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Abstract 

Complex metal oxides are important nanomaterials for catalysis, energy storage, and water 

purification. These nanomaterials are being rapidly incorporated into numerous commercial 

products, however, the potential impact to the environment upon improper disposal is still 

unknown. A commonly overlooked and largely unknown aspect of assessing the environmental 

and biological safety of engineered nanomaterials is their transformation in aqueous systems.  We 

present a comprehensive analysis of the interaction of an environmentally relevant oxyanion, 

phosphate, with a complex metal oxide nanomaterial, lithium cobalt oxide (LiCoO2), through the 

implementation of complementary in situ analytical techniques to probe the reactions occurring at 

the nanoparticle-liquid interface. Attenuated total reflectance – FTIR (ATR-FTIR) experiments 

confirm irreversible adsorption of phosphate to LiCoO2 in a predominantly deprotonated geometry 

on the surface. Using laser doppler microelectrophoresis, dynamic light scattering, and UV-visible 

spectroscopy, we show that adsorption of phosphate at environmentally relevant concentrations on 

LiCoO2 nanoparticles significantly alters their surface charge, and therefore dispersibility in 

solution. The adsorbed phosphate remains on the surface over significant periods of time, 

suggesting that desorption is not kinetically favored. Potential implications of this interaction may 

be increased dispersibility and bioavailability of these materials in environmental water systems.  
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Additional studies present a thermodynamic analysis of phosphate adsorption to LiCoO2 

and corroborate the results with additional in situ techniques, including zeta potential 

measurements and ATR−FTIR spectroscopy, at pH values relevant to potential environmental 

release scenarios. Flow microcalorimetry measurements of phosphate interaction with LiCoO2 at 

pH 7.4 show that there are two distinct exothermic processes taking place. Time-sequence in situ 

ATR−FTIR with two-dimensional correlation analysis reveals the spectroscopic signatures of 

these processes. We interpret the data as an interaction of phosphate with LiCoO2 that occurs 

through the release of two water molecules and is therefore, best described as a condensation 

process rather than a simple adsorption, consistent with prior studies, demonstrating that phosphate 

interaction with LiCoO2 is highly irreversible. Additional measurements for over longer times of 

5 months show that phosphate adsorption terminates with one surface layer and that continued 

transformation over longer periods of time arises from H+/Li+ exchange and slow transformation 

to a cobalt hydroxide, with phosphate adsorbed to the surface only. To the best of our knowledge, 

this is the first time that flow microcalorimetry and two-dimensional correlation analysis have been 

applied in tandem to clarify the specific chemical reactions that occur at the interface of solids and 

adsorbates. 

 These studies highlight the power of using multiple in situ techniques in tandem to tackle 

complex research questions at the nanoparticle-liquid interface, and have opened the door to 

studies involving more complex systems. Organic molecules, such as small organic acids and 

natural organic matter are present in environmental water systems, and have the potential to 

interact competitively with phosphate and other molecules for adsorption to the surface of LiCoO2. 

We show that the impact of small organic acids on adsorption to, and dissolution of LiCoO2 is 

controlled at least partially by the hydrophobicity and/or steric hinderance of the molecule. X-ray 
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photoelectron spectroscopy elucidates the competitive interaction between lactic acid and 

phosphate with the LiCoO2 surface, where the presence of lactic acid results in less coverage of 

phosphate on the particles.  

Through the development and use of complementary in situ methodologies, we have 

enabled the exploration of the competitive interactions of a variety of environmentally relevant 

molecules with LiCoO2. The analytical toolkit established in this work can used to build up 

complexity of model environment systems in a systematic and controlled manner to enable the 

elucidation of the important factors that control the transformation, and therefore fate and 

transport, of this class of materials. 
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Chapter I. An introduction for non-scientists: Lithium cobalt oxide nanoparticles and how 

they interact with phosphate molecules 

This chapter is accessible to the public through the Wisconsin Initiative for Science Literacy 

(WISL). 

I.0. Context. 

 Throughout my training in graduate school, I have become increasingly fascinated by the 

way that we communicate science. One of the most important goals of science and research is to 

protect and improve the lives of everyone. Science belongs to all of us, and yet, it is not always 

perceived this way. Scientists can be viewed as elite, untouchable, and our work is often shrouded 

from the public eye. Even when the public has access to the work, it is often filled with jargon and 

technical terms, making it entirely inaccessible. This not only is unfair to the public, but it is also 

a failure of our responsibility as scientists. I believe the mark of a truly good scientist is being able 

to not only do good science, but be able to boil it down to the most important information, and 

explain the core of the work in a way that is accessible to anyone. Doing this well is sometimes 

harder than doing the work itself. As a scientist, you must truly understand your work to be able 

to communicate it effectively and generally. It is a skill that is important to develop, and the only 

way to do so is to practice. I’m grateful to the Wisconsin Initiative for Science Literacy at UW-

Madison for providing this platform for researchers at our institution, and for sponsoring and 

supporting the creation of this chapter. 

I.1. Introduction to nanomaterials. 

 In 1959, physicist Dr. Richard Feynman delivered a lecture entitled “There’s Plenty of 

Room at the Bottom.” In Feynman’s lecture, he posed the question, “what if you could fit the entire 

Encyclopedia Britannica on the head of a pin?” He painted a picture of a world where you could 
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“swallow the surgeon,” “arrange atoms the way we want.” While at the time, the speech felt more 

like science fiction than science itself, many of his predictions are well on their way to becoming 

reality.  

 The core message of Feynman’s lecture was the idea that there is a whole world of science 

and technology yet to be discovered, that we could access by zooming in, or looking down. Many 

credit this lecture with sparking the field of nanotechnology, though the field did not truly take off 

until the 1980s. 

 What is nanotechnology? Simply put, nanotechnology is the study of nanomaterials that 

have a technologically relevant function. Nanomaterials, as the name suggests, are very, very small 

materials. These materials can be technologically useful, because the properties of many materials 

change when you shrink them down to the nanoscale. 

 Just how small are we talking, you may be wondering. One nanometer is one billionth of a 

meter (a meter is just about the same as one yard, or 3 feet long). Figure I.1 illustrates what a 

nanometer is with respect to some other materials. Note that one nanometer is smaller than a single 

cell - bacteria cells can be about 1,000 nm long, with human cells being larger at around 10,000 

nm long. A period at the end of a sentence in 12-point type is about one million nanometers long, 

and a tennis ball is around one hundred million nanometers long. Something this size is really hard 

to conceptualize, but the important thing to know is that nanomaterials are really, really small.   
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Figure I.1. Scale of different objects in nanometers. Image from WikiCommons. 

 

 When you take a bulk material and shrink it to the nanoscale, the properties of that material 

start to change. Take gold nanoparticles for instance. Nanoparticles of gold can be suspended in 

water, meaning that they are so small they can essentially “float” in water. An example of this in 

everyday life is muddy water – the dirt is suspended in the water, and so the water appears to be 

brown. When gold nanoparticles are suspended in water, the water appears red. Figure I.2 shows 

suspensions of gold nanoparticles in vials, where the larger the particle size, the darker the red 

color. This is unlike bulk gold, which has a color we are all familiar with. The color changes 

because on the nanoscale, the gold interacts differently with light. Below each vial in Figure I.2 is 

a microscopy image of the gold nanoparticles.  
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 Another example of how the optical properties of nanomaterials is different from the 

properties of the bulk material is illustrated in Figure I.3. Thin films of silicon dioxide (SiO2, or 

quartz), have very different visible colors depending on their thickness in the nanometer-range. 

The 300 nm thick film of quartz is a vibrant purple, while the 200 nm film is a sunny yellow. Both 

are vastly different from the bulk crystal, shown on the right. 

 

Figure I.2. Top: vials of gold nanoparticle suspensions. Image from Shopify. Bottom: 

microscopy images of the nanoparticles that are in each suspension. Image from Sigma Aldrich. 

 

Figure I.3. 300 nm of quartz is purple (left) while 200 nm is yellow (middle). Bulk quartz crystal is 

transparent. Image from WikiCommons. 
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 The color of a material is just one example of a property that changes on the nanoscale. 

One reason that nanomaterials have different properties than their bulk counterparts has to do with 

the surface area to volume ratio of the atoms in the material. As you take a material and shrink it 

down, there is a higher percentage of the total atoms in the material that are at the surface. We can 

consider Rubik’s cubes of different sizes to understand how this works. Figure I.4 shows four 

different sizes of Rubik’s cubes. The volume of a 5 by 5 by 5 Rubik’s cube is 125 units cubed 

(length times width times height) and the surface area is 150 units squared (area of each face of 

the cube, 5 times 5, multiplied by the number of faces, 6). Therefore the surface area to volume 

ratio is 1.2.  

 

 If we shrink this cube down, by the time we have a 2 by 2 by 2 cube, we now have a surface 

area of 24 units squared, and a volume of 8 units cubes. Our surface area to volume ratio is now 

3, which is much higher than the 5 by 5 by 5 cube. The reason this is important for materials is 

 

Figure I.4. Illustrating the surface area to volume ratio using Rubik’s cubes. Images from 

Rubik’s. 
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that surface atoms are often more reactive. The more atoms at the surface, or the higher the surface 

area to volume ratio, the more reactive a material can be.  

I.2. Introduction to sustainable nanotechnology. 

 Because nanomaterials have such interesting properties, researchers have been using them 

to create new technologies. One example of this is a particular kind of nanoparticle called quantum 

dots, which can have vibrant and varied colors. These types of nanoparticles are being used in 

tablet and television screens, such as QLED TVs. Scientists are also researching how 

nanomaterials can be used to advance science, energy storage, solar panels, and much more. 

 But because there is still a lot that we don’t know about nanomaterials, a lot of scientists 

have dedicated their studies to understanding the potential environmental and biological impacts 

of nanomaterials. My research is part of the Center for Sustainable Nanotechnology (CSN), funded 

by the National Science Foundation, which is a collaborative network of scientists from many 

fields dedicated to understanding the fundamental chemistry behind how nanomaterials interact 

with biological and environmental systems. Some of our scientists study how nanoparticles and 

bacterial cells interact – Figure 5 shows an electron microscopy image of gold nanoparticles at the 

cell wall of a bacterium.1  

Figure I.5. An electron microscopy image of gold nanoparticles near the surface of a bacterium. 

Adapted from Reference 1. 
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 We also have scientists studying nanomaterials for sustainable agriculture, where we’ve 

shown that copper containing nanomaterials can help fend off fungal disease on watermelon 

plants.2 My thesis research is a part of the CSN, where I have spent five years in graduate school 

researching how a particular nanomaterial called lithium cobalt oxide interacts with model 

(simplified) environmental waters, which I will explain in more detail below. 

I.3. What is lithium cobalt oxide, and why do we care about it? 

 Lithium cobalt oxide (LCO) is a very important material in all of our lives. It is a material 

that is used in lithium-ion batteries (LIBs), which are the most common type of rechargeable 

batteries. LIBs are in our cellphones, laptops, Nintendo Switch systems, and more; most things that 

you plug in to recharge are not only LIBs, they also contain LCO or a related material. 

 LIBs have three main components; the anode, the cathode, and the electrolyte, as shown in 

Figure I.6.3 LIBs operate by shuttling lithium ions between the anode and cathode through the 

electrolyte. The electrolyte is a combination of a solvent and a salt that are able to solvate the 

lithium ions. This solvation is effectively like providing a boat for the lithium ions to travel through 

the liquid from the anode to the cathode. For each lithium ion that is transferred, an electron can 

move through a circuit, which generates electricity. A common anode material is graphite, which 

is a layered version of carbon (the same thing that is used in pencils). LCO is a popular choice as 

a cathode material, as it consists of layers of oxygen and metal atoms, with lithium “intercalated” 

in between the layers. What that means is that the lithium ions are able to be very mobile, which 

is a good quality for a battery cathode, since the function of the battery relies on those lithium ions 

being able to move easily from anode to cathode, and vice versa. The structure of LCO makes the 

movement of lithium ions easier, by providing a straight, short path for them to follow to get to 

the “boat” (electrolyte) and travel to the anode. 
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 It’s undeniable that these materials are ubiquitous in our every-day life. Many of us have 

cell phones, laptops, rechargeable wireless headphones, portable gaming systems – almost 

everything you use that you plug in to charge at night uses a battery like this. LIBs are being used 

in electric vehicles, the production and use of which is on the rise. In just one of these vehicles, 

there are tens of kilograms of cathode material. With no federally instated infrastructure for 

recycling these materials, and low economic incentive to do so, it is inevitable that these materials 

will be improperly disposed of and end up in landfills and potentially our environment. For these 

reasons, researchers like me in the CSN are working to understand what the impacts of these 

materials like LCO may be on the environment. 

I.4. How does lithium cobalt oxide interact with the environment? 

 “The environment” is a very complex system, and it is an oversimplification to lump it all 

into one category. For the sake of this chapter, the environment that I am considering is surface 

waters, like those of lakes or rivers. Cathode materials being disposed of may end up in these 

systems through a variety of pathways. Cathode materials like LCO function well in their intended 

systems – batteries – which require a very specific chemical environment to operate. These 

materials are not designed to be in water, and until recently, we did not know what would happen 

 

Figure I.6. Schematic of a lithium ion battery. Image from Bob Hamers (adapted from Ref 3) 
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to these materials if they were put into water. Surface waters can have a variety of different 

molecules in them that could interact with the LCO particles, as suggested schematically in Figure 

I.7. When LCO interacts with these molecules, the particles may “transform” – an umbrella term 

we use to describe a change in properties of the material from their “pristine” or intended form. 

  

 A lot of my work has focused on one small aspect of this – looking at how LCO interacts 

with a molecule called phosphate. Phosphate is an important molecule that is environmentally, 

biologically, and technologically relevant. Phosphate is present in surface waters, such as those in 

lakes, at low concentrations. Many places are seeing enhanced concentrations of phosphate in their 

surface waters, as a result of fertilizer runoff. Fertilizer runoff occurs when some of the applied 

fertilizer doesn’t make it to the intended plants; instead, this excess fertilizer is transported from 

the soil into these bodies of water. Excess phosphate in natural waters can have negative effects. 

High phosphate environments support algae, and so the algal blooms that you may see on the lakes 

in Madison during the summer are caused in part by phenomena such as this.   

 

Figure I.7. Possible transformations of LCO nanoparticles in a natural water system. 
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 Phosphate is also important in biological systems. It is present in the growth medium that 

researchers in the CSN use to grow the bacteria they study. It is important for us to know if LCO 

and phosphate interact, and how that may change how LCO then interacts with the bacteria. 

Phosphate groups are also present in many biomolecules, such as DNA. Phosphate coatings are 

also used on medical implants to help recognition between the implant and the body, and similar 

coatings are used on pipes for irrigation to prevent metal leaching into the water.  

 I used an analytical method known as infrared spectroscopy to investigate how phosphate 

and LCO interact. Infrared spectroscopy is a useful technique that provides specific signatures for 

every molecule. When a molecule interacts with infrared (low energy) light, the chemical bonds 

in that molecule can stretch or bend. These motions are caused by an absorption of the energy by 

the molecule, which results in a signal that we can read. We can think of the bonds between atoms 

as springs that can be stretched and compressed. Certain bonds will be like stiffer springs, and so 

more energy will be needed to stretch and compress those bonds. Because every bond requires a 

specific amount of energy to be stretched or compressed, we can use this technique to identify 

what those different bonds are.  

 I specifically used a surface-sensitive method of this technique that let me see how 

phosphate molecules bind to LCO.4 Figure I.8a shows a schematic for my experimental set-up. I 

deposited LCO nanoparticles on the surface of a prism, which I could then seal in a liquid cell. I 

was able to then flow phosphate over the particles, and see if and how it stuck to the surface. I 

found that phosphate binds to LCO quite strongly, and even after trying to rinse it off, it stays 

bound. By interpreting the infrared spectroscopy signature shown in Figure I.8b, I was able to 

determine how the molecule was bound to the surface, shown in Figure I.8c. This allowed me to 

hypothesize that LCO with phosphate bound to it would likely be negatively charged, because how 
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the molecule was bound left a negative charge on the molecule. To test this hypothesis, I used 

another technique to measure how the nanoparticle’s zeta potential, or effective surface charge, 

changed in the presence of phosphate. 

 

 When I measured the zeta potential of LCO in different concentrations of phosphate, I 

found that my hypothesis was correct. Figure I.9a. shows that as phosphate concentration 

increased, the LCO particles became more and more negatively charged. At the highest 

concentrations, the particles had zeta potentials of -30 millivolts (mV) or lower, which is consistent 

with particles being stable in suspension – similar to how the gold nanoparticles in Figure I.2. are 

evenly dispersed within the liquid. I used another spectroscopic technique to get more evidence 

for this phenomenon. The particles themselves absorb light in the  near-UV range of the color 

spectrum. Absorbance is proportional to concentration, so by tracking LCO absorbance over time, 

I was able to get a sense of what percentage of particles were stable in suspension. We can use the 

“muddy water” analogy again to picture what this looks like. If you added mud to water and shook 

 

Figure I.8. a) a schematic of the infrared spectroscopy experimental setup. The binding of 

phosphate to LCO is probed by flowing phosphate solutions over a surface with LCO particles 

on it. b) the infrared signature from the experiment, adapted from Reference 4. c) the proposed 

structure of phosphate bound to the LCO surface.  
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it, it would form a suspension, and the water would appear brown. Over time, the dirt would settle 

to the bottom, and the water itself would look less and less brown. This means less light is being 

absorbed, and more is being reflected. That’s exactly what I was tracking for the LCO particles, 

but instead of just looking by eye, I used the instrument to provide more exact data on how the 

absorbance was changing over time.  Figure I.9b shows how the absorbance of the LCO suspension 

decays over time more quickly when phosphate isn’t present (blue trace) than when it is present 

(orange trace). This means that the LCO settles to the bottom quicker when phosphate is not there. 

Because absorbance is proportional to concentration, this confirms that in the presence of 

phosphate, the LCO is more stable in suspension, as the zeta potential measurements suggested. 

I.5. Summary and perspective. 

 While this study was done on a simple model system, these results point to some important 

factors to consider when trying to predict and understand nanoparticle fate and transport in the 

environment. This study shows that molecules adsorbing, or sticking, to LCO, can change the 

 

Figure I.9. a) zeta potential measurements of LCO in phosphate. b) UV-visible spectroscopy 

absorbance of LCO in suspension over time. Figure adapted from Reference 4. 
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properties of the nanoparticle. In this case, phosphate adsorption changed the surface properties 

by making the charge more negative, which made the particles more stable in suspension. This 

may impact bioavailability of particles in environmental systems. If they are staying in suspension 

for longer times when phosphate is present, this may dictate if and how they encounter different 

organisms. For instance, phosphate adsorption may make LCO more accessible to surface water 

dwellers, such as fish. Studies by my collaborators have seen that LCO can enter fish gill cells and 

have negative impacts on their health.  

 Phosphate isn’t present in every surface water system, and so researchers in the CSN are 

also studying how LCO impacts bottom-feeders such as chironomids, which are a type of fly that, 

as it’s growing, lives in soil. It’s important for us to gain an understanding of how LCO can impact 

environmental systems from every level – from the chemistry side, as I’ve presented here, and 

from a more biological side, which my coworkers study. Together, we in the Center for Sustainable 

Nanotechnology hope to use our combined knowledge and research findings to aid in the safe use 

and disposal of nanomaterials. 
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Chapter 1. Introduction: A Perspective on Lithium Ion Batteries Cathode Materials and 

their Role in Global Sustainability: Resources, Recycling, and Environmental Impacts 

 

“Humanity has the ability to make development sustainable to ensure that it meets the needs of 

the present without compromising the ability of future generations to meet their own needs.” 

 
- Definition of Sustainable Development, Report of the World Commission on Environment and 

Development: Our Common Future 

1.1. Introduction. 

 The discovery and development of lithium-ion batteries (LIBs) in an otherwise fossil-fuel 

dependent world has raised the question, does this technology have the potential to secure a 

sustainable, distributed energy supply for modern civilization?1 In order to answer this question, 

we must gain an understanding of the expense to or gains in environmental impact of lithium ion 

batteries at every stage: material mining and processing, battery pack assembly and integration, 

waste treatment or recycling, and consequences of unintentional release. The goal of this 

introduction is to provide perspective on the connectivity between manufacture and use, recycling, 

and unintentional release of complex metal oxides which comprise battery cathodes on the 

environmental impact of these materials. In this chapter the recent and relevant outcomes from life 

cycle assessment, research on metal recovery from spent materials, and our understanding of the 

environmental and toxicological effects of these materials will be reviewed to provide insight into 

the necessary considerations for the responsible development and use of the next generation of 

lithium ion batteries. 
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1.2. Lithium ion batteries.  

 A LIB consists of three main components: the anode, the cathode, and the electrolyte. The 

anode and the cathode are the two electrodes of the electrochemical cell. The battery is able to 

operate due to the intrinsic chemical potential difference between the two electrodes, establishing 

a potential gradient. As the battery discharges, the negative electrode (the anode for LIBs) 

undergoes oxidation, as Li+ is released into the electrolyte and electrons are passed through a 

current collector. The electrolyte is commonly a liquid, consisting of a salt and (usually organic) 

solvent, that aid in the transport of lithium from one electrode to the other during the battery 

charge/discharge process. The electrolyte exists between the two solid electrodes, which are kept 

apart by an electrolyte-permeable separator. The most common electrolyte system used in 

commercial batteries today consists of lithium hexafluorophosphate (LiPF6) as the salt, in a solvent 

of cyclic and linear carbonates. One Li+ is transported to the positive electrode (the cathode for 

LIBs) for each electron passed through the electrical circuit. A key characteristic of LIBs is the 

ability for this process to be reversed; by applying an external electricity source, the battery can be 

charged again, such that the battery can be charged and discharged for many cycles over a 

relatively long lifetime. 

 The ability to charge and discharge a battery using a lithium-intercalating material was first 

demonstrated in the 1970’s using TiS2.
2-3 The first commercialized LIB was produced by Sony,4-5 

using lithium cobalt oxide (LiCoO2) as a cathode material, which was discovered by John B. 

Goodenough in 1980.6-7 Since Goodenough’s discovery of the promise of metal oxide materials 

for lithium intercalating cathodes, many commercialized batteries have used such materials. The 

pioneers of LIBs, John B. Goodenough, M. Stanly Whittingham, and Akira Yoshino won the 
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Nobel Prize in Chemistry in 2019 for this work, an acknowledgement of the incredible impact this 

technology has had on our society. 

1.2.1. Metal oxides as LIB cathodes. 

 The energy density of LIBs is more or less dictated by the cathode, as the achievable energy 

density is greatly inferior to that of the anode.8 LiCoO2 cathodes have high energy density 

attributed to the two-dimensional channel for migration of Li+, electrical conductivity from the 

octahedral edge-shared CoO6 array, and a high theoretical capacity of 274 mAh/g.9 However, only 

about half of the theoretical capacity can be achieved due to the physical/chemical instabilities of 

the crystal structure resulting from the oxidation of Co3+ to Co4+ as Li+ migrates to the anode. This 

motivated the search for higher-capacity cathode materials by replacing cobalt with other 

electroactive transition metals. 

 LiNiO2 and LiMnO2 were among the earliest alternatives to LiCoO2 explored for LIB 

cathode materials. LiNiO2 in theory has less structural instability than LiCoO2, however it suffers 

from Ni2+ migration into the Li+ sites, which lowers the battery capacity over time. LiMnO2 has a 

higher theoretical capacity than LiCoO2, and has a high power density, with the added advantages 

of being more environmentally benign and inexpensive.9 However, it is harder to synthesize in the 

layered structure, resulting in poor cycle life. 

 These investigations lead to increased interest in mixed transition metal cathodes, as they 

have synergistic benefits over single transition metals. Lithium nickel cobalt oxide (NC) was 

shown to be more structurally stable than pure LiNiO2,
10 though the material suffers from lower 

conductivity.11 Lithium nickel manganese cobalt oxide, LiNixMnyCo1-x-yO2 (0 ≤ x ≤ 1, 0 ≤ y ≤ 1, 

0 ≤ x + y ≤ 1), abbreviated NMC, was first explored as a cathode material in 1999.12-13 NMC 

benefits from the high charge capacity of LiNiO2, the rate capability of LiCoO2, with added 
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structural stability from Mn4+.9 However, these materials still have lower electrical conductivity 

than LiCoO2. The Mn4+ is not electroactive, and capacity is largely dictated by nickel content. 

Increasing the nickel content in NMC cathodes leads to higher capacity, due to the two-stage 

oxidation of Ni2+/Ni3+ and Ni3+/Ni4+. For instance, the specific capacity of NMC111 (x = y = 0.33) 

is around 160 mAh/g, while NMC811 (x = 0.8, y = 0.1) has a specific capacity closer to 200 

mAh/g.14 As the nickel fraction approaches 1, the structural and thermal stability issues seen in 

pure LiNiO2 begin to dominate. High nickel content NMC or NC materials are economically 

preferred due to the lower cost and higher global availability of nickel over cobalt, so much 

research is focused on optimizing these materials. Other modifications to the NMC class of 

materials include utilizing core-shell structures with a Ni-rich core and Mn-rich shell,15 full 

concentration-gradient NMC,16 and Li-rich and Mn-rich oxides.17  

 One of the complications with using LIBs for electric vehicles (EVs) is the fact that the 

capacity is directly related to the amount of the material. For EVs, high capacity is required, yet it 

would be ideal to limit the volume of material necessary in the cathode. One potential solution to 

this is the use of nanostructured and nanoparticulate materials for the cathodes. Advantages of 

nanomaterials for LIBs include reduced diffusion lengths of ions and electrons due to the decreased 

primary particle size and increased surface area-to-volume ratio.8 This can lead to faster 

charge/discharge times, and in some cases greater mechanical stability.18 The expansion and 

contraction of the cathode as a function of lithiation and delithiation can cause material fracture, 

such that bulk, commercial cathode materials at end-of-life may in fact contain nanostructured and 

nanoparticulate materials.19-20 
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1.2.2. LIBs for electric vehicles. 

 As the development and performance of LIBs continued to improve, it was clear they 

showed promise for use in EVs. EVs have the potential to significantly increase sustainability of 

transportation, as significant portion of greenhouse gas (GHG) emissions are a result of the fossil 

fuel-based transport sector.21 While early iterations of the electric vehicle operated with lead-acid, 

nickel metal-hydride or sodium-nickel-chloride batteries, LIBs are ideal for EVs due to both 

lithium being the lightest metal, and one with great electrochemical potential, allowing for high 

power and energy density. Environmental burdens of vehicles, electric or internal combustion 

engine, are largely dominated by the operation phase, regardless of engine type.24 Therefore, while 

the use of EVs themselves emit less CO2 than their fuel-engine counterparts, if the electricity 

generated for recharging LIBs is primarily from oil or coal-fired plants, the CO2 emissions of an 

electric vehicle can sometimes be higher than that of a traditional vehicle.22 Another factor to 

consider for the sustainability of these materials is their end-of-life. There is projected to be 

between 40 and 70 million LIB-containing EVs by 2025,23 and such growth will also be 

accompanied by a massive increase in the number of spent batteries. 

1.3. Life cycle assessment.  

 There is an impression that the advent of EVs will undoubtedly be a beneficial transition 

for our environment. Of course, limiting our reliance on fossil fuels is essential to protecting our 

atmosphere, however, in actuality, there are additional factors to consider.  One way to assess and 

predict the environmental burdens or benefits of EVs is through the implementation of life cycle 

assessment (LCA). LCA is an analytical method that allows for the estimation of the total 

environmental impacts associated with the production and use of products. The technique operates 

by taking inventory of all exchanges with the environment and all energy inputs across the various 
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stages of development and consumption of the product: materials extraction to processing and 

manufacturing (cradle-to-gate), use and end of life of the product (cradle-to-grave), and the 

potential for recycling and reuse of the spent materials (cradle-to-cradle). LCA helps to identify 

particularly energy intensive areas that should be improved upon to make the manufacturing and 

use of a material more sustainable. 

1.3.1. Raw material extraction. 

 Nickel mining, while the impacts of which have improved over time, has had significant 

historical impacts including acid rain from SO2 emissions, soil contamination, wetland 

acidification, biodiversity loss, vegetation die back, soil erosion, and coral reef contamination. 

Cobalt is often a byproduct or co-productive of nickel or copper mining, and so the local 

environmental impacts are similar to those listed above. Cobalt-dominant mining efforts have 

unique environmental and health challenges as they often tap arsenide ores. Lithium recovery is 

less energy and emissions intensive than recovery of cobalt and nickel, and is available from 

natural brines, ore or seawater, with recovery from brines dominating the supply. While lithium 

used for batteries represented 14% of the lithium demand in 2010, by 2025 it is projected to 

represent over 75%. Similarly, for cobalt, the percent of the demand increases from 25% to a 

projected 53% by 2025.25 

1.3.2. Materials processing and manufacturing. 

 Different assessment methods yielded different results about what was the most impactful 

part of the battery to produce, cathode or anode. The copper needed for the collector foil in the 

anode accounted for over 40% of the environmental burden of the battery, while the cathode 

collector, made of aluminum foil, also comes with significant impact.24 The use of these metals is 

more burdensome than the lithium itself, since ultimately the lithium content only accounts for 7 
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g per kg of active material, and though lithium is considered a scarce metal, the processes to extract 

lithium from brines are simple and have low energy demand.24 Notter et al. found that the lithium 

in the cathode material yielded more of an environmental burden than the LiPF6 in the battery 

electrolyte, and that the production of the cathode itself has high environmental impact due to the 

release of considerable amounts of CO2. The production of the LIB causes damage to human health 

as a function of the inorganic emissions from the processing, as well as the reliance of fossil fuels 

and minerals within the production process. The primary cathode material considered in this model 

is LiMn2O4, though the results show that switching to NMC333 resulted in a 12.8% increase in 

environmental burden. The ultimate result of the study is that the environmental burden mostly 

comes from operation, where as long as the electricity for the EV is not being produced by a 

renewable source, the burden is still high.24  

 Battery assembly itself is also an energy intensive process. The assembly involves 

producing the electrodes by mixing the cathode or active material with a binder in a solvent to 

achieve a homogenous slurry. A coating process applies an aluminum foil that functions as a 

current collector to the cathode and a copper foil to the anode. A separator is placed between the 

electrodes, the electrolyte is added and the cells are sealed. The batteries are aged and then 

assembled into the battery packs to be installed.26  Dunn et al performed a more detailed assessment 

of the environmental impact of battery assembly (versus materials production) after noting a large 

variability amongst published analysis of the burdens of EV LIBs based on discrepancies within 

this step.26 They found that the cradle-to-gate energy consumption in the production of cathode 

materials varied significantly on cathode composition, with LiCoO2 being the most energy 

expensive, followed by NMC333, with LiFePO4 and LiMn2O4 being the least energy expensive. 

The production of LiCoO2 and NMC333 accounts for the majority of the energy intensity for 
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batteries that use these cathode materials at about 40%, whereas for LiMn2O4 and LiFePO4 the 

cathode production is 10-20%, and the aluminum drives the overall energy intensity at about 40%.  

The SO2 and GHG emissions for production of each cathode material follow this trend. This is 

largely due to the energy-intensive and high-emission steps of recovering cobalt and nickel from 

ores. However, it is worth noting that cathode materials that do not contain cobalt or nickel 

commonly have lower specific energies than those that do, which can mean more material is 

needed per battery to achieve the same performance.26   

 To maximize the climate change mitigation benefits that can be accomplished with EVs, it 

is necessary to improve both electrochemical performance and lessen the environmental impact of 

production.8 It is possible that the incorporation of nanomaterials can ultimately lessen 

environmental impact, however currently the production of nanomaterials is often more energy 

demanding.8 The use of recycled materials to generate new batteries is also potential option, 

though this area requires significant development, as discussed later. 

1.3.3. Use. 

 Notter et al. performed a life cycle analysis (LCA) on EVs with a functional unit of one 

kilometer driven, and found that PM10
-, NOx

- and SO2 emissions from an EV was higher than a 

traditional vehicle, with the production of the battery also emitting considerable amounts.24 Life 

cycle analysis studies have concluded that while EV production is 10-40% more energy intensive 

than producing conventional vehicles, operating an EV then consumes 1.6-3.4 times less energy 

on a per kilometer basis. While greenhouse gas emission from EV production is higher than 

conventional vehicles, because EVs do not emit greenhouse gases during use, the emissions “debt” 

is paid back within the first 25,000 kilometers using a national average grid to charge the vehicle. 
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However, the source of the electricity in the grid will impact how clean of a process charging an 

EV is.26 

1.3.4. End of life: E-waste disposal and recycling opportunities. 

 A consequence of rapid technological innovation is early obsolescence of devices, which 

contributes significantly to the tens of millions of tons of e-waste, or electronic waste, generated 

yearly.27-28 There are currently no federal disposal regulations for LIBs.29 It is projected that by 

2030, there will be about 11 million tons of spent LIB accumulation, in which batteries from EVs 

constitute a large portion.25 The cathode alone comprises from 25-30% of the batteries total 

weight.29 Of e-waste, 70% consists of metals. 80% of e-waste from the United States is exported 

to Asia, 90% of which is sent to China.30 In the regions where this waste is maintained, higher 

concentrations of contaminants in air, soils and sediments has been seen.28 Primitive recycling 

efforts can have significant health impacts for the workers, as well as the environment.31 

 A challenge faced in recycling LIB cathode materials is the ability to economically and 

efficiently recover resources from cathodes with different chemistries.32 The recovery process has 

two steps; physical separation of the battery components, then chemical leaching and separation 

of the specific elements. In a commonly used recycling method, batteries are introduced into a 

furnace and smelted, which forms an alloy of copper, cobalt, nickel and iron. Through a series of 

leaching, solvent extraction and purification, the metal alloy is separated into Cu, Fe, Ni(OH)2 and 

CoO. Lithium exits the furnace in a slag, and recovery is not economically viable. Because cobalt 

recovery drives the process economics, cobalt containing cathode materials may be the only ones 

realistically prioritized for recycling. Recovery of cobalt is less energy intensive than the mining 

and smelting of virgin material, and so the SO2 and greenhouse gas emissions from recycling cobalt 

and using recycled cobalt in the manufacturing process are less than starting the process from 
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mining material.  The chemical leaching is often done in dilute strong acid (HCl, HNO3, and H2SO4 

being leading solvents) whereas a variety of separation techniques have been explored, including 

solvent extraction, and solid state reactions.33  

 Recent benchtop-scale efforts have tested leaching the metals out of the cathode using 

H2SO4 and H2O2 instead of HCl for reduced environmental impact, and have leveraged the 

different solubility constants of the hydroxides to recover iron impurities first, followed by nickel, 

cobalt and manganese in a co-precipitate.32 Recycled cathode material could then be synthesized 

from the coprecipitate, as well as recovered LiCO3, which eliminates the need for an additional 

isolation step of the coprecipitate before reintroduction into the production scheme.  

 The cost of synthesizing NMC333 is $16,635/ton from virgin materials, and only 

$6,195/ton using this recovery method.32 Other work has focused on mitigating both 

environmental and health impacts of the leaching solution by investigating weaker organic acids, 

such as succinic acid34, citric acid35, malic acid36, oxalic acid37, tartaric acid38, glucose39, and 

ascorbic acid40-41, with many of these having efficiencies higher than 90% for both transition 

metals and lithium. 

1.4. Environmental implications. 

  Considering that <5% of LIBs produced are currently recycled,42 and the millions of tons 

of waste being produced27-31, it is inevitable that these materials are going to be released into the 

environment. It has already been seen that the treatment of e-waste has hazardous impacts to 

humans, and that there is increased environmental contamination in the regions with high reserves 

of e-waste.28, 31 A significant research effort of the Center for Sustainable Nanotechnology has 

been the investigation of the biological and environmental impacts of nanomaterials of LiCoO2 

and NMC. Because of the potential advantages of using nanomaterials for LIB cathodes,8 and 
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because the current commercial materials are often fractured into nanoparticulate matter by end-

of-life,19-20 these studies have focused on investigating the impacts of nanoparticles of common 

cathode materials. 

1.4.1. Biological impacts. 

 Investigations of the environmental and biological effects of this class of materials has 

revealed several important factors to consider when assessing the toxicity and/or impact of lithium 

intercalation compounds. Exposure of equistoichiometric LiNi0.33Mn0.33Co0.33O2 (NMC333) 

nanosheets to model soil bacterium Shewanella oneidensis showed that Ni2+ and Co2+ released into 

solution from the materials was the major mode of toxicity to the bacteria.20 This study also 

revealed an unexpected incongruent dissolution of metals from the nanomaterial; with Ni2+ being 

released in the highest concentrations, followed by Co2+ and then Mn4+, despite the equal 

stoichiometry of all three metals in the starting material. This result was corroborated by Density 

functional theory (DFT) simulations that show a more energetically favorable release of Ni2+ from 

the material.  

 The implication that dissolved ions were the major mode of toxicity, at least in this model 

system, inspired a follow-up study aimed towards synthesizing a more benign NMC. The 

composition of NMC nanosheets was tuned such that a suite of high-manganese content 

(LiNi0.31Mn0.39Co0.30O2, LiNi0.23Mn0.55Co0.22O2, LiNi0.14Mn0.72Co0.14O2) particles could be 

compared.43 These materials retained the morphology and crystal structure of the parent 

equistoichiometric NMC, allowing for a direct comparison of the toxicity to S. onedensis. 

Consistent with the prior study, it was seen that increasing the amount of manganese in the material 

core resulted in less ion release of Ni2+ and Co2+ into solution, and therefore lower toxicity to S. 

oneidensis.  
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 While increasing manganese content in NMC mitigates some biological impact, high 

manganese materials are expected to be less efficient as cathode materials. In NMC the 

electroactive elements are Ni2+ and Co3+, which are oxidized to Ni3+ and Co4+ as the battery 

discharges. The role of manganese is mostly structural, and therefore increasing its content reduces 

the capacity of the battery. Industry is moving towards higher nickel content NMC materials, as 

nickel is both electroactive and also significantly cheaper than cobalt. Using the same synthetic 

control developed in the manganese content study, a suite of high-nickel NMC materials were 

investigated for their biological impact. Unexpectedly, increasing nickel content did not increase 

nickel release from the materials, and it was found that the toxicity of NMC333 and NMC622 to 

S. oneidensis was comparable.44 DFT simulations of the dissolution of these materials revealed 

that the increased concentration of Ni4+ in high nickel NMC as opposed to Ni2+ stabilized it in the 

lattice, resulting in less total release of nickel ions than hypothesized. As had been seen 

previously20, 43, the impact to S. oneidensis was heavily contributed to the release of ions from the 

nanomaterial.  

 A similar outcome that ion release dictates NMC toxicity has been seen for Gram-positive 

bacterium Bacilus subtilis in addition to Gram-negative bacterium S. oneidensis. It was found that 

the growth curve of B. subtilis in the presence of the concentration of dissolved Ni2+ ions alone 

recapitulated the nanoparticle response.45 The difference in the composition of the growth medium 

between the two bacteria result in a difference in speciation of the released ions in solution, which 

resulted in more significant toxicological impacts to B. subtilis than S. oneidensis at comparable 

nanoparticle concentrations. The S. oneidensis medium contains 100 mM sodium lactate as the 

carbon source, and speciation calculations suggest the majority of released ions exist in complexed 

forms with lactate.20 However, the carbon source in the B. subtilis medium is 10 mM dextrose, 
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which does not complex with the dissolved ions, and therefore the majority of them exist as free 

ions in solution. The result of this is that while the respiratory impacts of NMC to S. oneidensis 

were a delayed onset of oxygen uptake that eventually reached the same level of oxygen 

consumption as healthy bacteria, for the gram positive bacterium B. subtilis exposed to the same 

concentration of NMC, the same levels of oxygen uptake were never achieved.  

 While both Gram-negative and Gram-positive bacteria show toxicological responses to 

metal ion release from NMC nanomaterials, this effect is not generalizable to other organisms. The 

impact of NMC333 and LiCoO2 to the fresh-water organism Daphnia magna was found to not be 

related to ion release from the materials.46 Both NMC333 and LiCoO2 impacted the survival, 

reproduction, and size of D. magna in a dose-dependent manner, and the particles were seen both 

to adhere to the carapace of the organism and also accumulate within the digestive tract. Gene 

expression changes between control groups, ion only groups and nanoparticle-exposed groups 

were also in support of a nano-specific impact to the organisms. Another investigation of the 

impact of LiCoO2 on rainbow trout epithelial cells found that cell viability was impacted at 

nanoparticle exposure concentrations as low as 10 mg/L, and yet cell exposure to Li+ and Co2+ 

ions alone did not reduce cell viability.47-48 

 Expanding our understanding of the impact of these materials on biological systems 

beyond the “toxic” dose is necessary to develop a picture of the long-term implications of 

continuous exposure. Upon chronic exposure to NMC333, S. oneidensis have been seen to develop 

a resistance to the material that persists over multiple generations.49 NMC333 has been shown to 

cause DNA damage in both S. oneidensis and B. subtilis.45 Gene expression analysis after LiCoO2 

exposure to the benthic organism Chironomous riparius reveal significant disruption of genes 
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related to heme synthesis.50 There is a continued effort to elucidate the impacts of these materials 

on organisms across multiple organisms and methods of exposure. 

1.4.2 Chemical transformations. 

 The field of nano-environmental health and safety (nanoEHS) has expanded over the past 

two decades.51-55 While the early stages of this field focused on simpler model nanomaterials, such 

as gold, silver, and single-transition metal oxides, there is an increasing need to expand our 

understanding of the potential fate and transport of engineered nanomaterials in the environment 

to include more complex and technologically relevant materials. One aspect of this field is the 

characterization of the transformations of nanomaterials in complex model and actual 

environmental systems.56-57 While the work in the following thesis is one step towards the 

understanding of the transformations of cathode materials (specifically LiCoO2) in the 

environment, the environmental transformations of these complex metal oxides is only just starting 

to be investigated. Existing work of these transformations on more simple model nanomaterials 

provides guiding principles and clarifies potential transformations that led to the considerations 

for the studies that follow, such as molecular adsorption58-60, corona formation61-62, material 

dissolution63-64, aggregation and sedimentation,65 and reactive oxygen species generation.66  

1.5. Scope of Thesis. 

 The development and use of LIBs has been recognized worldwide as one of the greatest 

technological advances in our lifetimes. While the potential of LIBs to contribute to global 

sustainability is significant, there is still a lot of work to be done in this area. The major areas of 

continued development and research are 1) cathode material optimization, both in terms of 

composition and structuring; 2) mitigating total environmental impacts from materials mining, 

device production, and recycling; and 3) work to understand the potential environmental impacts 
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of LIBs released into the environment, to aid design of safer materials. Considering the massive 

scale at which LIBs are produced and the lack of well-defined disposal or recycling streams for 

spent materials, a continued focus on how to mitigate the environmental impacts of the materials 

currently being released into the environment is key. 

 The work in the following thesis aims to provide some insight into the third area of concern, 

understanding the potential environmental impacts of released cathode materials. The work 

presented here is some of the first studies on environmentally-mediated chemical transformations 

of electroactive materials such as LiCoO2. Within this thesis a toolkit for in situ analysis of the 

nanoparticle surface – liquid interface is established, and the complementary information that each 

technique yields aids in the understanding of how this material is transformed in suspension, 

through oxyanion adsorption, organic acid-mediated transition metal dissolution, and how these 

transformations impact the particle composition, charge, and stability in aqueous systems. 
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Chapter 2. Impact of Phosphate Adsorption on Complex Cobalt Oxide Nanoparticle 

Dispersibility in Aqueous Media. 

The following chapter is adapted from the article published in Environmental Science & 

Technology, 2018, 52(17),10186-10195 (DOI: 10.1021/acs.est.8b02324), with the co-authors 

Joseph W. Bennett, Curtis M. Green, Sara E. Mason, Robert J. Hamers.  

All of the experiments, data acquisition and analysis, and manuscript preparation and revision 

were done by Elizabeth D. Laudadio under the advisement of Robert J. Hamers except for the 

following:  

Curtis M. Green collected the transmission electron micrographs in Figure 2.1b and 2.1c.  Joseph 

W. Bennett and Sara E. Mason made intellectual contributions to the analysis of phosphate 

adsorption, which appears in Section 2.3.3. The ICP-MS data shown in Table 1 was collected by 

the Wisconsin State Hygiene Laboratory. 

2.1 Introduction. 

 It is widely recognized that the transport, bioavailability, and environmental impact of 

engineered nanomaterials is largely controlled by the physicochemical properties of the species 

present at their surfaces.1 The presence of surface ligands, coatings acquired by interaction with 

naturally occurring organic materials, and adsorption of ions from solution can play a role by 

altering surface charge and hydrophilicity and by inducing physical and chemical transformations 

of the materials.2-5  

 The interaction of small ions with minerals has been extensively studied in the field of 

geochemistry as a pathway to surface alteration and ultimately the formation of surface 

transformation products.6-12 In addition, the capability of metal oxide materials to adsorb ions has 
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often been intentionally employed for water purification purposes.13-16 However, the influence of 

small ions on the properties of engineered nanoparticles has received less attention, as the 

interaction between engineered materials and the environment is considered secondary to their 

performance and operational conditions.17-20 Recent work has shown that the surface 

transformations of engineered nanomaterials in the environment are at most times unknown: 

specifically, the chemical changes that influence reactivity, transport, and ultimate fate.21-25 

Among engineered nanomaterials of potential environmental impact, cobalt-based metal oxides 

are of particular interest.26-27 Recent studies have shown that cobalt-based oxides interact with high 

concentrations of phosphate to produce highly effective catalysts28-30 while lithium intercalation 

compounds based on LiCoO2 have novel catalytic properties and are widely used as cathode 

materials for lithium ion batteries.31-36 The rapid commercialization in the use of LiCoO2 and 

related oxides such as LixNiyMnzCo(1−y−z)O2 in nanostructured form for applications such as 

electric vehicles (amounts of ∼40 kg per automobile)37 has led to increased interest in 

understanding how small ions may impact the colloidal stability and rate of metal ion release from 

nanoparticles in this emerging class of complex metal oxides. 

 Here we report an investigation of the interaction of LiCoO2 with aqueous phosphate ion 

over a range of concentrations down to micromolar levels, which are commensurate with levels 

found in natural freshwaters. We characterize the adsorption of phosphate on nanoscale LiCoO2 

using in situ attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy, X-

ray photoelectron spectroscopy, dynamic light scattering, laser doppler microelectrophoresis, and 

UV−visible spectroscopy. We find that phosphate ion, even at environmentally relevant 

concentrations of 1 μM,38-40 adsorbs irreversibly to LiCoO2, significantly altering the surface 

charge of the nanomaterial and its dispersibility. Though phosphate adsorption renders LiCoO2 
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more stable in solution, the increased dispersibility does not have an impact on cobalt release from 

the material. These results suggest that phosphate ions present in natural water systems may 

significantly enhance the colloidal stability of LiCoO2 and related complex metal oxides materials 

in the environment. 

2.2 Materials and Methods. 

2.2.1. Lithium Cobalt Oxide Nanoparticle Synthesis.  

 We synthesized sheet-like nanoparticles of LixCoO2 as described previously.41 Briefly, we 

prepared the Co(OH)2 precursor by dropwise addition of a 1 M Co(NO3)2·6H2O to a 0.1 M solution 

of LiOH ([OH] 5% stoichiometric excess for Co2+ + 2OH− → Co(OH)2). The precipitate was 

isolated by centrifugation (4696 g, 3 min), decanting the supernatant, redispersion of the pellet in 

water, and centrifuging again; this process was repeated twice more in water. The pellet was then 

redispersed in methanol and isolated through centrifugation (4696 g, 25 min). We dried the product 

in a vacuum oven at 30 °C overnight and then at 60 °C for 3 h. To transform the Co(OH)2 particles 

to LixCoO2, we heated a 10 g mixture of 6:4 molar ratio of LiNO3:LiOH to 200 °C in a poly- 

(tetrafluoroethylene) container with magnetic stirring, forming a molten salt flux. Once molten, 

we added 0.20 g of the Co(OH)2 particles to the flux. After 30 min, we quenched the molten flux 

with water and washed/isolated the precipitate through five cycles of dispersion/isolation via 

centrifugation in water. The product was then dried in a vacuum oven at 60 °C for 3 h followed by 

30 °C overnight. 

2.2.2. Crystal Structure Characterization Using X-ray Diffraction (XRD).  

 We obtained X-ray diffraction patterns of the nanoparticles using a Bruker D8 Advance 

powder diffractometer with a Cu Kα source and a Lynxeye detector. Powders were adhered to a 
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zero-diffraction plate (MTI Corp) using vacuum grease and pressed flat. The powder XRD pattern 

was acquired using a step size of 0.10° and dwell time of 67 s at each point. 

2.2.3. Morphology Characterization Using Scanning Electron Microscopy (SEM) and 

Transmission Electron Microscopy (TEM). 

 For SEM imaging, LiCoO2 nanosheets were dispersed in methanol and spin-coated onto B-

doped Si wafers. Images were acquired using a Leo Supra55 VP SEM, 3 kV electron energy, using 

a secondary electron detector. The morphology of LiCoO2 nanoparticles was analyzed using a 

transmission electron microscope (TEM, FEI Tecnai T12) operated at 120 kV. TEM grids were 

prepared by drop-casting suspensions of LiCoO2 nanoparticles in water onto a carbon supported 

TEM grid, which was allowed to dry overnight. Images were analyzed using ImageJ software, and 

the width of the particles was determined based on the average width of 25 particles viewed edge-

on. 

2.2.4. Quantification of Phosphate Adsorption with X-ray Photoelectron Spectroscopy 

(XPS).  

 To quantify the time-dependent adsorption of phosphate onto LiCoO2, we used XPS to 

measure the P(2p) and Co(2p) intensities. Detailed sample preparation and analysis procedures are 

reported in the Appendix. 

2.2.5. Preparation of LiCoO2 Layers for in situ ATR-FTIR Measurements.  

 Thin layers of LiCoO2 were prepared by spin-coating LiCoO2 suspensions onto a zinc 

selenide (ZnSe) trapezoidal prism acting as a 10-bounce internal reflection element (IRE). Samples 

(2 mL) of 1000 mg/L LiCoO2 in methanol were sonicated for 1 h in a cup ultrasonicator with 

cooling water (10 s on, 10 s off for 30 min total sonication time). ZnSe IREs were rinsed with 

ultrapure water and ethanol, dried with N2 gas, and exposed to UV light from a low-pressure Hg 
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grid lamp (UV Products) for 10 min. The LiCoO2 solution was then spin-coated onto the clean 

ZnSe IREs using 25 repeated applications of 75 μL each and spinning for 30 s at 1000 rpm after 

each application. The layer was then gently cured by heating in a box furnace at 400 °C for 5 min. 

The ZnSe element was allowed to cool for at least 12 h before using. 

2.2.6. ATR-FTIR Studies of Phosphate Adsorption to LiCoO2 Surfaces. 

 Attenuated total internal reflectance Fourier-transform infrared (ATR-FTIR) spectra were 

acquired using the previously described LiCoO2-coated ZnSe IREs assembled in a flow cell 

(Specac) and with a Bruker Vertex 70 FTIR instrument. More detailed measurement information 

can be found in Appendix 2. 

2.2.7. Dynamic Light Scattering Characterization of Nanosheet Diffusion Coefficient and 

Zeta Potential in Phosphate Solutions.  

 Dynamic light scattering (DLS) and laser Doppler microelectrophoresis measurements 

were taken with a Malvern Zetasizer Nano ZS. A 250 mg/L stock solution of LiCoO2 was prepared 

in 1 mL of ultrapure water and sonicated for 1 h in a cup ultrasonicator with cooling water (10 s 

on, 10 s off for 30 min total sonication time) before analysis. DLS measurements were performed 

on 5 mg/L LiCoO2 solutions, prepared by adding an aliquot of the LiCoO2 stock solution to the 

phosphate/NaCl solutions. Ionic strength was kept constant at 30 mM for all samples through the 

addition of NaCl, and pH of all samples was controlled as described in the Appendix. After 

addition of the LiCoO2 (t = 0 h), we immediately measured the nanoparticle diffusion coefficient 

via DLS and then measured the zeta potential (ZP) by laser Doppler microelectrophoresis. These 

measurements were repeated after sonication of the nanoparticle solutions for an additional 3.5 h. 

The results reported are the averages and standard deviations of three sample replicates, with five 

DLS measurements and three ZP measurements made per sample. The stock LiCoO2 solution was 
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left sonicating between measurements. The stock solution was imaged following experiments to 

ensure that sonication was not fracturing the materials (Figure A.2.5). 

2.2.8. UV−Visible Absorption Spectroscopy (UV−Vis) Analysis of LiCoO2 Sedimentation in 

Phosphate.  

 A 1000 mg/L stock solution of LiCoO2 was prepared in 2 mL of ultrapure water and 

sonicated for 30 min in a cup ultrasonicator with cooling water (10 s on, 10 s off for a total of 15 

min sonication time) before analysis. We measured the apparent absorbance (Appendix) of 50 

mg/L LiCoO2 solutions in three concentrations of phosphate, 1, 10, and 25 mM Na2HPO4, 

compared with ionic strength controls of NaCl at 3, 30, and 75 mM, respectively. The absorbance 

at 414 and 350 nm was recorded every 6 s for 20 min. Absorbance values at the baseline (350 nm) 

were subtracted from the absorbance at the LiCoO2 peak (414 nm, which we believe to correspond 

to the band gap of the material42-43) and normalized to t = 0. The decrease in normalized absorbance 

was tracked as a function of time. 

2.2.9. Characterization of Cobalt Release from LiCoO2 in Model Aqueous Systems.  

 Moderately hard water (MHW) was prepared by making a 96 mg/L NaHCO3, 60 mg/L 

CaSO4, 60 mg/L MgSO4, and 4 mg/L KCl solution in ultrapure water. The solution was aerated 

for 72 h before use and used within 14 days of preparation. The release of cobalt from 0.5 mg/L 

LiCoO2 or 50 mg/L LiCoO2 into MHW and into MHW containing either 1 or 100 μM Na2HPO4 

was analyzed using inductively coupled plasma-mass spectrometry (ICP-MS). More detailed 

information can be found in the Appendix. 
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2.3 Results and Discussion. 

2.3.1. Synthesis and Characterization. 

 Figure 2.1a shows a representative SEM image of the LixCoO2 particles; corresponding 

TEM images are shown in Figure 2.1b and 2.1c (an enlarged section of the region indicated in 

Figure 2.1b) and in Figure A.2.1. SEM and TEM both show that the particles have a sheet-like 

morphology. Analysis of the TEM images shows that the nanosheets have a diameter of 20−30 nm 

and a thickness of 5.3 ± 1.7 nm. The TEM image in Figure 2.1c clearly reveals the lattice planes 

characteristic of the layered LixCoO2 structure. Figure 2.1d shows the powder XRD pattern 

obtained of these nanomaterials. 

 We used EVA software for pattern matching; peaks were indexed based on literature 

patterns of LixCoO2 single crystals indexed to the R3̅m crystal phase.44 In order to ensure the 

formation of nanoparticles and not micron-sized particles, our synthesis was performed at 

relatively low temperature. Consequently, the resulting nanoparticles have lower crystallinity in 

comparison to bulk particles synthesized by other methods such as hydrothermal,45 sol−gel,46 and 

high-temperature sintering.47 The (003) peak at 2θ = 18° is associated with the order of stacked 

layers and is expected to be the highest intensity peak for a fully ordered R3̅m layered material. 

The truncated intensity of this peak is an indication of some degree of disorder in the material. 

This disorder may be attributed to the low temperature of the nanoparticle synthesis, the presence 

of spinel phases, or the lack of full lithiation of the particles. ICP-OES analysis of the ratio of 

cobalt to lithium in the particles yields a Li:Co ratio of 0.62:1.00. We were not able to confirm if 

this low ratio of lithium to cobalt comes from the synthesis itself or dissolution of lithium from the 

lattice during isolation and rinsing of the particles in water. The charge disparity from the lack of 
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stoichiometric consistency between cobalt and lithium may be compensated through disorder in 

the materials and potentially incorporation of some other crystalline phases, such as spinel.48 

 Though these materials are imperfectly crystalline, we believe them to be an accurate 

model for the breakdown materials of modern nanostructured lithium ion battery cathodes that 

may enter the environment due to improper disposal. Previous studies have shown cathode 

materials in lithium intercalation batteries can mechanically fracture following electrochemical 

cycling49 and that, through repeated deintercalation, restructuring of the material into spinel phases 

is common.50-51 For these reasons, our nanoparticles are a good model for the degradation products 

of lithium ion batteries that may be released into the environment. 

2.3.2. ATR-FTIR Studies of Phosphate Adsorption to LiCoO2 Surfaces. 

 We wanted to understand how phosphate interacted  with LiCoO2 surfaces and if these 

interactions were reversible or not. To assess this, we used in situ ATR-FTIR, a highly sensitive 

technique for obtaining vibrational spectra at surfaces. By depositing LiCoO2 nanoparticles onto a 

ZnSe internal reflection element via spin-coating, thin, uniform layers of LiCoO2 can be prepared 

while maintaining the nanoscale properties of the material (Figure A.2.2). Following deposition, 

the individual nanoparticles are oriented randomly on the surface and maintain the same primary 

particle size as they do in solution. For this reason, we believe these LiCoO2 layers are adequate 

models for how the nanomaterials interact in solution. The assembly of this element into a flow 

cell allows us to obtain in situ spectra with time-course resolution throughout the duration of the 

experiment. 

 Figure 2.2 shows ATR-FTIR spectra from a LiCoO2-coated ZnSe prism after exposure to 

phosphate (gray traces) and after further rinsing (orange traces) over a wide spectral range (Figure 

2.2a) and an expanded view of the P−O stretching region near 1050 cm−1 (Figure 2.2b). The spectra 
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exhibit the appearance of a large absorption feature in the spectral region from ∼1100 to 900 cm−1 

where P−O stretches are typically observed.52 Spectra were continuously taken as phosphate was 

flowed over the surface. These spectra show that under our experimental conditions the P−O peak 

grows in over the course of phosphate exposure, reaching a constant value (absorbance difference 

between sequential traces <0.0002) after about 60 min of exposure, as shown in Figure A.2.3. This 

time dependence suggests that the interaction with the LiCoO2 film is complete; the gray traces in 

Figure 2.2 represent this “saturated” condition.  

 After the 1 h exposure, we rinsed the films with ultrapure water for an additional hour to 

remove any excess phosphate from the flow cell that may be contributing to the observed spectrum, 

yielding the orange “surface” spectra in Figure 2.2. A comparison of the gray and orange traces 

shows that rinsing leaves the spectrum nearly unchanged, indicating that the phosphate is strongly 

bound to the surface. Rinsing does produce some small changes in the shape of the peak, as the 

large peak associated with phosphate-related vibrations is broadened and encompasses multiple 

peaks. Similar broadening has been reported as evidence of the formation of inner-sphere 

coordination of citric acid on TiO2 nanoparticles19 and in molecular orbital theory models of 

phosphate adsorption onto ferrihydrite.53  

 To gain insight into the nature of phosphate bonding on LiCoO2, we used peak-fitting 

methods to analyze the phosphate peak and identified five distinct vibrations between 1100 and 

900 cm−1 as shown in the Figure 2.2c. Four of these peaks, at 1074, 1030, 993, and 930 cm−1, can 

be assigned to specific vibrational modes by comparing them to the spectrum of phosphate in 

solution and the associated mode assignments.52, 54 Prior studies have shown that four peaks in the 

aqueous spectrum of H2PO4
− correspond to four P−O modes, divided into two sets of doublets.52, 

54 One set of peaks at 1155 and 1075 cm−1 is attributed to the asymmetric and symmetric P−O 
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vibrations of the deprotonated P−O groups, and the other set of peaks at 940 and 874 is attributed 

to the asymmetric and symmetric P−O stretching modes of the P− O−H asymmetric and symmetric 

vibrational stretches.52, 54 The existence of four major features in our phosphate adsorbed spectrum 

suggests that phosphate on the surface of LiCoO2 has the same symmetry (C2v) and therefore the 

same infrared active vibrational modes as H2PO4
−. For phosphate bound to LiCoO2, we attribute 

the two higher frequency features at 1074 and 1030 cm−1 to the symmetric and asymmetric 

CoO2−PO2 vibrations. This doublet is expected to occur at lower frequency than the (HO)2PO2
− 

doublet in aqueous H2PO4
− since the P−O bond when bound to a metal is weaker than in the free 

molecule, as observed previously for phosphate on goethite,52 TiO2,
54 and ferrihydrite.53  

 In our spectrum the two lower frequency features at 993 and 930 cm−1 correspond to the 

symmetric and asymmetric CoO− P vibrations. The CoO−P doublet occurs at higher wavenumbers 

than the CoO−H doublet, as the P−O bond in CoO−P is stronger than that in HO−P, as observed 

previously for phosphate on goethite,52 TiO2,
54 and ferrihydrite.53 These prior studies of phosphate 

adsorption on goethite,52 ferrihydrite.53 and TiO2
54 correlate these vibrational modes with a 

deprotonated, inner-sphere, bidentate complex on the surface. Previous studies of phosphate 

adsorption to titanium dioxide also report a peak present at 1008 cm−1 and have attributed it to an 

orthophosphate (PO4
3−) molecule with Td symmetry electrostatically bound to the surface.54 While 

the P−O region is quite complex, our peak-fitting analysis (Figure 2.2c) does not indicate the 

presence of a peak at 1008 cm−1. The absence of this feature in our spectra suggests that adsorption 

on LiCoO2 is predominantly inner sphere deprotonated bidentate, though we cannot rule out the 

possibility of some outer sphere, electrostatically bound H2PO4
− species. In addition to the four 

peaks attributed to the deprotonated bidentate structure of phosphate on the metal oxide surface, 

the P−O stretching region encompasses a smaller feature at 1141 cm−1 which may represent a 
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P−O−H bending mode, indicating that some of the phosphate at the surface may be protonated.55 

Figure 2.3 depicts a combined view of the potential binding that can be inferred from the FTIR 

spectra: deprotonated bidentate (Figure 2.3a), outer sphere adsorption of diprotonated H2PO4
− 

(Figure 2.3b), and monoprotonated bidentate (Figure 2.3c).  

 ATR-FTIR studies confirm that phosphate interacts strongly and irreversibly with LiCoO2 

surfaces. The deconvolution of the spectrum elucidates specific vibrational modes consistent with 

the formation of a deprotonated, bidentate inner sphere complex on the LiCoO2 particles. It is 

expected that such a coordination would have an impact on the surface charge of these 

nanoparticles, which we investigated through DLS and ZP measurements. 

2.3.3. Phosphate Adsorption Quantification with X-ray Photoelectron Spectroscopy (XPS). 

 We then wanted to understand to what extent phosphate was able to coat the surface of 

LiCoO2 nanoparticles. To study this, we employed XPS, a surface-sensitive and element-specific 

spectroscopic technique, to quantify the amount of phosphorus relative to cobalt on the surface of 

LiCoO2 nanoparticles exposed to phosphate in solution for varying amounts of time. LiCoO2 was 

exposed to phosphate in solution at a ratio of 1 mg LiCoO2:0.1 mmol Na2HPO4 (pH 7.3). Aliquots 

were removed at specific time intervals and analyzed with XPS. Figure 2.4b and 2.4c show 

representative X-ray photoelectron spectra for the Co(2p) and P(2p) regions. 

 Applying Equation 1 (Appendix) to the calculated peak areas of the Co(2p) and P(2p) peaks 

for each time point allows for the calculation of the phosphate coverage in atoms/nm2, as shown 

in Figure 2.4a. Stable coverages around 2 atoms/nm2 are observed over a time scale of 24−72 h. 

This value decreases to 1.2 atoms/nm2 by 172 h, which is potentially due to a pH change over time 

as a consequence of LiCoO2 dissolution; dissolution of lithium intercalation nanomaterials has 

been described previously.56-58 Previous studies of phosphate sorption by hematite and goethite 
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have reported maximum surface adsorption values of 2.51 μmol/m2, or 1.5 atoms of 

phosphorus/nm2, which is comparable to the values we report here.59-60 

 Upon introduction of LiCoO2, the pH of 1 mM Na2HPO4 solutions was elevated from 7.3 

to 7.8. Previous DFT studies on LiCoO2 demonstrated that dissolution of surface Li is 

thermodynamically favored in aqueous environments and that there is a concurrent surface 

exchange of Li+ and H+ from surrounding water to produce an H-terminated LiCoO2 surface.61 If 

the H+ is removed from water, then it most likely leaves behind OH−. The net result of the surface 

transformation would be an H-terminated LiCoO2 surface and both Li+ cations and OH− anions in 

solution, effectively increasing the pH.61-62  

 The increase in pH also means that the concentration of HPO4
2− will increase relative to 

the concentration of H2PO4
− in solution. Both species have the capability to bind to the surface, 

but they are able to bind through different coordination. HPO4
2− can bind in a monodentate 

coordination, resulting in the loss of one water molecule, whereas H2PO4
− can bind bidentate, 

resulting in the loss of two water molecules. The entropy increase for bidentate adsorption is larger 

than for the monodentate, resulting in an increase in adsorption energy, and so it is expected to be 

favorable over monodentate adsorption.61 Both adsorption processes are expected to occur through 

the Eigen−Wilkins mechanism of adsorption, where phosphate binds first in an outer-sphere 

coordination before inner sphere.63-64 This has been shown computationally for phosphate 

adsorption onto LiCoO2 previously.61 

 The effect of initial phosphate concentration on phosphate coverage on LiCoO2 surfaces 

was also explored. Three equivalents of LiCoO2 nanoparticles were suspended and stirred in each 

of 1, 10, and 100 mM Na2HPO4 for 1 h, isolated, rinsed, dried, and analyzed via XPS. The results 

in Figure A.2.4 show that over short time scales, coverage values achieved for each concentration 
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are comparable, at approximately 2 atoms/nm2. This further suggests that the adsorption process 

is not kinetically limited and that long-term changes to phosphate coverage on LiCoO2 may be the 

result of pH changes and/or dissolution processes. 

2.3.4. Dynamic Light Scattering Characterization of Nanosheet Size and Zeta Potential in 

Phosphate.  

 Our ATR-FTIR spectroscopy results were consistent with the formation of a deprotonated, 

bidentate inner-sphere phosphate complex on the surface of our LiCoO2 nanoparticles. 

Considering this coordination on the surface, we would expect that phosphate adsorption would 

decrease the surface charge of LiCoO2 nanoparticles in solution. If the surface charge was 

significantly altered, phosphate adsorption would allow for electrostatic stabilization of LiCoO2 

nanoparticles in solution, which would be evidenced by decreased aggregation in comparison to 

particles in the absence of phosphate. 

 To probe these hypotheses, we employed DLS to study the impact of phosphate 

concentration on the size and diffusion coefficient of LiCoO2 nanoparticles and ZP measurements 

to see how the zeta potential of LiCoO2 nanoparticles in solutions changed with increasing 

phosphate concentration. Zeta potential in polar/ionic solvent is traditionally calculated from the 

electrophoretic mobility of the particles using the Smoluchowski model, which is derived for 

spherical particles. The Smoluchowski model includes a value of the Henry function (F(κα)) of 

3/2, which assumes that the Debye length (1/κ) is much larger than the size of the particle. 

However, this is not necessarily true for nanoparticles.65 We estimate our typical nanoparticle 

thickness to be 5 nm from edge-on TEM micrographs (Figure 2.1b, c). Particles in a 1 mM salt 

concentration have a Debye length of approximately 10 nm, yielding a κα of 0.5 nm, and a value 

for F(κα) of 1.66 Because ZP is inversely proportional to F(κα), we expect the overestimation of 
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F(κα) by the Smoluchowski model to yield underestimated values of ZP magnitude in the data 

reported here. Additionally, because our particles are non-spherical and therefore do not have a 

single radius, the application of the Henry function is not straightforward. For this reason, 

interpretation of our zeta potential measurements focuses on the observed trends rather than 

absolute values. 

 Sonication of the stock LiCoO2 solution during the duration of the experiment allows for 

complete dispersion of the nanoparticles in the aqueous matrix, ensuring that the starting 

nanoparticle dispersibility between the initial measurements and later time point measurements is 

the same. SEM images of the LiCoO2 solution following this amount of sonication show that the 

primary particle size is not impacted as evidenced in Figure A.2.5. Figure 2.5 compares DLS 

measurements and ZP measurements for LiCoO2 in phosphate both measured immediately after 

introduction of LiCoO2 to the phosphate solution (t = 0 h; open blue circles) and also after allowing 

the sample to sonicate for a few hours (t = 3.5 h; filled red circles). Since larger particles 

move more slowly than smaller particles,67-68 we expect that more highly aggregated LiCoO2 

particles will have smaller diffusion coefficients, and more dispersed LiCoO2 particles will have 

larger diffusion coefficients. Figure 2.5a shows that the diffusion coefficients of LiCoO2 in all 

concentrations of phosphate studied were similar at t = 0 h but decreased in low concentrations of 

phosphate after 3.5 h. At the highest two concentrations of phosphate, 10−3 and 10−2 M, an increase 

in diffusion coefficient is observed after 3.5 h, consistent with the hypothesis that LiCoO2 

nanomaterials in high concentrations of phosphate may form more stable colloidal suspensions 

than in either pure water or in NaCl solutions. 

 A comparison of the zeta potential of LiCoO2 in phosphate solutions provides insight into 

the observations described above. Figure 2.5b shows that the zeta potential of LiCoO2 decreases 
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with increasing phosphate concentration. At phosphate concentrations of 10−4 M and larger, zeta 

potentials are negative with magnitudes of 30 mV or more, which is in the range of values generally 

accepted to represent stable colloidal suspensions.67, 69 At these phosphate concentrations, the zeta 

potentials of LiCoO2 are large enough to stabilize the particles through electrostatic repulsion. 

Consequently, the particles do not aggregate as significantly over time in high concentrations of 

phosphate than without phosphate present, consistent with the diffusion coefficient data presented 

in Figure 2.5a. 

 The trends described from Figure 2.5a and 2.5b are observed at lower concentrations of 

phosphate; however, analysis of these samples was at our instrumental limits, and so the data are 

not shown here. Nevertheless, the data shown span a range of phosphate concentrations that are 

relevant to freshwater sources. The concentration of dissolved phosphate in lakes varies within the 

sub-micromolar to micromolar range, while in polluted rivers the concentration can be elevated to 

tens or hundreds of micromolar.40, 70 

2.3.5. UV−Vis Tracking of LiCoO2 Sedimentation in Phosphate. 

 To further probe the impact of phosphate adsorption on LiCoO2 dispersibility in solution, 

we employed UV−visible spectroscopy. We tracked the apparent UV−vis absorbance (i.e., the 

total extinction, determined by the sum of true absorption and optical scattering) of LiCoO2 in 

three concentrations of phosphate, 1, 10, and 25 mM Na2HPO4, with corresponding ionic strength 

controls of 3, 30, and 75 mM NaCl, respectively, yielding the data in Figure 2.6. The spectrum in 

Figure 2.6a shows the LiCoO2 peak at 414 nm, from which we subtracted the absorbance at 

baseline (350 nm), normalized to t = 0, and tracked the decay over 20 min. Figure 2.6b shows the 

final absorbance values as a function of phosphate concentration with respect to the NaCl ionic 

strength controls. 



54 

 

 Figure A.2.6 shows that for both LiCoO2 in phosphate and NaCl, an initial drop in 

absorbance occurs at early time points, followed by stabilization of the absorbance over the 20 min 

time frame. This early decay in absorbance followed by stabilization over longer time scales is 

similar to that reported in previous studies for low concentrations (7 mg/L) of magnetic iron 

nanoparticle suspensions in water71 and high concentrations (100 mg/L) of ZnO nanoparticles with 

natural organic matter at different ionic strengths.72 We found that the absorbance of LiCoO2 in 

phosphate decayed less significantly than the ionic strength control at all phosphate concentrations, 

consistent with our hypothesis that particles in the presence of phosphate are stabilized in 

suspension. The change in absorbance at all concentrations of phosphate is similar, meaning that 

the stabilizing impact of phosphate on LiCoO2 is observed across all concentrations studied. This 

result is consistent with the particles being comparably coated with phosphate at each 

concentration, in agreement with the phosphate coverage on LiCoO2 measured via XPS. For 

example, for these experiments, at 1 mM Na2HPO4 there are approximately 3.6 × 1018 phosphate 

molecules present in solution, while only 2.6 × 1016 phosphate molecules are required to achieve 

the ∼2 atoms P/nm2 coverage values obtained from the XPS experiments at this concentration of 

LiCoO2. Therefore, at each phosphate concentration studied here, there is at least a 100-fold excess 

of phosphate compared to the amount required to achieve the coverages observed via XPS. 

Additionally, each concentration presented here is comparable to or larger than the highest 

concentrations studied in the ZP measurements, which show that at phosphate concentrations 1 

mM and higher, the ZP becomes increasingly more negative, with a magnitude larger than the 

value of ∼30 mV typically associated with stable colloidal suspensions. For the ionic strength 

control experiments, we observed a more significant decay in absorbance over time with increasing 

concentration of a noninteracting ion source (NaCl). This is consistent with DLVO theory, which 
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predicts that colloidal stability decreases as ionic strength increases. The difference in LiCoO2 

stability in phosphate solution compared with NaCl at the same ionic strength shows that the 

enhanced stability in the presence of phosphate is not due to an ionic strength effect but is due to 

a specific chemical interaction between phosphate and LiCoO2 that increases particle stability. 

2.3.6. Dissolution of LiCoO2 in Model Aqueous Environments. 

 Previous studies have shown that metal release from complex metal oxide nanomaterials 

can have an adverse impact on organisms.56-58 We studied the dissolution of 0.5 mg/L LiCoO2 

in moderately hard water (MHW) and MHW + 1 μM Na2HPO4 as a model for a freshwater 

environment to discern if phosphate had a significant impact on cobalt release from LiCoO2. We 

also studied the dissolution of 50 mg/L LiCoO2 in MHW and MHW + 100 μM Na2 HPO4 to discern 

if concentration played a significant role in the differences between cobalt release with and without 

phosphate. Table 2.1 shows that the presence of phosphate did not significantly impact the 

dissolution of LiCoO2 at either low or high concentrations of LiCoO2 and phosphate as compared 

to the dissolution without phosphate present. While phosphate adsorption increases the 

dispersibility of LiCoO2 and therefore more surface area of LiCoO2 is exposed to solution, we do 

not observe a corresponding increase in cobalt release. This is potentially due to the phosphate 

adsorbed on the surface mitigating dissolution by preventing the release of Co from the material, 

which has been reported previously.10, 73 This is supported by prior studies on the dissolution of 

LiCoO2-type materials in aqueous media, where it was shown that surface transition metal 

dissolution of Co is most likely mediated by OH−.62 

2.4 Environmental Impact. 

 This work is important to long-term understanding of the potential environmental impact 

of lithium-ion battery materials. The ubiquitous use of LiCoO2 and related Co-based lithium 
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intercalation compounds in mobile electronics (e.g., laptops, cell phones, electric vehicles) is 

expected to lead to dramatic increases in production and use during the next decade; these increases 

are driven largely by increased worldwide demand for electric vehicles.36 However, there is 

currently little worldwide infrastructure for recycling of lithium ion batteries.36, 74-75 As a result, 

LIBs are an increasingly important component of electronic waste (“E-waste”), much of which is 

disposed of in developing countries that have less restrictive waste management practices.36, 74-78 

Our work is relevant to understanding the interaction of lithium-ion battery cathodes when exposed 

to environmental conditions, such as those that might arise from improper disposal or other 

uncontained release. Our work shows that the interaction of LiCoO2 nanomaterials with phosphate 

ion at environmentally relevant concentrations irreversibly alters the LiCoO2 surface charge and 

therefore dispersibility in aqueous media. This result has environmental impact because the 

irreversible adsorption of phosphate at environmentally relevant concentrations suggests that 

phosphate may play a significant role in the transport of LiCoO2 and related materials in soil and 

into freshwater environments and may therefore be important in understanding the transport and 

subsequent biological impact of LiCoO2 and related compounds. 
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2.5 Figures. 

 

Figure 2.1. Characterization of LixCoO2 nanosheets: (a) SEM micrograph; (b) TEM micrograph; 

(c) enlarged version of the region highlighted in (b) revealing edge-on lattice planes of LixCoO2 

sheet; (d) powder X-ray diffraction pattern. 
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Figure 2.2. (a) ATR-FTIR spectrum of phosphate on LiCoO2 (gray trace) after exposure and 

(orange trace) after rinsing with water. (b) Zoom of P−O stretching region from top spectrum. (c) 

Multipeak fit of middle spectrum. 
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Figure 2.3. Potential binding configurations supported by the ATR-FTIR spectra of phosphate on 

the surface of LiCoO2: (a) inner sphere deprotonated bidentate, (b) outer sphere diprotonated, 

and (c) inner sphere mono-protonated bidentate. 

  



60 

 

 

Figure 2.4. (a) Atomic coverage of phosphorus on LiCoO2 nanoparticles following exposure as 

calculated from XPS. (b) Representative Co(2p) X-ray photoelectron spectrum. (c) Representative 

P(2p) Xray photoelectron spectrum. 
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Figure 2.5. (a) Diffusion coefficient of LiCoO2 in phosphate vs concentration of phosphate. (b) 

Zeta potential of LiCoO2 in phosphate vs concentration of phosphate. Open blue circles represent 

measurements taken immediately after the addition of LiCoO2 to phosphate. Filled red circles 

represent measurements taken after 3.5 h sonication of the LiCoO2 in phosphate. The dashed line 
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indicates a break in the scale after the 0 M Na2HPO4 (ionic strength control, 30 mM NaCl) data 

point. 
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Figure 2.6. (a) Representative normalized absorbance spectrum for LiCoO2 in suspension. Scale 

bar represents absorbance of 0.25. (b) Normalized peak absorbance of LiCoO2 after 20 min in 

solution as a function of phosphate concentration (orange bars), compared to the NaCl ionic 

strength control (blue bars). 
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 Co released in 

MHW (ppb) 

Co released in MHW + 

Na2HPO4 (ppb) 

0.5 mg/L LiCoO2 1 μM 

Na2HPO4 

7.3 ± 9.0 6.9 ± 5.7 

50 mg/L LiCoO2 100 μM 

Na2HPO4 

64.8 ± 14.6 70.0 ± 3.8 

 

Table 2.1. Co Released into MHW, MHW with Phosphate Present at Two Concentrations of 

LiCoO2 and Phosphate.  
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Chapter 3. Interaction of Phosphate with Lithium Cobalt Oxide Nanoparticles: A 

Combined Spectroscopic and Calorimetric Study. 

The following chapter is adapted from the article published in Langmuir 2019, 35, 16640-16649 

(DOI: 10.1021/acs.langmuir.9b02708) with the co-authors Poorandokht Ilani-Kashkouli, Curtis 

M. Green, Nadine J. Kabengi, Robert J. Hamers. 

All of the experiments, data acquisition and analysis, and manuscript preparation and revision 

were done by Elizabeth D. Laudadio under the advisement of Robert J. Hamers except for the 

following:  

Curtis M. Green collected the transmission electron micrographs shown in Figure 3.1.b and 

3.1.c. Poorandokht Ilani-Kashkouli collected and analyzed the flow microcalorimetry data and 

ion chromatography data shown in Figure 3.2a, 3.2b, and 3.3a under the advisement of Nadine J. 

Kabengi. 

3.1 Introduction. 

 The rapid growth in the use of transition metal oxides in emerging technologies such as 

energy storage brings with it a desire to understand the chemical transformations that these oxides 

and other nanomaterials undergo in the environment.1-4 One of the key challenges in understanding 

the long-term fate of nanomaterials in the environment is that interaction with aqueous systems, 

adsorption of ions, and acquisition of surface coatings can all alter nanoparticle properties.5-8 

Lithium cobalt oxide (LiCoO2) is a good model system for investigation as it is representative of 

the broader class of layered oxides being used in energy storage9-12 and as catalysts for water 

oxidation and other reactions.13-15 The transformation of LiCoO2 and related materials in model 

environmental and biological systems has been shown to have impacts both on nanomaterial 
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properties and model organisms.16-20 Phosphate ion is a particularly important model adsorbate 

because of its well-known role in stabilizing surfaces of geochemical importance and the 

widespread presence of phosphate in surface waters.21-23 

 One of the key challenges in understanding interaction of phosphate and other small ions 

with nanomaterials is the difficulty in characterizing the important kinetic and thermodynamics 

factors that control their interaction. We showed previously that phosphate ion irreversibly adsorbs 

to LiCoO2, altering the surface charge and therefore the dispersibility of the nanomaterials in 

aqueous solutions.6 To understand the chemical bonding in more detail, chemically specific probes 

such as time-course in situ infrared spectroscopy can provide information on structure and 

bonding, while thermodynamic measurements such as microcalorimetry can determine the 

energetics of ion adsorption.24-31 Together, these in situ measurements provide new insights into 

the nature of bonding at complex oxide surfaces and the thermodynamics of ion adsorption. 

 Here, we present an investigation combining in situ FTIR with in situ flow 

microcalorimetry to probe the structure and energetics of phosphate ion interaction with 

nanosheets of LiCoO2 at different pH values relevant to environmental systems.32-33 The use of 

high surface area nanoparticles provides the sensitivity needed to investigate adsorption at sub-

monolayer coverages, while layered 2D nanosheets expose almost entirely one crystal plane which 

thereby minimizes heterogeneity of the exposed surfaces.34-35 To help overcome spectral 

broadening and analyze the temporal evolution of the spectra, we use two-dimensional correlation 

analysis of FTIR data obtained as a function of time.36-38 Our work directly reveals that phosphate 

adsorption at circumneutral pH occurs by two distinct steps that we interpret as a transition from 

a monodentate coordinated phosphate to a bidentate coordinated phosphate.  This study highlights 

need for powerful and complimentary in situ techniques to assess all aspects of these interactions. 
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3.2 Experimental Section. 

3.2.1. General.  

 All experiments were conducted using ACS reagent grade chemicals, and all aqueous 

solutions were prepared in ultrapure water (18.2 MΩ) unless otherwise noted. All sonication was 

performed in a Cole Parmer Ultrasonic Processor operating with a maximum power of 750 W. 

3.2.2. LiCoO2 nanoparticle synthesis and characterization. 

 We synthesized sheet-like nanoparticles of LiCoO2 as described previously.6, 34 Briefly, we 

synthesized a Co(OH)2 precursor by dropwise addition of 20 mL of 1 M Co(NO3)2•6H2O to 420 

mL of 0.1 M solution of LiOH, ensuring a  [OH] 5% stoichiometric excess for Co2+ + 2OH- → 

Co(OH)2. The precipitate was isolated by centrifuging into a pellet (4696×g, 3 min) and decanting 

the supernatant. The product was then washed a total of three more times by redispersing in water 

and collecting the pellet by centrifugation. After the final rinse, we decanted the supernatant and 

dried the product in a vacuum oven at 30 oC overnight. Once dried, 0.5 g of the Co(OH)2 precursor 

was massed for the lithiation step. A  20 g mixture of a 6:4 molar ratio of LiNO3:LiOH was heated 

at 200 oC in a polytetrafluoroethylene container and assembled in a silicone oil bath under 

magnetic stirring, forming a molten salt flux.  The Co(OH)2 precursor was added to the molten salt 

and after 30 min, the flux was quenched with water. The product was then collected and washed 

through four cycles of dispersion/isolation via centrifugation in water, as described above. The 

product was then dried in a vacuum oven at 30 oC overnight. 

3.2.3. Characterization of LiCoO2 nanoparticles. 

 We obtained x-ray diffraction (XRD) patterns of the LiCoO2 nanoparticles using a Bruker 

D8 Advance powder diffractometer with a Cu Kα source and a Lynxeye detector. Concentrated 

dispersions of LiCoO2 powders in isopropyl alcohol were prepared through ultrasonication. The 
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mixture was then drop-cast onto a zero diffraction plate (MTI Corp) and allowed to dry, forming 

a uniform film of material. The powder XRD pattern was acquired using a step size of 0.20o and 

dwell time of 165 s at each point. To characterize nanoparticle morphology using scanning electron 

microscopy (SEM), LiCoO2 was dispersed in methanol and spin-coated onto low-resistivity (<0.1 

Ω•cm) B-doped Si wafers. Images were acquired using a Leo Supra55 VP SEM, 3 kV electron 

energy, using a secondary electron detector. The morphology of LiCoO2 nanoparticles was further 

analyzed with a transmission electron microscope (TEM, FEI Tecnai T12) at 120 kV. TEM grids 

were prepared by drop-casting suspensions of LiCoO2 nanoparticles in water onto a carbon-

supported TEM grid, which was allowed to dry overnight. The lithiation state of the LiCoO2 

nanoparticles was assessed by digesting the particles in aqua regia (3:1 v/v ratio of 39% HCl and 

68% HNO3, caution: highly corrosive!) and analyzing ion concentrations using inductively 

coupled plasma – optical emission spectroscopy (ICP-OES), yielding a nanoparticle stoichiometry 

of Li0.92CoO2. 

3.2.4. Flow Microcalorimetry. 

 The flow microcalorimeter used in this study was custom-designed and fabricated in the 

Kabengi laboratory at Georgia State University. A description of the instrumentation and basic 

operation has been detailed previously.26-27, 29 Only a brief description outlining the basic principles 

of obtaining data and experimental procedures relevant to this study is provided here.  To prepare 

samples for microcalorimetry, we homogeneously packed a 10.0 ± 0.5 mg sample of LiCoO2 

nanoparticles into a small region of the flow path and equilibrated with 1 mM LiCl at a flow rate 

of 0.30 ± 0.02 mL/min. During operation, the liquid temperature was continuously monitored by 

two thermistors flanking the sample holder and the temperature of each thermistor was recorded 

every 5.0 s. This voltage across the thermistor was amplified and recorded as a function of time. 
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 After thermal equilibrium was reached, the input solution was switched to a solution of 0.9 

mM LiCl and 0.1 mM LiH2PO4, i.e. keeping the total concentration of Li+ at 1 mM. The differential 

thermal signal resulting from the interaction of phosphate species with the LiCoO2 sample was 

recorded, and the calorimetric peak thus obtained numerically integrated and converted to energy 

units (Joules) by calibrating the instrument response using heat pulses of known energy. The 

amount of phosphate adsorbed on the surface was determined by a mass balance calculation using 

the known total mass injected and a measurement of the mass recovered from effluent samples, 

which were analyzed for total aqueous concentration of phosphate using High-Performance Liquid 

Chromatography – Ion conductivity (Metrohm, USA).  

 We probed the interaction of phosphate with LiCoO2 nanoparticles at three pH values: 5.60 

± 0.05, 7.4 ± 0.5, and 9.0 ± 0.5. In order to avoid possible effects due to competitive adsorption 

that can occur when using buffer solutions, we did not use buffers and instead controlled solution 

pH by monitoring the value and adjusting as needed using 2 µL increments of 0.1 M LiOH or 0.1 

M HCl as needed. Changes in total concentration and ionic strength resulting from pH adjustments 

were determined to be less than ≤ 1%. The pH of the influent and effluent solutions was monitored 

to ensure it remained constant during the course of the experiments. 

3.2.5. Quantification of phosphate adsorption with X-ray Photoelectron Spectroscopy 

(XPS). 

 To quantify the  adsorption of phosphate onto LiCoO2, we used XPS measurements of 

photoelectron emission from the P(2p) and Co(2p) levels. We prepared samples for XPS by 

suspending 5 mg LiCoO2 nanoparticles in  50 mL of a 1 mM Na2HPO4 solution at the three pH 

values studied (pH 5.6, pH 7.4, pH 9.0, pH of solutions adjusted using either 1 M HCl or 1 M 

NaOH) After suspending for hour, we isolated the particles through centrifugation (4696×g, 5 
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min), redispersed in water, and isolated again through centrifugation (14104×g) for 5 minutes. The 

pellet of particles was then dried under vacuum overnight. We pressed the dried particles into 

indium foil on a copper foil backing to ensure the sample was of homogenous flatness and 

thickness and could make good electrical contact with the sample holder. XPS spectra were 

measured using a Thermo Fisher Scientific K-alpha XPS using at a 45o photoelectron takeoff angle, 

measuring the Li (1s), Co(2p), O(1s), Na(1s), C(1s) and P(2p) peaks.  XPS spectra were fit using 

CasaXPS software.38 Co(2p) and P(2p) peak areas were used for quantitative analysis of surface 

coverage using the following equation:  

𝑪𝒐𝒗𝒆𝒓𝒂𝒈𝒆 =  
𝑨𝑷,𝟐𝒑

𝑨𝑪𝒐,𝟐𝒑
×

𝑺𝑭𝑪𝒐,𝟐𝒑

𝑺𝑭𝑷,𝟐𝒑
×

𝑺𝒄𝒂𝒏𝒔𝑪𝒐,𝟐𝒑

𝑺𝒄𝒂𝒏𝒔𝑷,𝟐𝒑
× 𝝆𝑪𝒐,𝟐𝒑 × 𝝀𝑪𝒐,𝟐𝒑 × 𝒄𝒐𝒔 𝜽 

 Where A = peak area, SF = atomic sensitivity factor (SFCo,2p = 18.23529, SFP,2p=1.352941), 

ρ= density of cobalt in LiCoO2 (30 atoms/nm3), λ = inelastic mean free path (IMFP) of Co electron 

emitted from LiCoO2 (1.9 nm, calculated from the NIST database39 via the TPP-2M equation.39-

40), θ= Angle of the analyzer to the surface normal (45o for the instrument used here). The coverage 

equation makes the assumption that the adsorbed layer is thinner than the IMFP of a Co(2p) 

photoelectron, 1.9 nm. Scans refers to the number of scans that were averaged to achieve the total 

peak area. Spectra were background subtracted with a Shirley function and peaks were fit using a 

30% Gaussian, 70% Lorentzian line shape. 

3.2.6. Characterization of LiCoO2 nanosheet zeta potential. 

 Dynamic Light Scattering (DLS) and Laser Doppler Microelectrophoresis measurements 

were taken with a Malvern Zetasizer Nano ZS. A 250 mg/L stock solution of LiCoO2 was prepared 

in 1 mL of ultrapure water and sonicated for 1 h in a water-cooled cup ultrasonicator (10 s on, 10 

s off for 30 min total sonication time) before analysis. DLS measurements were performed on 1 

mg/L LiCoO2 suspensions either in 300 µM NaCl as an approximate ionic strength control, or 100 
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µM Na2HPO4 at the pH values studied (pH 5.6, pH 7.4, pH 9.0). The pH values were achieved by 

additions of microliter quantities of either 1 M HCl or 1 M NaOH. Three size measurements were 

taken (approximately 6 minutes) followed by three zeta potential measurements (approximately 5 

minutes). The data shown are averages of three experimental replicates for each data point. To 

avoid possible effects of aggregation, the stock LiCoO2 solution was left sonicating between 

measurements. SEM images of stock solutions before and after sonication show no change in the 

nanoparticle morphology (Figure A.3.1). 

3.2.7. Preparation of LiCoO2 layers for attenuated total reflectance – FTIR (ATR-FTIR). 

 Thin layers of LiCoO2 were prepared by spin-coating LiCoO2 suspensions onto a zinc 

selenide (ZnSe) trapezoidal prism acting as a 10-bounce internal reflection element (IRE). We 

prepared LiCoO2 suspensions of 1000 mg/L in 2 mL methanol. Solutions were sonicated for 1 h 

in a cup ultrasonicator with cooling water (10 s on, 10 s off for 30 min total sonication time). To 

ensure that the ZnSe IREs were clean, we rinsed them with water followed by methanol, dried 

with N2, and exposed to UV light from a low-pressure Hg grid lamp (UV Products) in air for at 

least 10 min before use. We then spin-coated the LiCoO2 suspension onto the clean ZnSe IREs 

using 25 repeated applications of 75 µL each and spinning for 30 s at 1000 rpm after each 

application. The layer was then stabilized by heating in a box furnace at 400 oC for 5 min. The 

ZnSe element was allowed to cool for at least 12 h before using. SEM images of LiCoO2 layers 

prepared on Si wafers using this method show that the nanoparticles are randomly oriented (Figure 

A.3.2). 

3.2.8. ATR-FTIR studies of phosphate adsorption to LiCoO2 surfaces. 

 ATR-FTIR spectra were acquired using the previously described LiCoO2-coated ZnSe 

IREs assembled in a flow cell (Specac) using a Bruker Vertex 70 FTIR spectrometer. Spectra were 
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acquired at 4 cm-1 resolution, averaging 500 scans per spectrum. The experiment was performed 

at a fixed pH of 7.4, using solutions of 100 µM Na2HPO4 or pH-adjusted water, where pH was 

controlled by addition of microliter quantities of 1 M HCl or 1 M NaOH as needed. In each 

experiment, at reference spectrum was obtained after flowing 1 mL of pH 7.4 water over the 

LiCoO2-coated ZnSe at 0.5 mL/min. After obtaining the water baseline, a solution of 100 µM pH 

7.4 Na2HPO4 was then flowed (0.5 mL/min) while continually collecting spectra (approximately 

2 minutes per spectrum) for a total duration of 1 hr. All spectra shown here are presented as 

absorption spectra at different times t, defined as, 𝐴(𝜈, t) = −𝑙𝑜𝑔10 (
I(�̃�,t) 

I(�̃�,0)
) where I(𝜈,t) is the 

observed intensity of transmitted light as a function of wavenumber(𝜈) measured at time t, and 

t=0 corresponds to the initial spectrum taken after flowing pH 7.4 water over the LiCoO2 film. The 

volume of the cell is 0.55 mL, and so for each 1 hr interval during which solutions were flowed at 

0.5 mL/min, approximately 54 full volume exchanges of the flow cell occurred. FitYK software 

was used to peak fit the final spectrum.41 

3.2.9. Two-dimensional correlation spectroscopic analysis of ATR-FTIR data. 

 Two-dimensional correlation spectroscopy (2D-COS) analysis of infrared spectra is a 

method used to investigate spectral changes as a function of an external perturbation or variable.36-

38 We employed this technique to assess spectral changes as a function of time. Time-course ATR-

FTIR spectra were obtained as detailed above. Using a custom program in Igor Pro software, 

calculated the time-dependent absorption spectra and removed residual baselines in the region of 

primary interest (1200 - 800 cm-1) by a simple linear fit to the absorbance at the edges of this region 

(1400 – 750 cm-1). The 2D-COS plots were obtained Fourier-transforming the spectra obtained at 

different times and taking the cross-correlation in the frequency domain using the equation: 
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𝜙(𝜐1,𝜐2) + 𝑖𝜓(𝜈1,𝜈2) =
1

𝜋𝑇
∑  �̃�1(𝜈1, 𝜔 = 𝑛𝜔0)�̃�2

∗
(�̃�2, 𝜔 = 𝑛𝜔0)

𝑛=𝑁−1

𝑛=0
 

 

In this equation, �̃�1(𝜈1, 𝜔) is the Fourier transform (in time) of the absorbance spectra 𝐴(𝜈, t), 

which were measured at N equally spaced time intervals 𝛥𝑡 over a total time T such that 

T=n𝛥𝑡 where 𝑛 = 0, … 𝑁 − 1. We  calculated the discrete Fourier transform 𝑌1̃(𝜈, 𝜔) as: 

 

�̃�1(𝜈, 𝜔) =
1

2𝜋
∑ 𝑒2𝜋𝑖𝑚/𝑁𝐴(𝜈, 𝑡 = 𝑛Δ𝑡)

𝑚=𝑁−1

𝑚=0
 

 

where 𝜔 = 𝑚𝜔0 (m=0,...,N/2) and  𝜔0 = 2𝜋/𝑇. Note that the frequency ω is related to the times 

t at which the spectra were acquired, while 𝜈 refers to the spectral frequencies as conventionally 

represented in wavenumbers, cm-1.  The resulting complex function yields two-dimensional data, 

where 𝜙(𝜐1,𝜐2) is the synchronous 2D correlation plot and 𝜓(𝜈1,𝜈2) is the asynchronous 2D 

correlation plot. The synchronous and asynchronous correlation plots can be analyzed via Noda’s 

rules,36 which describe the relationship between the signs of the cross peaks and the changes in 

spectral intensity.36-38 Cross-peaks of identical sign in the synchronous plot indicate that the 

changes in the absorbance of these regions as a function of time either increase or decrease in the 

same direction, whereas cross-peaks of opposite signs indicate that the changes occur such that 

one band increases while the other decreases. The sequential order of the changes in bands can 

then be determined by relating the signs of the synchronous plot to asynchronous plot. If the signs 

of the features in the asynchronous and synchronous plots are the same, the change in the X axis 

band (𝜈1) occurs before the Y axis band (𝜈2). If the signs are opposite, the change in the X axis 

band (𝜈1) occurs after the Y axis band (𝜈2). The symmetry properties of the above calculations 
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force the synchronous plot to be symmetric about the diagonal, while the asynchronous plot must 

be anti-symmetric about the diagonal. 

3.3 Results and Discussion. 

3.3.1. LiCoO2 nanoparticle synthesis characterization.   

 Figure 3.1a shows a representative SEM micrograph of nanoparticles used for this study. 

SEM reveals a sheet-like morphology of LiCoO2 nanoparticles. Further morphology analysis with 

TEM is shown in Figure 3.1b and 3.1c, where individual particles imaged edge-on reveal the lattice 

planes of the layered material. Figure 3.1d shows a powder XRD pattern collected from these 

particles. The pattern can be indexed to the R3̅m space group by comparison of the collected XRD 

pattern to that of single crystal LiCoO2.
35 While the lack of full separation of the (018) and (110) 

peaks may indicate the presence of residual spinel phases,42 the inability to resolve these individual 

peaks could also be due to the peak-broadening that occurs when acquiring XRD patterns of 

nanoparticles. We expect these particles to be reasonable models for the degradation of the cathode 

materials in lithium ion batteries, where mechanical fracture following electrochemical cycling is 

common.43 We note that while in the pristine material the basal plane of LiCoO2 is terminated in 

lithium, because the material is an intercalation compound, the lithium ions are highly mobile and 

likely to undergo Li+/H+ exchange in solution. This has been demonstrated experimentally44 as 

well as computationally.45 Analysis of lithium release from LiCoO2 in the presence of phosphate 

shows that approximately 30% of the total lithium is released, which we believe is consistent with 

the total amount of lithium released being mostly limited to the surface lithium (Figure A.3.3). We 

therefore expect the surface of the materials in aqueous solutions to be hydroxylated instead of 

lithium terminated. 
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3.3.2. Energetics of interaction from flow microcalorimetry.   

 Figure 3.2a shows microcalorimetry data obtained from phosphate exposure to LiCoO2 at 

three different values of pH; pH 5.6 (pink trace), pH 7.4 (green trace), and pH 9.0 (blue trace). In 

each case, when LiCl is substituted with Li2HPO4-containing solutions, a positive calorimetric 

signal is detected. This sign is consistent with heat being released following phosphate interaction 

with LiCoO2, indicating a negative enthalpy of adsorption. However, the shapes of the heat release 

profiles at each pH are significantly different.  

 This is most obvious at pH 7.4, where the heat release is greatest in magnitude at each time 

point and shows two distinct features: an initial heat of release over ~20 minutes, followed by a 

slower release of heat over ~40-60 minutes. The calorimetric signal can be converted to a heat of 

adsorption (Qads) by integrating the curves and using the calibration of an internal standard to 

convert V•min to mJ, which was then normalized by the mass of the LiCoO2 in each experiment. 

 Figure 3.2b shows the values of Qads obtained at each pH studied. The value of Qads at pH 

7.4 is -5.16 mJ/mg, which is approximately twice of what is released at pH 5.6, -2.28 mJ/mg. Qads 

at pH 9.0 is the smallest in magnitude, at -0.90 mJ/mg. 

3.3.3. Determination of Surface Coverage.  

 We determined the amount of phosphate adsorbed to LiCoO2 using two complementary 

approaches. In one, we collected the effluent from the microcalorimetry apparatus and measured 

phosphate concentration (via ion chromatography) and effluent volume to get the total number of 

moles of phosphate in the effluent, and subtracted this from the total moles of phosphate introduced 

into  the system during the same time interval. The resulting difference represents the amount of 

phosphate adsorbed to the LiCoO2 nanoparticles during the microcalorimetry experiment. Figure 
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3.3a shows that the amount adsorbed at pH 5.6 and 7.4 were similar to one another, while the 

amount adsorbed at pH 9.0 was much lower.  

 We also quantified the phosphate adsorption using XPS by exposing samples to phosphate 

at different pH values. We determined the absolute surface coverage of phosphorus using the area 

of the Co(2p) peaks as an internal standard (Figure A.3.4) which were analyzed to yield the 

coverage values shown in Figure 3.3. We confirmed the coverage using the bulk O(1s) intensity as 

an internal standard, with nearly identical results. These data show that the phosphate coverage (in 

atoms phosphorus / nm2) decreases from 1.4 at pH 5.6 to 0.6 at pH 9.0. A single-factor ANOVA 

test reveals that the phosphate coverage at pH 5.6 and pH 7.4 are indistinguishable, while the lower 

coverage at pH 9.0 is statistically lower than the values at pH 5.6 and pH 7.5 (p <0.02). 

 Both the microcalorimetry data and XPS data show that the phosphate coverage is similar 

at pH 5.6 and 7.4, but significantly lower at pH 9. By using the specific surface area of the 

nanoparticles as determined from Brunauer-Emmett-Teller adsorption analysis, the 

microcalorimetry data can be represented as an atomic number density (atoms / nm2), the same 

units of the coverages from XPS analysis (detailed calculation in Supporting Information). 

Coverage values from ion chromatography when converted to units of atoms/nm2 are 0.6 at pH 

5.6, 0.7 at pH 7.4, and 0.07 at pH 9.0. These values are slightly lower than those determined by 

XPS, potentially reflecting the fact that in the microcalorimetry experiments some of the surface 

area that is accessible to gaseous species (as in BET analysis) maybe inaccessible in the geometry 

of the microcalorimetry experiment. Nevertheless, one important outcome of these experiments is 

that since the amount of phosphate adsorbed at pH 7.4 is comparable to that adsorbed at pH 5.6, 

we conclude that the higher amount of heat evolved at pH 7.4 cannot be accounted for on the basis 
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of greater phosphate adsorption, but rather indicates that the specific chemical processes occurring 

at pH 7.4 are more exothermic. 

3.3.4. Analysis of apparent zeta potential as an indication of relative surface charge.  

 We characterized the influence of phosphate exposure on the nanoparticle surface charge 

using measurements of the electrophoretic mobility and apparent zeta potential. Because our 

nanoparticles have a flake-like geometry, the hydrodynamic equations typically used to relate 

mobility to zeta potential are not strictly applicable.46-47 We therefore include the measured 

electrophoretic mobilities values and also the apparent zeta potential as derived from Henry’s 

Equation, which is defined as 
𝑈

𝐸
=

2𝜀𝜁𝐹(𝜅𝛼)

3𝜂
, where U/E is the electrophoretic mobility, 휁 is the 

apparent zeta potential, 휀 is the solvent dielectric permittivity constant, 휂 is the viscosity of the 

solvent, and F(κα) is Henry’s function, which is approximated to 3/2 in the Smoluchowski model, 

which is most commonly used for nanomaterials in polar solvent.46-47 

 To control for the influence of solution-phase ions on apparent zeta potential 

measurements, we also did control experiments using a NaCl solution having a similar ionic 

strength to the phosphate solutions used here. Figure 3.4 shows the mobilities and apparent zeta 

potential of LiCoO2 nanoparticles in 100 µM Na2HPO4 (open, orange circles) and in a control 

experiment consisting of 300 µM NaCl (filled blue circles) at pH 5.6, 7.4 and 9.0. At all pHs 

studied here, the LiCoO2 nanoparticles have a net negative charge in phosphate and in the NaCl 

control solution. At pH 5.6, the zeta potential is nearly the same in both NaCl and phosphate, while 

at higher pH values the LiCoO2 nanoparticles have higher mobility (more negative apparent zeta 

potential) than those in the NaCl control. We note that the apparent zeta potential of the LiCoO2 

nanoparticles in the phosphate solution are approximately -30 mV at the two higher pH values, a 

value often considered a threshold for forming stable colloids.48-49 Dynamic light scattering 
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measurements show that neither pH nor presence of phosphate impact the diffusion coefficient of 

LiCoO2 under these conditions (Figure A.3.5). When this result is considered in conjunction with 

the data showing that adsorption of phosphate onto LiCoO2 at pH 7.4 is higher than at pH 9.0, the 

combination of these results, and the exotherm from the calorimetry experiment, suggest that the 

difference in the interaction of phosphate with LiCoO2 at pH 7.4 cannot be explained by the surface 

charge of LiCoO2 as a function of pH. There is a higher amount of phosphate adsorbed, and higher 

heat released from phosphate interaction with LiCoO2 at pH 7.4 compared with pH 9.0, despite 

the surface charge of LiCoO2 both in the presence and absence of phosphate being 

indistinguishable between pHs 7.4 and 9.0. 

3.3.5. ATR-FTIR and 2D-COS analysis of the evolution of phosphate vibrational modes on 

LiCoO2.  

 In order to understand the thermodynamic trajectory of phosphate interaction with LiCoO2 

at pH 7.4, we used ATR-FTIR to characterize the geometry of phosphate adsorbed to LiCoO2 over 

time. Figure 3.5a shows the final spectrum after the one hour of exposure of phosphate to LiCoO2. 

Consistent with our prior study6, adsorption of phosphate species to LiCoO2 results in a single 

broad feature in the region from 1200 – 800 cm-1 that is composed of multiple vibrational 

contributions. Here we show that the broad feature can be fit to five individual peaks at 1143, 1085, 

1032, 993 and 956 cm-1. By comparing the number and frequency of the vibrational modes on the 

surface of LiCoO2 to a free H2PO4
- molecule, the final geometry of phosphate on the surface of 

LiCoO2 can be assigned to a bidentate structure.50-51 A bidentate geometry on the surface of 

LiCoO2 has the same symmetry as that of the H2PO4
- molecule (i.e., Co2PO4

-), and therefore should 

have the same number of primary infrared active vibrational modes.  
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 The two peaks between 1000 – 900 cm-1 are analogous to HO-P asymmetric and symmetric 

vibrations in H2PO4
-, shifted to higher wavenumbers on the surface of LiCoO2 due to the difference 

in bond strength of CoO-P versus HO-P.50-51 Likewise, the two peaks between 1100 – 1000 cm-1 

are analogous to the symmetric and asymmetric (HO)2PO2 vibrations in H2PO4
-, shifted to lower 

wavenumbers when bound to LiCoO2 due to the weaker bond strength of (CoO)2PO2 versus 

(HO)2PO2.
50-51 The fifth peak between 1200 – 1100 cm-1 can be assigned to a P-OH bending 

vibration which has been reported to be both broad and weak in spectra.52 This final binding 

geometry assignment is consistent with our previous work, though those experiments were done 

at lower phosphate concentrations.6  

 A close examination of the spectra collected as a function of time (Figure A.3.6) shows that 

the structure of the phosphate peak changes with time, indicating that there are time-dependent 

changes in the phosphate geometry on the LiCoO2 surface that occur over the timescale of one 

hour. These changes are challenging to interpret by eye, as they are subtle differences in the overall 

broad feature. Employing 2D-COS analysis allows for these subtle differences to be clarified over 

time. The spectra as obtained over the course of phosphate exposure consist of vibrational 

contributions from both the adsorbed phosphate and the free phosphate in solution within the 

penetration depth of the ATR element Because 2D-COS is only sensitive to changes in vibrational 

modes over time, the confounding signal from the free phosphate is effectively removed in the 

analysis.  

 The synchronous plot of the 2D-COS analysis is shown in Figure 3.5b, and the 

asynchronous plot is shown in Figure 3.5c. The symmetry properties of the correlation analysis 

dictate that the synchronous spectrum must be symmetric with respect to reflection about the 

diagonal, while the asynchronous spectrum is antisymmetric (i.e., inverts the sign) across the 
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diagonal. As a result, the information in the upper-left half-space and lower-right half-space of the 

plot is redundant. We therefore confine our discussion to the lower-right half-space of each plot. 

 The synchronous plot in Figure 3.5b shows a single large positive (red) feature in the region 

from 1200 – 900 cm-1. The single positive feature indicates that the absorbance of this entire region 

increasing monotonically as a function of time. This is consistent with the evolution of the one-

dimensional spectra over time as shown in Figure A.3.4, where the absorbance of the entire region 

is seen to be increasing between each spectrum collected over the time interval. 

 Analysis of the location and sign of the features in the asynchronous plot in Figure 3.5c 

yields information about the sequential order in which the absorption peaks occur. The 

asynchronous plot shows two major features. The existence of these correlated features is evidence 

that the vibrational modes of phosphate, and thus the geometry of phosphate on the surface of 

LiCoO2, is evolving with time. This is consistent with the microcalorimetry data that indicates the 

interaction of phosphate and LiCoO2 occurs in two separate exothermic steps over time.  

 There is a positive (red) peak in the asynchronous plot that is centered at 𝜈1 = 940 – 910 

cm-1 and 𝜈2 = 1065 – 1030 cm-1, labeled A in Figure 3.5c. The positive sign of this feature indicates 

that the absorbance of the modes at 940 – 910 cm-1 is increasing before those at 1065 – 1030 cm-

1. The vibrational analysis conducted on the one-dimensional spectrum in Figure 3.5a revealed two 

peaks between 1000 – 900 cm-1  that correspond to CoO-P vibrations, and two peaks between 1100 

– 1000 cm-1  that correspond to (CoO)2PO2 vibrations, as have been assigned in related studies on 

different materials.50-51 The appearance of CoO-P vibrations before (CoO)2PO2 vibrations may 

indicate that modes related to phosphate binding to LiCoO2 through a single cobalt on the surface 

are occurring before the modes related to phosphate bound to LiCoO2 through two cobalt atoms, 

as is such in the final bidentate structure.  
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 The remaining feature in the asynchronous plot is a negative (blue) peak centered at 𝜈1 = 

1080 – 1000 cm-1  and 𝜈2 = 1130 – 1080 cm-1, labeled B in Figure 3.5c. The negative value of this 

peak indicates that the vibrational modes at 1130 – 1080 cm-1 increase in intensity before the modes 

at 1080 – 1000 cm-1. The vibrational analysis of the one-dimensional spectrum in Figure 3.5a 

revealed two peaks between 1100 – 1000 cm-1  that correspond to (CoO)2PO2 vibrations, and a 

single peak between 1200 – 1100 cm-1  that corresponds to P-OH bending vibrations, as have been 

assigned in related studies on different materials.50-51   

 Our interpretation of this negative feature (labeled B in the asynchronous plot) is that the 

vibrational modes relating to the P-OH bending motion are occurring in the spectra before the 

vibrational modes relating to the (CoO)2PO2 vibrations of the final bidentate surface structure. The 

two features in the asynchronous plot are consistent with CoO-P and P-OH vibrations both growing 

into the spectra before (CoO)2PO2 vibrations. This information, in combination with the flow 

microcalorimetry results, allow us to propose a hypothesized mechanism of phosphate adsorption 

onto LiCoO2 at pH 7.4. 

3.3.6. Proposed mechanism.  

 Taking into consideration all of the data presented here, we propose a mechanism for how 

phosphate interacts with the LiCoO2 surface at pH 7.4. Both XPS and flow calorimetry calculations 

of phosphate surface coverage on LiCoO2 revealed that a comparable amount of phosphorus is 

retained on the surface of LiCoO2 at both pH 5.6 and pH 7.4, indicating that the noticeable 

difference in the profile of the heat release in the flow microcalorimetry data cannot be due to a 

larger amount of phosphate adsorbing to the surface. The 2D-COS analysis revealed correlations 

in time evolution between the vibrational modes of phosphate, indicating that both P-OH bending 

modes and CoO-P modes occur before the (CoO)2PO2 vibrations. Scheme 1 shows the proposed 
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mechanism of interaction based on the whole of the data presented here. We propose that phosphate 

in the form of H2PO4
- (roughly 50% of phosphate present at pH 7.4) first forms a hydrogen bond 

with the hydroxylated LiCoO2 surface as shown in the step labeled A of Scheme 1. Density 

functional theory calculations have shown that this step is thermodynamically favorable on a 

partially hydroxylated LiCoO2 surface.45 Following hydrogen bond formation, a phosphoryl 

transfer reaction results in the loss of water and formation of a covalent bond between the 

phosphate and the LiCoO2 surface, forming a monodentate structure on the surface as shown in 

the second structure of Scheme 1 labeled B. The loss of water is an exothermic process, and we 

attribute the first peak in the flow calorimetry data to this surface reaction. At this point, the 

adsorbed phosphate molecule can exhibit both CoO-P stretching modes and P-OH bending modes, 

consistent with these modes developing first in the 2D-COS plots of the FTIR spectra. The 

phosphate in the structure labeled “B” can then further react with another hydroxylated group on 

LiCoO2 through a subsequent phosphoryl transfer reaction. Another molecule of water is released, 

consistent with the second exothermic process identified in the flow microcalorimetry. The 

phosphate molecule is then in a bidentate geometry on the LiCoO2 surface, consistent with the 2D-

COS analysis showing that the (CoO)2PO2 vibrations grow into the spectra later than the other 

modes. If the two distinct features in the calorimetry trace are fit separately, the area under each 

curve is comparable, consistent with  the exothermic process at each step resulting from a similar 

reaction: the release of a water molecule. The P-OH bending vibrations do not decrease in the 

spectra, which may suggest that the phosphate can be further protonated once adsorbed or that not 

all the monodentate structures are converted to bidentate. The observation that this bimodal 

interaction is not observed at other pH values may suggest that factors such as concentration of the 

different dissolved forms of hydrogen phosphate, relative proportions of hydroxylated groups on 
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LiCoO2, as well as exposure time and flow rate are all likely to play a role in how the interaction 

of phosphate with LiCoO2 surfaces progress with time. At pH 5.6, we speculate that the Step 1 of 

our proposed mechanism may occur more quickly due to the higher percentage of H2PO4
- (~98%) 

and more positive surface charge of LiCoO2, such that the available surface sites are filled before 

Step 2 can occur. At pH 9.0, only ~2% of the phosphate exists as H2PO4
-. We suspect that the more 

significant electrostatic repulsion between the surface and the dominant HPO4
2- versus H2PO4

-  

may be a factor in the lower coverage observed. 

 The oxygen-oxygen distance between nearest-neighbor oxygen atoms in the basal plane of 

LiCoO2 (2.816 Å) is very similar to the oxygen distances in the orthophosphate molecule,  and 

previous crystallographic comparisons on other materials have shown that the bidentate 

conformation of phosphate on the surface of other metal oxides is geometrically feasible.53 The 

oxygen-oxygen distances in LiCoO2 are further comparable to the oxygen-oxygen bond distances 

in several bulk cobalt phosphates such as where oxygen-oxygen distances are 2.5 – 2.8 Å on 

average for cobalt tetrametaphosphate54, cobalt phosphate55, and cobalt diphosphate,56 which 

further supports  the model of a bidentate surface adsorption and formation of an inorganic cobalt 

phosphate coating presented here.54-56  

 While the concentrations of phosphate studied here are higher than typical environmental 

concentrations, the final coordination of phosphate on the surface of LiCoO2 at 100 µM phosphate 

is the same as we determined in our previous study at a more environmentally relevant 

concentration of 1 µM phosphate. The model present here is consistent with our previous study in 

which we found that phosphate adsorption occurs even at environmentally relevant concentration 

of <10-4 M and that this adsorption was irreversible, demonstrated by the fact that rinsing 

phosphate-exposed LiCoO2 with water did not dislodge phosphate once adsorbed to the surface. 
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Our present result indicate that the reason for this irreversible behavior is that phosphate interaction 

is not a simple adsorption process but is better described as a condensation reaction in which the 

free energy change associated with formation and release of water molecules drives the interaction 

to a new structure like that in Scheme 1. 

 The irreversible, exothermic nature of phosphate surface adsorption  suggests that 

possibility that adsorption of phosphate to LiCoO2 could be the first step of a transformation to a 

new bulk cobalt phosphate composition. To test whether the initial adsorption investigated here 

continues to form a bulk phosphate over longer periods of time, we conducted a limited number 

of experiments using nanoparticles that were exposed to 1 mM Na2HPO4 at pH 7.4 for 5 months. 

XPS analysis of nanoparticles after 5 months of exposure (Figure A.3.7a) yields coverage values 

on the order of ~1 atom P/nm2, comparable to the values obtained after just one hour of exposure. 

This similarity suggests that phosphate adsorption is limited to the exterior surface of the 

nanomaterials.  

 SEM micrographs (Figure A.3.7b) show that the flake-like morphology is retained after 

long-term phosphate exposure, evidence of a self-limiting phosphate adsorption that does not alter 

the overall morphology of the material. However, powder XRD data (Figure A.3.7c) show that 

long-term exposure leads to a significant broadening of the diffraction features. Prior studies have 

shown that LiCoO2 can easily undergo Li+/H+ site exchange by releasing Li+ and intercalating H+ 

to conserve overall charge neutrality, and that this occurs without disruption of the particle 

morphology.57-58 Our data suggest that the diffraction peak broadening and associated loss of 

crystallinity arises from this H+/Li+ site exchange, forming a transformed material whose bulk 

composition more closely resembles that of a cobalt hydroxide, while the surface composition 

resembles a cobalt phosphate, with phosphate ions remaining adsorbed at the surface only. 
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3.4 Conclusions. 

 The studies presented here demonstrate that the combination of flow microcalorimetry and 

FTIR can provide unique molecular-level insights into the nature of molecular adsorption and 

reaction processes at solid-liquid interfaces. In the case of LiCoO2, flow microcalorimetry data 

reveal two distinct exothermic surface processes occurring at pH 7.4. By combining flow 

microcalorimetry with in situ FTIR and correlation analysis, our data indicate that phosphate and 

LiCoO2 interact via a two-step process at pH 7.4, in which evolution of water at two distinct steps 

in the adsorption process gives rise to two exothermic peaks in the flow calorimetry data. While 

this study demonstrates the power of both flow microcalorimetry and time-sequential FTIR 

measurements with 2D-COS analysis, it highlights the depth of information that is obtained by 

using the two techniques in conjunction with one another that is not possible with either one 

independently. 

 Our data indicate that the interaction of phosphate with LiCoO2 is best described as a 

condensation reaction in which the release of water molecules provides a strong driving force for 

reaction, but this reaction is limited to only a surface layer and does not continue toward a bulk 

transformation under ambient conditions. Understanding the interaction of anions such as 

phosphate with transition metal oxide nanomaterials may have important consequences for 

understanding the long-term environmental impact associated with accidental release or improper 

disposal of nanomaterials. Since there is currently no large-scale infrastructure for recycling of 

LiCoO2 and related transition metal oxides used in lithium ion batteries, understanding the 

transformations of these materials can help to predict the potential environmental impact 

associated with their overall life cycle.  
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3.5 Figures. 

 

Figure 3.1. a) scanning electron micrograph of the nanosheets of LiCoO2. b) transmission electron 

micrograph of LiCoO2. c) higher magnification transmission electron micrograph of LiCoO2 edge-

on. d) powder x-ray diffraction pattern of LiCoO2 nanosheets (gray) which can be indexed to the 
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R3̅m spacegroup. The pattern from crystallographic information file of single crystal Li0.68CoO2 

(pink) is shown for comparison.32 
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Figure 3.2. a) Calorimetric signals for phosphate interaction with LiCoO2 at pH 5.6 (pink trace), 

7.4 (green trace), and 9.0 (blue trace) as a function of time. An increase in voltage resulting in a 

positive peak corresponds to a release of energy and hence an exothermic reaction. b) heats of 

adsorption (Qads) obtained by converting the calorimetric peak area to energy units and normalizing 

by sample mass.  
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Figure 3.3. Phosphate coverage on LiCoO2 as a function of pH. a) phosphate coverage in units of 

µmol/mg LiCoO2, as determined from ion chromatography following calorimetry. b) phosphate 

coverage in atoms P/nm2 as determined from XPS. Asterisks indicate significant difference 

between means as based on a single-factor ANOVA test. 
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Figure 3.4. apparent zeta potential (left axis) and electrophoretic mobilities (right axis) of LiCoO2 

in 100 µM Na2HPO4 (orange, open markers) and comparable ionic strength non-interacting salt, 

300 µM NaCl (blue, closed markers) as a function of pH.   
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Figure 3.5. a) ATR-FTIR spectrum of phosphate on LiCoO2, indicating the vibrational modes in 

each region. b) synchronous 2D correlation plot for phosphate exposure to LiCoO2. c) 
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asynchronous 2D correlation plot for phosphate exposure to LiCoO2. Positive contours are red, 

negative contours are blue, with darker shades indicating larger values. 
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Scheme 3.1. Proposed mechanism of phosphate interaction with LiCoO2 at pH 7.4. A) H2PO4
-  

forms a hydrogen bond to a protonated oxygen on the surface of LiCoO2. A subsequent phosphoryl 

transfer reaction releases a water molecule and a covalent bond between phosphate and the surface 

is formed. B) a second hydrogen bond between the surface CoHPO4
-  and another protonated group 

on the surface forms, and a second phosphoryl transfer reaction releases a second water molecule. 

C) the final structure, a bidentate, deprotonated phosphate coordinated to the surface of LiCoO2. 
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Chapter 4. The Influence of Organic Acids on Lithium Cobalt Oxide Nanoparticle 

Dissolution and Interaction with Phosphate 

Elizabeth D. Laudadio, Robert J. Hamers 

All of the experiments, data acquisition and analysis, preparation and revision of this chapter 

were done by Elizabeth D. Laudadio under the advisement of Robert J. Hamers. 

4.1 Introduction. 

Lithium cobalt oxide (LiCoO2) is a lithium intercalation metal oxide that is widely used in 

lithium ion battery cathodes, energy storage devices and catalysis applications.1-4 As the battery 

industry pushes towards the nanoscale,5-6 there is a growing concern regarding the safety of these 

nanomaterials.7-11 In particular, the mass of cathode materials in electric vehicles can be on the 

order of 40 kilograms per car.12 As the market for electric vehicles continues to increase, the 

likelihood of accidental release of these materials into the environment increases as well, 

especially considering the lack of a formal infrastructure and economic incentive for recycling.13-

14 

Upon release into the environment, the reactions at the interface between a nanoparticle 

surface and aqueous environmental systems will dictate the fate, transport and impact of these 

materials. We have shown previously that lithium cobalt oxide nanoparticles interact strongly with 

the phosphate oxyanion.15-16 Phosphate adsorbs irreversibly to the surface of these particles 

through a thermodynamically favorable process at environmentally relevant concentrations and 

pHs. The impact of this adsorption is enhanced colloidal stability as a result of enhanced 

electrostatic repulsion between particles, owing to the negative surface charge that the 

deprotonated phosphate structure imparts on the particle. While this discovery sheds some light on 
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the potential transformations of nanomaterials in aqueous environments, the contents of actual 

environmental waters such as wastewater treatment plants, natural waters, aquatic sediments and 

soils are more complex than single component solutions. Natural organic matter (NOM) in 

particular is an important competitor for interaction with nanoparticle surfaces to consider. NOM 

is one of the most abundant chemical species in environmental waters, being present at 

concentrations varying from tens of mg/L to hundreds of mg/L of organic carbon. NOM exists of 

alkyl and aromatic carbons with a variety of functional groups including phenolics, hydroxyls, 

carboxylic acids and quinones.17 NOM has been shown to bind to nanomaterials, which can impact 

their toxicity to model organisms.17 It has been shown that for naturally occurring metal oxides 

and hydroxides, almost complete surface coverage of organic material can be expected at natural 

pH levels, with adsorption decreasing as a function of increasing pH.18 Interaction of nanomaterials 

and NOM has shown to lead to acquired coronas, increased mobility18 or aggregation of 

nanoparticles,19 or change in surface charge, with these interactions dependent on nanoparticle 

coatings and surface charge, as well as specific NOM properties and concentrations. 

To draw more chemically specific conclusions from our studies on the influence of organic 

acids on LiCoO2, we chose to use a variety of NOM surrogate molecules as opposed to full NOM. 

Specifically, we investigated the role of hydroxy-substituted benzoic acids, and the impact of the 

proximity of the alcohol group to the carboxylic acid group on how strongly and competitively the 

molecule interacts with LiCoO2 both when exposed alone and when co-exposed with equal 

concentrations of phosphate. Previous studies have shown that the presence of lactate ion 

significantly enhances dissolution of complex metal oxide nanomaterials,10-11 which is supported 

by DFT modeling of the complexation of released metal cations with lactate. The role that organic 

acids play in LiCoO2 dissolution also holds importance for the recycling of these materials, where 
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greener recycling methods are being investigated by replacing strong acids with organic 

molecules.20-25  

In the following studies, we investigate how the presence of organic acids in a phosphate 

solution impacted phosphate coverage on LiCoO2, as well as dissolution of cobalt from the 

material. We also used attenuated total reflectance – FTIR (ATR-FTIR) to assess if and how the 

molecules bound to LiCoO2 surfaces. While we expected these studies to yield comparable 

information on how adsorption to and dissolution from LiCoO2 was functional-group specific, the 

findings were less linear than hypothesized. We found that lactic acid was the only acid studied 

that led to decreased phosphate adsorption when co-exposed, as characterized via X-ray 

photoelectron spectroscopy (XPS). XPS results did not support organic acid binding to LCO 

surfaces, though ATR-FTIR results suggest otherwise. We found that lactic acid has more of an 

impact on cobalt release from LiCoO2 than salicylic acid, and these studies will be expanded upon 

with the other molecules in the future. 

4.2 Materials/Methods. 

4.2.1. Lithium cobalt oxide nanoparticle synthesis and characterization.  

 We synthesized sheet-like nanoparticles of LixCoO2 as described previously.15-16, 26 Only a 

brief description of the synthetic process is described here. We synthesized a Co(OH)2 precursor 

by dropwise addition of 1 M Co(NO3)2•6H2O to 0.1 M LiOH, ensuring a  [OH] 5% stoichiometric 

excess for Co2+ + 2OH- → Co(OH)2).
26 The precipitate was isolated by centrifuging into a pellet 

and decanting the supernatant. The pellet was then washed by redispersion in water, centrifugation 

and removal of supernatant a total of three times. We dried the product in a vacuum oven at 30 oC 

overnight. To convert Co(OH)2 to LixCoO2, the Co(OH)2 precursor was added to a molten salt flux 

of LiNO3:LiOH in a 6:4 molar ratio. The flux was prepared by heating the mixture at 200 oC in a 
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polytetrafluoroethylene container with magnetic stirring.  After the precursor had reacted in the 

flux for 30 min, we quenched the reaction with water and washed/isolated the precipitate through 

four cycles as described above. The product was then dried in a vacuum oven at 30 oC overnight. 

4.2.2. Chemical characterization of LixCoO2 nanoparticles.  

 We obtained powder x-ray diffraction (XRD) patterns of the LixCoO2 nanoparticles with a 

Bruker D8 Advance powder diffractometer, equipped with a Cu Kα source and a Lynxeye detector. 

To prepare powders for analysis, concentrated dispersions of LiCoO2 powders in isopropyl alcohol 

were formed through ultrasonication in a cup sonicator. The dispersion was drop-cast onto a zero 

diffraction plate and allowed to dry.  The powder XRD pattern was acquired from 15 to 80 degrees 

2θ using a step size of 0.20 o and dwell time of 166 s at each point.  

 For morphology characterization with scanning electron microscopy (SEM), dilute 

dispersions of LiCoO2 were prepared in methanol and drop-cast onto low-resistivity (<0.1 Ω•cm-

1) boron-doped silicon wafers. Micrographs were acquired with a Leo Supra55 VP SEM at 3 kV 

electron energy using a secondary electron detector.  

4.2.3. Quantification of molecular adsorption with X-ray photoelectron spectroscopy 

(XPS). 

 To quantify the adsorption of phosphate and organic acids onto LiCoO2, we used XPS 

measurements of electron emission from the  P(2p), C(1s) and Co(2p) levels. We prepared samples 

for XPS by suspending 5 mg LCO nanoparticles in  50 mL of a 1 mM Na2HPO4 or a solution 

containing 1 mM Na2HPO4 and 1 mM of an organic acid, adjusted to a pH of 7.4 by addition of 

µL volumes of either 1 M NaOH or 1 M HCl as needed. We isolated the particles through 

centrifugation (4696×g, 5 min) after the exposure had taken place for one hour. After isolation, the 

supernatant was discarded, the pellet was redispersed  in water, and the particles were isolated 
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again through centrifugation (14,000×g) for 1 minute. The pellet was then dried under vacuum 

overnight. We pressed the dried particles into indium foil on a copper foil backing to ensure the 

sample was of homogenous flatness and thickness and could make good electrical contact with the 

sample holder. XPS spectra were measured using either a Thermo Fisher Scientific K-alpha XPS 

using at a 45o photoelectron takeoff angle or a PHI VersaProbe III K-alpha XPS, measuring the Li 

(1s), Co(2p), O(1s), Na(1s), C(1s) and P(2p) peaks. XPS spectra were fit using CasaXPS 

software.27 Co(2p) and P(2p) peak areas were used for quantitative analysis of surface coverage 

(Equation 1). The inelastic mean free path of Co was estimated at 1.9 nm using the NIST Effective 

Attenuation Length Database28 via the TPP-2M equation.28-29 We compared the coverage of P and 

C with and without the organic acids present. 

𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒 𝑃 =  
𝐴𝑟𝑒𝑎𝑃,2𝑝 𝑜𝑟 𝐶,1𝑠

𝑆𝐹𝑃,2𝑝 𝑜𝑟 𝐶,1𝑠

∗ [
𝑆𝐹𝐶𝑜,2𝑝3

𝐴𝐶𝑜,2𝑝3

+
𝑆𝐹𝐶𝑜,2𝑝1

𝐴𝐶𝑜,2𝑝1

] ∗
𝑆𝑐𝑎𝑛𝑠𝐶𝑜,2𝑝

𝑆𝑐𝑎𝑛𝑠𝑃,2𝑝 𝑜𝑟 𝐶,1𝑠

∗ 𝜌𝐶𝑜, 𝐿𝑖𝐶𝑜𝑂2 ∗ 𝜆𝐶𝑜,𝐿𝑖𝐶𝑜𝑂2 ∗ cos (45°) 

Equation 1. Absolute coverage determination via quantitative XPS analysis. A = peak area, SF = 

atomic sensitivity factor (SFCo,2p = 18.23529 for Thermo instrument, SFCo,2p3/2 = 2.113 for Phi 

instrument, SFCo,2p1/2 = 1.056 for Phi instrument, SFP,2p=1.352941 for Thermo instrument, SFP,2p= 

0.525 for Phi instrument, SFC,1s = 1 for Thermo instrument, SFC,1s = 0.314 for Phi instrument), ρ= 

density of cobalt in LiCoO2 (30 atoms/nm3), λ = inelastic mean free path of Co electron emitted 

from LiCoO2 (1.9 nm, calculated from the NIST database)28, θ= Angle of the analyzer to the 

surface normal (45o for both instruments used here). Scans refers to the number of scans that were 

averaged to achieve the total peak area (ScansCo,2p = 10, ScansP,2p = 100, ScansC,1s = 30).  

 Representative spectra are shown in Figure A.4.1. Measurements were taken at three spots 

on each sample, and phosphorus and carbon coverages in atoms / nm2 were calculated from 

Equation 1. A two-sided t-test assuming unequal variance was applied to the data to determine 
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values of significance between the organic acid containing and organic acid lacking samples. The 

phosphorus and carbon coverages for each dataset were then normalized to the phosphorus and 

carbon coverages for the organic acid lacking solutions, to compare the change in normalized 

coverage. The raw coverage values are shown in Figure A.4.2. 

4.2.4. Preparation of LiCoO2 layers for attenuated total reflectance – FTIR (ATR-FTIR).  

 Thin layers of LiCoO2 were prepared by spin-coating LiCoO2 suspensions onto a zinc 

selenide (ZnSe) internal reflection element (IRE) as reported previously.15-16 Briefly, we prepared 

LiCoO2suspensions of 1000 mg/L in methanol which were ultrasonicated for 1 hr in a cup 

ultrasonicator with cooling water (10 s on, 10 s off for 30 min total sonication time). ZnSe IREs 

were cleaned before use by rinsing with water followed by methanol, dried with N2, and exposed 

to UV light from a low-pressure Hg grid lamp (UV Products) in air for at least 10 min before use. 

We then spin-coated the LiCoO2 suspension onto the clean ZnSe IREs (80 µL per spin, 1000 rpm, 

4 s per spin). The layer was then stabilized by heating in a box furnace at 400 oC for 5 min.  

4.2.5. ATR-FTIR studies of organic acid adsorption to LCO surfaces.  

 ATR-FTIR spectra were acquired using the previously described LiCoO2-coated ZnSe 

IREs assembled in a flow cell (Specac) using a Bruker Vertex 70 FTIR spectrometer. Spectra were 

acquired at 4 cm-1 resolution, averaging 500 scans per spectrum. Each experiment was performed 

at pH 7.0. In each experiment, at reference spectrum was obtained after flowing 1 mL of pH-

adjusted water over the LiCoO2-coated ZnSe at 0.5 mL/min. The analyte solution of interest (10 

mM concentrations of corresponding organic acid solution) was then flowed at a rate of 0.5 

mL/min while acquiring repeated spectra (approximately 2 minutes per spectrum) for a total 

duration of 1 hr. We then flowed water through the cell at 0.5 mL/min while taking repeated spectra 
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for 1 h, in order to reveal the vibrational modes of the analyte remaining on the surface after rinsing 

away any excess in solution or weakly bound to the surface. All spectra shown here are presented 

as absorption spectra. 

4.2.6. Procedure for pre-dosing LiCoO2 nanoparticles with phosphate.  

 The procedure for pre-dosing LiCoO2 nanoparticles with phosphate is identical to the 

procedure used in the XPS quantification of coverage experiments described above. As an ionic 

strength control, LiCoO2 nanoparticles were exposed to 3 mM NaCl, pH 7.4 in parallel with 

exposure to 1 mM Na2HPO4, pH 7.4, and used as a control in subsequent dissolution experiments. 

4.2.7. Dissolution of LiCoO2 nanoparticles.  

 20 mg/L suspensions of LiCoO2 nanoparticles were prepared by addition of 0.5 mg 

particles to 25 mL of the analyte solution of interest. Suspensions were placed on a shaker 

operating at 200 rpm at 28 °C for 3 hours. The samples were the centrifuged to crash out the 

nanoparticles via centrifugation at 14,000 x g for 20 minutes. The supernatant was removed from 

the samples and passed through a 0.1 µm filter. The samples were spiked to 2% HNO3 through 

removal of 280 µL sample (of 10 mL) and addition of 280 µL high purity 70% HNO3 and analyzed 

for Co and Li ion concentration using inductively coupled plasma – optical emission spectroscopy 

(ICP-OES). The concentrations determined from ICP-OES analysis were then adjusted to take into 

consideration the dilution from the acidification step. The data presented are the averages and 

standard deviations from three experimental replicates. For each data set a two-sided t-test 

assuming unequal variance was applied to determine values of significance. 

4.2.8. Justification for model molecules used in this study. 

 Figure 4.1 shows the structure, name, and abbreviation for the molecules used in this study. 

This suite of molecules was chosen to probe several specific variables. Lactic acid (LA) and 
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salicylic acid (SA) were chosen to probe the effect of hydrophobicity on the impact to LiCoO2. 

Benzoic acid (BA) and SA allow for the study of the role of the hydroxyl group adjacent to the 

carboxylic acid in interacting with LiCoO2. SA, 3-hydroxybenzoic acid (3HB) and 4-

hydroxybenzoic acid (4HB) were chosen to examine the role of the location of the hydroxyl group 

on interaction with LiCoO2. The pKas of the carboxylic acids of all of these molecules is below 

pH 7, which is the pH used for these studies, and therefore the carboxylic acids of all of these 

molecules are expected to be deprotonated in these experiments. Therefore, while the names of the 

acids are being used, the molecules being introduced in each experiment are the conjugate bases.  

4.3. Results and Discussion.  

4.3.1. Nanoparticle synthesis and characterization. 

 Figure 4.2a shows a representative scanning electron micrograph of the as-synthesized 

LiCoO2 nanoparticles. The nanoparticles have a sheet-like morphology, as reported previously, 

with diameters ranging from 20-50 nm and thicknesses around 5 nm.15-16 Figure 4.2b shows the 

powder XRD pattern collected from the nanoparticles (blue trace) compared to a reference pattern 

from the crystallography open database of single crystal LiCoO2 (gray trace).30 The pattern 

collected from the nanomaterials can be indexed to the R3̅m space group, which is the delafossite 

(α-NaFeO2) crystal structure.4, 31 This layered crystal structure is consistent with what is 

intentionally produced for lithium ion batteries, as the lithium ions are intercalated between layers 

of corner-sharing CoO6 octahedra,32 which allow for high electrical conductivity.33 Our collected 

XRD pattern is indexed to this space group, with the indices denoted above specific reflections. 

Full separation of the (018) and (110) peaks is not observed, which may suggest the presence of 

some residual spinel phases.34 However, it is also possible that the inability to resolve these peaks 

is an artifact of the peak broadening that occurs when acquiring XRD patterns of nanoparticles. 
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 While in the pristine material, the surface termination is Li+, when in water, the surface 

lithium quickly dissociate and are replaced with protons, as has been observed both 

experimentally16, 35 and computationally.32 It is therefore expected that in the subsequent studies 

in aqueous solution, the surface of the particles is hydroxylated instead of lithium terminated. 

4.3.2. Presence of organic acids impact on phosphate adsorption. 

 We have previously studied the robust adsorption of phosphate to LiCoO2. We have seen 

that phosphate binds irreversibly to the surface of the particles,15 forming covalent bonds to the 

surface through condensation reactions.16 We wanted to investigate how co-exposure of LiCoO2 

to both phosphate and organic acids, in equimolar concentrations, may impact phosphate 

adsorption. To do this, we used XPS to analyze the coverage of phosphate on LiCoO2 that had 

either been exposed to phosphate alone, or phosphate in addition to one of the organic acids of 

interest. Representative XP spectra are shown in Figure A.4.1. In each experiment, the data for 

phosphate adsorption without the organic acid present was used to normalized the phosphorus 

coverage to these baseline values. The raw coverage values are shown in Figure A.4.2. The 

normalized phosphorus coverages are presented in Figure 4.3a. We found that the only organic 

acid that significantly impacted how much phosphate adsorbed to the nanoparticles was LA (p ≤ 

0.01). While we anticipated that at least SA would have a similar effect that LA has, due to their 

similar functionalities, this was not seen. While we had hypothesized that the hydrophobicity of 

SA could assist in partitioning to the nanoparticle surface, the results suggest that the 

hydrophobicity of BA and the various hydroxy-substituted BA molecules may instead hinder the 

molecule’s ability to interact with the surface of LiCoO2.  

 In addition to monitoring the phosphorus region to determine phosphate coverage, we also 

monitored the carbon region. The carbon region was fit to three peaks, a representative spectra of 
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which are shown in Figure A.4.1, with the lowest binding energy peak representing adventitious 

carbon (284.8 eV), the middle peak representing alcohol/ether groups (~286 eV), and the higher 

energy peak representing carboxyl groups (~288.5 eV).36 Coverage of carbon on LiCoO2 was 

calculated via Equation 1 and normalized to the carbon coverage obtained from the control 

(phosphate only, no organic acid) samples, the results of which are shown in Figure 4.3b. In none 

of the experiments did we find that there was more carbon on the surface of the particles when 

exposed to the organic acids and phosphate versus phosphate alone. For the four acids that were 

not seen to impact phosphate adsorption, this is consistent with the molecules not interacting with 

the surface of LiCoO2 through adsorption themselves, as also evidenced by the lack of an increase 

in the carbon on the surface. This also suggests that the impact LA has on phosphate adsorption is 

not because LA itself is binding to the particle surface, but instead is either mitigating phosphate 

adsorption or causing desorption through another route.  

 It is worth noting that the carbon coverage on each sample was >10 atoms/nm2, even when 

the organic acids were not present, as shown in Figure A.4.2. There is a few atom/nm2 carbon 

coverage on the particles after synthesis, as shown in Figure A.4.3, and additional carbon 

adsorption may come from particle aging during storage, adsorbed species from solution or 

plasticware during sample prep, adsorbed atmospheric species after sample prep, or a combination 

of these. Because the baseline carbon coverage is fairly high, it is possible that there are changes 

due to organic acid adsorption, but they are not resolvable from the baseline.  

 As the results of this section were inconclusive for many of the molecules studied, the rest 

of this chapter will focus on comparing the interaction of LA and SA with LiCoO2 as they have 

comparable functionalities (carboxyl and alcohol group) with the structural change and increased 

hydrophobicity/steric hinderance of SA versus LA being the chosen variable to study. 
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4.3.3. ATR-FTIR analysis of organic acid binding. 

 To gain a better understanding of if, and how, these small molecules interact with the 

LiCoO2 surface, we turned to ATR-FTIR. ATR-FTIR is a surface-sensitive, in situ spectroscopic 

technique that can be used to observe molecular vibrations of molecules on LiCoO2. For these 

experiments, it was necessary to use higher concentrations of the organic acids than used in the 

previously discussed XPS experiments, 10 mM SA and 100 mM LA, accordingly. This is because 

the technique was not sensitive enough for us to observe vibrational modes at lower concentrations. 

Because of this, it is important to note that while binding is observed in these experiments, it is not 

necessarily in conflict with the XPS results, as lower concentrations were used in those 

experiments. Not seeing evidence of binding in XPS may suggest the species are weakly adsorbed, 

and are removed in the isolation/rinsing process of XPS sample preparation. Also, as mentioned 

above, because the carbon coverage baseline is relatively high it is possible that the changes to 

carbon coverage are present, but not able to be resolved. Future studies will be done to unify the 

concentrations used between these experiments to clarify some of these potential scenarios.  

 Figure 4.4a shows the spectra obtained during LA exposure (light blue trace, labeled 

“exposure”) and after rinsing with water following exposure (dark blue trace, labeled “surface”). 

Rinsing the cell with water after LA exposure removes any non-interacting or loosely bound LA, 

revealing the spectral features specific to LA bound to the LiCoO2 surface. The surface spectrum 

of LA on LiCoO2 is magnified in Figure 4.4.b. The peaks in the spectrum of LA during the exposure 

can be assigned to various vibrational modes of the molecule through comparison with past 

reports37-38, as shown in Table 1. After rinsing, the spectrum on the surface has more peaks than 

the LA in solution (11 versus 9), and many of the peaks that are the same are shifted, most to lower 

wavenumbers.  
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 Previous studies of lactate adsorption to TiO2
39-40, CdS39, or iron oxide minerals37, 41 

suggest that lactate binding through the carboxyl group would cause an increase of the split 

between the the νas(COO-) at ~1575 cm-1 and the νs(COO-) at ~1410 cm-1  (Δfree = 165 cm-1). While 

a slight increase in the split is seen here (Δads= 170 cm-1), it is not nearly as large as other studies 

have reported. This may suggest either that lactate is not adsorbed through the carboxyl, or that it 

is electrostatically adsorbed, in which case we would not see shifts in peaks. Peak shifts are 

observed for several vibrations, ruling out the possibility of electrostatic adsorption, as well as the 

fact that both the molecule and the surface are negatively charged.  

 The ν(C-O) of the alcohol group at 1041 cm-1 in the free molecule shifts to higher 

wavenumbers, 1057 cm-1 on the surface of LiCoO2.
39 The shift of the combination band of ρ(CH3) 

+ νAL(C-O) at 1124 cm-1 in the free molecule to 1117 cm-1 on the surface of LiCoO2 is also 

evidence of the OH group involvement in adsorption.41 This has been considered an indication of 

the involvement of the OH group in chelation to the surface, however it is surprising to see this 

shift with no shift to the carboxyl peaks.  

 One possible explanation for the inconsistencies in our spectrum versus what has been 

reported previously has to do with the emergence of new peaks on the surface at 1225 and 1196 

cm-1. The lactate ion is already in the lowest possible symmetry group, and so the appearance of 

new peaks cannot be due to a lowering of symmetry. Instead, these peaks may indicate the 

degradation of lactate to smaller molecules on the LiCoO2 surface. The oxidation of aliphatic 

alcohols on the surfaces of TiO2 has been reported42-43 as well as other Group IVB metal oxide 

catalysts,43 and photocatalytically from CdS quantum dots.39  Recent work in our group suggests 

that LiCoO2 may be able to oxidize molecules as well.44 The discrepancy in the number of peaks 

seen from the molecules themselves, and the peaks seen on the surface of LiCoO2, may suggest 
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that a similar transformation is going on. Lactic acid degradation on the surface of TiO2 has shown 

the emergence of infrared peaks that may explain some of the unassigned peaks in our spectra.40 

The peak at 1225 and 1196 cm-1 in our surface spectrum may be due to degradation products; while 

the peak at 1225 is unidentified, the one at 1196 cm-1 is consistent with a peak in the spectrum of 

the pyruvate ion.40 Additionally, if molecular degradation is occurring, this may explain why we 

observe vibrational modes at the surface of LiCoO2 but the position and number of modes is not 

consistent with lactate bound through previously elucidated geometries. 

 Figure 4.4c shows the spectra obtained during SA exposure (light green trace, labeled 

“exposure”) and after rinsing with water following exposure (dark green trace, labeled “surface”). 

Rinsing the cell with water after SA exposure removes any non-interacting or loosely bound 

molecules, revealing the spectral features specific to SA bound to the LiCoO2 surface. The surface 

spectrum of SA on LiCoO2 is magnified in Figure 4.4.d. The peaks in the spectrum of SA during 

the exposure can be assigned to various vibrational modes of the molecule through comparison 

with past reports,45-46 as shown in Table 2. The geometry of adsorbed SA on LiCoO2 can be 

assigned as well based on published studies of adsorption to goethite that observe the same spectral 

changes.45 Vibrational modes related to the C-C ring structure change location and intensity as a 

result of adsorption, as the π-electron density is impacted. The spacing between the νas(COO-) and 

νs(COO-) bands increases on the surface in our spectrum, which is consistent with the formation 

of a monodentate mononuclear complex, as has been reported for SA on goethite.45  

 There is more clear evidence from the ATR-FTIR study that SA binds to LiCoO2 than the 

evidence for LA binding. However in other studies, it has been shown that lactate adsorbs more 

strongly than larger molecules due to steric hinderance.38 Future work will be aimed at 
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corroborating this finding by adjusting the concentrations of adsorbates used in XPS experiments 

to gain comparable data between the two studies. 

4.3.4. Cobalt release during phosphate adsorption. 

 We have shown previously that phosphate adsorbs strongly to LiCoO2, forming an 

amorphous surface layer on the particles that is stable over long timescales.15-16 We wanted to test 

if this phosphate coating would protect the particles from dissolution, and mitigate Co2+ release in 

the presence of organic acids. We know from previous studies10-11, 47-48 as well as the field of battery 

cathode recycling20-25 that organic acids can have a large impact on metal release from LiCoO2 and 

related materials.  

 In order to test if phosphate coatings were protective against dissolution, we first needed 

to know how much Co2+ is released in the process of coating LiCoO2 with phosphate. The coating 

procedure is the same as what has been done here and in past studies for preparing phosphate-

coated LiCoO2 samples for XPS.15-16 As a control, particles in a solution of equal ionic strength 

NaCl were put through the “coating” procedure to assess the difference in Co2+ release in the 

presence of phosphate. Figure 4.5 shows the percent of Co2+ from the nanoparticles that is released 

and detected via ICP-MS after the coating procedure. While more Co2+ is released from LiCoO2 

in phosphate than in NaCl, the amount of Co2+ released in both cases is <0.1% of the total cobalt 

in the material. The raw concentrations of dissolved ions from this experiment is shown in Figure 

A.4.4. The concentration of dissolved ions when organic acids are present in the dissolution matrix 

is expected to be orders of magnitude larger than what is observed during the coating process by 

comparison to previous related studies,10-11, 48 and therefore we felt it was appropriate to assume 

any differences in total Co2+ released observed in future studies could be accounted to the organic 

acids, and not the coating procedure. 
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4.3.5. Organic acid impact on cobalt release from phosphate coated particles. 

 We then exposed the phosphate-coated particles to either 10 mM LA or 10 mM SA, with 

equal ionic strength solutions of NaCl as a control in each case. The left two bars of Figure 4.6 

shows the concentration of Co2+ released from either uncoated (blue outline, blue fill) or P-coated 

(orange outline, blue fill) LiCoO2 in the presence of LA. There is no statistical significance 

between the concentration of Co2+ released from uncoated or P-coated LiCoO2 in the presence of 

LA. The right two bars of Figure 4.6 show the concentrations of Co2+ released from uncoated (blue 

outline, green fill) or P-coated (orange outline, green fill) LiCoO2 in the presence of SA. Similar 

to the LA experiments, no statistical significance between the concentrations of Co2+ released 

between the uncoated and coated samples in the presence of SA. The results of these studies 

contradict our hypothesis that phosphate coatings can mitigate cobalt release from LiCoO2. The 

fact that dissolution is not mitigated may suggest that the phosphate coating is not stable in the 

presence of acids, which is consistent with the XPS results for phosphate coverage on LiCoO2 

decreasing in the presence of LA, though not consistent with the phosphate coverage not being 

impacted in the presence of SA. However a direct comparison to the XPS results cannot be made 

as in the XPS studies the particles were exposed to both phosphate and the organic acid 

simultaneously and at equimolar concentrations.  

4.3.6. Cobalt release in the presence of both phosphate and organic acids. 

 Our experiments on the impact of phosphate coating on Co2+ release in the presence of LA 

and SA clarified that the phosphate coating was not sufficient to mitigate dissolution. We then 

compared the amount of Co2+ released when uncoated LiCoO2 particles were exposed to both 1 

mM phosphate and 10 mM LA or SA, or just 10 mM LA or SA in an equal ionic strength control, 

to obtain more information about how LiCoO2 is impacted when exposed to phosphate and organic 
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acids at the same time. This experiment is meant to more closely mimic the XPS coverage 

experiments, however the concentrations between studies are not consistent. Future XPS 

experiments at the same concentrations will be done to make better comparisons. 

 The left two bars in Figure 4.7 show the Co2+ concentrations measured via ICP-OES for 

LiCoO2 exposed to LA (blue outline, blue bar) or LA and phosphate (orange outline, blue bar), and 

the right two bars show the results for SA (blue outline, green fill) or SA and phosphate (orange 

outline, green fill). For both LA and SA, more Co2+ is released from LiCoO2 when exposed to a 

combination of the organic acid and phosphate. This may suggest that as phosphate is adsorbing 

to the particles, it is providing enhanced colloidal stability, as reported previously, which is 

effectively creating higher surface area of particles available for dissolution. Since the previous 

dissolution experiments showed that phosphate coatings do not mitigate dissolution, it is possible 

that in this case, when co-exposed, the adsorption of phosphate is actually leading to enhanced 

dissolution.  

 The concentration of Co2+ released from LiCoO2 is larger in LA than in SA, both for the 

ionic strength control and phosphate containing samples. This is consistent with other studies that 

report aliphatic acids have larger impacts on metal release from minerals than aromatic acids. Our 

XPS results that suggest LA has more of an impact on phosphate adsorption, which may be 

indicative of LA interacting more strongly with the LiCoO2 surface.49-50 The ATR-FTIR results 

were not consistent with LA binding in an inner-sphere fashion to LiCoO2, which may instead 

mean that the LA observed via ATR-FTIR is physiosorbed, and that LA does not bind to the 

particles, but instead enhances dissolution either through chelation or even by being oxidized by 

the Co2+ as it is reduced from Co3+ during dissolution, as the ATR-FTIR results and similar studies 

may suggest.39-40, 44 
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4.4. Conclusions.  

 Investigating the ways that organic acids interact with nanomaterials is an important step 

towards understanding the role of this class of molecules, and the functionality of these molecules, 

on the potential environmental impact of nanomaterials. While studying nanoparticle 

transformations in true environmental waters is challenging due to the presence of a variety of 

sometimes ill-defined molecules, building up complexity in model systems by developing an 

understanding of the impacts of different classes of molecules can lead to predictive ability when 

done in a systematic manner. 

 There is no doubt that organic acids have impacts on nanomaterials in solution, as has been 

shown previously on both related materials to LiCoO2 and a broader class of model engineered 

nanomaterials as well as mineral systems. Understanding the competitive interactions between 

oxyanions such as phosphate and organic acids can aid in the development of a clearer picture of 

the important factors to consider for nanoparticle release into true environmental systems. 

 The results of this study highlight some of the challenges of using traditional analytical 

techniques to assess primarily carbon containing materials. We were unable to resolve changes in 

the carbon content of the samples via XPS, and assessing the IR spectrum of these molecules on 

LiCoO2 can be challenging as well, as peaks tend to be broad and weak. Future work will be aimed 

at unifying the concentrations used in these studies to allow for more connections to be drawn 

between experiments.  

 While phosphate coatings on LiCoO2 did not provide protection from dissolution as 

anticipated, this hints towards important competitive interactions happening at the surface of 

LiCoO2 that we can continue to try to isolate using this suite of techniques and other 

complementary tools. It will also be important to investigate the role of the acids alone on 
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dissolution to complete this picture. It is worth noting that pH is an important factor in these 

experiments, and doing these experiments in phosphate had the added benefit of providing a pH 

buffer that was part of the system of study as opposed to an additional variable. Care will have to 

be taken to choose buffer systems that will not convolute the results of these future dissolution 

experiments. 

 Future studies to unify concentrations used, investigate Co2+ release from LiCoO2 in the 

presence of different organic acids, resolve changes in carbon content from XPS, and apply time-

course analysis to ATR-FTIR will allow for a deeper understanding of the phenomena observed 

in this report. 
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4.5. Figures. 

 

Figure 4.1. Chemical structures, abbreviations, and pKa values for the acids used in this study. 
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Figure 4.2. a) Scanning electron micrograph of LiCoO2 nanosheets. b) X-ray diffraction pattern 

of LiCoO2 nanosheets (blue) which can be indexed to the R3̅m space group. The pattern from the 

crystallographic information file of single crystal Li0.68CoO2 (gray) is shown for comparison. 
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Figure 4.3. a) Surface coverage of phosphorus in atoms/nm2 normalized to the control sample for 

each study when LiCoO2 was exposed to 1 mM phosphate in the presence of 1 mM SA (green 

bar), 1 mM 3HB (pink bar), 1 mM BA (yellow bar), 1 mM 4HB (purple bar) or 1 mM LA (blue 

bar). b) Surface coverage of carbon in atoms/nm2 normalized to the control sample for each 

study when LiCoO2 was exposed to 1 mM phosphate in the presence of 1 mM SA (green bar), 1 

mM 3HB (pink bar), 1 mM BA (yellow bar), 1 mM 4HB (purple bar) or 1 mM LA (blue bar). ns 

= no significance, ** = p ≤ 0.01. 
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Figure 4.4. a) Spectrum of 100 mM LA after exposure to LiCoO2 for one hour (light blue trace, 

“exposure”) and after rinsing away excess LA for one hour (dark blue trace, “surface)”. b) 

Surface spectrum of LA on LiCoO2 after rinsing in the region where LA peaks arise. c)  

Spectrum of 10 mM SA after exposure to LiCoO2 for one hour (light green trace, “exposure”) 

and after rinsing away excess SA for one hour (dark green trace, “surface)”. d) Surface spectrum 

of SA on LiCoO2 after rinsing in the region where SA peaks arise. 
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Figure 5. Percent of total cobalt in the LiCoO2 sample that dissolves in the process of exposure to 

3 mM NaCl for 1 hour (blue stripes, left) or 1 mM Na2HPO4 for 1 hour (orange stripes, right). 
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Figure 6. Concentration of Co2+ detected after dissolution of uncoated (blue outline) or 

phosphate-coated (orange outline) LiCoO2. Blue fill = in 10 mM LA, green fill = in 10 mM SA. 
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Figure 7. Concentration of Co2+ detected after dissolution of LiCoO2 after exposure to 10 mM 

LA (blue fill) with (orange outline) and without (blue outline) 1 mM phosphate, and after 

exposure to 10 mM SA (green fill) with (orange outline) and without (blue outline) 1 mM 

phosphate. * indicates p ≤ 0.05.  
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Table 1. Vibrational modes of LA. Peak locations and assignments after exposure to LiCoO2 and 

after rinsing away excess LA, revealing the modes of the LA associated with the LiCoO2 surface. 

ν = stretching, ρ = rocking, δ = bending.  
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Table 1. Vibrational modes of SA. Peak locations and assignments after exposure to LiCoO2 and 

after rinsing away excess SA, revealing the modes of the SA associated with the LiCoO2 surface. 

ν = stretching, ρ = rocking, δ = bending. 
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Chapter 5. Conclusions and Future Directions 

 The invention of the lithium ion battery is one of the most impactful discoveries of our 

time. The versatility of their use, from small scale appliances to large electric vehicles, highlights 

both how far this technology has come, and underscores the vast potential that still remains. While 

lithium ion batteries have and continue to revolutionize technology, the assumption that these 

systems are inherently sustainable has shown to not be absolute. As researchers continue to 

optimize the materials and performance of the batteries themselves,  continued analysis of the 

environmental burdens of production, recycling, and disposal are vital to ensuring sustainable 

development. 

 This work provides the first look into the potential environmental impacts of the 

nanomaterials of lithium ion battery cathodes, specifically LiCoO2, upon unintentional release 

through improper disposal. We chose to focus on the phosphate oxyanion as an important 

environmental and biological model molecule, and developed methodologies to apply in situ 

surface chemical analysis to the interactions between phosphate and LiCoO2 at the nanoparticle-

liquid interface. Using attenuated total reflectance – FTIR, we were able to show that phosphate 

oxyanion adsorbs irreversibly to the surface of LiCoO2 nanoparticles, even at environmentally 

relevant concentrations of ~ 1 µM. Deconvoluting the P-O vibrational modes allowed us to assign 

a predominantly deprotonated, bidentate geometry to the phosphate adsorbed to the surface. We 

hypothesized therefore that the surface charge of LiCoO2 would become negative due to the 

deprotonated phosphates on the particle surfaces, which was confirmed using laser doppler 

microelectrophoresis. Both dynamic light scattering and UV-visible spectroscopy elucidated the 

consequence of this irreversible adsorption and enhanced negative surface charge, that the 

colloidal stability of the particles was enhanced.  
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 This work led us to consider the different ways that phosphate might interact with LiCoO2 

as a function of the range of pH values relevant to environmental systems. We chose to investigate 

the thermodynamics of phosphate absorption to LiCoO2 as a function of pH between 5.6 and 9.0. 

Flow microcalorimetry experiments revealed two distinct modes of interaction of phosphate with 

the LiCoO2 surface at pH 7.4. This was unlike the results at pH 5.6 and pH 9.0, which revealed a 

single exothermic peak, with more heat being evolved at lower pH. At pH 7.4 however, more heat 

was evolved than at both pH 5.6 and 9.0, and the interaction went on for a longer period of time. 

Ion chromatography analysis of the effluent of this experiment revealed that the same amount of 

phosphate adsorbed to LiCoO2 at both pH 5.6 and pH 7.4, clarifying that the increased heat evolved 

was not simply a result of more phosphate adsorbing to the surface. Instead, two distinct 

exothermic interactions appeared to be taking place, likely due to restructuring of phosphate on 

the surface. We applied two-dimensional cross correlation analysis to time-course attenuated total 

reflectance FTIR spectra to reveal the order in which specific phosphate vibrational modes grew 

into the spectra, corresponding with the geometric transformation of phosphate on the surface from 

a monodentate to bidentate coordination, through two subsequent condensation reactions. The 

combined use of these two in situ methodologies, presented here for what we believe is the first 

time, allowed us to propose a mechanism for interaction and develop a more complete picture of 

the reaction than would be possible using just one of the techniques alone. 

 The analytical toolkit applied to the deep assessment of phosphate interaction with LiCoO2 

was then used to build systematic complexity of our model environmental systems. Organic acids 

are present in a variety of environmentally and biologically relevant systems, and also can be 

considered to be surrogate molecules for natural organic matter. Understanding the role of 

chemical group functionality on the interaction of the molecules with LiCoO2 can elucidate the 
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moieties responsible for association with the particle surfaces. We found that hydrophobicity and 

steric hinderance of salicylic acid limited its ability to associate with the LiCoO2 surface in a way 

that would enhance the dissolution of cobalt from the material, whereas exposure to the smaller, 

more labile lactic acid resulted in greater cobalt release. Lactic acid also mitigated phosphate 

adsorption to the surface, while salicylic acid did not. Phosphate coatings were not able to mitigate 

cobalt dissolution from the particles when exposed to either lactic acid or salicylic acid, refuting 

the hypothesis that these coatings would be stable in the presence of other molecules and therefore 

able to protect the material from dissolution. Instead, these results highlight the importance of 

studying competitive interactions of relevant molecules with the nanoparticle surface, as 

considering single molecules alone does not capture the range of complex interactions that may 

occur in actual environmental systems. Therefore, the toolkit established in this work should be 

used to build up model systems in a controlled manner, to continue to elucidate the important 

factors that dictate the interaction of small molecules with LiCoO2, and therefore will influence 

the ultimate fate and transport of these materials. 

 The work presented here on LiCoO2 also raises the question, are these findings universal? 

Would these model molecules behave similarly with NMC or other cathode materials? 

Determining the generalizability of these findings will be important moving forward. The 

complexity of the composition of NMC and other mixed transition metal oxides may present a 

more challenging analysis, especially in the case of dissolution experiments, where it has already 

been shown that the ions are released in a non-stoichiometric manner, and the amount of release 

is highly dependent on the complexity of the dissolution matrix.  

 Developing an understanding, both of the impact of nanomaterials on the environment, and 

also the interaction of that environment with the nanomaterials, is a complex task. The research 
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discussed here can provide the groundwork for future studies, as well as the toolkit developed in 

this work can provide a framework for future experimental design. It is our hope that this 

fundamental backbone of experiment development and subsequent analysis will aid in the eventual 

closing of the gap between understanding these transformations in model systems and true ones.  
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Appendix 

Appendix 2. Supporting information for Chapter 2: Impact of Phosphate Adsorption on 

Complex Cobalt Oxide Nanoparticle Dispersibility in Aqueous Media. 

A.2.1. Supplemental Materials and Methods. 

A.2.1.1. General. 

 A Thermo Scientific Sorvall Legend X1R Centrifuge with a Thermo TX-400 rotor at 4696 

g was used for all centrifugation described. All reagents were purchased from Sigma-Aldrich, and 

ultrapure water (18.2 MΩ/cm resisitivity) was used in all experiments. 

A.2.1.2. Surface area measurements of LiCoO2 nanoparticles. 

 We determined the specific surface areas of LiCoO2 nanosheets according to the Brunauer-

Emmet-Teller (BET) model using N2 adsorption/desorption isotherms.1 Each sample holder 

(Micromeritics) was loaded with ~100 mg of dry nanoparticles and outgassed at 150 °C under 

vacuum for 20 h using a Micromeritics VacPrep 061 Sample Degas System. Each sample was 

analyzed with a Micromeritics Gemini VII 2390 Surface Area Analyzer over the relative pressure 

range (P/P0) of 0.05 to 0.3, where P0 is the pressure of N2 required to saturate the surface. Surface 

area values of 130 m2/g were obtained for LiCoO2 nanoparticles. 

A.2.1.3. Determination of extent lithiation using Inductively Coupled Plasma – Optical 

Emission Spectroscopy. 

 To analyze Li and Co content, we performed ICP-OES PerkinElemer Optima 2000 

spectrometer. LiCoO2 nanoparticles were in aqua regia (3:1 v/v mixture of 30% v/v HCl and 70% 

v/v HNO3, caution-highly corrosive!) and diluted in water. These measurements give a Li:Co ratio 

of  0.62 ± 0.07. 
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A.2.1.4. attenuated total reflectance – FTIR. 

 Spectra were acquired at 4 cm-1 averaging 500 scans per spectrum. In each experiment, a 

reference spectrum was obtained after flowing 1 mL of water over the LiCoO2 -coated ZnSe at 0.5 

mL/min. A solution of 0.1 mg/L Na2HPO4 (previously purged with nitrogen to remove dissolved 

gases) was then flowed continually (0.5 mL/min) while repeated spectra were acquired over 1 hr. 

Time-dependent measurements show that the absorbance of the bands in the P-O stretching region 

reached a constant value well before 1 hr. To test whether adsorption was reversible, we flowed 

water through the cell at 0.5 mL/min while taking repeated spectra for 1 h. All spectra shown here 

were referenced to the spectrum of ultrapure water over the LiCoO2 film. The volume of the cell 

is 0.55 mL, and so for each 1 hr interval where solutions were being flowed, approximately 54 full 

volume exchanges of the flow cell occurred. Peaks were deconvoluted using FitYK software.2 

A.2.1.5. Quantitative analysis of phosphate adsorption by X-ray Photoelectron 

Spectroscopy. 

 Samples were prepared using 250 ml of a 100 mg/L suspension of LiCoO2 in 1 mM 

Na2HPO4 adjusted to pH 7.3. The solutions were stirred throughout the experiment. Aliquots (50 

ml each) were removed after 3 h, 24 h, 48 h, 72 h, and 172 h of exposure. Particles in each aliquot 

were isolated via centrifugation (4696 g, 10 min), redispersed in ultra-pure water to remove 

unadsorbed phosphate, and immediately re-isolated via centrifugation. The pellet was left allowed 

to dry under vacuum at room temperature for at least 24 h.  Once dry, the sample was pressed into 

indium foil on copper foil using a hydraulic press to obtain a flat sample for XPS analysis. XPS 

data were acquired on either a custom-built ultrahigh-vacuum Phi instrument with a 

monochromatized Al Kα source (1486.6 eV photon energy) and a hemispherical electron energy 

analyzer or a Thermo Fisher Scientific K-alpha XPS. Spectra were collected at 45° photoelectron 
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takeoff angles and XPS spectra were fit using CasaXPS software.3 The inelastic mean free path of 

Co was estimated using the NIST Effective Attenuation Length Database via the TPP-2M 

equation.4-5 Li (1s), Co(2p), O(1s), Na(1s), C(1s) and P(2p) peaks were monitored and Co 2p and 

P 2p peak areas were used for quantitative analysis of surface coverage (Equation A.1). 

Equation A.1. Monolayer coverage estimation for quantitative XPS analysis. A = peak area, SF = 

atomic sensitivity factor (SF (Co,2p) = 3.255 for custom instrument, 18.23529 for Thermo 

instrument, SF (P,2p) = 0.412 for custom instrument, 1.352941 for Thermo instrument), ρ= density 

of cobalt in LiCoO2 (30 atoms/nm2), λ = inelastic mean free path of Co electron emitted from 

LiCoO2, (1.922 nm) θ= Angle of the analyzer to the surface normal (45° for the instruments used 

here). Scans refers to the number of scans that were summed to achieve the total peak area. 

A.2.1.6. Sample preparation for Dynamic Light Scattering and Laser Doppler 

Microelectrophoresis. 

 Phosphate solutions were prepared from 10-7 to 10-2 M Na2HPO4. Ionic strength was 

controlled through the addition of NaCl to obtain ionic strength values of 30 mM for all samples. 

Ionic strengths were calculated with the assumption that Na2HPO4 → 2 Na+ + HPO4
2- and that 

subsequent protonation/deprotonation reactions of HPO4
- are negligible. The pH of all solutions 

except the two highest concentrations of phosphate was approximately neutral (6.9 - 7.2), with the 

10 mM and 1 mM Na2HPO4 solutions having pH of 8.4 and 8.1, respectively.  We did not further 

adjust the pH in order to avoid altering the concentrations and ionic strength of the small-volume 

samples (800 µL). 

𝑪𝒐𝒗𝒆𝒓𝒂𝒈𝒆 =  
𝑨𝑷,𝟐𝒑

𝑨𝑪𝒐,𝟐𝒑
×

𝑺𝑭𝑪𝒐,𝟐𝒑

𝑺𝑭𝑷,𝟐𝒑
×

𝑺𝒄𝒂𝒏𝒔𝑪𝒐,𝟐𝒑

𝑺𝒄𝒂𝒏𝒔𝑷,𝟐𝒑
× 𝝆𝑪𝒐,𝟐𝒑 × 𝝀𝑪𝒐,𝟐𝒑 × 𝒄𝒐𝒔 𝜽 
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A.2.1.7. UV-Vis Sedimentation Analysis. 

 The transmission of light through a sample is attenuated by both true optical absorption 

and by scattering of light out of the path of the transmitted optical beam. Since intensity loss due 

to true optical absorption and by scattering are both expected to be proportional to nanoparticle 

concentration6-10, we use the apparent absorption 𝐴𝑎𝑝𝑝𝑎𝑟𝑒𝑛𝑡 = −𝑙𝑜𝑔10 (
𝐼𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑

𝐼𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡
) to measure 

the sedimentation. The sample volume was limited through the use of a 3 mm aperture aligned 

towards the top of the cuvette, such that only the absorbance in approximately the top 3 mm of the 

solution was being measured. 

A.2.1.8. Preparation of Dissolution Samples. 

 MHW was prepared by making a 96 mg/L NaHCO3, 60 mg/L CaSO4, 60 mg/L MgSO4, 

and 4 mg/L KCl solution in ultrapure water. The solution was aerated for 72 h before use and used 

within 14 days of preparation. LiCoO2 was added to MHW and MHW with phosphate to achieve 

the desired particle concentration. The solutions were stirred for 24 h, after which an aliquot was 

removed. Samples were centrifuged for 20 min and the supernatant was removed and acidified to 

2% with high purity HNO3 and analyzed for total Co concentration using a magnetic-sector 

Thermo-Finnigan Element 2XR ICP-MS.  
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A.2.2. Additional Figures. 

A.2.2.1. Figure A.2.1. TEM micrograph of LiCoO2 particles. 

Figure A.2.1. TEM micrograph of LiCoO2 nanosheets.  
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A.2.2.2. Figure A.2.2. SEM micrographs of spin-cast nanoparticle films. 

 

Figure A.2.2. SEM micrographs of spin-cast nanoparticle films. Films are fairly continuous, and 

consist of randomly-oriented individual nanosheets. 
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A.2.2.3. Figure A.2.3. Time-course ATR-FTIR spectra of phosphate exposure to LiCoO2-

coated ZnSe. 

 

Figure A.2.3. Time-course ATR-FTIR spectra of phosphate exposure to LiCoO2-coated ZnSe, 

showing apparent equilibration after one hour of exposure. Scale bar is 0.002 a.u. 
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A.2.2.4. Figure A.2.4. Atomic coverage of P on LiCoO2 for particles exposed to 1 mM, 10 

mM and 100 mM. 

 

Figure A.2.4. Atomic coverage of P on LiCoO2 for particles exposed to 1 mM, 10 mM and 100 

mM for one hour in solution.  
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A.2.2.5. Figure A.2.5. SEM micrograph of LiCoO2 particles following sonication described 

for DLS measurements. 

 

Figure A.2.5. SEM micrograph of LiCoO2 particles following sonication described for DLS 

measurements. Individual particles are still observed and primary particle size does not seem to 

be impacted.  
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A.2.2.6. Figure A.2.6. Raw UV-Vis sedimentation plots for 25 mM Na2HPO4 and 75 mM 

NaCl. 

 

Figure A.2.6. Raw UV-Vis sedimentation plots for 25 mM Na2HPO4 and 75 mM NaCl. 
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Appendix 3. Supporting information for Chapter 3: Interaction of Phosphate with Lithium 

Cobalt Oxide Nanoparticles: A Combined Spectroscopic and Calorimetric Study. 

A.3.1. Supplemental Materials and Methods. 

A.3.1.1. General. 

 A Thermo Scientific Sorvall Legend X1R Centrifuge with a Thermo TX-400 rotor at 

4696 g was used for all centrifugation described, unless otherwise noted. All reagents were 

purchased from Sigma-Aldrich. Ultrapure water (18.2 MΩ/cm resisitivity) was used in all 

experiments. 

A.3.1.2. Unit conversion for amount phosphate adsorbed to LiCoO2 between two methods. 
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A.3.2. Additional Figures. 

A.3.2.1. Figure A.3.1. SEM micrograph of LiCoO2 particles after ultrasonication. 

 

Figure A.3.1. SEM micrograph of LiCoO2 particles following ultrasonication described for DLS 

measurements and formation of nanoparticle layers for ATR-FTIR. Individual particles are still 

observed, and particles do not appear to have been fractured in the process. 
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A.3.2.2. Figure A.3.2. SEM micrograph of LiCoO2 particles spin-coated onto substrate. 

 

Figure A.3.2. SEM shows LiCoO2 particles randomly orient on surfaces when applied using a 

spin-coater. 
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A.3.2.3. Figure A.3.3. Ion release from LiCoO2 in phosphate. 

 

Figure A.3.3. Percentage of total cobalt (blue) and lithium (yellow) ions in the material that are 

released from a 100 mg/L suspension of LiCoO2 in 1 mM Na2HPO4 for 1 hour as measured with 

ICP-MS. 
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A.3.2.4. Figure A.3.4. Representative XPS spectra corresponding to coverage analysis. 

 

Figure A.3.4. Representative XPS spectra used in the analysis of phosphate coverage on LCO as 

a function of pH. There is no evidence for sodium binding to the surface. Lithium is observed in 
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each case, but is not used for quantification due to the likelihood of Li+/H+ exchange at the 

surface in water. 
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A.3.2.5. Figure A.3.5. Diffusion coefficients of LiCoO2 in phosphate. 

 

Figure A.3.5. Diffusion coefficient of LiCoO2 nanoparticles as a function of pH in the absence 

and presence of phosphate. 
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A.3.2.6. Figure A.3.6. Time-course ATR-FTIR spectra of phosphate exposure to LiCoO2. 

 

Figure A.3.6. ATR-FTIR spectra collected over the course of one hour of Na2HPO4 exposure to 

LiCoO2 at pH 7.4. 
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A.3.2.7. Figure A.2.7. Long-term impacts of phosphate exposure to LiCoO2. 

 

Figure A.3.7. Long term impacts of Na2HPO4 exposure to LiCoO2 at pH 7.4. a) coverage values 

as determined by XPS in atoms P / nm2 after one hour vs after five months. b) SEM micrograph 

of LiCoO2 nanosheets after five months in Na2HPO4 at pH 7.4. c) XRD patterns of LiCoO2 

nanoparticles before exposure (black trace) and after five months exposure to Na2HPO4 at pH 7.4 

(orange trace). 
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Appendix 4. Supporting information for Chapter 4: The Influence of Organic Acids on 

Lithium Cobalt Oxide Nanoparticle Dissolution and Interaction with Phosphate 

A.4.1. Additional Figures. 

A.4.1.1. Figure A.4.1. Representative XP spectra from competitive adsorption experiments. 

Figure A.4.1. Representative XP spectra of the C(1s), Co(2p) and P(2p) regions for LiCoO2 

particles exposed to 1 mM Na2HPO4 and 1 mM of organic acid.  
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A.4.1.2. Figure A.4.2. Unnormalized surface coverages from XPS data for competitive 

adsorption experiments. 

 

Figure A.4.2. Raw coverage values from XPS adsorption experiments. Top row, left to right: 

phosphorus coverage in the presence and absence of LA, BA, SA, 3HB and 4HB. Bottom row, left 

to right: oxidized carbon coverage (striped bars, coverage calculated solely from the 286 eV and 

288.5 eV contributions) and total carbon coverage (empty bars) when exposed to phosphate in the 

presence and absence of LA, BA, SA, 3HB and 4HB.   
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A.4.1.3. Figure A.4.3. XP spectrum and calculated carbon coverage for as-synthesized LiCoO2  

nanoparticles. 

 

Figure A.4.3. XP spectra for the pristine, as-synthesized LiCoO2 nanoparticles. a) C(1s) region. 

The peak at 284.8 eV is attributed to adventitious carbon, the peak at 286.3 eV is attributed to 

carbon in alcohol/ether groups, and the peak at 288.8 eV is attributed to carbon in carboxyl groups. 

b) Co(2p) region, showing the 2p3/2 and 2p1/2 regions and corresponding satellite peaks. The 2p3/2 

and 2p1/2 peaks can be fit to three components, consistent with predominantly Co3+ with some Co4+ 

at the surface. c) Li(1s) region. The location of the Li(1s) peak at 54.5 eV is consistent with lithium 

in an octahedral environment, as expected for this material. d) O(1s) region. The peak at 529.6 eV 

is attributed to the O2- ions in the crystal structure, and the higher binding energy peak at 531.6 eV 

is attributed to undercoordinated oxygen at the surface and/or from adsorbed surface species. Total 
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carbon coverage of as-synthesized particles is 11 atoms C/nm2, whereas oxidized carbon coverage 

(coverage calculated excluding the adventitious carbon peak) is 5.4 atoms C/nm2.  
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A.4.1.4. Figure A.4.4. Concentrations in µM of Li+ and Co2+ released from LiCoO2 during 

phosphate coating. 

 

Figure A.4.4. Concentrations of Co2+ (blue bar) and Li+ (yellow bar) released during LiCoO2 

exposure to either 3 mM NaCl or 1 mM Na2HPO4. 
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Appendix 5. Synchrotron X-ray Absorption Spectroscopy for analysis of lithium cobalt 

oxide nanoparticle transformation in aqueous systems: method optimization and 

preliminary results 

This work was funded through a general user proposal (GUP-53637) to the Advanced Photon 

Source (APS) at Argonne National Laboratories prepared by Robert J. Hamers and Elizabeth D. 

Laudadio. Data was collected at Sector 9-BM at APS in collaboration with Timothy T. Fister, 

Tianpin Wu, Jaya R. Borgatta, Sarah L. Guillot, Curtis M. Green, Zhifei Li, and Paige C. 

Kinsley. 

A.5.1 Introduction. 

A.5.1.1. Introduction to X-ray Absorption Fine Structure. 

 In order to develop an understanding of how nanomaterials transform in aqueous 

environments, we need the ability to probe these transformations as they occur using in situ 

analytical techniques. These transformations are often surface-mediated, as the surface is 

particularly reactive. By definition, the creation of a surface leads to the formation of 

undercoordinated surface species. The presence of water can greatly reduce the energy of these 

surfaces, through the formation of surface complexes that passivate dangling bonds. However, 

these inevitable and instantaneous transformations may have significant impact on the surface 

properties of these materials, rendering ex situ analysis unrepresentative of the true surface 

structures.1 Traditional x-ray spectroscopy often requires the use of ultra-high vacuum, limiting its 

ability for in situ experiments. While samples can be prepared ex situ, this analysis tends to only 

provide a surface chemical snapshot of the transformed material, and is susceptible to drying 

artifacts including changes to coatings, surface oxidation, loss of hydration information, and more. 
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 In situ x-ray spectroscopy experiments are possible through the use of synchrotron light 

sources. Synchrotron light sources accelerate traveling electrons to >99.999999% the speed of 

light by focusing electrons into a narrow beam bent on a circular path using an electromagnetic 

field. X-rays emitted from this beam of focused electrons are extremely bright, allowing for 

various x-ray techniques to be applicable to samples outside of vacuum. X-ray Absorption Fine 

Structure (XAFS) experiments are a way to examine the modulations of x-ray absorption 

probability as a function of photoelectron scattering. Near Edge X-ray Absorption Fine Structure 

(NEXAFS) experiments can elucidate the formal valence, coordination, hybridization, band 

structure and oxidation states of atoms in a material. The half-height of the pre-edge peak in the 

NEXAFS region of spectra corresponds to the formal valence state, which can be determined 

through comparison to reference samples.2 Extended X-Ray Absorption Fine Structure (EXAFS) 

can elucidate the determination of the number, distance, and identity of neighboring atoms to the 

absorbing atom.3 While these are bulk techniques, they can be made more surface sensitive by 

being performed in a fluorescence geometry, or by increasing the surface area to volume ratio of 

the sample. The latter makes nanomaterials ideal samples for surface analysis using XAFS. 

A.5.1.2. in situ X-Ray Absorption Fine Structure of metal oxides. 

 XAFS has been used to characterize oxidation state changes as a function of pH,4 assign 

coordination geometries of adsorbates on the surface of minerals,5 and also assign the identity of 

adsorbates onto surfaces from solution.6 XAFS provides a tool to characterize the native structure 

of nanomaterials, allowing for the confirmation of both crystal structure and surface functionality. 

This could be particularly useful to provide experimental values to corroborate theoretical 

predictions, and confirm the successful synthesis of new materials such as LiFe1/3Mn1/3 Al1/3O2. In 

addition to providing powerful analysis of the native structures of our nanomaterials, it also opens 
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the door for deeper analysis of the materials in solution and subsequent transformations. These 

techniques can be used to assess the hydration of the materials in solution, the surface 

functionalization and lithiation state, the oxidation state of the metals at the surface and how they 

change as the material dissolves, and the identity and geometry of adsorbates on the surface. 

Because the complex metal oxide nanosheets tend to be approximately 10 atomic layers thick, the 

surface represents about 20% of the material, and therefore about 20% of the signal will come 

from the surface as opposed to the bulk material. The surface sensitivity could be enhanced by 

synthesizing thinner materials or developing a procedure to exfoliate single or few layers of the 

material for these experiments. 

A.5.1.3. Extended X-ray Absorption Fine Structure Theory. 

 The EXAFS region is characterized by its modulating absorption probability as a function 

of energy past the absorption edge. Core electrons from elements have a characteristic binding 

energy on the energy scale of x-rays. When irradiated with an x-ray with energy corresponding to 

that binding energy, the core electron can be ejected and emitted as a photoelectron. The 

photoelectron radiates outward from the absorbing atom, and has the ability to scatter elastically 

off of a neighboring atom and radiate back towards the initial absorbing atom.  

 As Fermi’s Golden Rule explains, the more similar the initial and final states, the more 

likely that a process will occur. The initial state is the atom with the core electron, while the final 

state is the atom, core hole, and photoelectron. When the photoelectron elastically scatters back 

towards the absorbing atom, the final state more closely resembles the initial state, with the 

photoelectron density returning to the absorbing atom. At this point, the absorption probability 

increases, which is exemplified by the modulations in the EXAFS plot of absorption probability 

as a function of time. The probability of x-ray absorption is enhanced if it leads to constructive 
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interference of the ejected electron at the location of the absorbing atom, which is the case when 

the round trip distance back from the neighboring atom is a whole number of wavelengths, 

satisfying the equation: 

       2D = nλ    (Equation 1) 

 The photoelectron can be modeled as a plane (sinusoidal) wave,  

      sin(2𝜋
2𝐷

𝜆
)    (Equation 2) 

The EXAFS, defined χ, is proportional to the plane wave. Converting wavelength to wavenumbers 

using: 

      𝑘 =
2𝜋

𝜆
     (Equation 3) 

this relationship can be simplified to  

      𝜒 𝛼 sin(2𝑘𝐷).      (Equation 4) 

Which shows that the spacing of the EXAFS oscillations is a function of atomic distance and 

wavenumber, and therefore, energy. This equation is a simplification, as there are a number of 

experimental factors to consider when the actual EXAFS phenomenon is taking place. Equation 5 

is also known as “The EXAFS Equation”, which includes all the variables that impact the EXAFS 

phenomenon for an absorbing atom. 

   𝜒(𝑘) = 𝑆𝑜
2 ∑ 𝑁𝑖 𝑖

𝑓𝑖(𝑘)

𝑘𝐷
𝑖

2   𝑒
2𝐷𝑖
𝜆(𝑘) 𝑒−2𝑘2𝜎2

sin(2𝑘𝐷𝑖 + 𝛿𝑖(𝑘))  (Equation 5) 

𝑆𝑜
2 is a scaling factor to account for incomplete overlap; even with photoelectron scattering, the 

initial and final state are not exactly the same, as there is still the presence of a core hole. This 

scaling factor cannot be experimentally derived but is instead approximated in the modeling and 
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analysis. The EXAFS equation is represented as a sum, as many atoms (𝑁𝑖) can interact with the 

photoelectron, and the resulting spectrum is a sum of all of those interactions. 𝑓𝑖(𝑘) is proportional 

to the possibility of inelastic scattering, which will change the energy of the photoelectron and 

therefore the similarity between initial and final states. 𝑘𝐷
𝑖

2 adjusts for the fact that photoelectrons 

emit as spherical waves, and therefore the scattering probability drops off as the square of the 

distance.  𝑒
2𝐷𝑖
𝜆(𝑘) adjusts for the mean free path of the emitted photoelectron and core hole filling. A 

photoelectron can only travel so far before inelastically scattering and imparting its energy. There 

is also the possibility that when the photoelectron returns to the absorbing atom, it can be 

reabsorbed and fill the core hole, thus ending the EXAFS phenomenon. The core hole filling and 

inelastic mean free path adjustments define EXAFS as a local phenomenon; scattering off of atoms 

more distant than 10 Å from the absorbing atom is negligible. The 𝑒−2𝑘2𝜎2
 term accounts for the 

fact that EXAFS is an average, and there will be a variation in D due to the disorder of atoms in 

the material. The last variable, 𝛿𝑖(𝑘), accounts for the phase shift of the wave that can occur after 

interaction.  

 One outcome of the expanded EXAFS equation is the ability to determine atomic identity 

from EXAFS oscillations. 𝛿𝑖(𝑘) and 𝑓𝑖(𝑘) are element specific, and so the identity of neighboring 

atoms can be extracted from this equation. 

A.5.2 Materials and Methods. 

A.5.2.1. Nanoparticle synthesis and characterization.  

 We synthesized sheet-like nanoparticles of LixCoO2 as described previously.7-9 We 

synthesized a Co(OH)2 precursor by dropwise addition of 1 M Co(NO3)2•6H2O to 0.1 M LiOH. 

We isolated the precipitate by centrifuging into a pellet and decanting the supernatant. We washed 
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the pellet by redispersion in water, centrifugation and removal of supernatant a total of three times. 

We dried the product in a vacuum oven at 30 oC overnight. To convert Co(OH)2 to LixCoO2, the 

Co(OH)2 precursor was added to a molten salt flux of LiNO3:LiOH in a 6:4 molar ratio. We 

prepared the molten salt flux by heating the mixture at 200 oC in a polytetrafluoroethylene 

container with magnetic stirring. After the precursor had reacted in the flux for 30 min, we 

quenched the reaction with water and washed/isolated the precipitate through four cycles as 

described above. The product was then dried in a vacuum oven at 30 oC overnight. 

A.5.2.2. Chemical characterization of LixCoO2 nanoparticles.  

 We obtained powder x-ray diffraction (XRD) patterns of the LixCoO2 nanoparticles with a 

Bruker D8 Advance powder diffractometer. We prepared concentrated dispersions of LCO 

powders in isopropyl alcohol by ultrasonication in a cup sonicator. We drop-cast the suspension 

onto a zero-diffraction plate and allowed it to dry. The powder XRD pattern was acquired from 15 

to 80 o 2θ using a step size of 0.20 o and dwell time of 166 s at each point.  

 For morphology characterization with scanning electron microscopy (SEM), we prepared 

dilute dispersions of LCO in methanol and drop-cast the dispersions onto low-resistivity boron-

doped silicon wafers. Micrographs were acquired with a Leo Supra55 VP SEM at 3 kV electron 

energy using a secondary electron detector.  

A.5.2.3. Preparation of ex situ samples for XAS analysis. 

 We prepared ex situ nanoparticle samples for analysis by making pellets of LiCoO2 mixed 

with boron nitride (BN). The absorption length of LiCoO2 is ~ 5 mg/cm2, and our pellet press was 

0.7 cm in diameter, so loadings of 1.8 mg LiCoO2 were used for each pellet. A stock powder of 18 

mg LiCoO2 and 511 mg BN was mixed with a mortar and pestle. 50 mg of the mixture was used 
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to prepare each pellet. The pellets were mounted inside holes in Teflon spacers and covered on 

either side with Kapton tape. 

A.5.2.4. Preparation of in situ samples for XAS analysis.  

 We prepared 12.5 mg/mL suspensions of LiCoO2 nanoparticles in analyte solutions of 

interest by weighing out 25 mg of nanoparticles and adding to 2 mL of solution. The mixture was 

sonicated briefly to disperse the particles. The suspension was transferred into in situ cells with a 

2 mm pathlength fitted with magnetic stir bars, as shown in Figure A.5.1.  

A.5.2.5. Data acquisition. 

 Data acquisition conditions were optimized to the Co K-edge at 7708 eV. The intensity of 

the beam, I0, and intensity after transmission through the sample, IT, were optimized for each 

sample. IT is highest before the edge, and lowest after the edge. The amplifier settings were 

adjusted so that IT is between 0.2 and 4.5 both below the edge (100 eV less than onset energy) and 

above the edge (100 eV higher than onset energy). The sensitivity (in A/V) and offset (pA) can be 

adjusted to ensure optimal conditions for both above and below the edge. The offset should always 

be 10% of the sensitivity. For most of the data described here, the amplifier was set at 2 nA/V 

sensitivity and 200 pA offset.  

 Each sample was then scanned horizontally and vertically to ensure uniform signal across 

the sample. Horizontal and vertical scans were taken at 7725 eV, an after confirming uniformity 

of the sample, a center point in both the X and Y direction was chosen for data acquisition, as 

shown in Figure A.5.2.  

 The acquisition conditions were set as follows: Pre edge acquisition beginning at -200 eV 

before the edge, 5 eV per step, 2 s integration time; XANES acquisition beginning at -15 eV before 
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the edge, 0.2 eV per step, 2 s integration time; EXAFS acquisition beginning at 40 eV after the 

edge, 0.05 k per step, 2 s integration time, with no k-weighting. Due to the noise levels seen in the 

EXAFS data presented here, in the future, adding k-weighting would be advised, as noise increases 

as a function of k. 

A.5.2.6. Data processing. 

 Data were analyzed using the Demeter XAS Data Processing and Analysis package, which 

is available for free online. The raw spectrum files were imported into the Athena program for 

normalization. The onset energy was defined as a fraction of the edge step. 

A.5.3 Results and Discussion. 

A.5.3.1. ex situ characterization of cobalt oxidation state from NEXAFS. 

 The NEXAFS region can provide information about the oxidation state in LiCoO2. 

Previously, researchers have examined the NEXAFS region of LiCoO2 during battery cycling or 

chemical delithiation to see how the spectra change.2, 10-15 The pre-edge peak around 7710 eV 

shifts to higher energy when there is Co4+ present in the sample, and the intensity of this pre-edge 

peak is indicative of local structural distortion. The lack of shoulder peak at around 7720 eV is 

also often seen in conjunction with the presence of Co4+ in the material.  

 Figure A.5.3. shows the NEXAFS region of the cobalt K-edge absorption peak for LiCoO2 

nanoparticles (gray), commercial LiCoO2 bulk material (black), aqueous Co2+ (pink), and Co(OH)2  

nanoparticles (brown). The edge onset energy for both the nano and bulk LiCoO2 samples is 

consistent with Co3+ being the major species, while for Co2+ in solution and the Co(OH)2 particles, 

the edge onset energy is consistent with Co2+. The inset shows the pre-edge feature on a larger 

scale. The pre-edge peak is more intense and at higher energy for LiCoO2 than Co2+ and Co(OH)2, 

consistent with the presence of Co4+ species. The pre-edge peak is also more intense for the LiCoO2 
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nanoparticles than the LiCoO2 bulk, potentially indicating that there are more Co4+ species in the 

nanoparticles than the bulk. This is consistent with the LiCoO2 nanoparticles having a larger 

surface area and therefore more undercoordinated species at the surface.  

 The pre-edge peak energy and edge onset energy are plotted as a function of expected 

primary oxidation state of cobalt in the material in Figure A.5.4. There is a clear trend towards 

higher pre-edge peak energy and edge onset energy as the cobalt oxidation state increases. 

 This data confirms that the LiCoO2 nanoparticles synthesized contain cobalt in 

predominantly the Co3+ oxidation state, with Co4+ likely on the surface. The comparison between 

the bulk commercial LiCoO2 material and our synthesized material are in good agreement, 

consistent with the materials being of the same structure. This technique can be used as an 

additional way to corroborate structural characterization of complex metal oxide nanomaterials. 

A.5.3.2. in situ characterization of cobalt oxidation state from NEXAFS. 

 Figure A.5.5. compares the NEXAFS region of LiCoO2 nanoparticles ex situ (gray),  

LiCoO2 bulk ex situ (black), and LiCoO2 nanoparticles in water (blue). The in situ spectrum of 

LiCoO2 nanoparticles in water almost exactly tracks the ex situ spectrum of LiCoO2 nanoparticles, 

except that there is more noise, possibly due to the conditions of the in situ experiment. This data 

is good confirmation that the structure of LiCoO2 nanoparticles does not change significantly when 

put into solution. 

 Figure A.5.6 shows the NEXAFS and EXAFS region of the spectrum for LiCoO2 

nanoparticles in gure A.5.6. NEXAFS and early EXAFS region of LiCoO2 ex situ (gray), in water 

(blue), in 30 mM NaCl (purple), and in bacterial growth medium (green). Increasing solution 

complexity tends to result in an increase of noise, but not in a linear fashion; the bacterial growth 
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medium is a very complex aqueous system, however the spectrum of LiCoO2 in this medium is 

less noisy than the one in 30 mM NaCl. This suggests that both solution complexity and the 

resulting dispersibility of the particles in that solution play a role in the noise level of the spectra. 

 Understanding the factors causing the noise level in these spectra will be important to be 

able to obtain meaningful data from the in situ experiments. The noise level in the EXAFS region 

is a particular concern, as the noise is amplified in the EXAFS analysis process. The EXAFS region 

is background subtracted and scaled by k2, therefore the noise is amplified at high values of k 

(wavenumber), as shown in Figure A.5.7.  

 For the in situ samples studied that did not result in spectra too noisy to analyze, the changes 

to the edge onset energy of the NEXAFS region can give indication of the oxidation state changes 

of cobalt in the sample. Figure A.5.8. shows the edge onset energy (black markers, left axis) and 

the difference between the edge onset energy in that sample versus the dry material (red markers, 

right axis). LiCoO2 in phosphate solutions showed edge onsets shifted to lower onsets, with larger 

shifts in higher concentrations. The shift in the edge onset energy is not as significant in water or 

NaCl. The shift in edge onset to lower energy suggests that more of the cobalt in the sample is in 

the 2+ oxidation state. This may be a function of the materials dissolving in the presence of 

phosphate, increasing the concentration of Co2+ in the sample. To corroborate this, future studies 

of LiCoO2 in solutions known to enhance dissolution should be done. 

A.5.4 Conclusions. 

 In situ x-ray absorption spectroscopy techniques such as NEXAFS and EXAFS have 

significant potential for use in the analysis of chemical transformations of nanomaterials in 

aqueous environments. These preliminary studies demonstrate the ability to obtain NEXAFS and 

EXAFS data from the Co K edge of cobalt in LiCoO2 and related materials. Ex situ results provide 
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evidence of the predominantly Co3+ species in LiCoO2, while also suggest more Co4+ as opposed 

to its bulk counterpart, consistent with an increased surface sensitivity of the measurement when 

nanomaterials are used. In situ experiments suffered from complications due to particle 

dispersibility and solution complexity, adding noise to the data. In the future, it will be necessary 

to reduce the impact of these variables to obtain useful and analyzable data. Some options would 

be to create an immobilized sample of particles within a mesh and expose it to solution, which 

reduce the volume of solution needed and eliminate the impacts of dispersion. Another option 

would be to measure the samples in fluorescence mode as opposed to transmission, as uniform 

thickness is not required in this method, and it is also more surface sensitive than transmission. 
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A.5.5 Figures. 

 

 

Figure A.5.1. Image of the in situ cells designed for these experiments. The cells are held upright 

on a magnetic stir plate. The stir bar is inserted through the bottom opening, which is then sealed 

with a screw covered in Teflon tape. The solution is loaded through the top opening using a pipette. 

The volume in each cell is 2 mL. The spectra were taken from the upper part of the solution.  
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Figure A.5.2. Left: absorption of the sample vs. horizontal location right above the Co K-edge. 

Absorption is homogeneous across the liquid sample in the horizontal direction, as seen in the 

region from ~14 to ~24 on the x-axis. Right: transmission of the sample vs. vertical location right 

above the Co K-3dge. Absorption is homogeneous across the liquid sample in the vertical 

direction, as seen from the transmission being at 0 across the vertical volume of the sample. 

Horizontal and vertical scan locations are then chosen, as shown by the green bar in each plot. 
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Figure A.5.3. NEXAFS spectra for bulk ex situ materials, Co2+ in solution (pink), Co(OH)2 

nanoparticles (brown), LiCoO2 nanoparticles (gray), and bulk commercial LiCoO2 particles 

(black). The edge onset energy for Co2+  and Co3+  is indicated. Inset: zoom-in on the pre-edge 

feature.  
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Figure A.5.4. Left: pre-edge peak energy versus cobalt oxidation state for materials measured ex 

situ. Right: edge onset energy versus cobalt oxidation state for materials measured ex situ. 
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Figure A.5.5. NEXAFS spectra for LiCoO2 nanoparticles (gray), and bulk commercial LiCoO2 

particles (black) ex situ, and LiCoO2 nanoparticles in water, in situ (blue). Inset: zoom-in on the 

pre-edge feature.   
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Figure A.5.6. NEXAFS and early EXAFS region of LiCoO2 ex situ (gray), in water (blue), in 30 

mM NaCl (purple), and in bacterial growth medium (green).  
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Figure A.5.7. Analysis of the EXAFS region for in situ samples shows that the noise level is too 

high to extract information. 

  



193 

 

 

 

Figure A.5.8. Edge onset energy and shift in edge onset energy from ex situ LiCoO2 for LiCoO2 

in 100 mM Na2HPO4, 10 mM Na2HPO4, pure water, and 300 mM NaCl. The phosphate solution 

has more of an impact on edge onset, shifting to lower energies.  
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Appendix 6. Contributions to other work. 

Throughout my tenure as a researcher in the Center for Sustainable Nanotechnology, I have 

made both intellectual and experimental contributions to a number of collaborative studies. 

Below I summarize the major findings of these projects, as well as my specific contributions to 

their success. 

A.6.1. Published work.  

A.6.1.1. Abbaspour-Tamijani, A., Bennett, J.W., Jones, D.T., Cartagena-Gonzalez, N., Jones, 

Z.R., Laudadio, E.D., Hamers, R.J., Santana, J.A., Mason, S.E. DFT and Thermodynamics 

Calculations of Surface Cation Release in LiCoO2. Appl. Surf. Sci. 2020, 515, 145865-145873. 

DOI: 10.1016/j.apsusc.2020.145865 

 The goal of this work was to use density functional theory (DFT) + thermodynamics to 

model and predict cobalt release from LiCoO2 surfaces in aqueous environments. This work also 

includes DFT vibrational analysis of surface termination-specific vibrational modes of LiCoO2. 

My contributions to this work were both intellectual during the manuscript preparation stage, and 

also experimental data acquisition. Layer spacing of LiCoO2 nanoparticles and bulk material was 

acquired from experimental x-ray diffraction analysis and guided benchmarking of the model in 

this manuscript.  

A.6.1.2. Buchman, J.T., Bennett, E.A., Wang, C., Abbaspour Tamijiani, A., Bennett, J.W., 

Hudson, B.G., Green, C.M., Clement, P.L., Zhi, B., Henke, A.H., Laudadio, E.D., Mason, S.E., 

Hamers, R.J., Klaper, R.D., Haynes, C.L. Nickel enrichment of next-generation NMC 

nanomaterials alters material stability, causing unexpected dissolution behavior and observed 

toxicity to S. oneidensis MR-1 and D. magna. Environ. Sci.: Nano 2020, 7, 571-587. DOI: 

10.1039/C9EN01074B 
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 The goal of this work was to investigate the toxicity of equistoichiometric LiNixMnyCo1-x-

yO2 (x = 0.33, y = 0.33, 1-x-y=0.33, “NMC333”) materials and compare to those with a higher 

nickel content (x = 0.6, y = 0.2, 1-x-y = 0.2, “NMC622”) to two model biological organisms, the 

gram negative soil bacterium Shewanella oneidensis MR-1 and the eukaryotic water flea Daphia 

magna. The major findings of this work are that the dissolution behavior of NMC333 versus 

NMC622 are inconsistent with the stoichiometries of the material. Notably, NMC622 released 

approximately the same concentration of [Ni2+] as NMC333 into both aqueous media studied. 

Density functional theory (DFT) simulations are able to attribute the unexpected dissolution 

behavior of NMC622 to the different lattice stability of Ni4+ versus Ni2+ in the material lattice. The 

impact on toxicity is nominally the same level of toxicity of NMC333 and NMC622 to S. 

oneidensis, where the major mode of toxicity is ion release, but different levels of toxicity to D. 

magna, where the major mode of toxicity is through ingestion of the nanomaterials. My 

contributions to this work were intellectual during the stages of manuscript preparation and 

revision, as well as synthetic, where myself and summer undergraduate research student Nafisa 

Ibrahim were the first to synthesize NMC622, and trained further collaborators on the synthetic 

technique. 

A.6.1.3. Mensch, A.C., Melby, E.S., Laudadio, E.D., Foreman-Ortiz, I.U., Zhang, Y., Dohnalkova, 

A., Hu, D., Pedersen, J.A., Hamers, R.J., Orr, G. Primary amine-terminated quantum dots 

preferentially interact with membrane domain boundaries in bilayers and lipid rafts at the cell 

membrane as revealed by atomic force and super resolution fluorescence microscopy. Environ. 

Sci.: Nano 2020, 7, 149-161. 

 The goal of this work was to understand the impact of amine-terminated quantum dots on 

the structural properties of model cellular membranes. Supported lipid bilayers with “lipid rafts” 
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were prepared as model eukaryotic membranes, and the interaction of primary amine-terminated 

quantum dots with these bilayers was studied with atomic force microscopy (AFM) and super 

resolution fluorescence microscopy. It was discovered using AFM that the quantum dots 

preferentially interacted with the domain boundaries of the liquid-disordered regions in the bilayer, 

which then led to further disruption of the lipid rafts and imbedding of the amphiphilic particles 

into the bilayer. Correlated fluorescence microscopy corroborated these findings. My contributions 

to this work were X-ray photoelectron spectroscopic analysis of the quantum dots. This spectral 

analysis of the N(1s) region revealed the presence of amine groups on the particle surface. This 

contribution is included in Figure 1 of the manuscript (reproduced below as Figure A.6.1)  
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Figure A.6.1. a. and b. TEM analysis of QDot605 (a) and QDot705 (b) showing the size 

distribution of each particle type. c. and d. XPS analysis of QDot605 (c) and QDot705 (d) 

confirming the presence of amine groups on the surface of the particles. The XPS raw data (red) 

are fit with the different color traces as described in the Methods section. 
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A.6.1.4. Cui, Y.; Melby, E.S.; Mensch, A.C., Laudadio, E.D., Hang, M.N., Dohnalkova, A., Hu, 

D., Hamers, R.J., Orr, G. Quantitative mapping of oxidative stress response to lithium cobalt oxide 

nanoparticles in single cells using multiplexed in situ gene expression analysis. Nano Lett., 2019, 

19, 1990-1997. DOI: 10.1021/acs.nanolett.8b05172 

 The goal of this work was to use a recently established super resolution imaging technique, 

multiplexed fluctuation localization imaging-based fluorescence in situ hybridization (fliFISH) for 

quantitative mapping of the gene expression responses, specifically oxidative stress genes, in 

single rainbow trout gill cells (Oncorhynchus mykiss) to exposure to LiCoO2. Ten oxidative stress 

response genes were labeled and tracked through the implementation of two-color barcoding in 

the fliFISH technique. It was observed that initially, genes targeting superoxide species were 

upregulated, followed by an increase in gene copies targeting peroxide and hydroxyl species. Co2+ 

and Li+ ions were found to inhibit transcription for all of the stress response genes. Taken together, 

this work suggests a “two-hit” toxicological response to LiCoO2 nanoparticles, where the particles 

themselves induce oxidative stress, and ions released from the particles inhibit transcription of 

defense genes. My contributions to this work were nanoparticle synthesis and characterization. I 

characterized the nanomaterials used in this study to confirm that no significant changes to surface 

properties had occurred over the time period that the experiments were conducted over. I also 

synthesized an additional batch of nanomaterials that select experiments were repeated with to 

ensure reproducibility across nanoparticle batches. The characterization information is detailed in 

the manuscript’s supporting information file. 

A.6.1.5. Chong, G., Laudadio, E.D., Wu, M., Murphy, C.J., Hamers, R.J., Hernandez, R. Density, 

Structure, and Stability of Citrate3– and H2Citrate– on Bare and Coated Gold Nanoparticles. J. Phys. 

Chem. C 2018, 122, 28393-28404. DOI: 10.1021/acs.jpcc.8b09666 
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 The goal of this work was to apply all-atom molecular dynamic simulations towards the 

understanding of the density, structure and stability of citrate capping molecules on gold 

nanoparticles (AuNPs). The outcomes of this work are a consensus citrate density for the different 

states of citrate on the particles, to aid both with experimental AuNP characterization and also 

future molecular dynamics simulations. My contributions to this work were experimental 

corroboration of the ensemble binding modes of citrate on AuNPs as determined through the MD 

simulations. Attenuated Total Reflectance – FTIR (ATR-FTIR) was employed on citrate capped 

AuNPs, both dry and in solution, to determine the vibrational modes of citrate on the AuNP 

surface. From the ATR-FTIR spectra, we were able to corroborate MD results showing the 

presence of H2citrate- functionalities within poly(allylamine hydrochloride) (PAH) wrapped 

citrate-capped AuNPs. The spectra are also in agreement with the conformations of PAH 

interacting with citrate molecules on AuNPs as predicted from simulation. These spectra were 

included in Figure 9 of the manuscript (reproduced below as Figure A.6.2) 
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Figure A.6.2. ATR-FTIR spectrum of PAH−cit-AuNPs in solution (top row) and dry (bottom row): 

the full (from 4000 to 1000 cm−1), OH region (from 3700 to 2300 cm−1), and fingerprint region 

(from 1800 to 1200 cm−1) spectra are shown from left to right. 
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A.6.1.6. Huang, X., Bennett, J.W., Hang, M.N., Laudadio, E.D., Hamers, R.J., Mason, S.E. Ab 

Initio Atomistic Thermodynamics Study of the (001) Surface of LiCoO2 in a Water Environment 

and Implications for Reactivity under Ambient Conditions. J. Phys. Chem. C 2017, 12, 5069-5080. 

DOI: 10.1021/acs.jpcc.6b12163 

 The goal of this work was to use (DFT) (specifically, GGA + U methodology) to model 

bulk and surface structures of the (001) face of LiCoO2. One of the major outcomes of this work 

was understanding the likely surface terminations of LiCoO2 in aqueous solution. While LiCoO2 

is terminated in lithium atoms on the (001) face in the pristine material, this work shows that in an 

aqueous environment, it is preferable for those lithium ions to dissociate and be replaced with 

protons. The hydroxylated surface of LiCoO2 is more reactive to species in solution such as the 

phosphate oxyanion, where the models predict energetically favorable outer-sphere interactions 

between the adsorbate and the hydroxylated LiCoO2 (001) surface, whereas this interaction is not 

favorable when the surface is lithium terminated. My contributions to this work were some of the 

preliminary experimental results showing that phosphate does adsorb to the surface of LiCoO2 in 

aqueous environments, thus validating the model predictions. 
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A.6.2. Manuscripts submitted. 

A.6.2.1. Mensch, A.C., Mitchell, H.D., Markillie, L., Laudadio, E.D., Schwartz, M.P., Hamers 

R.J., Orr, G. Impact of toxic and subtoxic doses of lithium cobalt oxide nanoparticles and their 

ions on molecular pathways in trout gill epithelial cells. Environ. Sci.: Nano, 2020. Under review. 

 The goal of this work was to determine the impact of LiCoO2 nanoparticle exposure at 

subtoxic and toxic levels to the gene expression and molecular pathways of trout gill epithelial 

cells (Oncorhynchus mykiss). It was found that LiCoO2 nanoparticle exposure impacted four main 

functions; metabolic and energy-related processes, hypoxia and oxygen-related processes, 

membrane binding and internalization, and development. These findings were consistent with past 

and ongoing work suggesting that LiCoO2 may sorb or oxidize biomolecules and induce other 

oxidative stress. My contributions to this work were both the nanoparticle synthesis and 

characterization of the materials used in this study, as well as data acquisition and analysis of the 

ion release experiments to determine concentrations of Li+ and Co2+ ions for use in the ion control 

experiments. The zeta potential of LiCoO2 particles in nanopure water and cell growth medium 

were included in Figure 1 of the manuscript (reproduced below as Figure A.6.3) and scanning 

electron microscopy and x-ray photoelectron spectroscopy characterization was included in Figure 

S1 of the Supporting Information (reproduced below as Figure A.6.4). 
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Figure A.6.3. TEM images showing the size distribution of the LCO nanosheets in a. nanopure 

water and b. cell culture growth medium. c. Zeta potential characterization of the nanosheets in 

nanopure H2O and growth medium. 
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Figure A.6.4. Additional LCO NP characterization data, including a. scanning electron micrograph 

of LCO nanosheets and x-ray photoelectron spectroscopy (XPS) spectrum of the b. Co 2p region 

and c. Li 1s region collected from LCO nanosheets. Black trace: spectrum, gray trace: background. 

  



208 

 

 

A.6.2.2. Foreman-Ortiz, I.U., Liang, D., Laudadio, E.D., Calderin, J.D., Wu, M., Keshri, P., Zhang, 

X., Schwartz, M.P., Hamers, R.J., Rotello, V.M., Murphy, C.J., Cui, Q., Pedersen, J.A. Anionic 

nanoparticle-induced fluidization of lipid membranes affects ion channel function. PNAS, 2020. 

Under review. 

 The goal of this work was to understand the impacts of negatively charged gold 

nanoparticles on the function of gramicidin A (gA), a model ion channel, in suspended lipid 

bilayers and vesicles. This work combines electrophysiology, molecular dynamics simulations, 

and FTIR vibrational analysis to examine how these nanomaterials affect ion channel function. 

My contributions to this work were characterization of the ligand shell surrounding the 

nanomaterials using X-ray photoelectron spectroscopy, which allowed for the determination of 

free ligand in solution for subsequent free ligand control experiments. I also assisted in the 

acquisition and analysis of the FTIR spectra, which show an increase in the monomeric gA 

vibrational modes after exposure to gold nanoparticles, suggesting that the gold nanoparticles 

disrupt gA’s ability to dimerize in the vesicles. These spectra were included in Figure 3 of the 

manuscript (reproduced below as Figure A.6.5) 

  



209 

 

 

 

Figure A.6.5. Amide I and II region in the infrared absorbance spectra of gA-containing DPhPC 

vesicles before and after exposure to 100 nM of the indicated nanoparticle. Spectra were referenced 

against (A) DPhPC vesicles lacking gA and (B) DPhPC vesicles containing gA. Abbreviations: 

DPhPC, 1,2-diphytanoyl-sn-glycero-3-phosphocholine; gA, gramicidin A; MPA, 

mercaptopropionic acid; TCOOH, mercaptodecanoic-tetraethyleneglycol-carboxylate. 

 


