Diagram of a typical setup for PES experiments. In this instrument, an X-ray source 

and a UV source impinge the sample surface. Photoelectrons are decelerated at the retarding 

lens before entering the energy analyzer to be detected. 



71 

 

1.4.3 X-ray photoelectron spectroscopy (XPS) 

XPS, also known as electron spectroscopy for chemical applications (ESCA), was 

first applied by Siegbahn and coworkers in 1956.224,235 Since those initial findings, XPS 

has become a powerful surface characterization tool, due to advancements in vacuum 

technologies, monochromatization of x-rays, improvements to electron energy analyzers, 

and advancements in computing.212  

XPS is commonly performed using Al or Mg Kα x-ray guns (1486.295 eV and 

1253.437 eV, respectively) and a monochromator may be used to suppress satellite 

photoemission and reduce the linewidth.212 The high energy of these sources allows them 

to generate photoelectrons from many core energy levels for most materials. However, due 

to the IMFP described earlier, XPS is still a highly surface sensitive technique.  

Figure 17A shows the energy level diagram for a sample undergoing XPS analysis. 

In this typical experiment, the x-ray photon of energy hν impinges the sample and 

photoexcites a core level electron which is bound to the atom with an energy BE. This 

photoelectron is ejected to vacuum with a KE that is measured at the detector, according 

to Equation 7 and the total probability described previously. Because the excitation energy 

is known, the KE of the photoelectron is measured, and the spectrometer work function is 

constant, the BE of the photoelectron can be determined.  

The BE of the electron provides chemical information about the sample because it 

depends on the atom from which the electron originated and chemical environment of the 

originating atom. XP spectra of most elements have been compiled which can be used a 

reference to identify the chemical species of an unknown sample. However, arguably the 
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predominant use of XPS is the measurement of shifts in BE due to changes to the proximate 

environment of the photoelectron. These shifts arise from changes in the charge density 

due to chemical bonding or the near chemical environment. Thus, the peak position, 

relative intensity, and peak shape are dependent on the nature of the chemical environment 

of the photoelectron.  

While absolute quantification is generally not possible, relative atomic ratios can 

be estimated.224 In a simple example of a binary sample AB, the number density of an 

element A can be given by Equation 13: 

𝑁𝐴 =
𝐼𝐴

𝐼0𝑇𝐴𝐷𝐴𝜎𝐴𝐿𝐴𝜆𝐴𝑐𝑜𝑠𝜃
 

(Equation 13) 

where IA is the photoelectron intensity, I0 is the incident x-ray photon flux, TA is the 

transmission efficiency of the electron analyzer at some KE, DA is the detector efficiency 

at some KE, σA is the photoionization cross-section of the element, LA is a geometric term 

that accounts for the effects of the incident photon and collection angles, λA is the IMFP of 

the photoelectron with some KE, and θ is the take-off angle of the photoelectron. Equation 

13 is also true for the hypothetical element B. Typically, I0 and θ are identical for both A 

and B, since both elements are measured in the same experiment. Then, as an 

approximation, when the elements A and B under investigation are relatively close in BE, 

then T, D, L, and λ are approximately equal. Thus, the ratio of the number density of A and 

B can be expressed as: 

𝑁𝐴

𝑁𝐵
=

𝐼𝐴
𝜎𝐴

⁄

𝐼𝐵
𝜎𝐵

⁄
=

𝐼𝐴𝜎𝐵

𝐼𝐵𝜎𝐴
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(Equation 14) 

1.4.4 Ultraviolet photoelectron spectroscopy (UPS) 

The UPS experiment is shown in Figure 17D. A lower energy photon (ca. 20-40 

eV) impinges the sample to photoexcite a valence level electron to yield real information 

about the VB structure of the material. While XPS and AES can be used to probe the VB 

states,39,231,236–238 they are not ideal techniques for doing so, due to low photoionization 

cross section at the low BE regime with high energy excitation.39 Salaneck et al. noted that 

for XPS with photon energies ca. 1 keV, the ionization cross section for the C 2p electrons 

was ca. 1/10 that of C 2s.39 On the other hand, UPS with photon energies ca. 20 eV has 

photoionization cross section for C 2p electrons is almost 10 times that of the C 2s 

electrons.  

However, UPS does not simply provide information regarding the VB DOS; it can 

also yield important information regarding the sample work function and local vacuum 

level.41 These pieces of information are critical to understanding the changes in energetics 

that arise when materials are interfaced together. This manuscript relies heavily on these 

work function and vacuum level changes to understand the effect of the nanoscale changes 

to the energetics of NCs. Much of the information we summarize below is covered in 

greater detail by Cahen and Kahn.41 

1. Vacuum level. The vacuum level is used to describe the energy of an 

electron at rest either just outside the surface of the solid, in the case of the local vacuum 

level, or at an infinite distance from the solid, which defines the infinite vacuum level. 

While the latter is not experimentally measurable, the local vacuum level can be 
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determined as shown in Figure 20A. The arrow labeled (1) in Figure 20A represents the 

photoelectrons which have just enough energy to be ejected from the solid into the rest 

state above the solid – the local vacuum, Evac(s). When these photoelectrons reach the 

detector, they have an energy EK
min relative to the local vacuum of the detector, Evac(d). 

One thing to note here is that photoelectrons which have experienced scattering may also 

fall to an energy of EK
min; we will explore this topic in greater detail in Chapter 2. The 

photoelectrons with the greatest energy, EK
max, will be those electrons arising from the 

Fermi energy, EF.  

The vacuum level can be shifted for a sample by chemically altering the sample; 

for example, the addition of a dipole layer as in Figure 20B, produces a barrier to electron 

escape. Photoelectrons must therefore have more energy to escape the sample surface and 

the dipole layer, meaning that they must come from an energy closer to EF than if no dipole 

was present. This effectively raises Evac(s) and EK
min, assuming that the detector properties 

do not change.  

2. Work function. The work function of the sample is the energy difference 

between an electron at rest just above the solid and an electron at the highest occupied state, 

i.e., the Fermi level. From Figure 20, we see that this can be represented by the measurable 

quantities according to Equation 15: 

𝜙𝑚 = ℎ𝑣 − (𝐸𝐾
𝑚𝑎𝑥 − 𝐸𝐾

𝑚𝑖𝑛) 

(Equation 15) 

In the case of a metal, EK
max and EF are equivalent energetically; however, for 

semiconductors, EK
max refers to the energetic onset of photoemission, which is below EF. 
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In this case, EF must be separately measured using a material with a known work function 

to calibrate the measurements. 

In this work, we will utilize both the information gathered from VB edge 

photoemission as well as the local vacuum level and sample work function to understand 

the energetic changes that result from nanoscale changes to NCs.  
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Figure 20. Energy diagram of a bare metal surface undergoing a UPS experiment and the 

electron detector, in equilibrium. Due to electronic contact, the EF is aligned in this system. The 

vacuum level at infinity is not measurable, and is thus arbitrarily positioned below the sample 

vacuum level, Evac(s), and the detector vacuum level, Evac(d). The work function of the metal, 

ϕm, and the detector, ϕd, are shown  over their respective EF. In (a), photoelectrons are ejected 

from various energies in the solid, noted as 1 and 2. Photoelectrons from 2 are those from the 

highest occupied states, and thus have the lowest BE and are thus measured at the detector with 

energy EK
max, whereas those photoelectrons from 1 are the last electrons which have sufficient 

energy to reach Evac(s), and are detected with energy EK
min. In (b), a dipole layer is added, which 

raises the local vacuum of the sample, Evac(s), which alters the range of photoelectron energies 

that can escape the solid. Reproduced with permission from Ref. 27. Copyright 2003 Wiley. 
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1.5 DISSERTATION OVERVIEW 

This dissertation is focused on the characterization of simple to complex NCs using 

PES, with particular focus on measuring the chemical and energetic changes that arise from 

nanoscopic modifications of the NCs which are necessary to improve efficiency of NC-

based devices. Advancements in the synthetic methods have led to various new NC shapes 

and structures of increasing complexity, such as metal-tipped core@shell NRs. The 

efficiency of these complex NRs to drive photocatalytic hydrogen production has been 

proven by several researchers,2,12–14,22,122,130 but the chemistry that underpins the 

differences in quantum efficiency has not been systematically studied. Attempts to measure 

the energetics of such heterostructured NRs have been made using techniques such as CV29 

and STS,8,33 but definitive assignment of the chemical origin of observed changes could 

not be made due to limitations of the methods. Thus, the chemical and energetic changes 

in NRs as a result of metal NP tipping that may help drive rational design of NCs have 

remained largely unexplored. However, PES techniques, specifically XPS and UPS, are 

uniquely capable of providing insight into changes in both the surface chemistry and 

energetics of both simple and complex NCs. Additionally, UPS has been used previously 

to measure EVB of various NCs with good agreement to measurements obtained with other 

techniques.83,141,231 However, the low density of states at the top of the VB of NCs makes 

the interrogation of NCs with PES difficult without methods to enhance the primary 

photoemission from the NCs. This becomes especially important when attempting to 

quantify nanoscale changes to the surface of NCs. We thus need to understand and 

systematically remove the background photoemission inherent in the PES experiment to 
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isolate and enhance the primary photoemission. With this novel UPS background removal 

methodology, we were able to study the effect of NC capping ligand removal on the surface 

chemistry and energetics of CdSe NCs. From this work, we were able to demonstrate that 

UPS was capable of measuring the chemical and energetic changes that arise from 

nanoscale chemical modifications of NCs. We then turned our attention to 

photocatalytically relevant NC systems of increasing complexity, starting with the Au-

tipped CdSe NR and then completing our study with Pt-tipped CdSe@CdS core@shell 

NRs, which have shown great potential in photocatalytic water-splitting applications. 

In Chapter 2 of this dissertation, we explore the current understanding of the 

physical processes leading to background photoemission in photoelectron spectroscopies, 

the history of background removal techniques, and present the new methodology which 

utilizes a combination of the common techniques to remove the background photoemission 

which allows us to study energetic changes that arise from nanoscopic chemical 

modifications. This background removal methodology is critical to enabling the study of 

the small changes to the top of the VB of NCs as a result of nanoscale chemical 

modifications. Each of the subsequent appendices utilizes this methodology in order to 

reveal the changes to the VB for the NCs. 

In Appendix A we investigated the effect of removal of surface capping ligands 

from two sizes of CdSe NCs, synthesized by Mario Malfavon, Ph.D., using XPS and UPS. 

Ligands are typically insulating aliphatic organic molecules, so to improve charge transport 

in NC-based thin films, researchers often use additional purification steps to reduce excess 

capping ligands, exchange the native ligands for shorter ligands to promote tunneling, or 
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exchange the native ligands for more conductive ligands. Many researchers have explored 

the energetic effects of using different kinds of ligands with a variety of techniques, but 

none have systematically explored the changes to the surface chemistry and energetics of 

NCs as a function of percent surface coverage of capping ligands. We used XPS and UPS 

to explore these changes and found that the removal of ligand and increase in 

undercoordinated surface atoms shifted the local vacuum level by up to 0.3 eV and 

increased the EVB by up to 0.4 eV. We also found that the deeper band structure was 

affected, possibly due to reorganization of atoms in the NC. From these studies, we showed 

that the surface coverage of capping ligands on NCs does indeed affect the VB structure, 

which has implications for NC-based devices, and that PES, when coupled with careful 

treatment of the data, was capable of measuring small changes to the surface chemistry of 

NCs. 

Appendix B increases the complexity of the NC system by extending the 0-D NC 

to a 1-D NR and selectively adding a metal NC to both termini of the NR. The addition of 

metal tips to nanomaterials has been shown to improve photocatalytic water-splitting 

efficiency, but understanding the chemical and energetic impact of the formation of the 

metal-semiconductor interface is not well-understood. Banin and coworkers showed, using 

STS on single NRs, that the addition of Au metal tips to CdSe NRs produces new density 

of states in the band gap near the Au-CdSe interface.8 However, they did not provide a 

chemical description of these MSI states in their work. In this Appendix, we, in 

collaboration with Prof. Scott Saavedra, Prof. Jeffrey Pyun, Ramanan Ehamparam, Ph.D., 

and Nicholas G. Pavlopoulos, use PES and spectroelectrochemistry to investigate the 



80 

 

chemical and energetic effect of these MSI states in sub-monolayers of Au-tipped CdSe 

NRs deposited onto HOPG and ITO. The UPS work described in this Appendix also relied 

on the background removal methodology described in Chapter 2 to reveal the MSI states 

at the top of the VB. Our experiments show that the addition of the Au NCs causes the EVB 

of the CdSe NRs to decrease by ca. 0.3-0.4 eV, as a result of electron transfer from the NR 

to the Au NC. This work was the first to attempt to systematically characterize the energetic 

effect of the addition of Au NCs to CdSe NRs and to examine the chemical nature of the 

MSI states.  

Finally, in Appendix C, we explore the most complex, but most promising NR for 

photocatalysis – the Pt-tipped CdSe@CdS core@shell NR. Researchers have achieved near 

unity internal quantum efficiency (absorbed photon-to-hydrogen conversion efficiency) 

with this class of heterostructured NR, but due to its complexity, its surface chemistry is 

not well understood.12 Using the knowledge we obtained from the less complex 

nanomaterials explored in previous chapters, we, in collaboration with Prof. Jeffrey Pyun 

and Lawrence J. Hill, Ph.D., were able to measure the extent of the MSI states in the 

CdSe@CdS NR as well as the shift in EVB when the Pt tip is added using PES. We were 

able to determine that the MSI states, which may be PtS or PtS2-like chemical species, 

extend several nm away from the Pt NCs towards the center of the NR, and that due to 

electron transfer from the Pt NP to the NR, the EVB shifts ca. 0.2 eV to lower energies. The 

measurements presented in this Appendix are the first ever attempted on these 

photocatalytically relevant NRs and uniquely provide insight into the chemical origin of 

the MSI states. 
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Chapter 3 summarizes the work described in this dissertation and explores the 

future directions for this line of research. It is our hope that the work in this dissertation 

can aid in the understanding of surface chemistry of NCs and that the methodologies 

described be applicable to other thin film semiconductors. 
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CHAPTER 2. THEORY OF SECONDARY PHOTOEMISSION 

PROCESSES AND NEW METHODOLOGIES FOR THEIR REMOVAL 

 

In this chapter, we explore the historical understanding of background secondary 

photoelectron emission in PES, the various techniques devised to remove these background 

photoelectrons, and finally describe the methodology we employ to remove the complete 

ensemble of background photoelectrons from our UP spectra. As was described previously, 

in the three-step photoemission process model, during the second step wherein a 

photoexcited electron is transported to the surface, there is a finite probability that the 

electron undergoes collision with other electrons or phonons before reaching the surface-

vacuum interface – these are the so-called secondary photoelectrons. Some of these 

scattered secondary electrons will be able to reach the surface with sufficient energy to 

escape the solid and be detected. It is important to reliably remove background 

photoemission since important information about the sample can be obscured by large 

backgrounds. Many techniques have been developed to remove these secondary 

photoelectrons in high excitation energy PES, but some physical processes are ignored by 

approximations that are relevant with lower energy photoelectrons such as those produced 

in the UPS experiment which use low energy excitation sources (e.g. He I and He II 

sources).1 To our knowledge, a general methodology for identifying and eliminating 

background and secondary photoemission from low energy (hν < 100 eV) PES has not 

been developed as those for high energy (hν > 1000 eV) PES. Removing background 

secondary photoemission in UPS of semiconducting nanocrystals is especially critical, 

since the density of states near the band edge is low and can therefore be buried under 
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secondary or background photoemission. Herein, we review the existing knowledge of the 

theory of secondary photoemission, describe the techniques that have been derived to 

remove them, and then introduce the combination of techniques that we employ to remove 

the background in UP spectroscopy. We utilize spectra of Ar-sputtered Au foil and a 

ruthenium phthalocyanine derivative to demonstrate the utility of our background 

correction methodology. Without the methodology described in this chapter, identifying 

the defect states on NCs and MSI states in the metal tipped NRs, as we explore in later 

Appendices of this dissertation, would not be possible. Furthermore, the methodology 

described in this chapter is generally applicable to other thin film semiconductors.  

2.1 BACKGROUND PHOTOELECTRON EMISSION IN PHOTOELECTRON 

SPECTROSCOPY 

In this section, we will initially explore the work of the pioneering scientists who 

developed the foundational work on which a great deal of this dissertation relies. We first 

present the various sources of background photoelectrons, chronicle some of the prevalent 

theories for secondary electron generation that have been proposed since the 1940s, and 

we will then turn to a discussion of the various techniques and formulations to remove the 

secondary emission from the collected spectra. Then, in Section 2.2, we will present our 

methodology for analyzing UP spectra. 

In the typical photoemission experiment of thin films, the total photoelectron 

ensemble is a composite of the primary photoelectrons of the sample, secondary 

photoelectrons generated by the scattering of primary photoelectrons, primary and 

secondary photoelectrons from the substrate (if the sample thickness is less than three times 
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the IMFP or if the sample thin film is not a complete mono- or multilayer), and 

photoelectrons generated by higher energy photons due to satellites of the photon source, 

as shown in Figure 1.2–13 In this figure, we show an illustration of a UP spectrum of Ar-

sputtered Au foil and the various types of photoelectrons that arrive at the detector. Trace 

1 represents the collected spectrum; trace 2, the photoelectrons produced by the He(I) 

photon source satellites; trace 3, the photoelectrons from the Au that have been scattered 

one or more times; and trace 4 depicts the photoelectrons that escape the Au solid without 

scattering. If the Au foil sample in Figure 1 were a thin film of Au on a substrate, there 

would also be a contribution from the substrate as well. Ideally, only those photoelectrons 

from trace 4 would be collected at the detector; however, since this is not the case, methods 

to remove or reduce the other contributions must be used. 

We want to note that historically, the term “secondary” has been used to identify 

both the photoelectrons that are ejected from the solid as well as electrons that are ejected 

by photoelectrons as they diffuse through the material. In this chapter, and for the rest of 

this dissertation, we consider photoelectrons that exit the solid without any energy loss to 

be “primary” photoelectrons and any other photoelectrons – either photoelectrons that lose 

energy due to inelastic scattering or photoelectrons generated upon collisions with 

“primary” photoelectrons – are considered “secondary.”  

Of the photoelectron sources besides the primary photoemission of the sample, the 

substrate and satellite photoelectron sources are readily understood and subtracted.14,15 

Perkins and Hasoon used an approach to removing satellite photoemission in UPS 

experiments with He(I) photon sources, whereby the satellite emission is assumed to be the 
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primary photoemission envelope which is scaled and shifted to the appropriate satellite 

energies,15 an approach which has been used by others.16 Likewise, research performed by 

Munro et al. in our research group performed linear substrate background correction by 

collecting spectra of a hexanedithiol-modified Au foil to emulate the substrate for the CdSe 

NCs tethered to hexanedithiol-modified Au.17 We provide greater detail on the process for 

generating and subtracting these backgrounds in Section 2.4. Secondary photoelectrons, 

however, have historically been more difficult to characterize and remove from collected 

spectra. 
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Figure 1. Illustration of the as-collected UP spectra of Ar-sputtered Au foil, along with the 

various photoemission sources that constitute the final spectrum (1). The photoemission from 

the photon source satellite emission is the orange trace (2). Secondary photoelectrons produced 

by primary photoelectrons as well as other secondary photoelectrons produce the so-called total 

background, which is shown in the blue trace (3). Finally, the photoemission from the sample 

of interest (grey trace 4) is superimposed on top of both backgrounds. The goal of this chapter 

is to describe the phenomenon leading to, and methods for removing, the background 

photoemission to yield only the photoemission from the sample (grey trace 4). 
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The generation of secondary electrons has been studied for several decades in an 

effort to understand the processes leading to their production and to remove them to 

improve spectral contrast.2–10,13,18–44 The secondary electron background has been 

described as the sum of three primary features, as shown in Figure 2.7 The first (region A 

in Figure 2) is a series of peaks centered around E0, E0 - ћωp, E0 - 2ћωp, etc., where ћωp is 

the plasmon energy, E0 is the energy of the photoelectron that escapes the solid with zero 

interactions with plasmons before escaping the solid, E0 - x∙ћωp represents the energy of a 

photoelectron with x number of plasmon excitations before leaving the solid. The second 

region (region B in Figure 2) decreases exponentially from the beginning of the emission 

onset, centered at E0, to approximately E0/2, which arises from primary electrons that are 

scattered by other electrons in the material, thus losing some KE. The final region (region 

C in Figure 2) is commonly known as the secondary electron cascade, which is produced 

by the cascade process of secondaries that diffuse through the sample, generating other 

secondary electrons, losing energy, but arriving at the surface with sufficient KE to escape 

the solid.  
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Figure 2. Electron energy loss spectrum of silver with hν = 155 eV to illustrate the types of 

energy loss that electrons undergo in a typical PES experiment. Primary electrons from the 

sample of interest are superimposed on top of this background; it is therefore ideal for the 

primary signals to appear in the relatively flat region where hν = 100-150 eV. Several of the 

secondary electron background correction methods described later in the chapter. Region a 

represents electrons that are elastically reflected at the source energy. Region b is composed of 

secondary electrons which have suffered energy losses due to plasmons, and region c is the 

secondary electron cascade, which is produced by secondary electrons that scatter off other 

electrons in the solid to produce additional secondary electrons. Reprinted from ref 7, Copyright 

1958, with permission from Elsevier. 
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Some of the earliest theories dealing with secondary photoemission were focused 

on the generation of primary photoelectrons and their energy loss to produce the 

photoemission features in region (a) of Figure 2, since these secondary photoelectrons 

produce the large backgrounds at or near the same energy as primary photoelectron peaks. 

Several authors have argued that due to chemically induced changes to the peak shape, 

using the intensity of peaks does not give accurate quantitative data; rather, the area of the 

peaks are preferred, meaning that scattered electrons at or near the peak must be identified. 

Fröhlich, Wooldridge, and Dekker and van der Ziel used quantum mechanics to describe 

the probability of incident electron or photon absorption to generate the primary 

photoelectron and the subsequent diffusion thereof to the surface.2,6 Other researchers used 

classical mechanics to model the energy loss functions described in region (a) of Figure 

2.4,8,13 Baroody found that the number of primary photoelectrons produced by an incident 

excitation source could be modeled by the equation:4 

N(μ,x) =  BEF
½ /E0(x)(μ2-1) 

(Equation 1) 

where N(μ,x) is the number of photoelectrons produced per unit path length at a depth x, B 

= 2.95×108(eV)½cm-1, E0(x) is the energy of the excitation source at depth x, EF is the 

Fermi energy, and μ is the momentum of the excitation source. Then, to address the 

diffusion of the primary photoelectron to the surface, the mean free path of the electron is 

introduced in two terms: one to consider the scattering of the photoelectron by the lattice, 

and one to represent energy losses due to inelastic collisions with other electrons.  
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While these results are important to understanding the total background, when the 

excitation source energy is small, the relative intensity of the background in region (a) of 

Figure 2 is small compared to that of region (c), which is due to the secondary electron 

cascade. The experimental work of Berglund and Spicer in 19648,9on Cu and Ag, and the 

work of Ding and coworkers comparing the experimental AES of Au, Ag, and Cu with 

varying source energies (0.5 – 5 keV) to Monte Carlo simulations of the same,45 both show 

that as the energy of the excitation source decreases, the relative contribution of the 

secondary electron cascade to the observed spectrum increases. Indeed, in one experiment 

by Ding et al. on Au, shown in Figure 3,45 it is readily apparent that the secondary electron 

cascade begins to dominate the low energy side of the spectrum as the energy of the 

excitation source decreases. Therefore, we will turn our attention now towards descriptions 

and models of the secondary electron cascade. For a more complete understanding of the 

models describing secondary photoelectrons, we refer the reader to the appropriate 

references, along with several reviews.2–9,12,13,19,46,47 
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Figure 3. Calculated energy distribution of scattered electrons from Au with 5 keV (top) and 

0.5 keV (bottom) excitation energy. The shaded regions represent the contribution of the 

secondary electron cascade. In the lower energy spectrum (bottom), the secondary electron 

cascade clearly plays a much greater role than in the higher energy case. This indicates that as 

the excitation source decreases in energy, the contribution of the secondary electron cascade 

increases, meaning that it cannot be ignored in treatments to remove secondary electrons in 

UPS. Reprinted from ref 45, with the permission of AIP Publishing. 
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Perhaps the first rigorous treatment of the secondary electron cascade comes from 

a work by Wolff in 1954.13 In this work, he considered the production of secondary 

electrons in a metal which multiplies and lose energy, where only electron-electron 

collisions are considered. Wolff used a screened Coulomb potential, U, to describe the 

electron-electron interactions, but because the cut-off distance for these potentials is small, 

the ultimate form of the potential is unimportant. From integrations of the Schrodinger 

equation, Wolff determined that scattered electrons lose approximately half their energy 

when their initial energy is below 50 eV, a property that becomes especially important in 

low energy PES experiments such as UPS. In contrast, electrons with greater energy 

experience Rutherford scattering and thus only lose a small portion of their total energy. 

Wolff develops an equation to describe the electron cascade process beginning with an 

equation for the slowing down of neutrons given by Marshak:13 

𝜕𝑁

𝜕𝑡
(𝐫, 𝛀, 𝐸, 𝑡) + 𝐯 ⋅ grad 𝑁(𝐫, 𝛀, 𝐸, 𝑡) = −

𝑣𝑁(𝐫, 𝛀, 𝐸, 𝑡)

𝜆(𝐸)
+ 𝑆(𝐫, 𝛀, 𝐸, 𝑡) 

 + ∫ 𝑑𝐸′ ∫
𝑣′𝑁(𝐫, 𝛀′, 𝐸′, 𝑡)

𝜆(𝐸′)
𝐹(𝛀, 𝐸; 𝛀′, 𝐸′)𝑑𝛀′ 

(Equation 2) 

where N(r,Ω,E,t) is the number of  electrons between r and r+dr, Ω and Ω+dΩ, and E and 

E+dE at time t, where r represents space coordinates, Ω is a unit vector in the direction of 

the electron velocity, and E is the energy. The mean free path of the electron is given by 

λ(E), and F(Ω,E; Ω’,E’) is the probability of finding an electron at position Ω,E, after 

scattering if another electron resides at Ω’,E’. Finally, S(r,Ω,E,t) represents the density of 

internal photoelectrons in the solid produced by the excitation source. In this equation, the 
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secondary electron cascade is found in the double integrals, where each scattering event 

produces two electrons. However, this equation is extremely complex and thus, Wolff 

proceeds to make generalizations about the sample and the transport process of the 

photoelectron to the surface to simply the evaluation of the equation so that the secondary 

electron cascade can be easily modeled. Indeed, a great deal of future research has focused 

on developing methods which are easy to solve or implement that model and correct for 

the secondary photoelectron background in PES. Each of the methods to remove 

background photoemission in the next section implicitly solve Equation 2 but include 

assumptions about and simplifications to the photoemission process. 

 

2.2 METHODS FOR CORRECTING FOR SECONDARY PHOTOELECTRONS 

In this section, we will discuss the various techniques that have been developed to 

simply model and subtract secondary and background photoelectrons. Some of the methods 

described here have been refined since their inception and are still commonly used today. 

As we will discuss in greater detail in Section 2.2.2, some of the assumptions used to 

simplify the models used for XPS are not valid for UPS. Thus, many of the background 

subtraction methods described in Section 2.2.1 cannot be directly applied to UP spectra, 

but the guiding principles may still be instructive in developing a methodology.  

2.2.1 Correcting for secondary photoelectrons with high energy excitation (hν > 100 

eV) 

In 1972, Shirley derived a simple integral background removal method that is still 

commonly used today.10,18,22,26,28,30–33,36,38–40,44,48,49 Shirley and coworkers previously 
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employed a response matrix function to correct for inelastic scattering,18 but discovered 

that by simply subtracting an integrated quantity proportional to the intensity of the 

photoemission at higher KE (or lower BE), a similar result could be obtained. The first step 

to constructing the Shirley background is to remove a linear background of intensity IB at 

a BE (E’) lower than the BE of the measured peak, which is a product of the 

Bremsstrahlung and secondary photoelectrons from higher KE photoemission. The 

intensity of the spectrum, IS(E), after this initial background subtraction is denoted as 

I’S(E), e.g., I’S(E) = IS(E) - IB (Equation 3). The background subtracted spectrum could be 

then calculated by Equation 4: 

𝐼𝑠
"(𝐸) =  𝐼𝑠

′(𝐸) − 𝐼𝑠
′(𝐸0) (

∑ 𝐼𝑠
′(𝐸′)𝐸′>𝐸

∑ 𝐼𝑠
′(𝐸′)𝐸′>𝐸0

) 

(Equation 4) 

where I’S(E0) is the intensity at a higher BE where all the intensity is due to secondary 

photoelectrons, and, when multiplied by the ratio of the sum of the intensity from E’ to E 

to the sum over the entire spectral region, produces the estimated inelastic background 

spectrum. Figure 4 is an example of the Shirley background (dashed trace) applied to the 

C 1s peak of freshly cleaved HOPG (solid trace), with energies used to determine I”S(E0) 

and IB marked. Later investigations into the Shirley background introduced slight 

modifications to better model scattered electrons, such as the iterative process proposed 

by Proctor and Sherwood22 or an “active” background approach whereby the background 

is generated in tandem with peak-fitting.44 These investigators also discovered that the 

Shirley background could be derived out of more rigorous background removal 

approaches.28 Despite a lack of careful consideration of the physical phenomena, 
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specifically whether the background is a result of intrinsic or extrinsic losses and the 

dependence of electron energy loss on initial energy, researchers continue to find the 

Shirley background an acceptable approximation of the secondary background.41 
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Figure 4. High-resolution XPS spectrum of the C 1s peak of freshly cleaved HOPG (trace 1, 

solid black) to illustrate the difference between the Shirley (trace 2, dotted red) and Tougaard 

(trace 3, dashed blue) backgrounds. In the Shirley treatment, the linear background due to 

bremsstrahlung and scattered photoelectrons from lower BE photoemission is shown as line IB, 

which is determined at energy E’. I”S(0) is evaluated at E0. These two values set the boundaries 

for the summation. The product of I”S(0) and the ratio of sums is shown as in trace 2, which is 

then subtracted from I’S(E) to yield the corrected spectrum I”S(E) (not shown). In the Tougaard 

treatment (trace 3), Emax is the starting energy for the background and B1 is an adjustable 

parameter such that the intensity of the background corrected spectrum is approximately zero 

at the chosen energy.  
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Burrell et al. previously reported a more rigorous approach to remove inelastically 

scattered electrons from AES.21 In that work, they modified a treatment developed by 

Sickafus,19 which considered three general processes that comprise the Auger spectra: 1) 

the secondary electron cascade generated by the primary excitation source, 2) secondary 

electrons generated by the Auger process, and 3) the Auger electrons that escape the solid 

without being scattered. Burrell et al. examined an indium foil wherein the secondary 

electron cascade was eliminated by extrapolating a linear background in the high KE region 

above the Auger peaks in a log-log plot of the collected spectrum, as shown in Figure 5A, 

since the cascade is often modeled by an exponential of the form AE-m where A and m are 

constants.19 In Figure 5B, the result is then corrected for the secondary electrons produced 

by the Auger process by an equation developed by Sickafus:19 

𝐺(𝐸) = [𝐵𝐸−𝑚] ∫ 𝑁(𝐸)𝑑𝐸
𝐸

𝐸𝐴

 

(Equation 5) 

where G(E) is the approximate background which converges to the secondary cascade 

produced by the excitation source at high KE and to a second cascade at lower KE which 

is the sum of both the cascade produced by the excitation source and the Auger process. 

The integral represents the photoelectrons the escape the solid with minimal energy loss. 

B is a scaling parameter which is chosen such that the intensity of the signal at an energy 

EB which is at a lower KE bound of the Auger peak is equal to the intensity at energy EA, 

which is at a higher KE bound of the Auger peak (and represents only the secondary 

electron cascade produced by the source). We reproduce an illustration of these various 

processes in Figure 6. It is noteworthy that Equation 5 is actually quite similar to Shirley’s 
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result (Equation 4), despite the inclusion of two cascade functions. The result of these 

corrections is shown in Figure 5C and is now ready for peak area fitting for quantitation.  
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Figure 5. The secondary electron background correction methodology of Burrell et al., 

modified from Sickafus. A) the spectrum of indium foil after correction for instrument 

transmission function. B) removing the secondary electron cascade by representing the data in 

log scale, where the cascade is thus modeled by a simple exponential function, which appears 

linear in the log scale. C) the result of removing the secondary electron cascade in linear scale. 

D) the final spectrum after removing the secondary electrons using the IRF. Adapted with 

permission from ref 21. Copyright 1982 American Chemical Society. 
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Figure 6. The Sickafus secondary electron background correction method. The spectrum (solid 

line) is composed of several components: the secondary electron cascade, the Auger emission, 

and primary Auger electrons which lose some energy due to scattering. Reprinted from ref 19, 

Copyright 1980, with permission from Elsevier. 
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Burrell et al. further refined this process because it requires selecting arbitrary 

boundaries and is unable to describe the background over a large KE range, which is 

important when many transitions are clustered together.23 They employed an 

approximation of an instrument-specimen response function (IRF), which is obtained by 

collecting the backscatter spectrum of the sample when interrogated by an electron beam 

of comparable energy to the KE region of interest,  and then using it to deconvolve the 

Auger peak information from the energy loss processes and instrumental broadening.23 

After removing the contribution of the elastically scattered electrons, the IRF is applied to 

the Auger spectrum using the relationship: 

𝐼(𝐸) = 𝑁(𝐸) ∙ 𝐵(𝐸) 

(Equation 6) 

where I(E) is the measured spectrum, N(E) is the desired spectral feature function, and B(E) 

is the IRF. To each data point of the AES data, the IRF was applied with a scaling factor, 

C, to represent the inelastically scattered electrons from lower KE, such that: 

𝐵𝑖
′(𝐸) = 𝐶𝑖 ∙ 𝐵(𝐸) 

(Equation 7) 

The new loss function array at point i is then subtracted from the Auger data for each data 

point of lower KE than point i. When used in combination with fast Fourier transformation, 

other sources of background such as analyzer broadening and white noise can be 

removed.24 However, the IRF cannot be used to deconvolve Auger spectra with an energy 

window > 100 eV, since the scattering cross section may change, and is difficult to employ 

in nonhomogeneous surfaces, limiting its wide scale applicability. 
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Another commonly utilized background correction was developed by Tougaard 

which employs a similar formula to those proposed by Shirley and Sickafus, with an 

additional expression to estimate the inelastic scattering cross section of the solid 

sample.26,27,29,34 For an infinitely thick, homogeneous solid, Tougaard estimated that the 

primary Auger or photoemission of the sample, F(E), could be expressed by: 

𝐹(𝐸) = 𝑗(𝐸) −
𝜆𝐿

𝜆 + 𝐿
∫ 𝐾(𝐸′ − 𝐸)𝑗(𝐸′)𝑑𝐸′

𝐸𝑚𝑎𝑥

𝐸

 

(Equation 8) 

where Emax is a KE several eV greater than the sample peaks, j(E) is the collected spectrum 

after instrument response correction,  λ is the mean free path of the photoelectron, L is 

approximately two to five times the IMFP, and K(E’-E) is the probability that an electron 

loses an energy of (E’-E) while traveling in the solid. While a precise solution to K(E’-E) 

can be produced via electron energy loss spectrum (EELS) for a specific material, 

Tougaard found that many of the transition metals had very similar loss functions and 

posited that a simple “universal” cross section could be used in lieu of the EELS, and would 

be capable of generating a peak shape very close to that of a pure sample, over an energy 

window of up to 1000 eV.27 This universal cross section he developed is defined as 

𝜆𝐿

𝜆 + 𝐿
𝐾(𝑇) =

𝐵1𝑇

(𝐶 + 𝑇2)2
 

(Equation 9) 

where T is (E’-E), and C is ca. 1643 eV2, and B1 is parameter that can be expressed as  

𝐵1 =
𝐵𝐿

𝐿 + 𝜆 cos 𝜃
 

(Equation 10) 
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where B is ca. 2866 eV2, λ is the inelastic mean free path, and θ is the emission angle of 

the photoelectron. B1 is adjusted such that F(E) approaches zero at a lower KE than the 

sample peaks. Trace 3 (dashed blue trace) in Figure 4 shows the result of the Tougaard 

treatment on the C 1s peak of a freshly cleaved HOPG slab, along with notation of the 

boundary limits. Tougaard notes that the universal cross section is a poor approximation 

for simple metals and polymers, since the cross sections are quite different from those of 

transition metals. Nevertheless, several researchers have shown that the Tougaard method 

yields a background that produces a more consistent and more accurate XPS peak intensity 

or area for quantitation.31–33,36,41,50   

2.2.2 Correcting for secondary photoelectrons with low energy excitation (hν < 100 

eV) 

Many of the aforementioned techniques, however, were designed for XPS and 

AES, which generate photoelectrons with large KE (100-1000 eV), which is much larger 

than the energy regime for UPS. This is significant, since, as shown in Figure 2, when the 

excitation energy is large, the background near the peak (regions (a) and (b)) is relatively 

flat and the influence of the secondary electron cascade is minimal. Thus, the secondary 

electron cascade can be ignored in background subtraction routines devised for those 

situations. However, when KE < 100 eV, the secondary electron cascade cannot be ignored, 

since both primary electrons and secondary electrons have similar KE.  

In 1993, Li and coworkers1 produced what we believe is the only general technique 

specifically designed for low photon energy PES where the generated primary 

photoelectrons have low KE (KE < ca. 100 eV) such as UPS, which they call the total 
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background. In this treatment, two modifications to the integral background of Shirley are 

made: 1) the cross-section for the creation of secondary electrons by primary electrons is 

energy-dependent and 2) secondary electrons can create other secondary electrons, i.e., the 

secondary electron cascade must be considered. These modifications are manifest by 

assuming that the background at any KE is proportional to the total intensity, not just the 

intensity above the background.  

The background is generated in a similar fashion to those described previously. The 

upper energy bound, Emax, is defined as the energy where no signal is measured, usually 

several eV above the Fermi energy, EF. The lower energy boundary, Emin, is defined as the 

energy where the intensity of the spectrum is comprised totally of secondary electrons. In 

practice, determining Emin can be more difficult than determining the equivalent variable 

in the previously described methods, as the background in UPS is not flat at KE lower (BE 

higher) than the sample peaks. Typically, the local minimum adjacent to the secondary 

electron cascade is where Emin is chosen. These two energies are shown in Figure 7, which 

shows a sample UPS spectrum of Cr2O3 (solid line) collected with hν = 40 eV. For brevity, 

Li first defined a baseline corrected intensity, 𝐼𝑡𝑜𝑡
′ (𝐸): 

𝐼𝑡𝑜𝑡
′ (𝐸) =  𝐼𝑡𝑜𝑡(𝐸) − 𝐼𝑡𝑜𝑡(𝐸𝑚𝑎𝑥) 

(Equation 11) 

where  

𝐼𝑡𝑜𝑡(𝐸) = 𝐼𝑠(𝐸) + 𝐼𝑏(𝐸) 

(Equation 12) 
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Is(E) is the intensity of primary photoelectrons from the sample of interest, and Ib(E) is the 

intensity of the total background at energy E. The background then is described by the 

equation: 

𝐼𝑏(𝐸) = 𝐼𝑡𝑜𝑡(𝐸𝑚𝑎𝑥) + 𝐴 ∫ 𝐼𝑡𝑜𝑡
′ (𝐸′)𝑑𝐸′

𝐸𝑚𝑎𝑥

𝐸

 

(Equation 13) 

The constant A is a scaling factor which is determined from the lower KE boundary, Emin, 

since at that energy, Ib(Emin) = Itot(Emin), by definition. Thus, rearranging Equation 13 to 

solve for A at energy Emin: 

𝐴 =
[𝐼𝑡𝑜𝑡(𝐸𝑚𝑖𝑛) − 𝐼𝑡𝑜𝑡(𝐸𝑚𝑎𝑥)]

∫ 𝐼𝑡𝑜𝑡
′ (𝐸′)𝑑𝐸′

𝐸𝑚𝑎𝑥

𝐸𝑚𝑖𝑛

 

(Equation 14) 

This yields the final total background,  

𝐼𝑏(𝐸) = 𝐼𝑡𝑜𝑡(𝐸𝑚𝑎𝑥) + [𝐼𝑡𝑜𝑡(𝐸𝑚𝑖𝑛) − 𝐼𝑡𝑜𝑡(𝐸𝑚𝑎𝑥)] ×
∫ 𝐼𝑡𝑜𝑡

′ (𝐸′)𝑑𝐸′
𝐸𝑚𝑎𝑥

𝐸

∫ 𝐼𝑡𝑜𝑡
′ (𝐸′)𝑑𝐸′

𝐸𝑚𝑎𝑥

𝐸𝑚𝑖𝑛

 

(Equation 15) 

Figure 7 compares the result of a Shirley-type integral background (short dashed line) and 

a total background (long dashed line) generated by Equation 15. A significant difference is 

seen when BE > 13 eV, where the integral background flattens out due to the exclusion of 

the secondary electron cascade, but the total background tracks the collected data better. 

Additionally, the total background intensity is smaller than the integral background 

intensity in the energy window where the Cr2O3 valence band DOS exists. Li and 
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coworkers note that the total background begins to fail when applied to intermediate photon 

sources, but generally produces a suitable background for UPS spectra. Since the 

experiments we perform in this dissertation employ a He(I)-α (hν = 21.2 eV) photon source, 

the total background function described here can be employed with reasonable confidence. 

The background correction methods described here, in particular, the total 

background developed by Li and coworkers, the satellite photoemission correction, and the 

substrate photoemission correction, are employed sequentially in our novel methodology 

to increase the spectral contrast of the primary photoemission from the sample of interest. 

We demonstrate the utility of such a methodology on Ar-sputtered Au foil, which has well 

defined Fermi edge and ϕ, to ensure that the background removal methodology does indeed 

improve spectral contrast in regions of interest. We additionally show that the resulting 

spectrum is more amenable to fitting, which has seen increasing utility in UP spectra 

recently.51,52 
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Figure 7. UPS spectrum of Cr2O3 with hν = 40 eV (solid trace) from Li and coworkers. The 

integral background (short dashes) developed by Shirley(REF) does not accurately represent 

the secondary electron cascade, which can be seen BE > 13 eV, where the integral background 

deviates greatly from the spectrum. The total background (long dashes) developed by Li and 

coworkers better models the secondary electron cascade. Reprinted from ref 1, Copyright 1993, 

with permission from Elsevier 
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2.3 EXPERIMENTAL 

Au foils were purchased from Alfa Aesar (1.0 mm, 25x25 mm, 99.95% metals 

basis). The Au foils were mechanically polished to mirror finish and treated with piranha 

(3:1 conc. H2SO4 and 30% H2O2) for 30 min. The foil was then air plasma cleaned at 400 

mtorr for 15 min and then immediately introduced into high vacuum. Ar-sputtering (0.25 

mA, 4 keV) was used to clean the Au foil until the C 1s peak signal, as revealed by XPS, 

as no longer distinguishable from baseline, indicating that the surface is mostly free of 

contamination of adventitious carbon.  

Photoemission spectroscopy was performed by Kratos Axis-Ultra Model 165 

spectrometer using a Specs UVS-20 He(I)-α (hν = 21.2 eV) source for UPS analyses. The 

instrument analyzer was set to a pass energy of 5 eV with 0.01 eV step size and 500 ms 

dwell time per step. A 10.00 V bias was applied between the sample stage and the detector 

to ensure that the lowest KE electrons have enough energy to arrive at the detector. High 

vacuum was maintained ca. 1x10-7 torr. The EF of the spectrometer (KE = 31.8 eV) was 

determined by analyzing the Ar-sputtered Au foil, which should have a ϕ = 5.1 eV. This 

was used in conjunction with the aforementioned XPS to ensure that the Au foil is clean. 

2.4 NEW METHODOLOGY FOR BACKGROUND REMOVAL OF UPS 

SPECTRA 

Having explored the underlying principles of secondary photoelectron generation 

and the popular techniques used to remove them in a bid to improve spectral contrast of 

the primary signal, we turn now to our approach for removing the secondary photoelectron 

background from UP spectra. Although peak area quantitation is uncommon in UPS, since 
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linear regression of the photoemission onset is typically used to measure the EF, ϕ, or EVB, 

one may question the need for rigorous background removal. However, the presence of 

secondary electrons, satellite photoemission, and substrate photoemission can sometimes 

mask important and illuminating information regarding trap states of the sample of interest 

or, in cases where the DOS at the top of the VB of the sample is small, or when there is 

submonolayer coverage of the sample of interest, the background photoemission may 

dominate the collected spectra. This becomes increasingly important as we examine 

complex NC materials like those we explore in the chapters that follow. Additionally, some 

researchers are beginning to find utility in performing Gaussian peak fitting of UP spectra, 

so some of the arguments for background removal in XPS or AES in order to produce more 

accurate peak fitting can be applied to UPS as well.51,52 

Our approach to background correction of UP spectra involves a combination of 

some of the methods described previously. Generally, we employ a series of subtractions: 

1) satellite subtraction, 2) secondary electron subtraction, and 3) substrate photoemission 

subtraction, if applicable. Here, we will briefly describe the procedure for each step and 

demonstrate the effect of each step on the HKE region of the Au foil, as shown in Figures 

8-10. The source code for the subtraction routines we developed for Igor Pro (Wavemetrics 

Inc., Lake Oswego, OR) can be found in the Appendix A. 

2.4.1 Satellite photoemission subtraction 

Satellite photoemission in UPS with a He(I)-α photon source (hν = 21.22 eV) is a 

result of the nearby emission lines, He(I)-β (hν = 23.09 eV), He(I)-γ (hν = 23.75 eV), and 

He(I)-δ (hν = 24.05 eV). According to the instrument manufacturer, the intensities of the 
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satellite lines relative to the primary He(I)- α (100%) are 1.2-2.0%, 0.3-0.5%, and < 0.05% 

for each satellite emission line, respectively. Under the assumption that because the 

satellites are close to the same energy as the primary emission, and thus, the photoelectron 

cross section does not change for the higher energy photons, we can subtract the 

contribution of satellite photoelectrons by scaling and shifting the measured spectrum to 

the appropriate relative intensity and energy, and then subtracting it from the measured 

spectrum. The satellite background subtraction in this dissertation was performed using 

custom code programmed in Igor Pro53, which can be found in Appendix A. The general 

form of the satellite subtracted spectrum, IS(E), is as follows: 

𝐼𝑆(𝐸) = 𝐼𝑅(𝐸) − 𝑆 ∗ 𝐼𝑅(𝐸 − 𝐸𝑠) 

(Equation 16) 

where IR(E) is the as-collected raw spectrum, S is intensity of the satellite emission relative 

to the primary emission from the photon source, and ES is the energetic shift of the satellite. 

Equation 16 is applied for each major photon source satellite, e.g., the He(I) photon source 

used in our UPS experiments would typically use two subtractions – one to represent the β 

satellite and one for the γ satellite. He(I) also has a δ satellite, as previously mentioned, but 

the relative intensity of this satellite is very small and is often inconsequential; 

nevertheless, it can be subtracted using Equation 16 if necessary. 

This process is shown in Figure 8, where trace 1 (solid red) is the UP spectrum of 

the Au foil as collected from the instrument and the dotted orange line is the satellite 

photoemission spectrum that is produced by following the procedure described above. 

Figure 8A shows the data in linear scale, where the contribution of the satellite 
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photoemission appears minimal. However, in the semi-log representation of the raw 

spectrum (trace 1, solid red) shown in Figure 8B, it is more apparent that there is 

photoemission from a KE region above the EF (KE > 31.8 eV), which is not expected. Trace 

2 (dashed orange) represents the satellite photoemission, produced by Equation 16, which 

matches the extraneous photoemission in intensity. Figure 8B also includes guide lines that 

indicate the energy position of the He(I)-α primary photoemission at EF in the raw spectrum 

(trace 1, solid red), as well as the combined He(I)-β and -γ satellite photoemissions of EF 

in the satellite spectrum (trace 2, dashed orange).Once removed, as shown as trace 3 (solid 

orange) in Figure 9B, we see that there is no signal above the SNR threshold in the KE > 

31.8 eV region. 
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Figure 8. UPS spectrum of Ar-sputtered Au foil (trace 1, solid red) and estimated photoemission 

spectrum from He(I)-β and –γ satellite emission (trace 2, dashed orange). A) linear scale 

presentation of the data. EF is at KE = 31.8 eV, which occurs at the midpoint of the Fermi step 

of the Au. B) semi-log scale presentation of the data, where the photoemission of the Fermi step 

due to excitation from the He(I)-α, -β, and –γ emission lines are marked. For each emission line 

of the He(I) source, there is a Fermi step. The α emission line produces the Fermi step at KE 

=31.8 eV (shown in the solid red trace), whereas the β and γ emission lines contribute to the 

photoemission above the EF and are clearly seen in the satellite spectrum (dotted orange). 
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2.4.2 Secondary photoelectron subtraction 

 In Figure 9, we employ the treatment derived by Li and coworkers1 described in 

Section 2.2.2 to model the background produced by secondary photoelectrons. A slight 

modification of Equation 15 was used as a foundation for a custom code programmed in 

Igor Pro,53 which is also found in Appendix A. The modification is for Emax, where an 

average of the intensity over KE = 34-35 eV (ca. 100 data points when step size is 0.01 

eV) is used rather than a single data point to account for noise in the experiment. Emin is 

selected by locating the local minimum adjacent to the secondary electron cascade (KE < 

24 eV), and the background integrals of Equation 15 are calculated from the highest KE 

data point available (to represent Emax) to Emin. Thus, the satellite and secondary electron 

photoemission corrected spectrum, ISS(E), is obtained by Equation 17: 

𝐼𝑆𝑆(𝐸) = 𝐼𝑆(𝐸) − 𝐼𝐵(𝐸) 

(Equation 17) 

where IB(E) is the total background generated by Equation 15, and IS(E) is the satellite 

corrected spectrum from Equation 16. 

Figure 9 shows the satellite corrected spectrum (trace 3, solid orange) and the 

calculated total background (trace 4, dashed green) spectrum. In Figure 9A, the intensity 

of the total background (trace 4) is proportional to the intensity of the satellite corrected 

spectrum, as evidenced by the KE = 24-30 eV region, which exhibits Shirley-like 

background behavior, but the background is also superimposed on an exponential, 

representing the secondary electron cascade, which can be seen in the increasing 

background for KE < 24 eV. Figure 9B presents the same data in semi-log scale, so show 
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the effect of the total background in the low photoemission intensity region near the top of 

the VB. For this Ar-sputtered Au foil, the total background has a small contribution to the 

observed photoemission intensity near EF. While the small contribution is inconsequential 

for the Au foil, as the Fermi step is clearly visible, it may bear some significance in a system 

such as the complex multi-component NRs we will explore in later chapters of this 

dissertation. 

The satellite and total background subtracted spectrum for the Ar-sputtered Au foil 

is shown in Figure 10. In both panels A and B of Figure 10, we can see that the spectrum 

approaches zero on the low KE side of the d-bands and it should be possible now, if one 

should so choose, to use peak fitting on the spectrum as in XPS. Additionally, in Figure 

10B, the intensity at KE > 31.8 eV remains nearly flat, so the satellite photoemission 

correction applied previously is not modified significantly. The final spectrum compares 

well with the calculated data used by Shirley18 to evaluate his own integral background, as 

shown in Figure 11. We compare our UP spectra (Figure 11A) and the Korringa-Kohn-

Rostoker (KKR) band structure calculation used in Shirley’s work (Figure 11B). While the 

relative peak energies are different from the calculated band structure, the peak energy 

positions align well, as do the d-band peak widths, indicating that the various background 

photoemission subtractions used in our methodology do not cause any distortions in 

measured band structure. However, the peak centered at ca. -5.7 eV of Figure 11B does 

not line up well with our experimental data, which has a peak centered at ca. -6.2 eV. 

Shirley noticed the same discrepancy in his work and hypothesized that this was due to an 
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admixture of s-like character electrons, which have lower photoemission intensity than d-

orbital electrons.18 
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Figure 9. UP spectrum of satellite background subtracted Ar-sputtered Au foil (solid orange) 

and the total background spectrum devised by Li and coworkers (dotted green). After removing 

the satellite photoemission as shown in Figure 8, the photoemission above EF is 

indistinguishable from baseline noise. The total background spectrum is used to remove both 

the secondary photoelectrons that only lose some energy due to inelastic collisions as well as 

the secondary electron cascade. A) is the linear scale presentation of the data and the background 

and B) is the same data in semi-log presentation. Both are marked with Emin and Emax, which are 

used as boundary conditions in the total background function. See text for more information 

regarding these two parameters and their usage.  
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Figure 10. UP spectra of satellite and secondary electron background corrected Ar-sputtered 

Au foil. After both corrections, the Au spectrum appears between KE = 24-32 on a flat 

background and is ready for quantitative peak fitting. No photoemission features above the 

background noise is readily visible above EF. It is also at this point that a substrate 

photoemission (which has also been both satellite and secondary electron background corrected) 

correction may be applied. 
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Figure 11. Comparison of VB photoemission of Au using our methodology to produce a 

background subtracted spectrum (A) and the KKR calculated Au band structure (B). Dashed 

lines in (A) represent peak positions of the calculated Au band structure from (B). While relative 

intensities of peaks do not match well with the calculations, the positions of the peaks are 

reasonably close. The d-band widths for the bands ca. -2–(-4) eV are in good agreement, but 

deviate at more negative energy. Reprinted figure with permission from ref 18. Copyright 1972 

by the American Physical Society. 
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2.4.3 Substrate photoemission subtraction 

The final subtraction used in our methodology is a linear substrate photoemission 

subtraction. This background is used when the sample of interest is a thin film less than 

three times the IMFP or when the sample does not comprise a full monolayer, so the 

substrate is exposed in some areas of the interrogated spot. In these cases, the probability 

of photoelectrons generated from the substrate escaping the solid and reaching the detector 

is non-zero, and typically appears as photoemission that terminates at EF. For 

semiconducting materials, the substrate photoemission background may be confused for 

trap states, charge transfer states, or doped states of the material, since the photoemission 

appears in the band gap of the material.  

Additionally, the substrate background correction may be used to reveal otherwise 

obscured information about the sample of interest, such as the HOMO-1 peak of the 

phosphonic acid modified ruthenium phthalocyanine (RuPcPA) tethered to indium tin 

oxide (ITO) shown in Figure 12.54 The RuPcPA was synthesized by Luis Oquendo in the 

McGrath Research Group at the University of Arizona. The sample was prepared by 

Ramanan Ehamparam of the Saavedra Group at the University of Arizona. Further details 

of the synthesis and material characterization can be found in their respective dissertations. 

The dotted red trace in Figure 12 shows the result of satellite and secondary background 

subtraction and the solid black trace shows the result of the satellite, secondary, and 

substrate background corrections. From this data, the HOMO peak of the RuPcPA is clearly 

visible at ca. 30.5 eV, despite monolayer coverage. However, the HOMO-1 peak is not 

visible in the dotted red spectrum, and thus, neither the satellite nor the secondary electron 
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photoemission corrections resolve the feature. Once the ITO substrate (dashed blue) is 

removed from the spectrum by a scaled linear subtraction, the feature is resolved at ca. 

28.5 eV. Because the RuPcPA is only deposited as a monolayer or submonolayer, 

photoelectrons from the ITO can escape the sample and reach the detector. 

To generate the substrate photoemission background spectrum, the UP spectrum of 

the control substrate, which should be subjected to the same processing conditions as the 

sample substrate, must be collected. This spectrum, ISB(E), is then satellite and secondary 

electron photoemission corrected according to Sections 2.4.1 and 2.4.2. Finally, it is 

subtracted from the sample spectra, ISS(E) produced by Equation 17, to yield the fully 

corrected spectrum, IF(E): 

𝐼𝐹(𝐸) = 𝐼𝑆𝑆(𝐸) − 𝑇 ∗ 𝐼𝑆𝐵(𝐸) 

 (Equation 18) 

where T is a scaling factor, chosen such that the photoemission intensity of the sample in 

the band gap energy region, when subtracted by the substrate background spectrum, ISB(E), 

is zero. 
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Figure 12. Chemical structure of RuPcPA (A) and (B) UP spectra of a monolayer of RuPcPA 

tethered to ITO in semi-log scale to demonstrate the effect of substrate photoemission 

correction. The satellite and secondary background corrected spectrum (dotted red) shows a 

characteristic HOMO peak ca. 30.5 eV, but the HOMO-1 is obscured by the ITO substrate 

(dashed blue). Once the photoemission from the ITO substrate is removed, the HOMO-1 peak 

is visible ca. 28.5 eV. Adapted from Ref. 54 with permission. 



153 

 

2.5 SUMMARY AND CONCLUSIONS 

In this chapter, we introduced the novel methodology for improving the spectral 

contrast of UP spectra in the HKE region. A systematic treatment that properly considers 

the physical processes that produce secondary and background photoelectrons in UP 

spectra and removes them has never been presented in the literature. We first explored the 

historical research in the field to understand the physical phenomena that lead to secondary 

photoelectron generation. In general, three regions of secondary electrons exist: 

photoelectrons that experience losses due to interactions with plasmons, primary 

photoelectrons which are scattered by other electrons and lose a small amount of energy, 

and finally the secondary electron cascade, which is produced by photoelectrons which 

scatter and produce new secondary electrons, which can further generate their own 

secondary electrons.  

Since instrumental factors and changes in chemical states can lead to peak 

broadening, the absolute peak height is not as accurate as total peak area for quantification 

with PES. In order to produce reasonable peaks for quantification, an appropriate 

background must be generated to separate the photoelectrons that arise from the band 

feature in study from the photoelectrons generated by other processes. We explored the 

development of the Shirley, Sickafus, and Tougaard backgrounds, which are commonly 

used in higher energy PES like XPS and AES. However, since the generation of secondary 

electrons by other secondary electrons is ignored in these treatments, Li and coworkers 

developed a background for low energy PES like UPS which includes the secondary 

electron cascade in what they named the “total” background. We employ this total 
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background along with several others to improve the spectral contrast of the HKE region 

of UP spectra. 

We described our methodology, which sequentially removes the photoemission 

from photon source satellites, the secondary photoelectrons, and then, when applicable, the 

photoemission from the substrate. When applied to Ar-sputtered Au foil, the satellite 

photoemission correction removes the photoemission which is seen above the EF, and the 

total background function removes the secondary photoelectron contribution, to yield a 

final spectrum that closely resembles the computed valence band structure of Au. The 

substrate background removal step was used to reveal a photoemission feature in a 

submonolayer of RuPcPA molecules tethered to ITO which was not visible even with 

satellite and secondary photoelectron subtractions. 

The methodology described in this chapter is essential for measuring the energetic 

effect of the nanoscopic chemical changes that are explored in the subsequent appendices, 

as well as other semiconductor thin films. Without this methodology, the findings in the 

this manuscript would likely be impossible to obtain. In NC systems, it is imperative that 

we are able to identify and differentiate primary photoemission due to trap states or metal-

semiconductor interface states from secondary photoemission, since the density of states is 

small. Ultimately, the methodology presented in this chapter, which is the first for low 

energy PES application, is readily applicable to not only NCs, but any thin film 

semiconductors. 
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APPENDIX A. INVESTIGATING CHEMICAL AND ENERGETIC 

CHANGES IN CDSE NANOCRYSTALS AS A FUNCTION OF LIGAND 

SURFACE COVERAGE USING PHOTOELECTRON SPECTROSCOPY 

 

This appendix focuses on measuring the subtle chemical and energetic changes that 

occur on the surface of CdSe nanocrystals (NCs) as a function of ligand surface coverage, 

as explored by photoemission spectroscopies. While NCs are an intriguing material in 

optoelectronic devices such as photovoltaics and light-emitting diodes, they require 

passivation with insulating, long-chain aliphatic organic ligands such as oleic acid (OLA), 

octadecylamine (ODA), or trioctylphosphine oxide (TOPO), which may inhibit electron 

transport through the NCs by acting as a tunneling barrier.1–8 To improve NC coupling 

while still passivating the surface states and maintaining the stability of the NCs in solution, 

efforts have been made to exchange the native ligands with shorter ligands such as 1,2-

ethanedithiol, inorganic ligands such as Sn2S6
4- and SnS4

2-, or ligands that enable 

delocalization of charge carriers into the ligands.1,2,4,7,9–15 These modifications, however, 

are often accompanied by changes to the chemical and electronic structure of the NCs that 

must be understood.9,10,16–39 It is therefore crucial that methods to investigate the role 

ligands play in determining the NC surface chemistry and energetics are developed. 

However, while much effort has been spent in evaluating the effect of different types of 

ligands on NC properties, very little investigation into the role of surface ligand coverage 

has been undertaken. Given that one of the primary reasons for the inclusion of capping 

ligands is the passivation of undercoordinated surface atoms, it is important to develop 



163 

 

methods to measure and understand the effect of capping ligand density on the NC surface. 

In this appendix, we demonstrate that photoelectron spectroscopic techniques, when 

employed with conscientious use of background subtraction discussed in the previous 

chapter, can be used to measure such changes to surface chemistry and electronic structure 

despite relatively small changes in surface ligand coverage of CdSe NCs.  

 

A1 INTRODUCTION TO NANOCRYSTAL SURFACE PASSIVATION 

As alluded to in Chapter 1, the surface capping ligand can affect the chemical and 

energetic properties of NCs. Herein, we explore role of the capping ligands in NCs and 

present our work examining the effect of surface coverage of capping ligands on the 

chemical composition and valence band energies of two sizes of CdSe NCs using high 

resolution XPS and UPS along with the background correction methodologies developed 

in Appendix A. Semiconductor nanocrystals (SC-NCs) are seeing increasing use in a 

variety of applications such as biosensing, lighting, photovoltaics, and photocatalysis, due 

to their uniquely tunable parameters.1,4,40–60 SC-NCs are single crystals of SCs which have 

diameters smaller than the Bohr exciton radius of the material, and thus, the exciton is 

quantum-confined in at least one dimension. In such a system, which can be modeled as a 

particle-in-a-box, a decreasing number of atoms, and by extension, NC diameter, increases 

the energy difference between the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO), or VB edge (EVB) and CB edge (ECB), in the 

parlance of semiconductors.61–65 This dependence of the EVB-ECB energy difference on NC 

diameter is the hallmark property of NCs - the size dependent band gap. However, since 
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NCs are often comprised of less than several hundred or thousand atoms, many of the atoms 

are on the surface, and are thus not fully coordinated. These uncoordinated atoms can 

produce states in the band gap that can trap holes or electrons.  

Organic molecules which are weakly bound to the surface can help to reduce this 

effect. These organic molecules, which serve as capping ligands, also contribute to many 

of the properties of the individual NCs as well as solids comprised of NCs. Capping ligands 

are typically aliphatic organic molecules, such as alkylamines, alkyl carboxylates, and 

alkyl phosphonates, that are electronically or vibrationally bound to the surface of the NC 

to passivate the uncoordinated orbitals on the surface atoms and improve the stability and 

solubility of the NCs in solution.1,2,4,44 However, an abundance of research has shown that 

these capping ligands play a much greater role in the NC. Ligands which are used in the 

reaction mixture can direct the crystal structure, size, and shape of the NC, enabling the 

synthesis of NRs, nanoplatelets, and tetrapods.17,19,21,26,44,66–74  Furthermore, both the nature 

of the binding functional group and the molecular dipole of the ligands contribute to the 

electronic structure and measured energetics of the NCs.15,18,21,23,25,27,29–31,35,37–39,73,75–78 

Here, we briefly discuss some of the various functions of ligands in NCs and thin films of 

NCs. 

A1.1 Synthetic function of NC capping ligands 

In the most common solution synthesis of NCs, solutions of the metal and anion 

precursors are rapidly mixed at high temperatures in the presence of coordinating ligands, 

which play a significant role in NC formation.17,19,21,26,44,66–74 The synthesis is typically 

considered to be a two-step process: first, nucleation centers are formed, the number of 
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which are determined by parameters such as injection temperature and precursor 

concentration, followed by the second step, Ostwald ripening, during which the 

coordinating ligands can retard and direct the growth of the NC, since different binding 

affinities for different crystal faces can encourage crystal growth along particular 

axes.44,66,68,69,79,80 Indeed, the capping ligand has been shown to play a critical role in the 

synthesis of advanced NC structures such as NRs and tetrapods.67,68,73,81 Herman and 

coworkers found that by simply changing the length of the alkyl group of the 

alkylphosphonic acid capping ligand, CdSe NRs could be produced with aspect ratios 

between 2.5 and 18, with the shortest alkyl groups producing the highest aspect ratios with 

a large degree of branching.71 Furthermore, they discovered that introducing different 

molar ratios of two alkylphosphonic acids could also produce similar results.  

A1.2 Tuning energetics and electronics with ligands 

The chemical nature of the ligands can also affect the energetic and electronic 

properties of the NCs. Experiments show that the dipole moment of the capping ligand is 

capable of inducing energetic shifts of ca. 0.16-0.75 eV in the valence and conduction band 

maxima and minima (VBM/CBM).29,82–86 The total dipole moment of the molecule can be 

crudely approximated as the sum of two surface dipoles: the dipole moment of the 

NC/ligand binding group interface and the molecular dipole moment of the ligand.83,87 

Several researchers have used PESA and voltammetry to examine the effect of the ligand 

binding groups. Jasieniak and coworkers used PESA to study the effect of ligand exchange 

on 4.7 nm CdSe NCs and found that while the length of the alkyl chain length did not 

produce an appreciable change in the EVB, a change in EVB of up to 0.35 eV was measured 
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when different ligand binding groups were used.85 A similar study was performed on PbS 

NCs by Brown et al. wherein the EVB could be tuned by up to ca. 0.9 eV.29 They studied 

the effect of various halide salts, thiols, and amines on EVB and ECB using UPS. They found 

that electron donating ligands such as the t-butylammonium halides stabilized the NCs and 

thus shifted the EVB to lower energies, whereas the electron withdrawing ligands such as 

the short-chain alkyl thiols shifted the EVB to higher energies. In this work, they also 

explored the effect of the molecular dipole using DFT and showed that in general, when 

the total dipole moment of the capping ligand points away from the NC, the EVB increases 

to higher energies. Munro et al. previously examined this effect by exchanging pyridine 

ligands on CdSe with thiols of varying total dipole moments – 1-hexanethiol, 1-

benzenethiol, and 4-fluorothiophenol – and measuring the EVB using UPS.83 EVB shifted by 

ca. 0.4 eV from ca. 6.1 eV to ca. 6.5 eV when the dipole moment was flipped from 2.0 D 

to -0.6 D. This effect was greater on the larger 6.0 nm CdSe NCs investigated than the 3.6 

nm NCs, since the lower curvature of the larger NC meant that a greater fraction of the 

bound ligands had their dipole moments normal to the surface. This effect was also 

observed in PbS NCs by Bent and coworkers.88 They used PESA to measure EVB as they 

exchanged the para-substituted thiophenol capping ligand with increasingly electron 

withdrawing groups. They showed that exchanging the 4-methylthiophenol for ligands 

with highly electron withdrawing groups in the para- position such as 4-nitrothiophenol, 

caused the EVB to increase by ca. 0.7 eV. A decrease in EBG was also observed, which is 

attributed to the delocalization of the exciton by the thiol ligand due to strong ligand 

coupling and frontier orbital overlap of the NC and the ligand.88 
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A1.3 Relaxing quantum confinement in NCs with ligands 

The delocalization of the exciton has been proposed by Weiss et al. in CdS, CdSe, 

and PbS NCs using a class of molecules called phenyl-dithiocarbamates (PTC).89–91 They 

proposed that the decrease in the confinement energy of the exciton was due to the 

delocalization of the hole into mixed QD/PTC states which are comprised of the PTC 

HOMO, the surface Cd2+ states, and the VB states, which are predominantly chalcogenide 

p-orbitals. Using density functional theory (DFT), Weiss and coworkers proposed that the 

energetic overlap of the HOMO of the PTC and the EVB of the CdSe NCs, along with the 

symmetry overlap of the PTC orbitals with those of the chalcogenide p-orbitals, allows a 

partial hole transfer from the NC to ligand.90 In a later work, they discovered that the 

functional groups in the para- position of the PTC changed the degree of delocalization; 

more electron-withdrawing groups induced greater delocalization, as evidenced by the red-

shift of the absorbance spectra.92 The delocalization effect was also greater when surface 

coverage of PTC ligands increased. Additionally, it appears that the delocalization is 

greater for smaller NCs, as was demonstrated by Sardar and coworkers on 1.6-2.0 nm 

diameter CdSe NCs.93 Thiolates and thiophenolates have also been shown to delocalize the 

exciton, although to a much lesser degree.9,27,94–102 However, Kamat and coworkers found 

that the use of 3-mercaptopropionic acid quenches the band-edge emission of CdSe NCs 

and produces a broad, lower energy emission corresponding to electron trapping in the 

ligand orbitals.27 



168 

 

A1.4 Tuning NC thin film conductivity and mobility with ligands 

Finally, ligands have a significant effect on the conductivity of thin films of NCs. 

Typically, the long, aliphatic ligands used in NC synthesis form insulating barriers with 

conductivity σ = 10-12-10-9 S/cm.4,7 By comparison, Kerns et al. were able to produce 

crystalline Si films by low-temperature thermal annealing with conductivity σ = 160 

S/cm.103 Therefore, researchers have attempted to exchange the surface capping ligands 

with many types of ligands, some of which have been described previously, to improve the 

transport of charges in NC thin films. A common technique is to perform ligand exchange 

on the NC thin film with a short chain ligands to increase tunneling probability between 

NCs. Law and coworkers studied the mobility of PbSe NCs as a function of alkane thiol 

ligand length and found that carrier mobility decayed exponentially with increasing 

length.104–106 Wuelfing et al. studied the effect of increasing alkyl chain length on Au NPs 

and showed that the conductivity decreased by nearly half an order of magnitude for each 

additional carbon, from butane thiol (σ = 8.0 × 10-2 S/cm) to hexadecane thiol (σ = 1.3 × 

10-6 S/cm).107 

Exchanging native ligands for ligands with two functional groups to attempt to bind 

the NC to another NC is also a common technique to improve conductivity. Bethell et al. 

found that on 8 nm diameter Au NCs capped with dithiol linking ligands, the conductivity 

of the 3D assembly decreased by approximately one order of magnitude with increasing 

ligand length.5 Using hexanedithiol, they reported a conductivity of 1.5 × 10-1 S/cm; when 

exchanged for a dodecanedithiol, the conductivity dropped to 6.6 × 10-4 S/cm. The use of 

bifunctional ligands along with aromatic groups provides great improvements to the 
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conductivity as well. Using 1,4-phenylenediamine ligands on CdSe NCs, Guyot-Sionnest 

and coworkers reported a 1000-fold increase in the conductivity (σ = 0.6 × 10-2 S/cm). 

Lastly, inorganic capping ligands have also been used to increase NC stability and 

conductivity. Talapin et al. used Sn2S6
4- as a capping “ligand” on Au and CdSe NCs and 

found that for the Au NCs, conductivity increased 11-fold, from ca. 10-9 S/cm to ca. 200 

S/cm and CdSe NC conductivity increased from ca. 10-12 S/cm to ca. 10-1 S/cm.9 However, 

the Sn2S6
4- ligands relaxed the quantum confinement of the NCs, producing an apparent 

enlargement of the optical band-gap and a red-shift in the absorbance spectrum.   

A1.5 Investigating the effect of ligand surface coverage on NC energetics 

While a great body of research studying the synthetic, energetic, and electrical 

effect of different kinds of ligands, there is little to no work regarding the effect of ligand 

coverage on NC chemistry and energetics. Tretiak et al. used density functional theory 

(DFT) to examine the effect of loss of a single ligand on a small CdSe NC passivated with 

21 or 9 ligands and found that intra-bandgap states were formed even with the loss of a 

single ligand.25,28 They also observed that the removal of a ligand from the NC surface 

resulted in surface reorganization to saturate the dangling orbitals that became exposed, 

although the effect was diminished when in the presence of solvent.28 In fact, the surface 

atoms in the CdSe NC in their study had bond lengths 2-3% shorter than bulk Cd-Se bond 

lengths, due to surface reorganization of the atoms.25 This resulted in a less spherical shape 

for the NC with only 9 ligands, as the surface atoms reorganized to yield three- or four-

coordinated Cd atoms, whereas the 21 ligand passivated NC was able to coordinate all 

surface Cd atoms. In this appendix, we investigate the chemical and energetic effect of a 
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systematic reduction in surface ligand coverage CdSe NCs using PES, as seen in Figure 1. 

The fully passivated NC (Figure 1, upper left) has distinct EVB and ECB edges, as shown by 

the accompanying band diagram. The darker region around the edge of the NC, which 

represents unpassivated surface or undercoordinated atoms, is small. Upon removal of the 

surface capping ligands, the density of unpassivated surface or undercoordinated atoms 

increases, as depicted by the increasing dark region around the edge of the NC, which 

therefore increases the density of surface trap states in the band diagrams. Furthermore, the 

reorganization of the surface atoms to minimize the surface free energy leads to a change 

in the shape of the NC; in Figure 1, as more surface ligands are removed, the CdSe NC 

becomes more oblong, as Tretiak et al. suggested with their DFT calculations.25 

In this work, we employed varying numbers of purification cycles to systematically 

control the surface ligand coverage on CdSe NCs of two different diameters (2.50 nm and 

4.32 nm), which was monitored by UV-Vis absorption spectroscopy and 

thermogravimetric analysis (TGA). We show that XPS can be used to measure and track 

chemical changes to the surface Cd and Se atoms as a function of surface ligand removal.  

We also demonstrate using UPS that these changes depress the local vacuum level and 

work function and alter the valence band structure of the CdSe NCs, which we can monitor 

when the background subtraction methodology described in Chapter 2 is carefully applied. 

The removal of surface ligand produces a two-fold increase of surface Se in larger CdSe 

NC and ca. four-fold increase in surface Se in the smaller CdSe NC, as well as an increase 

in observed work function and changes to the valence band structure.   
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Figure 1. The change in surface chemistry and band structure of the CdSe NC as a function of 

decreasing surface capping ligand, achieved via increasing numbers of purification steps. As 

the surface capping ligand is removed from the upper left to upper right, then lower right to 

lower left, the number of undercoordinated or unpassivated surface atoms increases, producing 

an increasing density of surface trap states. Additionally, reorganization of the surface atoms 

causes the NC to become more ellipsoidal in shape, as described in the text. The extent of 

elongation is exaggerated in this figure. 
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A2 CONTROLLING AND CHARACTERIZING NANOCRYSTAL LIGAND 

SURFACE COVERAGE 

A2.1 Synthesis and purification of CdSe NCs 

CdSe NCs of two sizes (2.50 nm and 4.32 nm diameter) were synthesized by Mario 

Malfavon via established techniques.80 Briefly, the CdSe NCs were synthesized by hot 

injection of the Se precursor into the Cd precursor. CdO (0.1285 g, 1 mmol), oleic acid 

(OLA) (1.1299 g, 4 mmol), and degassed octadecene (ODE) (10 g) were added to a flame-

dried 50-mL three neck round bottom flask equipped with a Vigreux column under argon. 

This mixture was heated to 200 ˚C with a heating mantle controlled by a variac equipped 

with a temperature controller until the solution became clear and colorless, which typically 

took ca. 60 min. For the small CdSe NCs, this Cd precursor was used immediately; for the 

large CdSe NCs, the solution was held at 200 ˚C overnight to allow for more complete 

conversion of CdO to the more reactive Cd-oleate precursor, which we found promoted the 

synthesis of large, monodisperse NCs. Trioctylphosphine oxide (TOPO) (2.536 g, 6.5 

mmol) and octadecylamine (ODA) (7.513 g, 28 mmol) were added to the Cd precursor 

solution after allowing it to return to room temperature. The solution was then heated to 

200 ˚C to synthesize the small CdSe NCs or 250 ˚C for the large CdSe NCs. 

Concurrently, the Se precursor was made by combining elemental Se (0.790 g, 10 

mmol) and tert-butyl phosphine (TBP) (2.327 g, 11.5 mmol) in a 20-mL scintillation vial 

inside an inert atmosphere nitrogen glove box. The solution was stirred until the elemental 

Se dissolved and then stored in the glove box until ready for injection. 
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Once the Cd precursor solution reached the appropriate injection temperature, the 

Se precursor solution was rapidly injected using a large bore (8 gauge) needle. For the 

smaller NCs, the reaction was allowed to continue at 200 ˚C for two minutes before 

removing the flask from the heating mantle to halt the reaction. The larger NCs required 

rapid injection of the Se precursor at 250 ˚C followed by two minutes of growth at 240 ˚C 

after which heat was removed.  

After terminating growth, the NCs were purified by adding acetone until the 

solution became turbid, indicating precipitation of NCs, which were isolated by 

centrifugation (4000 rpm, 7 min). The supernatant was discarded and the NC pellet was 

dissolved in 5 mL of CHCl3; this counts as the first purification. Additional purifications 

were performed in the same manner. For this experiment, aliquots of the NC solution were 

collected after various purifications to capture NCs with various surface ligand coverages. 

Aliquots of the smaller NCs were collected after the NCs were purified three, five, and 

seven times; for the larger NCs, two, three, five, and seven times. Additional purifications 

of both NC sizes resulted in significant agglomeration of the NCs that could not be re-

dispersed into solution. 

A2.2 Ultraviolet-visible absorption spectroscopy 

The normalized UV-visible absorption spectra of the small and large NCs as a 

function of purification steps are shown in Figure 2A and 2B, respectively. The diameter 

(D) of the NCs were determined using the wavelength of the excitonic peak (λ) of the UV-

vis spectra for each NC and applying the formula derived by Peng et al. for CdSe NCs:65 
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D = (1.6122 × 10-9)λ4 – (2.6575 × 10-6)λ3 + (1.6242 × 10-3)λ2 – (0.4277)λ + 41.57 

(Equation 4.1) 

The spectra of the smaller CdSe NCs as a function of purification steps are shown 

in Figure 2A, with increasing number of purifications stacked vertically for clarity. Using 

Eq. 1, and the λmax = 515 nm, we find that the smaller CdSe NCs have a D = 2.50 nm. 

While there is a 2 nm red-shift of the position of the excitonic peak from the 3x to 5x 

purifications, we do not believe that the size of the NC changes as a result of the increased 

number of purification steps. Rather, according to Tretiak et al., in a DFT study of the 

effect of ligand binding on the optical spectra of a Cd33Se33 NC, the removal of a single 

ligand in a 9 or 21 ligand-capped NC can cause a slight red-shift in the absorbance 

spectrum, due to reorganization of surface atoms, in particular the doubly and triply 

coordinated surface Cd atoms.25 We suspect that such a reorganization is responsible for 

the observed red-shift in these samples. Further purification of the NC does not produce 

additional red-shifting of the excitonic peak, but a small broadening of the excitonic peak 

may suggest further reorganization of the surface atoms to suppress the formation of trap 

states. 

Figure 2B shows the spectra for the larger CdSe NCs as a function of purification 

steps. As wish the smaller NCs, we applied Eq. 1 and the λmax = 594 nm to determine that 

the D = 4.32 nm. In these NC samples, no shift in the excitonic peak can be seen, which 

may be due to the smaller range of surface ligand coverage for these samples, as we will 

discuss in the next section. However, there is a change in the ratio of the 1S3/2-1Se  and the 

2S3/2-1Se transitions, labeled (a) and (b) in the 2x trace of Figure 2B.108,109 The two 
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transitions will be referred to as 1S and 2S, respectively, for brevity. In the 2x spectrum, 

the ratio of the 1S:2S is ca. 1.25, and decreases to 1.23 in the 3x spectrum. A further 

decrease of the ratio to 1.20 is observed with five purification steps (5x) and ultimately 

reaches 1.02 in the 7x spectrum. Typically, the ratio of the 1S to the 2S transitions changes 

with size of the NC,108 but Bertho and coworkers have shown with tight-binding analysis 

that the intensity of the transitions also changes with NC shape – in spherical NCs, the 1S 

transition has much greater intensity than the 2S, whereas in ellipsoidal NCs the 1S and 2S 

transition intensities are much more similar.110 This seeming transformation from a more 

spherical shape to ellipsoidal shape might be explained by the work of Tretiak et al.,25 

which suggests that the removal of surface capping ligands may be inducing a 

reorganization of the newly exposed surface atoms to minimize the surface free energy to 

produce a more ellipsoidal NC with more equal 1S and 2S transition probability. This is 

represented by the change in shape of the NC in Figure 1 as surface ligands are removed. 
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Figure 2. UV-vis spectra of two sets of CdSe NCs as a function of number of purifications. 

Subfigure (A) shows the spectra for 2.50 nm diameter CdSe NCs and (B) shows those of the 

4.32 nm diameter CdSe NCs. Each trace is labeled with the number of purification steps of 

CHCl3/acetone solvent/non-solvent precipitations were performed. In (A), there is a ca. 2 nm 

red shift in the position of the excitonic peak  
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A2.3 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) (Mettler Toledo TGA851e) was used to 

determine the surface ligand coverage for each sample. Approximately 2-6 mg of the dried 

NCs were added to flame-dried Al2O3 crucibles, which were held at 50 ˚C for 10 min to 

evaporate any trapped solvent, then heated to 600 ̊ C at 10 ̊ C/min under N2. Figure 3 shows 

the normalized thermograms for the two series of NCs as a function of purification steps. 

In both Figures 3A and 3B, it is clear that there are primarily three mass loss regions and 

that additional purification steps reduce the ligand content on the NCs. The first mass loss 

region extends from approximately 150-250 ̊ C corresponding to the boiling points of TBP, 

OLA, and TOPO ligands. The second range from ca. 250-350 ˚C is likely the TOP ligand 

and the third mass loss between ca. 350-450 ˚C can be attributed to the ODA ligand. The 

smaller NC also has greater ligand content initially but subsequent purification steps 

produce more dramatic reductions in ligand content. This has previously been ascribed to 

the increased curvature of the smaller NC, which reduces the steric repulsion between 

ligand molecules, and allows for greater packing density.20  

The normalized thermograms for the CdSe2.50nm series are shown in Figure 3A. 

Trace 1 (red curve) represents the thrice purified NC solution, which shows ca. 64% 

organic content. Upon an additional two purifications (trace 2, green), the organic content 

decreases to ca. 38%; after seven purifications (trace 3, blue), only ca. 9% of the total mass 

is organic ligand. The purification of the CdSe4.32nm NC series, shown in Figure 3B, 

produced a much smaller range of surface ligand content. The twice purified NCs (trace 1, 

red) were approximately 30% organic content. Three purifications (trace 2, green) 
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decreased the ligand content to ca. 26%; five purifications (trace 3, blue) further decreased 

the ligand content to ca. 23%. Seven purification steps (trace 4, purple) yielded NCs with 

only ca. 19% ligand content. 

The percent surface ligand coverage is shown with each trace in Figure 3. This was 

estimated by first approximating the NC as a sphere to determine the mass of a single NC 

as well as the number of surface atoms to establish the total number of available binding 

sites for the ligands. Then, using the TGA data, the percent mass loss was used to determine 

the number of ligand molecules lost relative to the mass of a single NC. This value was 

then divided by the number of available binding sites to produce an estimated surface 

ligand coverage. We use these estimated ligand coverages rather than the number of 

purification steps to refer to the various samples in the remainder of this appendix, since 

we wish to investigate the effect of the exposed surface atoms.  
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Figure 3. Thermogravimetric analysis of the two NC sizes, as a function of precipitations. A) 

Thermogram of the 2.50 nm CdSe NC with three precipitations (trace 1, red), five precipitations 

(trace 2, green), and seven precipitations (trace 3, blue).  B) Corresponding thermograms of 

4.58 nm CdSe NCs with two precipitations (trace 1, red), three precipitations (trace 2, green), 

five precipitations (trace 3, blue), and seven precipitations (trace 4, purple). Percentages shown 

represent surface coverage of ligands derived from the percent mass loss corresponding to 

ligands for each trace.  
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A3 PHOTOELECTRON SPECTROSCOPY OF CDSE NANOCRYSTALS 

PES was performed using a Kratos Axis-Ultra Spectrometer. XP spectra were 

collected by interrogating the sample with a monochromatic Al Kα photon source (1486.6 

eV, 300 W) at normal takeoff angle. Spectra were collected at 0.1 eV step size, 500 ms 

dwell time, and 20 eV pass energy. The samples were electrically coupled to the 

spectrometer and no voltage bias was applied to the sample. Samples were referenced to 

the primary C 1s peak at ca. 284.5 eV, which is assigned to the highly-ordere pyrolytic 

graphite (HOPG) substrate.  

UPS was also performed using the Kratos Axis-Ultra Spectrometer; the photon 

source was a Specs UVS-20 He(I) (21.2 eV). The instrument analyzer was set to a pass 

energy of 5 eV with 0.01 eV step size and 500 ms dwell time per step. Three different spots 

were analyzed per sample, with signal averaged four times per spot. A 10.00 V bias was 

applied between the sample stage and the detector to ensure that the lowest kinetic energy 

electrons could be detected, by moving them to a higher absolute kinetic energy. The 

chamber pressure during operation was ca. 1.1 x 10-7 torr. The Fermi energy of the 

spectrometer was determined by analyzing a freshly cleaved HOPG (Bruker AFM Probes, 

ZYB-grade) surface (work function of 4.4 eV) heated to 270 °C for one hour under vacuum 

to desorb contaminants. The Fermi energy was verified by analyzing freshly cleaved 

HOPG periodically. 

HOPG was prepared by rinsing with toluene, drying with an N2 stream, and a fresh 

surface was exposed by exfoliation at least five times. After revealing a fresh surface, the 

HOPG slab was affixed to the sample stub via carbon NEM tape, and then subsequently 
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removed, leaving a very thin, clean surface which we found has fewer issues with charging. 

Samples were prepared for PES by spin coating each CdSe NC solution (diluted to ca. 0.6 

mg/mL in chlorobenzene) onto the HOPG at 1000 rpm for 1 min to produce submonolayer 

coverage of CdSe NCs on the surface. After introduction into high vacuum, the samples 

were heated to 150 ˚C for one hour to evaporate any residual solvent and unbound ligands. 

Representative scanning electron micrographs are shown in Figures 4 and 5. 

In Figure 4, the series of CdSe2.50nm NCs are shown. Figure 4A is a representative 

SEM image of the 170% surface coverage NCs, which is marked by low contrast and poor 

resolution, due to the excess ligand on the sample which causes charging of the sample. 

Figure 4B shows a more “ideally” purified sample, with ca. 60% ligand surface coverage. 

The NCs appear uniform, with some regions of close packing, and no evidence of 

multilayers are found. Figure 4C, the 10% surface coverage sample, shows greater 

variation in contrast, suggesting that some regions (brighter spots in the figure) are 

multilayers. This result is not unexpected, as the NCs are stripped of ligands that discourage 

aggregation of the NCs at this point.  

Figure 5 show representative SEM images of the CdSe4.32nm NCs. Figure 5A shows 

the 66% ligand surface coverage sample, which is relatively uniform and does not show 

evidence of multilayers. Figure 5B shows the 55% ligand surface coverage sample, which 

appears to have single points of multilayers (bright spots), but is submonolayer to 

monolayer coverage otherwise. Figure 5C, the 46% surface coverage NCs, is similar to the 

55% surface coverage sample, but appears to have larger regions of multilayers. Finally, 

the 38% ligand surface coverage NC sample is shown in Figure 5D, where multilayers of 
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NCs are readily visible, and charging of the sample has increased, due to the poor 

passivation of the NC surfaces.   
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Figure 4. Representative SEM images of the 

CdSe2.50nm NC series, after spincoating onto 

HOPG. A) CdSe2.50nm NCs with 170% ligand 

surface coverage, B) 60% ligand surface 

coverage, and C) 10% ligand surface 

coverage. 
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Figure 5. Representative SEM images of the CdSe4.58nm NC series, after spincoating onto 

HOPG. A) 66% ligand surface coverage, B) 55% ligand surface coverage, C) 46% ligand 

surface coverage and D) 38% ligand surface coverage.  
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A3.1 High-resolution X-ray photoelectron spectroscopy 

XPS was performed on each of the CdSe NC samples in order to obtain information 

on the chemical changes, specifically those on the surface of the NCs, as a function of 

ligand surface coverage. We primarily focus on the Cd 3d and Se 3d regions  

Representative XP spectra of the CdSe NCs as a function of surface ligand coverage 

are shown in Figures 6-9. Figures 5 and 7 show the Cd 3d region for the CdSe4.32nm and 

CdSe2.50nm NCs, respectively. Figures 6 and 8 show the Se 3d region for the CdSe4.32nm and 

CdSe2.50nm NCs, respectively. The subfigures in each figure represent the various surface 

ligand coverages, and each spectrum is accompanied by a residual to illustrate the goodness 

of the fit. The peaks are fitted with two pairs of Gaussian-Lorentzian (60% Lorentzian) 

doublets: one pair which represents the “bulk” atoms, and a second pair at higher BE which 

has been attributed to surface atoms, which have been marked with asterisks.111  

It is important to note that the Gaussian-Lorentzian curves represent some 

distribution of chemical states for a particular element averaged over the entire instrument 

spot size. Furthermore, although XPS is generally considered a surface sensitive technique, 

because the diameter of the NCs in this study are less than the typical sampling depth (ca. 

2-10 nm), which is roughly three times the IMFP, we are sampling the entire NC, not just 

the surface. Nevertheless, the experiment is still surface sensitive, since the NCs are 

approximately spherical, and are thus akin to a rough surface, rather than a flat one. This 

implies that a larger portion of the NC surface is exposed to the incoming irradiation.  

The Cd 3d and Se 3d regions for the CdSe4.32nm NCs are shown in Figures 6 and 7, 

respectively. In Figure 6, it is clear that the removal of surface ligand does not produce any 
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significant change to the Cd atoms in the NCs, since no significant change is observed in 

the curves used in the fitting. In each case, the bulk Cd 3d5/2 peak is centered at ca. 405.7 

eV and the surface Cd 3d5/2 peak centered at ca. 406.4 eV. While there is a small change 

in the relative Cdsurface to Cdbulk ratio as a function of ligand surface coverage (surface Cd 

contribution drops from ca. 8% to 6%), as shown in Cd trace (red circles) of Figure 10A, 

the change is well within the margin of error for the XPS experiment. The low surface/bulk 

ratio suggests that either the ligands bind preferentially to the Cd and are not readily 

removed during purification or that reorganization of the undercoordinated surface Cd 

atoms actually leads to more Cd atoms having greater coordination and thus appearing 

more “bulk-like.”25 Literature has suggested that the ligands commonly used in NC 

synthesis do indeed bind more strongly to Cd than to Se.20,36,112,113 The Se 3d region 

however, shown in Figure 7, undergoes a more marked change, with the surface Se 

contribution increasing from ca. 16% to 32% relative to the bulk Se, as depicted in the Se 

trace (blue triangles) of Figure 10A, which tracks the ratio of Sesurface/Sebulk as a function 

of ligand surface coverage. In each subfigure of Figure 7, the bulk Se doublet is first fitted 

into the envelope with the appropriate 3:2 area ratio for the 3d5/2 and 3d3/2 doublet, as a 

result of spin orbit coupling, with a peak separation of ca. 0.86 eV.111 The second doublet 

at higher BE representing the surface Se atoms was then added with similar constraints. 

The intensity and position of the pairs of Gaussian-Lorentzian curves were allowed to 

change to produce the best fit. For the bulk Se 3d5/2, the peak centered at ca. 54.6 eV, and 

the surface Se 3d5/2 peak is centered at ca. 55.0 eV. These results suggest that each 
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purification step performed on the CdSe NCs more greatly affects surface Se binding sites, 

which has been shown in literature to interact more with weakly binding L-type ligands.36  

Similar trends for the Cd 3d and Se 3d regions (Figures 8 and 9, respectively) of 

the smaller CdSe2.50nm NCs were found. However, since the smaller NCs have a greater 

surface-to-volume ratio, there is an increased ratio of Cdsurface/Cdbulk and Sesurface/Sebulk  at 

each ligand surface coverage, as summarized in Figure 10B. In Figure 8, it is clear that the 

width of the peaks are greater than those in Figure 6. Thus, to properly fit the wider peaks 

without broadening the bulk Cd component, the Gaussian-Lorentzian peaks corresponding 

to the surface Cd must be significantly larger than those used to fit the Cd region in the 

larger CdSe NCs shown in Figure 6. The bulk Cd 3d5/2 curve fit is centered at ca. 406.0 

eV, which is a slightly greater BE than in the larger CdSe NC. This result is congruent with 

the surface reorganization argument, since the both the increased surface area-to-volume 

ratio and increased curvature of the smaller CdSe NC necessarily means that a greater 

number of Cd atoms are on the surface and are either vertex or edge atoms rather than face 

atoms. Face atoms typically lack one neighbor atom, whereas vertex and edge atoms 

typically lack two to three neighbors, thus requiring more reorganization to minimize the 

surface free energy.25 The surface Cd 3d5/2 component is shifted by the same amount to ca. 

406.6 eV. In these smaller NCs, the surface/bulk ratio of Cd decreases from ca. 44% to 

32% with decreasing ligand surface coverage, as shown in Figure 10B. In Figure 9, the 

shape of the Se 3d region becomes increasingly rounded as the ligand surface coverage 

decreases. To accommodate this change in shape, we concluded that the surface Se 

component must increase during fitting. Like in the Cd region, both the surface (BE ≈ 55.3 
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eV) and the bulk (BE ≈ 54.9 eV) Se 3d5/2 curve fits are shifted by 0.3 eV towards higher 

BE. Initially, there is a very small fraction of surface Se (ca. 16%), due to the extreme 

excess of ligand which suggest that a near maximum number of binding sites are occupied. 

However, as the NCs are purified, the weakly bound ligands are quickly removed, exposing 

many of the surface Se atoms. Approximately 64% of the Se become undercoordinated 

after seven purification steps (Figure 10B). Since the valence band edge for II-IV NCs are 

generally considered to be composed of the chalcogenide s-orbitals, the exposure of surface 

Se, which are not fully coordinated, should produce a visible change in the UPS data. 

The various Cd and Se species described are shown in Figure 11, which pictorially 

represents the near surface region of a CdSe NC. In this figure, Cd is represented by the 

solid red circles, Se is represented by the open blue circles, and generic organic ligands are 

represented by the black triangle and tail. Bulk Cd and Se atoms are represented by A and 

B, respectively. Surface atoms C and D also appear as “bulk” atoms, since they are fully 

coordinated by the surrounding atoms and the passivating ligand. However, atoms E and F 

are undercoordinated, and thus would have a higher BE when interrogated by XPS. As 

more ligand is removed by increasing number of purifications, a greater number of 

undercoordinated atoms are exposed, leading to the observed changes in the surface-to-

bulk ratios. Not shown are the surface reconstructions that are possible to minimize the free 

energy. As we will see in the next section, these exposed surface atoms also constitute 

surface traps in the middle of the band gap. 
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Figure 6. Representative high resolution XP spectra of the Cd 3d region for the series of 

CdSe4.58nm NCs. Each peak is fitted with a Gaussian-Lorentzian (60% Lorentzian) lineshapes. 

Asterisks denote the surface Cd contribution. A) CdSe4.58nm NC with 66% ligand coverage, B) 

CdSe4.58nm NC with 55% ligand coverage, C) CdSe4.58nm NC with 46% ligand coverage, and D) 

CdSe4.58nm NC with 38% ligand coverage. 
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Figure 7. Representative high resolution XP spectra of the Se 3d region for the series of 

CdSe4.58nm NCs. Each peak is fitted with a Gaussian-Lorentzian (60% Lorentzian) lineshapes. 

Asterisks denote the surface Se contribution. A) CdSe4.58nm NC with 66% ligand coverage, B) 

CdSe4.58nm NC with 55% ligand coverage, C) CdSe4.58nm NC with 46% ligand coverage, and D) 

CdSe4.58nm NC with 38% ligand coverage. 
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Figure 8. Representative high resolution XP spectra of the Cd 3d region for the series of 

CdSe2.50nm NCs. Each peak is fitted with a Gaussian-Lorentzian (60% Lorentzian) lineshapes. 

Asterisks denote the surface Cd contribution. A) CdSe2.50nm NC with 173% ligand coverage, B) 

CdSe2.50nm NC with 60% ligand coverage, and C) CdSe2.50nm NC with 10% ligand coverage. 
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Figure 9. Representative high resolution XP spectra of the Se 3d region for the series of 

CdSe2.50nm NCs. Each peak is fitted with a Gaussian-Lorentzian (60% Lorentzian) lineshapes. 

Asterisks denote the surface Se contribution. A) CdSe2.50nm NC with 173% ligand coverage, B) 

CdSe2.50nm NC with 60% ligand coverage, and D) CdSe2.50nm NC with 10% ligand coverage. 
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Figure 10. Tracking the ratio of surface Cd and Se to bulk Cd and Se as determined by XPS in 

the A) 4.32 nm NCs and B) 2.50 nm NCs. We find that with increasing purifications steps 

(decreasing ligand surface coverage), the ratio of surface to bulk Cd generally decreases, 

whereas the opposite is true for the Se. The increased surface-to-volume ratio of the smaller NC 

(B) yields larger surface/bulk ratios in both elements, although the trends are the same for both 

sizes.  
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Figure 11. Cartoon depiction of the CdSe near surface region. Cd atoms (red filled circles) and 

Se atoms (open blue circles) which are the in bulk are labeled A and B, respectively. The surface 

Cd and Se atoms, C and D, respectively, which are passivated by ligands also appear as “bulk” 

in the XPS experiment. Surface Cd and Se atoms, E and F, are not passivated and thus appear 

at higher BE in the XP spectra. As more ligand is removed, more undercoordinated atoms (E 

and F) are produced, leading to the observed changes in surface-to-bulk ratios. 
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A3.2 Ultraviolet photoemission spectroscopy 

 From the XPS, it is clear that the removal of surface passivating ligands produces 

a large increase in exposed surface Se, the s-orbitals of which compose the top of the 

valence band in the CdSe NC. However, surface reorganization after ligand removal can 

minimize the appearance of trap states due to the undercoordinated surface atoms. To 

investigate the possible electronic change corresponding to the chemical change, we 

employ high-resolution UPS, with particular focus to the near Fermi region, where surface 

traps due to the uncoordinated surface atoms are likely to arise. 

In Figure 12 and 13, we present the UP spectra of the CdSe NC series as a function 

of ligand surface coverage, produced by increasing number of purification steps. Figure 12 

shows the UP spectra for the CdSe4.32nm NCs; each subfigure feature representative spectra 

of the various samples plotted with kinetic energy (KE) on the x-axis and arbitrary intensity 

(counts per second) on the y-axis. Figure 12B shows the full raw spectrum for each ligand 

surface coverage on the CdSe4.32nm NCs, stacked vertically for clarity. Figure 12A provides 

a closer look at the low kinetic energy (LKE) edge, whereas Figure 12C shows the high 

kinetic energy (HKE) edge of the NC samples. Figure 12D depicts the same HKE region 

as Figure 12C, but is represented in a semi-log scale. In Figure 12C and 11D, the Fermi 

level is marked by the dotted line ca. 31.8 eV, to which each all the samples investigated 

are electronically equilibrated. Since the Fermi energies are aligned in the UPS experiment, 

any changes in the surface dipole due to the removal of surface ligands will be manifested 

as changes in the local vacuum level, relative to the vacuum level of the clean HOPG. We 
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note that a voltage of 10.0 V is applied to the substrate to accelerate the last photoelectrons 

that escape the solid so that they can be measured.  

While PES of NCs has traditionally been performed by tethering the NCs to Au, 

we employ HOPG substrates due to its high chemical inertness, relative smoothness, and 

comparatively reduced background photoemission in the near Fermi energy region, which 

is especially critical for identifying the small changes at the top of the valence band that 

we anticipate. As we will explore in subsequent appendices, the use of HOPG substrates 

rather than Au substrates is critical in exploring the electronic changes that arise from 

nanoscale chemical changes. HOPG has been previously used to study trap states that arise 

from molecular orientation of various pentacene and phthalocyanine molecules.114–117 

Additionally, since HOPG is composed solely of graphitic carbon, the chemical 

composition of the NCs can be obtained via XPS, which is obfuscated on Au substrates by 

spectral overlap in key regions. 

In Figure 13A, we can see that the removal of surface ligands produces a shift in 

the LKE edge, which corresponds to an upward shift in the local vacuum level. The initial 

Cdse4.32nm NC deposition with 66% surface ligand coverage (red trace 1) induces a vacuum 

level shift of ca. 1.1 eV relative to that of the HOPG. The large vacuum level shift likely 

arises from the electronic equilibration of the highly dipolar NCs to the HOPG surface. The 

CdSe4.32nm NC with 55% ligand coverage (green trace 2) and 46% ligand coverage (blue 

trace 3) both have vacuum level shifts of 0.91 eV, relative to that of HOPG. The removal 

of ligand via purification causes the LKE to shift to higher KE, indicating a smaller local 

vacuum level shift relative to that of HOPG. The ligand layer acts as a dipole that can 
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increase or decrease the KE of the escaping photoelectron, depending on the direction of 

the ligand dipole, which leads to the observed change in the local vacuum level. Finally, 

the lowest ligand coverage NC sample (purple trace 4) has the smallest vacuum level shift 

of 0.68 eV, which follows with the surface dipole argument. 

Figure 12C and 12D provide information regarding the surface states exposed by 

the removal of surface ligands. These subfigures are the result of the background removal 

methodology discussed in the previous chapter, and without the background removal, it 

would not be possible to investigate these changes to the top of the VB. The high KE edge 

of the photoemission feature ca. 28-29.5 eV in Figure 12C is edge that would typically be 

used to determine the EVB of the NCs. While the shift is small, the feature moves to slightly 

lower KE with decreasing ligand coverage. This shift of the photoemission feature towards 

lower KE, however, is accompanied by an increase in photoemission at higher KE, ca. 

29.5-31 eV, that we believe to be the exposed surface Se, which can be more readily seen 

in the semi-log scale in Figure 12D. This corresponds with the XPS results discussed 

earlier, that showed an increase in Sesurface/Sebulk ratio with decreasing surface ligand 

coverage.  

Figure 13 shows the UP spectra for the CdSe2.50nm NC series, in the same fashion 

as for the CdSe4.32nm NC series in Figure 13. Figure 13A shows the LKE region of the NC 

series, and a similar trend is found in the smaller NC series as in the larger NC series. The 

highest ligand coverage sample (red trace 1) expressed a local vacuum level shift of 1.1 

eV, and the 60% ligand surface coverage NCs (green trace 2) had a shift of 0.97 eV relative 

to HOPG. The lowest surface coverage NCs (blue trace 3) shifted 0.77 eV relative to 
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HOPG. These results are similar to those of the larger NC series, despite covering a much 

larger range of ligand content. The increased curvature of the smaller NCs may account for 

some of this discrepancy, since the detector was normal to the surface in these experiments, 

and thus, only the normal component of the ligand dipole produces a measurable shift.
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Figure 12. He(I) photoemission of CdSe4.58nm NCs at various ligand surface coverage, as determined by TGA. In each subfigure, (1) represents 

NCs of ca. 66.4% surface coverage; (2), 54.7% surface coveage; (3), 45.7% surface coverage; and (4), 37.6% surface coverage. (A) features the 

LKE region of the full spectra, shown in (B), of the NC series, offset vertically for clarity. (C) shows the HKE region of the series, which has 

been corrected for satellite photoemission, secondary electron scattering, and substrate photoemission. (D) shows the same HKE region in semi-

log scale to accentuate photoemission above EVB, which represents the surface states exposed by the systematic removal of the capping ligands. 
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Figure 13. He(I) photoemission of CdSe2.50nm NCs at various ligand surface coverage, as determined by TGA. In each subfigure, (1) represents 

NCs of ca. 172.9% surface coverage; (2), 59.7% surface coveage; and (3), 9.7% surface coverage. (A) features the LKE region of the full spectra, 

shown in (B), of the NC series, offset vertically for clarity. (C) shows the HKE region of the series, which has been corrected for satellite 

photoemission, secondary electron scattering, and substrate photoemission. (D) shows the same HKE region in semi-log scale to accentuate 

photoemission above EVB, which represents the surface states exposed by the systematic removal of the capping ligands. 



201 

 

The HKE region of the CdSe2.50nm NC series has a much more marked change as a 

function of ligand surface coverage (Figure 13C and 13D). As in the larger NC series, the 

main photoemission feature which would be used to determine EVB appears between 28-

29.5 eV. As can be seen in Figure 13C, the photoemission cutoff of this feature in the 173% 

coverage (red trace 1) sample appears to occur at a higher KE than the 60% (green trace 2) 

and 10% coverage (blue trace 3) samples. However, the intensity of the photoemission tail 

between 29.5-31 eV which corresponds to exposed surface traps is greater in the 60% 

coverage NC, and greater still in the 10% coverage NCs. Figure 13D, which shows the 

HKE region in semi-log, accentuates this change in surface trap state intensity, which we 

attribute to exposed surface Se atoms. 

The work function, ϕ, is calculated from the UPS data by using the equation  

ϕ = hν – [EF – LKE] 

(Equation 1) 

where the photon source energy, hν = 21.2 eV, and the Fermi energy, EF = 31.8 eV, which 

is determined by measuring the photoemission cutoff of a pristine HOPG surface, and LKE 

represents the low KE photoemission cutoff, corresponding to the last photoelectrons that 

are able to escape the solid. The EVB of the NCs is determined by the equation 

EVB = hν – [HKE – LKE] 

(Equation 2) 

where HKE represents the high KE photoemission cutoff. Equation 2 is also used to 

determine the energy of the surface trap states as well as the energy of the deeper valence 

band features. We note here that Equation 2 accounts for the changes in local vacuum level, 
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which is critical in determining the correct EVB. As seen in Figures 12C and 13C, the cutoff 

of the main photoemission feature occurs at roughly the same KE in nearly all the samples. 

Without appropriately accounting for the shifts in local vacuum level, we would 

erroneously conclude that EVB is roughly the same for all the samples. 

  



203 

 

 

 

  

Figure 14. Proposed band diagram for the CdSe NC series and reference HOPG. EVB values are 

obtained from UPS data and are corrected for local vacuum level shifts, relative to the vacuum 

level of HOPG. Each CdSe NC sample shows four energies which were derived from prominent 

photoemission features in the UP spectra and represent different valence band features. Band 1 

represents surface states; the band 2 is the EVB that would be reported in literature; bands 3 and 

4 represent higher energy band structure, possibly from the Cd d-bands. Generally, as the 

surface capping ligand coverage decreases, the EVB increases to higher energy and the extent of 

tailing of surface states into the band gap increases. The deeper band states appear constant 

energetically relative to the EF; however, the energy of these states does increase relative to Evac.  
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The compiled results of these calculations on both NC sizes are shown in the 

proposed band diagram in Figure 14, which is corrected for shifts in local vacuum level, 

which is shown as the dashed line at the top of the figure. The vacuum level shift as ligand 

surface coverage is decreased closely mirrors the BE shift between the surface and bulk Se 

peak fits for the CdSe4.32nm NC sample, while the smaller CdSe2.50nm NC exhibits a smaller 

vacuum level shift relative to the BE shift in the XPS. The increased curvature of the 

smaller NC may account for this discrepancy. The ECB are presented as the shaded region 

and are estimated from the optical gap provided by the UV-Vis spectra. 

Several energy values are presented in Figure 14 – the band 1 (lime-green) 

represents the surface trap states, the band 2 (light blue) represents the traditionally 

reported EVB, band 3 (dark blue) and band 4 (purple) represent higher energy band 

structure, possibly from the Cd d-bands or the hybrid states between the NC and ligand. 

We see that generally, the smaller NC have deeper EVB, which is consistent with the 

principles of quantum confinement. There is very little change in relative energy difference 

between the various band states and the EF; however, this result is similar to the DFT work 

of Tretiak et al., which showed that very little change to the VB edge is expected upon 

removal of surface ligands unless they are removed from highly undercoordinated surface 

atoms, which we expect to occur with increasing number of purification steps.25  

From the band 2 in Figure 14, we see that the “ideally” purified CdSe4.32nm NC 

(55% coverage) has EVB = 5.44 eV and the CdSe2.50nm NC (60% coverage) has EVB = 5.84 

eV, which are both close to literature values, which suggests that our methodology is 

reasonable.85,118,119 In both NC series, the removal of surface ligand pushes EVB (band 2) 
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deeper and generally increases the energy difference between the surface trap 

photoemission cutoff (band 1) and the EVB (band 2). Of greater importance is the increased 

photoelectron flux in the energy region associated with the surface traps, as shown in 

Figures 12D and 13D, since this means that the increase in undercoordinated Se atoms on 

the surface of the NCs that we discovered using XPS indeed corresponds to an increase in 

surface trap states on the NC that are measurable using UPS. The changes in the deeper 

VB states may be the result of the changes to the binding energies of the Cd atom to 

neighboring atoms as a result of surface reorganization or the removal of the hybrid states 

between the NC and ligands.   

Figure 15 presents the valence band energies on an absolute energy scale, as a 

function of ligand surface coverage. The bands are represented with the same notation as 

in Figure 14. In this figure, it is more readily apparent that with decreasing ligand surface 

coverage, or increasing number of purification steps, the work function increases and the 

energy of each corresponding state generally increases.  
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Figure 15. Proposed band diagram for the CdSe NC series and reference HOPG, with fixed Evac 

to better illustrate trends in the frontier orbitals as a function of surface capping ligand coverage. 

The surface states are represented by band 1, band 2 represents the traditionally reported EVB, 

and bands 3 and 4 represent deeper band states, possibly due to Cd d-bands. The work function 

of the two NC series increases as a function of decreasing surface capping ligand coverage. VB 

states also generally increase as a function of decreasing surface coverage.  
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A4 SUMMARY AND CONCLUSIONS 

In this appendix, we explored the chemical and energetic effect of gap state 

formation as a function of capping ligand removal in CdSe NCs with PES, which has not 

been attempted previously by PES or other techniques. Our work complements that of 

Tretiak et al., who used DFT to investigate the effect of single ligand removal from a small 

Cd33Se33 NC with simplified ligands.25 We prepared two sizes of CdSe NCs with various 

degrees of surface ligand coverage, which we investigated by UV-Vis spectroscopy, TGA, 

XPS and UPS. We found that the removal of surface capping ligand via additional 

purification steps induced reorganization of the surface atoms that produced changes in the 

ratio of 1S3/2-1Se to 2S3/2-1Se transitions, which indicates a more ellipsoidal NC shape. This 

reorganization was also seen in high resolution XPS, where we found an increase in higher 

BE Cd 3d and Se 3d chemical states. These higher BE species are likely the 

undercoordinated or surface bound atoms that are exposed by ligand removal and 

comprised up to 64% of the measured Se. Finally, we showed for the very first time that 

surface trap states at the top of the VB emerge due to ligand removal can be seen using 

UPS. This observation was made possible by the careful removal of background and 

secondary photoemission described in Chapter 2. We found that the local vacuum level 

shifts over 0.3 eV and EVB increases to higher energy as a function of decreasing surface 

ligand coverage. Furthermore, the deeper band structure is also affected by decreasing 

surface ligand coverage, possibly a result of reorganization of atoms and resulting changes 

to bond lengths to accommodate such surface reorganization. 
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Other researchers have found that the capping ligand on the surface of NCs affect 

many of the useful properties of NCs. While much work has gone into exploring new 

ligands that are able to direct the synthesis of exotic NC morphologies, altering the surface 

dipole, relaxing the quantum confinement, and improving conductivity and charge carrier 

mobility in NCs, there has been little experimental effort in understanding the effect of 

ligand concentration on the surface of the NCs. The work we presented in this appendix 

showed that the chemical and energetic properties of the NCs can be affected not only the 

type of ligand used, but also the surface coverage of the ligands. Only by using the 

background removal methodology we described in a previous chapter, along with the 

various other experimental techniques used in this work, we were able to evaluate the effect 

of nanoscale surface modifications to the NC surface. This capability is critical to 

understanding even more complex NC structures such as metal-tipped core@shell 

nanorods that are of great interest in the photocatalysis community. We believe that the 

techniques used in this work can be applied to all the various ligands and NCs explored by 

other researchers to enable the development of NCs with optimized chemical, energetic, 

and electronic properties for photocatalysis, photovoltaics, and lighting.  
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APPENDIX B. BAND EDGE ENERGETICS OF HETEROSTRUCTURED 

NANORODS: PHOTOEMISSION SPECTROSCOPY AND WAVEGUIDE 

SPECTROELECTROCHEMISTRY OF AU-TIPPED CDSE NANOROD 

MONOLAYERS 

 

Adapted with permission from Ref. 1: Ehamparam, R.; Pavlopoulos, N. G.; Liao, 

M. W.; Hill, L. J.; Armstrong, N. R.; Pyun, J.; Saavedra, S. S.; ACS Nano, 2015, 9(9), 

8786-8800. Copyright 2015 American Chemical Society. 

 

Conduction and valence band energies (ECB, EVB) for CdSe nanorods (NRs) 

functionalized with Au nanoparticle (NC) tips are reported here, referenced to the vacuum 

scale. We use: a) UV photoemission spectroscopy (UPS) to measure EVB for NR films, 

utilizing new approaches to secondary electron background correction, satellite removal to 

enhance spectral contrast, and correction for shifts in local vacuum levels; and b) 

waveguide-based spectroelectrochemistry to measure ECB from onset potentials for 

electron injection into NR films tethered to ITO.  For untipped CdSe NRs, both approaches 
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show EVB = 5.9–6.1 eV and ECB = 4.1–4.3 eV. Addition of Au tips alters the NR band edge 

energies and introduces mid-gap states, in ways that are predicted to influence the 

efficiency of these nanomaterials as photoelectrocatalysts. UPS results show that Au 

tipping shifts EVB closer to vacuum by up to 0.4 eV, shifts the apparent Fermi energy 

toward the middle of the band gap, and introduces new states above EVB. 

Spectroelectrochemical results confirm these trends: Au tipping shifts ECB closer to 

vacuum, by 0.4–0.6 eV, and introduces mid-gap states below ECB, which are assigned as 

metal-semiconductor interface (MSI) states. Characterization of these band edge energies 

and understanding the origins of MSI states is needed to design energy conversion systems 

with proper band alignment between the light absorbing NR, the NC catalyst, and solution 

electron donors and acceptors. The application of the background removal methodology 

described in Chapter 2 was necessary to distinguish the photoemission from the low density 

of MSI states from satellite, secondary, and substrate photoemission. The complementary 

characterization protocols presented here should be applicable to a wide variety of thin 

films of heterogeneous photoactive nanomaterials, aiding in the identification of the most 

promising material combinations for photoelectrochemical energy conversion.  

 

B1 INTRODUCTION 

Multi-component inorganic nanocomposite materials have generated considerable 

recent interest since the combination of different materials (e.g. metals and II-VI 

semiconductors) at the nanoscale creates heterojunctions with energetic offsets that 

enhance their optical, electronic, magnetic and/or photo-catalytic properties.2–9 These 
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enhancements most often occur in lower symmetry constructs, e.g. nanorods (NRs) vs. 

nanoparticles (NCs) or quantum dots, since internal potential energy gradients can be 

developed that, for example, enhance efficiency of charge separation and charge transport 

vs. recombination.2,3,10–22 Understanding the energetic impact of heterojunction formation 

in NR materials (e.g. shifts in valence band (EVB) and conduction band (ECB) energies upon 

addition of metal or metal oxide tips) is a complex endeavor, preferably addressed using 

two or more complementary measurement approaches. 

Banin and coworkers demonstrated the first synthesis of heterostructured metal-

semiconductor NRs by depositing metallic Au NCs onto the termini of cadmium selenide 

(CdSe) NRs.6,23  Au NCs selectively deposit at the NR termini due to their high surface 

free energy and lower coverage of passivating ligands, but it is clear that this is also 

critically dependent upon temperature, metal precursor concentration, NR concentration, 

and passivating ligand type and coverage.23 The electronic coupling between these “Au 

tips” and CdSe NRs was subsequently confirmed using conductive tip atomic force 

microscopy (CAFM), scanning tunneling spectroscopy (STS) and electrostatic force 

microscopy (EFM), comparing the bare NRs24 with the Au-tipped NRs.2,7  STS of the bare 

NRs, on highly ordered pyrolytic graphite substrates (HOPG), showed clean energy gap 

regions, with band gap energies that were dependent upon NR diameter (up to ca. 3-4 nm) 

and independent of rod length.24 Addition of a Au tip at both ends of CdSe NRs produced 

“metal-semiconductor interface” (MSI) states within the band gap that could be detected 

within 1-2 nm of the Au tip (on a NR with a length of ca. 15-40 nm rod), suggesting an 

“interphase” region at the CdSe/Au heterojunction with unique electronic properties.7  At 
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the center of the NR, however, the band gap and the relative valence band and conduction 

band energies appeared to be largely unchanged from those of the bare NR.  Estimates of 

EVB and ECB referenced to the vacuum scale were not obtainable.  Manna and coworkers 

subsequently used transmission electron microscopy (TEM) to show that, even after 

annealing, Au tips at the terminus of a CdSe NR appears to form an abrupt interface, with 

“epitaxial” registry of the Au and CdSe nanocrystals (NCs).25  

In the design of efficient photocatalytic materials, controlling both the average and 

local energy levels of symmetric or asymmetric NR materials with respect to the catalytic 

reactions they are intended to accelerate remains a challenge.3,17,26–30 Measuring these 

energy levels also presents significant challenges, including: a) defining EVB and ECB with 

respect to vacuum scale (and dispersion in these energies), and b)  characterizing the shifts 

in local vacuum level that may result from metal modification of NRs.8,31–35 An additional 

challenge is relating the band energies of heterostructured nanomaterials measured in 

vacuum to the energetics of these materials in solution/electrolyte media where they are 

ultimately intended to function. 

We previously reported on both UV photoemission (UPS) and 

spectroelectrochemical characterization of CdSe nanoparticles (NCs) adsorbed or tethered 

to metal (Au) or metal oxide (indium-tin oxide, ITO) surfaces, to estimate band edge 

energies.36,37 UPS was used to estimate EVB for two different populations of monolayer-

tethered, ligand-capped CdSe NCs, with diameters of 3.6 and 6 nm, on clean Au substrates, 

after correcting for shifts in local vacuum level that result from the strong interface dipoles 

characteristic of these nanomaterials.36 The use of two different excitation sources, He I 
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(21.2 eV) and He II (40.8 eV), provided two different sampling depths.  This work built 

upon earlier reports by Colvin et al.38 where synchrotron-based photoemission (excitation 

energy = 20-70 eV) was used to estimate EVB for cadmium sulfide (CdS) NCs tethered to 

multiple surfaces as a function of NC diameter. 

Naaman, Waldeck and coworkers used combinations of photoemission, with low 

energy excitation sources, and 2-photon photoemission (2PPE) spectroscopy in a 

complementary fashion to estimate EVB for CdSe NCs, and the effect of ligand type and 

dipolar nature on band edge energies.39–41  Jasieniak et al. more recently used atmospheric 

PES on a series of semiconductor NCs (CdSe, CdTe, PbS and PbSe), showing a systematic 

change in EVB with NC diameter.35  They estimated ECB using the quasi-particle gap energy 

(transport gap), which is obtainable via the modification of the optical band gap energy 

with the Coulomb interaction between an electron-hole pair, and the polarization energy 

arising from carriers and image charges across the high dielectric nanoparticle.  For CdSe 

NCs varying in diameter from ca. 2 to 6.5 nm, EVB varied by ca. 0.5 eV, while ECB varied 

by up to 1.0 eV, with both optical and transport band gap energies decreasing with 

increasing NC diameter, as expected.  The corrections to ECB estimated from the optical 

band gap vs. the quasi-particle gap energy were up to 0.2 eV depending upon CdSe NC 

diameter, and were much smaller for this semiconductor than for CdTe, PbS or PbSe.   

For various NCs on a variety of contact surfaces, including oxides, estimation of 

EVB in the HKE region can be problematic due to the large secondary electron scattering 

coupled with photoemission.31–33  New approaches to analysis of high kinetic energy UPS 

data, at EVB and in the mid-gap region out to the Fermi energy, EF, as recently demonstrated 
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for molecular semiconductor films,42,43 now provide more confidence in values of EVB 

extracted from measurements on NC thin films, and suggest the possibility of probing 

densities of mid-gap states that arise from defects in the NCs or, as shown below, the 

addition of metal tips to a semiconductor NR.  For heterostructured NRs, new challenges 

emerge, since both the core and the tip of the NR are simultaneously sampled in the UPS 

experiment. Without careful consideration of the sources of background and secondary 

photoelectrons, understanding the physical processes that produce them, and subsequently 

analytically removing them, the identification of the MSI states reported herein could not 

be accomplished. No such methods currently exist for low energy PES. 

Solution electrochemical methods have been used in a complementary fashion to 

estimate both EVB and ECB for nanomaterials such as CdSe NCs, however multilayer films 

have typically been required, and distinguishing Faradaic currents associated with charge 

injection/extraction from capacitive currents can be challenging. Significant variations in 

EVB and ECB using these methods have been observed, which have been attributed to the 

sensitivity of the electrochemistry of these nanomaterials to surface defects and ligand 

effects.37,44–46 Brutchey and coworkers used voltammetry of multilayer NC thin films to 

estimate conduction band energies on carefully prepared and purified NCs, to rationalize 

the effects of NC diameter and ligand type/size on the open-circuit photopotentials of PV 

platforms created from composites of NCs and a polymer host.47  They and other groups 

have shown that the size and charge density of the solution counter ion can also 

significantly alter onset potentials and estimates of EVB and ECB.34,35,37,47–51  
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We recently demonstrated that attenuated total reflectance (ATR) 

spectroelectrochemistry,52,53 can be used to estimate ECB of submonolayers of CdSe NCs 

tethered to electroactive (ITO) waveguide surfaces, where the low surface coverages 

ensure characterization of electron injection events into isolated NCs or small NC 

clusters.36 At potentials sufficiently negative to inject electrons into the NC conduction 

band, the excitonic absorbance band of CdSe is reversibly bleached. Correcting the 

electrode potential to the vacuum scale provides for an in-situ estimate of ECB, which in 

combination with the optically determined band gap, provides for estimation of EVB.54 

Experiments on low surface coverage films may provide somewhat different estimates of 

ECB relative to transmission spectroelectrochemical experiments of multilayer NC 

films.48,55,56  

In this Appendix, we report the first use of complementary UPS, XPS, and 

spectroelectrochemical measurements of band edge energies, referenced to the vacuum 

scale, for thin films of CdSe and Au-tipped CdSe NRs (Figure 1). Both approaches show 

that EVB = 5.9–6.1 eV and ECB = 4.1– 4.3 eV for CdSe NRs.  In the UPS experiments, the 

detected photoemission is dominated by the upper surface of the NR film; however the 

results are similar to those obtained on control CdSe NCs (ca. 2.5 nm diameter) where most 

of the NC volume contributes to the photoemission signal. We detect significant shifts in 

both local vacuum level and EVB as Au tips of increasing size are added to these NRs, and 

the creation of mid-gap states (denoted MSI states per Steiner et al.7) at low densities above 

EVB. We also used XPS to show that the appearance of new MSI Cd 3d and Se 3d peaks 

mirror the changes to the local vacuum level, since they appear ca. 0.4-0.5 eV higher BE 
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Waveguide-based ATR spectroelectrochemical experiments show that electron injection 

into the conduction band of CdSe NRs produces bleaching of the lowest energy excitonic 

features (1Σe level).  For the Au-tipped NRs, additional absorbance changes are observed 

that are assigned to electron injection into MSI states (as suggested by earlier STS and 

transient absorbance studies).2,3,7,21,57 These complementary characterization protocols are 

likely to be applicable across a variety of new heterogeneous NR materials. 

In this appendix, the synthesis of the NCs, transmission electron microscopy 

(TEM), and TGA were performed by Nicolas G. Pavlopoulos of the Pyun Group 

(University of Arizona). The spectroelectrochemistry and related analyses were performed 

by Ramanan Ehamparam of the Saavedra Research Group (University of Arizona). FE-

SEM of NCs deposited on ITO for spectroelectrochemistry was obtained by Lawrence J. 

Hill of the Pyun Group (University of Arizona).  

B2 EXPERIMENTAL 

B2.1 Transmission electron microscopy (TEM)  

TEM micrographs were taken with a Tecnai G2 Spirit TEM using 80 kV 

accelerating voltage electron beam. The NCs were deposited on carbon-coated Cu grids 

purchased from Electron Microscopy Sciences. ImageJ software (Rasband, W.S., National 

Institutes of Health, http://rsb.info.nih.gov/ij/, 1997-2007) was used to process and analyze 

the micrographs. 

B2.2 Thermogravimetric analysis (TGA) 

TGA was obtained with a TA Instruments TGA Q50 instrument and analyzed with 

software from TA Instruments 
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B2.3 UV-Vis and Fluorescence spectroscopy 

UV-Vis spectra were collected using an SI Photonics Model 440 

spectrophotometer. Fluorescence spectroscopy was performed with Jobin Yvon-Spex 

Instruments SA FL3-11 Fluorolog-3 spectrophotometer. 

B2.4 Field-emission scanning electron microscopy (FE-SEM) 

A Hitachi S-4800 Type II/ThermoNORAN NSS EDS FE-SEM was used to collect 

SEM micrographs.  

B2.5 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) was performed on NC films on HOPG 

using a Kratos Axis-Ultra spectrometer. The samples were interrogated with a 

monochromatic Al Kα photon source (1486.6 eV, 300 W) at normal takeoff angle. All 

spectra were collected at a 0.1 eV step size, 500 ms dwell time, and 20 eV pass energy. 

The samples were electrically coupled to the spectrometer but no sample bias was applied. 

Samples were referenced to the primary C 1s peak at 284.5 eV, which is assigned to the 

HOPG substrate.  

B2.6 Ultraviolet photoelectron spectroscopy (UPS) 

UPS was performed using a Kratos Axis-Ultra spectrometer equipped with a Specs 

UVS-20 He(I) (21.2 eV) excitation source. The instrument analyzer was set to a pass 

energy of 5 eV with 0.01 eV step size and 500 ms dwell time per step. Three different spots 

were analyzed per sample, with signal averaged four times per spot. A 10.00 V bias was 

applied between the sample stage and the detector to ensure that the lowest kinetic energy 

electrons could be detected, by moving them to a higher absolute kinetic energy. The 
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chamber pressure during operation was ca. 1.1 x 10-7 torr. The Fermi energy of the 

spectrometer was determined by analyzing a freshly cleaved HOPG surface (work function 

of 4.4 eV) heated to 270 °C for one hour under vacuum to desorb contaminants. The Fermi 

energy was verified by analyzing freshly cleaved HOPG periodically.   

B2.7 Sample preparation for PES experiments 

All photoemission (PES) experiments were performed on highly-ordered pyrolytic 

graphite (HOPG) purchased from Bruker AFM Probes. On the day of the experiment, the 

substrate was prepared by rinsing with toluene, drying with a N2 stream, and a fresh surface 

was exposed by exfoliation at least five times. Nanocrystal (NC) solutions were adjusted 

to ca. 0.2 mg/mL before drop-casting directly onto the unmodified substrate and allowed 

to dry in CHCl3 vapor to produce submonolayer coverages. The sample was then 

introduced into the spectrometer, and the presence of the NC was verified by collecting X-

ray photoelectron spectra of the Cd 3d, Se 3d, and Au 4f orbital regions. Furthermore, field-

emission scanning electron microscopy (FE-SEM) of each interrogated sample was 

performed after each PES experiment to evaluate coverage of NCs on the HOPG surface. 

B2.8 Preparation of NR films on ITO and FE-SEM imaging for 

spectroelectrochemistry 

Soda lime glass coated with indium-tin oxide (ITO, ca. 100 nm thick) was 

purchased from Thin Film Devices (total thickness of 1.1 mm) and Colorado Concept 

Coatings, LLC (total thickness of 0.4 mm) with a sheet resistance of 15-20 Ω/sq.  ITO-

coated planar electrodes were cleaned by scrubbing with detergent (1% Triton X-100) 

followed by sonicating in detergent, water (Barnstead nanopure, 18.3 MΩ•cm), and ethanol 
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for 15 minutes for each step. Cleaned ITO was stored in ethanol. Immediately before use, 

ITO slides were dried under flowing nitrogen gas followed by room temperature air plasma 

(Harrick PDC-3XG) cleaning for 15 minutes at medium RF level. After removing from the 

air plasma cleaning chamber, cleaned ITO slides were placed in 10 mM 1,8-

octanediphosphonic acid (OdiPA) solution for 3 hours followed by rinsing with copious 

amount of ethanol.  

Initial attempts to adsorb NRs onto OdiPA-modified from NR solutions were 

largely unsuccessful, therefore NR films were deposited by spin coating at 550 rpm for 20 

seconds followed by 4000 rpm for 40 seconds. The concentrations used for spin-coating 

were approximately 2 mg/ml for CdSe, 2.8 mg/ml for Au2.6-CdSe and 6 mg/ml for Au5.6-

CdSe NRs. These concentrations produced submonolayer to monolayer (ML) coverage for 

CdSe and Au2.6-CdSe NRs, and 1-2 ML coverage for Au5.6-CdSe NRs. After spin coating, 

the slides were either characterized without further treatment or they were soaked in 

ethanol for 1 hour to remove unbound ligands. In some cases, one half of the cleaned ITO 

slide was masked with tape and the unmasked half was spin-coated as described above, 

after which the tape was removed.  The uncoated half of the slide served as a blank for 

ATR spectroscopy. FE-SEM images of spin-coated NRs on OdiPA-modified ITO showed 

that no difference was observed before and after the ethanol soaking step. These images 

show that the NR films became progressively less ordered through the progression of CdSe 

NRs to Au5.6-CdSe NRs. 
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B2.9 Potential-controlled attenuated total reflectance (ATR) spectroscopy 

A detailed description of the custom-built visible ATR instrument has been 

published.52,58  Briefly, the TE polarized output of a broadband source (xenon lamp) was 

coupled into and out of the waveguide (the ITO-coated slide) using BK7 prisms.  The 

outcoupled light was directed into a monochromator (Newport MS260i) and detected using 

a CCD (Andor iDus420A).  ITO-coated slides from Thin Film Devices were used as 

waveguides. The distance between the prisms defines the active length (3 cm) of the 

waveguide, over which approximately 7-8 internal reflections occurred.  For visible ATR 

spectroscopy, an OdiPA-modified waveguide served as the blank. To perform ATR 

spectroscopy under potential control, a conventional three-electrode arrangement was 

added to the ATR flow cell.  An ITO-coated slide was the working electrode (active area 

= 0.8 cm2) and a Pt wire was used as the counter electrode.  Spectra of NR films were 

acquired after a potential step was applied to the ITO electrode and held for at least 5 

seconds.  In initial spectroelectrochemical experiments, either lithium perchlorate (LiClO4) 

or tetrabutyl ammonium perchlorate (TBAP) dissolved in acetonitrile was used as the 

background electrolyte. The relative change in absorbance observed in potential-controlled 

ATR experiments was found to be significantly greater when using LiClO4 vs. TBAP. All 

further experiments were therefore performed using 0.4 M LiClO4 in degassed acetonitrile. 

B2.10 Potential-modulated attenuated total reflectance (PM-ATR) spectroscopy 

The electronic coupling of CdSe, Au2.6-CdSe, and Au5.6-CdSe NR films on ITO 

was further evaluated by measuring dark electron injection/extraction rate constants using 

potential-modulated ATR spectroscopy. PM-ATR is a waveguide-based form of 
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electroreflectance spectroscopy that can be used to measure reversible charge transfer rates 

of electroactive films.58–60  The experiment is conducted by poising the working electrode 

at a potential corresponding to the bleaching of a major absorbance feature and modulating 

the applied potential across a broad range of frequencies.  The reversible charge transfer 

rate constant is obtained by measuring the real and imaginary components of the 

electroreflectance as a function of modulation frequency.61  We have used this approach to 

characterize injection/extraction rates for CdSe NCs tethered to ITO surfaces, and for 

various molecular semiconductor small molecules and polymers.58–60,62  

Here the experimental parameters were selected to probe the kinetics of reversible 

electron injection into the 1Σe level (680 nm) of CdSe, Au2.6-CdSe, and Au5.6-CdSe NR 

films. A spectroelectrochemical flow cell having a conventional three-electrode system 

was used, in which the ITO-coated waveguide (active area= 0.8 cm2) is both the ATR 

element and the working electrode, a Pt wire is the counter electrode, and Ag/AgNO3 is 

the pseudo-reference electrode. ITO-coated slides from Colorado Concepts were used as 

waveguides. An EG&G Princeton Applied Research Model 263A potentiostat/galvanostat 

and Model 1025 frequency response detector operated with PowerSuite 2.00.5 software 

(Princeton Applied Research) were used for both PM-ATR experiments and 

electrochemical impedance spectroscopy (EIS).  

In a PM-ATR experiment, a sinusoidally modulated voltage (Eac) centered around 

a DC bias (Edc) is applied to the working electrode. To select Edc values, optically detected 

anodic sweep voltammetry was performed using the following parameters: scan range of -

0.45 V to -1.5 V vs. Ag/AgNO3, scan rate of 10 mV/s, Eac value of 20-50 mVRMS, frequency 
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of 1 Hz, λ = 680 nm. The Edc values selected for experiments on CdSe, Au2.6-CdSe, and 

Au5.6-CdSe NRs were (-1.0 to -1.2) V, (-1.1 to -1.25) V and -1 V vs. Ag/AgNO3, 

respectively.  The choice was based on observing a significant difference between the real 

and imaginary portions of the electroreflectance signal, balanced by the need to maintain 

the potential: a) sufficiently positive to prevent reduction of ITO and b) sufficiently 

negative to fill the SET levels and MSI states so that the kinetics of electron injection occurs 

into the NR conduction band are measured. 

Optical complex plane plots were obtained by acquiring the real (Re(Rac)) and 

imaginary (Im(Rac)) components of the optical signal (at 680 nm, TE polarization) by 

varying the frequency of Eac from 0.1 Hz to 6300 Hz, using an Eac value in the range of 30-

50 mVRMS.  Complex plane plots were subjected to a polynomial fit to determine the 

modulation frequency (ω) at which the real reflectance was zero.  Apparent heterogeneous 

electron transfer rate constants (ks,opt) were calculated from ks,opt = 0.5ω2RsCdl, where Rs is 

the solution resistance and Cdl is the double layer capacitance which were measured by 

EIS.  The EIS measurements were performed at -0.45 V vs. Ag/AgNO3. The high and low 

frequency regions of Bode plots were used to obtain Rs and Cdl, respectively.10   

B3 RESULTS AND DISCUSSION 

B3.1 Synthesis of heterostructured nanorods.   

CdSe NRs and Au-tipped CdSe NRs were prepared for these studies using modified 

literature methods (Figure 1; see Methods at the end of the appendix for details).  CdSe 

NCs (diameter (D) = 2.7 – 3.2 nm) were synthesized using previously reported 

methods,57,58 and used to seed the growth of CdSe NRs (length (L)  40 nm; D  9-10 nm) 



239 

 

based on a modified literature procedure for CdSe NRs.57  In our hands, the use of a CdSe 

seed enabled more precise and reproducible tuning of NR dimensions and uniformity, 

although the majority of reports on these materials do not require the use of CdSe seeds.  

Deposition of Au NCs onto NRs was conducted using modified methods of Mokari et al.,5 

with HAuCl4·3H2O as the gold precursor, didodecyldimethyl ammonium bromide as a 

surfactant for the gold salt, and dodecylamine as both the reducing agent and stabilizing 

ligand.  This approach afforded a mixture of CdSe NRs with one or two terminal Au NC 

tips (termed “matchstick” or “dumbbell” tipped NRs, respectively).  Representative TEM 

images are shown in Figure 2. 
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Figure 1:  (upper) Synthetic scheme for creation of symmetric and asymmetric Au-tipped CdSe 

NRs used in this work; (lower) schematic views of (A) the pre-contact CdSe NR and Au NC, 

(B) the symmetric Au2.6-CdSe NR and (C) the symmetric Au5.6-CdSe NR (where the subscript 

on Au refers to the tip diameter in nm). The Au tips are drawn approximately to scale vs. the 

dimensions of the NRs.  
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The size of the Au NC tips was varied by control over the gold precursor and CdSe 

NR concentrations, allowing for the deposition of tips with diameters ranging from 2-6 nm.  

For the characterization studies described below, CdSe NRs were derivatized with two 

sizes of Au tips, 2.6 nm and 5.6 nm, denoted as Au2.6-CdSe NRs and Au5.6-CdSe NRs, 

respectively. For the smaller tips, a distribution weighted towards singly tipped structures 

was observed (23.5% untipped, 56.1% singly tipped, and 20.4% with two tips as measured 

by TEM). For the larger tips, however, the distribution was more heavily weighted to 

materials with two tips (0.0% untipped, 9.8% singly tipped, and 90.2% with two tips as 

measured by TEM). Histograms of NR tipping distributions are presented in Figure 3 for 

Au2.6-CdSe and Figure 4 for Au5.6-CdSe. Although the Au2.6-CdSe NRs and Au5.6-CdSe 

NRs tipping distributions were different, the degree of Au metallization of CdSe NRs could 

be controllably varied, enabling correlation with UPS, XPS, and spectroelectrochemical 

measurements as discussed below.  
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Figure 2:  TEM images of: (A, D) CdSe NRs (L = 40.1 ± 4.1 nm; D = 9.6 ± 1.2 nm); (B, E) 

Au
2.6

-CdSe NRs; and (C, F) Au
5.6

-CdSe NRs exhibiting both matchstick and dumbbell 

morphologies, with a small percentage of the Au NCs deposited along the NR axis as well as 

at the tips. All scale bars are 100 nm. 
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Figure 3. Representative TEM images of Au2.6-CdSe NRs at a) low magnification and b) high 

magnification. The number of rods with a Au NC at one tip, two tips, and devoid of tips was counted 

and is presented as a histogram in c), where n = 412.  

Figure 4. Representative TEM images of Au5.6-CdSe NRs at a) low magnification and b) high 

magnification. The number of rods with a AuNC at one tip, two tips, and no tips were counted and 

represented as a histogram(c), where n = 234). 

 



244 

 

B3.2 UV-Vis and fluorescence spectroscopy of dissolved NCs and NRs 

The absorbance spectrum of CdSe NCs (Figure 5A) was used to estimate their size 

(lowest energy excitonic band, λmax = 512 nm) based on the method of Peng et al.63 As 

expected, the luminescence emission peak (λmax = 527 nm) is red shifted from the lowest 

energy band in the absorbance spectrum.  The absorbance spectrum of CdSe NRs (Figure 

5B) shows broad absorbance in the visible region. The emission peak (λmax = 692 nm) is 

red shifted from the lowest energy band in the absorbance spectrum.  For Au2.6-CdSe NRs, 

and Au5.6-CdSe NRs (Figure 5C, and Figure 5D respectively), broad absorption is observed 

in the visible region similar to that observed for the unmodified CdSe NRs.  However, the 

emission is quenched by gold tipping, as observed previously,6 indicating coupling 

between the metal and semiconductor.  For all three NR types, absorption bands are 

observed at ca. 555 nm and 680 nm (marked by green arrows), which matches the positions 

of the major bleaching bands which we will approach later. 
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Figure 5:  Absorbance (red) and emission (blue) spectra for each of the synthesized nanocrystals:  

(A) CdSe NCs (D = 2.5 nm); (B) CdSe NRs (L = 40.1 ± 4.1 nm; D = 9.6 ± 1.2 nm); (C) Au2.6-

CdSe NRs; and (D) Au5.6-CdSe NRs. The excitation wavelength was 367 nm.  The discontinuity 

near 460 nm in the absorbance spectra is due to a change in the source lamp.  The green arrows in 

B-D indicate the positions of the absorbance bands which correspond to the bleached bands 

observed in the ATR difference spectra which are addressed later. 
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B3.3 TGA of NCs and NRs 

The TGA profile for the CdSe NCs shows a slight but progressive loss in weight in 

the temperature range from 100-400 oC, followed by onset of decomposition of the organic 

passivating ligands at ca. 475 oC (Figure 6A).  For the CdSe NRs, progressive loss in weight 

in the range of 100-450 oC is observed, followed by onset of decomposition of the 

passivating ligands at ca. 450 oC (Figure 6B).  For the Au2.6-CdSe NRs, almost no loss in 

weight to 200 oC, followed by the onset of decomposition of ligands and residual organic 

content at ca. 250 oC (Figures 6C). For the Au5.6-CdSe NRs, progressive loss in weight in 

the range of 100-400 oC is observed (Figure 6D).  These results show that Au tipping of 

CdSe NRs is likely accompanied by changes in the type of ligand as well as the ligand 

coverage, as expected based on the synthetic schemes described in the Methods. 
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Figure 6. Thermogravimetric analysis data for each of the synthesized materials: (A) CdSe NPs (D 

= 2.6 nm), (B) CdSeNRs (L = 40.1 ± 4.1 nm and D = 9.6 ± 1.2 nm), (C) Au2.6-CdSe NRs, and (D) 

Au5.6-CdSe NRs. 
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B3.4 Photoemission spectroscopy of heterostructured nanorods.   

UPS was used to estimate EVB for NR monolayers, to characterize low 

concentrations of mid-gap states extending out to EF (introduced by Au tipping), and to 

characterize variations in local vacuum level as Au tips were added to the NR.  CdSe NR 

or NC films were deposited on freshly cleaved HOPG, as described in SI, producing 

submonolayer to monolayer coverages.  X-ray photoelectron spectroscopy (XPS) was 

performed on each sample to examine NC or NR composition and stoichiometry (Se/Cd 

ratio; see SI).  Film morphology for each NC sample was assessed using field emission 

scanning electron microscopy (FE-SEM) (Figure 7).  As shown in Figure 7, submonolayer 

coverages were used for these studies because the NR electronic and energetic properties 

are expected to be more uniform relative to multilayer films.34,55,56  

UPS data for these NR films are shown in Figure 8, along with reference data for 

clean HOPG, HOPG coated with a thin film of dodecylamine-capped Au NCs, and HOPG 

coated with a thin film of small CdSe NCs (2.5 nm diameter – i.e., a diameter which ensures 

that photoemission from both the surface and the interior of the NC is sampled).64  The 

center panel of Figure 8A shows the full photoemission spectra prior to data treatment.  

The left and right panels show expanded views of the low and high kinetic energy (LKE 

and HKE) regions, respectively.  High sensitivity, log scale presentation of the HKE 

regions is shown in Figure 8B.  For these data we plot the kinetic energy on the x-axis and 

indicate the Fermi energy for the spectrometer/samples (EF in this case = 31.8 eV), which 

includes an energy offset from an added voltage applied to the substrate to accelerate 

photoelectrons to a higher kinetic energy, making their quantification more reliable.65–67  
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These kinetic energies are corrected to a binding energy scale for creation of the band 

energy diagrams in Figure 9A. 

In previous experiments using clean Au substrates modified with thiols to adsorb 

CdS, CdSe and related NCs, we noted the high photoemission background intensity from 

the substrate and from the thiol linkers themselves,37,38 whereas for CdSe or PbSe NCs 

supported on ZnO substrates31–33 and the HOPG substrates used here, lower secondary 

electron photoemission background is observed in the critical HKE spectral regions. This 

secondary emission is suppressed when thin NR or NC films are added to the HOPG 

surface. The onset of photoemission from the valence band of the NR or NC, along with 

photoemission from mid-gap states, if present, is much easier to distinguish with substrates 

that show only weak photoemission near the HKE region.68–70 The efficacy of HOPG as a 

substrate for the determination of valence band photoemission features has been shown to 

provide more accurate estimates of ionization onset energies for a variety of molecular 

systems, with fewer concerns about background correction relative to metal substrates such 

as Au.71–73   
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Figure 7. FE-SEM images of samples used to perform PES experiments. Each of the four images 

is representative and indicates that drop cast samples were at or below monolayer coverages. 

Samples are (A) CdSe NPs, (B) CdSe NRs, (C) Au2.6-CdSe NRs, and (D) Au5.6-CdSe NRs. 
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Figure 8.  (A) He (I) photoemission spectra of: 1) freshly cleaved HOPG, 2) CdSe NCs, 3) CdSe NRs, 4) Au2.6-CdSe NRs, 5) 

Au5.6-CdSe NRs and 6) Au2.6 NCs, all deposited on freshly cleaved HOPG. Background correction and satellite removal from 

these spectra and other details of the data analysis procedures are given in SI;  (B) The HKE region of the spectra in (A), offset 

vertically for clarity, corrected for both secondary electron scattering background and satellite photoemission, on a semi-log 

scale to accentuate photoemission from states above EVB, out to EF, shown here as a dashed line at KE = 31.8 eV.  Photoemission 

from the HOPG substrate is suppressed, and spectral features appear at energies out to EF due to defects in the NC or NR, or the 

addition of Au NCs that introduce MSI states (see text).  
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Figure 9.  Energetics for CdSe, Au2.6-CdSe, and Au5.6-CdSe NR films and reference 

materials. (A) EVB values obtained from the UPS data for NC and NR films on 

HOPG, corrected for local vacuum level shifts.  The EVB shifts closer to vacuum and 

other ionization features are also observed, much deeper than EVB, as Au tips are 

added to the NR.  ECB values are estimated from EVB values and the optical band gap 

(blue arrows) for the NC or NR. (B) ECB values for NR films are estimated from the 

onset potentials for bleaching of the lowest energy band in the difference ATR 

spectra, which results from electron injection into the 1Σe level of the CdSe NR. The 

Au-tipped NRs show two “bleaching” transitions: the first is assigned to EIS (due to 

MSI states in the band gap region with onsets at 4.6 and 4.7 eV for Au2.6-CdSe and 

Au5.6-CdSe NR films, respectively) and the second is assigned to ECB (at 4.0 and 3.8 

eV for Au2.6-CdSe and Au5.6-CdSe NR films, respectively).  EVB energies are 

estimated from the optical band gap (blue arrows). As in the UPS experiments, Au 

tipping moves ECB and EVB closer to vacuum. 
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The HKE data in Figure 8B have been taken through a series of corrections, which 

are identical to those found in Chapter 2 of this manuscript, to enhance the photoemission 

contribution from the NRs and NCs, since the HKE onset for photoemission above baseline 

is required to achieve a reliable estimate of EVB, which is shown for a CdSe NC sample in 

Figure 10.  Figure 10A, 10C, and 10E are semi-log representations of the data as the 

corrections are applied, and 10B, 10D, and 10F are the linear presentations. An expanded 

description of our data treatment is given in Chapter 2 of this manuscript.  Briefly, in Figure 

10A and 10B, we first correct for spectral features arising from He (I) satellite emission in 

the excitation source (β and γ) at +1.87 eV and +2.52 eV, relative to the He (I) primary 

excitation energy (21.2 eV).  While these satellite features are low in intensity, and often 

ignored in normal UPS experiments (and may be missing in PES experiments using 

monochromatic excitation sources, or in atmospheric photoemission experiments),32,35,42,43 

their presence can make estimates of EVB problematic in some instances.  Furthermore, 

defect states in NRs and other molecular and oxide semiconductors show photoemission 

that directly overlaps these satellite features, at intensities which are important to the 

electronic and photocatalytic properties of these materials, but difficult to quantify without 

satellite removal.   

Second, we apply an integrated sigmoidal correction for the contribution to spectral 

background from the scattering of secondary photoelectrons in the HKE region, as 

described by Henrich and coworkers,74 and more recently by Zhu and coworkers,32 which 

we find to be more significant for semiconductor nanomaterials than for organic 

semiconductors, in Figures 10C and 10D. The final correction is a weighted linear 
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subtraction of the remaining background photoemission due to the HOPG substrate, which 

contributes to the photoemission tail that converges at the Fermi energy, and can be seen 

most clearly in the log-linear representation of the photoemission spectra (shown in Figure 

10E and 10F). If an adequate S/N ratio is achieved, and full correction for satellite 

photoemission and secondary electron background is performed, it is possible to 

distinguish differences in EVB energies and work function down to ca. +/- 0.05 eV.  

EVB levels for each NC assembly were next estimated from the difference in the 

source energy and the energetic width of the photoemission spectrum: EVB = 21.2 eV – 

[HKE – LKE], after confirming complete removal of satellite peaks and secondary electron 

scattering background using semi-log display (Figure 8B).65,66,73 This approach provides 

EVB values (Figure 9A) corrected for local vacuum level shifts.62  EVB obtained for a control 

sample – a thin film of CdSe NCs (2.5 nm diameter, optimized capping ligand coverage) - 

is ca. 5.8 eV which agrees well with recent reports for CdSe NCs of comparable diameter 

and capping ligand.34  A control with a small diameter was chosen to ensure that both the 

surface and the interior of the NC contributed to the measured photoemission response. 
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Figure 10. (A) and (B) show the raw UPS data (black trace) from a CdSe NC film, in 

linear and semi-log scales, respectively. The dashed purple trace is the satellite signal 

that is subtracted to produce the satellite corrected trace (red).  (C) and D) show the linear 

and semi-log plots of the secondary scattered photoelectron correction (dashed orange 

trace), and the resulting satellite and secondary corrected data (green trace).  (E) and (F) 

show the linear and semi-log plots of the scaled substrate photoemission (dashed magenta 

trace) and the final, fully corrected spectrum (blue trace).  

 



256 

 

Depending upon excitation energy and the surface-to-volume ratio of the NC, there 

may be concerns that PES-determined EVB values may be more representative of the near 

surface region than the bulk of the NC.  In our previous studies of CdSe NCs and those of 

Jasieniak et al., EVB values were measured on a range of NC diameters using different 

excitation energies which produced different sampling depths.35,37  For the larger NCs (4-

8 nm diameter) probed using the lowest excitation energies, the photoemission signal 

originated predominately from the near surface regions (ca. 2-3 nm from the NC surface 

into the interior).  When the NC diameter was less than ca. 3 nm and/or the excitation 

energy was high, however, the PES-determined EVB values reflected a larger contribution 

from the NC interior.  Combinations of photoemission with a high energy excitation source 

and X-ray absorption were used by Meulenberg and coworkers to estimate EVB and ECB, 

band gap energy, and exciton binding energy in CdSe NCs of varying diameters, which 

ensured that the bulk of the NC was sampled.75–77  The comparable values of EVB for both 

CdSe NCs and NRs from all of these studies suggests that these values are more reflective 

of intrinsic valence band energies than energies associated with near surface defect states. 

The band edge energies of CdSe NRs shift as Au tips are added (Figure 8A).  The 

HKE ionization edge shifts in energy by ca. 0.3 – 0.4 eV, i.e., EVB decreases by up to 0.4 

eV relative to the untipped NRs; this shift is discussed further below.  Additional higher 

binding energy features are present in the HKE region for the CdSe NRs (at 6.2 eV in 

Figure 8A) that shift further from vacuum, to 6.8 and 7.7 eV, for the Au2.6-CdSe NRs and 

Au5.6-CdSe NRs, respectively.  The physical/chemical origin of these features is not clear 

and will be a subject of future investigations. 
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The semi-log HKE region above EVB is relatively featureless for the bare CdSe 

NRs, however, new photoemission features (less than 10% of total photoemission 

intensity) appear in the band gap as Au tips are added; this is especially apparent for the 

Au5.6-CdSe NRs.  Without the background removal methodology, these features would be 

indistinguishable from satellite, secondary, or substrate photoelectrons, due to the low 

photoemission intensity. Even for the 2.6 nm Au tips, however, we estimate that these 

features have an energetic full width of ca. 0.5 eV and are located at energies close to those 

predicted for MSI states from STS studies of comparable Au-tipped CdSe NRs.3,7,78 

Interestingly, photoemission from these states appears to converge on the features seen for 

Au 6s states in the UP spectra of Au NCs on HOPG, just below EF, and it is reasonable to 

expect that, as the Au NC tip increases, we would see photoemission dominated by those 

portions of the Au tip well away from the CdSe NR/Au NC heterointerface. For both sizes 

of Au tips, the contribution from these new states extends from EVB out to EF, suggesting 

a very heterogeneous energetic environment for these metal-derived states, an observation 

that is complemented by the spectroelectrochemical results discussed below. 

The relatively featureless HKE spectral region above the EVB edge for the bare 

CdSe NRs enables these observations out to EF. It should be noted that for more 

polydisperse CdSe NCs or CdSe NRs with higher defect densities, we observe tailing of 

the photoemission edge into the middle of the band gap region. The use of our 

photoemission approach to characterize band edge dispersion in variably sized CdSe NCs 

and NRs, and the influence of defects caused by surface ligand removal on the density-of-

state (DOS) distributions of these states, are reported in Appendix A of this manuscript. 
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ECB levels for CdSe NCs, CdSe, Au2.6-CdSe, and Au5.6-CdSe NR films were then 

estimated by adding the optical band gap, Eopt, to EVB.  Eopt values were estimated from the 

low energy onset of the lowest energy absorbance band (Figure 5).  For CdSe NCs, Eopt = 

2.31 eV which yielded ECB = -3.2 eV vs. vacuum.  For CdSe, Au2.6-CdSe, and Au5.6-CdSe 

NRs, the respective Eopt values were 1.78 eV, 1.78 eV, and 1.75 eV.  Since there was no 

significant difference among these values and the EVB estimates have an associated error 

of less than ± 0.1 eV, Eopt = 1.8 eV was used to estimate the ECB levels for NRs shown in 

Figure 4A.  As shown by Meulenberg and coworkers and Jaseniak et al., these Eopt values 

may be smaller than the “photoelectron gap” determined from combinations of PES and 

XAS, however for the diameter of the NRs studied here, these differences are likely to be 

well under 0.2 eV.35,75–77  

As has been discussed extensively for other complex organic and inorganic 

semiconductor/contact heterojunctions, changes in effective work function, Δ, are 

expected for all HOPG/NR or HOPG/NC heterojunctions as they achieve electronic 

equilibrium (Fermi levels aligned with that of the spectrometer), and the sign and 

magnitude of these changes are determined by the pre-contact work functions of the 

individual components of the heterojunctions.65–67  Estimates of  were obtained from  = 

21.2 eV – [EF – LKE], where EF is the Fermi energy of the sample and spectrometer (dashed 

line, right side of Figure 8B). The addition of CdSe NCs or NRs decreases  relative to the 

HOPG substrate, consistent with addition of a strongly dipolar layer to the HOPG surface 

(positive end of the dipole pointed toward vacuum) as a result of electronic equilibration.67  

For CdSe NC thin films, there is a substantial vacuum level shift (ca. 0.8 eV), whereas for 
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the CdSe NR films the vacuum level shift relative to clean HOPG is smaller, but still 

produces a lower  (see Figure 9A). These data suggest that the CdSe NCs and CdSe NRs 

are n-type semiconductors with a pre-contact work function lower than that of bare 

HOPG,67 with EF within ca. 0.3 eV (or less) of the estimated ECB.  The observation of a 

Fermi energy this close to the estimated ECB suggests that, in the upper region of the NC 

and NR films (the sampling depth is less than ca. 3 nm for 21.2 eV excitation), these 

materials are rich in electron-donating sites (defects) which is consistent with the XPS-

derived Se/Cd ratios that are below stoichiometric values for both the NCs and NRs (see 

XPS data in Section B3.5).  The role that these defect states play in achieving electronic 

equilibrium with the HOPG substrate is under investigation. 

Addition of Au tips results in an EF closer to the middle of the band gap region, as 

expected if electron transfer from the CdSe NR to an intrinsically higher work function Au 

tip takes place. However, the direction of charge flow as the Au tip equilibrates with the 

NR is difficult to predict. As depicted in Figure 11, at an isolated Au/CdSe heterojunction, 

an increase or decrease in local vacuum level might occur, depending upon the pre-contact 

work function of the Au NC, which in these studies is not well understood.  For clean (bulk) 

Au,   ≈ 5.1 eV (shown schematically in Figure 9A).65,66 In contrast, recent studies of work 

functions for Au NCs have shown that, for small particle diameters, the effective work 

function can be substantially lower,74  which is consistent with our measurement of  = 3.6 

eV for Au NC thin films (Figure 9A).  If the work function of the Au NC is lower than that 

of the bare CdSe NR (4.1 eV), then electron transfer from the Au NC to the CdSe NR 

would occur upon equilibration.  This case is consistent with the measured shifts in EVB 
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towards vacuum (Figure 11B) that indicate that Au tipping increases the electron density 

in the NR.  Furthermore, when considering the measured changes in EVB and , it important 

to note that the Au tips are small with respect to the overall length of the NR (see Figures 

1 and 2), and photoemission must be dominated by the upper surface of the CdSe core of 

the NR, well removed from the Au/CdSe heterojunctions at one or both termini.  Thus the 

measured Δ, averaged over the entire NR upper surface, is expected to be less than the 

local change at/near the Au/CdSe heterojunctions.  In summary, these Au-tipped NR films 

are significantly more complex assemblies than previously characterized planar 

heterojunctions, which are relatively uniform in composition; however, the changes in band 

edge energies that we observe are entirely consistent with those observed in our 

spectroelectrochemical studies (see below). 

Finally, we also considered whether the ligands (didodecylamine and 

didododecyldimethyl ammonium bromide) introduced during Au tipping of CdSe NRs, 

which are different from those used for CdSe NR synthesis, might be responsible for the 

measured changes in EVB.  A ligand exchange reaction was performed on CdSe NRs in 

conditions identical to the process used to produce 2.6 nm Au tips, except the Au(III)Cl 

precursor was absent.  The resulting local vacuum level was 0.6 eV lower than that of 

HOPG, and EVB was -5.8 eV; i.e., the measured EVB and vacuum level shifts are within 

experimental error of the values measured for CdSe NRs not subjected to ligand exchange.  

This result also shows that the Au tipping process did not alter (e.g., etch) the NR structure 

to a degree that would cause a change in energetics.5 
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Figure 11. (A) Schematic view of the Au tipping process and (B, C) local vacuum level 

shifts, at the Au/CdSe heterojunction, if the Au tip pre-contact work function is higher 

(B) or lower (C) relative to the work function of the untipped CdSe NR.  The UPS and 

spectroelectrochemical results show that EVB and ECB shift toward vacuum upon Au 

tipping (Fig. 4 in the article), which suggests that electron transfer occurs from a lower 

work function Au NP into the CdSe NR.    
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B3.5 XPS of NCs and NRs 

High resolution XP spectra for the NC samples are shown in Figure 12. Spectra 

were not corrected for binding energy, as the primary C 1s peak due to HOPG (BE = 284.5 

eV) did not shift appreciably (Figure 12B), which indicates that any observed shifts in the 

Cd 3d, Au 4f, or Se 3d lines can be ascribed to differences in NC structure rather than 

substrate effects.  

In Figure 12A, the Cd 3d peaks are shown as the synthesis proceeds from CdSe 

NCs to CdSe NRs to Au2.6-CdSe NRs to Au5.6-CdSe NRs, as well as for Au NPs. For the 

CdSe NC, the peaks were fit with two doublets of Gaussian-Lorentzian (GL) functions 

centered at 405.6 eV and 412.3 eV, and 406.1 eV and 412.8 eV, for the Cd 3d5/2 and Cd 

3d3/2 states, respectively. We expect at least two chemical environments for Cd atoms, since 

NCs are very small, many atoms are surface atoms that are undercoordinated, and therefore 

higher BE, compared to the Cd atoms in the bulk of the NC. From the CdSe NC to the 

CdSe NR, there is an asymmetric shift of the Cd 3d doublet to lower BE by ca. 480 meV 

for the core Cd 3d doublet and a congruent shift of ca. 160 meV for the higher BE Cd 3d 

doublet. The percent of surface Cd 3d5/2 peak area to bulk Cd 3d5/2 peak area in the NC is 

ca. 80%, decreases to ca. 10% in the NR; this result is intuitive, since the NR has a smaller 

surface area-to-volume ratio, and the XPS experiment is thus able to sample more of the 

bulk atoms in the NR. The addition of the smaller 2.6 nm Au NC to the NR does not 

produce significant shifts in BE, but increases the higher BE Cd 3d doublet peak area 

relative to the bulk doublet area to ca. 20%. The higher BE Cd 3d doublet ratio increases 

further when the Au NC is larger, to ca. 35%, relative to the core Cd 3d doublet. Since the 
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dimensions of the NR do not change, we posit that the increase in the higher BE species is 

due to electron transfer from the NR to the Au NC, producing new MSI states near the 

CdSe-Au interface. This result does appear to coincide with our UPS findings, however, 

we stress that the flow of electrons is difficult to predict in complicated systems.  

Figure 12B shows the change in the C 1s peak for the NC series. The peak centered 

at BE = 284.5 eV is from the HOPG substrate, which does not shift significantly for any 

sample. The higher BE peak, however, which represents the C from the ligands, shifts by 

up to ca. 200 meV to lower BE upon addition of the Au NCs, which we attribute to partial 

ligand exchange during the synthesis.  

Figure 12C shows the Au 4f BE region which confirms the presence of Au in the 

samples. The primary Au 4f7/2 and Au 4f5/2 peaks are centered at ca. 84.1 eV and 87.8 eV, 

respectively, for all samples. A higher BE doublet which are either undercoordinated 

surface Au atoms or MSI Au atoms is centered at ca. 84.6 eV and 88.4 eV for Au 4f7/2 and 

Au 4f5/2, respectively. As the Au NC increases in size, the relative percentage of higher BE 

Au species appears to increase from ca. 28% to 34%, but these results are well within the 

margin of error for the experiment. However, both Au2.6-CdSe and Au5.6-CdSe NRs show 

significant differences compared to the Au NC control, which has nearly 80% surface-to-

bulk percentage. Part of this decrease is likely because the Au NC is interfaced to the CdSe 

NR, so some atoms that would be exposed are no longer exposed. However, from the 

morphology revealed by TEM of the NRs in Figure 2, a decrease of 40-50% of surface 

atoms is unlikely. We hypothesize that part of the decrease may be due to the generation 

of MSI states in the Au NC, as a result of electron transfer from the CdSe NR to the Au 
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NC. This correlates well with the Cd 3d and Se 3d XP spectra, which both show increases 

in MSI species, which appear at higher BE, when larger Au NCs are added to the NRs.  

The high resolution Se 3d region is shown in Figure 12D. In the CdSe NC, the Se 

3d5/2 and Se 3d3/2 peaks are centered at 54.5 eV and 55.4 eV, respectively. A higher BE 

doublet is centered at 55.1 eV and 56.0 eV, which is likely associated with the 

undercoordinated surface Se atoms. The surface Se 3d5/2 peak area is ca. 40% of the bulk 

Se 3d5/2 peak area, which is approximately half the ratio found for the Cd 3d, indicating 

that the surface of the NCs is Cd-rich. The CdSe NR has a much larger Se 3d surface-to-

bulk ratio of ca. 18%, much like for the Cd 3d. The 3d5/2 and 3d3/2 peaks shift symmetrically 

for the bulk Se to 54.1 eV and 55.0 eV, respectively, and to 54.6 eV and 55.5 eV, for the 

surface Se.  Upon addition of Au NCs, the percent of the high BE species increases to ca. 

25%, which we attribute to Se atoms that undergo electron transfer at or near the Au-CdSe 

interface. The increase in the higher BE species indicates that more of the sampled Se 

atoms are in an electron deficient state, consistent with our hypothesis that the MSI states 

are formed by an electron transfer from the NR to the Au NC. As in the Cd 3d, the addition 

of Au NCs does not induce shifts to either the bulk or the surface Se 3d peaks.  

From the XPS data, we have evidence that the electron transfer is likely to occur 

from the CdSe NR to the Au NC, which is consistent with vacuum level shift as shown in 

Figure 9A and our explanation in Figure 11C, but does not appear to be coincident with 

our EVB measurements. This result, however, is consistent with the work of Mahler et al., 

in which they investigated Au NCs on CdSe nanoplatelets.79  
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Figure 12. High resolution XPS spectra of (A) Cd 3d, (B) C 1s, (C) Au 4f, and (D) Se 3d regions 

for the series of nanomaterials. In each of the subsets, (1) represents CdSe NPs, (2) CdSe NRs, 

(3) Au2.6-CdSe NRs, (4) Au5.6-CdSe NRs, and (5) Au NPs. The dashed lines are guides to indicate 

the center of the peaks.  
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B3.6 Spectroelectrochemical characterization of heterostructured nanorods.  

Potential-controlled, visible ATR spectroscopy was performed using ITO-coated 

glass as the planar waveguide and working electrode, to provide estimates of ECB for NR 

films.  Details of the instrumentation and procedures are given in Section B2.9 and B2.10, 

and in previous publications.36,60  Briefly, bare ITO electrodes were first treated with 1,8-

octanediphosphonic acid (OdiPA), prior to spin coating of NR solutions, to ensure robust 

tethering and sufficient coverage of NRs on these electrodes. NR-modified ITO substrates 

were then soaked in ethanol for 1 hr before characterization experiments were performed.  

This step improved the electrochemical response, presumably by removing unbound 

ligands and promoting NR adhesion to the OdiPA modifier.  Deposition conditions were 

identified that produced uniform low coverages (from near monolayer for CdSe NRs and 

Au2.6-CdSe NRs to 1-2 monolayers for Au5.6-CdSe NRs), as verified by FE-SEM (Figure 

13).  

ATR spectra of NR films immersed in 0.4 M LiClO4 in degassed acetonitrile were 

acquired as a function of the potential applied to the ITO with respect to a Ag/AgNO3 

pseudo-reference electrode.  As the potential was stepped to more negative values, 

progressive bleaching of the NR absorbance features was observed. These bleaching events 

correlate with Faradaic (electron injection) processes that are detected without interference 

from background charging currents inherent in conventional electrochemical 

measurements.34,55,80,81 For this reason, optical probes of electron injection into low surface 

coverage NR films are far superior to conventional electrochemical probes.36 For all three 

types of NR films, the wavelength maxima of the bleaching bands in the ATR difference 
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spectra (presented below) correspond well with the positions of the major bands in the 

absorbance spectra of dissolved NRs (Figure 5).  Furthermore, the bleaching was ca. 100% 

reversible for all three types of NR films when the potential was stepped back to the pre-

bleach value, provided that potentials more negative than   ca. -1.25 V were not applied. 

When potentials more negative than ca. -1.25 V were applied, the reversibility was ca. 90-

95% (see ATR difference spectra presented below).  Less than complete reversibility is 

attributed in part to irreversible reduction of ITO, which has an onset near -1.25 V. 

  



268 

 

 

  

Figure 13.  Representative FE-SEM images of spin-coated films of (A) CdSe NRs, (B) Au2.6-

CdSe NRs and (C) Au5.6-CdSe NRs on ITO modified with 1,8-octanediphosphonic acid.    
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B3.7 Spectroelectrochemistry of CdSe NRs.   

Representative ATR difference spectra of CdSe NRs on ITO, referenced to the 

spectrum measured at -0.45 V, are plotted in Figure 14A. At potentials more negative than 

-0.75 V, a bleaching band appeared with max  680 nm. At potentials negative of ca. -1.00 

V, this band broadened to higher energies with max closer to 670 nm. A less intense 

bleaching band with max  555 nm also appeared at potentials more negative than -0.75 V 

and, similar to the lower energy band, it broadened at potentials negative of ca. -1.00 V. 

The presence of more than one optical transition in each of these bands can be attributed 

to compositional heterogeneity and/or energetic heterogeneity. The uniformity of the 

untipped NRs in the images in Figure 2 suggests that energetic heterogeneity in otherwise 

uniform NRs, i.e. charge injection to different quantum confined states, as first observed 

by Guyot-Sionnest and coworkers for CdSe NCs,55 is the more likely explanation. 

To determine the number of absorbance transitions and their respective spectral 

profiles (peak wavelength, FWHM, and intensity), each difference spectrum in Figure 14A 

was fit with Gaussian components. This analysis showed that at potentials positive of ca. -

1.15 V, the difference absorbance band in the 590-730 nm region is composed of one band 

with max  680 nm whereas at potentials negative of ca. -1.15 V, a second band with max 

 651 nm is present.  Likewise, the difference absorbance band in the 500-590 nm region 

was fit with a single Gaussian component with max  555 nm at potentials > ca. -1.15 V; 

at potentials < ca. -1.15 V, a second, minor component appeared with max  534 nm. 
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Figure 14.  (A) A representative set of potential-controlled ATR difference spectra of CdSe 

NRs tethered to OdiPA-modified ITO. Spectra were acquired at intervals of 0.05 V from -0.50 

V to -1.55 V and normalized to the spectrum acquired at -0.45 V.  The plotted spectra cover the 

range of -0.70 V to -1.55 V. Bleaching of absorbance bands at ca. 680, 651, 555, and 534 nm 

was observed.  The black curve is the spectrum measured when the potential was stepped back 

to -0.50 V, which shows the degree of reversible bleaching.  The wavelength maxima were 

obtained by fitting the difference spectra to a model composed of Gaussian bands (two bands at 

 -1.15 V; four bands at  -1.15 V; see example in SI).  (B, C) Difference absorbance 

(normalized) plotted as a function of potential at 680 nm, 651 nm (B), and (C) 555 nm.  Solid 

lines are sigmoidal fits. The black dashed lines are extrapolations drawn to estimate the onset 

potentials for these transitions. The red dashed curves are first derivative plots of difference 

absorbance vs. potential at 680 nm and 555 nm. 
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These absorbance features of CdSe NRs, assumed to arise from 1D excitons, are 

assigned based on the work of Efros and coworkers.82   In Figures 14B and 14C, the 

difference absorbance at the max for the three major bands is plotted, along with sigmoidal 

fits to the data.  The apparent onset potential for bleaching at each max was obtained by 

extrapolating the slope of each sigmoidal curve to the asymptote corresponding to the 

neutral CdSe NR film (dashed lines).  The bands at 680 nm and 555 nm begin to bleach at 

onset potentials of -0.77 ± 0.01 V and -0.80 ± 0.33 V (n=4), respectively, showing that 

these transitions are correlated.  We posit that bleaching of these bands is due to electron 

injection into the 1Σe level of the CdSe NR conduction band.  The onset potential for 

bleaching of the 651 nm band occurs at ca. -0.93 ± 0.05 V, and is assigned to electron 

injection into the 1Πe level of the CdSe NR conduction band. The difference between the 

onset potentials for the 680 nm and 651 nm bleaching transitions, 0.16 V, is the 1Σe - 1Πe 

intraband energy.83  

The mid-point potentials for bleaching of the 555 and 680 nm bands were obtained 

by computing the first derivative of the sigmoidal fits to the bleaching data. Figure 14B 

shows the plot for the 680 band; the dashed line assigns the mid-point potential for injection 

into the 1Σe level which is -0.93 ± 0.06 V.  The same mid-point potential, -0.92 ± 0.06 V, 

was obtained for the 555 nm band (Figure 14C).  The mid-point potential could not be 

determined accurately for the 651 nm band because the bleaching was incomplete at -1.55 

V, beyond which irreversible reduction of ITO significantly distorted the difference 

spectra. 
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To estimate the onset ECB for CdSe NR films, the onset reduction potential was 

corrected to the vacuum scale using a value of -4.48 eV vs. vacuum for the potential of the 

normal hydrogen electrode (NHE).54 The mid-point potential of the ferrocene/ferricenium 

(Fc/Fc+) redox couple used to calibrate the Ag/AgNO3 (0.01M) reference electrode was 

0.07 V.  The potential of Fc/Fc+ was taken to be 0.64 V vs. NHE,84 and ECB was therefore 

estimated from ECB = - (Ered + 5.05) eV, where Ered is the onset reduction potential vs. 

Ag/AgNO3, which was -0.77 V for the 680 nm bleaching band.  This treatment yielded an 

onset ECB of -4.28 ± 0.01 eV for the 1Σe level.  The onset EVB, -6.06 eV, was estimated by 

subtracting the optical band gap (Eopt = 1.78 eV).  These band energies are plotted in Figure 

9B. 

B3.8 Spectroelectrochemistry of Au-tipped CdSe NRs.  

The spectroelectrochemical properties of Au-tipped CdSe NRs showed absorbance 

changes vs. potential over a broader potential range than for the untipped NRs.  Changes 

in absorbance of the Au2.6-CdSe NR films began as the potential was stepped negative of -

0.35 V; the ATR difference spectra plotted in Figure 15A were therefore referenced to the 

spectrum measured at 0.0 V.  The spectra were fit with two Gaussian bands in the 600-700 

nm region, with max  682 nm and max  650 nm.  Bleaching also was observed at ca. 555 

nm but the S/N of the spectra was too low to permit quantitative analysis.  

In Figure 15B, the difference absorbance data at 681 nm and 650 nm show that 

bleaching occurred over a wider potential range vs. bare CdSe NRs, and the 681 nm plot 

could not be fit to a single sigmoidal function; it contains two nearly linear regions which 

is indicative of two distinct bleaching processes. Onset potentials for each region were 
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therefore estimated by extrapolation to the asymptote corresponding to the neutral NR film, 

from which values of -0.48 ± 0.03 V and -1.06 ± 0.04 V (n=3) were obtained, denoted 

respectively as Ered2 and Ered1.  An onset potential of -1.32 ± 0.03 V (n=3) for 650 nm 

bleaching curve, which is assigned to the 1Πe transition, was also estimated by 

extrapolation to the asymptote corresponding to the neutral NR film. (Note: mid-point 

potentials for these transitions were not determined because the absorbance changes were 

incomplete at -1.55 V and/or the curves could not be fit to a single sigmoidal function.  

This was true for all Au-tipped NR samples.)  Two onset energies, denoted EIS and ECB, 

were estimated from Ered2 and Ered1 using the procedure described above, yielding values 

of -4.57 ± 0.03 eV and -3.99 ± 0.04 eV, respectively (Figure 9). ECB is assigned as the 

conduction band edge (1Σe transition) and EIS is posited to result from electron injection 

into MSI states (see below).1,6,73 Subtracting Eopt = 1.78 eV from ECB yielded -5.77 eV for 

the onset EVB.  These band energies are plotted in Figure 9B.   
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Figure 15. (A) A representative set of potential-controlled ATR difference spectra of Au2.6-

CdSe NRs on OdiPA-modified ITO.  Spectra were acquired at intervals of 0.05 V over the range 

of 0.00 V to -1.55 V at intervals of 0.05 V and ratioed to the spectrum acquired at 0.00 V.  The 

plotted spectra cover the range of -0.50 V to -1.55 V.  For clarity of presentation, some spectra 

were offset to compensate for potential-dependent shifts in the background. Bleaching peaks 

were observed at ca. 682 and 650 nm. The black curve is the spectrum measured when the 

potential was stepped back to 0.00 V, which shows the degree of reversible bleaching.  The 

wavelength maxima were obtained by fitting the difference spectra to a model composed of 

Gaussian bands. (B) Difference absorbance (normalized) as a function of potential at 682 and 

650 nm and plotted from the spectral data shown in (A).  The solid red and blue lines are drawn 

to aid the eye in connecting the data points. The black dashed lines are extrapolations drawn to 

estimate the onset potentials for the transitions. 
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Control experiments were performed to determine if changes in ligand structure 

and ligand coverage that may have occurred during the Au tipping reaction affected band 

energies, as was discussed above for UPS experiments.  A ligand exchange reaction was 

performed on CdSe NRs that was identical to the process used to introduce 2.6 nm Au tips, 

except the Au(III)Cl precursor was absent.  Bleaching of the 680 nm band was fit to a 

single sigmoidal function with an onset potential of -0.73 ± 0.01 V, consistent with the 

results measured for CdSe NRs that were not subjected to ligand exchange.  Therefore, the 

observation of two distinct bleaching processes cannot be attributed to changes in the NR 

as a result of ligand exchange. 

ATR difference spectra showing the bleaching of the Au5.6-CdSe NR films as a 

function of applied potential are presented in Figure 16A.  The behavior was qualitatively 

similar to that of the Au2.6-CdSe NR films, however, some important differences were 

observed:  a) The spectra in the 600-700 nm region were adequately fit with only one 

Gaussian band with max  686 nm.  Bleaching in the 550-560 nm region was too minor to 

accurately quantitate.  These differences are attributable to the bleaching depth and S/N of 

these spectra, both of which were less than that of the CdSe and Au2.6-CdSe NR films.  b) 

The difference absorbance data at 686 nm, plotted in Figure 16B, show that bleaching 

occurred over a wider potential range compared to both CdSe and Au2.6-CdSe NR films.  

Similar to the Au2.6-CdSe NR data, the curve contains two distinct regions indicative of 

two bleaching processes. Onset potentials for each region were estimated as described 

above, from which values of -0.39 ± 0.03 V and -1.25 ± 0.15 V (n=4) were obtained for 

Ered2 and Ered1, respectively.  In comparison to the Au2.6-CdSe NR results, the bleaching 
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process denoted by Ered2 accounted for a noticeably larger fraction of the total bleaching.  

c) Two onset energies, EIS and ECB, were estimated using the procedure described above, 

yielding values of  -4.66 ± 0.03 eV and -3.80 ± 0.15 eV that are assigned to MSI states and 

the conduction band edge (the 1Σe transition), respectively.  Subtracting Eopt =1.75 eV from 

ECB yielded -5.54 eV for the onset EVB level.  These band energies are plotted in Figure 

9B. 
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Figure 16.  (A) A representative set of potential-controlled ATR difference spectra of Au5.6-

CdSe NRs on OdiPA-modified ITO. Spectra were acquired at over a potential range of -0.05 V 

to -1.50 V at 0.05 V increments and ratioed to the spectrum acquired at 0.00 V.  The plotted 

spectra cover the range of -0.45 V to -1.55 V.  For presentation, some spectra were offset to 

compensate for potential-dependent shifts in the background. Bleaching was observed with a 

peak wavelength of 686 nm.  The black curve is the spectrum measured when the potential was 

stepped back to -0.05 V, which shows the degree of reversible bleaching.  (B) Difference 

absorbance (normalized) as a function of potential at 686 nm and plotted from the spectral data 

shown in (A).  The solid red line was drawn to aid the eye in connecting the data points. The 

black dashed lines are extrapolations drawn to estimate the onset potentials for two bleaching 

processes. 
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The assignment of the bleaching transitions shown in Figures 15 and 16 to electron 

injection into MSI states (EIS) and the conduction band edge (ECB) are consistent with the 

STS studies of Millo, Banin and coworkers.7,24 Measurements made near the center of Au-

tipped rods produced tunneling spectra with an energy gap of ca. 2 eV, corresponding to 

the CdSe band gap region, flanked by numerous conduction and valence band states.  

Measurements made in the vicinity of a Au tip revealed the presence of MSI states within 

the energy gap, as well as single electron tunneling (SET) features corresponding to the 

Coulomb staircase characteristic of Au NCs.7,85   Also relevant are the reports by Costi et 

al.2,3 which indicate that multiple electrons can be injected into a single Au-tipped NR. 

Unlike STS, the spectroelectrochemical experiments described herein address ensembles 

of Au-tipped NRs. As the ITO electrode potential is scanned to more negative potentials 

(closer to vacuum), electrons are injected into an ensemble of electrochemically active 

states, including SET levels, MSI states, and CdSe conduction band states.  Injection into 

the SET and MSI levels will occur at less negative potentials, followed by injection into 

the CdSe conduction band at more negative potentials.7  (Note: this process requires 

electrochemical coupling between the Au NC tips and the ITO surface; further 

experimental evidence supporting Au-ITO coupling is provided by the potential 

modulated-ATR results presented in SI).  Since injection into the SET levels of the Au tip 

is unlikely to cause bleaching of the NR absorbance, the SET features observed by STS are 

unlikely to be detectable by spectroelectrochemistry.  However if the MSI states are 

electronically coupled to the NR conduction band (i.e., tunneling occurs between MSI 

states and the conduction band),7,85 then injection into the MSI states will contribute to 
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bleaching of the lowest energy NR absorbance.  We therefore posit that bleaching 

transitions of Au-tipped NRs having an onset near -4.6 eV are due to charge injection into 

MSI states.   

Comparing Figures 15B and 16B, it appears that the energy distribution of MSI 

states broadens as the size of the Au tip is increased from 2.6 nm to 5.6 nm, which is 

indicated by comparing ECB - EIS for Au2.6-CdSe NRs (0.58 V) and Au5.6-CdSe NRs 

(0.86 V).  In addition, the EIS bleaching process accounts for a considerably larger fraction 

of the total bleaching of Au5.6-CdSe NR absorbance relative to that of Au2.6-CdSe NR 

absorbance. These observations suggest that the introduction of the 5.6 nm tip creates a 

greater density of MSI states having a broader energy distribution.   

B3.9 Comparison of UPS and spectroelectrochemical approaches for estimating 

energetics of heterostructured nanorods 

To our knowledge, the data presented in Figure 9 represent the first attempt to 

correlate measurements of EVB, obtained from photoemission experiments, with 

measurements of ECB obtained from electrochemical or spectroelectrochemical 

measurements, for nanorod semiconductors. Both the UPS results and the 

spectroelectrochemcial results show that for untipped CdSe NRs, EVB = 5.9 - 6.1 eV and 

ECB = 4.1 - 4.3 eV.  Both approaches show that Au tipping of CdSe NRs produces 

significant changes:  a) EVB and ECB levels are shifted closer to vacuum, by about 0.3 eV 

for Au2.6-CdSe NRs and about 0.4-0.6 eV for Au5.6-CdSe NRs. b) Mid-gap electron 

injection processes (MSI states) are introduced, with spectroelectrochemically detected 

onset energies (EIS) near -4.6 eV. Apparently complementary states above EVB are detected 
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in the photoemission experiments, and are also assigned as MSI states.  Local vacuum level 

shifts that might allow prediction of charge flow during electronic equilibration of the Au 

tip with the NR are quite small, although the EVB and ECB shifts suggest that this process 

involves electron transfer from a lower work function Au NC into the CdSe NR. XPS of 

the NCs provide further evidence of the presence of the MSI states and also agree with the 

vacuum level shifts measured by UPS. However, the XPS results seem to suggest that an 

electron transfer occurs from the CdSe NR to the Au NC. Higher BE species in both the 

Cd 3d and Se 3d regions grow in intensity relative to the untipped CdSe NR when the 2.6 

nm Au NC is added; the increase in intensity is magnified for the larger 5.6 nm Au NC.  

The UPS and spectroelectrochemical determinations of EVB/ECB are in good 

agreement despite significant differences between the physical basis of these methods and 

their sampling geometries: a) Photoemission is detected from the uppermost 1-3 nm of the 

NR film.37,65–67 Since the NR diameter is ca. 9 nm, the measured EVB energies, and the 

shifts in EF relative to EVB/ECB due to charge exchange between the Au tip and the CdSe 

NR, primarily reflect the properties of the upper third of the horizontally arranged NRs on 

the HOPG substrate. In the waveguide ATR geometry, the entire NR film thickness is 

optically interrogated because the penetration depth of the evanescent field86 is much 

greater than the rod diameter. When the waveguide is used as a working electrode, the 

electroactive portion of the film is optically interrogated; thus the shifts in ECB and the 

introduction of MSI states below ECB due to Au tipping reflect energetic changes in NRs 

that are electrochemically coupled to the ITO electrode.  b) UPS measurements are made 

in vacuum, whereas spectroelectrochemistry is performed in relatively high concentrations 
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of electrolytes, and both the solvent and the electrolyte may significantly affect the 

measured ECB.  For example, Boehme et al.34 recently showed that that differences in the 

size of the supporting electrolyte cation can produce shifts in the electrochemically 

determined ECB of CdSe NCs of up to 0.5 eV.  c) UPS measurements are corrected for local 

shifts in the vacuum level that can be attributed to a change in the local dipole in the 

photoemission sampling region, averaged over the length of the NR.37,65–67 

Spectroelectrochemical data are not corrected for local vacuum shifts; it is assumed that 

the working and reference electrodes are at the same local vacuum level and that any local 

dipolar fields are compensated in high ionic strength electrolyte environments. d) Previous 

studies have indicated that Au tipping allows for accumulation of multiple negative charges 

on a single NR,2,3 and the charge capacity per NR should increase as the size of the Au tip 

increases. We hypothesize that as the potential of the ITO electrode is scanned negative 

(toward vacuum), filling the lower energy SET and MSI levels in an Au-tipped NR, 

Coulombic repulsion makes it thermodynamically less favorable for additional electron 

injection. A larger overpotential may therefore be required for injection into the conduction 

band, which will be manifested as an apparent shift in ECB closer to vacuum. In summary, 

although the trends in EVB/ECB values measured for a series of NRs using UPS and 

spectrolectrochemistry are expected to be similar, the significant differences in these 

approaches make it possible that the respective EVB/ECB values will differ systematically.  

Band edge energies of semiconductor NCs, especially heterostructured nanomaterials, 

should therefore be characterized utilizing more than one measurement approach.   
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B4 CONCLUSIONS 

The band edge energies of heterostructured NRs directly affect the efficiency of 

these materials as catalysts for photoelectrochemical charge transfer reactions, e.g. the 

formation of H2 from protic solvents; thus it is clear that ECB and EVB must be characterized 

quantitatively as a function of NR structure and composition, ligand composition, 

solvent/electrolyte system, etc. To our knowledge, the UPS and spectroelectrochemical 

data described herein provide the first quantitative description of the effects of Au NC 

addition to CdSe NRs on ECB and EVB, referenced to the vacuum scale. The results provide 

considerable insight into the electronic structure of these heterostructured nanomaterials. 

UPS with improved background correction procedures provides estimates of EVB and local 

vacuum shifts as a function of NR composition and structure that would otherwise be 

indistinguishable from background photoemission, and waveguide 

spectroelectrochemistry provides the sensitivity required to measure ECB of submonolayer 

NR films. For untipped CdSe NRs, both approaches show EVB = 6.0±0.1 eV and ECB = 

4.2±0.1 eV.  Upon Au tipping, shifts in the local vacuum level and in EVB toward vacuum 

were observed by UPS, as well as the introduction of mid-gap states. The 

spectroelectrochemical results show shifts in ECB upon Au tipping, similar to the UPS 

results; they also reveal that MSI states are generated and indicate that their energy 

distribution is dependent on the size of the Au NC. The combination of UPS and 

spectroelectrochemical methods is a powerful approach for studying of structure-property 

relationships of heterostructured NRs, and can be applied to a wide variety of other types 

of nanomaterial-based catalysts for photoelectrochemical reactions. 
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B5 APPENDIX 

B5.1 NC Synthesis: Materials and Instrumentation. 

All chemicals were used as purchased. Anhydrous 1,2-dichlorobenzene (DCB) 

(99.9%), 1-octadecene (ODE) (90%), toluene (99.5%), cadmium (II) oxide (99.5%), 

selenium (99.999%), didodecyldimethyl ammonium bromide (DDAB) (98%), 

dodecylamine (DDA) (98%), and gold (III) chloride trihydrate (99.9%) were purchased 

from Aldrich. Octadecylphosphonic acid (ODPA) (97%), trioctylphosphine oxide (TOPO) 

(99%), trioctylphosphine (TOP) (90%), trioctylphosphine (TOP) (97%), and 

hexylphosphonic acid (HPA) (97%) were purchased from Strem. Absolute ethanol was 

commercially available from Pharmco-Aaper and used as received. An Omega temperature 

controller CSC32K with a K-type utility thermocouple and a Glas-Col fabric heating 

mantle were used for CdSe NC synthesis, CdSe NR synthesis, and Au-CdSe NR synthesis. 

All centrifugation was performed in 50 mL centrifuge tubes using a rotor with a radius of 

11 cm. TEM images were obtained on a Tecnai G2 Spirit transmission electron microscope 

at 80 kV, using carbon-coated copper grids (Cu, square, 200 mesh) purchased from 

Electron Microscopy Sciences. Image analysis was performed using ImageJ software 

(Rasband, W.S., National Institutes of Health, http://rsb.info.nih.gov/ij/, 1997-2007). TGA 

analysis was carried out using a TGA Q50 (TA Instruments) instrument and software from 

TA Instruments. UV-Vis spectra were obtained using a Model 440 UV-Vis 

Spectrophotometer (S.I. Photonics). Fluorescence measurements were obtained using a 

FL3-11 Fluorolog®-3 Spectrofluorometer (Jobin Yvon-Spex Instruments SA). 
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CdSe NC Synthesis. 

a) Preparation of TOP:Se stock solution for CdSe NCs   

To a 20 mL glass scintillation vial equipped with a ½” Teflon coated stir bar was 

added 1.34 g (1.70 x 10-2 mol) of elemental Se. The vial was sealed with a rubber septum, 

pumped to a vacuum for 10 minutes, and subsequently backfilled with Ar. The evacuating 

and backfilling process was repeated two times. TOP (97%, 10.0 mL, 8.31 g, 2.24 x 10-2 

mol) was then injected under argon and the mixture was stirred/sonicated until clear and 

homogeneous. 

b) Synthesis of CdSe NCs on a 600 mg scale (relative to CdO) 

The synthesis of CdSe NCs was adapted from the literature.57 To a 250 mL three-

neck-round bottom flask equipped with a reflux condenser and 1” glass coated stir bar, 

TOPO (30.0 g, 7.76 x 10-2 mol), ODPA (2.80 g, 8.37 x 10-3 mol) and CdO (0.600 g, 4.67 

x 10-3 mol) were added. The contents of the flask were then heated to 150 oC in vacuo for 

30 minutes with continuous stirring (300 RPM) using a heating mantle and temperature 

probe to remove any adventitious moisture and air from the vessel. The red, heterogeneous 

mixture was subsequently heated to 300 oC under Ar to dissolve the CdO until an optically 

clear and colorless solution had formed. At this point, TOP (90%, 18.0 mL, 15.0 g, 4.05 x 

10-2 mol) was injected into the flask and the temperature was then allowed to recover to 

380 oC. Upon reaching 380 oC, the heating mantle was removed and the temperature was 

allowed to decrease to 370 oC. At 370 oC, the TOP:Se stock solution was injected (4.0 mL; 

described above). After 13 seconds, 40 mL of ODE was injected into the flask over 10 

seconds in order to facilitate rapid cooling. Room temperature toluene (20 mL) was 
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injected into the flask upon cooling to 110 oC to prevent solidification of the low melting 

point solid in the reaction mixture (TOPO). The red, homogeneous product was then 

purified as described below. 

Purification involved three centrifugation steps using 50 mL centrifuge tubes. The 

room temperature product was evenly distributed between six centrifuge tubes, each of 

which was then diluted to 25 mL with toluene, and precipitated by the addition of 20 mL 

of ethanol. The mixture was then subjected to centrifugation at 9000 rpm for 7 minutes, 

which yielded yellow tinted supernatants and red-orange pellets. The supernatants were 

then decanted and the pellets were dispersed in 20 mL of toluene before addition of 25 mL 

of ethanol to each. The mixture was then subjected to centrifugation at 9000 rpm for 7 

minutes, which yielded clear supernatants and red-orange pellets. The supernatants were 

then decanted and the pellets were dispersed a final time in 20 mL of toluene before 

addition of 25 mL of ethanol to each. The mixture was then subjected to centrifugation at 

9000 rpm for 7 minutes, which yielded clear supernatants and red-orange pellets. After the 

final centrifugation step, the red-orange pellets were dried in vacuo at 55 oC overnight to 

yield 1.274 g (59.23 wt-% organics by TGA) of a red-orange solid. UV-vis spectroscopy 

indicated that the CdSe NCs exhibited an average diameter of 2.5 nm (λmax = 512 nm) as 

indicated by the low energy absorbance peak method of Peng et al.83  

CdSe NR Synthesis. 

a) Preparation of TOP:Se stock solution for 40.1 x 9.6 nm CdSe NRs 

To a 20 mL glass scintillation vial equipped with a ½” Teflon coated stir bar was 

added 62.6 mg CdSe NCs (2.5 nm; 59.23 wt-% organic content by TGA) and 0.820 g (1.04 
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x 10-2 mol) elemental Se. The vial was sealed with a rubber septum, pumped to vacuum for 

10 minutes, and subsequently backfilled with Ar. The evacuating and backfilling process was 

repeated two additional times. TOP (97%, 10.0 mL, 8.31 g, 2.24 x 10-2 mol) was then injected 

under argon and the mixture was stirred/sonicated until clear and homogeneous. 

b) Synthesis of 40.1 nm x 9.6 nm CdSe NRs 

The synthesis of CdSe NRs was adapted from the literature.57 To a 100 mL three-

neck-round bottom flask equipped with a reflux condenser and 1” glass coated stir bar, 

TOPO (15.0 g, 3.88 x 10-2 mol), ODPA (1.45 g, 4.34 x 10-3 mol), HPA (1.60 g, 9.63 x 10-

3 mol), and CdO (0.750 g, 5.84 x 10-3 mol) were added. The contents of the flask were then 

heated to 150 oC in vacuo for 30 minutes with continuous stirring (300 rpm) using a heating 

mantle and temperature probe to remove any adventitious moisture and air. The red, 

heterogeneous mixture was subsequently heated to 300 oC under Ar to dissolve the CdO 

until an optically clear and colorless solution formed. At this point, TOP (97%, 9.0 mL, 7.5 

g, 2.0 x 10-2 mol) was injected into the flask and the temperature was allowed to recover to 

370 oC. The temperature was held at 370 oC for 30 minutes prior to injection of the stock 

solution; for the first 20 minutes, the vessel was wrapped in aluminum foil, and for the final 

10 minutes prior to injection, the vessel was wrapped in cotton in order to facilitate quick 

temperature recovery after stock solution injection. The CdSe NC/TOP:Se stock solution 

(9.0 mL; described above) was then quickly injected into the flask and the nanocrystals 

were allowed to grow for 3 minutes before the heating mantle and cotton wrap were 

removed. Toluene (10 mL) was injected into the flask after cooling to 110 oC in order to 
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prevent solidification of the low melting point solid in the reaction mixture (TOPO). The 

homogeneous red-brown dispersion was then purified as described below. 

Purification involved three centrifugation steps using 50 mL centrifuge tubes. The 

room temperature product was evenly distributed between four centrifuge tubes, each of 

which was then diluted to 25 mL with toluene, and precipitated by the addition of 20 mL 

of ethanol. The mixture was then subjected to centrifugation at 7000 rpm for 5 minutes, 

which yielded clear and colorless supernatants and red-brown pellets. The supernatants 

were then decanted and the pellets dispersed in 20 mL of toluene before addition of 25 mL 

of ethanol to each. The mixture was then subjected to centrifugation at 7000 rpm for 5 

minutes, which yielded clear and colorless supernatants and red-brown pellets. The 

supernatants were then decanted and the pellets dispersed in 10 mL of toluene before 

addition of 35 mL of ethanol to each. The mixture was then subjected to centrifugation at 

7000 rpm for 5 minutes, which yielded red-brown tinted supernatants and red-brown 

pellets. After this final centrifugation step, the red-brown pellets were dried in vacuo at 55 

oC overnight to yield 1.097 g (8.15 wt-% organics by TGA) of a red-brown solid. CdSe 

NRs were imaged by TEM (Figure S1) and sized using ImageJ software (L = 40.1 ± 4.1 

nm; D = 9.6 ± 1.2 nm). 

 

Au2.6-CdSe NR Synthesis.  

a) Preparation of CdSe stock solution (Au tip diameter =  2.6 nm) 

To a 20 mL glass scintillation vial equipped with a ½” Teflon coated stir bar was 

added 60.0 mg of CdSe NRs (40.1 x 9.6 nm; 8.15 wt% organic content by TGA). Toluene 
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(10.0 mL) was then added to the vial to afford a dark red-brown mixture, which was 

stirred/sonicated until a homogeneous dispersion was obtained. 

b) Preparation of gold stock solution (Au tip diameter =  2.6 nm)   

To a 20 mL glass scintillation vial equipped with a ½” Teflon coated stir bar was 

added gold (III) chloride trihydrate (0.0063 g, 1.6 x 10-5 mol) as the gold precursor, DDAB 

(0.050 g, 1.1 x 10-4 mol) as a surfactant for the gold salt, and DDA (0.088 g, 4.7 x 10-4 mol) 

as the reducing agent. Toluene (10.0 mL) was then added to the vial to afford a dark orange-

yellow heterogeneous mixture, and the vial was sealed followed by 5 minutes of sonication, 

which yielded a light yellow homogeneous solution.  

c) Synthesis of Au-CdSe NRs (Au tip diameter = 2.6 nm) 

The synthesis of Au-CdSe NRs was adapted from the literature.84 A 100 mL three-

neck-round bottom flask equipped with a 1” glass coated stir bar and a temperature probe 

was evacuated for 30 minutes, followed by backfilling with Ar. The CdSe NR stock 

solution (9.0 mL; described above) was then injected into the flask, after which it was 

diluted by addition of toluene (36.0 mL). At this point, the gold stock solution (9.0 mL; 

described above) was injected into the flask over 3 minutes with continuous stirring (300 

rpm) at room temperature (25o C). The homogeneous red-brown dispersion was then 

immediately purified as described below. 

Purification involved one centrifugation step using 50 mL centrifuge tubes. The 

room temperature product was evenly distributed between four centrifuge tubes, each of 

which was then diluted to 25 mL with toluene, and precipitated by the addition of 20 mL 

of ethanol. The mixture was then subjected to centrifugation at 7000 rpm for 7 minutes 



289 

 

which yielded clear and colorless supernatants and red-brown pellets. The supernatants 

were then decanted and the pellets dispersed in 10 mL of DCB. It was noted that the Au-

CdSe NRs settled out of solution at a much faster rate than the unmodified rods in similar 

solvents. At this point, 0.5 mL of the red-brown dispersion was dried in vacuo at 55 oC for 

24 hours in a vial of known mass. This allowed for calculation of the concentration of the 

dispersion and overall yield, and also provided a powder sample that was utilized for 

characterization requiring a powder (TGA). For the Au-CdSe NR synthesis reaction 

described, a typical yield of 57.0 mg (25.52 wt-% organics by TGA) was obtained.  Au-

CdSe NRs were imaged by TEM (see example in Figure S2) from which the degree of Au 

tipping was found to be highly uniform, with a Au NC diameter of 2.6 nm ± 0.5 nm 

(n=100).  From a total number of 412 rods that were counted, 76% were functionalized 

with at least one discernible Au NC tip and 24% of the rods were unmodified.  These 

nanorods are denoted Au2.6-CdSe NRs. 

Au5.6-CdSe NR Synthesis. 

a) Preparation of CdSe stock solution (Au tip diameter = 5.6 nm) 

To a 20 mL glass scintillation vial equipped with a ½” Teflon coated stir bar was 

added 18.4 mg of CdSe NRs (40.1 x 9.6 nm; 8.15 wt% organic content by TGA). Toluene 

(10.0 mL) was then added to the vial to afford a dark red-brown mixture, which was 

stirred/sonicated until a homogeneous dispersion was obtained.  

b) Preparation of gold stock solution (Au tip diameter = 5.6 nm) 

To a 20 mL glass scintillation vial equipped with a ½” Teflon coated stir bar was 

added gold (III) chloride trihydrate (0.0073 g, 1.9 x 10-5 mol) as the gold precursor, DDAB 
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(0.050 g, 1.1 x 10-4 mol) as a surfactant for the gold salt, and DDA (0.089 g, 4.8 x 10-4 mol) 

as the reducing agent. Toluene (10.0 mL) was then added to the vial to afford a dark orange-

yellow heterogeneous mixture, and the vial was sealed followed by 5 minutes of sonication, 

which yielded a light yellow homogeneous solution.  

c) Synthesis of Au-CdSe NRs (Au tip diameter = 5.6 nm) 

The synthesis of Au-CdSe NRs was adapted from the literature.84 A 100 mL three-

neck-round bottom flask equipped with a 1” glass coated stir bar and a temperature probe 

was evacuated for 30 minutes, followed by backfilling with Ar. The CdSe NR stock 

solution (10.0 mL; described above) was then injected into the flask, after which it was 

diluted by addition of toluene (30.0 mL). At this point, the gold stock solution (8.0 mL; 

described above) was injected into the flask over 3 minutes with continuous stirring (300 

rpm) at room temperature (25 oC). The homogeneous red-brown dispersion was then 

immediately purified in the same manner as previously described for the Au2.6-CdSe NRs.  

A typical yield of 25.4 mg (19.02 wt-% organics by TGA) was obtained.  Au-CdSe NRs 

were imaged by TEM (see example in Figure S3), from which Au deposition on the termini 

as well as the lateral facets of the NRs was observed, with a Au NC diameter of 5.6 nm ± 

0.9 nm (n=100). From a total number of 234 rods that were counted, 100.0% were 

functionalized with at least one discernible Au NC tip and 0% of the rods were unmodified.  

These nanorods are denoted Au5.6-CdSe NRs. 
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APPENDIX C. BAND EDGE ENERGIES OF PT-TIPPED CDSE@CDS 

CORE@SHELL NANORODS: NEW APPROACHES TO 

CHARACTERIZATION OF COMPLEX HETEROSTRUCTURES WITH 

PHOTOEMISSION SPECTROSCOPIES 

 

*An adapted version of this work is in submission to ACS Applied Materials and 

Interfaces: Liao, M. W.; Pavlopoulos, N. G.; Hill, L. J.; Pyun, J.; Armstrong, N. R. In 

Preparation 

 

 

This appendix focuses on the characterization of valence band edge energies (EVB) 

and the origins of and characterization of mid-gap states above EVB, using new approaches 

to analyzing photoemission spectroscopies, on bare and Pt-tipped CdSe@CdS core@shell 

nanorods (NRs) as thin films on inert substrates. These NRs represent a special challenge 

to the correct determination of EVB using UV-photoemission spectroscopies (UPS), owing 
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to their complex composition, from the tip to the center of the nanorod, as well as the 

complicated background signals arising from substrate photoemission, secondary electron 

scattering events in both the substrate and the nanorod thin film, and the need to accurately 

remove He(I)-β and He(I)-γ satellite contributions to the photoemission signals arising near 

EVB. Herein, we utilize the novel approach that is described in Chapter 2 to improve the 

spectral contrast in photoemission near EVB by applying a systematic background 

correction to remove such extraneous signals. This approach can be generalized to a wide 

range of complex nanostructured materials, characterized as thin films. We use 2.3 nm 

CdSe nanocrystals (NCs), with optimized ligand coverage, as standard thin film materials, 

to confirm accurate characterization of EVB for these types of materials. We then show that 

the untipped CdSe@CdS core@shell NR has an EVB = 5.9-6.0 eV, and that the addition of 

Pt tips (ca. 5.5 nm x 3.7 nm oblong spheroids) shifts EVB to 5.7-5.8 eV. The Pt tip also adds 

new metal-semiconductor interface (MSI) states between EVB and the Fermi energy (EF) 

that are challenging to characterize with conventional UPS spectra without rigorous 

correction of background and satellite photoemission.  We next demonstrate the impact of 

Pt tipping on the compositional and energetic environment in the CdS NR using X-ray 

photoemission spectroscopy (XPS), specifically of the S 2p and Cd 3d regions. The 

addition of Pt tips adds new S 2p and Cd 3d features at higher binding energy (BE) than 

for the bulk NR, that we estimate exist in the near-surface region of the NR up to ca. 9-17 

nm away from the metal tip, suggesting a compositional and potential energy gradient 

which extends a significant distance away from the Pt-tip/CdS interface. Energy 

conversion efficiency in photocatalytic applications of these heterogeneous NR materials, 
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at multiple time scales, is controlled by both band edge energies, and by internal potential 

energy gradients, and this approach to characterization of these energies using 

photoemission spectroscopies promises to be important in the design of new heterogeneous 

photocatalytic materials. 

 

C1 INTRODUCTION 

Semiconductor nanorods (NRs), especially those created from II-VI 

semiconductors such as CdS and CdSe, provide for wide tunability of optical and electrical 

properties, through change of rod length and diameter, and have shown increasing use as 

model photocatalytic materials, with the ultimate goal of designing materials which can 

facilitate water splitting (and related “fuels from sunlight”) using visible wavelength 

excitation.1–11 For both CdS and CdSe the valence and conduction band edge energies (EVB 

and ECB) can be positioned energetically so that water oxidation is thermodynamically 

favored as a result of hole-harvesting, H2 production in protic solvents is 

thermodynamically favored as a result of electron harvesting.2,8,9,11,12 More typically, high 

concentrations of solution electron donors are needed to prevent photo-corrosion of these 

II-VI nanomaterials (the most likely outcome from photogeneration of energetic holes), 

and catalytic sites need to be introduced at one or both ends of the NR to ensure high rates 

of oxygen and hydrogen evolution.2,4,6,12–19 Asymmetrically tipped NRs which are capable 

of spatially separating photoexcited electron-hole pairs have achieved high photon-to-

hydrogen conversion efficiency, with Kalisman et al. reporting near unity (internal) 

quantum efficiency.4 Many authors have demonstrated theoretically and experimentally 
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that NRs, untipped or tipped with catalytic sites, are capable of spatially confining charge 

carriers for up to hundreds of nanoseconds;20–25 however, there is little experimental data 

regarding the energetics, specifically the band edge energies, that contribute to carrier 

confinement, and which ultimately control rates of charge harvesting at the rod ends, or 

along the rod itself (e.g. at charge trapping sites).18–20,26–31 Many of these energetic issues 

are also relevant for the use of NCs and NRs as the active layers in thin film photovoltaic 

energy conversion systems.32–37 

There are multiple approaches to the characterization of band edge energies in 

semiconductor nanomaterials: i) photoemission and inverse photoemission of thin films of 

the semiconductor material to determine valence band (EVB) and conduction band (ECB) 

energies;38–42 ii) electrochemical determination of the onset potentials for 

reduction/oxidation of the semiconductor material, which correlate with ECB and EVB 

respectively;9,38,43,44 iii) scanning tunneling spectroscopies (STS) where the derivatives of 

the current-voltage response are related to the density-of-states at the band edges, can be 

used to estimate ECB, EVB;10,45–47 and iv) spectroscopic and photoelectrochemical 

approaches where rates of electron transfer to solution electron acceptors or electron 

donors, with systematically varied redox potentials, are characterized as a function of the 

free energy differences between the redox couples and EVB or ECB.48,49 

When the semiconductor nanomaterial can be arranged in thin film formats 

photoemission spectroscopies can be used to estimate EVB, ECB, and to further explore the 

dipolar effects which control local vacuum levels and effective work functions, and to 

characterize mid-gap defect states which will ultimately influence photocatalytic 
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efficiencies.39–42,50–54 The desired spectroscopic information in the photoemission 

experiment, especially for photoemission of the highest kinetic energy photoelectrons, 

from or just above EVB, can be masked by a complicated ensemble of additional processes, 

including photoemission from the substrate below the thin film nanomaterial, secondary 

scattering of photoelectrons from both the substrate and from the nanomaterial itself 

(especially important for II-VI semiconductors), photoemission and scattering processes 

arising from the capping ligands used to stabilize and solution process these nanomaterials, 

and additional photoemission spectral features arising from satellites in  non-

monochromatic excitation sources (e.g. He β and He γ satellites in He(I) and He(II) 

excitation sources).40,55–57 If very high sensitivity photoemission experiments are desired 

to characterize the density of mid-gap states, whose distribution may tail all the way to the 

Fermi energy.  These complications in the photoemission spectra, if not removed, will 

mask the spectral information desired. 

Recently, Lagemaat and coworkers revisited the PES of PbS NCs using high 

resolution XPS, UPS, and inverse photoelectron spectroscopy (IPES) along with a 

parabolic band model to estimate EVB.40 After correcting for the photoemission due to 

photon source satellites, they used both experimental spectra and a bulk GW theoretical 

approximation (an approximation based on the Green’s function with Coulombic 

interactions) to model the low density of states (DOS) for PbS NCs to show that the top of 

the VB is actually represented in the low intensity photoemission region (ca. 0-0.5 eV, 

w.r.t E – EVB) seen in UP and XP spectra, rather than the high intensity region (ca. 0.5-1.0 

eV, w.r.t. E-EVB) that arises from a different band maximum in the band diagram. Using 
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parameters to fit the features from the band diagram, a parabolic function was used to 

determine E-EVB. This approach, however, requires knowledge or calculation of the band 

structure of the sample, which may not be available for more complex systems, such as 

those studied in this work. Our methodology described here reaches complimentary results 

to those of Lagemaat and coworkers for “standard” CdS NCs, but may be more flexible for 

characterization of complex samples such as II-VI semiconductor NRs, with and without 

metal catalytic tips. 

This paper focuses on the characterization of thin films of unmodified and Pt-tipped 

CdSe@CdS core@shell NRs, capped with a combination of oleic acid (OLAC), 

oleylamine (OLA), and 1,2-hexadecanediol (HDD) ligands, deposited on freshly cleaved 

highly ordered pyrolytic graphite (HOPG) substrates. Our goal is to characterize EVB for 

these nanomaterials, before and after tipping with ca. 5.5 nm x 3.7 nm diameter Pt 

nanoparticles, accounting for all of the contributions to spectral background near EVB that 

would otherwise complicate data interpretation and estimation of realistic values for EVB.  

Our approach enhances the spectral contrast in this critical region, and makes possible the 

characterization of metal-semiconductor interface (MSI) states that are introduced as a 

result of Pt tipping of the NRs.47,56   

This work complements studies we recently published on CdSe NRs, both bare and 

tipped with variable diameter Au particles, where shifts in band edge energies, and 

introduction of MSI states was confirmed from both photoemission and 

spectroelectrochemical characterization.56 One of the unresolved issues from those studies, 

however, was the extent to which metal tipping of the NR altered the composition and 
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energetics of the NR, especially comparing composition of the regions near the metal-

decorated tip to compositions near the center of the rod.  Previous STS studies by Banin 

and coworkers have shown, for individual Au-tipped CdSe NRs, that new electronic states 

can be introduced to the NR as a result of metal tipping and, as one probes farther toward 

the middle of the NR, away from the metal tip, “bulk-like” energetics are restored.47 

Introduction of the Pt tip in our constructs creates new PtS and PtS2-like states, as revealed 

from the S 2p and Cd 3d states (with ca. 0.3-0.6 eV lower BE) in the near-surface region 

of the CdS NR with relative intensities dependent upon NR length.  Longer NRs show 

more “bulk-like” spectral features relative to MSI features, but in all cases these new S and 

Cd states are consistent with compositional and energetic changes that extend several 

nanometers away from the Pt-tip/NR heterojunction, as predicted by the charge 

redistribution effects noted in the UV-photoemission spectral data. Similar conclusions 

could have been drawn in our studies of Au-tipped CdSe NRs, however, the S 2p features 

in CdS rods are better resolved and show larger BE shifts for the interphase regions 

between the metal tip and the bulk CdS NR, relative to those seen in the Se 3d spectra of 

our previous work.  This approach to characterization of these nanomaterials would appear 

to be quite general and should ultimately aid in the design of new photoactive nanorods, 

symmetrically or asymmetrically decorated with catalytic sites. 

C2 EXPERIMENTAL AND METHODS 

C2.1 NR Synthesis.  

CdSe@CdS NRs and Pt-CdSe@CdS NRs were prepared for this study via literature 

methods (see Supporting Information for details). Briefly, CdSe NCs (diameter (D) = 2.3 
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nm) capped with trioctylphosphine oxide (TOPO), octadecylphosphonic acid (ODPA), and 

trioctylphosphine (TOP) ligands were synthesized using previously reported methods58 and 

were then used as the nuclei onto which CdS nanorod shells were grown (see Supporting 

Information for synthetic details). The seeded nanorod heterostructure is an attractive 

construct as a consequence of the ability to selectively tune CdSe quantum dot size through 

reaction time, as well as CdSe@CdS nanorod dimensions by varying the concentration of 

CdSe seeds while keeping all other parameters constant.  For the purposes of this study, 

two differing lengths of CdSe@CdS NRs were prepared (L1 = 25.4±2.2 nm, W1 = 4.5±0.5 

nm and L2 = 68.1±3.7 nm, W2 = 5.3±0.5 nm) from the same size CdSe seeds (D = 2.3 nm). 

The NRs were capped with TOPO, ODPA, and hexylphosphonic acid (HPA) ligands. 

Further, these nanorod heterostructures were then functionalized with Pt-NC tips via a 

modified methods of Mokari, et al.,59 using a Pt(acac)2 precursor. This resulted in mixtures 

of single and double tipped CdSe@CdS nanorods capped with oleic acid (OLAC), 

oleylamine (OLAM), and hexadecanediol (HDD), wherein a single Pt-NC has been 

deposited onto one or both termini of the nanorods. The method for determining Pt tip size, 

shape, and tipping distribution is explored in the Supporting Information. 

C2.2 Sample preparation.  

Each sample was diluted to ca. 0.6 mg/mL and drop-cast onto highly-ordered 

pyrolytic graphite (HOPG) (Bruker AFM Probes), which was prepared by rinsing with 

toluene, drying with an N2 stream, and a fresh surface was exposed by exfoliation at least 

five times. Samples were deposited on the unmodified HOPG in the presence of CHCl3 

vapor to produce submonolayer to monolayer coverages.  
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C2.3 Photoelectron spectroscopy.  

XPS was performed using a Kratos Axis-Ultra Spectrometer. Each sample was 

interrogated with a monochromatic Al Kα photon source (1486.6 eV, 300 W) at normal 

takeoff angle. Spectra were collected at 0.1 eV step size, 500 ms dwell time, and 20 eV 

pass energy. The samples were electrically coupled to the spectrometer and no voltage bias 

was applied to the sample. Samples were referenced to the primary C 1s peak at ca. 284.5 

eV, which is assigned to the HOPG substrate.  

UPS was performed using the Kratos Axis-Ultra Spectrometer; the photon source 

was a Specs UVS-20 He(I) (21.2 eV). The instrument analyzer was set to a pass energy of 

5 eV with 0.01 eV step size and 500 ms dwell time per step. Three different spots were 

analyzed per sample, with signal averaged four times per spot. A 10.00 V bias was applied 

between the sample stage and the detector to ensure that the lowest kinetic energy electrons 

could be detected, by moving them to a higher absolute kinetic energy. The chamber 

pressure during operation was ca. 1.1 x 10-7 torr. The Fermi energy of the spectrometer was 

determined by analyzing a freshly cleaved HOPG surface (work function of 4.4 eV) heated 

to 270 °C for one hour under vacuum to desorb contaminants. The Fermi energy was 

verified by analyzing freshly cleaved HOPG periodically.  

C3 RESULTS AND DISCUSSION 

In Figure 1A, we illustrate an example of each of the sources of photoelectrons in 

a typical PES experiment –the excitation source, hν (largest downward pointing arrow) 

generates photoelectrons (upward pointing arrows) from the bulk of the NR (1), 

photoelectrons generated by photon source satellite emission (2), inelastically scattered 
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photoelectrons (3), photoelectrons from the MSI region (4), photoelectrons from the Pt NC 

(5), and photoemission from the HOPG substrate (6). Schematic views of the photoelectron 

contribution of each, plotted as intensity vs KE, are shown in Figure 1B. Since the He(I) 

excitation source (hν = 21.22 eV) is not monochromatic, there are He(I)-β and He(I)-γ 

satellite photoemission contributions (hν = 23.09 eV and hν = 23.75 eV, respectively), 

represented as the two thinner downward pointing arrows in Figure 1A, to each of the five 

sources from this additional excitation (Figure 1B, trace 2).55 The sum of each contribution, 

whose absolute intensity varies from sample to sample, produces the observed 

photoemission spectrum. 
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Figure 1. Schematic of the various photoelectron sources in the UPS experiment and 

illustrations of their contributions to a typical spectrum. A) A photon source, hv, impinges the 

sample producing 1) the desired primary photoelectrons from the sample, 2) photoelectrons 

generated by higher energy satellites of the photon source, 3) secondary scattered 

photoelectrons, 4) photoelectrons from MSI states, 5) photoelectrons from the Pt tip, and 6) 

photoemission from the substrate HOPG. Additionally, photon source satellites also generate 

photoelectrons with increased KE from each of the five sources described. B) The five 

photoelectron sources produce the illustrated sample spectra, which are summed to produce 

the final spectrum recorded by the instrument. Sample spectra in B are illustrations of the 

photoemission spectra without consideration for background sources. 
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C3.1 Background and Satellite Photoemission-Correction Protocols 

In order to investigate the minute changes at or above EVB, which are often low 

intensity, it is necessary to understand the origins of, and to minimize, the sources of 

background photoemission. Our background removal approach involves a three step 

procedure: 1) removal of photoemission due to excitation source satellites, 2) removal of 

photoemission due to inelastically scattered photoelectrons, and if applicable, 3) removal 

of photoemission due to the substrate. The background removal methodology described 

here is the same as what is described in Chapter 2; a brief description of the theory and 

implementation of this methodology is reproduced here. 

While the processes leading to satellite photoemission and substrate photoemission 

are easily understood and removed,40,55 those of the inelastically scattered secondary 

electrons, especially in UV-photoemission spectra where the kinetic energy of the emitted 

electrons is typically below 100 eV, require deeper consideration. The scattering of photo-

emitted electrons in solids has been extensively dealt with during the development of 

analytical photoemission spectroscopies.60 It is clear that the probability for scattering is 

KE dependent, with the best descriptions available for photoelectrons above ca. 100 eV.61–

63  The measure of the probability for scattering, the inelastic mean free path (IMFP), scales 

approximately with (KE)1/2 above 100 eV.61–63 For photoelectrons at kinetic energies below 

100 eV there is greater debate about the mechanisms for scattering, and less certainty in 

IMFP.  Furthermore, inelastically scattered photoelectrons typically lose ca. half their 

kinetic energy upon scattering, which, at low KE, means that scattered photoelectrons 

reside in the same energy region as the photoemission spectral features of interest.57,64 
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Empirical approaches to estimation of IMFP and the effect of scattering on the background 

that accompanies the photoemission spectrum have, nevertheless, been successfully 

applied.57,65–67 

Several approaches have been developed to remove the inelastically scattered 

photoelectrons from the acquired signal, most of which use the response matrix function 

or an approximation thereof.  While the techniques by Shirley and coworkers,57,65,66,68–80 

and Tougaard 67,81–83 have been thoroughly studied and are commonly applied to high 

photon energy PES, to our knowledge, the background function derived by Li and 

coworkers57 is the only technique specifically designed for low photon energy PES (hν < 

ca. 100 eV) such as UPS and operates by applying an integral background similar to that 

developed by Shirley but incorporates both the secondary cascade as well as an energy-

dependent cross section for the generation of secondary electrons from primary 

photoelectrons. Our methodology utilizes this modified integral background along with 

satellite and substrate backgrounds to enhance the primary photoemission from the sample. 

Our UPS data treatment methodologies were initially developed using “standard” 

CdSe NCs.  CdSe NCs have been studied extensively using both UPS and electrochemical 

methods to determine band edge energies,9,39–44 and represent an ideal test case for our 

methodology. Thin films of “optimal” 4.5 nm CdSe NCs were created using NCs re-

precipitated in non-solvents three times (3x) to remove excess ligand, with ca. 36% (of an 

equivalent monolayer) ligand surface coverage (estimated by thermal gravimetric analysis, 

TGA). The second sample was less rigorously cleaned (1x) 2.3 nm CdSe NCs, with ca. 

130% ligand surface coverage. The “optimal” sample was prepared on HOPG via spin-
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coating a 20 mg/mL solution of the NCs in chlorobenzene at 2000 rpm for 2 min. These 

parameters ensured that the optimal sample produced a multilayer thin film on HOPG, to 

minimize the photoemission of the HOPG substrate while maintaining sufficient electrical 

contact to prevent charging of the sample. The CdSe NC sample with excess ligand 

coverage was produced by drop-casting a 0.6 mg/mL solution of the NCs in CHCl3 onto 

the HOPG substrate to produce a submonolayer to monolayer of NCs. Due to the increased 

surface area-to-volume ratio of the smaller NCs, the excess organic ligand, and increased 

probability of photoemission from the substrate, the signal from this sample is much more 

complex, as shown in Figure 2C and 2D. These samples are comparable to the CdSe2.50nm 

(3x) and CdSe4.58nm (3x) NCs used in Appendix A of this dissertation. However, in 

Appendix A, the CdSe4.58nm NCs were deposited in submonolayer to monolayer coverage, 

rather than the multilayers via spin coating used in this example, which introduced issues 

with substrate photoemission and low photoemission from the NCs. The multilayer thin 

film of NCs used here eliminates the need for the substrate photoemission correction and 

greatly increases photoelectron yield from the NCs, making their analysis much simpler, 

as shown in Figure 2B, where it appears that only a satellite photoemission subtraction is 

necessary. However, for the CdSe NC with excess ligand, the full background correction 

is needed in order to isolate the primary photoemission from the NCs.  

The high kinetic energy (HKE) regions of the UV photoelectron (UP) spectra of 

these two classes of CdSe NCs are shown in Figures 2A-D.  HKE spectra for both samples 

are presented in linear (2A and 2C) and semi-log plots (2B and 2D) axes, to enhance the 

subtle changes to the lineshape as the various corrections are applied.  The spectra are 
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presented in absolute KE, which includes a bias applied to the sample to increase the KE 

of the entire spectrum, optimizing collection of photoelectrons and enhancing sensitivity 

in the HKE and LKE regions.50,51 Trace 1 in each subfigure represents the as-collected, 

uncorrected spectrum of the CdSe NCs. It is not immediately clear if the HKE cutoff (from 

which EVB will be estimated) is the low intensity photoemission that terminates ca. 31.5-

32.0 eV or the steep region that intercepts the x-axis at ca. 29.5 eV. In the semi-log 

representation, low intensity photoemission can be seen in both samples above the Fermi 

energy (EF = 31.8 eV – an energy which is routinely calibrated in our system with spectra 

of atomically clean gold). 

The first correction we apply is the He(I)-β and He(I)-γ satellite correction. This is 

accomplished by taking the uncorrected spectrum (Trace 1), shifting it 1.87 eV and 2.52 

eV to higher KE, respectively, then scaling each by their relative intensities (1.2-1.5% and 

0.1-0.3%, respectively).55 The satellite spectrum is then subtracted from the initial 

spectrum. This is represented by Trace 2 (green) in Figure 2. The intensity of the satellites 

can be varied to account for changes in photoemission cross-section and instrument 

parameters. The clean substrate should also be corrected for satellites, if substrate 

subtraction is necessary. In the “optimal” CdSe NC sample, the photoemission from ca. 

30-32 eV was comprised entirely of satellite photoemission, since it is completely removed 

in Trace 2. The NC sample with excess ligand coverage, however, does not show the same 

decrease in signal in the ca. 30-32 eV region, indicating that the photoelectrons must arise 

from another source, e.g. photoemission from the molecular components of the ligand 
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itself. However, the satellite correction does reduce the slight photoemission from ca. 32-

34 eV. 

Secondary scattered photoelectrons are then removed by applying the integral 

background described earlier.57 Since photoemission near the HKE tends to be very low, 

the effect of the secondary scattered photoelectron correction in that region is small. 

However, in molecular systems with defined highest occupied molecular orbital (HOMO) 

peaks, the secondary photoelectron correction produces a baseline so that peak fitting of 

the HOMO peaks can be performed.84 Trace 3 in Figure 2 shows the result of both the 

satellite and secondary photoelectron corrections. For both samples, as expected, the 

application of the secondary photoelectron correction is insignificant near the HKE.  

The final correction that is applied is the removal of substrate photoemission (Trace 

4 (black) in each subfigure of Figure 2). Removal of substrate photoemission is achieved 

by linear subtraction of the satellite and secondary photoelectron corrected substrate UP 

spectrum. The spectrum is scaled such that photoemission that converges to the Fermi level 

is removed, if present, since this signal is likely not a product of the sample of interest if 

the sample is a semiconductor. In the “optimal” NC sample, the coverage of CdSe NCs on 

the HOPG substrate was relatively high, so substrate subtraction was not required, since 

no photoemission is observed above ca. 30 eV in either the linear or semi-log figures. 

However, in the CdSe NC system with excess ligand coverage, photoemission is present 

in the ca. 30-32 eV region, which is more readily seen in Figure 2D, that was not removed 

by the satellite or secondary electron corrections, and is thus likely due to the substrate. 
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Figure 2. UP spectra (absolute kinetic energy, EF = ca. 31.8) demonstrating background 

correction schemes applied to (A, B) optimally cleaned 4.5 nm CdSe NPs and (C, D) 2.3 nm 

CdSe NPs with high ligand surface coverage deposited on freshly-cleaved HOPG. The spectra 

are plotted in (A, C) linear and (B, D) semi-log, to accentuate the minute changes that occur 

near the photoemission cutoff as a function of correction procedure. In all four subfigures, trace 

1 represents the untreated data collected from the spectrometer. Trace 2 shows the data after 

satellite photoemission correction; trace 3 shows the result of the secondary photoelectron 

cascade correction. Trace 4 is the final result, after the HOPG photoemission contribution is 

removed. The greater surface area-to-volume ratio and greater ligand content of the CdSe NP 

in C and D, combined with lower surface coverage yields a UP spectrum that has significantly 

greater background photoemission than the optimal system (A, B). This is most evident in the 

30-32 eV region, where the optimally cleaned NPs (A, B) has no photoemission after the 

satellite photoemission subtraction (trace 1), whereas photoemission is present in the high ligand 

content NPs (C, D) until the substrate photoemission is removed. 



322 

 

The corrections are applied with assumptions and constraints described in greater 

detail in the Supplemental Information. We first assume that the relative photoemission 

intensities from the sample due to the He(I)-β and He(I)-γ satellites are similar to the 

photoemission intensity of the sample caused by He-I α emission, i.e. the photoemission 

cross-section of the material does not change significantly with these photon energies. The 

second assumption is that the secondary scattered electrons can be adequately estimated 

with an integral background, as developed by Li and coworkers, instead of explicitly 

measuring electron backscatter spectra.57 The final assumption is that the probability of 

photoemission from the underlying substrate is attenuated by scattering of photoelectrons 

from the NC thin film, but otherwise unchanged – an issue which has been noted previously 

for self-assembled monolayers on substrates such as noble metals.50,51,85  
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Figure 3. UPS spectra of (A) freshly-cleaved HOPG and (B) CdSe@CdS NC dots dropcast on 

HOPG. The local vacuum level, labeled in black, is defined by the low kinetic energy edge and 

the the photon energy (21.2 eV). The width between the low kinetic energy edge and the Fermi 

energy is labeled in purple (w). In (B), the green labels define the width between the high kinetic 

energy edge and low kinetic energy edge (w’). In (C), the various widths are used to construct 

band diagrams from (A) and (B) and illustrate the derivation of the surface work function, φ, as 

well as the ionization potential, IP.  
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 Once the background photoemission is removed, the local vacuum levels, work 

functions, and valence band energies can be derived using methods from literature, which 

is summarized in Figure 3.39,54,56 Briefly, using the LKE and Fermi energy cutoffs, marked 

by the width w, of HOPG in Fig. 3A, the effective work function of the sample, ϕ, is 

determined by subtracting the width, w, from the source energy (Fig. 3A): ϕ = 21.2 eV – 

[EF-LKE]. As shown in Fig. 3C, this process yields the effective work function both for 

substrates and samples. To determine EVB of the samples, the width of the photoemission, 

determined by the LKE and HKE cutoffs, depicted by the green width, w’, in Figure 3B, is 

subtracted from the source energy: EVB = 21.2 eV – [HKE – LKE]. 

After carefully applying the corrections described above, it is clear that the low 

intensity photoemission that terminates at ca. 31.5 eV in both samples in Figure 3 is either 

satellite or substrate photoemission and not from the CdSe NC. Thus, using the resulting 

higher KE photoemission cutoff, we obtain an IP of ca. 5.6 eV, which concurs with 

electrochemical9,41,43,44 and other PES39–42,56 measurements. We verify that the corrections 

do not skew or corrupt the data by noting that in this case, the same IP can be obtained by 

fitting the same KE region without corrections; however, without the corrections, it is 

difficult to determine where the actual primary photoemission cutoff actually is, since the 

density of states near EVB are so low, as has been confirmed for PbS NCs.40 This 

background removal methodology will therefore be critical to identifying the minute 

changes in the VB edge for more complicated NCs, like the decorated NRs we examine in 

the following section. 
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C3.2 Photoemission spectra for Pt-tipped CdS NRs 

We next focus on the characterization of thin films of CdSe@CdS core@shell NRs 

and Pt-tipped CdSe@CdS core@shell NRs, drop-cast on HOPG substrates. NR samples 

were prepared on freshly cleaved HOPG, as described in the SI, to produce submonolayer 

to multilayer coverages of NRs. Field-emission scanning electron microscopy (FE-SEM) 

was used to determine approximate coverage on each sample. As can be seen in the TEM 

images in Figure 4 we created two otherwise nearly identical sets of ligand-capped 

CdSe@CdS NRs, with the same CdSe seeds, differing only in NR length.  The shorter 

series are ca. 4.5 x 25 nm and the longer series are ca. 5.3 x 68 nm. Both lengths of NR 

were tipped with ca. 3.7 nm x 5.5 nm Pt NCs.  These experiments were performed by drop-

casting on HOPG substrates rather than tethering on Au substrates using small molecular 

linkers, as is commonly done in literature,39,40,42,86 since HOPG substrates have fewer high 

intensity photoemission bands in the HKE region compared to Au. This reduced 

background is critical for identifying the NR valence band photoemission from other 

photoemission sources and for the background substrate subtraction.  The flat and relatively 

contaminant-free HOPG surface has a relatively “quiet” spectral background in regions of 

interest facilitates investigation of samples at extremely low coverages and to probe 

molecular orientation effects. Additionally, since HOPG is composed of only graphitic 

carbon, the chemical composition of our complex NR materials can be investigated with 

XPS, which was not possible on Au substrates, due to spectral overlap in key regions.   
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Figure 4. Synthetic scheme for creating the Pt-tipped CdSe@CdS NRs used in this work. Both 

NR lengths used the same CdSe core (A). The shorter series (B) are ca. 4.5 x 25 nm and the 

longer series (C) are ca. 5.3 x 68 nm. Both are tipped with ca. 5.5 x 3.7 nm Pt NPs. Above and 

below each NR model is a representative TEM micrograph of the NR, showing the uniformity 

of dimensions and preferential addition of the Pt NP to the ends of the NR. 
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Figure 5 shows UP spectra for: 1) freshly cleaved HOPG; 2) a sub-monolayer film 

of 2.3 nm diameter CdSe NCs capped with TOPO, ODPA, and TOP ligands on HOPG; 

and sub-monolayer films on HOPG of; 3) 4.5 x 25 nm CdSe@CdS NRs capped with 

TOPO, ODPA, and HPA; 4) 5.3 x 68 nm CdSe@CdS NRs capped with TOPO, ODPA, 

and HPA; 5) 4.5 x 25 nm Pt-CdSe@CdS NRs capped with OLAC, OLAM, and HDD, and; 

6) 5.3 x 68 nm Pt-CdSe@CdS NRs capped with OLAC, OLAM, and HDD.  The full, 

uncorrected spectra are shown in (B) and the HKE region, subjected to the background and 

satellite corrections described above, is shown in (C) and (D – semi-log scale). These 

samples are assumed to be in electronic equilibrium with the substrate/spectrometer, and 

the Fermi level, EF, is shown in D, 31.8 eV (because of the -10 V bias applied to the 

samples).  The LKE region (A) shows the dramatic changes in local vacuum level and local 

work function, ϕ, that arise from addition of CdSe NCs or NRs to the HOPG surface, and 

subsequent changes brought about by Pt tipping of the NR.   

The EVB for each NC sample was estimated using the HKE and LKE photoelectron 

cutoffs shown in Figure 5A and 5C. Complete removal of the satellite photoemission, 

secondary photoelectron cascade, and background photoemission was verified by 

inspection of the data in the semi-log display, as shown in Figure 5D. The EVB of the CdSe 

NC (2.5 nm diameter) is ca. 5.5 eV, which is similar to recent reports for CdSe NCs.41,56 

The EVB for the 4.5-CdSe@CdS NR and 5.3-CdSe@CdS NR were ca. 5.9 eV and 6.0 eV, 

respectively. This shift in EVB relative to the CdSe NC core is predicted by theoretical 

calculations for common-cation II-VI compounds, which posits that for systems with the 

common cations, the system containing the anion with the smaller atomic number (sulfur, 
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in this case) will exhibit a deeper valence band edge.87–91 Furthermore, first-principles 

calculations by Eshet et al. predict for 4 x 20 nm NRs with a 2.5 nm core diameter, the 

valence band edge is ca. 6.31 eV.22 The discrepancy between the calculated value and our 

experimental value may be a product of the difference in NR dimensions and/or the ligand 

environment, which can introduce shifts of the valence band edge by as much as 300 

meV.41 The length of the NR is not expected to affect the EVB of the NR, as the energy 

levels of the NC should be determined by the quantum confined dimensions.92,93 The 

addition of the Pt tips decreases the EVB to ca. 5.7 eV and 5.8 eV for the 4.5-Pt-CdSe@CdS 

and 5.3-Pt-CdSe@CdS NRs, respectively. 

From the data in figure 5A, we see that the deposition of the various NCs on the 

HOPG substrate induces large local vacuum level shifts, as indicated by the intercept of 

the LKE edge and the baseline. The CdSe NC and both CdSe@CdS NRs exhibit shifts of 

the LKE of ca. 1.1 eV relative to that of HOPG. The Pt-tipped NRs show a slight shift of 

the local vacuum level back towards higher KE, likely due to the addition of the Pt tips and 

the OLAC, OLAM, and HDD ligands, but are still shifted ca. 0.5 eV relative to HOPG. 

Interestingly, there is no significant change to the local vacuum level as the dimensions of 

the NR change. This may be rationalized by the fact that in UPS, the inelastic mean free 

path is on the order of ca. 2-3 nm, which is less than the diameter of the NR. Therefore, 

photoelectrons escaping the solid are likely experiencing similar dipolar fields in both 

investigated NR diameters. A greater variation in NR diameter may be necessary to 

determine whether NR diameter affects the vacuum level shift. 
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Figure 5.  Representative He (I) photoemission spectra of: 1) freshly cleaved HOPG, 2) CdSe NPs, 3) 4.5 x 25 nm CdSe@CdS NR, 

4) 5.3 x 68 nm CdSe@CdS NR, 5) 4.5 x 25 nm Pt-CdSe@CdS and 6) 5.3 x 68 nm Pt-CdSe@CdS NR, all deposited on freshly 

cleaved HOPG. All spectra are offset vertically for clarity, with dashed lines to indicate regions of interest. (A) Expanded view of 

the low kinetic energy edge (LKE) of the various samples, which represent the last photoelectrons that possess sufficient KE to escape 

the solid, and is used to determine the local vacuum level. (B) The full spectra of the series, with no corrections applied. (C) and (D) 

both show the HKE region of the series, with complete application of corrections. (C) shows the data in the linear scale, whereas (D) 

is plotted in semi-log, to accentuate the minute changes from to the top of the valence band to EF, marked by the heavy dashed line 

at KE = 31.8 eV, as the series progresses. New photoemission from the Pt 6s electrons as well as MSI states are also more readily 

visible in the semi-log representation. 
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The effective work function, ϕ, for each sample was estimated using the difference 

between LKE and EF, as described above. Since the sample is electronically equilibrated 

with the instrument, the EF is fixed, and thus, shifts in local vacuum level (as revealed by 

shifts in the LKE edge) gives us information about the Δϕ for each sample. From Fig. 5A, 

we see that the deposition of the NCs and NRs produce comparable shifts in the local 

vacuum level ca. 1.1 eV relative to the local vacuum level of HOPG. This large shift was 

previously observed in our work with CdSe NRs and is likely the result of electronic 

equilibration to the addition of a strongly dipolar NC layer to the HOPG surface.94–96 

Additionally, the work of Brus and coworkers using electrostatic force microscopy (EFM) 

on CdSe@CdS NCs on HOPG showed that the NCs exhibited the accumulation of 

interfacial charge density before any additional perturbation.97 The LKE edge of the Pt-

CdSe@CdS NR samples have smaller shifts (ca. 0.5 eV) but still result in lower ϕ relative 

to HOPG.  

To our knowledge, the ϕ of nanocrystalline Pt is not well characterized, however, 

the UPS work of Wen et al. on Pt colloid NC networks suggests that the ϕ of the Pt NC is 

ca. 4.5 eV, i.e., significantly lower than the work function for clean bulk Pt.98 Since this ϕ 

is deeper than that of the CdSe@CdS NR (3.8 eV), we expect electron transfer to occur 

from the CdSe@CdS NR to the Pt NC when the Pt/CdS NR heterojunction is formed and 

electronic equilibrium is achieved.99 This result is coincident with the findings of Mahler 

et al.100 However, in our work with Au-CdSe NRs, we found that the ϕ of Au NCs (ca. 3.6 

eV) was lower than that of CdSe NRs (ca. 4.0 eV), suggesting that the electron transfer 

would proceed from the Au to the NR. To reconcile this discrepancy, we recognize that the 
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use of pre-contact ϕ to determine the direction of electron transfer in a complicated scenario 

such as the addition of metallic tips to NRs, which likely proceeds via complex interfacial 

chemistries, may not be easily described. In the case of the Pt-CdSe@CdS NR, however, 

the pre-contact ϕ does indicate that the electron transfer occurs from the Pt NC to the 

CdSe@CdS NR. Banin et al. also discovered that Au-CdSe NRs deposited on HOPG 

experienced electron flow from the substrate to the NR of ca. 1-2 electrons, similar to the 

work of Brus et al. on CdSe NCs.97,101  The results of these UPS studies are summarized in 

the proposed band diagram shown in Figure 6, which is corrected for vacuum level shifts, 

where EVB values are derived from the photoemission data, and we use the CdS optical gap 

(Eg,opt,CdS = 2.6 eV) determined for these NR constructs (Figure S3) to estimate the 

conduction band energies, ECB. 
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Figure 6. Proposed band diagram for CdSe@CdS and Pt-CdSe@CdS NRs and reference 

materials, HOPG and CdSe NPs. EVB values are obtained from the UPS data and are corrected 

for local vacuum level shifts, relative to the local vacuum level of HOPG. ECB values are 

estimated from addition of the optical gap (blue arrows) to EVB. Addition of Pt tips shifts the 

EVB closer to vacuum and decreases the effective local work function. 
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The addition of the Pt tips to the NR produces significant change to the valence 

band structure, considering their small volume relative to the NR dimensions. This is 

evident in Figs. 5C and 5D, where the addition of the Pt tips to the CdSe@CdS NR 

introduces new photoemission in the KE = 30-32 eV (BE = 0-2 eV w.r.t. EF region), which 

corresponds to the metal-semiconductor interface (MSI) states and Pt 6s electronic states 

above EVB,98 as well as in the measured changes to EVB and ϕ. The spectra shown in Figure 

5C and 5D has already been taken through background photoemission removal, so the new 

photoemission is unambiguously due to changes in the NR. The MSI states are represented 

in Figure 6 as the striped region between EVB and EF.  The UPS technique samples the near 

surface region of > 105 NRs on the HOPG surface, and thus, measured changes to EVB and 

ϕ are actually averaged changes over the entire length of many NRs. For the addition of 

the Pt-tip to produce measurable changes to EVB and ϕ must mean that changes in electronic 

structure in the near-surface valence band region are significant in the volume near the Pt-

NR interface. MSI states were observed by Steiner et al. in their STS work on Au-CdSe 

NRs, and we have recently observed similar MSI states in the UPS spectra and 

spectroelectrochemical absorbance bleaching behavior for Au-CdSe NRs.47,56  However, 

as shown in the STS work of Steiner and coworkers,47 as well as the computational work 

of Landman et al.,102 MSI states appear to affect the region near the CB more than that of 

the VB. Thus, it is informative to investigate changes in the Cd core levels that compose 

the CB states, which we can probe with XPS. We can also investigate the S 2p region to 

gain more information regarding the extent that the electron transfer from NR to Pt tip 

affects the NR. 
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C3.3 XPS Results  

The XPS results for Cd 3d, S 2p, and Pt 4f core levels, suggest significant 

composition and energetic changes occur to the CdSe@CdS NR upon Pt tipping (Figure 

7).  Representative high resolution XPS data for the O 1s and C 1s core levels can be found 

in the SI. All spectra were initially calibrated to the position of the C 1s peak associated 

with the HOPG substrate, which appears at binding energy (BE) of ca. 284.5 eV and does 

not shift for any of the NC or NR films examined. Each sample was analyzed using the 

Vision 2 software from Kratos Analytical to fit the spectra with Gaussian-Lorenztian (GL) 

functions.  
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Figure 7. High resolution XP spectra of the CdSe@CdS NR series in the A) Cd 3d5/2 

region, inset: whole Cd 3d region, B) S 2p region, and C) Pt 4f region. In A), B), and 

C), 1 represents the short CdSe@CdS NR, 2 represents the long CdSe@CdS NR, 3 

represents the short Pt-CdSe@CdS NR, and 4 represents the long Pt-CdSe@CdS NR. 

The dotted vertical line is a guide to the eye to show the shift in the peak center. Shifts 

in the Cd 3d and S 2p lines for the Pt-tipped NRs versus the bare NRs are consistent 

with the apparent work function shifts seen in the UPS data (Figure 6 – see tesx).  D) 

Schematic illustration of the proposed identity of the higher BE species seen in the Cd 

3d and S 2p regions for the Pt-tipped NRs, arising from “interphase regions that extend 

well away from the Pt tip.  
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In the case of the undecorated NR (traces 1 and 2 corresponding to 4.5-CdSe@CdS 

NR and 5.3-CdSe@CdS NR, respectively, in Figures 7A and 7B), there do not appear to 

be significant differences in the peak positions for the various elements. The Cd 3d doublet 

was fit with an asymmetric GL function (85% Lorenztian), whereas the S 2p doublet was 

modeled by a symmetric GL function (30% Lorentzian). In Figure 7A, which only shows 

the Cd 3d5/2 peak to better show the BE shifts between samples, there is a ca. 0.1 eV shift 

in the Cd 3d5/2 peak (ca. 405.9 eV) for the two NR lengths. The inset in Figure 7A shows 

both the Cd 3d5/2 and Cd 3d3/2 peaks. A small, symmetric shift of the S 2p doublet of ca. 

0.1 eV is also recorded between the two NR lengths (Figure 7B). While these results are 

well within the error of the experiment, the shift is mirrored in the vacuum level as 

measured by the UPS experiments described previously. We believe this result is 

defensible, as the NR is a core@shell structure - sulfur atoms at or near the CdSe/CdS 

interface may experience a different chemical environment than those further from the 

interface, perhaps due to mismatch between CdSe and CdS lattices and/or charge 

redistribution at the interface. As such, the S 2p doublet of the longer NR, which 

presumably contains more CdS units that are essentially unaffected by the CdSe seed, 

occurs at a lower BE which is closer to bulk CdS values in literature.103 Nevertheless, the 

ratio of Cd:S in these NRs, ca. 1.1:1 for the shorter NR and ca. 0.9:1 for the longer NR, 

indicate that the NRs are nearly stoichiometric.  

The addition of the Pt NC to the NR tips produces more marked changes, as seen 

in traces 3 and 4 of each subfigure in Figure 7A and 7B, which are the Pt-tipped analogues 

of the 4.5-CdSe@CdS and 5.3-CdSe@CdS NRs, respectively. These data were collected 
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at 20 eV pass energy, rather than 5 eV, to enhance signal to noise, especially for the Pt NC 

tips.  For the Pt-tipped 4.5-CdSe@CdS NR, pronounced changes can be seen in the Cd 3d 

and S 2p regions, which can no longer be fit with a single pair of GL functions of reasonable 

FWHM. The first GL function pair at lower BE retained the energy splitting of the untipped 

NR, but the FWHM was allowed to broaden ca. 200 meV, to account for the increase in 

pass energy, while still matching the low BE edge of the envelope. The position of the 

higher BE doublet (for both the Cd 3d and the S 2p) was initially determined by the energy 

shift of the S 2p in bulk CdS104 compared to PtS105 and PtS2,
106 then allowed to shift in BE 

to best fit the data. This resulted in a new doublet of ca. 800 meV higher BE for both the 

Cd 3d and S 2p regions, which we attribute to the atoms near the CdS-Pt interface. The BE 

difference of the S 2p components, compared to literature values for PtS and PtS2,
105,106 

suggests that some form of PtSx-like material has been formed but with some uncertainty 

as to the exact stoichiometry. The Pt-tipped 5.3-CdSe@CdS NR also exhibited significant 

changes upon addition of the Pt NC. The Cd 3d and S 2p regions of the Pt-tipped 5.3-

CdSe@CdS NR also required a secondary doublet to fit the envelope; however, the 

positions of the new doublets are only ca. 700 meV higher BE, compared to the doublets 

associated with the bulk-like Cd and S atoms. The ratio of Cd:S also change as a result of 

the addition of the Pt NC, increasing to ca. 1.7:1 in the shorter NR and ca. 1.6:1 for the 

longer NR. 

The Cd 3d5/2 peak associated with the bulk-like CdS occurs at ca. 405.4 eV in the 

shorter tipped NR and ca. 405.7 eV of the longer tipped NR; the higher BE component 

appears at ca. 406.1 eV and ca. 406.3 eV, for the shorter tipped and longer tipped NRs, 
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respectively. Likewise, the bulk-like S 2p3/2 is centered at ca. 162.0 eV and 162.2 eV, for 

the shorter and longer tipped NRs, respectively. The S 2p3/2 that we attribute to the PtSx is 

centered at ca. 162.7 eV and 162.9 eV, respectively. Comparing the bulk-like Cd 3d and S 

2p BE of the tipped NRs to the untipped NRs, we see a ca. 500 meV shift of the core levels 

towards the Fermi energy for the shorter NRs and a ca. 200 meV shift for the longer NRs. 

We hypothesize that the length of the NR is responsible for the disparity between the two 

samples – the longer NR contains more CdS units that are unaffected by electron transfer 

and/or formation of the “interphase” region, at or near the CdS-Pt interface, and thus 

experiences a smaller core level shift. Conversely, a greater proportion of CdS units in the 

shorter NR are affected by the addition of the Pt NCs to the NR. This is also supported by 

the larger peak area attributed to MSI atoms in the Cd 3d region, which constitutes ca. 14% 

for the shorter NR but only 4% for the longer NR. This change is not observed in the S 2p 

region; however, the large change in Cd:S atomic ratio between untipped and tipped NRs 

and the discrepancy in the number of Pt NC tips added to the NRs make interpretation of 

this result more difficult.  

Figure 7C shows the high resolution spectra of the Pt 4f region, demonstrating the 

addition of Pt NCs to the NRs in traces 3 and 4. These peaks were fit with three pairs of 

asymmetric GL doublets; the first pair centered at ca. 71.3 eV and 71.6 eV, the second at 

ca. 72.1 eV and 75.4 eV, and the third at ca. 73.5 eV and 76.7 eV, for the Pt 4f7/2 and Pt 

4f5/2, respectively. In this case, the lower BE species most likely represents the metallic 

Pt(0) species,107,108 while the higher BE doublets represent Pt atoms of greater oxidation 

states due to electron transfer at the Pt-CdS interface during deposition to produce PtSx or 
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from undercoordination at the surface of the Pt NC. While no appreciable shift is observed 

in the MSI Pt 4f peaks between the Pt-tipped 4.5-CdSe@CdS and 5.3-CdSe@CdS NRs, 

the MSI:core peak area ratio (1:2.5) for the tipped 5.3-CdSe@CdS NR is smaller than that 

of the 4.5-CdSe@CdS NR, 1:1.5. This indicates that a greater portion of Pt atoms in the 

shorter NR are affected by the Pt-CdS interface, which may be a result of the more oblate 

spheroid nature of the Pt NCs on the shorter NRs which should have a larger surface area 

of interaction (see Supporting Information for Pt NC tip distributions).   

The shifts we observe in the Cd 3d and S 2p regions complement the shifts observed 

in the UPS data and are indicative of strong electron redistribution from the Pt NCs to the 

NR and the generation of MSI states that extend several nm towards the center of the NR. 

The extent of the charge redistribution can be observed in the XPS data, as the longer Pt-

tipped 5.3-CdSe@CdS NR consistently has both a smaller shift in BE and smaller MSI:core 

ratio, meaning that a greater number of atoms sampled in the experiment are unaffected by 

the redistribution, compared to the shorter NR. Since the GL functions used to fit the data 

represent not only the intrinsic Lorentzian lineshape and Gaussian instrument broadening, 

but also the distribution of chemical environments, the decreased BE shift in the Pt-tipped 

5.3-CdSe@CdS NR may represent a gradient of chemical environments due to charge 

redistribution for the Cd or S atoms as a function of distance from the Pt-CdS interface. 

This is also evident in the MSI:core atom ratios, since the Pt-tipped 4.5-CdSe@CdS NR 

has greater peak areas representing MSI atoms than core atoms, yielding a ca. 1:6 MSI:core 

ratio, whereas the Pt-tipped 5.3-CdSe@CdS NR exhibits ca. 1:28 MSI:core ratio. Thus, it 

can be concluded that the effect of the charge redistribution due to the Pt-tipping process 
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extends several nm towards the center of the NR, but it cannot be determined if the effect 

is symmetric or if the CdSe NC core affects the redistribution.  

Using the MSI:core ratios and the length of the NR, we can estimate how much of 

the NR is affected by MSI states, as shown in Figure 7D. If the NR is singly tipped, the 

MSI:core ratios suggest that the MSI states (shown as the striped red-orange region of each 

NR in Figure 7D) extend ca. 4 nm away from the Pt tip in the short Pt-CdSe@CdS NR and 

ca. 2.5 nm in the long Pt-CdSe@CdS NR. These results do concur with our UPS results, 

which shows that, as an ensemble, the NRs are more easily reduced upon addition of the 

Pt NCs, since EVB drops from ca. 5.9-6.0 eV to ca. 5.7-5.8 eV, which we posit is due to the 

generation of new chemical species, and thus energetic states, in the band gap region as a 

result of electron transfer from the Pt NC to the NR near the Pt-CdS interface.   

C4 CONCLUSIONS 

In this work, we present a novel methodology for the treatment of UP spectra to 

obtain critical information about the band structure at the top of the valence band that was 

previously obfuscated by secondary photoemission. We used this methodology to present, 

to our knowledge, the first measurement of the valence band energetics of undecorated and 

Pt-tipped CdSe@CdS NRs by UPS along with surface chemical information using XPS. 

The energetics of this class of heterostructured NC material partly govern the efficiency of 

these materials as photocatalysts; thus, it is of considerable interest to determine the 

electronic structure of these materials. The 4.5-CdSe@CdS NR and 5.3-CdSe@CdS NR 

had EVB = 5.9±0.1 eV and EVB = 6.0±0.1 eV, respectively. The addition of Pt tips shifted 

the EVB up ca. 0.2 eV in both cases, to EVB = 5.7±0.1 eV and EVB=5.8±0.1 eV, respectively. 
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The Pt tips introduce new states in the band gap of the NR as a result of charge 

redistribution near the Pt-CdS interface, which are attributed to the MSI and Pt 6s states of 

the metal NC. The unequivocal identification of these MSI states was only possible after 

careful application of the background photoemission removal methodology described in 

this dissertation. XPS results show that the charge redistribution extends some several nm 

towards the center of the NR, since the longer NR exhibited greater untipped character than 

the shorter NR. The application of a reasoned approach to UPS background correction can 

help to provide better estimates of EVB for all varieties of materials, including more 

complex heterostructured nanomaterials such as CoxOy-tipped CdSe@CdS NRs, that can 

be examined via UPS and may lead to insights regarding minute changes to the top of the 

valence band structure or mid-gap states that control the efficiency and design of 

photocatalytic materials. 

C5 SUPPLEMENTAL INFORMATION 

C5.1. NC Synthesis 

Materials and Instrumentation.  

All chemicals were used as purchased for this study. Anhydrous toluene (99.5%), 

cadmium (II) oxide (99.5%), selenium (99.999%), 1,2-hexadcanediol (HDD) (90%), oleic 

acid (OLAC) (90%), oleylamine (OLAM) (70%), and 1-octadecene (ODE) (90%) were 

purchased from Sigma Aldrich. Octadecylphosphonic acid (ODPA) (97%), 

trioctylphosphine oxide (TOPO) (99%), trioctylphosphine (TOP) (90%), trioctylphosphine 

(TOP) (97%), and hexylphosphonic acid (HPA) (97%) were purchased from Strem. 

Platinum (II) acetylacetonate (Pt(acac)2) (98%) and diphenyl ether (DPE) (99%) were 
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purchased from Acros Organics. Sulfur (99.5%) was purchased from Alfa Aesar. Absolute 

ethanol (EtOH) was purchased from Decon labs. Air free procedures were performed via 

standard Schlenk techniques under argon with vacuum pressure at approximately 1 mm 

Hg. An Omega temperature controller (CSC32K) with a K-type thermocouple and a Glas-

Col heating mantle were used for all nanomaterials synthesis. Centrifugation steps were 

performed on an Eppendorf 5804 centrifuge using a rotor with radius of 11 cm, with 

conditions as specified in the synthetic sections. Transmission electron microscope images 

were obtained on a Technai G2 Spirit (FEI) TEM at 100 kV or 80 kV using in-house 

prepared carbon coated copper grids (Cu, hexagon, 300 mesh). All image analysis was 

performed using ImageJ software (Rasband, W.S., National Institutes of Health, 

http://rsb.info.nih.gov/ij/, 1997-2007). 

 

CdSe NC Synthesis. 

a. Preparation of TOP:Se Stock Solution for CdSe NC Synthesis.  

To a 20 mL scintillation vial equipped with a ½” glass coated stirbar was added 

elemental Se (0.670 g, 8.50x10-3 mol) elemental Se. The vial was then sealed with a rubber 

septum, wrapped tightly with electrical tape, evacuated for 5 minutes, and subsequently 

backfilled with Ar. This process was then repeated two additional times to ensure an air-

free environment. TOP (97%) (5.00 mL, 4.16 g, 1.12x10-2 mol) was then injected under 

Ar and the resulting mixture was sonicated and stirred until a homogeneous, clear, light 

grey solution had formed. 

b. Synthesis of CdSe NCs (D = 2.3 nm).  

http://rsb.info.nih.gov/ij/
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The synthesis of CdSe NC was adapted from the literature methods of Manna, et 

al.58 To a 50 mL three-neck-round-bottom flask equipped with a ½” glass coated stir bar 

and reflux condenser is added TOPO (7.50 g, 1.94x10-2 mol), ODPA (0.700 g, 2.10x10-3 

mol), and CdO (0.150 g, 1.17x10-3 mol) were added. The contents of the flask were then 

heated to 150oC using a heating mantle and temperature probe in vacuo for 30 minutes with 

continuous stirring (300 rpm), in order to remove any air and moisture form the vessel. 

Subsequently, the brick-red, heterogeneous mixture was heated to 380oC under Ar until 

full formation of the Cd-ODPA complex had occurred, as observed by a color change from 

opaque and brick-red (CdO) to clear and colorless. TOP (90%, 4.50 mL, 3.75 g, 1.02x10-2 

mol) was then injected into the flask, and the temperature was allowed to recover to 380oC. 

Once at 380oC, the heating mantle was removed and the temperature began to decrease. 

Upon reaching 370oC, the previously prepared TOP:Se stock solution was injected (1.0 

mL). After 4 seconds, 20 mL of ODE was rapidly injected into the flask over the course of 

10 seconds, to arrest growth of the nanoparticles and facilitate rapid cooling. After cooling 

to 110oC, room temperature toluene (10 mL) was injected into the flask in order to prevent 

solidification of the high boiling point solvent (TOPO). The resulting red, homogeneous 

product was then purified as described below. 

Purification from excess organic ligands and unreacted Cd and Se species was 

carried out through repeated dispersion and precipitation cycles. The room temperature 

crude reactions solution was evenly distributed between two 50 mL centrifuge tubes, each 

of which was then diluted to 25 mL with toluene, followed by addition of 20 mL of ethanol 

to precipitate the particles. The resulting cloudy red-orange dispersions were then subjected 
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to centrifugation at 9000 rpm for 9 minutes, yielding clear and light orange tinted 

supernatants and red-orange pellets. After decanting of the supernatants, the pellets were 

redispersed in 20 mL of toluene before precipitation with 25 mL of ethanol. The resulting 

cloudy red-orange dispersions were then subjected to centrifugation at 9000 rpm for 9 

minutes, yielding clear and colorless supernatants and red-orange pellets. After decanting 

of the supernantants, the pellets were redispersed for a final time in 20 mL of toluene 

followed by precipitation with 25 mL of ethanol. The resulting cloudy red-orange 

dispersions were then subjected to centrifugation at 9000 rpm for 9 minutes, yielding clear 

and colorless supernatants and red-orange pellets. The pellets were then combined and 

dried in vacuo at 55oC overnight to yield 0.0762 g (28.7 wt% organics by TGA) of a red-

orange solid. UV-vis spectroscopy indicated that the CdSe NCs possess an average 

diameter of 2.3 nm (λmax = 500 nm), as indicated using the method of Peng et al.109  

 

CdSe@CdS NR Synthesis. 

a. Preparation of TOP:S/CdSe NC Stock Solution for CdSe@CdS NR Synthesis.  

For the preparation of short nanorods (25.4x4.5 nm), to a 20 mL scintillation vial 

equipped with a ½” glass coated sitrbar was added 0.633 g (1.98x10-2 mol) elemental S, 

and 0.0507 g (~1.63x10-6 mol) of the previously synthesized CdSe NC. As nanorod length 

is dependent upon CdSe NC concentration in the stock solution, short nanorods were 

obtained from 85.7 μM (2.67 mg/mL) concentrations of seeds, and long nanorods were 

obtained from 46.3 μM (1.44 mg/mL) concentrations. After addition of the CdSe NCs, the 

vial was then sealed with a rubber septum, wrapped tightly with electrical tape, evacuated 

for 5 minutes, and subsequently backfilled with Ar. This process was then repeated two 



345 

 

additional times to ensure an air free environment.  TOP (97%) (19.0 mL, 15.8 g, 4.26x10-

2 mol) was then injected under Ar and the resulting mixture was sonicated and stirred until 

a homogeneous, clear, and colorless solution had formed. 

b. Synthesis of CdSe@CdS NRs (General Procedure).  

The synthesis of CdSe@CdS NRs was adapted from the literature methods of 

Manna, et al.58 To a 100 mL three-neck-round-bottom flask equipped with a 1” glass coated 

stir bar and reflux condenser was added TOPO (9.0g, 2.33x10-2 mol), ODPA (0.870g, 

2.60x10-3 mol), HPA (0.240g, 1.44x10-3 mol), and CdO (1.75x10-3 mol). The contents of 

the flask were then heated to 150oC using a heating mantle and temperature probe in vacuo 

for 30 minutes with continuous stirring at 300 rpm, in order to facilitate removal of any 

adventitious air and moisture form the vessel. Subsequently, the brick-red, heterogeneous 

mixture was heated to 350oC under Ar until full formation of the Cd-phosphonic acid 

complex had occurred, as observed by a color change from opaque and brick-red (CdO) to 

clear and colorless. Subsequently, TOP (97%)(5.40 mL, 4.49 g, 1.21x10-2 mol) was 

injected into the flask, and the temperature was allowed to recover to 350oC. The flask was 

then wrapped with cotton and allowed to stabilize at 350oC for 30 minutes, after which 

5.40 mL of the previously prepared TOP:S/CdSe NC stock was rapidly injected. For both 

the short and long nanorods, the nanocrystals were allowed to grow for 6 minutes post 

stock injection, at which point the heating mantle was removed and the contents of the 

flask were allowed to cool naturally. After cooling to 110oC, room temperature toluene (10 

mL) was injected into the flask in order to prevent solidification of the high boiling point 
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solvent (TOPO). The resulting yellow, homogeneous product was then purified as 

described below. 

Purification from excess organic ligands and unreacted Cd and Se species was 

carried out through repeated dispersion and precipitation cycles. The room temperature 

crude reactions solution was evenly distributed between three 50 mL centrifuge tubes, each 

of which was then diluted to 25 mL with toluene, followed by addition of 20 mL of ethanol 

to precipitate the particles. The resulting cloudy yellow-orange dispersions were then 

subjected to centrifugation at 9000 rpm for 9 minutes, yielding clear and light orange tinted 

supernatants and yellow-orange pellets. After decanting of the supernatants, the pellets 

were redispersed in 20 mL of toluene before precipitation with 25 mL of ethanol. The 

resulting cloudy yellow-orange dispersions were then subjected to centrifugation at 9000 

rpm for 9 minutes, yielding clear and colorless supernatants and yellow-orange pellets. 

After decanting of the supernantants, the pellets were redispersed for a final time in 20 mL 

of toluene followed by precipitation with 25 mL of ethanol. The resulting cloudy yellow-

orange dispersions were then subjected to centrifugation at 9000 rpm for 9 minutes, 

yielding clear and colorless supernatants and yellow-orange pellets. The pellets were then 

combined and dried in vacuo at 55oC overnight to yield 0.3128 g (37.63 wt% organics by 

TGA) of a yellow-orange solid for the short nanorod length (L = 25.4±2.2 nm, W = 

4.5±0.5), and 0.1982 g (19.12 wt% organics by TGA) for the long nanorod length (L = 

68.1±3.7 nm, W = 5.3±0.5 nm). Sizing of the synthesized nanorods were performed using 

ImageJ software. 

Pt-CdSe@CdS NR Synthesis. 
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a. Preparation of Pt(acac)2/DCB/CdSe@CdS NR Stock Solution of Pt-CdSe@CdS NR 

Synthesis.  

To a 20 mL scintillation vial equipped with a ½” glass coated stirbar was added 

Pt(acac)2 (0.025 g, 6.36 × 10-5 mol), the synthesized CdSe@CdS NRs (0.025 mg), and 

DCB (1.0 mL). This preparation is identical for both short and long lengths of CdSe@CdS 

NRs. The resulting orange mixture is sonicated for 5 minutes in order to promote 

dissolution of the Pt-precursor. 

b. Synthesis of Pt-CdSe@CdS NRs (General Procedure).  

The synthesis of Pt-tipped CdSe@CdS nanorods is adapted from the work of 

Mokari, et al.59 To a 50 mL three-necked round bottom flask equipped with a ½” glass 

coated stirbar and reflux condenser was added diphenyl ether (5.40 g, 5.00 mL, 3.18x10-2 

mol), oleic acid (0.090 g, 0.10 g, 3.0x10-4
 mol), oleylamine (0.080 g, 0.10 mL, 3.2x10-4 

mol), and 1,2-hexadecanediol (0.022 g, 8.3x10-5 mol). The flask and condenser are then 

sealed with rubber septa, and the contents of the flask are heated in vacuo to 80 oC using a 

heating mantle and temperature probe for 30 minutes while stirring at 300 RPM in order to 

remove any residual air or moisture. Subsequently, the contents of the flask are heated to 

225 oC under Ar, followed by rapid injection of the previously prepared Pt/NR stock 

solution (0.50 mL). After 8-minutes, the heating mantle was removed from the flask, and 

the black/green dispersion was allowed to cool naturally. Upon cooling to 110 oC, toluene 

(5.0 mL) was injected into the flask, and the homogeneous black/green mixture was then 

purified as described below. 
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Purification of the synthesized Pt-CdSe@CdS heterostructured NRs is designed to 

remove excess OLAC/OLAM/DPE species, as well as any free Pt-NCs. Following a three 

step procedure, the contents of the flask are initially added to a single 50 mL centrifuge 

tubes (7.5 mL each), followed by dilution to 35 mL with toluene to thoroughly disperse the 

nanocrystals and dissolve any residual organic content, and subsequent precipitation by 

addition of 10 mL of ethanol. The resulting cloudy green dispersion is then centrifuged at 

2500 RPM for 12 minutes, yielding a dark green pellet and brown tinted supernatant. This 

exact procedure was repeated two additional times, for a total of three purification cycles, 

after which the pellet was dried in vacuum at 50 oC overnight to yield a dark-green, waxy 

solid (30.7 mg).  

 

C5.2 NR TEM Images and Pt-tip Distribution Analysis 
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Figure 8.  Representative TEM of NR series. A) short CdSe@CdS NR; B) short Pt-CdSe@CdS NR; C) 

long CdSe@CdS NR; D) long Pt-CdSe@CdS NR. 



350 

 
Table 1. Distribution of Pt tip size and shape (n = 100)  

 D1 (nm) D2 (nm) % Sphericala 
% Doubly 

Tippedb 

Short Pt-CdSe@CdS NR 5.46 ± 1.02 3.72 ± 0.54 47 13 

Long Pt-CdSe@CdS NR 5.71 ± 1.62 3.71 ± 0.84 68 55 

a We defined spherical as those Pt NCs in which D1 ± SD overlapped with D2 ± SD. 

b Tipping statistics are derived from the method in Figure S2. 
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Figure 9. Methodology for determining Pt tip distribution. A) is the representative raw TEM 

image of the short Pt-CdSe@CdS NR sample; B) overlays each NR with a color code to indicate 

number of Pt tips – black is a untipped NR, blue is a singly tipped NR, red is a doubly tipped 

NR. The counts are graphically presented in C). Figures D), E), and F) show the same for the 

long Pt-CdSe@CdS NR.  
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C5.3 NR UV-Vis Spectroscopy of Dissolved NRs 

 
  

Figure 10. UV-Visible spectroscopy of 1) 4.5 x 25 nm CdSe@CdS NR, 2) 4.5 x 25 nm Pt-

CdSe@CdS NR, 3) 5.3 x 68 nm CdSe@CdS NR, and 4) 5.3 x 68 nm Pt-CdSe@CdS NR.  
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The absorbance spectra of the untipped and tipped CdSe@CdS NRs are shown in 

Figure 10. The smaller, untipped CdSe@CdS NR is shown as trace 1. Much of the spectrum 

is dominated by the CdS NR, but the CdSe NC core excitonic peak is still visible as the 

small peak centered at ca. 572 nm. However, upon addition of the Pt tip, as seen in trace 

2, the spectra becomes much less defined, as was seen in the work of Wu et al.31 No 

significant change is noted in the longer CdSe@CdS NR (trace 3). As in the shorter NR, 

the addition of the Pt tip to the longer NR removes some of the fine structure (trace 4). 

Using the position of the CdSe seed excitonic peak and the CdS absorption edge at ca. 475 

nm, the optical gap for the seed and rod, respectively, can be estimated. The CdSe seed 

band gap is Eg,opt,CdSe = 2.2 eV, while the CdS shell band gap is Eg,opt,CdS = 2.6 eV. 

C5.4 UPS Corrections 

The theory and application of the background correction methodology for UPS is 

described in the manuscript. In Figure 11, we show the process as applied to spectra 

obtained from a short CdSe@CdS NR thin film as an example of the utility of the 

methodology. Figures 11A, 11C, and 11E are linear plots; Figures 11B, 11D, and 11F are 

the corresponding semi-log plots. In Figure 11A and 11B, a photoemission tail can be 

observed between 29-32 eV (red trace). Initially, it is unclear whether this photoemission 

represents the NR or is some other background photoemission. Thus, we utilize our 

background removal methodology, as described in the text, but in greater specificity herein. 

The He(I)-β and He(I)-γ satellites are first removed by scaling the intensity of the 

raw data to the relative satellite intensity of the photon source (1.2-1.5% and 0.2-0.5%, 

respectively) and then shifting these two traces to their respective photon energies (23.05 
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eV and 23.74 eV, respectively). The sum of these two satellite backgrounds is shown as 

the orange trace in Figure 11A and 11B. In Figure 11B, the orange trace appears to track 

with the original raw data well between ca. 30-32 eV, indicating that the photoemission 

that energy region is composed wholly of photoelectrons generated by the photon source 

satellites. The result is the green trace. This trace is carried into the secondary background 

correction, shown in Figure 11C and 11D. The secondary background is generated using 

the method described by Li and coworkers57 and is shown as the yellow trace. The result 

of subtracting the secondary background from the satellite-corrected trace is shown in blue. 

There is no significant change to the spectrum in this high KE region, which is expected, 

since A) photoelectrons typically lose half of their KE on scattering, meaning 

photoelectrons with an initial KE ca. 32 eV would appear ca. 16 eV, and B) the low 

photoemission flux in the energy region around EF means that the flux of scattered 

photoelectrons is also small. Finally, in Figure 11E and 11F, the background due to the 

substrate, shown as the purple trace, is removed to generate the final, fully corrected 

spectrum shown in black. This is also a very small correction, since this particular sample 

had a very high coverage of NRs, and therefore the substrate has a minimal contribution to 

the measured photoelectron yield at any given energy. 
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Figure 11.  Progression of UPS background subtraction for short CdSe@CdS NR. Figures A, 

C, and E show the progress in the linear scale; B, D, and F show the same progression in the 

semi-log.  
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C5.5 High-resolution XP Spectra and Fitting Parameters 

High-resolution XPS spectra of the NR series is shown in Figure 12-17. Each figure 

shows a representative spectrum of NRs along with Gaussian-Lorenztian (GL) peak fitting 

to represent different chemical states of the element. In each figure, A) represents the 

untipped short CdSe@CdS NR; B), the untipped long CdSe@CdS NR; C), the short Pt-

CdSe@CdS NR; and D), the long Pt-CdSe@CdS NR. Figure All subfigures also indicate 

the BE of the center of the GL functions. Figure 17 shows the valence band (VB) region 

of the NRs under X-ray excitation. 
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Figure 12. Representative spectra of the C 1s region for the NR series. In each figure, GL 

functions represent ligand carbons except those denoted as HOPG (ca. BE = 284.5 eV). The 

short CdSe@CdS NR (A) shows two carbon species, as does the long CdSe@CdS NR (B), 

which also has a small HOPG component. The ligand features in the Pt-tipped NRs (C and D) 

are shifted to lower binding energy due to the ligand exchange during synthesis. 
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Figure 13. Representative spectra of the Cd 3d region for the NR series. In each figure, 

asymmetric GL functions represent different chemical states of Cd atoms in the NR. In (A) and 

(B), there is a single Cd species, presumably from the bulk-like CdS. The addition of the Pt NC 

to the NRs (C and D) produces a new chemical species at lower BE, which we posit are Cd 

atoms near the Pt-CdS interface. 
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Figure 14. Representative spectra of the O 1s region for the NR series. In each figure, GL 

functions represent ligand oxygen. Both the short and long CdSe@CdS NR (A and B) have 

phosphonic acid and phosphine oxide ligands, which produce the two GL functions shown. The 

addition of the Pt NCs involves carboxylic acid and alcohol ligands, which appear at 

intermediate BE. There is insufficient resolution to determine whether the ligands are 

completely exchanged during synthesis. 
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Figure 15. Representative spectra of the Pt 4f region for the NR series. There is no Pt in the 

untipped series (A and B) as expected. The Pt NC appears as a broad doublet (C and D) that 

requires several asymmetric GL functions to fit. We believe there are ca. three distinct chemical 

environments for the Pt atoms – the metallic Pt in the NC and the Pt near the CdS/Pt interface 

which appears to be PtS- and PtS2-like species. 
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Figure 16. Representative spectra of the S 2p region for the NR series. In both untipped NRs 

(A and B), only one doublet is required to fit the trace, indicating only one chemical species of 

S in the NR. However, upon addition of the Pt NCs, shown in C and D, the envelope cannot be 

fit with only a single doublet with a reasonable FWHM. Thus, an additional doublet is 

introduced at higher BE, which we posit is PtSx-like S atoms. 
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Figure 17. Representative spectra of the VB region for the NR series. In A) and B), the top of 

the VB is well defined at ca. 2.4 eV and the photoemission bands at 3.9 eV and 6.6 eV are well 

resolved. However, upon addition of the Pt NCs (C and D), photoemission from the Pt NC and 

MSI states change the lineshape of the VB region. Photoemission extends up to the Fermi 

energy (BE = 0 eV) and the bands at 3.9 eV and 6.6 eV are no longer well defined. However, 

in the longer NR (D), the feature appears more similar to the untipped NRs, which is due to the 

greater portion of bulk-like CdS. 
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CHAPTER 3. CONCLUSIONS AND FUTURE DIRECTIONS 

3.1 CONCLUSIONS 

The research presented in the preceding chapters are summarized in this final 

chapter, followed by a description of areas of future investigation. This dissertation focused 

on characterization of NCs with PES, specifically, we investigated: a) spherical CdSe NCs, 

b) CdSe NRs and Au NC tipped CdSe NRs, and c) CdSe@CdS core@shell NRs and Pt NC 

tipped CdSe@CdS core@shell NRs. With advances in the synthetic methods to produce 

asymmetric nanomaterials possessing fascinating properties,1–4 it was becoming important 

that new methods to understand the effect of synthetic changes to these increasingly 

complex NCs on nanometer length scales. While existing electrochemical,5–8 STS,9–12 and 

PES13–17 techniques have been able to make measurements of simple NCs, as well as 

preliminary measurements on heterostructured NCs, to our knowledge, the effect of surface 

chemistry on the energetics of heterostructured NCs and NRs has not been widely reported 

in the literature,13,15–17 likely due to their complicated surface structure, multicomponent 

composition, and instrumental limitations. The increased complexity of these NCs 

necessitate the development of new approaches to investigate their properties, since 

existing techniques have been unable to provide definitive information regarding surface 

chemistry and energetics. This manuscript advances the field by providing a universal 

methodology for determining the chemical and energetics of both simple and complex NC 

materials using PES which can be applied to other semiconductors and by making first ever 

measurements of heterostructured NRs decorated with metal NC tips using XPS and UPS 

to reveal their surface chemical and energetic properties. 
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We first reported in Chapter 2 on the development of a thorough methodology for 

the removal of background and secondary photoemission in PES, which has been explored 

for high excitation energy PES experiments such as XPS and AES,18–24 but has not been 

developed for low excitation energy experiments such as UPS. The methodology we 

presented in this chapter was based on the theory of secondary photoemission and the 

previously developed formulations. We employed a series of simple models to approximate 

the background and secondary photoelectrons, specifically, the photoelectrons due to the 

He(I) photon source satellites, secondary electrons produced by inelastic scattering, and 

photoelectrons from the substrate. We investigated the utility of this methodology on an 

Ar sputtered Au foil, and showed that it yielded spectra that matched well with theoretical 

predictions of Au band structure. The methodology also proved useful in revealing the 

HOMO-1 of a RuPcPA submonolayer tethered onto ITO, which was otherwise obscured 

by background photoemission. Thus, we were able to demonstrate a universal methodology 

for background and secondary photoelectron removal in UPS experiments that are critical 

for the measurement of small changes at the top of the VB that arise as a result of nanoscale 

chemical modifications to NCs using PES.  

While several experiments have been performed to determine the effect of size and 

ligand type on the energetics of spherical CdSe NCs,15,16 very little investigation into the 

effects of surface capping ligand density on surface chemistry and energetics has been 

undertaken. Theoretical work by Tretiak et al. showed that the incomplete ligation of the 

NC surface can result in changes to the NC shape and that removal of ligands minutely 

affects the VB structure due to undercoordination and reconstruction of surface atoms.25 
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We sought to demonstrate that these effects could be measured by investigating the surface 

chemistry and VB band structure changes as a function of surface ligand coverage as 

revealed by TGA, UV-Vis spectroscopy, XPS, and UPS in Appendix A. Two sizes of CdSe 

NCs were synthesized by Mario Malfavon, Ph.D., of the University of Arizona, which were 

purified with increasing numbers of purification steps to yield two series of NCs of 

decreasing surface ligand coverage, which we verified with TGA. UV-Vis spectroscopy 

showed that for the smaller NCs, increasing number of purifications produced apparent 

changes in the 1S3/2-2Se to 1S3/2-1Se transition ratio, which suggests that the shape of the 

NC became more ellipsoidal with decreasing ligand coverage, as predicted by the 

computational work of Tretiak et al.25 We then used XPS to show that the ratio of surface-

to-bulk percentage of Se and Cd changed as a function of surface ligand coverage, which 

also manifest itself as an increase in surface trap states that was revealed by UPS as an 

increase in photoemission in the band gap region. These results are remarkable since the 

effect of surface ligand coverage on the NC has not been carefully studied previously. The 

detection of the surface trap sites was made possible by the background and secondary 

photoelectron subtraction methodology we presented in the previous chapter. These results 

are, as far as we know, the first to experimentally determine the effect of surface capping 

ligand coverage on NCs, which demonstrates the utility of our UPS background 

photoemission subtraction methodology. 

In Appendix B, we investigated the effect of the relaxation of quantum confinement 

in one direction of the CdSe NC as well as the addition of an Au metal NC tip to one or 

both termini. The NRs were synthesized by Nicolas Pavlopoulos of the Pyun Group at the 
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University of Arizona. Since the band edge energies of the NRs determine, in part, the 

efficiency of the redox reactions involved in photocatalytic water splitting, quantitative 

characterization of EVB and ECB, as well as the chemical changes to the structure of the NR 

is critical. Steiner et al. used STS to reveal that near the Au-CdSe interface, new DOS in 

the band gap are created which they attributed to MSI states, but were unable to determine 

the chemical source of the new states.12 The work presented in this chapter builds on that 

work, by investigating the changes in the surface chemistry and energetics of the CdSe 

NRs using the complementary techniques of XPS, UPS, and spectroelectrochemistry. This 

work also builds on the previous electrochemical and UPS work of NCs, since the 

measurements made of the CdSe NC and NR, after background photoelectron correction, 

match well with those previously reported values. Using XPS, we found evidence of 

electron transfer from the NR to the metal tip, since the higher BE component of the Se 3d 

and Cd 3d peaks which are associated with the MSI states increases with increasing Au tip 

size, and the high BE component of the Au 4f decreases, relative to colloidal Au NCs. UPS 

showed that the addition of the tip induced a small shift of the vacuum level and the Fermi 

level of the Au tipped NR shifted towards the middle of the band gap, which suggests an 

electron transfer from the Au NC to the NR, which is the opposite direction of our XPS 

findings. The EVB of the of the Au-tipped CdSe NRs shifted to lower energy, indicating 

that despite the small size of the Au tip, they produce significant changes to the energetics 

of NRs. Furthermore, new photoemission in the middle of the band gap associated with 

MSI states and Au 6s states could be resolved, but only after the background removal 

methodology presented in this dissertation was applied. The low photoemission intensity 
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of the MSI states meant that they could only be unambiguously assigned as such after 

carefully eliminating the various types of background photoemission. The energetic shifts 

were confirmed using spectroelectrochemistry, performed by Ramanan Ehamparam, 

Ph.D., of the Saavedra Group at the Univsersity of Arizona. Spectroelectrochemistry 

revealed the presence of MSI states in the band gap region and shifts in ECB correlated with 

the shifts of EVB determined by UPS. These results, the first quantitative description of the 

chemical and electronic effect of the addition of an Au NC to CdSe NRs, showed that the 

complimentary techniques of PES and spectroelectrochemistry could be used to study the 

chemistry and energetics of heterostructured NCs.  

Finally, in Appendix C, we examined the most complex sample of the series, Pt-

tipped CdSe@CdS core@shell NRs, synthesized by Lawrence J. Hill, Ph.D., of the Pyun 

Group at the University of Arizona. These NRs have shown remarkable potential for 

photocatalytic water splitting, with one group reporting near 100% internal quantum 

efficiency using this class of NR.26–28 However, characterization of the band edge energies 

of these NRs have never been reported thus far, likely due to the complex composition of 

the NRs. We showed that, like the Au-CdSe NRs, the addition of the Pt NC to the termini 

of the CdSe@CdS NR produced new MSI states in the NR that could be detected by both 

XPS and UPS. Background-corrected UP spectra showed new photoemission in the band 

gap associated with MSI states and Pt 6s states that were not present for the CdSe NCs or 

CdSe@CdS NRs. The Fermi level of the Pt-tipped CdSe@CdS NRs shifted to lower energy 

relative to the untipped NR, suggesting an electron transfer from the NR to the metal tip, 

the opposite of our findings in the Au-CdSe NRs. The EVB also shifted to lower energy, by 
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ca. 200 meV. XPS revealed that the MSI states were likely PtS- or PtS2-like states that 

likely form near the interface during deposition of the Pt NC. The concentration of MSI 

states was reduced in the longer NR, since a greater portion of the NR was unaffected by 

the addition of the Pt tip. These results build on the work of the previous chapter, since we 

studied an even more complex heterostructured NR with a core@shell composition. This 

work demonstrated the utility of the background and secondary photoelectron methodology 

described in this dissertation, since it would normally be difficult, if not impossible, to 

identify the electronic changes to the top of the VB due to the great complexity of the 

system, which would need to differentiate photoemission from the core@shell NR, the MSI 

states, and the metal NC from the satellite, secondary scattered photoelectrons, and 

substrate photoemission. The results of this study also demonstrate the unique capability 

of XPS and UPS to identify the new chemical species in heterostructured NRs that give 

rise to new spectral features observed in both PES and complementary techniques such as 

electrochemistry and STS. 

3.2 FUTURE DIRECTIONS 

3.2.1 Further characterization of metal tipped CdSe NRs 

In Appendix B, we presented conflicting results with respect to the direction of 

electron transfer upon addition of the Au NC to the CdSe NR. In order to investigate this 

effect further, a greater variation in both Au NC tip and NR dimensions should be used. As 

we saw in Appendix C, when the NR is elongated, the measured ratio of MSI-to-bulk atoms 

changes, which may give us additional information regarding the direction of charge flow. 

Furthermore, different metals of varying work functions may yield increased 
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understanding of the mechanism for charge transfer between metal NCs and the CdSe NRs 

and the subsequent generation of MSI states. To best understand the effect of the metal NC 

addition, XPS and UPS of the colloidal metal NC should be conducted to better estimate 

the pre-contact work function of the metal, and thus, predict the direction of electron 

transfer upon interfacing with the CdSe NR. A similar experiment for the CdSe@CdS 

core@shell NR would also be instructive. 

3.2.2 Characterization of NRs with oxygen evolution reaction (OER) co-catalysts 

The ultimate goal of NCs that are capable of photocatalytic water splitting will 

require both oxygen and hydrogen evolving reaction sites on spatially separated parts of 

the nanostructure. CoxOy is a p-type semiconductor which may fulfill the role of the OER 

in a heterostructured NC.29 Researchers have also devised methods to direct the growth of 

CoxOy NCs onto the one or both termini of CdSe@CdS NRs.30,31 To our knowledge, no 

experimental determination of the effect of addition of a metal oxide NC tip to NRs has 

been performed. We suspect that chemical and energetics shifts we measured upon metal 

NC addition will also occur when the addition of CoxOy. The complementary techniques 

of PES and spectroelectrochemistry, as demonstrated in Appendix B, should be used to 

characterize the energetics as a function of CoxOy-tip size and NR dimensions. The 

asymmetric Pt-tipped and CoxOy-tipped CdSe@CdS NR which is theoretically capable of 

both oxygen and hydrogen evolution would be the most complex heterostructured NC to 

investigate, and should be attempted after full characterization of the singly tipped NRs. 



385 

 

3.2.3 Characterization of surface chemistry and energetics of perovskites, an 

emerging class of materials in photovoltaics 

Perovskites are a class of materials composed of earth-abundant elements with low-

cost manufacturing processes which have achieved very high photon-to-electricity 

conversion efficiencies in photovoltaic devices.32–36 The most common are methyl 

ammonium lead halide based, which have a general form of CH3NH3PbX3, where X = I, 

Br, although other formulations exist. They have also been shown to efficiently split water, 

achieving ca. 12% water splitting efficiency.34 Perovskites have also been explored as an 

inorganic capping ligand for colloidal NCs, which offer increased stability as well as 

interesting electronic properties.37 Recent studies have also demonstrated the feasibility of 

perovskite NCs.32 However, these materials are also rather complex and to our knowledge, 

a thorough treatment of the surface chemistry and energetics has not been attempted. We 

believe that the techniques described in this dissertation may prove instructive in the 

understanding of this novel material. 
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APPENDIX D 

 

D.1 UP SPECTRA BACKGROUND SUBTRACTION PROTOCOL 

The source code for the protocol described in Chapter 2 are given in this Appendix. 

The code is designed to run in Igor Pro (Wavemetrics Inc., Lake Oswego, OR) and includes 

the satellite subtraction routine, which is amenable to any number of satellites and their 

respective relative intensities, and the secondary background subtraction routine, which 

allows the user to select the appropriate Emin in the plotted data. 
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#pragma rtGlobals=2  // Use modern global access 

method. 

 

//////////////////////////////////////////////////////

///////////////////////////////////////////////////////////

///////////////////////////////////////////////////////////

///////////////////////////////////////////////////////////

/////////////////////////////////////// 

// 

// This procedure will generate a total background 

function based on Li, Zhang, and Henrich (J. Electron 

Spectros. Relat. Phenom. 63 (1993) 253-265) 

// 

// 

//  The general form of the equation is: 

// 

//                

   int(Itot(E')dE') | E->Emax 

//    Ib(E)=Itot(E)+[Itot(Emin)-

Itot(Emax)]x---------------------------------------- 

//                   

int(Itot(E')dE') | Emin->Emax 

// 

// 

//   This procedure was written for Igor Pro 6.x by 

Michael Liao at the University of Arizona, Department of 

Chemistry and Biochemistry 

// 

// For this procedure to correct the data properly, 

UPS spectra should be full spectra, from SKE to several eV 

above Fermi at high resolution (0.01 eV step size, many sweeps 

and/or 

// high dwell time).  

//  

// Revision history  

// 2013-08-29 Added renaming of output wave to 

input wave+_corr 

// 2013-08-02 Added averaging of initial baseline 

correction to avoid negative baseline. Buggy if there isn't 

enough data points for background! Need at least 50 data 

points? 

// 2014-01-07 Added satellite removal routine 

// 2014-04-16 Added auto-generate of new 

intensity wave (name-of-wave+a) and auto-subtract of 

satellites 
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// 2014-09-08 Changed "rename" of y_corrected to 

be a new wave to prevent "wave in use/exists" errors when 

running 2ndary correction on the same waves 

// 2014-09-08 Streamlining the prompts so there 

are fewer popups. Attempting to allow user interaction with 

a graph to select a data point to make it easier to get Emin 

// 2014-09-08 Attempt to make the 2ndary corr 

average the last few data points (10?) to get a better 

baseline 

// 2014-09-08 Auto-subtracting satellite of 

satellites (because we're simply shifting and scaling 

spectra, satellites exist in the generated satellite waves 

even though they shouldn't. this 

//    will hopefully fix that issue) 

// 2015-08-08 Adjusted baseline correction of 

secondary correction to use 50 points. Uses average - 25% of 

variance, to get close to zero but hopefully prevent negative 

baseline. 

//    Should theoretically use smoothing 

function to get variance down to some % of average first, but 

this should work for now. Also added function at the end to 

average the  

//    baseline again after correction, 

then finds the difference between the pre- and post- average 

to add back. This should bring the baseline back to original 

level. 

// 

// 2015-08-13 Cleaned and reworked Secondary 

Background Correction to allow users to select Emin on a plot 

after starting the function, rather than requiring them to 

find it beforehand. 

//    Ideally we would use temp data 

directories to keep all the wavestats and other temp variables 

separate, may add in later iterations. 

// 2015-11-12 Added a Plot Results function to 

quickly plot the results of the corrections. Adds a new wave 

<raw data wave name>+b which is a duplicate of the secondary 

background 

//    corrected wave for use with 

substrate correction. 

// 

//////////////////////////////////////////////////////

///////////////////////////////////////////////////////////

///////////////////////////////////////////////////////////
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///////////////////////////////////////////////////////////

/////////////////////////////////////// 

 

 

// Generate the Menu item 

 

Menu "Background Correction" 

 "1. Remove source satellites",/Q,sat_corr() 

 "2. Remove secondary electron 

background",/Q,bkg_corr() 

 "3. Plot Result",/Q,plot_all() 

End 

 

// End menu list 

 

// Preliminary Functions to allow users move cursors 

to find Emin 

 

 // Function to allow users to move cursors 

  

  Function UserCursorAdjust(emin_cursor) 

   string emin_cursor 

    

   DoWindow/F $emin_cursor    

  // Bring graph to front 

   if (V_Flag == 0)     

    // Verify that graph exists 

    Abort "UserCursorAdjust: No such 

graph." 

    return -1 

   endif 

 

   NewPanel /K=2 /W=(187,368,437,531) as 

"Pause for Cursor" 

   DoWindow/C tmp_PauseforCursor   

  // Generating a panel near the graph 

   AutoPositionWindow/E/M=1/R=$emin_cursor 

 // Put panel near the graph 

 

   DrawText 21,20,"Place Cursor A on Emin" 

   DrawText 21,40,"then click Continue or 

Cancel" 

   Button 

button0,pos={80,58},size={92,20},title="Continue" 

   Button button0,proc=UCA_ContButtonProc 
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   Button button1,pos={80,80},size={92,20} 

   Button 

button1,proc=UCA_CancelBProc,title="Cancel" 

 

   PauseForUser 

tmp_PauseforCursor,$emin_cursor 

   

  End 

  

 // Function to control Continue button 

  

  Function UCA_ContButtonProc(ctrlName) : 

ButtonControl 

   String ctrlName 

   DoWindow/K tmp_PauseforCursor   

 // Kill self 

  End 

  

 // Function to control Cancel button 

  

  Function UCA_CancelButtonProc(ctrlName) : 

ButtonControl 

   String ctrlName 

   DoWindow/K tmp_PauseforCursor   

 // Kill self 

   Abort "User aborted." 

  End 

  

  

// Secondary Electron Cascade Correction Function 

 

 Function bkg_corr() 

   

 // First, generate variables that will be needed 

 

  Variable i, j, k      

  // generic counter variables in for loops 

  Variable avg, avg2      

 // variables for averaging baseline background 

  Variable var       

  // variable for variance of baseline 

  Variable npts       

  // variable to define the number of points in 

waves, defined by KE wave 
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  Variable wmax       

 // variable to store the max value of the wave 

  Variable corrfactor = 

NumVarOrDefault("corrfactor",1)      

  

           

  // variable to define "aggressiveness" of 

correction. Default = 1, if using full UPS data. Change only 

if using truncated data. 

  Variable Emin       

 // variable to define the Emin. Find data point where 

secondary cascade < primary electrons. 

  String emin_graph      

 // Graph name string for carrying into other functions 

   

 // Select the waves with the data 

 

  //select the intensity wave 

 

  string data_y 

  prompt data_y, "Intensity wave", popup, 

Wavelist("*",";","") 

  string data_x 

  prompt data_x, "KE wave", popup, 

Wavelist("*",";","") 

  doprompt "Select the corresponding waves", 

data_y, data_x 

  

  if (cmpstr(data_y,data_x) == 0) 

   Abort "Intensity and KE waves are the 

same. Aborting." //aborts in case x and y waves are the 

same 

   return -1 

  endif 

   

  wave y_data=$data_y      

 //convert string to wave 

  duplicate/O y_data y_data2    

 //prevent overwrite of original data by making duplicate

   

  wave x_data=$data_x      

 //convert string to wave 

  duplicate/O x_data x_data2    

 //prevent overwrite of original data by making duplicate
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  wavestats/Q y_data2 

  

  npts=numpnts(y_data2)     

 //find the number of data points, used in for loops. 

  wmax=V_maxloc 

   

 // Generate waves that will store integrals 

 

  Make/O/N=(npts) y_int_part    

 //partial integral, E->Emax 

  Make/O/N=(npts) y_int_full    

  //full integral, Emin->Emax 

 

 // Generate new wave for baseline correction; 

prevent positive integral before E_F 

  

  duplicate/O y_data2 y_data3    

 

 // Baseline Correction: Assuming 0.01 eV step 

size and at least 50 data points that are unaffected by 

satellites (scan at least 2.5 eV above E_F). This section 

should be removed if this requirement is not met since it 

will yield sloped baseline. This correction is currently 

fairly rudimentary and thus only subtracts the average from 

the data, which will be added back later. Maybe something 

with the variance can be used to make this better, but 

unfortunately, variance for UPS can be much larger than the 

average, so it can make the baseline too negative. 

 

  avg=mean(y_data2,npts-50,npts) 

  print avg        

  //Currently just checking errors 

  

  var=variance(y_data2,npts-50,npts) 

  print var        

  //Currently just checking errors 

 

  y_data3 = y_data2 - (avg) 

 

  display /N=Emin_graph y_data3 vs x_data2 

 //Display the inputs, prepare for Emin selection 

  ShowInfo 
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 // Function continues in UserCursorAdjust 

subroutine 

  

  UserCursorAdjust("Emin_graph") 

   

  Emin = pcsr(A) 

   

  DoWindow/K Emin_graph     

 //we don't need this window anymore 

   

   

 // Now we have all the data prepared; perform 

sums to evaluate partial and full integrals 

 

  // First, the partial integral 

  

   for(i=npts;i>=0;i-=1) 

    y_int_part[i]=sum(y_data3,i,npts) 

   endfor 

  

  // Now, generate the full integral 

  

   for(i=npts;i>=0;i-=1) 

   

 y_int_full[i]=sum(y_data3,npts,Emin) 

   endfor 

  

  // Generate total background wave 

 

   Make/O/N=(npts) y_correction 

  

  

  // Prompt for correction factor 

 

   prompt corrfactor, "Value" 

   doprompt "Input the correction factor 

(Default is 1)", corrfactor 

 

 

  // Put the equation together 

  

   for(i=npts;i>=0;i-=1) 

   

 y_correction[i]=y_data3[npts]+(y_data3[Emin]/corrfacto

r-y_data3[npts])*(y_int_part[i]/y_int_full[i]) 
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   endfor 

  

 // End of integration and generation of 

background trace 

 

 // Apply the background correction, plot the 

result 

 

  // Create string to rename the waves so we 

can use them later 

  

   string correctedwave=data_y+"_corr" 

    

   string 

correctionwave=data_y+"_correction_wave" 

 

   duplicate/O y_correction $correctedwave 

    

   duplicate/O y_correction $correctionwave 

  

   wave y_corrected = $correctedwave 

   

   y_corrected=y_data2-y_correction 

   

  // Adding a value back to wave to get 

baseline back to original level 

   

   avg2=mean(y_corrected,npts-50,npts) 

  

   y_corrected=y_data2-y_correction + (avg 

- avg2) 

  

 display/K=1/N=SecCorrGraph $data_y y_correction 

$correctedwave vs x_data2 

  DoWindow/F SecCorrGraph 

  ModifyGraph 

rgb($data_y)=(52224,0,0),rgb(y_correction)=(0,0,65280),rgb(

$correctedwave)=(0,0,0) 

  Legend/C/N=text0/J/A=LB/X=70.52/Y=72.99 

"\\s(#0) Original Wave\r\\s(y_correction) Integral 

Background\r\\s(#2) Final wave" 

 display/K=1/N=SecCorrGraphLog $data_y y_correction 

$correctedwave vs x_data2 

  DoWindow/F SecCorrGraphLog 

  AutoPositionWindow/E/M=0/R=SecCorrGraph 
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  ModifyGraph 

rgb($data_y)=(52224,0,0),rgb(y_correction)=(0,0,65280),rgb(

$correctedwave)=(0,0,0) 

  ModifyGraph log(left)=1 

  SetAxis bottom 28,* 

  Legend/C/N=text0/J/A=LB/X=70.52/Y=72.99 

"\\s(#0) Original Wave\r\\s(y_correction) Integral 

Background\r\\s(#2) Final wave" 

   

  NewPanel/K=1/W=(0,0,400,100) as "Secondary 

Correction Complete" 

  DoWindow/C tmp_SecCorrWin 

  AutoPositionWindow/E/M=1/R=SecCorrGraph 

  DrawText 21,20,"Secondary electron cascade 

removed." 

  DrawText 21,40,"Two waves have been 

generated:" 

  DrawText 30,60,"<input wave>_corr is the 

corrected data" 

  DrawText 30,80,"<input_wave>_correction_wave 

is the integrated background" 

     

END 

 

 

//////////////////////////////////////////////////////

///////////////////////////////////////////////////////////

/////////////////////////////////////////////////// 

 

// Satellite Correction Function 

 

 Function sat_corr() 

  

 // First, generate variables that will be needed 

 

  Variable i,j,k       

     //generic counter variables 

  Variable sat_no = NumVarOrDefault("sat_no", 

2)    //number of satellites 

  Variable step_size = 

NumVarOrDefault("step_size",0.01)  //step size of x-

axis 

  Variable offset = NumVarOrDefault("offset", 

1.87)    //offset of the satellite 
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  Variable rel_int = NumVarOrDefault("rel_int", 

0.015)   //relative intensity of the satellite 

  Variable yesno = 0      

    //variable for yes/no question 

   

 // Select wave to correct 

 

   string data_y 

   prompt data_y, "Select intensity wave to 

correct", popup, Wavelist("*",";","") 

   string data_x 

   prompt data_x, "Select KE wave", popup, 

Wavelist("*",";","") 

   prompt step_size, "Enter step size in eV" 

   prompt sat_no, "How many satellites" 

   doprompt "Satellite parameters", data_y, 

data_x, step_size, sat_no 

    

   wave y_data=$data_y 

   wave x_data=$data_x 

 

 // Generate a new wave that will be the corrected 

intensity wave  

  string newwave = NameofWave(y_data) + "a" 

   

   duplicate/O y_data $newwave 

     

   wave newwave1 = $newwave 

    

   newwave1 = y_data 

  

 // Generate satellite variables based on how many 

satellites 

   

  for(i=1;i<=sat_no;i+=1) 

    

   string newsat = NameofWave(y_data) + 

"_sat_" + num2str(i) 

 

   // Trying to add a feature to generate 

a new wave name if the previous one already exists, but it's 

not working. 

     

    // if (WaveExists($newsat) == 1) 
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    //  string newsat = 

NameofWave(y_data) + "_sat_" + num2str(i) + "_" + num2str(i) 

    // endif 

    

   prompt offset, "Satellite offset in eV" 

   prompt rel_int, "Satellite relative 

intensity (0.0 - 1.0)" 

   doprompt "Satellite properties", offset, 

rel_int 

    

   duplicate/O y_data $newsat 

    

   wave satellite = $newsat 

    

   satellite = rel_int * 

y_data[x2pnt(y_data,x-(offset/step_size))]  

    

   // Subtract the generated satellite 

waves from the duplicated original wave 

    

   newwave1 = newwave1 - satellite 

    

  endfor 

   

  DoWindow/F SatCorrGraph 

   if (V_Flag == 1)     

     

    Abort 

    return -1 

   else 

    display/K=1/N=SatCorrGraph $data_y 

$newwave vs $data_x 

    ModifyGraph rgb($data_y)=(0,0,0) 

    ModifyGraph 

rgb($newwave)=(65280,0,0) 

    ModifyGraph log(left)=1 

    SetAxis bottom 28,* 

   

 Legend/C/N=text0/J/A=LB/X=70.52/Y=72.99 "\\s(#0) 

Original Wave\r\\s(#1) Final Wave" 

 

    DoWindow/C tmp_SatCorrWin 

     if (V_Flag == 1) 

      Abort 

      return -1 
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     else 

     

 NewPanel/K=1/W=(0,0,500,50) as "Satellite Correction 

Complete" 

     

 AutoPositionWindow/E/M=1/R=SatCorrGraph 

      DrawText 21,20,"Satellite 

waves have been generated with wave name <input 

wave>_sat_<sat. no.>." 

      DrawText 80,40,"A new 

corrected wave was generated called <input wave>+a." 

     endif 

   endif 

   

   

   

 End 

 

// Plot Results Function: This function requests the 

uncorrected raw data wave and plots the result of both 

satellite and secondary corrections against KE. A new wave is 

also generated 

// which allows for substrate correction 

  

 Function plot_all() 

  

  // Select raw data waves 

 

   string raw_y 

   prompt raw_y, "Select raw intensity 

wave", popup, Wavelist("*",";","") 

   string data_x 

   prompt data_x, "Select KE wave", popup, 

Wavelist("*",";","") 

    

   doprompt "Plot Correction Results", 

raw_y, data_x 

    

  // Plot the waves 

   

   wave y_raw = $raw_y 

   wave x_data = $data_x 

   string sat_y =  NameofWave(y_raw) + "a" 

   wave y_sat = $sat_y 
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   string sec_y = NameofWave(y_raw) + 

"a_corr" 

   wave y_sec = $sec_y 

   string sub_y = NameofWave(y_raw) + "b" 

   duplicate /O y_sec $sub_y 

   wave y_sub = $sub_y 

   

   display/K=1/N=HKE_plot $raw_y $sat_y 

$sec_y $sub_y vs $data_x 

   DoWindow/F HKE_plot 

   if (V_Flag == 0)     

     

    Abort 

    return -1 

   else 

    ModifyGraph rgb($sub_y)=(0,0,0) 

    ModifyGraph rgb($raw_y)=(65280,0,0) 

    ModifyGraph rgb($sat_y)=(0,39168,0) 

    ModifyGraph rgb($sec_y)=(0,0,65280) 

    SetAxis bottom 26,* 

    SetAxis left 0.1,5000 

   

 Legend/C/N=text0/J/A=LB/X=70.52/Y=72.99 "\\s(#0) 

Original Wave\r\\s(#1) Satellite Corrected\r\\s(#2) 

Secondary Corrected\r\\s(#3) Final Wave" 

   endif 

    

   display/K=1/N=LKE_plot $raw_y vs $data_x 

   DoWindow/F LKE_plot 

   if (V_Flag == 0)     

     

    Abort 

    return -1 

   else 

    SetAxis bottom *,17 

   endif 

  

 End 

 

 


