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Band engineering in nanomaterials facilitates wide variety of applications in semiconductor 

electronics. Understanding properties that enable and govern band engineering is critical for 

implementing the functionalities that electronically doped nanocrystals provide. The aim of 

this work is to better understand the effects of surface interactions on electronic properties 

of semiconductor nanocrystals, explore the emergence of supercapacitance, and examine the 

effects of band engineering on electron transfer in complex nanocrystal systems. To achieve 

this aim, experimental methods for nanocrystal synthesis and characterization are combined 

with a computational framework for modeling of nanocrystal-ligand interfaces. Unique energy 

storage properties of ZnO and ZnO-related colloidal nanocrystals are explored with focus on 

supercapacitance and band edge potential tuning. It is shown that ZnO acquires a surprisingly 

high capacitance under various conditions, such as aluminum doping, interactions with Li+, 



and shape/media changes, due to electrostatic interactions on the nanocrystal surface and 

within the tunneled ZnO crystal structure. Modulation of band edge potentials by 

perturbations in surface chemistry is explored on colloidal PbS, CdS, and CdSe quantum dots. 

CdS presents a particularly interesting system to investigate, as it exhibits an apparent 

change in electrochemical properties when mixed with ZnO nanocrystals, forming an electron 

transfer pair. Experimental evidence and modeling of CdS-ligand interactions support the 

hypothesis that a shift in band edge potentials happens upon mixing of ZnO and CdS 

nanocrystals due to change in total dipole caused by new ligands present in the mixture, thus 

enabling CdS-to-ZnO electron transfer. More broadly, it is shown in this dissertation that 

ligands have a profound effect on electronic properties of various colloidal nanocrystal 

materials. The developed computational approach generalizes this phenomenon and offers an 

opportunity to predict, through modeling, the effects of ligand-nanocrystal interactions on 

nanocrystal properties and resulting behavior of complex nanomaterial systems. Overall, this 

work provides new insights into properties of colloidal semiconductor nanocrystals with 

excess charge carriers and informs rational design and tuning of electronic properties for 

next-generation nanomaterials and applications. 
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CHAPTER 1: INTRODUCTION 

Semiconductor nanocrystals are promising materials for photovoltaics, photocatalysis, 

display technologies, energy storage, and biomedical applications (1–8). Unlike their bulk 

analogues, the band edge potential of nanocrystals is strongly dependent on factors such as 

size and surface chemistry of the material. Therefore, it is important to know band-edge 

potentials of these materials and understand how they can be rationally tuned in order to 

maximize device efficiency and control its behavior. 

1.1 Semiconductor nanocrystals as versatile tunable materials 

Nanomaterials, materials with a typical size of 1-100 nm, have been explored for a wide 

variety of applications. Group II-VI semiconductors and oxides are particularly interesting. 

Semiconductor nanocrystals (NCs) exhibit unique properties, which depend on chemical 

composition, size, and shape of the nanoparticles (9–11). In quantum dots (QDs) in particular, 

size effects due to quantum confinement yield tunability of the band gap and the position of 

the valence and the conduction bands. This tunability makes QDs promising materials for variety 

of applications (12, 13). Unlike their bulk analogues, the band-edge potential of NCs is strongly 

dependent on surface chemistry of the material. Nanocrystals feature high surface-to-volume 

ratio (in contrast to bulk materials). As a result, perturbations to surface of nanocrystals play 

a major role in defining the fundamental properties of the material, thus opening an 

opportunity to use surface chemistry for tuning of nanocrystal properties for specific 
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applications (14–20). However, the effect of surface chemistry on the band-edge potentials of 

colloidal NCs has not yet been fully studied. Therefore, it is important to determine 

(experimentally and through modeling) what governs the band-edge potential shifts of colloidal 

nanomaterials and what role surface chemistry, NC composition, and size play in this process. 

1.2 Band engineering in semiconductor nanocrystals 

Nanomaterial applications benefit from tunability of these materials. Surface chemistry 

control, such as redox potential tuning (changes in surface dipoles via ligands, ionic impurities) 

and electronic doping (electron transfer, photodoping, defect doping) as well as size, shape, 

and chemical composition control are methods for tuning nanomaterial performance (21). 

Band positions of many promising materials are reported in literature (22). Band edge 

potentials of the complex systems are not always accurately described by individual band edge 

potentials of components (23–25). Electric field generated at the system interface may shift 

band positions (23). The nature of solution the system is in and nanocrystal capping ligands 

affect the energetic characteristics of the system (24, 26, 27). Effects of reorganization energy 

play a significant role in complex nanocrystal systems, however there is still a lot to learn about 

what exactly these effects are and how to tune them (25). 

In quantum confined semiconductor nanocrystals (quantum dots), band gap engineering can 

be readily achieved via altering the nanocrystal size. As in bulk semiconductors, valence band 

and conduction band are separated by a band gap. Electrons in the ground state are typically 

confined to the valence band but can be promoted to the conduction band if sufficient energy 

(greater than the band gap) is provided, for example in the form of a photon. The size of band 

gap is generally defined by the chemical composition. However, in quantum dots, physical 

dimensions smaller than the exciton Bohr radius impose quantum confinement on charge 
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carriers. Smaller quantum dots experience greater degree of confinement and feature larger 

band gap in comparison to larger quantum dots of the same chemical composition. As physical 

size of nanocrystals can be controlled via synthetic procedure parameters (28–32), band gap 

can be precisely defined and tuned. 

Nanocrystal electronic properties can also be tuned through non-stoichiometry. Addition of 

ionic impurities allows to shift band energies (33). 

Surface chemistry plays a major role in defining nanocrystal properties, in part due to high 

surface-to-volume ratio in nanomaterials. As a result, surface chemistry perturbations allow to 

tune structures of nanoparticles, thus tuning their properties (34–36). Nanocrystal band edge 

potentials can be shifted by up to 0.5 V through changes in surface ion stoichiometry and 

electrolyte concentration (26). Altering nanocrystal ligand passivation, in particular, allows to 

tune dipole moments (sum of ligand and interface dipoles) due to changes in surface binding. 

Withdrawal of electrons from nanocrystals by ligand molecules stabilizes nanoparticles, 

lowering NC band energies (37). 

1.3 Electronic doping in semiconductor nanocrystals 

Electronic doping of semiconductor nanocrystals is a key strategy for application of these 

highly tunable materials in semiconductor electronics. It has previously been demonstrated that 

photodoping, electron transfer and defect doping are successful methods for doping NCs with 

electrons. Unlike chemical/photochemical reduction, defect doping results in very stable (not 

oxidized by air) n-doped or p-doped NCs (21). The appearance and stability of excess free 

carriers depends on availability of charge-carrier reservoirs such as solvated redox active 

species (surface traps, electrolyte ions, sacrificial reductants) that compensate doped 

electrons.  
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During electronic doping the Fermi level of NCs is shifted from the middle of the bandgap 

(intrinsic semiconductors) beyond the conduction band edge (electronically doped NCs) and 

delocalized charge carriers are introduced. Excess electrons generate two absorption features: 

a bleached interband band-edge absorption and an infrared (IR) intraband absorption. 

Accumulation of large electron densities results in localized surface plasmon resonances 

(LSPRs). Presence of extra electrons in the conduction band of NCs is confirmed by electron 

paramagnetic resonance (EPR), shortening of photoluminescence (PL) decay times and decrease 

in luminescence quantum yields. Electronically doped NCs show a change in chemical potential 

of the system with a change in the number of excess electrons, making potentiometry a suitable 

technique to track electronic doping. Tunability of chemical potential via electronic doping is 

a powerful tool for making the performance of NCs in electronic devices better via band 

engineering (21). 

1.4 Summary and dissertation overview 

Semiconductor nanocrystals feature unique properties due to quantum confinement of 

charge carriers (in case of quantum dots), large surface-to-volume ratio, and sensitivity of 

electronic properties to nanocrystal chemical composition, shape, size, and surface 

interactions. All of these enable tunability of the band gap and the position of valence and 

conduction bands. Tunability of electronic properties makes semiconductor NCs promising 

materials for band engineering.  

In this work we employ experimental and computational approaches to study electronic 

structures of colloidal Cu:ZnSe, PbS, CdS, CdSe, ZnO nanocrystals and explore strategies for 

tuning of electronic properties of those materials. Phenomena that govern band-edge potential 
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shifts of colloidal nanomaterials are probed and the role of surface chemistry, nanocrystal 

composition, size, and shape are discussed. 

Chapters 1-3 provide a general introduction into the subject of our investigation – colloidal 

semiconductor nanocrystals with excess charge carriers – and describe key experimental 

(Chapter 2) and computational (Chapter 3) tools used in this study. 

Chapter 4 delves into synthesis and characterization of common group II-VI semiconductor 

nanoparticles – Cu-doped ZnSe, PbS, CdS. Tunability of electronic structures in these 

compounds is demonstrated via defect doping (in case of Cu:ZnSe) or alterations of surface 

chemistry (in case of PbS and CdS). 

Chapter 5 describes electronic doping of ZnO nanocrystals and highlights the emergence of 

supercapacitance in ZnO under certain conditions. Specifically, we show that capacitance can 

be increased via Al doping, interactions with Li+, and shape/media changes. We attribute these 

effects to electrostatic interactions on the nanocrystal surface and within the tunneled ZnO 

crystal structure. 

Chapter 6 explores a unique electron transfer system – mixture of colloidal CdS and ZnO 

nanocrystals – where both participants of electron transfer are electronically doped at the same 

time. Selective photodoping of CdS NCs leads to initial accumulation of electrons on CdS 

followed by sustained electron transfer to ZnO NCs. Yet, even this behavior is surprising, as 

relative band edge potentials of individual CdS and ZnO NCs are unfavorable for CdS-to-ZnO 

electron transfer. We propose a hypothesis that ligand composition on CdS NCs changes upon 

mixing with ZnO NCs, leading to shift in CdS potential. 

Chapter 7 presents a computational framework for investigation of nanocrystal-ligand 

interactions. Our model predicts band edge potential shifts in CdS NCs consistent with 
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experimentally observed trends. We explore in greater detail the effects of different ligands 

on NC structure and electronic properties and show that ligand-induced changes in total dipole 

play a major role in defining NC behavior. 

Chapter 8 highlights several emerging applications of our computational framework. Pilot 

results predict ligand-induced changes in electronic properties in CdSe NCs (in line with CdS 

work presented in this dissertation). The library of ligands is expanded to include inorganic 

ligands, which yield further stabilization of band edge potential. Further, this approach is 

applied to structurally different systems, such as diamond, multiple compositions/structures in 

Fe-Cu-S family, and elpasolite nanocrystals. 

Chapter 9 summarizes key findings and achievements of this work and presents an outlook 

for future research. 
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CHAPTER 2: SPECTROELECTROCHEMISTRY (specEchem) AS A METHOD 
TO STUDY ELECTRONIC PROPERTIES OF COLLOIDAL NANOCRYSTALS 

Chapter 1 has introduced the importance of nanocrystal electronic properties. Here, we 

delve into the main methodology we used to characterize electronic properties of colloidal 

nanocrystals – spectroelectrochemistry, or specEchem. 

2.1 Methods for characterization of electronic properties of semiconductors 

Many applications involve exchange of electrons, and, thus, it is critical to know the redox 

properties of nanocrystal materials in order to maximize device efficiency (38). Redox 

properties of nanomaterials are determined by band edge potentials. Electronic doping deposits 

electrons in the conduction band of NCs and thus changes chemical potentials in the system. 

Potentials can be evaluated using such techniques as scanning tunneling spectroscopy (39),(40) 

and photoelectron spectroscopy (41), but these methods require sophisticated sample 

treatment. Moreover, sample preparation might affect potential values. Cyclic voltammetry 

(CV) is commonly used for this purpose (42, 43). There are several drawbacks that limit the use 

of CV, including irreversibility, difficulty of analysis of peaks associated with NCs, possibility of 

sample decomposition during the CV experiment, and the lack of a quantitative optical handle. 

Sometimes, CV measurements are performed on NCs immobilized on electrodes, but in this case 

the surface chemistry of NCs is altered, and this might affect the potential values. 
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In this dissertation, we use spectroelectrochemical potentiometry (specEchem) (44) to 

measure band edge potentials of colloidal NCs and investigate the influence of dynamic surface 

chemistry. SpecEchem is a contactless method for measuring the open-circuit potential of 

colloidal NCs in electrolyte, making it a technique of choice for understanding RedOx properties 

of colloidal NCs (43, 45). Compared to CV, specEchem has several advantages: the measurement 

is non-destructive, redox processes are reversible, and there is optical sample control. 

Furthermore, this measurement gives insight into the redox properties of NCs in the colloid, 

where applications such as photocatalysis, bio-labeling, and excited state dynamics are more 

relevant. 

2.2 Description of specEchem setup used in this dissertation 

During typical specEchem experiment (Figure 2.1) NCs are dissolved in TBAPF6/THF mixture 

and placed in a 4 ml cuvette with a stir bar in the N2 atmosphere inside the glovebox. Three 

electrodes (Ag/AgCl reference, Pt working and Pt counter), connected to the potentiostat 

(Gamry) outside the glovebox through coaxial cables, are inserted through the rubber cuvette 

cap, and cuvette holder is coupled to the spectrophotometer (Agilent Cary 5000 UV-Vis-NIR) 

through fiberoptic cables to ensure that spectroscopy can be done at the same time with 

potentiometry. Potentiostat is set up in galvanostatic mode to measure the Fermi level of the 

solution. Hole quencher (EtOH or LiEt3BH) is added to the NC solution and the LED is turned on 

to start photodoping. Completeness of the photodoping is determined based on lack of change 

in absorption. As soon as photodoping is done, equivalents of FcBF4 are added to titrate excess 

electrons from the conduction band of nanocrystal. The change in open circuit potential of the 

nanocrystal solution is measured at the same time as changes in absorption. This change in 

potential is plotted vs equivalents of FcBF4. Cyclic voltammetry was conducted on ferrocene 

dissolved in the solution used for potentiometry. CV diagram was analyzed (potentials of the 
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peak current of reduction and oxidation reactions were averaged) in order to reference the 

potential measured during potentiometry to a Fc0/+ potential. 

 

Figure 2.1 SpecEchem setup. Experimental setup consisted of a sample cuvette positioned inside a 

glovebox with N2 atmosphere and connected to a UV-Vis spectrophotometer for an optical 

read-out of sample absorbance as well as potentiostat for the measurement of an open 

circuit potential. 

2.3 Optimization of specEchem for colloidal nanocrystals 

Gamry potentiostats are widely used in electrochemistry, however most of the systems 

studied are in water-based solutions, so the specifics of working in organic solvents are not 

always reported. It was important to adapt the instrument for organic solvent, specifically to 

determine the measurement error for our system. Typically, there are two types of errors: 

potentiostat performance errors and cell performance errors. First the instrument performance 

checks were conducted to make sure the potentiostat behaves as expected (Figure 2.2). The 

instrument test results were consistent with reference manuals, so the cell performance was 

tested next. 

fiberoptic 
cablesGLOVEBOX: N2 atmosphere

syringe 
(for titrations)

NCs

electrodes
(potentiometry)

LED
(for photodoping)

UV-Vis spectrophotometerPotentiostat
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Figure 2.2 Gamry potentiostat instrument performance check. Voltage and current stability are 

measured over time. 

Potentiometry of electronically doped nanocrystals in organic solutions can be challenging 

for several reasons. First of all, the setup has to be airfree, because contact of nanocrystals 

with air results in oxidation and loss of excess electrons. To fulfill this requirement potentiostat 

was connected to the glovebox, where the measurement was conducted. Secondly, the setup 

for the electrochemical cell consisted of 4ml cuvette with 3 microelectrodes (reference 

Ag/AgCl, working – platinum wire, and counter – also platinum wire). Microelectrodes are 

custom made and resistivity of the reference electrode has to be tested before each 

experiment, to confirm the electrode is working properly. Once the potentiostat and the cell 

performed as expected the measurement error was calculated as a difference of E1/2 for the 

same reference compound before and after the experiment (Figure 2.3). Potential drift in 

organic solvent was measured to be <20mV. 

Different organic solvent mixtures were tested to minimize the potential drift error, while 

keeping nanocrystals colloidally stable. CHCl3 was showing smaller potential drift error than 

THF, but the properties of nanocrystals seemed to be affected (Figure 2.4). Larger nanocrystals 

are known to have lower band edge potential values than smaller ones, however in CHCl3 the 

trend is reversed, indicating possible side surface chemistry reactions, resulting in band edge 

potentials of larger nanocrystals becoming higher. 
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Figure 2.3 Measuring the performance error of the potentiostat in organic solvent. Minimal potential 

drift error was observed. 

 

 

Figure 2.4 Potential drift and band edge potential trends in CHCl3. Potential drift is smaller, but 

band edge potential trends are reversed. 
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Electronically doped nanocrystals are prepared using hole quenchers – molecules that react 

with excitons. EtOH and LiEt3BH are most commonly used, however little is known about the 

side reactions these molecules participate in. Here we show that – all things equal except the 

hole quencher – specEchem shows different results, suggesting that LiEt3BH not only stabilizes 

excess charges, but participates in other processes effecting nanocrystal energetics (Figure 

2.5). 

 

Figure 2.5 SpecEchem with LiEt3BH. Common hole quencher employed for electron doping also affects 

nanocrystal energetics. Measurements were performed on ZnO and Al-doped ZnO NCs 

(described in more detail in Chapter 5). 

2.4 Summary 

Compared to other techniques that are used to study redox properties of semiconductor 

materials, SpecEchem is uniquely suited for the characterization of electronic properties of 

colloidal nanocrystals in various environments. For characterization of colloidal NCs in organic 

solvents under inert atmosphere, we made a setup consisting of an electrochemical cell placed 

withing a glove box and connected to potentiostat and spectrophotometer. We have optimized 

all components of specEchem for our samples to minimize measurement errors due to side 

reactions and effects of supporting media in the electrochemical cell. We have established 
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conditions under which potentiostat has smallest instrument error, while electrochemical cell 

exhibits the least side reactions. We have also determined that LiEt3BH (superhydride), 

commonly used as a hole quencher, may affect electronic properties of measured NCs, 

necessitating the use of ethanol as a hole quencher instead. 
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CHAPTER 3: COMPUTATIONAL METHODS FOR THE STUDY OF 
ELECTRONIC PROPERTIES 

Computational approaches provide a complementary set of tools for the study of electronic 

properties (46–54), offering mechanistic insights into the behavior of nanocrystal-ligand systems 

and alternative angles at characterization of materials, particularly when experimental 

methods might not be feasible or practical to apply. 

Computational methods to calculate electronic structure include tight-binding, Hartree-

Fock, DFT (55). DFT is commonly used to describe periodic systems as well as molecules 

absorbed on the surfaces of the solids (37, 56–58). Success of DFT originates in simple yet 

accurate local density approximation (LDA) and generalized gradient approximation (GGA) 

approaches. Different basis sets can be used – atomic orbitals basis (Gaussian software package, 

for example) and plane wave basis (VASP software package, for example). Generally, plane 

waves offer a more universal solution (59). Hence, we used VASP for computational 

investigation of nanocrystal systems in this dissertation. 

3.1 Using VASP for DFT calculations 

Total free energies of nanocrystal slabs and ligand molecules, ligand-nanocrystal binding 

energies, potentials and densities of states were calculated using the VASP simulation package 

with Projector-Augmented-Wave (PAW) Perdew-Burke-Ernzerhof (PBE) generalized gradient 

approximation (GGA) functional (55, 60). Cutoff energy for the plane wave basis set were 
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chosen based on the biggest cutoff energy of the atomic species found in pseudopotential files 

and was kept constant for all calculations. Gamma centered 5 ´ 5 ´ 3 k-point mesh was chosen 

as Bloch vectors due to hexagonal Bravais lattice. Ratios between the subdivisions were 

manually chosen to be inversely proportional to slab cell vectors to make sure that the lattice 

vectors do not affect the k-point mesh. 

3.2 Geometry optimization: molecular dynamics and local optimization 

To find the lowest total free energy of the system, global and local geometry optimization 

was performed. Global energy optimization was done through simulated annealing (molecular 

dynamics), when the starting geometry was heated through coupling to Nose-Hover thermostat 

under different conditions, such as temperatures, thermostat coupling parameters, and time 

(61, 62). Starting from different configurations under various conditions allowed to overcome 

local energy minima and reach the optimal geometry of the structure. Once the lowest energy 

configuration was found, the atom positions from the XDATCAR file were used as a starting 

configuration for local optimization (at 0 K). 

3.3 Density of states, potentials, and wavefunction analysis 

Planar average potential data allows to evaluate band edge positions relative to vacuum. 

Dipole correction was applied to account for total dipole coming from mismatch of atomic 

charges. Python script was used to find average values for slab and vacuum regions to align 

data. Differences between vacuum regions and slab vacuum regions were then compared for 

each system to determine the potential offsets. 
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Density of states (DOS) analysis allowed to compare charge density distribution between 

valence band and conduction band for different conditions (such as surface ligands). The 

simplified (rotationally invariant) approach to DFT+U correction, introduced by Dudarev et al 

(63), was applied to cadmium d orbitals to open the band gap. Effective on-site Coulomb 

interaction was initially set to 4.5 eV as suggested in literature for wurtzite CdS (64) and 

gradually increased to 8 eV until the calculated band gap value was closest to experimental 

value. Total DOS and partial DOS (top Cd and S atoms) were measured to evaluate binding 

nature between slab and ligand. 

Wavefunction analysis was done by plotting Bloch wavefunctions forming CB and VB found 

in EIGENVAL files. This allowed to visualize charge distribution at the slab/ligand interface. 

3.4 Data post-processing and visualization 

DOSCAR and LOCPOT data was visualized using QuantumATK package (65) and plotted with 

Python3 [https://www.python.org] using pandas, scipy, and matplotlib libraries. 

Distribution of charge density allowed to evaluate interfacial and ligand dipoles. Charge 

density data was obtained from CHGCAR grid files through vaspkit (66). Core electrons were 

simulated using Gaussian functions. Electron and core charge densities were integrated to 

obtain total charge distributions for dipole moment analysis. 

Slab-ligand configurations were visualized using VESTA (67) and DIAMOND 

[https://www.crystalimpact.de/diamond] packages. 

Molecular dynamics results were visualized and analyzed using py4vasp 

[https://www.vasp.at/py4vasp/latest], OVITO (68) packages. 
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3.5 Summary 

Various computational methods exist to explore, characterize, and predict electronic 

properties of materials. By performing geometry optimization and analysis of resulting 

structures (potentials, DOS, and dipoles) we have developed a computational framework for 

investigation of colloidal nanocrystal-ligand systems based on DFT modeling and supporting 

tools for data analysis (Figure 3.1). 

 

Figure 3.1 Computational framework for modeling of nanocrystal-ligand interfaces. 
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CHAPTER 4: PREPARATION AND CHARACTERIZATION OF NANOCRYSTALS 
WITH TUNABLE ELECTRONIC PROPERTIES 

Chapter 4 describes preparation and characterization of various group II-VI colloidal 

semiconductor nanocrystals and strategies for tuning of their electronic properties. 

Specifically, Cu-doped ZnSe, PbS, and CdS materials are discussed. 

4.1 Nanoparticle characterization methods 

Spectroscopy. Absorption spectra were taken with an Agilent Cary 60 or Agilent Cary 5000 

UV-Vis-NIR spectrophotometer. 

TEM. NC TEM images were obtained using a FEI TECNAI F20 microscope operating at 200 kV. 

Samples for TEM were prepared by dropcasting NC suspensions onto carbon-coated copper grids 

from TED Pella, Inc. Reported NC sizes reflect measurement of 100 individual nanocrystals in 

each case. 

ICP. Elemental composition was determined by inductively coupled plasma – atomic 

emission spectroscopy (ICP-AES, PerkinElmer 8300). Samples were prepared by digesting the 

NCs in concentrated nitric acid overnight with sonication. 

XRD. X-ray diffractograms were collected on a Brucker D8 Discover and analyzed using EVA 

software. Samples were prepared by dropcasting nanocrystals on silicon wafer. 
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4.2 Preparation of Cu-doped ZnSe nanocrystals 

Cu-doped ZnSe nanocrystals have promising electronic properties (69). There have been 

several reports on synthesis of these nanocrystals, however systematic study of ZnSe synthesis 

and Cu-doping is required to fully understand how to use band engineering to tune properties 

of this material to reach high levels of Cu-doping (70–74). 

High quality ZnSe cores of different sizes were synthesized for future growth-doping with 

Cu by modifying existing strategies (71, 72) (Figure 4.1). Zn(stearate)2 (0.1 mmol, 0.0632 g) in 

5 mL ODE and 0.25g ODA was heated up to 270°C under N2 flow, and 1 mL of degassed mixture 

of Se (0.1895 g) dissolved in 0.5 ml TBP (2.4 mol/L) (TBPSe) was injected into the Zn(stearate)2 

solution. NCs are left to grow at least for 10-15 minutes (the reaction mixture became yellow 

after 5 minutes) then the reaction mixture was cooled to 190°C. At 190°C Cu-doping solution 

(CuI(17.3 mg)-ODE(2.5g)-TBP(0.3ml)) was injected. NCs were spun down as prepared for 20 

minutes, dissolved in toluene and OA and MeOH, and stored in toluene. 

For Cu-doping (Figure 4.2): After cooling the ZnSe reaction mixture to 190°C, Cu-doping 

solution (CuI(17.3 mg)-ODE(2.5g)-TBP(0.3ml)) was injected. NCs were spun down as prepared 

for 20 minutes, dissolved in toluene and OA and MeOH, and stored in toluene. 

Synthetic procedure was optimized by reducing Cu concentration, changing Cu precursor, 

changing ligand from TOP to TBP, and reducing doping temperature to 190° C compared to 

procedure reported in literature (71, 72). Even though optimized synthetic procedure (Figure 

4.3) resulted in high-quality Cu:ZnSe nanoparticles (with no need to shell), those materials 

were not stable (scattering) and degraded over time (several days), probably due to Cu out 

diffusion. 
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Figure 4.1 Characterization of ZnSe nanocrystals. Absorbance and fluorescence of ZnSe NCs were 

measured at different times during synthesis. 

 

 

Figure 4.2 Characterization of Cu-doped ZnSe nanocrystals. Colloidal nanocrystals with blue-green 

fluorescence were obtained. Absorbance and fluorescence were measured to confirm Cu 

doping. 
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Figure 4.3 Procedure optimization for improved Cu doping. An increase in Cu content was achieved 

as measured by increase in photoluminescence at 550 nm. 

4.3 Preparation of PbS nanocrystals 

PbS QDs were synthesized using known procedure (75). In brief, mixture of PbCl2 and 

oleylamine is degassed and heated in a three-neck flask to 120°C under N2. After that the 

mixture of S in oleylamine is swiftly injected. QDs are grown for 2 minutes. After that heating 

is immediately removed and particles are dissolved in hexane. Oleic acid is added dropwise to 

the NCs solution and then particles are washed with EtOH. Diameter of particles (5.7 nm) was 

determined based on energy of the first excitonic feature (76). 

Absorption spectrum of PbS QDs agrees well with previous reports (Figure 4.4). After 

washing, the NCs are dried under N2 and brought inside the glovebox, where they are dissolved 

in tetrahydrofuran (THF), filtered, and stored. NCs are stable for several months. 

Data for a typical specEchem experiment is shown in Figure 4.5. Briefly, the experiment is 

performed in an optical cuvette inside an N2 glovebox. A standard three-electrode setup is 

employed, with two platinum wires serving as the working and counter electrodes, and a 1 mm 

leakless Ag/AgCl reference electrode. Cobaltocene is used as a chemical agent (in RedOx 

reaction) for electronic doping of PbS NCs (77). Known amount of cobaltocene is added to NCs 
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in electrolyte solution. The progress in electronic doping is monitored via change in first 

excitonic feature of PbS QDs. 

 

Figure 4.4 Electronic absorption spectrum of as-prepared PbS NCs (d = 5.7 nm) in 

tetrachloroethylene. Excitonic transitions are well-resolved. Data is in agreement with 

literature (75). 

As equivalents of Cp2Co are added to the solution, the first excitonic feature of the QDs 

bleaches (Figure 4.5a), consistent with addition of electrons to the CB. This bleach provides a 

quantitative handle on the average number of electrons per QD (⟨n⟩). Concurrent with excitonic 

bleach, the potential of the solution becomes more negative (Figure 4.5b), consistent with the 

Fermi level of the solution moving into the conduction band. We define the band-edge potential 

as the potential of the solution when ⟨n⟩ = 1 (44). Our redox potentials are referenced to the 

well-known Fc+/0 redox couple by adding a small amount of ferrocene at the end of the 

experiment and performing cyclic voltammetry (Figure 4.5c). Figure 4.5d plots the solution 

potential vs ⟨n⟩. From these data, we can extract a band-edge potential of – 0.68 V vs Fc+/0. 

This value is more negative than the CB potential (-0.61V vs Fc+/0) measured by photoelectron 

spectroscopy of PbS NCs of the same size as in our work (78). Both of these values are more 

negative than what is predicted from bulk (- 0.54V vs Fc+/0) (79). This is probably due to the 

different surface chemistry in each of those cases: our sample is passivated with oleic acid and 
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Cl– ions, in literature oleic acid is the only capping ligand and in bulk materials surface 

chemistry does not affect the system. 

 

Figure 4.5 Spectroelectrochemical potentiometry of PbS NCs. (a) Top: electronic absorption spectra 

of as-prepared (red), fully electronically doped (pink) and intermediate cases (orange – 

purple) PbS NCs (d = 5.7 nm). Experiments were performed using TBAPF6 solution of PbS 

NCs. Electronic doping was conducted by adding equivalents of chemical agent – Cp2Co. 

Bottom: differential absorption (b) Open-circuit potential of as-prepared (red), fully 

electronically doped (pink) and intermediate cases (orange – purple) PbS NCs. Potential was 

measured simultaneously with absorption. (c) CV of ferrocene in PbS NCs solution after 

potentiometry to reference the potentials shown in (b). (d) Potentials shown in (b) are 

plotted vs average number of electrons calculated from (a) using 8(A – A0)/A0, where A0 is 

absorption of as-prepared PbS NCs (red trace in (a)). 
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It has been shown in films that the band-edge potentials of PbS NCs are strongly dependent 

on capping ligands, with a significant difference in potentials being observed between Cl – and 

benzenethiol capped particles. Therefore, we decided to investigate whether it will remain 

true for colloidal NCs. To study this, we conducted ligand exchange of as-synthesized PbS QDs. 

As-synthesized PbS NCs are capped with oleic acid and Cl – ions. We attempted to change these 

ligands with benzenethiol. The procedure for ligand exchange was adapted from literature (80). 

In brief, slight excess of ArS- / TEA-H+, where Ar is benzene, is added to PbS QDs in DCM. As a 

result of ligand exchange treatment, particles retain stability and show minimal changes in 

optical properties (Figure 4.6). 

 

Figure 4.6 Ligand exchange of as-synthesized PbS NCs. Electronic absorption spectra of as-prepared 

(red) PbS NCs and PbS NCs after ligand exchange procedure (blue). Experiments were 

performed using benzenethiol solution. 

SpecEchem measurements of PbS NCs after ligand exchange show that the band-edge 

potential is – 0.92 V vs Fc+/0 (Figure 4.7). These data suggest that band-edge potentials of PbS 

QDs can be tuned by hundreds of mVs with simple ligand exchange treatments. However, the 

role of capping ligands in change of band-edge potentials of QDs remains yet unclear. 

Furthermore, the influence of synthetic procedure on potential values is not known. 
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Figure 4.7 Spectroelectrochemical potentiometry of PbS NCs after ligand exchange. (a) electronic 

absorption spectra of as-prepared (red), fully electronically doped (pink) and intermediate 

cases (blue and purple) PbS NCs (d = 5.7 nm). Experiments were performed using 0.1M 

TBAPF6 solution of PbS NCs. Electronic doping was conducted by adding equivalents of 

chemical agent – Cp2Co. (b) Open-circuit potential of as-prepared (red), fully electronically 

doped (pink) and intermediate cases (yellow – blue) PbS NCs. Potential was measured 

simultaneously with absorption. (c) Potentials shown in (b) are plotted vs average number 

of electrons calculated from (a) using 8(A – A0)/A0, where A0 is absorption of as-prepared 

PbS NCs (red trace in (a)). 

4.4 Preparation of CdS nanocrystals 

CdS NCs is a well-known QD system commonly used for shelling (81–83), however CdS can 

be used as a stand-alone nanoparticle for various electronic applications. QDs were synthesized 

using known procedure (84). In brief, mixture of CdO, OA and ODE is heated to 300°C, TOP is 

added. After that the mixture of S in ODE is swiftly injected. Reaction should be quenched 

immediately after injection. Particles were washed with methanol and ethanol/acetone 

mixture. Diameter of particles (5.8 nm) was determined based on energy of the first excitonic 

feature (85). Absorption spectrum of CdS NCs is presented in Figure 4.8. After washing, particles 

are dried under N2 and brought inside the glovebox, where they are dissolved in THF and stored. 

NCs are stable for several months. 
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Figure 4.8 Electronic absorption spectrum of as-prepared CdS NCs (d = 5.7 nm) in hexane. First 

exciton peak position is at 461 nm. Excitonic transitions are well-resolved. Data is in 

agreement with literature (84). 

 

Spectroelectrochemical potentiometry for CdSe NCs has been reported previously (44). 

Super hydride is used as a chemical agent (hole quencher) for electronic doping of CdS NCs 

(86). Known amount of super hydride is added to CdS NCs in electrolyte solution. Then CdS 

sample is excited with an LED for several minutes to provide an exciton for the hole quencher. 

The progress in electronic doping is monitored via change in the first excitonic feature of CdS 

QDs. The band-edge potential is – 1.48 V vs Fc+/0. From bulk band-edge potentials (87) we 

expected band-edge potential of CdS to be more negative than that of CdSe (– 1.48 V vs Fc+/0). 

However, we conducted spectroelectrochemical potentiometry of our CdS sample and obtained 

a more positive band-edge potential of – 1.1 V vs Fc+/0 (Figure 4.9). Since the size effect in QDs 

is too small to result in such big difference, we hypothesize that either capping ligands or 

synthetic procedure affects the value of band-edge potential. 
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Figure 4.9 Spectroelectrochemical potentiometry of CdS NCs. (a) electronic absorption spectra of 

as-prepared (red), fully electronically doped (pink) and intermediate cases (yellow – blue) 

CdS NCs (d = 5.8 nm). Experiments were performed using TBAPF6 solution of CdS NCs, 

LiEt3BH. Electronic doping was conducted by photodoping CdS NCs using LiEt3BH as a hole 

quencher. (b) Open-circuit potential of as-prepared (green), fully electronically doped 

(pink) and intermediate cases (yellow – red) PbS NCs. Potential was measured 

simultaneously with absorption. (c) Potentials shown in (b) are plotted vs average number 

of electrons calculated from (a) using 2(A – A0)/A0, where A0 is absorption of as-prepared 

CdS NCs (red trace in (a)). 

4.5 Summary 

Group II-VI semiconductor nanoparticles – Cu-doped ZnSe, PbS, and CdS – were synthesized 

and characterized. Tunability of electronic structures in these compounds was evaluated with 

specEchem. In Cu:ZnSe NPs, defect doping yields a Cu band within the NP electronic structure. 

In PbS and CdS NPs, alterations of surface chemistry result in substantial shifts in band edge 

potentials, highlighting the effect of nanocrystal surface interactions on electronic properties. 
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CHAPTER 5: SUPERCAPACITANCE IN ZnO-BASED NANOMATERIALS 

Nowadays society is switching to clean energy sources. The lack of on-demand availability 

of these resources makes energy storage essential for the development of clean energy 

applications. Various nanomaterials have been explored for their high capacitance properties, 

including ZnO nanomaterials (nanorods)/composites. We demonstrate in this chapter that 

capacitance can be increased to supercapacitance levels using well-studied, non-toxic, and 

easily prepared ZnO nanocrystals as a starting material. Commonly used spherical ZnO 

nanocrystals have small capacitance. However, we show that ZnO-based nanocrystals prepared 

via 3 different methods show a dramatic increase in capacitance, exceeding the value of many 

materials that are currently considered state-of-the-art. Specifically, we show that high 

capacitance can be achieved in (1) non-spherical ZnO NCs; (2) ZnO NCs in presence of Li+, and 

(3) ZnO nanocrystals doped with aluminum. Furthermore, we show that change in supporting 

media (electrolyte) also affects ZnO NC capacitance. These approaches and obtained materials 

might enable the development of inexpensive and "green" energy storage devices with 

supercapacitance properties. 

5.1 Nanocrystal supercapacitors as energy storage materials 

High densities of delocalized electrons in electronically doped NCs potentially enable use 

of these materials in energy storage. Wide range of emerging applications rely on portable 

energy storage and on-demand energy release – such as electric vehicles, clean energy, 
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consumer electronics, medical equipment, portable sensors, space rovers, etc. Batteries and 

electrochemical capacitors (ECs) have fulfilled this role for decades (88). Batteries have been 

studied extensively (89). Although ECs have attracted less attention, for higher power delivery 

applications, these materials can complement or even replace batteries (90). 

The biggest challenge to broaden the range of applications for ECs is to increase energy 

density. Since the storable energy is proportional to capacitance and increases with the square 

of the voltage attainable upon charge, this goal can be achieved by increasing both the specific 

capacitance and overall cell voltage. Cell voltage increases when aqueous solvent is substituted 

by nonaqueous, and specific capacitance can be increased by nanostructuring. Nanomaterials 

improve characteristics of energy storage materials due to high surface/volume ratio and 

shortening of diffusion length (88, 90, 91). Ensemble NC capacitance is governed by classical 

surface electrical double layers (EDLs) and can be directly measured by potentiometric 

titrations (44). Nanocrystals (NCs) of different composition, for example RuO2´nH2O, MnO2, 

Fe3O4, V2O5, Fe:ZnO, and morphologies, such as quantum dots (0D), nanowires (1D), nanosheets 

(2D) and nanonetworks (3D), are used to outperform conventional energy storage materials (91–

93). Additional increase in capacitance in metal oxide nanomaterials, such as H2Ti6O13 and 

Nb2O5, is observed due to their open layered structure suitable for intercalation (91, 93). 

ZnO-based nanomaterials are promising for energy storage applications due to their low 

cost, lack of toxicity, synthetic variability (morphologies include spheres, nanowires and 3D 

nanonetworks) (94). Band engineering for these materials has been shown to be very fruitful 

(21). ZnO NC capacitors can be electronically charged directly via photodoping (21) or via 

electron transfer (44) and their capacitance can be measured by potentiometric titrations (95). 

It has been recently shown that Fe-doped ZnO NCs exhibit very high capacitances due to 

equilibrium between electron localization by Fe3+ dopants and electron delocalization within 



30 
 

the conduction band (92). However, what is not yet known, is the effect on capacitance of 

dopants other than Fe3+. Moreover, the possibility of increasing capacitance with other 

methods, such as intercalation or shape/media tuning remains largely unexplored for ZnO-

related nanomaterials. 

In order to be able to implement band engineering for design of new promising materials 

for semiconductor electronics and energy storage it is critical to understand the “structure – 

properties” relationship in electronically doped NCs. In this work the effect of Al-doping, Li+ 

intercalation, change in morphology and supporting media on properties of ZnO NCs are 

addressed. 

5.2 Strategies for achieving supercapacitance in colloidal ZnO nanocrystals 

We have observed increase in ZnO NC capacitance under following conditions: (1) change 

in supporting media (electrolyte), (2) non-spherical NC shape, (3) doping of ZnO NCs with 

aluminum, and (4) presence of Li+ ions in solution. 

5.2.1 Effects of electrolyte concentration on ZnO capacitance 

To probe the effect of electrostatic interactions in double layer on capacitance, specEchem 

was conducted on ZnO NCs, synthesized by alkaline-activated hydrolysis and condensation 

procedure (96). 

ZnO NC were characterized by TEM and XRD. Figure 5.1a shows that ZnO sample consists of 

spherical NCs with average size r = 3.15 nm. XRD data from Figure 5.1b demonstrates that ZnO 

phase is well maintained, because red trace (experimental diffraction pattern) does not have 

any extra or lost reflections compared to black trace (reference from ICSD database). 
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Potentiometric titrations of ZnO NCs in 0.1M electrolyte are shown in Figure 5.1c. The slope 

of the titration curve (14mV/eq; Cs =9 µF cm– 2) is steeper compared to the slopes of titration 

curves from 2 different experiments (1.4mV/eq; 3.1 mV/eq; Cs = 94 µF cm– 2 and 42 µF cm– 2 

respectively) in 0.2M electrolyte given in Figure 5.1d. Table 5.1 displays the experimental data 

and capacitance values. This data indicates that simple change in NC supporting media results 

in increase in capacitance, providing further support to the hypothesis that electrostatic 

interactions govern capacitance. 

 

Figure 5.1 Effect of electrolyte concentration on capacitance. (a) TEM image of ZnO NCs. 100 

nanocrystals were counted to determine average NC size. (b) XRD data for the r = 3.15 nm 

ZnO NCs from panel a and the bulk ZnO diffraction pattern from ICSD (black trace, deposition 

number 290323) shown for comparison. (c, d) Potentiometric titrations of colloidal r = 3.15 

nm ZnO NCs in (c) 0.1M and (d) 0.2M TBAPF6 (2 trials). Red, blue and green lines are linear 

fits to the data while photodoped electrons are titrated. Slopes of the fits are given in 

mV/eq and are proportional to capacitance. 
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Table 5.1 Capacitance of ZnO NCs electronically doped in different environment. 

TBAPF6 
concentration, M 

mV/equiv. Cs (uF*cm-2) 

0.1 14 9 

0.2 (trial 1) 3.1 42 

0.2 (trial 2) 1.4 94 

 

5.2.2 Increase in capacitance in non-spherical ZnO nanocrystals 

One of the key practical factors to increase capacitance is large surface area (88). Shape 

anisotropy of NCs is known to affect properties of excess electrons in NCs (97). Indeed, Figure 

5.2 shows shallow slope (0.542 mV/eq) for tetrapod ZnO NCs synthesized by modified etching-

regrowth-doping procedure (98). Capacitance values of spherical ZnO NCs of similar size 

(average size determined by XRD) predicted from literature are 10 times smaller (95). It is 

possible, therefore, that increase in capacitance for tetrapod sample is due to increased surface 

area and perturbations in double layer around tips of tetrapods. 

Synthesis of tetrapod ZnO NCs. In a typical reaction for ZnO NCs, Zn(oleate)2 (0.63 g, 1 

mmol) was dissolved in 7.89 g of ODE in a 100 mL three-necked flask. The reaction mixture was 

first degassed and then put under N2. This step was repeated several times. After that the flask 

was heated to 100°C under vacuum for 10 min to remove any residual water. The solution was 

then heated to 300°C under nitrogen flow. A separate solution was prepared by heating solid 

DDOH to room temperature and mixing (2.25ml, 10 mmol) of it with 1.6 g of ODE as soon as 

DDOH melts. After that DDOH/ODE solution was heated to 150°C in oil bath and rapidly injected 

into the reaction flask at 300°C. The reaction temperature dropped to 280°C, and the solution 

was kept at this temperature for 30 min for ZnO NCs to grow. Then NCs were cooled to room 
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temperature and washed three times with ethanol. After washing NCs were dried under N2 and 

the pallet was transferred to the glovebox and dissolved in THF. 

 

Figure 5.2 Capacitance and ZnO morphology. (a) TEM image of tetrapod ZnO NCs. (b) Potentiometric 

titrations of colloidal tetrapod ZnO NCs. Green line is a linear fit to the data while 

photodoped electrons are titrated. Slope of the fit is given in mV/eq and is proportional to 

capacitance. 

5.2.3 Emergence of supercapacitance upon ZnO doping with aluminum 

Aliovalent doping offers a powerful approach to NC band engineering. Aluminum-doped ZnO 

(AZO) feature stable conduction-band electrons compensated by the dopant, while retaining 

the ability to further accumulate more electrons (e.g., via photodoping). The study of AZO has 

been previously hampered by the lack of an efficient Al aliovalent doping procedure, which 

resulted in only some Al3+ cations that entered the NC and substituted Zn2+ being compensated 

by delocalized electrons (21). A recently reported novel doping procedure (98) has enabled 

significant accumulation of Al3+ inside host NCs resulting in enhanced n-type character of AZO. 

In my work I apply this procedure to obtain AZO NCs with high Al content and study properties 

of excess electrons in these materials. 
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Figure 5.3 AZO sample characterization. (a, b, c, d) TEM images and size histograms of Al-doped ZnO 

NCs with different Al content. 100 nanocrystals were counted to create size histogram for 

each sample. (e) XRD data for the r = 7.7 nm 7% Al-doped ZnO NCs (red) from panel (a) and 

the bulk ZnO diffraction pattern from ICSD (black trace, deposition number 290323) shown 

for comparison. (f) Absorption spectra of colloidal r = 7.7 nm 7% Al-doped ZnO NCs (blue) 

and r = 8.5 nm 15% Al-doped ZnO NCs (red). The spectra were measured in 0.1M TBAPF6/THF 

solutions through fiberoptic cables. 
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Synthesis of Al-doped ZnO (AZO) NCs. AZO NCs were synthesized by etching-regrowth-doping 

procedure (98). Zn(oleate)2 (0.63 g, 1 mmol) and Al(oleate)3 (0.17 g, 0.2 mmol) was dissolved 

in 7.89 g of ODE in a 100 mL three-necked flask. The reaction mixture was first degassed and 

then put under N2. This step was repeated several times. After that the flask was heated to 

100°C under vacuum for 10 min to remove any residual water. The solution was then heated to 

300°C under nitrogen flow. A separate solution was prepared by heating solid DDOH to room 

temperature and mixing (2.25ml, 10 mmol) of it with 1.578 g of ODE as soon as DDOH melts. 

After that DDOH/ODE solution was heated to 150°C in oil bath and rapidly injected into the 

reaction flask at 300°C. The reaction temperature dropped to 280°C, and the solution was kept 

at this temperature for 30 min to allow the growth of ZnO NCs. Next, solution of OA (0.565g, 2 

mmol) was dissolved in 1.6 of ODE, heated to 150°C and rapidly injected into the reaction 

mixture to etch NCs. Then solution was heated at 280°C for another 30 min to allow AZO NCs 

to regrow. Then NCs were cooled to room temperature and washed three times with ethanol. 

After washing NCs were dried under N2 and the pallet was transferred to the glovebox and 

dissolved in THF. 

Characterization of Al-doped ZnO (AZO) NCs. AZO NCs were characterized by TEM, XRD and 

absorption spectroscopy. Figure 5.3a,b shows that both AZO samples with different Al content 

consist of spherical NCs. Average size of NCs was determined from TEM images and size 

histograms are shown in Figure 5.3c,d. XRD data from Figure 5.3e demonstrates that ZnO phase 

is well maintained in AZO NCs, because red trace (experimental diffraction pattern) does not 

have any extra or lost reflections compared to black trace (reference from ICSD database). 

Figure 5.3f shows that both AZO samples exhibit LSPRs indicating the presence of free excess 

electrons in AZO NCs (97). 
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Spectroelectrochemical investigation of excess electrons in AZO NCs. Electronic doping 

deposits electrons in the conduction band of NCs and thus changes chemical potentials in the 

system. The most common electrochemical method to measure these changes is cyclic 

voltammetry (CV). However, lack of optical control, difficulty of analysis of peaks associated 

with NCs and possibility of sample decomposition during the CV experiment makes 

spectroelectrochemistry (specEchem) a more suitable technique for understanding RedOx 

properties of colloidal NCs (26, 44). During typical specEchem experiment NCs are dissolved in 

TBAPF6/THF mixture and placed in a 4ml cuvette with a stir bar in the N2 atmosphere inside 

the glovebox. Three electrodes (Ag/AgCl reference, Pt working and Pt counter), connected to 

the potentiostat outside the glovebox through coaxial cables, are inserted through the rubber 

cuvette cap, and cuvette holder is coupled to the spectrophotometer through fiberoptic cables 

to ensure that spectroscopy can be done at the same time with potentiometry. Potentiostat is 

set up in galvanostatic mode to measure the Fermi level of the solution. Hole quencher (EtOH 

or LiEt3BH) is added to the NC solution and the LED is turned on to start photodoping. 

Completeness of the photodoping is determined based on lack of change in absorption. 

Absorption spectra in Figure 5.4a show AZO NCs before (red) and after (blue) photodoping. As 

soon as photodoping is done, equivalents of FcBF4 are added to titrate excess electrons from 

the conduction band of AZO. Figure 5.4a shows how absorption changes during titrations of 

photodoped (light blue traces) and Al-compensated (grey traces) electrons. NC absorption (light 

blue and grey traces in panel a) relative to the absorption before photodoping (red trace in 

panel a) decreases linearly with the increasing amount of added FcBF4 indicating no change in 

oxidation state of Al (Figure 5.4b). In a recent study of Fe-doped ZnO NCs (95) nonlinear 

behavior of absorption was attributed to changes in oxidation state of Fe responsible for high 

capacitance values in this material. The change in open circuit potential of the AZO solution is 

measured at the same time as changes in absorption during titrations (Figure 5.4c). This change 



37 
 

in potential is plotted vs equivalents of FcBF4 in Figure 5.4d allowing us to analyze the slope of 

the potentiometric curve proportional to NC capacitance (95). 

 

Figure 5.4 SpecEchem of 15% AZO. (a) Absorption spectra of as prepared (red, same as Fig. 1 (f)), 

maximally photodoped (blue) r = 8.5nm AZO NCs (containing 15% Al) during photodoping 

(light blue) and titrations with FcBF4 (grey). The arrows show the direction of increasing 

excitation exposure time (blue) and the direction of increasing amount of FcBF4 equivalents 

(dark green). (b) Relative absorption (absorption at 1600nm divided by absorption of as-

prepared AZO sample) vs total number of FcBF4 equivalents added during titrations (panel 

a). Red line is a linear fit to the data while absorption keeps changing. (c) Potentiometry: 

open circuit potential of the system (panel a) during titrations. (d) Potentiometric titrations: 

the Fermi level of the 0.1M TBAPF6/THF AZO NC solution vs equivalents of FcBF4 added 

during titrations. Blue line is a linear fit to the data while photodoped electrons are titrated 

(based on blue traces in panel a). Slope of the fit is given in mV/eq and is proportional to 

capacitance. 
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Increase in Al content of AZO NCs results in increase in capacitance. Figure 5.5a shows 

specEchem data for 7% AZO NCs. In order to evaluate the effect of Al-doping on specific areal 

capacitance (independent from surface area of the sample), data from Figure 5.5a and Figure 

5.4d was normalized by surface area of the NCs and plotted in Figure 5.5b for comparison. The 

slope of the potentiometric curve becomes steeper with the decrease of Al content in the 

sample. 

 

Figure 5.5 Change in potentiometric titrations for AZO NCs with different Al content. Potentiometric 

titrations of colloidal (a) r = 7.7 nm 7% Al-doped ZnO NCs (red). Red line is a linear fit to the 

data while photodoped electrons are titrated. Slope of the fit is given in mV/eq and is 

proportional to capacitance. (b) Superposition of data from panel a (red trace) from this 

Figure and panel d (blue trace) from Fig. 2 normalized by surface area of NCs. 

Table 5.2 summarizes slope values for both AZO samples. Experimental capacitance (C) and 

specific areal capacitance (Cs) were calculated using equation 1, where ΔV is a change in 

potential, ΔQ is the change in charge, and surface area of NCs, A, – using equation 2, where r 

is the NC radius taken from Figure 5.3c,d. 
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The specific areal capacitance, Cs, for both AZO samples exceeds very high Cs (33 µF cm–2) 

value reported for Fe:ZnO NCs. Supercapacitance in Fe:ZnO NCs is attributed to ability of Fe to 

change oxidation state from +2 to +3, which facilitates electron storage (95). However, Al is 

not known to exhibit changes in oxidation states, and absence of nonlinear change in absorption 

during AZO titrations (Figure 5.4b) confirms that. 

Table 5.2 Capacitance of AZO NCs with different Al content. 

Al3+ сation % mV/equiv. Experimental C (aF) Cs (uF*cm-2) 

7* 0.423 378 51 

14.7 0.098 1633 180 

*estimated based on plasmon intensity relative to 15% AZO 

Thus it is hypothesized that very high capacitance values in AZO samples are due to 

electrostatic interactions as opposed to RedOx reactions in Fe:ZnO. 

5.2.4 Li+-induced supercapacitance in ZnO nanocrystals 

Li intercalation is known to affect properties of bulk ZnO (99). Several reports have shown 

that presence of Li+ increases capacitance for metal oxide nanomaterials with tunneled 

structure (91). Although no such studies could be found in literature for ZnO NCs this material 

has a network structure shown in Figure 5.6a,b with channels that can be clearly seen in 

comparison with another well-known oxide material In2O3 (Figure 5.6c,d). 
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Figure 5.6 Crystal structures of Metal Oxide NCs. (a, b) Crystal structure of ZnO (Zn atoms shown in 

grey, oxygen atoms shown in red, Zn vacancies shown in cyan) (a) along a direction and (b) 

along c direction. (c, d) Crystal structure of In2O3 (In atoms shown in grey, oxygen atoms 

shown in red) (c) along a direction and (d) along c direction. Pictures created using DIAMOND 

software [http://www.crystalimpact.com/diamond]. 

Potentiometric titrations of photodoped ZnO NCs with EtOH (red) are presented in Figure 

5.7. The slope of the titration curve (14mV/eq) is steeper compared to the slopes of titration 

curves (1.4mV/eq) in titrations of the same system with the only difference is LiEt3BH is used 

instead of EtOH. This data suggests that presence of LiEt3BH results in increase in capacitance. 

This result may be explained by the intercalation of Li+ ions present in the solution into the 

channels in ZnO structure and thus capacitance is increased via electrostatic interactions. 



41 
 

 

Figure 5.7 Effect of Li+ on capacitance. Potentiometric titrations of ZnO NCs in presence of different 

hole quenchers: EtOH (red) and LiEt3BH (blue). Red and blue lines are guides to an eye to 

show that slopes are different. Slopes of the fits (not shown) are given in mV/eq and are 

proportional to capacitance. 

As mentioned in literature (100) the switch from EtOH to LiEt3BH in photodoping also results 

in higher electron capacities for ZnO NCs. My data on tetrapod ZnO NCs (Figure 5.7) supports 

this trend, as more FcBF4 equivalents are needed to remove all photodoped electrons from ZnO 

NCs when LiEt3BH is used as a hole quencher in comparison to EtOH. However, more studies are 

needed to confirm this trend for spherical NCs. 

It would also be interesting to investigate the effects of other similar hole quenchers, 

KEt3BH and NaEt3BH. The trend in ionic radii is the following: r(Li+) < r(Na+) < r(K+), where r(Li+) 

=0.59 Å , r(Na+) = 1.02 	Å , r(K+) = 1.38 	Å  (101). Studies on tunneled oxide supercapacitor 

nanomaterial MnO2 (tunnel size 4.6 × 4.6	Å ) found that only Li+ and Na+ are able to intercalate, 

because steric strain for K+ is too high (102). Tunnels in ZnO (tunnel size 4.5 × 3.2	Å ) NCs are 

smaller than in MnO2, however they may still be large enough for Na+ intercalation. Further, 

several studies have demonstrated the effect of presence of large cations, such as K+, on Li+ 
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intercalation in MnO2. Some authors have concluded that Li+ intercalation is impeded by large 

cations due to physical blocking and repulsive electrostatic forces. Others have argued that 

stable tunnel structure required for diffusion of Li+ ions is facilitated by large cations (103). 

However, agreement on this question has not yet been found. 

Intercalation-based supercapacitance combines high power and energy densities critical for 

charge storage applications. Establishing ways to enhance effect of intercalation will shed light 

on better supercapacitors and thus better energy storage materials. 

5.3 Investigating origins of supercapacitance 

With Sum-Frequency Generation (SFG) technique (104), it was expected to see changes in 

ion dynamics and no changes in structure of ZnO sample upon Li intercalation. Ion dynamics 

and structure changes in ZnO electrode (electrostatic charging hypothesized) were expected to 

be different in comparison with MnO2 (redox charging supercapacitance mechanism concluded 

from literature). Difference in ion dynamics in spherical vs non-spherical ZnO NCs was also 

expected. However, sample quality was too poor (not crystalline enough) to obtain the 

expected results. 

To compare effect of Li on supercapacitance with that of Al and Fe and to study the 

hypothesis that Li substitutes Zn upon photodoping with LiEt3BH and forms a state inside the 

band gap, thus leading to an increase in capacitance, Li-doped ZnO nanocrystals were directly 

synthesized. 

Zinc oleate (0.63 g) and lithium acetate dihydrate (0.0322 g) were mixed with ODE (7.89 g) 

and oleic acid (0.0273 g) in 100 ml 3-neck flask, heated to 100°C under vacuum until airfree, 

then heated to 300°C under nitrogen. Separately dodecanol (2.25ml) and ODE (0.6 g) heated to 
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150°C (oil bath) and rapidly injected to the 3-neck flask. The flask is kept at 280°C for 30 min, 

nanocrystals washed with EtOH/hexanes 1- times for 5 min. 

 

Figure 5.8 Spectroscopic investigation of Li doped ZnO nanocrystals. Top: absorption of Li:ZnO and 

ZnO. Bottom: photodoping of Li:ZnO 

Spectroscopic behavior of Li:ZnO exhibits a better resolved excitonic feature (in comparison 

to ZnO) and a localized state with photoluminescence of the trap in agreement with literature. 

However, absorbance foot is growing in the presence of Li, indicating a possible loss of colloidal 

stability. Interestingly, photodoping of Li:ZnO NCs produced no plasmon, suggesting that there 

was no expected accumulation of free electrons, but resulted in changes in excitonic feature 

and decrease in trap photoluminescence, both indicating possible changes in Li cluster. 
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Modeling of electrostatic effects that govern supercapacitance (53, 92, 105, 106) offers a 

deeper insight into origins of supercapacitance in nanomaterials and could help elucidate 

additional factors that affect this property. We looked at ZnO slabs passivated with ligands on 

1-100 facet (Figure 5.9) and 0001 facet (Figure 5.10) and explored the effects of Li ion being 

interstitially inserted in the bulk of the slab, in the surface layer of the slab, and present outside 

of ZnO slab but not inserted. 

Formation energy values suggest that Li inserted in ZnO slab is a preferred configuration, 

though structural reorganization within the slab occurs due to Li presence. O atoms move closer 

to Li atoms inside the slab suggesting electrostatic nature of structural distortions. 

 

Figure 5.9 Modeling of 1-100 ZnO slabs with Li insertion. ZnO slab with DDA ligand passivation was 

used for modeling. (A) Slab with Li inserted in the bulk of the slab. (B) Li inserted in the 

surface layer of ZnO slab. (C) Li is present outside of ZnO slab, but not inserted. (D) ZnO 

slab without Li. 



45 
 

 

Figure 5.10 Modeling of 0001 ZnO slab with Li insertion. ZnO slab with DDA ligand passivation was used 

for modeling. (A) Slab with Li inserted in the bulk of the slab. (B) Li inserted in the surface 

layer of ZnO slab. (C) Li is present outside of ZnO slab, but not inserted. Formation energies 

are listed under each structure. 

5.4 Summary 

ZnO-based nanomaterials are promising for a wide range of applications, particularly 

semiconductor electronics, due to their synthetic tunability, low cost, and lack of toxicity. The 

utility of these materials stems from the large electron capacity and the ability to be 

electronically charged via defect doping, photodoping, and electron transfer. Band engineering 

for these materials has been shown to be very fruitful. Here we explore unique energy storage 

properties of ZnO and ZnO-related colloidal nanocrystals with focus on supercapacitance and 

band-edge potential tuning. We show that ZnO acquires a surprisingly high capacitance under 

various conditions, such as Al doping, interactions with Li+, and shape/media changes (Figure 

5.11), and propose a hypothesis attributing these effects to electrostatic interactions on the 

nanocrystal surface and within the tunneled ZnO crystal structure. Overall, this work aims to 
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provide new insights into electronic properties and processes in colloidal ZnO and ZnO-related 

nanocrystals that would guide design and engineering of novel materials for energy storage. 

 

Figure 5.11 Summary of the approaches for increasing capacitance in ZnO nanocrystals. 

Supercapacitance is observed with Al doping, Li intercalation, change in nanocrystal 

morphology, and increase in electrolyte concentration. 
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CHAPTER 6: ELECTRON TRANSFER IN CdS/ZnO COLLOIDAL 
NANOCRYSTAL SYSTEM 

Electron transfer (ET) in nanomaterials enables a wide range of clean energy applications. 

Electron transfer systems are designed based on the knowledge of electrochemical potentials 

of interacting components, which control ET behavior (4, 5, 23, 107–112), with transfer being 

expected to proceed from higher to lower potential (113, 114). Through our investigation of 

electron transfer in CdS/ZnO colloidal nanocrystal system, we found that electron transfer 

proceeds from CdS to ZnO upon selective CdS NC photodoping, contrary to expectations from 

bulk band-edge potentials (BEPs) for individual components of the mixture (described in 

Chapters 4 and 5). In this unique system electron accumulation happens on the order of minutes 

to hours, which enables direct observation of this process in real time. Chapter 6 describes 

experimental setup, material preparation, and experimental techniques used for the study of 

this unexpected phenomenon. 

6.1 Synthesis and characterization of ZnO and CdS NCs 

ZnO NCs. Spherical QDs were synthesized using known procedure (96). In brief, 

tetramethylammonium hydroxide (N(Me)4OH·5H2O) in ethanol is added dropwise to Zn(OAc) 

2·2H2O dissolved in DMSO under constant stirring. NCs are precipitated by addition of ethyl 

acetate and washed. After that the NCs were capped with DDA and then with TOPO and washed 

with EtOH. Diameter of particles (6.3 nm) was determined from TEM and ICP data (Figure 6.1). 
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The diameter of particles could not be determined based on energy of the first excitonic 

feature, because ZnO NCs are not quantum confined. 

 

Figure 6.1 Characterization of ZnO nanocrystals. (a) TEM and (b) ICP showed monodisperse spherical 

nanoparticles with diameter of 6.3 nm. 

 

 

Figure 6.2 Characterization of CdS nanocrystals. (a) TEM and (b) UV-Vis spectroscopy confirmed 

production of spherical nanoparticles with tunable size. 
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CdS NCs. Spherical QDs were synthesized using known procedure (84). In brief, mixture of 

CdO, OA and ODE is heated to 300°C, TOP is added. After that the mixture of S in ODE is swiftly 

injected. Reaction should be quenched immediately after injection. Particles were washed with 

methanol and ethanol/acetone mixture. Diameter of particles (5.8 nm) was determined based 

on energy of the first excitonic feature (Figure 6.2) (85). 

6.2 Electron transfer in CdS/ZnO colloidal nanocrystal system 

Experiments were performed under inert atmosphere in TBAPF6 as supporting electrolyte 

with LiEt3BH or EtOH as a hole quencher. Selective photoexcitation of CdS NCs was performed 

with Xe/Hg lamp and 440nm long-pass filter or 430nm LED (ThorLabs) (Figure 6.3). Control 

experiments confirming that ZnO was not excited directly were conducted under same 

conditions as selective excitation but without CdS NCs (Figure 6.4). 

 

Figure 6.3 Experimental setup for the study of CdS-to-ZnO electron transfer. Selective 

photoexcitation produced electron doping on CdS, but not ZnO, nanocrystals. Consequent 

electron transfer from CdS to ZnO resulted in electron accumulation on ZnO nanocrystals, 

as evident by increase in Near-IR plasmonic absorption. 
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Figure 6.4 Control experiment for CdS-selective excitation. In the absence of CdS NCs, ZnO does not 

accumulate electrons under excitation with Xe/Hg lamp and 440nm long-pass filter or 430nm 

LED. 

 

Since the band-edge potentials of CdS and ZnO turned out to be energetically similar (band-

edge potential of ZnO is – 1.22 V vs Fc+/0 (44)), we hypothesized that simultaneous electronic 

doping in mixtures of CdS and ZnO NCs was possible. We were able to observe inter-QD 

electronic equilibrium when CdS was selectively photodoped. Evidence for this equilibrium is 

shown in Figure 6.5a, where simultaneous exciton bleach in CdS and near-IR plasmonic 

absorption from doped ZnO are observed. From Figure 6.5b we see that CdS electron doping 

happens before electron transfer to ZnO. Photodoping of CdS begins immediately after 

excitation of CdS as observed by the bleach of the first excitonic feature. At the same time, no 

change in the CB of ZnO is initially observed. However, with continued CdS excitation we start 

seeing electron transfer from CdS to ZnO as shown by the increase of near-IR absorption feature 

of ZnO. 
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Figure 6.5 Simultaneous electronic doping in mixture of CdS and ZnO NCs. (a) electronic absorption 

spectra of as-prepared (red), fully electronically doped (pink) and intermediate cases 

(orange – purple) CdS NCs (d = 5.8 nm). Experiments were performed using TBAPF6 solution 

of CdS NCs, and EtOH. Electronic doping was conducted by selective photodoping of CdS NCs 

using EtOH as a hole quencher. 

 

The constant of CdS/ZnO equilibrium (eq. 1) can be derived from spectra (eq. 2) and from 

potentials (eq. 3). 

 

        (1) 

 

        (2) 

 

        (3) 

 

Calculation of the equilibrium constant requires knowledge of ⟨n⟩ for CdS and ZnO. It is 

known from literature that CdS can hold up to two electrons in the conduction band (115). 

Quantitative titrations were conducted to find out the maximum number of electrons in the 
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conduction band of ZnO NCs (Figure 6.6). First, ZnO NCs are fully photodoped (Figure 6.6a). 

After that, equivalents of FcBF4 are added to remove the CB electrons, as evidenced by a 

decrease in the plasmon absorption (Figure 6.6b). Then this data is fitted to obtain the number 

of electrons that ZnO can hold in the conduction band (Figure 6.6c). This data shows that up to 

5 electrons are added to the CB of these ZnO NCs under the doping conditions. 

To gain insight on the redox properties of the doped CdS/ZnO mixture, specEchem 

experiments were conducted to find the potential that corresponds to the onset of the inter-

QD electronic equilibrium (Figure 6.7). Preliminary results suggest that equilibrium is achieved 

when CdS has on average ⟨n⟩ = 0.35, and the potential that corresponds to the equilibrium onset 

is -0.94 V vs Fc+/0. 

 

Figure 6.6 Quantitative titrations of ZnO NCs. (a) electronic absorption spectra of fully electronically 

doped (pink) and intermediate cases (red – blue) ZnO NCs (d = 7 nm). Experiments were 

performed using 0.1M TBAPF6 solution of ZnO NCs and EtOH. Electronic doping was 

conducted by photodoping ZnO NCs using EtOH as a hole quencher. (b) electronic absorption 

spectra of fully oxidized (green) and intermediate cases (pink – yellow) ZnO NCs (d = 7 nm). 

(c) absorbance at different wavelengths from (b) is plotted vs number of equivalents of 

FeBF4. 
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Figure 6.7 Spectroelectrochemical potentiometry in mixture of CdS and ZnO NCs. (a) electronic 

absorption spectra of as-prepared (red), fully electronically doped (pink) and intermediate 

cases (yellow – purple) CdS NCs (d = 5.7 nm). Experiments were performed using 0.1M 

TBAPF6 solution of CdS NCs, ZnO NCs and EtOH. Electronic doping was conducted by 

selective photodoping of CdS NCs using EtOH as a hole quencher. (b) Open-circuit potential 

of CdS/ZnO NCs mixture. Potential was measured simultaneously with absorption; inset: 

near IR feature of ZnO is blown up to show the increase in ZnO electronic doping. 

 

Difference in conduction band potentials allows NCs with more positive band edge values 

to accept electrons from NCs with more negative conduction band potentials. A good example 

of such charging system is CdSe/ZnO NC mixture (44). Bulk band edge potential values suggest 

that in CdS/ZnO NC mixture electron transfer should be even more efficient, since the potential 

difference between CdS and ZnO conduction bands is bigger than that of CdSe and ZnO (87). 

Surprisingly, we have observed a less efficient electron transfer in CdS/ZnO NC system under 

selective CdS excitation, resulting in both CdS and ZnO NCs being electronically doped at the 

same time (Figure 6.8). 
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Figure 6.8 Electron transfer in CdS/ZnO mixture. Absorption spectra of a mixture of d = 5.8nm CdS 

NCs and d = 6.3nm ZnO NCs (molar ratio ZnO:CdS = 1:0.75) in 0.2M TBAPF6 with LiEt3BH in 

airtight cuvette. Spectra collected after various durations (5min - 48hours) of selective 

photoexcitation of CdS NCs with Xe/Hg lamp and 440nm long-pass filter. Increase in ZnO NIR 

absorbance is attributed to electron transfer from CdS to ZnO NCs. 

6.3 Kinetics of CdS/ZnO electron exchange 

Kinetics of electron accumulation in NC mixture during inter-NC electron transfer is shown 

in Figure 6.9. Biexponential fit to the data reveals two steps in the process: fast and slow. This 

behavior is consistent with biexponential kinetics of electron accumulation during direct 

photodoping of ZnO NCs (100), but it occurs at a much slower pace in CdS/ZnO NC mixture. 

Further analysis of charging of ZnO NCs through charge/discharge of CdS NCs is presented 

in Figure 6.10. Cycling between photodoping and recovery of CdS NCs is accompanied by 

accumulation of electrons in ZnO NCs, with fewer new electrons added with each cycle. This 

behavior may indicate that multicarrier Auger recombination usually competing with multiple 

electron accumulation (100) is not the only factor limiting electron transfer from CdS to ZnO. 

Another possible explanation is structural reorganization in ZnO NCs in order to facilitate charge 

compensation of many excess electrons. 
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Figure 6.9 Kinetics of electron transfer. Number of delocalized electrons in the CB of ZnO is 

calculated using absorption data from Fig. 8 and plotted vs time of selective CdS 

photoexcitation. Biexponential fit (red line) to the data (blue circles) reveals two steps in 

electron accumulation in ZnO NCs. 

 

Figure 6.10 Charging of ZnO NCs through charge/discharge of CdS NCs in CdS/ZnO NC mixture. (a) 

Green circles (line is a guide to an eye) represent first CdS charge/discharge cycle in 

CdS/ZnO NC mixture. Number of delocalized electrons in the CB of CdS is calculated using 

absorption data (not shown) and plotted vs time of selective CdS photoexcitation (light area 

in the graph) and in the dark (grey area). Orange triangles (line is a guide to an eye) 

represent the second charge/discharge cycle that immediately follows the first (same 

experiment, same sample used). (b) Green circles (line is a guide to an eye) represent 

accumulation of electrons in ZnO NCs from first CdS charge/discharge cycle. Number of 

delocalized electrons in the CB of ZnO is calculated using absorption data (not shown) and 

plotted vs time (same timeline as in panel a) of selective CdS photoexcitation (light area in 

the graph) and in the dark (grey area). Orange triangles (line is a guide to an eye) represent 

accumulation of electrons in ZnO NCs from the second charge/discharge cycle that 

immediately follows the first (same experiment, same sample used). 
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Stability of accumulated CB electrons in CdS and ZnO NCs is compared in Figure 6.11. 

Electrons are accumulated in both CdS and ZnO during 45 hours of constant selective 

photoexcitation of CdS. When the excitation source is switched off electrons in the CB of ZnO 

are stably retained, whereas a rapid loss of CdS electrons is observed. When the NC mixture is 

exposed to air all CB electrons are gone from both CdS and ZnO. Longer stability of electrons 

in ZnO than CdS may be explained by the better availability of trap states for electrons leaving 

CdS. 

 

Figure 6.11 Difference in behavior of photodoped electrons in CdS and ZnO NCs. Number of 

delocalized electrons accumulated in the CB of ZnO (blue symbols, line is a guide to an eye) 

and lost in CdS (red symbols, line is a guide to an eye) is calculated using absorption data 

from Fig. 8 and plotted vs time of selective CdS photoexcitation (green area), recovery of 

exciton absorption in CdS (orange region), and exposure of NC mixture to air. 

 

SpecEchem of the CdS/ZnO NC mixture reveals that potential of CdS NCs in the mixture is 

more negative than that in specEchem of CdS NCs alone (Figure 6.12). This data suggests that 

NCs interact and thus properties of the mixture are different from individual NCs under the 

same conditions. Figure 6.12d shows an interesting insight into this interaction: electron 
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accumulation in ZnO NCs happens only after CdS NC are fully photodoped. Prior studies have 

noted the importance of surface dipoles in tuning redox potentials of NCs (21). Thus, it is 

possible that ligand exchange in the NC mixture results in destabilization of CdS NCs and Fermi 

level equilibration between ZnO and CdS NCs leading to electron transfer. 

 

Figure 6.12 SpecEchem of CdS/ZnO NC mixture. (a) Absorption spectra of as prepared (red), maximally 

electronically doped (purple) CdS/ZnO NC mixture during selective CdS photoexcitation 

(orange – blue) and recovery in the dark (pink). (b) Open circuit potential of the CdS/ZnO 

NC mixture (red) and control experiments (ZnO or CdS NCs in the same experimental setup 

only, blue) during electron accumulation (number of electrons calculated from panel a). (c) 

Absorption spectra of as prepared (red), maximally electronically doped (purple) CdS NCs 

(control experiment) during selective CdS photoexcitation (orange – blue) and recovery in 

the dark (black). (d) Change in absorption spectra of CdS (yellow) and ZnO (cyan) NCs from 

the mixture vs open circuit potential (replotted from panel a, b). Red dashed line indicates 

complete photodoping of CdS. 
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6.4 Effect of electrolyte concentration on electron exchange efficiency 

Change in electron accumulation rate in CdS/ZnO nanocrystal mixture when supporting 

media composition is altered is compared in Figure 6.13. This effect serves as an indirect 

confirmation of the change in relative potential difference in NCs. We attribute this effect to 

the change in surface charge compensation by the electrolyte, offering a new strategy for band 

engineering via a simple perturbation to electrolyte rather than the NC itself. 

 

Figure 6.13 Electrolyte effect on electron transfer. Differential absorption of first excitonic feature of 

CdS (blue circles, line is a guide to an eye) and of NIR absorption of ZnO at 1600nm (red 

circles, line is a guide to an eye) during selective CdS photoexcitation in (a) 0.1M TBAPF6 

and (b) 0.2M TBAPF6. 

6.5 Summary 

We observed charge transfer between CdS and ZnO nanocrystals upon CdS-selective 

photodoping. Spectroelectrochemistry was used for the measurement of band edge potentials 

in colloidal nanocrystals and showed that potentials of CdS/ZnO mixture is different from that 

of individual components. It is hypothesized that ligand-induced changes occur upon mixing of 

CdS and ZnO nanocrystals, resulting in a shift of the band edge potentials and enabling electron 

transfer. This hypothesis is explored experimentally and computationally in Chapter 7.  
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CHAPTER 7: CHARACTERIZATION OF THE CdS/ZnO SYSTEM 

The occurrence of CdS-to-ZnO ET described in Chapter 6 indicates that relative BEPs of CdS 

and ZnO in the mixture must be different from that of individual components. We hypothesized 

that such a shift might occur due to ligand-induced changes on the NC surface, as the ligand 

environment changes upon mixing (Figure 7.1). Literature reports suggest a significant role of 

ligands in NC energetics and highlight opportunity to provide more facile charge transfer 

pathways via ligands (35, 56, 109, 111, 116–119). It is possible to displace native CdS ligands 

with those from ZnO (120). We explore this hypothesis experimentally by testing CdS NCs with 

different ligands and computationally by modeling the effects of NC-ligand interactions on CdS 

electronic properties. 

 

Figure 7.1 Ligand-induced effects on band edge potential and CdS/ZnO electron transfer. It is 

hypothesized that as-prepared CdS-oleate has a lower band edge potential in comparison to 

ZnO, which would prohibit electron transfer. Ligand-induced effects upon mixing of CdS 

with ZnO result in an increase of CdS potential to levels that support CdS-to-ZnO electron 

transfer. 
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7.1 Experimental investigation of the impact of ligands on NC band edge potential 

The impact of ligands on NC band edge potential and electron transfer behavior was 

experimentally investigated on two model systems: (1) CdS NCs subjected to ligand treatment 

procedure and (2) CdSe NCs in CdSe/ZnO electron transfer mixture. 

7.1.1 Ligand treatment of CdS NCs 

Ligand treatment procedure on CdS NCs aimed to probe the possibility of BEP tuning upon 

CdS/ZnO mixing by altering CdS ligand passivation (Figure 7.2a). Since in the CdS/ZnO mixture 

oleic acid (OA), dodecylamine (DDA) and trioctylphosohine oxide (TOPO) are present, it was 

hypothesized that as-synthesized CdS NCs (OA passivated) experienced perturbations in surface 

chemistry from interaction with new ligands DDA, TOPO native to ZnO NCs. below shows relative 

BEPs measured by spectroelectrochemistry after ligand treatment of CdS NCs (Figure 7.2b), and 

after NC mixing (Figure 7.2c). This data shows that the treatment of OA-passivated CdS NCs 

with DDA and TOPO ligands could indeed raise CdS BEP to the level consistent with that 

observed in the CdS/ZnO NC mixture, providing support to our hypothesis. 

As-synthesized CdS NCs were dried under N2; used oil bath to melt DDA and TOPO 

(temperature 100°C); DDA treatment for 5min; after DDA treatment NCs were washed with 

EtOH/MeOH and resuspended in hexane; TOPO treatment for 10min; after TOPO treatment NCs 

were washed with EtOH and resuspended in THF; After ligand treatment procedure CdS NCs 

redissolved easily in THF and featured unperturbed optical properties (Figure 7.3). 

We examined the impact of nanocrystal-ligand interactions on NC band-edge potential and 

electron transfer behavior. When surface passivation of CdS nanocrystals is altered through 

ligand treatment procedure, it is possible to observe shifts in band edge potential of CdS 
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nanocrystals. It is hypothesized that a similar shift in band edge potentials happens upon mixing 

of ZnO and CdS nanocrystals, which enables electron transfer in CdS/ZnO system. 

 

Figure 7.2 Band-edge potentials in CdS/ZnO NC mixture vs individual components. (A) Scheme 

illustrating CdS NC transformations during ether mixing with ZnO NCs or ligand treatment 

(bottom). (B) CdS NCs that underwent ligand (TOPO, DDA) treatment procedure show similar 

potential to the CdS/ZnO NC mix. (C) CdS/ZnO NC mix in the same experimental setup. 

 

 

Figure 7.3 Characterization of CdS before and after ligand treatment procedure. Absorbance spectra 

of as-prepared NCs and NCs at different points of photodoping were measured. 
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7.1.2 Electron transfer behavior of CdSe NCs 

CdSe NCs (OA passivated). Spherical QDs were synthesized using CdS procedure (84) by 

substituting S with Se. In brief, mixture of CdO, OA and ODE is heated to 300°C, TOP is added. 

After that the mixture of S in ODE is swiftly injected. Reaction should be quenched immediately 

after injection. Particles were washed with methanol and ethanol/acetone mixture.  

CdSe NCs (OA, HDA, TOPO passivated). Spherical QDs were synthesized using known 

procedure (121). In brief, mixture of CdO, OA and ODE is heated to 280°C, TOP and HDA are 

added and heated at 300°C. After that the mixture of Se in TOP is swiftly injected. Reaction 

should be quenched 2 minutes after injection. About 16 ml of toluene is injected at 100°C. 

Particles were washed with methanol and ethanol mixture. 

Conventional synthesis of CdSe NCs implies using TOPO and hexadecylamine (HDA). By 

synthesizing CdSe using OA (typical CdS synthesis) effect of passivating ligands on band-edge 

potentials can be spectroelectrochemically measured. Measured BEPs (Figure 7.4) suggest CdSe 

NCs (HDA and TOPO passivated) have higher CB and are expected to donate electrons to ZnO 

during ET. CdSe NCs (OA passivated) are not expected to participate in ET. Further analysis of 

absorption features of electronically doped (to circumvent potential changes after mixing) CdSe 

NCs during mixing with ZnO NCs indeed shows electron transfer from HDA and TOPO passivated 

NCs and no transfer from OA passivated NCs (Figure 7.5). This data confirms the hypothesis that 

NC BEP level can be raised by changing passivating ligands. 



63 
 

 

Figure 7.4 Spectroelectrochemical characterization of CdSe NCs. Measurements were performed on 

CdSe NCs obtained via different synthetic procedures to probe dependence of NC BEPs on 

ligand coverage. (Top left) Absorption spectra collected during NC photodoping (LiEt3BH as 

a HQ), in which 3.7nm HDA, OA, TOPO – coated CdSe NCs (red) are photoexcited with 430nm 

LED for 5min (green), 15 min (blue) and after recovery (black, dashed). The data show 

increase in absorption bleach during excitation. (Top right) Fermi level of CdSe NC solution 

measured during photodoping. Summary of 3 trials. The data show that BEP of CdSe NCs 

becomes more negative during photodoping. (Bottom left) Absorption spectra collected 

during NC photodoping (LiEt3BH as a HQ), in which 3.3nm  OA – coated CdSe NCs (red) are 

photoexcited with 340nm LED for 5min (green), 15 min (blue) and after recovery (black, 

dashed). (Bottom right) Fermi level of CdSe NC solution measured during photodoping. The 

data show that BEP of OA – coated CdSe NCs is more positive than for HDA, OA, TOPO – 

coated CdSe NCs. 
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Figure 7.5 Electronic absorption spectra of CdSe NCs, collected after various durations of selective 

photoexcitation in airtight cuvette. (Top Left) Absorption spectra collected during NC 

photodoping, in which d = 3.7 nm CdSe NCs (red) are photoexcited with 430nm LED for 10min 

(gold), 30 min (green). The data show absorption bleach during photodoping with LiEt3BH 

indicative of electronic doping. (Top Right) ZnO NCs were added (blue) to the photodoped 

CdSe NCs (green) in air-free environment. The data show increase in absorption features of 

both CdSe and ZnO indicative of electron transfer. (Bottom Left) Absorption spectra 

collected during NC photodoping, in which d = 3.3 nm CdSe NCs (red) are photoexcited with 

430nm LED for 10min (gold), 30 min (green). The data show absorption bleach during 

photodoping with LiEt3BH. (Bottom Right) ZnO NCs were added (blue) to the photodoped 

CdSe NCs (green) in air-free environment. The data show no change in absorption features 

of both CdSe and ZnO indicative of lack of ET. 
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7.2 Computational framework for modeling of NC-ligand electronic properties 

A computational framework was developed to investigate the scope and mechanisms of 

ligand effects on NC electronic properties. 

7.2.1 Modeling of nanocrystal facets 

Modeling NC-ligand interactions reveals the origin of complex effects observed 

experimentally in systems of interest (37, 56, 109, 122). 

To obtain slabs along particular NC facets bulk CdS CIF file was obtained from Materials 

Project [https://next-gen.materialsproject.org] and cut along 0001 , 1-101, 1-100 facets 

(Figure 7.6) known to be exposed during NC synthesis (123). Unit cells were redefined to expose 

the facets of interest by assigning new cell origin and a, b, c vectors, while retaining periodicity 

of the system. Transformation matrices were obtained in the process and were used to expose 

facets of wurtzite CdS nanocrystals. These transformation matrices can be used to expose 1-

100 (Table 7.1) and 1-101 (Table 7.2) facets of any wurtzite structure starting with 0001 facet. 

Cells were expanded in c directions to construct bulk-like region of the slab. Vacuum was 

added to new unit cells to accommodate ligand molecules on NC surface and approximate 

electrolyte in the NC mixture (Figure 7.7). Pseudo-H atoms (124) were used to passivate 

dangling bonds on the opposite side of the slab to retain the structure periodicity within the 

NC. Fractional charge of pseudo-H for each facet was chosen based on the structural data 

(number/nature of bonds each atom has on particular facet) and amount of valence electrons 

of atom: for example, for 0001 facet bottom sulfur atom (6 valence electrons) has 3 bonds with 

cadmium and 1 dangling bond. That means for each sulfur bond 6/4 = 1.5 electrons are 

contributed from sulfur. Each bond has 2 electrons total, so to compensate 1 dangling bond of 

sulfur 2-1=0.5 electrons are needed. So, pseudo-H with fractional charge of 0.5 e is used. To 
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confirm that pseudo-H passivation is appropriate, bond distances and angles in slab are 

compared to bulk (Figure 7.8). 

 

Figure 7.6 Facets of a spherical CdS nanocrystal. Lowest energy 0001 Cd-rich facet is shown in orange, 

1-100 facet is shown in blue, 1-101 facet is shown in green. 

 

Figure 7.7 Structure of slab-vacuum unit cell. A CdS slab-vacuum unit cell used for DFT calculations 

consists of a slab region (multiple wurtzite unit cells expanded in c direction) and a vacuum 

region (which approximate solution and provides space for ligand placement). The opposite 

side of the slab is passivated with pseudo-hydrogen. 

1-100

1-101
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Figure 7.8 Validation of correct fractional charge of pseudo-H atoms for slab passivation. Relevant 

structural parameters were calculated for hydrogen-passivated CdS slab and compared to 

the values for bulk material. 

 

Table 7.1 Transformation matrix to expose 1-100 facet from 0001 

a 0 1 -1 
b 0 -1 -1 
c -1 0 0 
 

Table 7.2 Transformations to expose 1-101 facet from 1-100 

 changing vectors in 
1-100 facet  transforming to 1-

101 facet, large cell  
Transforming to 1-
101 facet, smaller 

cell 
a 0 1 0  1 0 0  -1 0.5 0 
b 0 0 1 Þ 0 2 -1 Þ 0 -0.5 0 
c 1 0 0  0 1 2  0 0 1 
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7.2.2 Choosing an appropriate ligand model 

Ligands commonly used in CdS synthesis (oleate, TOPO and DDA) were studied. To 

accurately model ligands acetate (CH3COO-), methylamine (NH2CH3) and OPH3 models were 

used. Starting geometries were taken from computational chemistry database. We show that 

our models show same potential shifts as those with additional CH2 groups added, thus 

confirming that models accurately describe NC-ligand binding (Figure 7.9). 

 

Figure 7.9 Planar average potentials of CdS slab with different ligand models. (top) A smaller 

CH3COO was compared to a larger CH3CH2COO as a model of full-length oleate ligand (shown 

on the left). (middle) OPH3 is compared to OP(CH3) 3 as a model of TOPO. (bottom) NH2CH3 

is compared to NH2CH2CH3 as a model of DDA. 
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7.2.3 Global and local optimization of slab-ligand interfaces 

Simulated annealing approach was used to find global energy minimum for the CdS-ligand 

slabs (62). By trying various MD conditions (Figure 7.10), we were able to find the most 

energetically favorable geometries for NC-ligand systems. 

 

Figure 7.10 CdS slab-oleate geometry optimization via simulated annealing. Several heating/cooling 

conditions were applied to arrive at the global energy minimum for this system. 

 

7.3 Applying computational framework to CdS slab-ligand system 

The developed computational framework was applied to investigate CdS slab-ligand 

properties. Specifically, analysis of slab-ligand potentials, structural analysis of bonding in slab-

ligand systems, density of states analysis of bonding in slab-ligand systems, and evaluation of 

total dipoles in slab-ligand systems were performed. 
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7.3.1 Analysis of slab-ligand potentials 

To compare potentials in systems with different ligands, dipole correction was applied: 

offset in dipole is inserted at 74 Bohr (equals 39 Angstrom) to distinguish potentials at each 

facet making vacuum region flat and easy to evaluate. Calculated potential difference between 

the bulk region of the slab and vacuum region of each of the slabs for 0001 facet is shown in 

Figure 7.11. Other facets also show the biggest potential drop for slab-oleate case (Table 7.3). 

Differences in CdS-DDA potential drops for 1-100 and 1-101 facets compared to 0001 facet may 

originate from polarities of the facets: structural distortions in non-polar facets upon 

interactions with the ligand may increase interfacial dipoles and cause bigger potential drops. 

The bigger the potential drop – the lower the band-edge energy, because once the vacuum 

levels for all modeled systems are aligned – accounting for the shared electrolyte in the solution 

– the potential drop dictates the band offset. The trend in potential drops can be correlated 

with the spectroelectrochemical data, corroborating relative BEP positions obtained from the 

experiment. 

Table 7.3 Calculated potential differences for different facets of CdS 

Ligand / Facet  0001  1-100 1-101 

oleate 7.39 11.39 10.31 

TOPO 5.31 8.76 8.48 

DDA 4.35 10.60 10.20 
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Figure 7.11 DFT modeling of ligand-induced potential differences for CdS slabs along 0001 facet. (A) 

Structure of modeled CdS-molecule slabs. The right side of the slab is passivated by adsorbed 

ligands (OA, DDA, TOPO) in vacuum, and the left side is passivated by pseudohydrogen atom. 

Ligand density is set at one molecule per surface Cd atom. (B) Planar-averaged electrostatic 

potentials of CdS slabs with different ligands. (C) Model of CdS NC. Lowest energy 0001 Cd-

rich facet is shown in orange. 

It should be noted that the magnitude of calculated potential offsets might depend on ligand 

coverage on the nanocrystal surface. Our calculations generally assume one-to-one ligand 

coverage, i.e. that each surface Cd atom is coordinated by 1 ligand. However, in experimental 

systems a lower ligand coverage is typically achieved. To test the effect of ligand coverage on 

the calculated potential in CdS-oleate system, we performed calculations with 1x4 (1 oleate 

per 4 Cd atoms), 2x4 (2 oleates per 4 Cd atoms), and 4x4 (one-to-one oleate-to-Cd) coverage 

(Figure 7.12). Modeling predicts that higher ligand coverage results in greater stabilization of 

the system, increasing potential offset and lowering the overall band edge potential. 
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Figure 7.12 Ligand coverage dependent potential offsets in CdS-oleate. Potential offsets might vary 

in magnitude depending on the number of ligand molecules coordinated by the nanocrystal 

surface. Larger number of ligands in CdS-oleate system results in greater stabilization and 

larger potential offset. 

7.3.2 Structural analysis of bonding in slab-ligand systems 

Structural changes in slab-ligand systems also suggest that the nature of bonding in slab-

oleate case is different from that in slab-DDA, and slab-TOPO (Figure 7.13a). Changes that top 

tetrahedron in CdS slab undergoes upon interaction with oleate, characterized by d1, d2 

analysis are different from DDA, TOPO, and bare CdS surface (Figure 7.13b), suggesting that in 

case of interaction with oleate electrons are shared to larger extent. Slab-molecule bond 

(Figure 7.13c) in case of TOPO and DDA is longer than in oleate, indicating primarily 

electrostatic interaction. Binding energies allow to estimate bond strengths in slab-ligand 

systems (assuming oleic acid is fully dissociated, ligand coverage 1x1). Values for binding 

energies are obtained by subtracting formation energies of bare slab and ligand from formation 

energy of the bonded slab-ligand system: -239 kJ/mol in case of oleate and –25 and –8 kJ/mol 

for TOPO and DDA respectively, corroborating structural data. Compared to typical bond 
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strengths slab-oleate bond can be described as covalent-ionic and slab-DDA and slab-TOPO bond 

strengths are similar to hydrogen bonds, suggesting electrostatic interaction.  

 

Figure 7.13 Structure analysis of bonding in CdS-molecule systems. Positive difference indicates bond 

elongation, negative difference reflects bond shortening. (A) Structure of modeled CdS bulk; 

distances used in analysis are indicated as d1, d2, d3. (B) Distance differences [d1-bulk], 

[d2-bulk] reflect deformation of top tetrahedron of CdS-molecule slabs in reference to 

corresponding distances in the bulk. (C) Distance d3 between slab-molecule and distance 

difference [d3-bulk] in reference to Cd-S bond length. 

Several reports in literature suggest that impurities found in commercially available TOPO 

may bind to nanocrystal surface and change properties of the system (125–127). We have 

calculated binding energies for the following impurities: DOPO and OPA, because DOPO is 

reported to assist in QD growth (127) (CdS and ZnO nanocrystals used in this work are spherical), 

and OPA is reported to bind strongly to nanocrystal surface, though stabilizing nanorods (125, 

126). Our calculations show binding energies are very similar for TOPO and DOPO, suggesting 
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no preferential binding by impurity. It is difficult to assess if OPA played a significant role in 

CdS-ligand system, as all experiments with TOPO were conducted using 99% purity TOPO 

reagent, which has been shown to have OPA levels below detection limits (127). Further, 

calculated potential offset for deprotonated OPA is larger than that of TOPO and even oleate, 

which is inconsistent with experimental observations. 

7.3.3 DOS analysis of bonding in slab-ligand systems 

DOS analysis confirms structural observations (Figure 7.14). CdS slab-OA interaction happens 

in LUMO, electrons from slab are donated to OA, shifting Fermi level in the valence band. This 

data suggests more covalent nature of bonding compared to slab-DDA, and slab-TOPO, where 

interaction happens in HOMO, electrons from slab are not donated to molecule, thus Fermi 

level is in the conduction band. Thus, the more electrons are shared with the NC slab, the 

bigger the potential difference and the lower the BEP of the system. 

 

Figure 7.14 DOS analysis of bonding in CdS-molecule systems. DOS of CdS-ligand with respective slab 

molecular orbitals. This data shows p-doping (with molecule-slab interaction happening in 

LUMO) for CdS-OA system, and n-doping (with molecule-slab interaction happening in HOMO) 

for CdS-DDA and CdS-TOPO systems. 
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7.3.4 Effect of NC-ligand interaction on the total dipole of the system 

NC-ligand interactions perturb dipoles in the system through structural and bonding 

changes, thus affecting electronic properties of the system. Here we use computational dipole 

analysis to gain insights into the origin of band edge potential shifts. 

Total dipoles for the optimized slab-ligand systems were calculated from electron density 

difference using Synopsis QuantumATK (Figure 7.15) (65). The calculated dipole vectors, center 

mass, and dipole magnitude for the CdS-oleate, CdS-DDA, and CdS-TOPO systems are shown in 

Table 7.4. CdS slab-oleate exhibits largest dipole magnitude, followed by CdS-TOPO and CdS-

DDA, consistent with relative magnitude of potential offsets calculated for these ligands. 

 

Figure 7.15 Dipole analysis in CdS slab-ligand system from charge density. Total dipole in CdS-oleate 

is larger than in CdS-DDA and CdS-TOPO. Cd atoms are shown on purple, S atoms in yellow, 

C atoms in brown, O atoms in red, N atoms in grey, P atoms in light grey, H atoms in white. 

Blue arrows show magnitude and direction of dipole anchored on charge center of mass. 
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CdS slab-DDA

CdS slab-TOPO
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Table 7.4 Position and magnitude of dipole in CdS-ligand system 

System 
Dipole vector (Bohr) Center mass (Bohr) 

Dipole (eBohr) 
x y z x y z 

oleate -0.31 0.42 8.16 14.03 12.51 37.59 8.17 

DDA -1.26 0.84 3.32 11.67 12.00 38.03 3.65 

TOPO -2.07 0.77 3.66 14.06 11.11 37.00 4.27 

 

Difference in potential between two surfaces of the slab can also be indicative of total 

dipole in the system. Total dipoles for slab-ligand in reference to slab H-passivated surface 

(black) as well as for ligand molecules (blue) are plotted in Figure 7.16. For both DDA- and 

TOPO-passivated slabs, vacuum potential is lower than that of the hydrogen-passivated surface, 

whereas for CdS-oleate vacuum potential is higher. This indicates that for slab-oleate system a 

larger interface dipole must counteract the ligand to produce a greater magnitude of total 

dipole, suggesting that the slab-ligand interaction is stronger for slab-oleate system, again 

consistent with relative magnitude of potential offsets (Figure 7.17). 

 

Figure 7.16 Dipole analysis in CdS slab-ligand system from differences in planar average potentials. 

Total dipole in CdS-oleate is different from CdS-DDA/TOPO. Total dipole is shown in 

reference to pseudo-H passivated facet of CdS slab. 
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Figure 7.17 Effect of dipoles on potential offsets in CdS slab-ligand system. Dipoles are deduced from 

the difference of potentials between the vacuum region and H-passivated slab facet 

produced by dipole correction (highlighted in purple). Potential offsets reflective of band 

edge potentials are defined by the difference between the vacuum region and CdS slab 

(shown in red). 

Observation from dipole analysis is consistent with the analysis of charge density 

distribution shown in Figure 7.18. Ligand–slab distance is the smallest for oleate, and the 

overlap of electron densities is the largest, suggesting stronger slab–ligand interaction in case 

of oleate. Smaller overlap in charge densities between slab and ligand in case of DDA and TOPO 

indicates a weaker slab-ligand interaction. As a result, Cd is moving closer to S plane of the 

slab to compensate for the lack of coordination by ligand. 

7.4 Applying modeling results to CdS/ZnO charge transfer system 

Experimental measurements of NC band-edge potential and modeling of NC slab-ligand 

potentials allowed us to gain an insight into the phenomena behind the unexpected charge 

transfer behavior in CdS/ZnO colloidal nanocrystal system. SpecEchem measurement of as-

prepared CdS-oleate and ZnO-DDA/TOPO NCs before mixing indicated CdS having a lower 

potential than ZnO (Figure 7.19a). This result was consistent with the relative potential values 

obtained through modeling of CdS-oleate and ZnO-DDA slab-ligand systems (Figure 7.19b). Such 
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a configuration of potentials would be unfavorable to electron transfer from CdS to ZnO NCs 

(Figure 7.19c). 

 

Figure 7.18 Total charge distribution in CdS slab-ligand system. Distribution of positive (orange) and 

negative (green) charge is shown across the slab-ligand interface. 

In contrast to as-prepared CdS and ZnO NCs in separate solutions, a mixture of CdS and ZnO 

NCs in the same solution produced a shifted band-edge potential (Figure 7.19d). We 

hypothesized that a change in NC environment altered NC electronic properties. Specifically, 

we hypothesized that ligands present in ZnO NC solution interacted with CdS NCs. Therefore, 

we modeled the potential of CdS NC slab with ligands native to ZnO solution – DDA and TOPO. 

In both cases, CdS slab-ligand systems exhibited higher potential compared to ZnO-DDA (Figure 
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7.19e). This new configuration of relative CdS/ZnO band positions would enable electron 

transfer from CdS to ZnO NCs (Figure 7.19f). 

 

Figure 7.19 Electron transfer is enabled by changing the CdS NC environment in solution. (top) 

Spectroelectrochemical measurement of band edge potentials of CdS and ZnO nanocrystals 

before (a) and after (d) mixing. (middle) Modeled relative band-edge potentials of CdS 

(green) and ZnO (blue) with different ligand passivation: CdS-oleate (b) and CdS-TOPO (e). 

(bottom) Scheme illustrating CdS and ZnO NC band-edge positions based on modeling data 

presented in middle panels. 
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7.5 Summary 

We present a complex nanocrystal system, where we observed electron transfer from CdS 

to ZnO NCs despite unfavorable BEPs of NCs prior to mixing. We hypothesize that ET is enabled 

by changing the NC environment upon mixing. DFT modeling performed on CdS slabs with 

different ligand passivation revealed differences in the nature of nanocrystal-ligand bonding 

based on the potential, structure, and density of states analysis, explaining the experimental 

observations. We show bigger potential drop for slab/vacuum region in case of surface 

passivation of as-prepared CdS with oleate ligand compared to that with dodecylamine and 

tryoctylphosphine ligands present in the nanocrystal mixture with ZnO. Consistent trends are 

calculated for the two main facets of CdS nanocrystals. Modeling reveals how more covalent 

nature of slab-oleate bond dictates larger extent of electron sharing between slab and ligand, 

resulting in smaller slab-molecule distances, stronger binding energies, shift in Fermi level and 

change in band-edge potentials. A more electrostatic nature of CdS nanocrystal passivation with 

tryoctylphosphine oxide ligands or dodecylamine ligands present in the CdS/ZnO nanocrystal 

mixture yields a smaller total dipole in the system (in reference to bulk region of the NC slab), 

increasing the band-edge potential of CdS in comparison to the native oleate ligands. The 

developed computational approach opens an opportunity to predict, through modelling, effects 

of ligand-nanocrystal interactions on band edge potentials in complex nanomaterial systems. 
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CHAPTER 8: EMERGING APPLICATIONS OF THE COMPUTATIONAL 
FRAMEWORK FOR MODELING OF NANOCRYSTAL-LIGAND INTERACTIONS 

The computational framework described in this dissertation is potentially generalizable to 

any crystalline system with known exposed facets and surface passivation. This provides a 

unique opportunity to predict energetics and properties of a wide variety of materials to 

support and explain experimental evidence and even characterize properties that might be 

challenging to measure experimentally. For example, we started applying this framework to 

predict electron transfer behavior in CdSe/ZnO nanocrystal mixture, expand the library of 

surface molecules used to passivate the NCs, investigate surface passivation in diamond, 

nanocrystal-ligand interactions in bornite, and elpasolite stability. Chapter 8 presents results 

of these pilot projects and outlines the scope of potential applications. 

8.1 Electron transfer behavior in CdSe/ZnO nanocrystal system 

The developed computational framework was applied to characterize wurtzite CdSe-ligand 

properties and predict the effects of different ligands on NC band edge potential, structure, 

and binding energies in analogy to modeling performed for CdS (described in Chapter 7). CdSe 

slab was constructed from bulk wurtzite CdSe crystal (CIF file was obtained from Materials 

Project [https://next-gen.materialsproject.org]), and ligands were placed on 0001 facet (128). 

Simulated annealing was performed to optimize the structure. Even though CdS and CdSe are 

isostructural, replacing S with Se in the optimized CdS-ligand structure (to obtain CdSe-ligand) 

results in higher energies compared to simulated annealing approach on CdSe slab-ligand, 
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highlighting the need to construct and optimize each NC slab-ligand system starting with the 

reference bulk crystal structure. 

Potential offset was calculated for CdSe slab covered with oleate, HDA, or TOPO ligands 

(Figure 8.1). Similar to CdS results, a bigger potential offset is obtained with oleate ligand, 

consistent with experimental results (shown in Chapter 7): band edge potential of oleate-

covered nanocrystal was lower than that of HDA-, TOPO- covered nanocrystal measured by 

spectroelectrochemistry. 

 

Figure 8.1 Potential offset calculated for CdSe slab with different ligands. Potential offset for oleate-

covered CdSe slab is bigger than that for HDA-, and TOPO-covered slabs, predicting a lower 

band edge potential for oleate-covered nanocrystals. 
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8.2 Going beyond experimentally measured ligands: expanding library of surface 

molecules 

The developed computational framework allows to generalize the characterization of NC-

ligand interactions and predict the effects of inorganic ligands, such as chloride and fluoride, 

on nanocrystal electronic properties based on bonding nature between ligand and top atoms on 

NC surface. In Figure 8.2 we show how electronegativity difference (changing the nature of Cd-

ligand bond) affects potential drops allowing to tune band edge potential. Electronegativity 

increases from H to Cl to F, suggesting stronger bonding than in slab-oleate case. Stronger 

bonding results in better nanocrystal stabilization (bigger potential offset) and more efficient 

electron transfer to these materials. Also these results highlight the role of interfacial dipoles 

on determining total dipoles, since in these systems ligand dipole is 0. 

 

Figure 8.2 Predicting NC band edge potentials from modeling inorganic ligands. Planar average 

electrostatic potentials of CdS slabs with ligands H, Cl, and F are shown in comparison to 

slab-oleate for 0001 facet. 
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8.3 Effects of surface passivation on properties of diamond 

Diamonds with modified surfaces are promising materials for quantum network technologies 

(129). Changes in surface termination result in lower electron affinities and change band 

bending (130, 131). We applied our computational framework to examine the impact of 

diamond surface passivation with H, Be, Mg, Ca. We constructed diamond slabs passivated with 

H, Be, Mg, or Ca on one side and O on the opposite side (as a reference) and applied DFT 

modeling to predict band edge potential shifts emerging from each surface passivation motif 

(Figure 8.3). 

 

Figure 8.3 Modeling of diamond slab. Slab was passivated with O on the left side and H, Be, Ca, Mg, 

or O on the right (vacuum) side for calculation of potentials. Planar average potential is 

shown for diamond slab with different surface passivation. (left) Example structure of 

diamond passivated with O and Mg. O atoms are shown in red, Mg in orange, C in brown. 

(right). Example structure of diamond passivated with O and H. O atoms are shown in red, 

H in grey, C in brown. Different ligands yield different reconstruction of surface carbon 

atoms. 
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Ca-passivated surface featured the largest predicted band edge potential shift compared to 

the O-passivated reference; however, due to large size, Ca atoms had weaker surface binding 

energy, which would likely lead to an unstable interaction. H- and Mg-passivated slabs (2x1 

reconstruction) were determined to be most promising candidates for band edge potential 

tuning in diamond. 

8.4 Impact of ligands on phase stability 

The developed computational framework can also be applied to study the impact of ligands 

on phase stability. As a proof-of-principle, we examined the impact of nanocrystal-ligand 

interactions on stability of bornite (Cu2FeS2) and elpasolite (Cs2AgBiI6) structures. 

Bornite is a tunable material with properties depending on iron content (54). It has been 

experimentally observed that stability of bornite nanocrystals depends on the surface ligands 

used during synthesis. Thus, we modeled bornite Cu2FeS2 slab passivated with common ligands 

– oleylamine (OAM) or 1-dodecanethiol (DDT) – to computationally assess the effects of these 

ligands on bornite stability. DFT modeling shows significant reconstruction of the nanocrystal 

surface for both ligands compared to the bare reconstructed surface (Figure 8.4). Formation 

energy of OAM-passivated bornite (-225.6 eV) is substantially lower than that of DDT-passivated 

bornite (-217.2 eV), suggesting that bornite structure is more stable with OAM passivation. 

Iodide elpasolites are promising materials for optoelectronic applications (132). We apply 

our computational approach to characterize stability of Cs2AgBiI6 and show that in bulk this 

structure is not stable. However, Cs2AgBiI6 has been experimentally obtained as a nanomaterial, 

suggesting that ligands could play an important role in stabilization of elpasolite structure. Our 

calculations predict tetragonal structure to be more stable than cubic structure, consistent 
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with experimental data. Modeling of elpasolite tetragonal and cubic structures is shown in 

Figure 8.5. 

 

Figure 8.4 Modeling of bornite. (top) reconstructed bornite surface; (middle) bornite – DDT system; 

(bottom) bornite – OAM system. 

 

Figure 8.5 Modeling of elpasolite. Tetragonal and cubic structures are shown, with calculated 

formation energies indicated under each structure. Cs is shown in teal, Ag in grey. Large 

purple atoms are Bi, small purple atoms are I. 

tetragonal, -105.8 eV cubic, -105.6 eV
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To evaluate stability of elpasolite structure in bulk, formation energies for elpasolite and 

products of its decomposition were calculated (Table 8.1). Decomposition reaction is shown 

below: 

 

Table 8.1 Formation energies of elpasolite and its decomposition products 

Cs2AgBiI6 CsI Cs3Bi2I9 AgI 

-52.91134834 -3.53387154 -76.16248181 -19.29831521 

8.5 Summary 

Future applications of the developed computational framework could include a variety of 

complex nanocrystal-ligand systems due to its generalizability to potentially any crystalline 

structure with known facets and ligands. Here, we explore properties of several different 

materials and compare computational results to experimental evidence. We show that ligands 

could have a major effect on band edge potential of CdSe NCs, similar to that described for 

CdS NCs (in Chapter 7). We further show that inorganic ligands could provide an even greater 

stabilization of CdS NCs in comparison to organic ligands. Modeling confirms that surface 

modifications in diamond change its electronic structure and result in reconstruction of the top 

carbon layer. Finally, we explore stability of bornite and elpasolite structures and provide initial 

computational support to experimental observations. The proof-of-principle studies 

demonstrate the wide utility of the developed computational framework. 
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CHAPTER 9: DISSERTATION SUMMARY 

This dissertation aims to gain a better understanding of the effects of surface interactions 

on electronic properties of semiconductor nanocrystals, explore the emergence of 

supercapacitance, and examine the effects of band engineering on electron transfer in complex 

nanocrystal systems. To achieve this aim, this dissertation combines experimental methods for 

nanocrystal synthesis and characterization with a computational framework for modeling of the 

nanocrystal-ligand interfaces. Specifically, we develop and employ experimental and 

computational approaches to study electronic structures of colloidal Cu:ZnSe, PbS, CdS, CdSe, 

ZnO nanocrystals. Further, we explore emerging applications of the developed computational 

framework to expand the library of surface molecules used to passivate the NC, and investigate 

such systems as diamond surface passivation, nanocrystal-ligand interactions in bornite and 

chalcopyrite NCs, and elpasolite stability. 

We report synthetic procedure that yields successful doping of ZnSe NCs with large amounts 

of Cu and identify further parameters for procedure optimization. 

Spectroelectrochemical measurements of the band-edge potentials of colloidal PbS (d = 5.7 

nm) and CdS (d = 5.8 nm) NCs result – as anticipated from comparison of NC films and bulk 

materials – in values of band-edge potentials of colloidal NCs different from bulk and films. We 

confirm that for colloidal PbS NCs – in agreement with literature for films – the band-edge 

potential can be tuned by hundreds of mVs with simple ligand exchange treatments. This data 

supports the hypothesis that band-edge potentials of colloidal NCs differ from band-edge 
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potentials of NCs in films and bulk materials, because of the greater influence of dynamic 

surface chemistry. 

ZnO proves to be a versatile material for energy storage due to large capacity for electron 

accumulation. We have further observed an emergence of supercapacitance in ZnO nanocrystals 

upon electronic doping under the following conditions: aluminum doping, photodoping in the 

presence of LiEt3BH, non-spherical NC morphology, changes in supporting media. 

SpecEchem measurements of CdS NCs reveal that the conduction band of CdS is more 

positive than that of CdSe and ZnO, contrary to what is expected from bulk. Interestingly, we 

observe simultaneous electronic doping in mixtures of CdS and ZnO nanocrystals under CdS-

selective photochemical doping conditions, indicating that an electron transfer occurs from CdS 

to ZnO despite band edge potential of as-prepared CdS nanocrystals being lower than that of 

ZnO nanocrystals. This unique system has allowed us to study the effects of surface chemistry 

on properties of inter-NC electron transfer and Fermi level equilibration. A series of 

experiments has revealed that a shift in CdS band edge potentials happens upon mixing of ZnO 

and CdS nanocrystals due to change in total dipole caused by new ligands present in the 

mixture, thus enabling CdS-to-ZnO electron transfer. 

Modeling reveals how strong nanocrystal-ligand interaction dictates larger extent of 

electron sharing between slab and ligand, resulting in smaller slab-molecule distances, stronger 

binding energies, shift in Fermi level and change in band-edge potentials. These findings explain 

experimental results and open an opportunity to generalize modeling of this phenomenon. The 

developed computational framework can, thus, be employed to predict the effects of ligand-

nanocrystal interactions on nanocrystal properties and resulting behavior of complex 

nanomaterial systems. 
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Overall, this work provides new insights into properties of colloidal semiconductor 

nanocrystals with excess charge carriers and informs rational design and tuning of electronic 

properties for next-generation nanomaterials and applications. 
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Python code for data analysis 

import matplotlib.pyplot as plt 
import matplotlib.cbook as cbook 
 
import numpy as np 
import pandas as pd 
 
from scipy.signal import find_peaks 
from statistics import mean 
import os 
 
## assign directory 
directory = "C:\\Users\\annme\\Desktop\\potentials\\cds" 
output_dir = os.path.join(directory, "output") 
if not os.path.exists(output_dir): 
    os.makedirs(output_dir) 
 
# assign ligand names and plot colors 
# ligands must match labels in the data .csv files 
ligands = ['acid','dda','topo'] 
plot_colors = ['steelblue','lime','g'] 
 
# iterate over all files in directory 
for filename in os.listdir(directory): 
    f = os.path.join(directory, filename) 
    # checking if it is a .csv file 
    if os.path.isfile(f) and filename.endswith(".csv"): 
        print(filename) 
        # assign data_name using file name 
        data_name = filename.replace(".csv", "") 
        # read data into frame 
        frame = pd.read_csv(f) 
         
        # plot original data 
        fig, ax = plt.subplots() 
        # plot potential for each ligand vs distance 'd' 
        for lig in range(len(ligands)): 
            ligand = ligands[lig] 
            ax.plot(frame['d'], frame[ligand], color=plot_colors[lig], label=ligand)  
        plt.xlim(0,80) 
        ax.set_title(data_name) 
        ax.set_ylabel('planar average potential (eV)') 
        ax.set_xlabel('distance, (Bohr)') 
        plt.legend() 
        # save original data plot to [data_name]_orig.svg file 
        fig.savefig(os.path.join(output_dir,"{}_orig.svg".format(data_name))) 
         
        # create dataframe for measurements 
        init_val = np.zeros(len(ligands)) 
        metrics = {'orig_bulk':init_val, 'orig_vac':init_val,  
                   'adj_bulk':init_val, 'adj_vac':init_val,  
                   'pot_dif':init_val} 
        metrics_df = pd.DataFrame(metrics, index=ligands) 
        # define "bulk" region for peak finding 
        index_from = next(x for x, val in enumerate(frame['d']) if val>14) 
        index_to = next(x for x, val in enumerate(frame['d']) if val>35) 
        frame_mid = frame[index_from:index_to] 
        # fid peaks and vacuum - iterate through ligands 
        for lig in range(len(ligands)): 
            ligand = ligands[lig] 
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            # find peaks in the "bulk" region 
            peaks, _ = find_peaks(frame_mid[ligand]) 
            metrics_df.loc[ligand, 'orig_bulk'] = mean(frame_mid.iloc[peaks][ligand]) 
            # find flat "vacuum" region 
            grad = np.gradient(frame[ligand], frame['d']) 
            flat = np.where(abs(grad)<0.315)[0] 
            n = 0 
            vacuum = [] 
            for i in range(len(flat)-1): 
                if (flat[i+1]-flat[i]==1): 
                    vacuum.append(flat[i]) 
                    n = n+1 
                else:  
                    vacuum = [] 
                    n = 0 
                if n>15: break 
            metrics_df.loc[ligand, 'orig_vac'] = mean(frame.iloc[vacuum][ligand]) 
            # find [vacuum]-[peak] potential difference 
            metrics_df.loc[ligand, 'pot_dif'] = \ 
            metrics_df.loc[ligand, 'orig_vac'] - \ 
            metrics_df.loc[ligand, 'orig_bulk'] 
         
            # change index of peaks to match full range 
            peaks_mid = [x + index_from for x in peaks] 
            # add peak markers in the "bulk" region to plot 
            plt.plot(frame.iloc[peaks_mid]['d'], frame.iloc[peaks_mid][ligand], "x", color = 'r') 
            # add vacuum markers to plot 
            plt.plot(frame.iloc[vacuum]['d'], frame.iloc[vacuum][ligand], "x", color = 'black') 
         
        # save original data plot with marked "bulk" and "vacuum" regions 
        # to [data_name]_orig_x.svg file 
        fig.savefig(os.path.join(output_dir,"{}_orig_x.svg".format(data_name))) 
        # show plot for original data with marked "bulk" and "vacuum" regions 
        plt.show() 
         
        # normalize data to oleate ("acid") trace        
        peaks_o, _ = find_peaks(frame_mid['acid']) 
        peaks_o_mean = mean(frame_mid.iloc[peaks_o]['acid']) 
        for lig in range(len(ligands)): 
            ligand = ligands[lig] 
            peaks_atom, _ = find_peaks(frame_mid[ligand]) 
            peaks_atom_mean = mean(frame_mid.iloc[peaks_atom][ligand]) 
            frame[ligand] = frame[ligand] - peaks_atom_mean + peaks_o_mean 
         
        # plot data adjusted to oleate ("acid") trace 
        fig, ax = plt.subplots() 
        for lig in range(len(ligands)): 
            ligand = ligands[lig] 
            ax.plot(frame['d'], frame[ligand], color=plot_colors[lig], label=ligand)  
        plt.xlim(0,80) 
        ax.set_title(data_name) 
        ax.set_ylabel('planar average potential (eV)') 
        ax.set_xlabel('distance, (Bohr)') 
        plt.legend() 
         
        # define "bulk" and "vacuum" regions for peak finding in adjusted plots 
        index_from = next(x for x, val in enumerate(frame['d']) if val>14) 
        index_to = next(x for x, val in enumerate(frame['d']) if val>35) 
        frame_mid = frame[index_from:index_to] 
        for lig in range(len(ligands)): 
            ligand = ligands[lig] 
            # find peaks in the "adj-bulk" region 
            peaks_, _ = find_peaks(frame_mid[ligand]) 
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            metrics_df.loc[ligand, 'adj_bulk'] = mean(frame_mid.iloc[peaks_][ligand]) 
            # find flat "adj-vacuum" region 
            grad = np.gradient(frame[ligand], frame['d']) 
            flat = np.where(abs(grad)<0.315)[0] 
            n = 0 
            vacuum = [] 
            for i in range(len(flat)-1): 
                if (flat[i+1]-flat[i]==1): 
                    vacuum.append(flat[i]) 
                    n = n+1 
                else:  
                    vacuum = [] 
                    n = 0 
                if n>15: break 
            metrics_df.loc[ligand, 'adj_vac'] = mean(frame.iloc[vacuum][ligand]) 
         
            # change index of peaks to match full range 
            peaks_mid = [x + index_from for x in peaks_] 
         
        # save adjusted data plot to [data_name]_adj.svg file 
        fig.savefig(os.path.join(output_dir,"{}_adj.svg".format(data_name))) 
        # show plot for adjusted data 
        plt.show() 
         
        # print and save measurements to [data_name]_metrics.csv file 
        print(metrics_df) 
        metrics_df.to_csv(os.path.join(output_dir,"{}_metrics.csv".format(data_name))) 
 


