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An Insurance Market-Based Approach to Increase Integration of Renewables 
Nayara Aguiar, Ph.D. Candidate 

Department of Electrical Engineering 
College of Engineering 

 
Advisor: Vijay Gupta, Professor and Associate Chair of Graduate Studies, 

Department of Electrical Engineering 
 

Abstract 

Increasing renewable integration in the electricity grid has become a major social and policy goal, 

evident in the broad implementation of regulations specifying renewable targets. However, 

energy sources such as wind and solar are inherently intermittent, uncontrollable and 

unpredictable at various time scales. Therefore, while a higher participation of renewables in the 

electricity mix leads to positive effects, such as decreased pollution from fossil fuel-based 

generation, it also imposes challenges to the maintenance of a reliable grid structure. This 

research aims to identify how to achieve a grid that can deliver reliable on-demand electricity, 

while still increasing renewable participation. To that end, we propose the design of a new 

market structure, inspired by insurance markets, which aims to properly compensate flexible 

energy sources that can modify their production quickly to counterbalance renewable variability. 

In the insurance market designed, flexible sources offer to reserve energy to cover renewable 

shortages, while renewable generators purchase the right to request use of that reserve if 

needed. We focus on natural gas power plants and storage as flexible sources of interest. We use 

an interdisciplinary approach which combines tools from engineering and economics to create a 

mathematical model for the newly-designed market, solve for the optimal usage of renewable 

and flexible sources, and validate the analysis through numerical simulations. We show that the 

design proposed (i) provides adequate payments both for renewables and for flexible sources, in 

that participating in the insurance market does not negatively impact their expected profit, (ii) 

helps improving grid reliability by decreasing the probability of shortage of renewable plants, (iii) 

incentivizes renewables to increase their participation in the market, leading to a higher share of 

renewable energy in the electricity mix. 
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Size-Dependent Stokes Shifts in CsPbBr3 Nanocrystals 
Mike Brennan, Ph.D. Candidate 

Department of Chemistry and Biochemistry 
College of Science 

 
Advisor: Masaru (Ken) Kuno, Professor, Department of Chemistry and 

Biochemistry 
 

Abstract 
The origin of the size-dependent Stokes shift in CsPbBr3 nanocrystals (NCs) is explained for the 
first time. Stokes shifts range from 82 to 20 meV for NCs with effective edge lengths varying from 
∼4 to 13 nm. We show that the Stokes shift is intrinsic to the NC electronic structure and does 
not arise from extrinsic effects such as residual ensemble size distributions, impurities, or solvent-
related effects. The origin of the Stokes shift is elucidated via first-principles calculations. 
Corresponding theoretical modeling of the CsPbBr3 NC density of states and band structure 
reveals the existence of an intrinsic confined hole state 260 to 70 meV above the valence band 
edge state for NCs with edge lengths from ∼2 to 5 nm. A size-dependent Stokes shift is therefore 
predicted and is in quantitative agreement with the experimental data. Comparison between 
bulk and NC calculations shows that the confined hole state is exclusive to NCs. At a broader level, 
the distinction between absorbing and emitting states in CsPbBr3 is likely a general feature of 
other halide perovskite NCs and can be tuned via NC size to enhance applications involving these 
materials. 
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Nanoparticle Hybrid Systems for Determining Excited State Interactions in 
CsPbBr3 Perovskite Quantum Dots 

Jeffrey DuBose, Ph.D. Candidate 
Department of Chemistry and Biochemistry 

College of Science 
 

Advisor: Prashant Kamat, Rev. John A. Zahm Professor of Science, Department of 
Chemistry and Biochemistry and Radiation Laboratory 

Concurrent Professor, Department of Chemical and Biomolecular Engineering 
 

Abstract 
The record for highest light conversion efficiency of the perovskite material CsPbX3 in quantum 
dot solar cells arises from its excellent light absorption abilities and carrier transport properties. 
In these nanoparticle-based systems it is important to capture energy or charge carriers from the 
absorbing material (perovskite) and transfer it to an acceptor nanomaterial, such that charges 
can be extracted efficiently. However, two potential mechanisms of interaction between the 
absorber and acceptor exist in nanomaterial systems: electron transfer (ET) and resonant energy 
transfer (RET). Determining which pathway is present in these systems is crucial for tailoring the 
design of light energy harvesting systems. Herein, we report on the design of CsPbX3 (perovskite) 
/ CdSe (acceptor) hybrid systems as a platform to investigate the transfer mechanisms occurring 
in these quantum dot solar cell platforms. Excited state interactions probed through transient 
absorption indicate transfer of excitation energy as evidenced by a lowering of charge carrier 
lifetime. Photoluminescence excitation spectra of the hybrid films point toward the presence of 
RET. In order to distinguish between ET and RET mechanisms, surface modifications of the 
acceptor CdSe have been carried out to create barrier to ET, thus allowing for the selective 
probing of RET. 
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Elucidating Effects of Pattern Geometry on Ion Transport through Charge 
Patterned Membranes 

Feng Gao, Ph.D. Candidate 
Department of Chemical and Biomolecular Engineering 

College of Engineering 
 

Advisor: William Phillip, Associate Professor, Department of Chemical and 
Biochemical Engineering 

 
Abstract 

Charge mosaic membranes consist of cationic and anionic domains that traverse the membrane 
thickness. Due to their mosaic structure, these membranes are capable of transporting ionic 
solutes more rapidly than neutral particles of comparable or smaller sizes. To date, few charge 
mosaic membranes have been fabricated successfully and as a result, efforts to prepare such a 
membrane with high permselectivity are lagging. We recently developed an inkjet printing 
process that enables the ready fabrication of charge mosaic membranes with controlled patterns 
of varying surface chemistries. This unique capability was utilized to develop a fundamental 
understanding of the transport phenomena and membrane-solute interactions that result in the 
novel properties of charge mosaic membranes. 
 

Parent nanofiltration membranes based on a poly(acrylonitrile-co-[oligo(ethylene glycol) methyl 
ether methacrylate]-co-[3-azido-2-hydroxypropylmethacrylate]) [P(AN-OEGMA-AHPMA)] 
copolymer were prepared. These parent membranes possess pore walls lined by reactive azido 
moieties that made them amenable to post-synthetic modification via a printing device. Charge 
patterning was accomplished by deposition of alkynyl-terminated reactants on the surface of 
azido-functionalized parent membranes to form equal areas of cationic and anionic domains via 
the copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) reaction mechanism. By varying the 
pattern geometry (striped, cubically-packed, hexagonally-packed domains) and characteristic 
domain size (300μm, 600μm, 900μm), a series of charge mosaic membranes with varied values 
of the interfacial packing density were generated; where the interfacial packing density is defined 
as the total length of the border between oppositely charged domains in a unit area. Single solute 
rejection experiments showed that the mosaic membranes with higher interfacial packing 
density values were able to facilitate the transport of ionic solutes more effectively. Specifically, 
the enrichment of potassium chloride (KCl) increased from 17% to 56% when the membrane 
packing density increased threefold. This result revealed the role of electrostatic interactions 
near the interfacial region between the oppositely charged domains in governing the coupled ion 
transport. The role of these interactions and their impact on the transport mechanism through 
charge mosaic membranes was further investigated by examining the permeation of asymmetric 
electrolytes (i.e., K2SO4, MgCl2) through patterned membranes with asymmetric coverage of 
cationic exchange domains (i.e. 33.3%, 66.7%). The fundamental knowledge developed by 
studying charge patterned membranes with controlled interfacial packing densities and areal 
coverages of the charge-functionalized domains will enable further development of charge 
mosaic membranes that can be deployed in the many established and emerging technologies 
where the selective transport of ionic solutes is of critical importance.  
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Quantifying wind energy resources in Saudi Arabia based on high-resolution 
numerical weather model simulations 

Paolo Giani, Ph.D. Candidate 
Department of Civil and Environmental Engineering and Earth Sciences 

College of Engineering 
 

Advisor: Paola Crippa, Melchor Assistant Professor, Department of Civil and 
Environmental Engineering and Earth Sciences 

 

Abstract 
Saudi Arabia’s energy portfolio has historically been dominated by fossil fuels due to their 
abundance in the country. However, the country is currently investing significant research efforts 
for the development of technologies to harness alternative, renewable energy sources to meet 
the increasing demands resulting from Saudi Arabia’s economic growth and population increase 
expected over the next decades. Recent studies, based on coarse climate model simulations and 
in-situ measurements, have indicated that wind resources are naturally abundant in Saudi Arabia, 
especially in its mountain and coastal regions. These resources could thus significantly contribute 
to the diversification of the country’s energy portfolio. 
  
Here, we provide a foundational assessment of wind resources that will serve as a guide for the 
deployment of wind-energy generation infrastructures. We calculate the technical and economic 
wind power potentials and identify optimal wind farm locations based on a novel ensemble of 
four-year long high-resolution simulations of the Weather and Research Forecasting model. 
Multiple operational turbine settings from different industrial manufacturers are exploited to 
convert wind fields into wind power potential. The sensitivity of our wind potential assessment 
on turbine technology, hub heights and land use are also explored. Finally, we provide a first 
economic potential estimate by accounting for the road and transmission costs to connect to the 
site as well as turbine and tower installation costs. 
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Synthesis and Characterization of Neptunium Metal-Organic Frameworks 
Sara Gilson, Ph.D. Candidate 

Department of Chemistry and Biochemistry 
College of Science 

 
Advisor: Peter Burns, Henry Massman Professor, Department of Civil and 

Environmental Engineering and Earth Sciences; Concurrent Professor, Chemistry 
and Biochemistry; Director, Center for Sustainable Energy at Notre Dame (ND 

Energy); Director, NNSA Actinide Center of Excellence (ACE) 
 

Abstract 
Development of advanced nuclear fuel cycles has prompted the need for enhanced 
understanding of the fundamental chemistry of actinide elements. Actinide-bearing metal-
organic frameworks (MOFs) are ideal for this aim because of their highly-ordered, crystalline, and 
porous properties that allow for intensive structural and chemical analysis. Herein, we report the 
synthesis, structure, and characterization of the first Np(V) metal-organic framework 
[C34O8H18]3F6(H2O)18(NpO2)18, designated NNS1. The structure consists of unprecedented 
discrete, wheel-shaped clusters of neptunyl polyhedra joined together through actinyl-actinyl 
interactions (AAIs) stabilized by tetratopic, organic linkers. The overall topology of the MOF is 
shp. Crystallographic data reveal a microporous framework with pore window diameters of 
approximately 1.5 nm. Additionally, the Np-Oyl bond lengths of one of the two 
crystallographically-unique neptunyl cations are 1.77(3) Å and 1.94(3) Å, indicating significant 
distortion in the structure. Structural interrogation by Raman spectroscopy demonstrated 
activation of the asymmetric stretch of the neptunyl Np(V)O2+ cations. Further structural 
elucidation by thermogravimetric analysis (TGA) revealed no evolution of solvent guest 
molecules from the pores of the framework upon heating to 900°C. 
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Electrodeposition of Magnesium for Beyond Lithium Ion Battery Applications 
Laura Merrill, Ph.D. Candidate 

Department of Chemical and Biomolecular Engineering 
College of Engineering 

 
Advisor: Jennifer Schaefer, Assistant Professor, Department of Chemical and 

Biomolecular Engineering 
 

Abstract 
The increased use of portable electronics and electric vehicles has led demands for improved 
battery performance. The use of metallic anodes is a pathway to meet this demand. Unlike 
lithium ion batteries, which use an intercalation material for the electrodes, metallic anodes are 
entirely composed of active material. Therefore, the theoretical energy density of the battery is 
inherently greater. Magnesium metal is an attractive option due to its widespread abundance, 
increased safety (compared to metallic lithium), and high theoretical volumetric capacity (3833 
mAh/cm3 versus 2062 mAh/cm3 for lithium). However, magnesium metal suffers from low 
electrodeposition/dissolution (charging/discharging) reversibility at the anode due to the 
formation of a passivating surface layer at the magnesium surface. Only specific salt and solvent 
combinations have been found to enable reversible magnesium electrodeposition behavior, 
most of which are based in tetrahydrofuran. Herein, we report on the use of sulfone-ether 
solvent mixtures to improve the thermal stability of the electrolyte while maintaining 
reversibility. The deposition morphology is studied with and without the addition of a sulfone 
species. It is found that the addition of the sulfone can create an adsorption layer on the surface 
of the metal, which in turn can lead to electrically isolated deposition morphologies. We also 
report on the use of polymer matrices to create a protecting layer on the magnesium metal. This 
layer has shown to lessen the extent of decomposition on the magnesium surface in the presence 
of quasi-reversible electrolytes. 
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Intercalation of uranyl peroxide nanoclusters into pillared synthetic layered 
double hydroxides 

Samuel N. Perry, Ph.D. Candidate 
Department of Civil and Environmental Engineering and Earth Sciences 

College of Engineering 
 

Advisor: Peter Burns, Henry Massman Professor, Department of Civil and 
Environmental Engineering and Earth Sciences; Concurrent Professor, Chemistry 

and Biochemistry; Director, Center for Sustainable Energy at Notre Dame (ND 
Energy); Director, NNSA Actinide Center of Excellence (ACE) 

 
Abstract 

Dissolved uranium can self-assemble as a subclass of hollow polyoxometalate (POM) cages in 
alkaline, aqueous solutions containing peroxide. These POMs can be relatively large, possibly 
exceeding 3 nm in diameter, and composed of uranyl polyhedra connected by peroxide and 
hydroxide bridges equatorially coordinated to the dioxo (UO2)2+ ion.1 The very high aqueous 
solubility2, relatively inert exterior of the cages, and aqueous stability of these nanoclusters has 
led to increased interest in relation to the nuclear fuel cycle3. Layered double hydroxides (LDHs) 
are compounds with brucite-like sheets composed of divalent and trivalent cations separated by 
an interlayer of water and oxyanions4. Recent work has been done on capturing transition metal 
POMs into the expandable interlayer of synthetic LDHs5. Intercalation of uranyl peroxide 
nanoclusters into LDHs potentially allows for novel applications in the nuclear fuel cycle and for 
basic science research into the properties of uranyl peroxide nanoclusters. 
 

Magnesium-aluminum LDHs pillared with dodecyl sulfate (MgAl-DS) have been prepared and 
reacted with several different nanoclusters in aqueous solution. After reaction, the LDHs were 
collected and characterized with powder X-ray diffraction (PXRD) to measure the d-spacing of 
the gallery and crystallinity of the LDH. Raman spectroscopy noted the presence of uranyl 
peroxide nanoclusters. Inductively coupled plasma optical emission spectroscopy (ICP-OES) was 
used to determine the cation concentrations in the final solids and removal of U from the 
supernatant.  
 

Two configurations of MgAl-DS were synthesized, with (001) heights of ~3.8 and 2.6 nm 
respectively. The former clay was rendered amorphous during the aqueous reaction but showed 
greater U uptake in the solids and U removal from the supernatant than the latter LDH. Blue shifts 
in the reaction products of the 3.8 nm MgAl-DS and dissolved 
Li36Na12[(UO2)24(O2)24(P2O7)12]·118H2O may indicate interaction between the cation sheets 
and the externally exposed oxygen atoms of the nanocluster. The 2.6 nm MgAl-DS remained 
crystalline after reaction but showed minimal U removal from the aqueous solution. 
 
1 J. Qiu, J. & P.C. Burns. (2012) Chem. Rev. 113: 1097-1120. 
2 K.M. Peruski et al. (2017). Inorg. Chem. 56: 1333-1339. 
3. E.M. Wylie et al. (2016). J. of Nucl. Mater. 473, 125-130.  
4 S.J. Mills et al. (2012) Mineral. Mag. 76: 1289-1336. 
5 T. Li et al. (2017) Catalysts. 7: 260. 
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Phase Behavior of Ionic Liquid Crystals for Applications in Anisotropic Battery 
Electrolytes 

Michael Quevillon, Ph.D. Candidate 
Department of Chemical and Biomolecular Engineering 

College of Engineering 
 

Advisor: Jonathan Whitmer, Assistant Professor, Department of Chemical and 
Biomolecular Engineering 

 

Abstract 

Ionic liquid crystals exist at the intersection of ionic liquids and liquid crystals; properties from 

both classes of materials can be utilized in various applications, from nonlinear optical and 

photonic devices to dye-sensitized solar cells. One intriguing use has been suggested where the 

ionic liquid crystals act as anisotropic battery electrolytes, where the liquid crystalline order 

provides global structure and the ionic liquid character provides a medium through which charge 

transport is facilitated. The ionic liquid crystals in question have bulky ionic groups and mesogenic 

“tails” with little or no effective charge, qualitatively similar to charged surfactants. This class of 

materials is relatively unprobed experimentally, as many are nontrivial to synthesize. We 

leverage atomistic molecular dynamics simulations of these systems as a preliminary way to 

study their phase behavior, utilizing replica exchange methods to pinpoint and elucidate the 

observed phase transitions. 
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Flexible Aerosol Jet Printed High-Performance Thermoelectric Films via Rapid 

and Versatile Photonic Sintering 

Mortaza Saeidi-Javash, Ph.D. Candidate 

Department of Aerospace and Mechanical Engineering 

College of Engineering 

 

Advisor: Yanliang Zhang, Assistant Professor, Department of Aerospace and 

Mechanical Engineering 
 

Abstract 

Additive printing is a promising method to fabricate flexible and low-cost thermoelectric devices 

using high-performance colloidal nanocrystals. Sintering is an important step in colloidal 

nanoparticle based printing, in order to remove the surfactant and transform the nanoparticles 

into a dense structure to facilitate charge carrier transport. However, most of the best-

performing TE materials require high sintering temperature above 400 °C for hours, suggesting 

that conventional thermal sintering faces very limited substrate choices.  

In this work, we demonstrate for the first time the aerosol jet printing combined with intense 

pulsed light (IPL) sintering to transform colloidal TE nanoparticles into high-performance and 

flexible thermoelectric films. This paves the way for roll-to-roll fabrication of printed TE 

generators with high power density on a large variety of low temperature substrates. The IPL 

sintering is an ultrafast thermal exposure sintering method using a xenon flash lamp to deliver a 

high-intensity and short-duration pulsed light to the printed nanoparticles. By controlling the 

pulse intensity and duration, the IPL sintering can effectively sinter the printed nanoparticles 

without overheating or damaging low-temperature substrates. 

We printed n-type bismuth telluride based TE films on flexible substrates such as kapton and PET 

and sintered the films by IPL. The sintering parameters were optimized in order to achieve the 

highest electrical conductivity and maximum thermoelectric power factor. The electrical 

conductivity of the flexible films is dramatically improved from non-conductive to 2.7×104 S/m, 

which results in a very high power factor of 730 μW/mK2 at room temperature. The aerosol jet 

printing and IPL sintering process is fully roll-to-roll compatible, thus providing a highly-scalable 

and low-cost manufacturing method to fabricate flexible TE devices for broad energy harvesting 

and cooling applications. 
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Interfacial Charge Transfer between Excited CsPbBr3 Nanocrystals and TiO2: 

Charge Injection versus Photodegradation 

Rebecca Scheidt, Ph.D. Candidate 

Department of Chemistry and Biochemistry 

College of Science 

 

Advisor: Prashant Kamat, Rev. John A. Zahm Professor of Science, Department of 

Chemistry and Biochemistry and Radiation Laboratory 

Concurrent Professor, Department of Chemical and Biomolecular Engineering 
 

Abstract 

Record-breaking efficiency achieved with quantum dot solar cells made of perovskite 

nanocrystals demands understanding of the excited-state interactions between perovskite 

nanocrystals and metal oxide electron transport layers. The interfacial electron transfer between 

excited CsPbBr3 perovskite nanocrystals and metal oxides (TiO2, SnO2, and ZnO) was elucidated 

using transient absorption spectroscopy and found to occur with a rate constant in the range of 

2−4 × 1010 s−1. In an inert atmosphere, back electron transfer helps to maintain the stability of 

the perovskite nanocrystals. However, the presence of oxygen introduces instability as it 

scavenges away transferred electrons from the electron-transporting metal oxide, leaving behind 

holes to accumulate at CsPbBr3 nanocrystals, which in turn induce anodic corrosion. X-ray 

photoelectron spectroscopy measurements have enabled us to identify PbO as the major 

photodegraded product. The importance of the surrounding atmosphere and the supporting 

metal oxide in governing the stability of perovskite nanocrystals is discussed. 
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An investigation of the effect of urine compounds on electrochemical oxidation 

of urea using a nanostructured nickel cobaltite catalyst 

Andrew Schranck, Ph.D. Candidate 

Department of Civil and Environmental Engineering and Earth Sciences 

College of Engineering 

 

Advisor: Kyle Doudrick, Assistant Professor, Department of Civil and 

Environmental Engineering and Earth Sciences 
 

Abstract 

The effect of urine components on urea electrooxidation using a nickel cobaltite (NiCo2O4) 

electrode in alkaline conditions is presented. Comparison of nickel, cobalt, and nickel cobaltite 

nanostructures on a carbon paper substrate showed NiCo2O4 had the lowest oxidation onset 

potential (Eonset) and optimum current density (J). These results confirmed the ability of cobalt, 

which is not active for urea electrooxidation, to improve the electroactivity of a NiO electrode. 

An investigation into electrode substrate selection revealed carbon paper to be a superior 

material over fluorine doped tin oxide and stainless steel based on geometric electrode area and 

two benchmarking values: (1) potential at 500 μA/cm2 (E500) and (2) J at 0.65 V (J0.65). The 

interwoven matrix of the carbon paper promoted greater nanostructured surface area during the 

hydrothermal synthesis employed. The benchmark data revealed significant impairment for urea 

electrooxidation in synthetic urine compared to aqueous urea only. In synthetic urine, 

phosphate, creatinine, and gelatin had the most detrimental impact on electrochemical 

performance. Further investigation into the binding mechanisms between NiCo2O4 and these 

components was performed using in-situ vibrational spectroscopy. Urea did not strongly interact 

with the catalyst at pH 13.8, instead interacting through hydrogen bonding or long-range forces. 

The strong interactions of creatinine with NiCo2O4 suggested creatinine blocks urea from 

interacting with the catalyst when both species are present. While phosphate does not strongly 

interact with NiCo2O4, it may interfere with urea oxidation by either serving as a receptor for 

urea hydrogen bonding instead of NiCo2O4 or blocking urea from interacting with the NiCo2O4 

surface. While these nanostructured NiCo2O4 electrodes show promise for electrolytic urine 

treatment, minimizing the detrimental effects of the major urine components through improved 

materials design will be key to achieving economical performance. With continued development, 

electrolytic cells can be an attractive option for sustainably treating source-separated urine while 

simultaneously producing hydrogen. 
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