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Abstract 

Lithium ion batteries are a critical part of the energy storage infrastructure and their 

utilization has expanded significantly over the past few decades. Batteries have improved greatly 

over that time; however, capacity, electrochemical performance, and charge/discharge rates are 

still insufficient for the growing energy needs. Nanoscale materials provide some enhancement 

in these areas due to the shorter diffusion path lengths and increased rates of lithium 

intercalation. Coarsening of nanomaterials during processing and operation is one of the critical 

problems for the implementation of novel technologies based on ‘nanoscale’ effects. In the 

context of batteries, nanomaterials inherently come with benefits, but also excess interfacial 

energies that cause parasitic reactions, intergranular cracking, and high surface reactivity that 

lead to accelerated cathode degradation. Additionally, the excess energies cause coarsening 

during the manufacturing of the nanoparticles as well as during battery operation through cycle 

induced coarsening. 

This work studied nanoscale LiCoO2 (LCO) particles to help improve the overall 

interfacial stability through dopant segregation. Currently, dopant selection can be an arduous 

experimental process to select the best dopant for segregation and lowering the interfacial 

energies. Molecular static calculations were used to screen a variety of dopants with differing 

ionic sizes and oxidations states. The simulations demonstrated a clear trend of increasing 

segregation energy with size and oxidation state for two surface planes, {001} and {104}, and 

two grain boundary structures, Sigma 3 and Sigma 5. From the model, lanthanum exhibited 

strong segregation to all interfaces and was selected as the best candidate for experimental 

synthesis. 



 v 

La-doped LCO and undoped LCO nanoparticles were synthesized through a 

hydrothermal synthesis method and produced nanoplatelet layered structures of LCO. STEM-

EELS was used to confirm the presence of segregated La to grain boundaries and surfaces of the 

nanoplatelet morphology. Calorimetric sintering studies revealed that the La segregation lowers 

the average surface energy of the particles. The La also inhibited coarsening and grain growth in 

the nanoparticles during sintering resulting in doped nanoparticles with high surface areas and 

smaller crystallite sizes. In addition, water adsorption microcalorimetry was used to study 

chemically delithiated structures of the LCO particles. Water adsorption showed that delithiation 

results in a decrease of surface energy in the undoped particles, but the La stabilizes the surface 

energy of the nanoparticle. These results demonstrate a computational and thermodynamic 

framework for improving the interfacial stability of nanoscale cathode materials and could be 

used to optimize morphology of particles for battery operation. 
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Chapter 1: Introduction and Background 

Introduction 

Lithium-ion batteries are an integral part of the rechargeable battery industry; however, 

after decades of use, lithium-ion technology still has several failure mechanisms that lead to 

performance issues, capacity fading, and overall safety concerns.1,2 The problems with lithium-

based energy storage have hindered the impact of batteries and prevented the technology from 

having broader impacts on renewable energy, climate change, and lightweight portable energy 

storage. The lithium-ion battery functions by moving lithium ions from the anode to the cathode 

during discharging to allow for the flow of electrons through the circuit, as shown in Figure 1.1.3 

This intercalation process is heavily dependent upon the structure of the cathode material and the 

number of active sites for diffusion. As the battery experiences more cycles, the microstructure 

can change drastically due to instabilities in the delithiated structure and alter the battery's 

performance.4 Nanostructured materials can improve some of the performance issues in batteries 

by decreasing diffusion path lengths and enhancing the charge/discharge rates in cathodes, but 

also experience many of these degradation mechanisms. Microstructural changes can be caused 

by high interfacial energies at the surface and grain boundaries of materials, which accelerates 

the shift to a more thermodynamically favorable state and promotes instabilities like 

intergranular crack propagation. The interfacial energies can be manipulated through several 

strategies during the synthesis of materials and this becomes exceedingly important as cathode 

materials progress into the nanoscale. This project seeks to study the thermodynamics of 

materials and explores the possibility of manipulating interfacial energies to design ultra-stable 

nanomaterials, in turn enhancing the electrochemical stability of batteries. Ultra-stable 
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nanomaterials can result in high energy density for batteries, which leads to light weight energy 

storage and utilizing more of the theoretical capacity of the battery. 

 

Figure 1.1. Battery schematic illustrating lithium diffusion between the cathode and anode.3 

Hypothesis  

This project hypothesizes that nanomaterials' interfaces can be thermodynamically controlled and 

manipulated to create ultra-stable nanomaterials for lithium ion battery cathodes. The 

degradation pathways seen in lithium-ion battery materials are closely correlated to structural 

changes and surface reactivity. If the surfaces and grain boundaries in nanoparticles can be 

thermodynamically stabilized, the overall battery performance will improve. In addition, the 

proposed design of interfaces will hypothetically enhance the stability of delithiated structures 

existing during battery operation. 

Objective 1: Develop an atomistic model for screening dopants to inform dopant selection in 

nanomaterial synthesis. 
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Objective 2: Synthesize undoped and doped LiCoO2 nanoparticles and confirm segregation of 

dopants. 

Objective 3: Utilize rare earth element doping and segregation to manipulate interfacial stability 

of nanoparticles and directly measure interfacial energies. 

Objective 4: Delithiate structures and measure the change in interfacial energies as a function of 

lithium content. 
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Background 

The theory behind utilizing nanomaterials for lithium-ion batteries is rooted in reducing 

diffusion path lengths for lithium ions and enhancing the surface area by crystallite size 

reduction. By increasing the specific surface area, the battery has more contact with the 

electrolyte at the solid electrolyte interface (SEI), cycles faster with fewer transport limitations, 

and increases the number of surface sites for lithium intercalation.5  

Beyond batteries, nanomaterials have been reported to improve materials' properties, 

such as hardness and surface reactivity, due to the high fraction of atoms at or near surfaces.6,7 A 

general drawback of nanomaterials is the high fraction of atoms near surfaces, which contributes 

excess energy to the total energy of a system, differing from larger particles where the large 

majority of the total energy is in the bulk material.8,9 Although ceramics typically have low 

interfacial energies on the order of a few joules per meter squared, the surface area term can 

drastically increase by several orders of magnitude in nanoparticles to make the surface energy a 

significant fraction of the total energy. For this work, an interface will be defined as a surface or 

grain boundary, and consequently, the interfacial energies will refer to the surface energy and 

grain boundary energy.  

Equation 1 shows the influence of the interfacial areas on the total energy Gsys, where 

𝛾𝑆𝑉 and 𝛾𝑆𝑆 are the solid-vapor and solid-solid interfacial energies, respectively, and  

 += SSSSVSVSsys dAdAG      (1) 

𝐴𝑆𝑉 and 𝐴𝑆𝑆 are the solid-vapor and solid-solid interfacial areas, respectively. High surface 

energies lead to a more reactive surface that can readily interact with the electrolyte solution, 

promote intergranular cracking, and facilitate the transition into a new phase as lithium moves to 

the anode. The literature reports methodologies for reducing interfacial energies through dopant 
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segregation in order to stabilize ceramic interfaces.10–12 The reduction of interfacial energies can 

lead to a reduced driving force for microstructural evolution during synthesis and help maintain 

the unique properties gained by utilizing nanoscale materials. 

Dopant Segregation 

Elemental doping will be used to change the interfacial energies by segregating dopants 

to the interfaces in this project. The main mechanisms driving segregation are captured in a 

quantity called segregation enthalpy, systematically affected by parameters such as ionic charge, 

and ionic size differences between the dopant and the host composition. The electrostatic effects 

on segregation can change based on the valency of the dopant and the specific electronic nature 

of the grain boundary or surface. The elastic effects due to ionic size impact the diffusion of the 

dopant and the strain the dopant causes on the lattice.13 For example, a dopant with a larger ionic 

radius than the element it is replacing will provide strain on the lattice structure and benefit 

spontaneous segregation of the dopant to an interface, a region that can more easily 

accommodate the dopant in terms of strain. 

The impact of dopant segregation can be described by the Gibbs adsorption isotherm 

shown in Equation 2, where 𝛾𝑔𝑏  is the grain boundary energy, 𝛤𝐵 is the excess of the dopant at  

𝑑𝛾𝑔𝑏 = −𝛤𝐵𝑑𝜇𝐵     (2) 

the grain boundary, and 𝜇𝐵 is the chemical potential of the dopant. The 𝛤𝐵 term describes the 

amount of excess dopant at the interface relative to the fraction in the bulk material. Figure 1.2 

below also shows how the grain boundary energy changes as a function of the chemical 

potential.14 The initial grain boundary energy, 𝛾𝑜, remains unchanged until the segregation 

enthalpy, 𝐻𝑠𝑒𝑔, is reached. In this phase of the plot the dopant will remain in solid solution 

because of the low concentration of dopant and the ability of the bulk structure to accommodate 
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the dopant. In the second stage, the dopant reaches the enthalpy of segregation and the interfacial 

energy begins to decrease linearly as a function of the surface excess of the dopant. If too much 

dopant is added to the system, the interfacial energy will plateau and cause a dopant-rich 

secondary phase to precipitate from the interface, becoming saturated. The middle region is the 

ideal space for operation where the excess dopant is maximized for interfacial energy reduction 

without precipitating a secondary phase during synthesis or processing.  

 

Figure 1.2. Grain boundary energy dependence on the chemical potential of the dopant 

according to the Gibbs adsorption isotherm.14 

Despite the extensive reports in the literature confirming that dopant segregation helps 

stabilize ceramic interfaces, the experimental selection of dopants is still a long and arduous 

process of synthesis variations. Therefore, a model to describe the complexity of dopant 

segregation is a valuable methodology to reduce the number of experiments run and screen 

several dopants in a short time. Weissmüller's work demonstrated the effect of dopant 
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segregation on the grain boundary energy depended on several thermodynamic parameters, 

including the enthalpy change in the bulk, excess of enthalpy change at the grain boundaries, 

amount of solute atoms in the bulk, and the excess dopant at the grain boundaries.15 An 

analytical method like Weissmüller's can be useful for understanding the fundamental driving 

forces and critical thermodynamic properties dictating the dopant segregation. However, 

collecting all these values for different systems requires careful experimental protocols or 

trustworthy calculated values in the literature, which are difficult to attain for doped systems 

studying unique new chemistries. Additionally, studying the segregation behavior of dopants to 

specific grain boundaries and surfaces can be valuable information in dopant selection that 

analytical models cannot currently provide. 

Recently, Hasan et al. studied the segregation potentials of dopants in MgAl2O4 structures 

to study how ionic size impacted the segregation of the dopants.16 The atomistic calculations 

show the segregation energy increases with ionic size for isovalent dopants and that the oxidation 

state can play a role in dopant segregation. The dopant segregation also caused a surface energy 

decrease in all six of the surface constructions studied relative to the undoped surface energies. 

Motivated by those findings, the present work utilizes molecular static calculations in the 

LAMMPS framework to calculate segregation potentials for two surface structures and two grain 

boundary structures in LiCoO2 (LCO). Additionally, this work expanded to study ten dopants 

that ranged in ionic radius and explored divalent, trivalent, and quadrivalent oxidation states. 

This expansive dopant selection process allows dopants of various oxidation states and ionic 

sizes to be studied and provides a more thorough understanding of segregation behavior. The 

addition of surface and grain boundary structures also expands the knowledge of how dopants 

may preferentially segregate to interfaces of different types. 
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Interfacial Energy Measurements 

Interfacial energies are critical for nanoparticle stability and control of the sintering and 

grain growth mechanisms for maintaining the nanoscale nature of the particles during synthesis 

and processing. Several models have been developed to describe sintering and densification 

processes, and the model developed by Lange et al. relates the sintering process to the interfacial 

energies.17,18 The relationship between the grain boundary energy, 𝛾𝐺𝐵 , and surface energy, 𝛾𝑆, is 

shown in Equation 3 relative to the dihedral angle, 𝜑𝑒.  

𝛾𝐺𝐵

𝛾𝑆
= 2cos (

𝜑𝑒

2
)                                                         (3) 

The dihedral angle is defined as the angle between two particles, as shown in the inset in 

Figure 1.3. Figure 1.3 also demonstrates the relationship between the energy of the system and 

the dihedral angle.19 When the dihedral angle reaches the lowest energy point, the angle is now 

referred to as the equilibrium angle. Although it is termed 'equilibrium', these are truthfully 

metastable states as particle rotation and grain growth can kinetically alter the angles and 

reinitiate sintering mechanisms.20 However, the figure clearly shows the dependence of the 

dihedral angle minima on the ratio of grain boundary energy to surface energy. As the ratio of 

the interfacial energies decrease, the equilibrium angle increases and drives the system to a lower 

energy state. This thermodynamic data can help inform if a system of nanoparticles will likely 

continue to sinter or has globally reached an equilibrium and now has low driving forces for 

coarsening. 
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Figure 1.3. Energy change related to the contact angle between particles for different ratios of 

interfacial energies.19 

The role that dopants can play in the grain growth process is also essential to understand, 

and there have been several models attempting to explain this phenomenon. An equation 

explaining the velocity, 𝜈, at the grain boundary during a normal grain growth process is shown 

in Equation 4, where 𝑀𝐺𝐵 is the grain boundary mobility, and 𝑟 is the grain size.20  

𝜈 = 𝑀𝐺𝐵
𝛾𝐺𝐵

𝑟
                                                               (4) 

𝑓 =
𝑟𝑀𝐺𝐵𝛾𝐺𝐵

𝑟𝑚𝑎𝑥
2                                                                (5) 

The effect of dopants on the mobility of that interface can be seen in Equation 5 

developed by Michels et al., where 𝑓 is the drag force and 𝑟𝑚𝑎𝑥 is a max grain size introduced to 

account for the addition of the dopant or impurity.21 The drag force acts in the opposite direction 

of the velocity term in Equation 4, so the drag force can be subtracted from the velocity to 

calculate the new mobility of the grain boundary. The excess dopant at the interface provides a 
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drag force since the dopant sits directly at the interface, and typically, the dopants have a larger 

ionic radius and can change the energy landscape at the grain boundary. Other imperfections in 

lattice structure have also been found to impact the grain boundary mobility like impurities, 

vacancies, and dislocations.22 Nagpure et al. studied coarsening effects in LiFePO4 nanoparticles 

cycled in a lithium-ion battery.23 The TEM images of the cycled nanoparticles are shown in 

Figure 1.4 for the unaged and aged nanoparticles. The unaged nanoparticles show more porosity, 

and individual nanoparticles are separated throughout the image. The aged nanoparticles were 

cycled until capacity dropped by 20% and showed more agglomerated particles and less porosity. 

This cycle-induced coarsening can cause nanoparticles to undergo grain growth and 

fundamentally change the morphology and nanostructure of the material. Additionally, 

intergranular cracking can be a major issue in small-scale cathode materials,24 but La doping has 

shown to reduce the amount of intergranular cracking and improve the high rate capabilities of 

micron-size cathode materials.25,26 

             Unaged        Aged 

 
 

Figure 1.4. TEM images of unaged and aged LiFePO4 nanoparticles after cycling. The aged 

nanoparticles were cycled in a cell until capacity was reduced by 20%.23 
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The Gibbs adsorption equation shown previously demonstrated the dopants can reduce 

the grain boundary energy as a function of the excess at the interface.14,27 This indicates by 

Equation 4 the reduced grain boundary energy will decrease the grain boundary's driving force 

for grain growth and the grain boundary's velocity, making particles kinetically slower to grow. 

In addition, the drag force provided by dopants at the interface limits the mobility of grain 

boundaries, and the reduction in surface energy provides less driving force for coarsening 

mechanisms like Ostwald ripening.28 Nakajima et al. studied Sc-doped LiMn2O4 and showed that 

Sc reduced the surface energy through dopant segregation to interfaces.29 They also showed this 

reduction in surface energy and the segregation to grain boundaries produced smaller crystallite 

sizes and higher specific surface areas in the doped nanoparticles due to the stabilization effect. 

Leong et al. performed further electrochemical studies on these particles and confirmed higher 

capacity retention and lower charge transfer resistance in doped nanoparticles.30 Doping has 

shown to improve interfacial stability and maintain the nanostructure, but there are still very few 

thermodynamic studies of doped cathode materials. Therefore, in this study doped LCO 

nanoparticles were synthesized to study the effect of dopant segregation. 

Building upon the work of Maram et al. and Okubo et al.,31,32 a method was developed in 

this study to synthesize homogeneous and stoichiometric LiCoO2 nanoparticles. The process uses 

coprecipitation to obtain Co(OH)2 nanoparticles, which are then oxidized into CoOOH by 

bubbling air through the suspension to obtain cobalt in the trivalent charge state. Then the 

nanoparticles are hydrothermally synthesized in a LiOH solution at 180C to form the final 

LiCoO2 phase. This synthesis method can easily be expanded to doped samples of lithium cobalt 

oxide by replacing a small amount of the cobalt precursor in the coprecipitation with the dopant 

precursor. 
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The interfacial energies will be determined using differential scanning calorimetry (DSC) 

to measure the heat of grain growth and sintering in nanocrystalline material to determine the 

interfacial energies. The method measures the heat flow while sintering the sample between two 

states and utilizes properties like specific surface area and solid-solid interfacial areas at the 

initial state and final state to determine the heat of sintering.33,34 Equation 6 shows the relation,  

∆𝐻𝑠𝑖𝑛𝑡𝑒𝑟𝑖𝑛𝑔 = 𝛾𝑠∆𝐴𝑠 + 𝛾𝐺𝐵∆𝐴𝐺𝐵     (6) 

where ∆𝐻𝑠𝑖𝑛𝑡𝑒𝑟𝑖𝑛𝑔  is the heat of sintering, the subscript s is the solid-vapor interfaces or surface, 

and the subscript GB is the solid-solid interfaces or grain boundaries. The heat of sintering can 

be measured for different samples by changing the initial or final grain size/surface area, and 

then a system of equations can be solved to give the interfacial energies. The experimental 

operating space will be modified to account for other contributions to the heat flow, like phase 

transformation, gas desorption, and reduction/oxidation reactions. These adjustments on the 

temperature ramp and gas environment are made to ensure all contributions to the heat flow are 

from sintering and grain growth mechanisms. This methodology gives a direct comparison for 

doped and undoped nanoparticles while monitoring the microstructure evolution throughout the 

sintering process. 

Delithiated Thermodynamic Studies 

Delithiated structures of LiCoO2 are known to have chemical and structural instabilities 

as lithium is removed, making it a poor candidate for the DSC method above because the 

instabilities grow as the temperature is increased.3,35 For this reason, a water adsorption 

technique will be used to measure the surface energy of the material as lithium is removed from 

the structure. Lithium can be removed chemically to emulate electrochemical delithiation 

through a nitric acid washing process. This process is easier for recovery of the delithiated 
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materials and has been shown to be a useful method for studying thermodynamic properties of 

materials.36–38  

 

Figure 1.5. Schematic showing the water adsorption layers as water is dosed onto an anhydrous 

surface and transitions towards a fully saturated interface.39 

The water adsorption technique measures the heat of adsorption of water molecules as 

they are dosed onto an anhydrous surface and builds on the theory of water wetting high energy 

surfaces.39,40 The water adsorption follows a two interface model of the Gibbs Adsorption 

Isotherm shown in Equation 7, where 𝑆𝐴 is the Brunauer–Emmett–Teller (BET) measured 

surface area, 𝛾 is the surface energy, 𝐼1 is the chemisorbed interface, 𝐼2 is the physisorbed  

𝑆𝐴𝑑𝛾 = −∑ (∑ 𝜃𝑖𝑑𝜇𝑖𝑖 )𝐼1,𝐼2      (7) 

interface, 𝜃 is the surface coverage, and 𝜇 is the chemical potential. A physical representation of 

this is shown in Figure 1.5, with the anhydrous particle building up water layers on the surface.39 

The chemisorption phase causes water to dissociate onto the surface and transitions to a 

physisorbed layer at higher water coverages that still interacts with the surface before finally 

reaching a fully saturated surface that is equivalent to a liquid water surface.41 As water is slowly 

dosed onto the anhydrous surface of the nanoparticle, the initial heats of adsorption are strongly 
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exothermic as the water chemisorbs to the surface and becomes less exothermic in the 

physisorbed interface. The experiment reaches completion when the surface energy is equivalent 

to the surface tension of water and is indicated by the heat of adsorption plateauing at -44 kJ/mol, 

which is the heat of adsorption of a molecule of water onto a droplet of water. The experiment 

develops an adsorption isotherm and individual heats of adsorption for each dosing event that 

can be used to calculate the average surface energy of particles. The calorimetry measurements 

capture the heat as the experiment proceeds through the layers, which provides a more robust 

calculation method compared to other surface energy measurements that require you to know the 

exact transition points between layers. This is particularly useful as water adsorption is a 

complex and dynamic process that can transition from icelike adsorbed surface species towards 

bulk liquid water, and can frequently reconstruct as more water is adsorbed.41–43 

This method will give experimentally determined quantitative values for the surface 

energy of delithiated LiCoO2 for the first time and can be compared to computational efforts to 

quantify surface energies.44,45 As previously pointed out, the stability of delithiated structures 

while electrochemically cycling is a persistent issue in cathode materials. The understanding of 

interfacial stability can inform the design of more stable nanomaterials. If the surface energies 

are drastically changing from delithiation, perhaps dopant segregation can lower the surface 

energies of the undoped materials and help normalize the energy landscape on the surface of the 

particles. Additionally, this method will corroborate the results of the sintering studies and 

confirm the surface reactivity of doped nanoparticles. The thermodynamic understanding of 

nanoscale materials is a crucial step in the process of expanding their utility and application. 
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Chapter 2: Atomistic Simulation Informs Interface Engineering of 

Nanoscale LiCoO2 

This work has been published in the American Chemical Society Chemistry of Materials Journal 

(2022). (https://doi.org/10.1021/acs.chemmater.2c01246) 

 

Abstract 

 Lithium-ion batteries continue to be a critical part of the search for enhanced energy 

storage solutions. Understanding the stability of interfaces (surfaces and grain boundaries) is one 

of the most crucial aspects of cathode design to improve the capacity and cyclability of batteries. 

Interfacial engineering through chemical modification offers the opportunity to create metastable 

states in the cathodes to inhibit common degradation mechanisms. Here, we demonstrate how 

atomistic simulations can effectively evaluate dopant interfacial segregation trends and be an 

effective predictive tool for cathode design despite the intrinsic approximations. We 

computationally studied two surfaces, {001} and {104}, and grain boundaries, Σ3 and Σ5, of 

LiCoO2 to investigate the segregation potential and stabilization effect of dopants. Isovalent and 

aliovalent dopants (Mg2+, Ca2+, Sr2+, Sc3+, Y3+, Gd3+, La3+, Ti4+, Sn4+, Zr4+) were studied by 

replacing the Co3+ sites in all four of the constructed interfaces. The segregation energies of the 

dopants increased with the ionic radius of the dopant. They exhibited a linear dependence on the 

ionic size for divalent, trivalent, and quadrivalent dopants for surfaces and grain boundaries. 

The magnitude of the segregation potential also depended on the surface chemistry and grain 

boundary structure, showing higher segregation energies for the Σ5 grain boundary compared 

with the lower energy Σ3 boundary and higher for the {104} surface compared to the {001}. 

Lanthanum doped nanoparticles were synthesized and imaged with STEM-EELS to validate the 

https://doi.org/10.1021/acs.chemmater.2c01246
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computational results, revealing the predicted lanthanum enrichment at grain boundaries and 

both the {001} and the {104} surfaces.  

Introduction 

Lithium-ion batteries continue to be an integral part of the rechargeable battery industry 

and the search for sustainable energy storage. Although lithium-ion technologies have been 

widely utilized over the past few decades, energy content and charging rates are still insufficient 

to meet automotive energy demands.1 Nanomaterials offer potential improvements to enhanced 

battery operation kinetics through the increased surface area, shortening of diffusion path 

lengths, and increased rates of lithium intercalation.2 However, the main degradation 

mechanisms, transition metal dissolution, reactivity to the electrolyte, and intergranular cracking, 

are exacerbated at the nanoscale, leading to catastrophic decreases in capacity after a few cycles.3  

Many of the problems in nanoscale cathodes directly result from their thermodynamic 

instabilities. A significant fraction of atoms are located at interfacial regions in nanomaterials, 

bringing intrinsic excess energies to the system.4,5 A potential method for stabilizing surfaces and 

grain boundaries is the compositional design to provoke dopant segregation, also known as 

interfacial excess. Following derivations from the Gibbs adsorption isotherm,6 interfacial 

excesses of solid solutes can reduce stress energies and increase the overall stability of 

nanomaterials.7 Nakajima et al. recently explored scandium doping of LiMn2O4 nanoparticles 

and directly measured the doping effects on surface and grain boundary energies.8 The data 

showed decreasing interfacial energies with the scandium doping and preferential scandium 

segregation to the grain boundaries. The results align with other studies using this 'interfacial 

engineering' to stabilize catalytic supports and other nanostructured oxides.9,10 In parallel, Wang 

et al. showed that dopant segregation enhances cathodes' cyclability through suppressed 
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intragranular cracking and increased mechanical strength.11 Although the authors did not discuss 

interfacial energies; interfacial segregation always has a cause-effect relationship with the local 

energies. The work exploits the relationship between interfacial mechanical strength and 

thermodynamics, as recently reported.12,13 It is important to note that interfacial excess differs 

from coating technologies.14 The first is a spontaneous phenomenon driven by thermodynamics 

that does not require additional processing steps and does not constitute a separate phase.  

There is still an overall lack of thermodynamic data on dopant segregation correlations 

with interfacial energies in relevant technological systems, such as lithium-ion structures, to 

enable effective design for performance.15–17 In this work, we used atomistic simulations to study 

relevant interfaces in nanoscale LiCoO2 (LCO) to investigate the segregation potentials of 

dopants to surfaces and grain boundaries. The goal is to inform experiments regarding dopant 

selection criteria for interfacial energy design. Two representative surfaces, {001} and {104}, 

and two low index grain boundaries, Σ3 and Σ5, were constructed using atomistic models and 

energetically minimized. Different dopants substituted individual cobalt sites in the structure to 

map the simulation cell energy at different dopant positions. Divalent, trivalent, and tetravalent 

dopants with different ionic radii were introduced into the systems to explore the physical-

chemical impacts on the relative segregation energy. Overall, dopants showed higher segregation 

energy at {104} surfaces than at {001}, and higher segregation energies for Σ5 as compared to 

Σ3. Moreover, the segregation energies increased with the atomic radius. Informed by the 

simulation results, LCO nanoparticles were synthesized and doped with the element with the 

highest segregation energy, lanthanum. The results suggest simulations can satisfactorily predict 

segregation in cathode materials despite the assumptions made, but more quantitative segregation 

experiments are needed to establish more reliable models for engineering applications.  



 24 

Methods 

Atomic Simulations 

The atomistic simulations were performed within the LAMMPS framework,18 and all 

simulations were conducted with three-dimensional periodic boundary conditions in all 

directions. We applied standard Coulomb-Buckingham potentials to model the two-body atomic 

interactions.19 The Buckingham potential models the energy for the short-range interactions 

between particles. The additional Coulombic potential term models the electrostatic potential 

energy of the long-range interaction between ionic charges summed using Ewald's method.20 The 

cutoff distance for all two-body interactions in the simulations was 8.0 Angstroms and the 

Buckingham potential parameters for all species considered are shown in Table 2.1. We note 

that, while there are other potentials for the Li-Co-O system, including some that describe charge 

transfer,21,22 this parameter set is the only parameterization we found for which LCO was stable 

and that had transferable parameter sets consistent with the same O2--O2- interaction for the 

dopant species. 
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Table 2.1. Interatomic pair potential parameters for LCO and dopant-oxygen interactions in the 

Buckingham Coulomb potential. 

Ionic Pair A (eV)  (Å) C (eV*Å6) 

O2- … O2-          23 22764.3 0.149 43.0 

Li+ … O2-          23 15785 0.1964 0 

Co3+ … O2-     23 1195 0.3087 0 

La3+ … O2-      24 1545.21 0.3590 0 

Gd3+ … O2-     25 1885.75 0.3399 20.34 

Y3+ … O2-      26 1310.00 0.3561 0 

Sc3+ … O2-     27 1337.63 0.34303 0 

Ti4+ … O2-      28 754.2 0.3879 0 

Sn4+ … O2-       29 938.7 0.3813 0 

Zr4+ … O2-      30 1057.03 0.376 0 

Mg2+ … O2-     31 821.60 0.3242 0 

Ca2+ … O2-       31 1228.90 0.3372 0 

Sr2+ … O2-        31 1400.0 0.3500 0 

 

The layered O3 trigonal LiCoO2 (Space Group R-3m) unit cell was obtained from The 

Materials Project (ID: mp-22526).32 Two low-index surfaces and grain boundaries were 

constructed to study the segregation profile of ten different dopants. The two design constraints 

used for building the interfaces were (a) maintaining the stoichiometry of the structure by not 

deleting or adding any atoms and (b) modifying polar surfaces to remove any surface dipoles. 

One polar surface, {001}, and one nonpolar surface, {104}, were studied due to their stability, 
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prevalence in the LCO structure, and expected low surface energies.33 For the polar {001} 

surface, several terminations could be considered based on the cleavage plane chosen. According 

to Hu et al., the cobalt layer termination is an unstable configuration that causes a mix of 

trivalent and tetravalent cobalt ions on the surface layer, leading to numerous surface 

configurations of cobalt ions with different oxidation states.34 The two possible oxygen 

terminations also have low stability and require a strongly reducing environment to stabilize the 

surface oxygen. Due to the instability of the cobalt and oxygen terminations, the lithium 

termination is the preferred orientation for the {001} surface.35 One crucial consideration of the 

slab geometry for Tasker Type III surfaces, such as the {001} surface studied here, is to prevent 

surface dipole moments that cause the surface energy to diverge.36 The surface dipole is 

counteracted by moving half of a monolayer of lithium from the top surface to the bottom 

surface; the resulting surface is illustrated in Figure 2.1a. As described by Kramer and Ceder,35 

that structure has an equal charge of +1/2 at both surface layers and a net charge of -1 in the 

bulk. This leads to a global charge balance of the stoichiometric slab while ensuring Co remains 

in the trivalent oxidation state. It also provides that the two resulting surfaces have a very similar, 

if not identical, atomic structure. The vacancy configuration of the surface was modeled after the 

work of Ceder and Van Der Ven and moved every other lithium row to the opposite surface of 

the structure.37 This configuration of the surface lithium atoms is the lowest surface energy 

arrangement that Ceder and Van Der Ven constructed. The designed slab had dimensions of 1.7 

x 1.5 x 5.5 nm3 with 0.85 nm of skew in the xy plane and 2 nm of vacuum introduced for both 

the top and bottom surface. 

For the nonpolar Tasker Type I {104} surface,36 there is only one possible termination of 

O-Li-O-Co and no surface dipole to cause surface energy divergence. The structure dimensions 
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for this surface were 1.7 x 1.7 x 4.6 nm3 with 2 nm of vacuum introduced at both surfaces, as 

shown in Figure 2.1b. The same LCO (Space Group R-3m) structure from Materials Project was 

used to create the slab-surface model of the {104} surface. 

Two low index grain boundaries were also studied to understand dopant segregation 

profiles and interface stabilization at grain boundaries. An atomic model of a Σ3 grain boundary 

of LCO was constructed by using GB-code38 and VESTA39 with a common rotation axis of 

{110} and an orientation plane of {11̅2} (Figure 2.1c). We considered the conventional cell of 

LCO first to construct the Σ3 GB using GB-code without specifying the chemical identity of the 

atoms. Next, we used VESTA to assign the chemical identities. That boundary represents the 

simplest and lowest energy GB structure in most materials and has dimensions of 0.8 x 1.0 x 

10.3 nm3. 

The 5 grain boundary, representing a higher energy interface but still structurally 

simple, was designed using the Aimsgb Python framework for building periodic grain 

boundaries.40 The tilt boundary was constructed with a common rotation axis between the two 

grains along the {001} plane and by orienting the grain boundary plane along the {120} plane. 

An additional interfacial distance of 1.0 Angstrom was added between the two grains to prevent 

overlapping atoms and allow the minimizations to converge. The structure dimensions were 0.8 

x 8.8 x 1.4 nm3 with an xy skew of 3.2 nm, as shown in Figure 2.1d. 

All four designed structures were energetically minimized by anisotropically relaxing the 

atoms and simulation cells before any dopant replacements. The grains were translated in both 

directions parallel to the grain boundary in 0.1 Angstrom increments and energetically 

minimized at each position for the two grain boundaries. The gamma surface mapping provides 
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an energy landscape of the grain boundary with respect to the relative translation of the grains. 

The lowest energy structure was used for the dopant studies. 

The dopants selected for this study covered a range of ionic radii and oxidation states: 

isovalent dopants were chosen (Sc3+, Y3+, Gd3+, La3+), as well as six aliovalent dopants 

consisting of three divalent dopants (Mg2+, Ca2+, Sr2+) and three tetravalent dopants (Ti4+, Sn4+, 

Zr4+). The segregation profiles of these dopants were studied by replacing one Co3+ atom with a 

dopant and allowing the structure to relax through energy minimization while holding the 

simulation cell dimensions constant. The process was repeated, one by one, for each Co3+ in the 

structure, and the system's energy was computed for each dopant position. The difference 

between the energy of a dopant in the bulk compared to the dopant at a surface or a grain 

boundary was used to calculate the segregation energy, (𝐸𝑠𝑒𝑔). 

𝛾 =
1

2𝐴
(𝐸𝑖𝑛𝑡 − 𝐸𝑏𝑢𝑙𝑘)      (1) 

The surface energy or grain boundary energy (𝛾) of the undoped interfaces was 

calculated by finding the energy difference between a slab with two interfaces (surfaces/grain 

boundaries, (𝐸𝑖𝑛𝑡) and a bulk slab geometry with the same number of atoms (𝐸𝑏𝑢𝑙𝑘). This is 

shown in Equation 1,41 where 2𝐴 accounts for the interfacial area of the two surfaces/grain 

boundaries. 
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Figure 2.1. Structures of the LCO interfaces used for the atomic calculations. (a) {001} Surface, 

(b) {104} surface, (c) 3 grain boundary, (d) 5 grain boundary. The dashed boxes denote the 

coincidence site lattice of the grain boundary between the two grains. 

Experimental 

Doped and undoped nanoparticles of LCO were synthesized by adapting protocols 

developed by Okubo et al.3 The coprecipitation method was performed by dissolving 20 mmol of 

Co(NO3)2∙6H2O into 100 mL of deionized (DI) water and preparing a 100 mL 5 M NaOH 

solution. For the doped nanoparticles, cobalt nitrate amount was reduced and replaced with 1 or 

2 mole percent of the dopant in the nitrate form. The nitrate solution was slowly added to the 

basic NaOH solution to precipitate the Co(OH)2 nanoparticles and then diluted into 1,800 mL of 

DI water. The diluted suspension was oxidized by bubbling air through the stirred suspension for 

48 hours to yield the CoOOH nanoparticles. The CoOOH nanoparticles were centrifuged and 

washed with DI water five times and dried at 80°C overnight. The precipitates were ground in a 

mortar and pestle, and 500 mg was stirred into a 133 mL aqueous solution containing 1 M LiOH. 

The suspension was added to a 200 mL stainless steel autoclave with a PTFE liner and placed in 

001 Surface Sigma 3 GB104 Surface Sigma 5 GB(a) (b) (c) (d)
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a furnace. The furnace was heated to 180°C at 0.5°C/min and held for 12 hours, then the 

autoclave was cooled at 1°C/min to 100°C and removed to cool at room temperature. The LCO 

precipitate was washed and centrifuged in water four times and dried at 80°C overnight. 

X-ray diffraction patterns were obtained with a Bruker AXS D8 Advance powder diffractometer 

(CuK radiation, =1.5406 Å) at 40 kV and 40 mA. The Jade MDI software was used to 

confirm crystallographic phases and lattice constants. Crystallite sizes were calculated using the 

Scherrer equation using whole profile fitting.42 Raman spectra were collected on a Renishaw 

Confocal Raman Microscope with a 785 nm laser at 50% intensity and 30 second measurement 

time. The Scanning Transmission Electron Microscopy (STEM) coupled with Electron Energy 

Loss Spectroscopy (EELS) revealed the morphology of the nanoparticles and mapped dopant 

distribution. JEOL Grand ARM 300CF equipped with Gatan GIF Quantum with K2-summit was 

used for the study, operating at 300keV. 

Results: Atomistic Simulations 

The first studies focused on the segregation potential of isovalent and aliovalent dopants 

on the minimized LCO surface structures. Figure 2.2 shows an example segregation profile 

acquired for La3+ at the nonpolar {104} surface. The plot shows the minimized energy of the 

system versus the dopant position in the crystal structure. Each cobalt atom was substituted by 

La3+ one at a time and the structural energy minimized to evaluate the most favorable 

replacement site. The presented graph had surfaces on both sides of the cell, at +24 Å and -24 Å, 

with the positions near 0 Å representing the crystal bulk. In these calculations, the dopant 

minimizes the system energy further when placed near the surfaces. The energy difference 

between the state with the dopant replaced in the bulk value and the surface substituted dopants 

gives the segregation energy for the individual atom, which is 5.7 eV for La3+ at the {104} 
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surface. These simulations also explain the energetic trends and associated structural 

arrangements at and near the surface regions. For example, as seen in Figure 2.2, La3+ ions 

located at the surface and in the second atomic layer from the surface both protrude outwards 

toward the surface. The behavior shifts the dopant from the cobalt site and can displace other 

ions around it. The bulk energy values are nearly achieved when La3+ is at the third atomic layer 

from the surface, and the dopant remains close to the initial cobalt position. The relative 

asymmetry in the plot between surfaces, particularly for the 2nd and 3rd internal atomic layers, 

refers to local energy minima associated with the large ionic radius of La3+. Small shifts in the 

La3+ positions may impact the stability of neighboring sites and, therefore, the system's overall 

energy. However, the primary conclusions regarding the most stable sites and the segregation 

energy are similar for both surfaces. 

 

Figure 2.2. Segregation profile of La3+ doping each cobalt position in the {104} surface 

structure. The structure has two surfaces at either side of the simulation cell. The images depict 

the dopant position near the top surface at 23.8Å. 

Surface2nd Layer

3rd Layer Lithium

Oxygen

Cobalt
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 Figure 2.3 shows an example of the energy profile when doping LCO with La3+ in the 

presence of 3 grain boundaries. This profile illustrates two grain boundaries, with one in the 

middle of the structure at 0 Å and another located on the edges of the cell created as a 

consequence of the periodic boundary conditions. Similar to the surface case, La3+ promotes 

lower energy to the system when segregated to the grain boundary regions. This case results in 

spontaneous segregation energy of 3.3 eV, which is slightly lower than the {104} surface and 

highlights that the dopants may have different affinities for different interfaces based on the 

thermodynamic stability and coordination of the atoms at the given interface. The calculations 

also provide insights into the favorable dopant positions. For the 3 grain boundary, the system 

shows the lowest energy when the atoms sit exactly at the interface. However, if substituted in 

the second atomic layer from the interface, the dopant causes an increase in the energy, 

suggesting this substitution is less likely to occur. Since the unfavorable energy is mirrored on 

both sides of the grain boundary, the phenomenon creates an energetic trap that should limit the 

dopant mobility across grain boundaries. The pattern was observed for all tested dopants, but the 

magnitude of the second layer energy deviation depended on their ionic radius. In general, 

dopants with larger ionic radii, such as lanthanum, presented higher segregation energies (~3.3 

eV) and higher energy aberration in the second layer (~0.4 eV), while smaller dopants, such as 

scandium, showed lower segregation energies (~2.0 eV) and lower energy aberrations (~0.3eV).  
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Figure 2.3. Segregation profile of La3+ doping each cobalt position in the 3 grain boundary 

structure. The structure has a grain boundary at the center and a periodic boundary at either end 

of the simulation cell. Images depict the dopant position at the center boundary and in the layer 

adjacent to the GB. 

Figure 2.4 shows the compiled results of the segregation energy plotted against the ionic 

radius of the isovalent dopants for the two surfaces and two grain boundaries. The segregation 

energy increases with the ionic size of the dopant with a clear, albeit different, linear trend for 

each of the interfaces in the tested range of ionic radii. The linear behavior likely relates to the 

elastic strain induced by the dopants when in solid solution and the respective ability of the 

interfaces to accommodate the dopant at the less coordinated and more disordered placement. 

The ability of an interface to accommodate a foreign ion is related to its intrinsic thermodynamic 

stability. According to DFT studies by Kramer and Ceder, the {001} surface is one of the most 

stable surface planes in the LCO structure, with a theoretical surface energy of 1.00 J/m2 for the 
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termination with a one-half monolayer of lithium at the surface.35 Their study also points out the 

{104} surface is one of the most stable nonpolar surfaces because it has minimal coordination 

loss compared to other nonpolar surfaces. However, it does have a slightly higher surface energy 

of 1.05 J/m2 compared to the polar {001} surface. This difference could be the cause for the 

stronger thermodynamic driving force for segregation to the {104} surface. This driving force 

leads to higher segregation energies to {104} surfaces, a consequent more significant reduction 

in the surface energy, and an overall more thermodynamically favorable accommodation.  

In the present study, the calculated surface energies from Equation 1 were 2.21 J/m2 for 

{001} and 1.75 J/m2 for {104} surfaces. Despite the numerical differences when compared to 

Kramer and Ceder’s report35 and other first-principles DFT studies,43 we also found the surface 

energies to be close in relative values, with {001} surface having higher energy. The fact DFT 

yields lower energies indicates a limitation of the used potentials in the present work. However, 

those were the only set of potentials that both predicted a stable LCO surface structure and had 

interactions for the numerous dopant species considered in this study. The relative consistency 

with recent results, the self-consistency, and experimental confirmations presented later in this 

work indicate that although the absolute values may be off, the predicted basic physical trends 

concerning segregation are reliable. 

 The two studied grain boundaries, 3 and 5, also presented energetic differences 

affecting the segregation trends. At the 3, the atoms are more coordinated, and the structure 

shares more atoms at the coincidence site lattice. Equation 1 enabled the estimation of the 

difference in grain boundary energy between the two structures by using the bulk energy of a 

slab structure with no interfaces and the same number of atoms. From this calculation, the 3 

boundary showed excess energy of 0.59 J/m2, while the energy for 5 boundary was 3.63 J/m2. 
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The 5 boundary shows significantly higher energy than the 3 and supports the inference that 

the 5 is more disordered and atomically less coordinated. High energies are consistent with the 

covalent nature of LiCoO2. The directional characteristic of covalent bonds increases energies 

due to the significant bond angle distortions. The higher energy leads to stronger segregation 

potentials, as dopants can alleviate the local stresses by increasing coordination. 

 

Figure 2.4. Calculated segregation energies of trivalent dopants (Sc3+, Y3+, Gd3+, La3+) plotted 

against ionic radius for all four constructed interfaces. 

In addition to the isovalent doping, several aliovalent ions (Mg2+, Ca2+, Sr2+, Ti4+, Sn4+, 

Zr4+) were tested to study the impact of dopant oxidation state on the segregation behavior. 

Figure 2.5a shows the segregation potential of all ten dopants as a function of the ionic radius 

for the 3 and 5 grain boundaries, while Figure 2.5b shows the segregation potentials for the 

studied surfaces. A few unique cases from the simulations with aliovalent dopants arose during 
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the dopant replacements and those are discussed briefly in the Appendix (Figure 2.A1). The 

linear trend of increasing segregation energy with ionic radius remained consistent for all 

oxidation states of the dopants. However, the linear dependence is different for each oxidation 

state and interface, providing interesting insights for dopant selection. 

One observation is that the segregation energy increases as the oxidation state of the 

dopant increases. For example, dopants of similar ionic radius but different charge states, e.g. 

Mg2+ and Zr4+, had segregation energies scaling with the charges, i.e. 0.7 eV and 2.0 eV, 

respectively, for the 3 boundary. Consistently, the 5 boundary again had higher segregation 

energies than the 3 boundary due to the higher structural disorder, but similar trends with the 

oxidation state of dopants. Interestingly, results show that all dopants, regardless of the size and 

charge, had favorable segregation energy. The doped surface structures shown in Figure 2.5b 

exhibit similar linear trends to the grain boundaries. This implies all could potentially be used to 

control interfacial energies, but some had a more pronounced impact.  

It is tempting to select the dopants with the highest computed segregation energies, La3+ 

or Sr2+, to attempt an interfacial engineering protocol as those would present the highest 

thermodynamic driving force. However, one should keep in mind that the presented atomistic 

simulations do not consider the possibility of nucleation of a second phase. As discussed in more 

detail by Castro,44 a saturation of interfacial sites by a dopant can eventually lead to the 

formation of second phases. The formation of a precipitate is typically undesirable as it 

compromises electrochemical properties. This was recently observed in La3+ doped MgAl2O4, in 

which a lanthanum-rich precipitate formed after saturation of the interfacial sites.45  

While the extremes of segregation energies may not be positive, similarly, low 

segregation energies, as found for Ti4+, which is much closer to the ionic radius of Co3+, may not 
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have a high enough segregation potential at dilute concentrations and will provide very little 

stability enhancement at the interfaces. Additionally, Al3+ and V5+ dopants were studied due to 

their small ionic size and ability to enhance some aspects of battery stability (Table 2.A1 and 

Figure 2.A2).46,47 The aluminum dopant shows low segregation energies for both the {104} 

surface and 3 boundary, which follows what has been observed in the literature.46 The 

aluminum dopant has no electrostatic charge or elastic strain to drive the dopant to the interface 

and therefore remains a bulk dopant. The vanadium also remains a bulk dopant for the {104} 

surface, but also appears to be thermodynamically unstable at the surface. This could be due to 

the limitation of a different O2--O2- potential parameter or a strong repulsion on the surface from 

the higher oxidation state ion. There is a small segregation energy of 0.86 eV for the 3 

boundary that shows the grain boundaries ability to accommodate the excess charge from the 

vanadium ion. There are mixed results on the ability of vanadium doping to improve 

electrochemical performance, however the impact of vanadium as an interfacial dopant in 

nanoscale materials could be vastly different from bulk doping cathodes.48 The segregation 

energies also show that ions of a similar ionic size to cobalt can still segregate due to the higher 

oxidation state of the dopant, but the driving force may be small depending on the oxidation 

state. 
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Figure 2.5. Segregation energies of all divalent, trivalent, and quadrivalent dopants as a function 

of ionic radius for (a) the two constructed grain boundary structures and (b) the two surface 

structures. 

 

 



 39 

Results: Experimental 

 To confirm the segregation predictions, we selected La3+ as a dopant at a concentration 

low enough not to saturate the available interfacial areas assuming the limit as a monolayer 

coverage (below 2 mol%). Nanoparticles of lanthanum doped and undoped LCO were 

synthesized through a hydrothermal synthesis method. The XRD patterns of the undoped and 

doped LCO are shown in Figure 2.6 and show no evidence of secondary phase formation due to 

the dopant. Traces of Co3O4 secondary phase are present in all three samples, but compared to 

the intensity of the LCO peaks, the amount of the second phase is estimated to be below 1 wt.% 

by Rietveld refinement.49 Raman spectra of the doped and undoped LCO in Figure 2.7 also 

provide support for no secondary phases caused by excess dopant segregation. The spectra 

confirm the presence of LCO with the characteristic peaks around 485 and 495 cm-1.50 The 

Co3O4 secondary phase peaks were also confirmed in both samples.51 The Raman measurements 

corroborate the XRD results and show none of the expected lanthanum secondary phases (La2O3 

and LaCoO3) forming from excess dopant segregation.52,53 Table 2.2 shows the calculated lattice 

parameters from a whole pattern fitting. The synthesized LCO can crystallize into either a 

layered or spinel-type structure with similar XRD patterns.54 Gummow and Thackeray showed 

that a c/a parameter of ~5.0 indicates a layered type structure, and values closer to 4.9 indicate a 

spinel-type form. The doped and undoped c/a parameters are close to 5.0 and show that the 

doped system maintains the layered structure. The lanthanum doping caused a minimal effect on 

parameter a, and a slight decrease on parameter c. In truth, dopants forming a solid solution 

within the LCO structure would cause lattice expansion, as observed by Wang et al. when doping 

with Mn3+ or Ni2+.55 That would be particularly expected in this case since La3+ has a 
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significantly larger ionic radius than Co3+. Therefore, the lack of structural expansion is already 

indirect evidence of segregation.  

The lattice shrinkage could be attributed to the stress induced by the segregated dopants 

or the observed reduction in crystallite size, as seen in Table 2.2. The interfacial energy 

reduction caused by segregation inhibits coarsening driving force independent of the growth 

mechanisms, leading to smaller crystallite and particle sizes at a given annealing temperature.56,57 

The results are consistent with the BET surface area shown in Table 2.2, indicating higher 

surface areas for the doped samples due to surface stabilization. 

The XRD patterns also show La3+ doping changes in the relative intensities of certain 

planes in the LCO structure. In undoped LCO, the ratio of the {104} peak to the {003} is 0.90, 

but for the doped samples, it is above 1.05. The observation is consistent with the work from 

Okubo et al. where they show the {003} peak intensity decreases as particle size decreases due to 

the nanoplatelet morphology of the particles.3 

 

Figure 2.6. X-ray diffraction patterns of 600°C calcined undoped LCO, 1 mol%, and 2 mol% 

lanthanum doped LCO.  
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Table 2.2. Calculated lattice parameters, peak ratios, and crystallite sizes from X-ray diffraction 

and BET surface area for La doped and undoped LCO calcined at 600°C. 

 

Figure 2.7. Raman spectra of LiCoO2 calcined at 300°C after synthesis and 2 mol% lanthanum 

doped LiCoO2 calcined at 600°C. 

LCO 1% La-LCO 2% La-LCO

a  (Å) 2.8174 2.8175 2.8177

c  (Å) 14.0702 14.0664 14.0656

c /a 4.994 4.992 4.992

{104}/{003} 0.90 1.05 1.18

Crystallite Size (nm) 28.1 18.1 17.8

BET Surface Area (m
2
/g) 20.3 29.1 25.6
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Figure 2.8 shows the STEM and EELS images of the 2% La doped LCO nanoparticles 

after calcination at 600 °C. Figure 2.8a and 8c confirm the nanoscale dimension and show the 

expected nanoplatelet morphology with varying thicknesses of 10-20 nm. Figure 2.8a indicates 

particles are partially connected, with a grain boundary indicated by arrows. Figure 2.8b shows 

the EELS composed color mapping demonstrating a concentrated green color around the edges 

of the particles, depicting the La3+ enrichment at both the surfaces and the grain boundaries. The 

center of the particles had a more purple hue because of the higher fraction of cobalt (blue) and 

oxygen (red). Figure 2.8b still shows lanthanum atoms in the center of the nanoparticles. 

However, most of the nanoparticles in the image are lying flat and showing the {001} surface on 

the top and bottom of the particle.43 The platelike morphology makes it challenging to determine 

if the lanthanum is at the {001} plane or remains in the bulk structure since electrons are 

transmitting through the sample. Figure 2.8c shows a particle oriented perpendicularly, allowing 

visualization axially along with the a parameter to identify the fringes of the c-spacing 

consistently with LCO layered structure. While the top surface is attributed to {001} plane, the 

edges of the particles can be assigned to {104} and {012} surfaces.43  Figure 2.8c also shows 

evidence of lanthanum enrichment along the {001} surface plane indicated by the phase contrast 

between cobalt and lanthanum atoms. The segregation of La3+ to {001} is confirmed in the color 

mapping in Figure 2.8d.  

Figure 2.9a shows the box scan measurement of the {001} surface from Figure 2.8d and 

displays the highest peak intensity of lanthanum at 8 nm near the surface of the particle. At the 

same distance, the cobalt and oxygen normalized intensity dips near the surface, which confirms 

the lanthanum enrichment near the {001} surface. Note that because the particles overlap (see 

box in Figure 2.8d), the scan shows positive signals for O, Co and La on either side of the peak 
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position despite the fact the measurement is looking at a surface. Atoms that are from 

background particles are marked by hollow symbols in the box scan plots to allow better 

visualization.  

Figure 2.9b shows the box scan results from the {104} surface shown in Figure 2.8d. 

This scan also shows an enrichment of La near the surface and confirms the thermodynamic 

driving force directing La atoms to all interfaces in LCO. It appears the lanthanum has such a 

strong segregation potential that there is no preferential doping of specific interfaces and it 

distributes across all surfaces and grain boundaries shown here. This conclusion matches the 

atomistic calculations of lanthanum segregation that revealed lanthanum had one of the highest 

segregation energies compared to the dopants studied in all four of the constructed interfaces. 

Noteworthy, in both segregation profiles one observes that oxygen dips when La peaks at the 

interfacial regions. That suggests that La does not simply replace Co, as assumed in our atomistic 

calculations, but that more complex reactions might be occurring. However, the observed 

experimental segregations confirm the trends regarding the relative segregation potential of 

different dopants are reasonable despite this approximation. 
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Figure 2.8. STEM-EELS images of 2% La doped LCO calcined at 600°C. (a) and (c) show the 

STEM ADF images of the particles and (b) and (d) show the EELS color mapping of the 

particles for lanthanum, cobalt, and oxygen. Figure 2.8d shows the elemental box scans 

performed at the interfaces with the results shown in Figure 2.9a and 9b. 

(d) 

0 nm 

14 nm 
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Figure 2.9. Box scans plotting the atomic concentrations of lanthanum, cobalt, and oxygen of the 

particles shown in Figure 2.8d. (a). Box scan of the {001} surface and the dotted line at the 8 

nm position portrays the lanthanum enrichment near the {001} surface of the nanoplatelet 

morphology shown in the figure. (b) Box scan of the {104} surface with the dotted line at 9 nm 

position portraying the position of the surface. The hollow symbols show the data from the 

background particles below the platelet being measured and solid symbols depict the atomic 

concentrations of the platelet shown in Figure 2.8d. 
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Discussion  

The atomistic simulations enabled screening over many dopants that could potentially 

segregate to surfaces and grain boundaries of LCO. The motivation was to find dopants that 

would potentially lower excess energies in the system, enabling greater thermodynamic stability 

in nanocrystalline cathodes. Out of the proposed dopants, La3+ had one of the highest segregation 

energies and therefore was selected for the experimental studies. The synthesis and 

characterization demonstrated La3+ ions segregated to surfaces and grain boundaries as predicted 

by the simulations. The results are very encouraging since a simulation-informed design of 

experiments provides a methodology for relatively quickly and inexpensively streamlining 

experimental investigations. The method helps overcome the existing challenges in obtaining 

experimental thermodynamic data on interfacial energies and segregation enthalpies in oxides, 

and could open new opportunities in other complex oxides for batteries or other applications. 

Although segregation is not a new concept in cathode doping, the connection between ion 

segregation and interface thermodynamic stability makes this work very relevant to the 

development of stable nanomaterials (and micro) for lithium ion battery technologies, which can 

extend battery lifetime.58 Additionally to improve cyclability, the computational model helps 

determine the tendencies of segregation for different dopant chemistries to specific interfaces for 

the design of purposefully anisotropic particles. In LCO, the {001} surface is not an active 

surface for lithium diffusion and the {104} surface is one of the most active surfaces since 

lithium ions prefer to move along layers and not across cobalt layers.59 This model can design 

specific morphology particles with an optimized fraction of {104} surfaces that in turn will 

enhance the lithium diffusion and battery performance. Additionally, it is reported that lithium 

diffusion along grain boundaries can play a critical role in the electrochemical performance of 
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cathodes.60,61 The stabilization of grain boundary networks can be critical for preventing failure 

mechanisms like intergranular cracking or coarsening and morphological changes during 

electrochemical cycling.1,62-64 In theory, future models could be developed to design ionically 

and electronically conductive grain boundaries for fast lithium and electron transport. This type 

of energetic and morphological engineering is only possible due to the segregation behavior of 

dopants in nanoscale materials and more thermodynamic understanding is necessary.  

 In truth, there were a number of assumptions and limitations in the atomistic simulations 

that enabled the extensive search through ten different dopants with varying ionic size and 

charge across the four structures considered. One of the most relevant approximations in the 

interatomic potentials was fixing the cobalt oxidation state to the trivalent state. It is well known 

that the cobalt can assume several oxidation states in LCO, especially during lithium cycling. 

Hence, some changes to segregation energy values may occur if the cobalt was allowed to 

change oxidation state near an interface or in the presence of aliovalent dopants. However, 

despite multiple attempts, the study could not find interatomic potential parameters for a charge 

transfer model that could accommodate the wide range of studied dopants. A charge transfer 

potential that could accommodate a subset of dopants and delithiated structures could provide 

insight into segregation behavior as cathodes are cycled within the battery. Related to this point, 

particularly when aliovalent dopants are considered, other charge-compensating reactions might 

also occur to stabilize the incorporation of those dopants. Indeed, past work has shown such 

effects at grain boundaries.65 However, we expect that our results are still useful for identifying 

dopants with higher tendencies to segregate to surfaces and interfaces. Finally, only low surface 

energy surfaces and low index grain boundaries were evaluated for this work. It would be 
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valuable for future work to construct higher energy interfaces and more surfaces to look for other 

trends in more complex structures and as a predictive tool for morphology evolution.  

Conclusion 

 Atomistic simulations were used to construct four interfaces, two low energy surfaces 

and two low index grain boundaries, and study the dopant segregation behavior. By inserting 

dopants into the bulk of the structure and at the interface, the segregation energies of ten dopants 

with different ionic radii and charges were calculated. The results demonstrated the linear 

dependence of segregation energy on the ionic radius of the dopant, where dopants with larger 

ionic radius had higher segregation energies. Additionally, dopants with a higher oxidation state 

exhibited higher segregation energy than other dopants of the same ionic size but lower oxidation 

state. For example, Zr4+ and Mg2+ have similar ionic radius, but Zr4+ had larger segregation 

energies for all four interfaces studied. The magnitude of the segregation energy was highly 

dependent upon the specific surface and grain boundary structure. This behavior shows the 

thermodynamic driving forces of each dopant depend not only on the chemical nature of the 

dopant, but also on the detailed interfacial atomic environment. 

 The results were validated by experimentally synthesizing LCO nanoparticles with a 

dopant showing favorable segregation energy, lanthanum, and observing the segregation 

behavior with STEM-EELS. The hydrothermal synthesis yielded platelike nanoparticles and the 

STEM-EELS images revealed clear lanthanum segregation to both surfaces, {001} and {104}, 

and grain boundaries. The consistency with the simulation data suggests that, despite the 

assumptions and approximations, atomistic modelling is a viable tool for informing the 

experimental design and limiting the number of synthesis experiments during dopant selection 

for improving performance of nanocrystalline materials. 
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Appendix A 

Atomistic Simulation 

A few unique cases from the simulations with aliovalent dopants arose during the dopant 

replacements. Figure A1a illustrates the effect of Mg2+ doping at different positions on the 

relative energy of the simulation cell for the {001} surface. During the doping study of the 

original structure size, it was observed that aliovalent dopants prefer to remain in the bulk 

structure; however, a stable or constant energy profile in the bulk region in between the surfaces 

was never established in this cell (in contrast to the profiles shown in Figure 2.2 and 2.3). To 

resolve this issue, the structure was expanded in the z direction (the surface normal direction) 

and in the x/y directions (the in-plane directions of the surface). The expanded z direction 

structures followed the same trend and never achieved a constant bulk energy, but the expanded 

structure in the x/y directions corrected the issue and achieved a similar segregation profile to the 

isovalent dopants. The hypothesis for this behavior is that the aliovalent dopants perturb the 

electroneutrality of the cell and in this surface structure the dopants cause strong interactions 

across the periodic boundary conditions in the x and y directions, leading to significant self-

interaction, though why this becomes stronger as the z dimension of the structure is increased is 

not clear. Further studies using a charge transfer potential could be useful for studying the effect 

of aliovalent dopants as the cobalt will likely help accommodate the change in electroneutrality.  

 Figure A1b shows aliovalent doping behavior of the 5 grain boundary and the impact 

of dopant position on the simulation cell energy. Due to some slight reconstructions at the 

interface, a dipole forms, causing an electric field to form across the cell that results in a small 

negative slope for the bulk behavior of the tetravalent dopants and a positive slope for the 

divalent dopants. To account for the slope, we first fit a line to the energies of the dopants in the 
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bulk. We then used the value of this fit at the GB center as the bulk reference and measured the 

segregation energy of the lowest energy site relative to this value, as illustrated in Figure A1b. 

Although these effects from aliovalent dopants could have impacts on the absolute value of the 

segregation energies, the relative trends relating to ionic size and charge should remain 

consistent. The other interesting result of the 5 boundary doping for all oxidation states is the 

disorder that is seen at each grain boundary. When Figure 2.3 and Figure A1b are compared, it 

can be seen that there are only a few stable sites near the boundary for the dopants in the 3 

system while the 5 system shows several more local minimum positions for the dopants. This 

again confirms the higher structural disorder at the 5 interface and why the relative magnitudes 

of the dopant segregation energy increase with the higher index grain boundaries.  

 

(a) 
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Figure A1. (a) Segregation profile of Mg2+ doping of {001} surface at the original structure size, 

structure doubled in the z direction, and structure doubled in both the x and y direction. In this 

plot, the surface site is located at a value of 0 eV instead of the bulk values for visualization of 

the data. The segregation energy can be determined from wherever the bulk energy stabilizes at 

the 0Å dopant position. (b) Segregation profile of Ti4+ doping of 5 grain boundary. The fitted 

red line shows the correction for the bulk energy value due to the dipole formation in the 

structure.  

Table A1. Interatomic pair potential parameters for Al3+ and V5+ dopants. 

Ionic Pair A (eV)  (Å) C (eV*Å6) 

Al3+ … O2-      1     1474.4 0.3006 0 

V5+ … O2-     2 2779.85 0.29185 0 

 

(b) 
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Figure A2. Segregation profile of (a) Al3+ to the Sigma 3 grain boundary, (b) V5+ to the Sigma 3 

grain boundary, (c) Al3+ to the {104} surface, and (d) V5+ to the {104} surface. 
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Chapter 3: Improved Interfacial Stability of Doped LiCoO2 

Nanoparticles 

Abstract 

Nanoscale cathodes for lithium ion batteries continue to be limited in their application 

due to enhanced parasitic reactions, cycling induced coarsening, and capacity fading. 

Thermodynamic understanding of nanoparticle stability could help prevent critical failure 

mechanisms and improve the capacity retention in electrochemical cells. This study used 

calorimetric techniques to quantitatively study the interfacial energies, surface energy and grain 

boundary energy, of LiCoO2 (LCO) nanoparticles. Dopant segregation was used to improve 

interfacial stability by synthesizing lanthanum doped LCO nanoparticles. The measurements 

show a surface energy decrease from 1.30 J/m2 for the undoped LCO to a surface energy of 1.11 

J/m2 for the La-doped nanoparticles. A grain boundary energy of 0.29 J/m2 was also 

experimentally measured for both nanoparticle chemistries. The undoped interfacial energies are 

consistent with the limited data previously reported and confirm the stabilization effect of La 

segregation. STEM-EELS revealed La segregation to the {104} and {001} surfaces and 

confirmed the strong segregation behavior of La. Coarsening data also confirmed that the La-

doped nanoparticles maintained higher specific surface areas and smaller crystallite sizes than 

the undoped LCO. This surface stabilization through surface energy reduction could be useful in 

preventing degradation issues like cycling induced coarsening and intergranular cracking. 

Introduction 

 Lithium ion technology is continuing to be used as a prominent energy storage technique 

and the technology is expanding into new applications. Despite the ample spectrum of 

applications, capacity, electrochemical performance, and charge/discharge rates are still 
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insufficient for the growing energy needs.1 Nanostructured cathodes may provide enhancement 

in these areas due to the shorter diffusion path length and application in high charge/discharge 

rate applications.2 However, as particle sizes are reduced below 100nm, the very same increased 

interfacial areas which are responsible for the improved performance3–5 enhance parasitic 

reactions, facilitate cycle-induced intergranular cracking, accelerate cathode degradation due to 

the surface reactivity 6–9 and cycling induced coarsening.10,11 The last degradation mechanism is 

critically connected to interfacial energies as the intrinsic driving force. Similar to the 

conventional Ostwald ripening process, the excess energies in high curvature particles cause 

dissolution and precipitation, resulting in growth, to reduce the total surface energy of the 

system.12,13  

A number of studies have proposed the design of spontaneous dopant segregation to 

interfaces to reduce the driving force for coarsening, extending the lifetime of nanostructured 

materials.14,15 This is related to the Gibbs adsorption isotherm describing the reduction of surface 

energies as a function of excess dopant at the interfaces.16 Kirchheim showed that the interfacial 

energy will continue to decrease with increasing dopant excess at the interface until a second 

phase precipitates.17 Following this principle, Nakajima et al. demonstrated scandium doped 

LiMn2O4 (LMO) nanoparticles show significantly reduced surface energy compared to the 

undoped LMO as a result of the dopant enrichment on both surfaces and grain boundaries.18 The 

nanostructured LMO cathode showed greater resistance to grain growth during sintering and 

consistently maintained smaller crystallite size. Leong et al. later showed that this interfacial 

engineering led to improved cyclability when tested in a Li half-cell.19 In another work, Wang et 

al. demonstrated that Mg doped cathodes for sodium batteries show Mg segregation, which 
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improves mechanical strength, reduces intergranular cracking, hence benefiting battery 

cyclability.20 

In this work, we explore the possibility of extending the stability of LiCoO2 (LCO) 

nanoparticles through interfacial doping. LCO was one of the original commercial cathode 

materials in Li-ion batteries but despite the extensive literature on both micro and nanoscale 

LCO, the thermodynamics of doped systems is still poorly understood. Maram et al. reported 

experimental average surface energies of 1.25 J/m2 for LCO, representing a significant energetic 

driving force for coarsening for the high specific surface area nanoparticles.21 The 

experimentally measured value is consistent with atomistic simulations measuring surface 

energies of {001}, {104}, and {110} planes, which are the most commonly found in LCO 

nanoparticles.22,23 The possibility of reducing the surface energy of LCO was explored by 

atomistic simulations in the previous chapter.24 Ionic segregation is a function of both ionic 

radius and valence state of the dopant, but no direct experimental data have correlated a 

reduction in surface energy as a function of dopant segregation in LCO. In this work, La-doped 

and undoped LCO nanoparticles were synthesized using a hydrothermal synthesis and La 

segregation was confirmed through STEM-EELS, consistently with the previously reported 

atomistic simulations. The utilization of calorimetric studies proved La segregation in LCO 

causes reduction of surface energy. The surface energy reduction leads to less coarsening during 

sintering and synthesis of the nanoparticles, demonstrating the potential of this methodology for 

stabilizing nanostructures in Li-ion battery applications. 
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Experimental Section 

Synthesis 

 The synthesis method was adapted from Okubo et al. to synthesize lanthanum doped and 

undoped LCO nanoparticles.7 The precursor solution of 20 mmol of Co(NO3)2∙6H2O (Sigma-

Aldrich, ≥98%) in 100 mL of deionized (DI) water was slowly added to 100 mL of 5 M NaOH 

solution for the coprecipitation method. The doped nanoparticles were synthesized by reducing 

the amount of cobalt precursor and adding 0.5, 1.0, or 2.0 mole percent of lanthanum to the 

precursor solution as La(NO3)3.6H2O (Alfa Aesar, 99.9%). The coprecipitation yielded pink 

Co(OH)2 nanoparticles that were then diluted into 1800 mL of DI Water. The suspension was 

oxidized to the brown colored CoOOH nanoparticles by bubbling air through the suspension for 

48 hours. The suspension was centrifuged and washed with DI Water five times and then dried in 

an 80°C oven overnight. The dried pellet was ground with a mortar and pestle and 500 mg of 

CoOOH powder was added into 133 mL of 1 M LiOH (Sigma-Aldrich, 99.95%) aqueous 

solution. The suspension was stirred and added into a 200 mL stainless steel autoclave with a 

PTFE liner (4748A, Parr Instrument Company). The autoclave was then placed into the furnace 

at 100°C, heated at 0.5°C/min to 180°C, held for 12 hours at 180°C, then cooled at 1°C/min to 

100°C, and removed to cool to room temperature. This hydrothermal process results in a 

dissolution of the CoOOH nanoparticles and then a crystallization of the LCO phase. The 

suspension of LCO nanoparticles was then centrifuged and washed four times and dried at 80°C 

overnight. The dried pellet was ground in a mortar and pestle again and then calcined at 300°C 

for 3 hours in air to ensure full oxidation of the LCO phase. 
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Characterization 

Crystallographic phase of the nanoparticles was confirmed with a Bruker AXS D8 

Advance powder diffractometer (CuK radiation, =1.5406 Å) at a voltage of 40 kV and an 

emission current of 40 mA. Jade MDI software was used to confirm crystal phase and estimate 

crystallite size using the Scherrer equation with whole pattern fitting. The surface area of the 

nanoparticles was measured through the Brunauer Emmett Teller (BET) method with nitrogen 

adsorption using a Gemini VII (Micromeritics Instrument Corporation). Inductively coupled 

plasma mass spectrometry (ICP-MS, Agilent-7900) was performed to measure the Li, Co, and La 

concentrations in the nanoparticles. The instrument was equipped with a quartz spray chamber, a 

microMist concentric gas nebulizer, and nickel sampler and skimmer cones. The instrument was 

operated using 1.0 L/min of argon (Ar) carrier gas in helium (He) mode with the He flow 

maintained at 4.5 mL/min to reduce polyatomic interferences. 

Scanning Electron Microscopy (SEM) was used to determine the grain size and 

morphology of the sintered pellets on a FEI 430 Nano-SEM Instrument (FEI Company). 

Scanning Transmission Electron Microscopy (STEM) coupled with Electron Energy Loss 

Spectroscopy (EELS) revealed the morphology of the nanoparticles and mapped dopant 

distribution. JEOL Grand ARM 300CF equipped with Gatan GIF Quantum with K2-summit was 

used for the study, operating at 300keV. 

Surface Energy and Grain Boundary Energy Measurements 

 Measurement of surface and grain boundary energies was performed based on ‘sintering’ 

experiments carried out using a Differential Scanning Calorimeter (DSC) on a Netzsch DSC 404 

F1 Pegasus (Netzsch Instruments). The design of the sintering experiments determined the 

enthalpy change (heat of sintering) associated with the morphological development and 
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densification of the nanoparticles. The theory of relating the heat of sintering and microstructural 

evolution directly to the interfacial energies of the particles has been extensively studied in the 

literature in other oxide systems.25–27 The exothermic energy release during sintering can be 

related to the surface and grain boundary energies through Equation 1: 

∆𝐻𝑠𝑖𝑛𝑡𝑒𝑟𝑖𝑛𝑔 = ∆𝐴𝑠𝛾𝑠 + ∆𝐴𝐺𝐵𝛾𝐺𝐵                           (1) 

where ∆𝐻𝑠𝑖𝑛𝑡𝑒𝑟𝑖𝑛𝑔  is the heat of sintering, ∆𝐴𝑠 is the change in surface area during sintering, 

∆𝐴𝐺𝐵 is the change in grain boundary area during sintering, and 𝛾𝑠  and 𝛾𝐺𝐵  are the surface 

enthalpy and grain boundary enthalpy, respectively. The heat of sintering term captures all 

exothermic processes associated with sintering (e.g. grain growth and densification) and the 

energy released during sintering is measured by the DSC during the heating profile. The change 

in surface area term is determined by the BET measurement before and after sintering. The 

change in grain boundary area is determined from the initial and final crystallite size, which are 

determined from XRD patterns and TEM images, and by subtracting the measured BET surface 

area. The grain boundary area is also determined from the morphology of the particles, as the 

calculated grain boundary area is dependent on the shape of the particles and can be accounted 

for through the appropriate shape factor.28 This leaves only two unknowns, 𝛾𝑠 and 𝛾𝐺𝐵 , in the 

equation which can be solved by running at least two different sintering experiments to solve the 

system of equations for the two values. 

 In truth, 𝛾𝑠 and 𝛾𝐺𝐵  are the enthalpies and to calculate the surface and grain boundary 

energies the entropic contributions would need to be quantified. These specific DSC 

measurements will only measure enthalpic effects of sintering by directly measuring the heat 

flow during sintering and integrating the area under the curve. Wang et al. performed 
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calorimetric measurements of cobalt oxide (CoO) nanoparticles and bulk material to find the 

excess entropy associated with nanoparticle surfaces.29 They compared 7 nm nanoparticles to 60 

m bulk particles and found an excess surface entropy to be on the order of 1.5 JK-1mol-1. In 

general, the surface entropy of oxides tends to be low.30 Therefore, the surface entropy can be 

considered negligible at the low sintering temperatures used in these measurements (<700°C) 

and the surface enthalpy can be equated to the surface energy.31  

 The LCO powders were calcined at different temperatures to provide different initial 

states for the sintering measurements.  The measurements were performed on ¼” diameter 

pellets pressed at 100 bar that were then equilibrated at 25°C and 50% relative humidity for 48 

hours. The pellets were quickly transferred to the DSC after equilibration to ensure the same 

starting state for each sample at the beginning of the heating profile. Each sample was run under 

oxygen gas at 50 mL/min and the runs began with a 20 minute degassing period at 300°C. Then 

the samples were ramped from 150°C to the maximum sintering temperature and isothermally 

held for 20 minutes to ensure all grain growth and sintering was complete. This heating profile 

was repeated two more times to establish a baseline for the measurement and subtract any heat 

capacity effects from the heat of sintering peak. Then the peak was integrated to give the 

∆𝐻𝑠𝑖𝑛𝑡𝑒𝑟𝑖𝑛𝑔  value. All experiments were carried out at a heating and cooling rate of 20 K/min. 

 One of the critical steps of this calorimetric measurement is to avoid the existence of 

parallel reactions other than sintering (coarsening) itself. That is, if other phenomena, such as 

redox reactions, desorption, decompositions, or phase transformations are happening 

concomitantly, the heat is a complex summation of all the processes and is extremely difficult to 

deconvolute. While the initial degassing at 300C is designed to minimize the impact of adsorbed 

species, the maximum temperature for the heating profile was determined from DSC/TGA 
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measurements on a Setsys Evolution (Setaram Inc.) to confirm sample stability throughout the 

experiment. This prevented other heat effects from Co redox reactions or lithium evaporation. 

For the LCO pellets, all pellets were sintered to 700°C and the powders before being pressed into 

pellets were calcined at 300°C, 350°C, 375°C, and 400°C for 1 hour to provide different starting 

grain sizes for the samples, which in turn yields different heats of sintering. The La doped 

samples were calcined at 300°C, 325°C, 350°C, and 400°C for 1 hour, and the 325°C pellet was 

sintered to 650°C while all the other samples were sintered to 700°C. 

 The TGA experiments revealed there was residual water on the surface of the 

nanoparticles beyond the degassing temperature. Therefore, the heat effect of water desorption 

needed to be quantified to account for the endothermic gas desorption. A 3Flex surface analyzer 

(Micromeritics Instrument Corporation) was used to preform water adsorption experiments 

connected to a Sensys Evolution DSC (Setaram Inc.) to capture the heat of adsorption of water 

molecules onto the surface. This complex method has been described in detail in past 

publications, so only parameters specific to this measurement will be outlined here.32–35 This 

method can also be used to calculate surface energies, but this work will only discuss the impact 

of water desorption on the quantitative measurement for the heat of sintering. The particles are 

first degassed at 300°C for 12 hours under vacuum to achieve a completely anhydrous surface. 

After degassing, the nanoparticles are isothermally held at 25°C and the 3Flex is used to dose 2 

mol of water vapor per dose. The DSC measures the exothermic heats of adsorption for each 

water dose and the 3Flex measures the quantity of water adsorbed to the surface. The 

integrations of the DSC peaks give the collective heat of water desorption during sintering. 
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Results and Discussion 

Synthesis 

The undoped and 1 mol% lanthanum doped nanoparticles were synthesized with the 

hydrothermal synthesis method and calcined at different temperatures. Figure 3.1 shows the 

XRD patterns of the nanoparticles calcined at 300°C and sintered at 700°C. The diffraction 

patterns confirm the nanoscale nature of our particles evidenced by peak broadening.36,37 The 

patterns also verify there are no lanthanum rich secondary phases formed in the studied 

temperature range and the LCO crystallographic structure is maintained. Small amounts of 

Co3O4 exist as second phase being present in both the doped and undoped samples in similar 

amounts as the ICP supports. Table 3.1 gives the stoichiometric ratios of Li/Co and La/Co from 

ICP-MS. The ICP data confirms the samples are slightly lithium deficient, which supports the 

formation of the Co3O4 phase.22 However, doped and undoped samples have nearly identical 

Li/Co ratios. The La/Co ratio is nearly ~1 mol percent lanthanum, consistent with the nominal 

concentration, supporting coprecipitation synthesis as an effective method for synthesizing 

doped LCO.  

The TEM images in Figure 3.2 show the doped and undoped nanoparticles after 

calcining at 300°C. The images reveal a platelike morphology with thin particles that range from 

7-20 nm in thickness, similarly to those reported by Okubo et al.7 The nanoplatelets tend to stack 

along the {003} planes and the width and length had more variation in dimension than the 

thicknesses. Images for a variety of annealing conditions were collected and analyzed in terms of 

particles’ dimensions as listed in Table 3.2. There was a size dependence on the calcination 

temperature and the doped nanoparticles consistently had smaller crystallite sizes than the 
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undoped. The BET surface area measurements also corroborate this result as the doped particle 

surface areas were higher than the undoped particles (Table 3.2). 

 

Figure 3.1. XRD patterns of the undoped and La doped LCO nanoparticles calcined at 300°C for 

3 hours and after sintering at 700°C. The Co3O4 peaks are indicated by the * symbol. 

Table 3.1. ICP-MS stoichiometric ratios of LCO nanoparticles and 1% La-LCO. 

Sample Li/Co La/Co 

LCO 0.92 − 

1% La-LCO 0.91 0.011 
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Figure 3.2. HR-TEM images of (a) LCO nanoparticles and (b) La-LCO nanoparticles calcined at 

300°C for 3 hours. 

Table 3.2. The measured values for undoped LCO and La-doped LCO showing the 

calcination/sintering temperatures, initial and final diameter, initial and final BET surface area 

(SA), initial and final grain boundary area (GBA), heats of water desorption, heats of sintering 

adjusted for the water desorption, and the surface energy and grain boundary energy. 

 

Thermodynamics of Interfaces 

 The reduced particle size is an indication of coarsening inhibition caused by lanthanum. 

LCO is expected to grow by Ostwald Ripening, having the surface energy as the key driving 
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force. To study the effect of lanthanum on the surface thermodynamics and discuss the 

implications in coarsening, the heat of sintering of the nanoparticles was analyzed using a DSC.  

Figure 3.3a shows the DSC measurements for the sintering of undoped nanoparticles pellets up 

to 700°C. The samples were previously annealed at different temperatures to induce distinct 

initial particle sizes in the DSC experiments. The sintering peaks give an exothermic heat signal 

due to the heat released during densification and grain growth. The onset of sintering shifts 

depending on the initial calcination temperature with the 300°C pellets starting sintering at the 

lowest temperature and 400°C at the highest temperature. The curves all have relatively noisy 

baselines at the low temperature range, but converge to similar baselines at the end of the 

sintering curve. The perceived noise is related to some gas evolution and differences in heat 

capacity as will be discussed later. By integrating the area under the curve, the heat of sintering 

was calculated and the particles calcined at 300°C exhibited the highest heat of sintering (Table 

3.2). This is due to those particles having more interfacial area and the smallest particle size 

which leads to more microstructural evolution throughout sintering and more exothermic heat 

released. Four different initial states are chosen to provide different heats of sintering to allow a 

solvable linear system of equations based on Equation 1 to converge to stable surface and grain 

boundary energy values. 

 Similarly, Figure 3.3b shows the DSC peaks for the 1% lanthanum doped LCO 

nanoparticles that take a similar shape to the undoped LCO. These pellets were also sintered to 

700°C with the exception of the 325°C calcined sample that was sintered to 650°C in an effort to 

differentiate the initial and final states of sintering. In both samples there is no evidence of La 

rich secondary phase formation after sintering as shown in the XRD analysis (Figure 3.1). Again 

the samples with the smallest particle size and highest surface area have an earlier onset of 
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sintering due to the high interfacial area. Similarly, the sample sintered to 650°C has a lower 

intensity exothermic peak from the lower thermodynamic driving force compared to the 700°C 

pellets. 

 

 

(a) 

(b) 



 75 

Figure 3.3. DSC sintering peaks measuring heat flow and sample temperature of (a) undoped 

LCO nanoparticles and (b) La-doped LCO nanoparticles. 

The heat of sintering can be attributed to the evolution of microstructure according to 

Equation 1 as long as there are no parallel heat effects taking place during the heating cycle, or 

that those phenomena are quantitatively accounted for as a ‘heat correction’. There are a few 

factors that can cause endothermic effects that would impact the heat of sintering, including 

reduction of cobalt, lithium evaporation, phase transformations, heat capacity changes due to size 

evolution, and gas/vapor desorption. A DSC/TGA measurement tested for evaporating products, 

cobalt reduction, and any other heat effects that can impact the experiment. The results 

confirmed 700°C is a safe maximum temperature for the sintering experiments to avoid heat 

effects related to Co reduction and evaporation of Li. However, it became evident that 

endothermic effects appear to start at lower temperatures below 300°C. The XRD before and 

after sintering shows no precipitation of La rich secondary phases (Figure 3.1). Although it 

appears the Co3O4 phase could be precipitating during sintering, calcination experiments show 

that any unreacted CoOOH crystallizes into Co3O4 during the 300°C calcination. The Co3O4 

particles are also extremely nanoscale in nature so the low intensity peaks are dwarfed by the 

LCO peak intensities and only the two highest intensity peaks present after sintering. These 

results leave heat capacity and water desorption as the most probable cause of the overlapping 

endothermic effects. 

Heat capacity dependence on the particle size also impact the heat effects in the DSC 

studies.38–40 As outlined in the experimental section, the heating profile ramping up to the 

maximum temperature profile is repeated three times in total. This is designed so that grain 

growth and sintering are completed in the first heating profile and no other heat effects occur 
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during the second and third heating profiles other than the heat capacity contributions. The DSC 

heat flow from the third curve is subtracted from the first heat flow that contains the heat of 

sintering to account for the heat capacity effect. However, the morphology, size, and 

microstructure of the pellets have changed by the second and third heating profile. If there is a 

heat capacity difference that arises from size dependence then we would see an artificial heat 

effect before the sintering peak. Although there is still debate on whether or not the size 

dependence of heat capacity is an artifact of improper degassing of samples, as some are 

attributed to hydration layers.41–44 In order to correct for any heat capacity effects that may or 

may not be impacting the heat of sintering measurement, a Bezier background was drawn to 

ensure only sintering heat is included in the peak integration. 

Even with degassing, the limited water desorption can still cause endothermic effects 

throughout the entirety of the sintering measurement. TGA results are shown in Figure 3.4 of the 

doped and undoped samples going through a degassing period into the sintering heating profile. 

The nanoparticles were all held at 25°C and 50% RH for at least 48 hours to give them the same 

reference point and equilibration period. The powders were then ramped to 300°C for 20 minutes 

to degas and then ramped from 150°C to 700°C to simulate the sintering measurement. The 

results showed considerable mass loss (1.5-4.0%) during the degassing and then additional mass 

loss occurring during the sintering heat profile. The amount of water degassing from the surface 

is proportional to the surface area of the nanoparticles with the La-LCO calcined at 300°C 

having the highest surface area (smallest particle size) and the undoped LCO calcined at 400°C 

having the lowest surface area (largest particle size) (Table 3.2). From this data, the amount of 

water being degassed during the sintering measurement can be quantified by calculating the mass 

loss from the onset of sintering temperature to the isotherm at 700°C. 
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Figure 3.4. TGA results and sample temperature profile of the LCO and La-doped LCO 

nanoparticles calcined at 300°C and 400°C for 1 hour. 

 A water adsorption apparatus connected to a DSC was used to determine the heat 

associated with water desorption during sintering. This technique fully degasses the sample to 

the anhydrous state using heat and vacuum and then incrementally doses water onto the surface 

while the DSC measures the heat of adsorption. The water adsorption and desorption process is a 

reversible process, so the heat associated with water adsorption is equivalent to the desorption 

activation energy.45,46 Figure 3.5 shows the heats of adsorption plotted against the surface water 

coverage for the doped and undoped nanoparticles. The doped nanoparticles initially have higher 

heats of adsorption, but the curves invert at a coverage of about 5 H2O/nm2. Since the undoped 

nanoparticles’ heats of adsorption remain higher with more surface water coverage, that is an 

indicator that the undoped particles have more higher energy surfaces than the doped 

nanoparticles. The coverage term can be calculated from the water adsorption apparatus that 
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measures the amount of water molecules adsorbed to the surface and the surface area. Similarly, 

the TGA and BET data can give the same data by finding the number of adsorbed water 

molecules from the mass loss and the specific surface area from BET. The coverage calculated is 

then used to get a cumulative heat effect from the heats of water adsorption. As expected, the 

particles with the most surface area and hydrated surface layers have the highest cumulative 

heats of desorption (Table 3.2). 

 

Figure 3.5. Heats of adsorption measured from DSC during the water adsorption experiment 

plotted against the surface water coverage for the undoped LCO and La-doped LCO 

nanoparticles calcined at 300°C for 3 hours. 

 Further required data for calculating surface and grain boundary energies is the final 

grain size and morphology after sintering. SEM images in Figure 3.6 show the sintered 

nanoparticles after treatment at 700°C. The images show that the La-LCO maintains a smaller 
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crystallite size after sintering compared to the undoped LCO, which is supported by the BET 

results after sintering (Table 3.2). Initially the particles were more platelike in nature and from 

these images it appears the sintering has changed the morphology. The grain boundary area 

calculation requires an estimation of the shape factor to calculate the total grain boundary area 

before and after sintering.28 To account for the morphology change, the shape factor after 

sintering was approximated as a tetrakaidecahedron at 3.55 because the particles are not 

completely spherical. The particles before sintering are platelike in shape as shown in the TEM 

image (Figure 3.2), so a shape factor of 5.7 was used for calculations.47 

 

Figure 3.6. SEM images of (a) sintered LCO nanoparticles and (b) La-LCO nanoparticles. Scale 

bars indicate 500 nm. 

 With all this data, the interfacial energies of the materials can be calculated from 

Equation 1 by solving the system of equations. The calculated surface and grain boundary 

energies for undoped LCO are 1.30 J/m2 and 0.29 J/m2, and 1.11 J/m2 and 0.29 J/m2 for the La-

LCO, respectively. It is important to note these are average energies as each individual surface 

plane and grain boundary will have different energetic contributions. Maram et al. studied 

(a) (b) 
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surface energies for LCO measured by drop solution calorimetry and water adsorption.21 They 

reported an anhydrous surface energy of 1.25 J/m2, which is in excellent agreement with the 

undoped surface energy of 1.30 J/m2 reported here. We are not aware of any other attempts to 

experimentally measure surface energies of LCO. The close agreement between two different 

calorimetric techniques reinforces the reliability of the sintering method and also indicates it is 

not a significant function of temperature, since drop solution calorimetry provides room 

temperature data and the sintering method assesses data in a range of temperatures.   

Some of the most prevalent surfaces in LCO are the {001}, {104}, {110}, and {012}, 

with the {001} and {104} being the two with the lowest calculated surface energies.23 Kramer 

and Ceder computationally studied LCO surfaces and calculated the {001} and {104} surface 

energies at 1.00 and 1.05 J/m2, respectively.22 However, the polar {001} surface is exceptionally 

sensitive to termination layer (Li, Co, or O), the degree of delithiation on the surface for a Li 

terminated surface, and the oxygen chemical potential. These factors could lead to {001} 

surfaces with varying surface energies and they also calculated higher surface energy surfaces 

like the {100} with a surface energy of 2.94 J/m2. In general, the measured values in this paper 

are still in close agreement keeping in mind that they are average surface energies and there will 

of course be a fraction of higher energy surfaces. 

 Grain boundary energies are far less studied in the literature and especially rare to 

experimentally measure. Moriwake et al. studied a twin boundary computationally and 

experimentally by synthesizing and constructing a high symmetry twin grain boundary.48 They 

found the experimentally observed structure and the most stable twin structure developed from 

first-principles calculations were very similar in nature and calculated a grain boundary energy 

of 0.3 J/m2. This is also in excellent agreement with the experimentally measured value of 0.29 
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J/m2 from this work. Although a twin boundary may be considered a simplistic grain boundary 

structural model, Fisher et al. have shown that it is a possible configuration in polycrystalline 

materials.49 Additionally, it is possible that the tight repetitive stacking of the platelike 

nanoparticles leads to low index and highly stable grain boundaries, but that topic needs to be 

further explored in future work. 

Overall, the interfacial energies experimentally determined in this work match the 

computational and experimental work done on surface energies previously. The novel 

experimental measurement of the average grain boundary energies that has not been previously 

reported are in the expected range and have good agreement with the limited computational work 

done. In addition, the lanthanum doped LCO nanoparticles have lower surface energies than the 

undoped particles. This reduction in surface energy helps maintain a smaller nanostructure, 

higher specific surface area, and more resistance to grain growth by limiting grain boundary 

mobility as shown in Figure 3.7. For all calcination temperatures studied, the La-doped samples 

consistently had lower crystallite sizes and higher surface areas. The addition of La helped lower 

the surface energy and reduce the thermodynamic driving force during sintering, as was 

previously reported in La-doped zirconia.50 In addition, Hasan et al. explored several different 

dopants in MgAl2O4 to test the effect of ionic radius on resistance to grain growth.51 Their results 

show that larger ionic radius dopants like La provide the greatest reduction in surface energy 

compared to smaller dopants like Y. This surface energy reduction provides more interfacial 

stability and maintains a smaller nanostructure in the ceramic materials, which in turn retains the 

unique nanoscale properties.  
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Figure 3.7. Crystallite size and BET surface area of undoped and La-doped LCO nanoparticles 

as a function of the calcination temperature. 

Dopant Segregation to Surfaces 

 STEM-EELS was performed on the La-doped nanoparticles to confirm dopant 

segregation and the images are shown in Figure 3.8a-c. The EELS image shows a segregated 

green color near the surfaces of the nanoparticle representing lanthanum in Figure 3.8b. The 

center of the particles are more purple due to the overlapping Co (blue) and O (red) colors. The 

box scan plot depicted in the graph shows the ratio of La to Co intensity counts. There is a clear 

La intensity increase near the surface, confirming that La is enriched near the surface of the 

particles relative to the Co and O concentrations. It is worth noting again that the particles tend to 

be platelike in nature, so the fact that La is present in the center of the particles is expected. The 

platelets tend to lay on the {001} interfaces, so the La would segregate to both the top surface 

and bottom surface causing high La concentrations in the middle of the platelets due the electron 

transmission in TEM. Our previous studies confirmed this concept by imaging a nanoplatelet 
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looking axially down the Co layers and confirming segregation to the {001} surface.24 Figure 

3.8c shows a similar view of a platelike particle and the box scan results are shown in Figure 

3.9b. The plot confirms the La segregation to both the {001} surfaces shown and a much lower 

La/Co ratio in the bulk of the particle. These images reveal that La has a strong segregation 

energy that thermodynamically drives the dopant to several types of interfaces. 

 

 
Figure 3.8. STEM-EELS images of 1% La-doped LCO nanoparticles calcined at 600°C. (a) and 

(c) depict the ADF images of the nanoparticles and (b) shows the EELS color mapping of (a) 

(a) (b) 

(c) 

(a) 

Lanthanum 
Cobalt 
Oxygen 
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with the La, Co, and O concentrations. Box scans from (b) are shown in Figure 3.9a and the 

scan from (c) is shown in Figure 3.9b. 

 

 

(b) 
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Figure 3.9. Box scan plots showing the La/Co ratio for the scans shown in Figure 3.8. (a) Box 

scan from Figure 3.8b and (b) box scan of Figure 3.8c showing the segregation to the {001} 

surface. 

Effect of Dopant Content 

Doping is an effective technique for stabilizing nanoparticles, but dopant chemistry and selection 

is a complex process for nanomaterials and depends on several factors. The enthalpy of 

segregation depends on the dopant and matrix size mismatch, oxidation state of the dopant, 

matrix solubility, and coordination number at the surface.52,53 Chapter 2 explored dopant 

segregation in layered LCO nanoparticles and utilized atomistic simulations for dopant 

selection.24 We found dopant segregation energy increased linearly with ionic size and increased 

further with aliovalent dopants at higher oxidation states. Specifically, lanthanum had one of the 

highest segregation energies of the dopants studied and it was experimentally confirmed that 

lanthanum segregates to grain boundaries and surfaces. From these experiments, lanthanum was 

chosen as the dopant for these sintering measurements, because of its strong thermodynamic 

driving force to interfaces. However, the fraction of dopant can be difficult to determine as 

interfacial sites can saturate from dopants with high segregation energies and precipitate 

secondary phases.54 The precipitation of a secondary phase of LaAlO3 in lanthanum doped 

MgAl2O4 spinel was confirmed due to the high segregation potential of the dopant.55 Due to the 

high segregation energy of lanthanum, three samples of doped LCO were synthesized to study 

the sintering behavior and phase purity. Figure 3.10 shows the DSC results from sintering pellets 

at the same conditions as the interfacial energy measurements. The 2% La-LCO sample has an 

endothermic heat effect before the onset of sintering and a slightly different curve shape 

compared to the 1% and 0.5% La-LCO samples. The two samples with lower doping 
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concentrations also have endothermic heat events before the sintering onset, but as was 

previously addressed this is due to the water desorption. The XRD patterns for all three samples 

calcined at 700°C were collected to look for common secondary phases of lanthanum and cobalt 

(Figure 3.11). The XRD patterns revealed the characteristic LCO diffraction patterns and the 

expected secondary phase of Co3O4 that results from the high fraction of cobalt near surfaces in 

the nanoparticles and slightly delithiated nanoparticles. The 2% La-LCO also has a few impurity 

peaks near a 2 of 33 degrees that were attributed to LaCoO3.56,57 This a common phase 

transformation that occurs in lanthanum based solid state electrolytes when interfaced with 

cobalt containing active materials.58 Therefore, the DSC and XRD data points to using a 1% La-

doped LCO in order to maximize the interfacial thermodynamic stability during sintering, but 

avoid the precipitation of secondary phases. 

 

Figure 3.10. DSC sintering profiles of 0.5, 1.0, and 2.0 mole percent La-doped LCO up to 

700°C. 
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Figure 3.11. XRD patterns of 0.5, 1.0, and 2.0 mole percent La-doped LCO calcined at 700°C. 

Data Implication and Limitations 

The significance of these results show that the surface energy and morphology of the 

nanoparticles can be impacted and changed to give more favorable crystallographic structures. 

For example, the {001} surface is not an active surface for Li diffusion during 

intercalation/deintercalation, because Li ions prefer to move along Co layers and not across 

them.59 Dopant segregation can be used to stabilize more {104} surfaces that are active surface 

planes for lithium diffusion and decrease the fraction of {001} surface planes. Figure 3.1 does 

show higher intensity {104} XRD peaks compared to the {001} plane for the La-doped 

materials, but the {001} plane remains the highest intensity peak for the undoped LCO. This 

could be initial evidence that the morphology is changing in the doped LCO. However, the 

intensity of XRD peaks in nanoscale materials can be very sensitive to crystallite size and the 

TEM/SEM images don’t show any drastic differences in morphology, so further investigation is 
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necessary to quantitatively compare surface planes. In addition, grain boundary networks can 

play a critical role in Li diffusion and the effect is amplified in nanostructures with even higher 

interfacial areas.60,61 Careful and specific selection of segregating dopants that could enhance 

ionic and electronic conductivity at grain boundaries could drastically improve electrochemical 

performance of nanostructured cathodes. The thermodynamic understanding of cathode materials 

is critical for the progression of lithium ion batteries and further material development. Dopant 

segregation and interfacial engineering can play a critical role in designing stable battery 

materials with optimized morphologies for electrochemical performance. 

 Although these values all compared well to the literature values previously reported, the 

minimization method while solving for the energies is sensitive to subtle changes. Specifically, 

the initial crystallite size was difficult to measure with the platelike nature of the particles. The 

standard method is to use the Scherrer equation and Williamson-Hall plots to calculate crystallite 

size from XRD, but this becomes less accurate with anisotropic particles. TEM images were used 

to measure the thicknesses and widths of the particles to give an average crystallite size. The 

grain boundary area was calculated from the crystallite size and the assumed shape factors based 

on the observed particle morphology. The calculated interfacial energies are rather sensitive to 

the changes of the initial crystallite size and in turn the grain boundary area. The crystallite size 

measurements could be improved further to make the calculations more robust and improve 

accuracy.  

Conclusion 

 The surface and grain boundary energies of undoped and 1 mole percent La-doped LCO 

were experimentally measured through the heats of sintering and water desorption. The La-

doped LCO had lower surface energies compared to the undoped LCO nanoparticles due to the 
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La segregation to interfaces. This resulted in a resistance to grain growth and sintering in the 

doped samples and produced nanoparticles with smaller crystallite size and more specific surface 

area. A repeatable synthesis method for doped LCO nanoparticles was developed and La 

segregation was confirmed through STEM-EELS. The surface and grain boundary energy 

compared well with values from literature and confirmed the calorimetric technique is a useful 

method for cathode design in batteries. This could be especially valuable in designing optimal 

morphologies for lithium intercalation and improving electrochemical performance. 
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Chapter 4: Enhanced Thermodynamic Stability of Delithiated 

LiCoO2 by Dopant Segregation 

Abstract 

The intercalation and deintercalation process of lithium ion batteries inevitably causes 

capacity fading due to the irreversibility of lithium intercalation into the cathode. This problem is 

exacerbated in nanoscale cathode materials due to the high surface area and reactivity of the 

surface. Improving the stability of nanoscale cathode materials is important and understanding 

the delithiated states is crucial in the design of the nanoparticles, but delithiated states of 

cathodes are difficult to study because of the inherent instability. This work utilized a water 

adsorption microcalorimetry methodology to measure the surface energies of stoichiometric and 

delithiated LiCoO2 (LCO) nanoparticles. Lanthanum doped LCO nanoparticles were also 

synthesized to study the effect of dopant segregation on the surface energies of delithiated states. 

The surface energies of the undoped LCO were measured to be 1.23 and 1.33 J/m2 calculated by 

two different methods and the La-doped LCO was determined to be 1.07 and 1.09 J/m2. The 

surface energies are again confirmed to decrease due to La segregation as was found in Chapter 

3. The Li0.71CoO2 nanoparticles had surface energies of 1.02 and 1.07 J/m2 and La-Li0.57CoO2 

had surface energies of 1.08 and 1.04 J/m2. The La doping helps stabilize the energetic landscape 

of the surfaces compared to the undoped nanoparticles that see a considerable decrease in surface 

energy upon delithiation. This stabilization of the surface structures could be very beneficial in 

improving the reversibility of Li intercalation into nanoparticles, because of the high fraction of 

surfaces in nanoscale materials. 
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Introduction 

 Lithium ion batteries are a growing part of the energy storage landscape and continue to 

progress into more applications.1 The degradation of materials, transition metal dissolution, and 

intergranular cracking leading to capacity fading continue to limit the overall effectiveness and 

prevalence of lithium ion technology.2 In the pursuit of improving battery technology, 

nanomaterials could be an effective method for enhancing Li diffusion and expanding the 

application of the technology as it helps improve properties in other ceramics.3,4  

However, as the scale of cathode materials decreases to the nanoscale, many of the 

degradation mechanisms can be exacerbated.5–7 Most of the issues emerge from the instability at 

interfaces, which constitutes a greater volume fraction when particle sizes are below 20 nm. 

Surface energies play a critical role in thermodynamic and electrochemical stability at this scale 

as can be seen by problems like cycling induced coarsening.8 One method for controlling surface 

stability is decreasing the surface energies through dopant segregation and promoting surface 

excess following the Gibbs adsorption isotherm.9,10 Nakajima et al. recently explored Sc-doped 

LiMn2O4 nanoparticles and confirmed Sc segregates to interfaces and decreases the surface 

energy.11 Leong et al. electrochemically cycled the nanoparticles to find the doped material 

maintained ~97% of the initial capacity compared to 88% retention for the undoped LMO.12 

Combined, the studies support that designed dopant segregation can help improve capacity 

retention in nanoparticles by lowering the surface energies in the stoichiometric LMO. However, 

the thermodynamic stability of cathodes at the delithiated state is likely more relevant in the 

scenario of an operating battery than the original stoichiometric states. This begs the question 

whether the surface energy is impacted by delithiation and how the segregated dopants do help 

stabilize the nanomaterials in this state. 
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 This work strives to experimentally measure the surface energies of stoichiometric and 

delithiated LiCoO2 (LCO) nanoparticles, and to further explore the stabilization effect of dopant 

segregation in both conditions. While one other group has attempted to experimentally measure 

average surface energies of LCO, delithiated states have only been studied with DFT, without 

addressing the effects of doping on LCO surface energies.13–15 In this work, water adsorption and 

calorimetry are used to measure the surface energies of LCO nanoparticles and La-doped LCO 

nanoparticles. The nanoparticles were also chemically delithiated to synthesize nanoparticle 

stoichiometries of Li0.71CoO2 and La-Li0.57CoO2. This is an effective method for quantitatively 

measuring the difference in surface energetics for nanoparticles with manipulated interfaces. 

This method differs from the calorimetry method previously described in Chapter 3 where the 

heat of sintering was measured to determine interfacial energies. Although that methodology can 

provide grain boundary energies, it also requires high temperatures in the heating profile in order 

to measure a significant amount of heat from the sintering profile. The water adsorption method 

is run at room temperature and can therefore be utilized to study the surface energies of more 

sensitive samples like delithiated structures. Specifically, the ability to measure the surface 

energies with very little material processing is useful for measuring the more reactive delithiated 

states of the cathode. 

Experimental Section 

Synthesis 

 LiCoO2 (LCO) nanoparticles were synthesized by adapting the hydrothermal synthesis 

methods developed by Okubo et al.6 A 100 mL precursor solution of 20 mmol of 

Co(NO3)26H2O was slowly poured into 100 mL of room temperature 5 M NaOH solution. After 

the coprecipitation of the pink Co(OH)2 nanoparticles, the suspension was stirred for ~20 



 101 

minutes and then added to 1800 mL of deionized (DI) water. The diluted suspension was stirred 

for ~48 hours and air was bubbled through the particles to oxidize the nanoparticles into the 

brown CoOOH nanoparticles. The CoOOH nanoparticles were then centrifuged and washed five 

times with DI water to remove all NaOH and the particles were dried at 80°C overnight. For the 

doped nanoparticles, 1 mol percent of the Co precursor was replaced with La(NO3)36H2O to 

yield a La doped CoOOH. Then 500 mg of the ground CoOOH precursor was added to 133 mL 

of 1 M LiOH in a 200 mL autoclave with a PTFE liner (4748A, Parr Instrument Company). 

After stirring, the sealed suspension in the autoclave was placed in the furnace at 100°C, heated 

to 180°C at a rate of 0.5°C/min, held for 12 hours, and cooled to 100°C at 1°C/min. The 

suspension was then removed and cooled to room temperature. The particles were centrifuged 

and washed with DI water four times to remove any excess LiOH and dried at 80°C overnight. 

The hydrothermal process results in the dissolution of CoOOH particles and the nucleation and 

crystallization of the LCO phase. The dried pellets were ground with a mortar and pestle and 

then calcined at 300°C for 3 hours in air to promote the complete oxidation of the LCO 

nanoparticles. 

 The synthesized samples were also taken through a chemical delithiation process to 

remove a fraction of the lithium. 100 mg of the calcined LCO nanoparticles was added to 5 mL 

of 1.0 M HNO3 and 0.1 M HNO3. The suspensions were then agitated every ~5 minutes and left 

in the nitric acid solutions for 5, 10, and 30 minutes. After the nitric acid treatment, the 

suspensions were diluted into 10 mL of DI water and centrifuged immediately. The suspensions 

were washed three times with DI water to remove all the nitric acid and dissolved lithium and 

then dried at 80°C overnight. 
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Characterization 

 The phase of the crystalline nanoparticle was determined with a Bruker AXS D8 

Advance powder diffractometer (Bruker Corp., CuK radiation, =1.5406 Å) at a 40kV voltage 

and emission current of 40 mA. The Match and Jade MDI software were used to identify the 

crystal phase of the nanoparticles. Inductively coupled plasma mass spectrometry (ICP-MS, 

Agilent-7900) was conducted to determine the stoichiometry of the Li, Co, and La in the as 

synthesized and delithiated nanoparticles. The instrument utilizes a quartz spray chamber, 

MicroMist concentric gas nebulizer, and nickle sampler with skimmer cones. The argon carrier 

gas flow rate was 1.0 L/min with a helium flow of 4.5 mL/min in helium mode to prevent 

polyatomic interferences.  

Water Adsorption 

 The water adsorption experiments and microcalorimetry measurements were used to 

quantitatively determine the average surface energies of different materials. The measurement of 

solid surface energies has been achieved through several different methods including elastic 

modulus, wetting angle, and calorimetric techniques.16–20 However, measuring true anhydrous 

surface energies of solids can be a difficult due to the adsorbed gas and vapor species on 

surfaces. An effective degassing method must be used to prepare nanoparticle surfaces for 

energetic measurements.  

 Fang et al. proposed a method for measuring the surface energies of nanoparticles 

through an enclosed apparatus using the vapor pressure of water.21 They proposed Equation 1 

for calculating the surface energy of nanomaterials, 𝛾0, where R is the ideal gas constant, 𝑇 is the 

                                                     𝛾 − 𝛾𝑓 =
𝑅𝑇 ∑𝑛

𝐴
ln

𝑃𝑓

𝑃
                                                        (1) 
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temperature, 𝑛 is the number of water molecules adsorbed to the surface at a specific time, 𝐴 is 

the total surface area of the nanoparticles, 𝑃 is the vapor pressure at time t, 𝑃𝑓 is the final vapor 

pressure at equilibrium, and 𝛾𝑓 is the final surface energy at equilibrium. For particles with 

saturated surfaces, the surface energy is 0.072 J/m2 since the surface approaches the surface 

energy of water. One has to be careful to ensure high relative pressures of water vapor are 

achieved to ensure the surface water has fully transitioned from ice-like surface structure to the 

liquid-like surface water.22 Therefore, to determine the surface energy 𝑃, 𝑃𝑓, and 𝑛 need to be 

measured by measuring the water vapor pressure as water is dosed onto the surface and 

calculating 𝑛 from the ideal gas law. Fang et al. also confirmed in previous studies that the 

treatment of water vapor as an ideal gas for the adsorption experiments is a valid 

approximation.23 

 In the previous case, the surface energy is calculated from the water adsorption behavior 

and water vapor pressure alone. However, secondary methods of calculating surface energies can 

be useful to corroborate the surface energy results. Water adsorption measurements result in a 

layer of adsorbed water molecules on the surface of the solid that follows the Gibbs adsorption 

equation (Equation 2).24 In this case, 𝛾 is the surface energy, 𝑆𝑎
𝜎 is the excess entropy per 

surface area, 𝑇 is temperature, Γ𝑖 is the excess adsorbed amount of species 𝑖 per surface area, and  

𝑑𝛾 = −𝑆𝑎
𝜎𝑑𝑇 − ∑ Γ𝑖𝜇𝑖𝑖                                                      (2) 

𝜇𝑖 is the chemical potential of species 𝑖. For pure vapor adsorption onto an insoluble solid 

surface, the surface excess entropic term is zero and only the second term remains. The surface 

energy in this case is dependent on the integral of the surface excess of water vapor, because it is 

only single species adsorption. 
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 However, this model falls short in characterizing the complete adsorption process that 

takes place at high water coverages that are necessary to reach the 0.072 J/m2 surface energy. 

Adamson and Schlangen et al. describe the process of the two stage adsorption transitioning 

from a dissociative chemisorption stage to a physisorption water layer.24,25 Equation 2 only 

describes the initial thin adsorbed film, so a more comprehensive equation is necessary to 

describe the solid-liquid interface and the liquid-vapor interface. Quach et al. proposed Equation 

3 to describe the Gibbs free energy associated with the water adsorption process, where 𝑛𝑎𝑑𝑠 is  

∆𝐺 = 𝐺(𝑆𝑢𝑟𝑓𝑎𝑐𝑒, 𝑛𝑎𝑑𝑠𝐻2𝑂(𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑) − 𝐺(𝑆𝑢𝑟𝑓𝑎𝑐𝑒) − 𝑛𝑎𝑑𝑠𝜇𝐻2𝑂                 (3) 

the number of adsorbed molecules and 𝜇𝐻2𝑂 is the chemical potential of water.26 Similar to 

Equation 2, if the bulk energy remains unchanged and adsorption is reversible, the entropic and 

pV terms can be neglected. Equation 3 then becomes Equation 4, where 𝛾𝑠 is the surface 

energy at some 

                              𝛾𝑠 = 𝛾0
𝑠 + 𝜃∆𝐻𝑎𝑑𝑠                                                         (4) 

surface coverage, 𝛾0
𝑠 is the anhydrous surface energy, 𝜃 is the surface coverage in moles of H2O, 

and ∆𝐻𝑎𝑑𝑠 is the heat of adsorption (kJ/mol) of water vapor onto the surface. It’s important to 

note that the heat of adsorption is dependent on the surface coverage term, 𝜃, as heats of 

adsorption tend to be much more exothermic at lower surface coverages. Equation 4 specifically 

uses the thermodynamic properties of water adsorption to calculate the surface energy. This 

provides a secondary method to corroborate Equation 1 proposed by Fang et al. that reaches the 

surface energy from a different quantitative measure. Additionally, the calculations are not 

limited by knowing which adsorption layer is present throughout the experiment when using the 



 105 

heat of adsorption. Regardless of the adsorption mechanism, the DSC will capture all heat 

associated with the water interacting with the surface. 

 An important part of the microcalorimetry method is to understand the surface interfaces 

and equilibrium states of the surface at high water coverages. As was previously mentioned, it’s 

imperative to continue the measurement until the surface has reached high enough coverages for 

the surface to resemble liquid-like water layer. At this point the surface energy has reached the 

surface tension of water and is equivalent to 0.072 J/m2. At this point, the surface energy will no 

longer change since the chemical potential change of water molecules will have a negligible 

effect on the surface. When the surface reaches a liquid-like state in the microcalorimetry 

method, the heat of adsorption should equal the heat of a water molecule adsorbing to a water 

droplet. This value is equivalent to the enthalpy of liquefaction of water (-44 kJ/mol) as proven 

by previous water adsorption experiments.27 The heat of adsorption converges to -44 kJ/mol at 

relatively low coverages with surfaces that are mostly hydrophilic in nature, but the heat of 

adsorption can also deviate to less negative values if there are enough hydrophobic sites 

present.28 This is a common occurrence for nanoparticles that have a wide array of surface planes 

and have varying surface chemistries depending on synthesis method. For this set of 

experiments, both Equation 1 and Equation 4 were used to calculate the surface energy of the 

doped and undoped nanoparticles. 

 For this experiment, a 3Flex Surface Analyzer (Micromeritics Instrument Corporation) 

was used for the water adsorption measurements and a Sensys Evolution DSC (Setaram Inc.) for 

the calorimetric measurements. A total surface area of about 2 m2 is necessary to measure the 

heats of adsorption, so the BET surface area was measured and enough powder was weighed out 

to reach at least 2 m2 of surface area. The powder was then hand pressed into 2 mm diameter 
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pellets of about 10-15 mg to ensure the nanoparticles stay in the sample tube during degassing. 

The sample tubes were then attached to the DSC and 3 Flex and degassed under vacuum and 

temperature. The samples were degassed for 12 hours and a degassing temperature of 180°C was 

used for the delithiated samples and 300°C for the stoichiometric samples. Toward the end of the 

degassing segment, oxygen was introduced into the sample tube for ~20 minutes and then 

vacuum was reintroduced. This process was repeated two more times to ensure the surface was 

clean and then oxygen was backfilled again for ramping the temperature back to 25°C. The 

oxygenated environment ensures the nanoparticles are fully oxidized and there is no cobalt 

reduction near the surface. Once the sample tube equilibrates to 25°C, the vacuum is 

reestablished for ~1 hour and the BET measurement and water dosing starts. The 3Flex 

introduced water vapor at a rate of 2 mol per dose and the equilibration time was set to 2 hours, 

1 hour, and 0.5 hour. The DSC measured the heat of adsorption for each dose and the 

equilibration time was reduced as the experiment proceeded, because the initial heats of 

adsorption at lower partial pressures tend to require longer times to capture the entire heat effect 

of adsorption. The experiment proceeded until a vapor pressure (
𝑝

𝑝𝑜
) of ~0.72 was reached. For 

more background on the microcalorimetry method, the reader is referred to past publications.26,27 

Results and Discussion 

 The doped and undoped nanoparticles were synthesized with the hydrothermal method 

described and then calcined at 300°C. The XRD patterns of the nanoparticles are shown in 

Figure 4.1 and confirm the presence of the LCO phase. Dopant segregation can cause the 

formation of the La secondary phases if the segregation enthalpy is too high,29 but none of the 

expected La rich secondary phases seen in other cases (La2O3, LaCoO3) are observed here.30,31 

The peak broadening in the samples confirm the nanoscale nature of the particles through 
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estimation by the Scherrer formula.32,33 The TEM images shown in Chapter 2 and 3 also confirm 

the nanoscale nature of the particles with the nanoplatelet morphology. A secondary phase of 

Co3O4 has been detected in LCO samples calcined at elevated temperatures, but appear to only 

be present in dilute concentrations in these samples and have much lower intensities than the 

LCO peaks.  

The calcined nanoparticles were also taken through a chemical delithiation in 1.0 M and 

0.1 M HNO3 and the ICP-MS results of the nitric acid washing are shown in Table 1. The ICP 

measurements reveal nearly stoichiometric nanoparticles were synthesized with an undoped LCO 

Li/Co ratio of 1.02 and a La-doped LCO ratio of 0.96. The washing with 1.0 M nitric acid 

significantly delithiated the samples to a Li/Co concentration of 0.37 to 0.25 for 5 to 30 minutes 

of acid washing. LCO structures delithiated below a Li/Co content of 0.5 go through a phase 

transition and LCO particles are electrochemically unstable below this point due to the 

overlapping energy states of Co and O that cause oxygen gas formation.34–36 For this reason, a 

lower concentration of 0.1 M nitric acid was used to delithiate the LCO samples and produced 

Li/Co values ranging from 0.71 to 0.53 for a 5 to 30 minute wash. Similarly, the La-doped LCO 

nanoparticles had a Li/Co content ranging from 0.58 to 0.55. The La-doped nanoparticles had a 

greater amount of delithiation compared to the undoped nanoparticles. Another concern is the 

degree of Co and La dissolution, but the Co concentration remained consistent in the undoped 

samples studied and the La-doped LCO particles maintained a La/Co ratio of 0.011. These 

results show there was minimal Co and La dissolution and matches the initial doping level that 

substituted 1 mol percent of Co for the La in the coprecipitation. The samples with a wash time 

of 5 minutes in the acid were used for the water adsorption analysis to limit any structural or 

chemical changes induced by the acid at long residence times. Additionally, the XRD patterns in 
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Figure 4.1 show that the crystal structure was maintained after delithiation and the intensity and 

positions of the peaks are all generally the same as before the acid wash. Chemical delithiation 

was chosen for lithium removal because it is easier to collect the particles afterwards and can be 

easily scaled to larger amounts. Chemical delithiation yields similar particles to electrochemical 

delithiation, and although they might not be identical it is quite common to study structural and 

thermodynamic properties of these materials.37–40  

 

Figure 4.1. XRD patterns of the undoped and La-doped LCO nanoparticles calcined at 300°C 

and the patterns for the chemically delithiated nanoparticles of Li0.71CoO2 and La-Li0.57CoO2. 

The * indicates the peak corresponding to the Co3O4 phase. 
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Table 4.1. ICP-MS results of the nitric acid washed LCO and La-doped LCO nanoparticles. 

 

The four samples chosen for water adsorption were the nearly stoichiometric undoped 

LCO (Li/Co=1.02) and La-doped LCO (Li/Co=0.96), and the delithiated nanoparticles of 

Li0.71CoO2 and La-Li0.57CoO2 after 5 minutes of acid washing in 0.1 M HNO3. After the samples 

were properly degassed, the water adsorption measurement was started and the adsorption 

isotherms are shown in Figure 4.2. The isotherms match a Type II isotherm with an initial steep 

sloped linear section at very low relative pressures.41 This behavior follows the same adsorption 

behavior as oxides measured previously, although the initial linear section appears to go to 

higher water coverages compared to some oxides like the Al2O3 isotherm.26,42 In particular, the 

stoichiometric LCO goes to the highest water coverages at low relative pressures, which is an 

initial sign that it may have a higher surface energy. In this case, it takes more adsorbed water 

species to cover the surface and satisfy the high energy sites on the surface before the relative 

pressure starts increasing. Additionally, the water coverage is higher than the other three samples 

until higher relative pressures (>0.3) when the uncertainty of the measurement begins to 

increase. In general, the other three samples exhibit similar isotherms and all of them display the 

same adsorption behavior over the range of relative pressures. 

Sample Acid Concentration  Time (min) Li/Co La/Co

0 1.02 —

5 0.71 —

10 0.71 —

30 0.53 —

5 0.37 —

10 0.26 —

30 0.21 —

0 0.96 0.011

5 0.57 0.011

10 0.58 0.011

30 0.55 0.011

LCO

0.1 M

1.0 M

1% La-LCO 0.1 M
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Figure 4.2. Water adsorption isotherms for the doped and undoped LCO nanoparticles and the 

delithiated structures. 

 The heats of adsorption were concurrently measured during the water adsorption 

experiment to quantify the heat released while water adsorbed to the surface. Figure 4.3a shows 

the heat of adsorption plotted against the water coverage for the stoichiometric LCO and La-

LCO. The initial heats of adsorption at lower water coverages are more exothermic than the heats 

at higher water coverages. This is due to the highly reactive nature of anhydrous surface sites and 

the large amount of energy released from the first monolayer of adsorbed water. The initial heat 

of adsorption for the undoped LCO is -71 kJ/mol and reaches a minimum of -89 kJ/mol, and the 

initial heat of adsorption for La-LCO is -79 kJ/mol and a minimum of -90 kJ/mol. The high 

enthalpies of adsorption are also consistent with the chemisorption model previously introduced 

and the dissociative behavior of water in this stage.43,44 This matches the results from 

Cherkashinin et al. where they showed a dissociative water adsorption process on the surface of 
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LCO.45 They showed that water is able to dissociate into hydroxyl groups when bound to surface 

defects like oxygen vacancies and reactive surface Li atoms. Kim also showed a water 

adsorption mechanism demonstrating water adsorbing to surface lithium at the {003} surface 

plane.46 The curves then increase sharply to the heat of liquefaction of water (-44 kJ/mol) when 

the surface becomes more liquid-like and water molecules are adsorbing onto water. The La-

LCO increases first around a coverage of ~6 H2O/nm2 and the undoped LCO increases later 

around ~8 H2O/nm2. This difference suggests that more water coverage is necessary to stabilize 

the anhydrous surfaces of the undoped LCO and this corroborates the results observed in the 

linear portion of the adsorption isotherm (Figure 4.2). This transition from highly exothermic 

heats to the heat of liquefaction captures the transition from chemisorption to the physisorption 

stage.  

These data points have some variability in the values from low to high water coverages 

that is a new adsorption behavior not previously recorded through this method. The materials 

studied in past experiments have exhibited more of an exponential increase in heats of adsorption 

with respect to the water coverage with less variability between consecutive data points.47,48 

However, most of the morphologies studied can be approximated as spherical or nearly spherical 

as a tetrakaidecahedron. This synthesis method yields nanoplatelet structures with large 

differences in aspect ratios between the thin thicknesses and large specific surface areas of the 

length and width. We hypothesize that the plate-like morphology of the particles yields more 

highly exothermic values at low coverages for the heat of adsorption instead of seeing a gradual 

increase in the heats of adsorption. These more exothermic values lead to a sigmoidal-like shape 

in the heats of adsorption compared to an exponential due to the high fraction of a few surface 

planes. Although the surface planes may be similar, the individual adsorption sites can vary and 
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cause the fluctuations in the enthalpies measured even at high water coverages. As explained 

before, water can form structures on the surface of oxides due to the strong hydrogen bonding of 

water.22,26 The anisotropic growth of water or ice-like structures on the surface of different 

materials has been observed and shows that water can preferentially grow long interconnected 

chains from certain surface planes or morphologies.49,50 These evolving surface structures can 

lead to metastable states that lower or raise the heat of adsorption as the water restructures itself 

on the surface. It’s important to note that this data isn’t being fitted with any functional equation 

and only the cumulative effect of the heats of adsorption are being taken into account. 

 Figure 4.3b shows the heats of adsorption for the delithiated nanoparticles of Li0.71CoO2 

and La-Li0.57CoO2. Both of these samples have a less abrupt transition from the dissociative 

water adsorption phase to the physisorption stage. Additionally, the shape of the curves, the La-

Li0.57CoO2 especially, tend to be more exponential in shape compared to the stoichiometric 

samples. The delithiation of the samples seems to have created a larger distribution of adsorption 

sites, which leads to highly exothermic heats in the anhydrous state and a more gradual transition 

to the liquid-like surface coverage. The delithiated La-LCO has some high energy sites in the 

anhydrous state that leads to the greatest exothermic heats at low water coverages of -112 kJ/mol 

and -79 kJ/mol for the Li0.71CoO2. The higher heats of adsorption could be due to the higher 

degree of delithiation in the doped sample and the introduction of more surface defects. This 

would follow the dissociative model developed by Cherkashinin et al. where dissociation of 

water primarily happened at surface defects like oxygen vacancies and surface lithium.45 The two 

curves follow similar adsorption behaviors after the very low coverage region (>2 H2O/nm2) by 

converging to -44 kJ/mol and following similar behavior in the isotherm as well (Figure 4.2).  
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Figure 4.3. Differential enthalpies of adsorption measured with the water coverage for (a) LCO 

and La-LCO, and (b) Li0.71CoO2 and La-Li0.57CoO2. 

(a) 

(b) 
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 The surface energies were then calculated from the water adsorption data and the 

microcalorimetry data. Equation 4 was used to calculate the surface energy from the heats of 

adsorption and Equation 1 developed by Fang et al. was used to calculate surface energies from 

the water adsorption data alone. The results are summarized in Table 4.2 for all four of the 

samples. The surface energies from microcalorimetry were calculated by finding the point where 

the heats of adsorption intersect with the heat of liquefaction at -44 kJ/mol. The surface energy at 

this point is set to 0.072 J/m2 and is equivalent to the variable, 𝛾𝑠. From this boundary condition, 

the water coverage and heats of adsorption were cumulatively added to each other to reach the 

anhydrous surface energy, 𝛾0
𝑠. A similar method of establishing the boundary condition where 

the surface becomes liquid-like and the energy reaches 0.072 J/m2 was used for the Fang surface 

energies. Determining the relative pressure or water coverage value where the surface reaches 

the surface tension of water, is difficult from just looking at the adsorption isotherms. The 

calorimetry data is one of the best indicators of the correct water coverage point where the 

surface becomes liquid-like. The water adsorption data can also be used by calculating surface 

energy from the relative pressure data with no assumption of the boundary conditions through 

Equation 1 and plotting it against the water coverage data. Figure 4.4 shows the derivative of 

the calculated energies to look for inflection points where the rate of change of the energies 

begins to decrease after the plateau between coverages of 7 and 11 H2O/nm2. This range is of 

specific interest since the heat of adsorption data nears -44 kJ/mol in this region and the 

inflection after the plateau indicates a change in the water adsorption mechanism. The LCO and 

La-LCO are the easiest to determine where the rate of change begins decreasing significantly 

after the plateaus near coverage of 10 and 9 H2O/nm2, respectively. The delithiated samples have 

continuous decreases in the derivatives and inflection points are more difficult to establish, so the 
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second derivative was plotted and showed an inflection near 9.5 H2O/nm2. All of these values 

were compared to the heats of adsorption and had good agreement with the water coverage 

where the heats converged to -44 kJ/mol. Using the set of data from Figure 4.3 and Figure 4.4 

the boundary conditions for each sample were set and are in Table 4.2. 

Table 4.2. Anhydrous surface energies of all four LCO samples calculated from Equation 1 and 

Equation 4 and the water coverage value where the surface energy is equivalent to 0.072 J/m2. 

 

 

Figure 4.4. Derivative of the surface energy calculated from Equation 1 for all four samples as a 

function of water coverage. 
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The surface energy of the undoped LCO nanoparticles was consistently higher for both 

methods compared to the other three samples. The La-doped surface energies were reduced from 

1.23 J/m2 to 1.07 J/m2 for the calorimetric data and from 1.33 J/m2 to 1.09 J/m2 with the equation 

from Fang. The decrease in surface energy is expected from the La segregation to interfaces and 

following results from previous studies.11,51 These results also follow the previous results 

utilizing the heat of sintering to determine the interfacial energies in Chapter 3. Those results 

produced a surface energy of 1.30 J/m2 for the undoped LCO and 1.11 J/m2 for the La-doped 

LCO. These values are in good agreement with the water adsorption measurement and provide 

more direct evidence that the La helps stabilize the nanoparticle surfaces. Experimental 

measurements of LCO surface energies through drop solution calorimetry and water adsorption 

were also attempted by Maram et al.13 They calculated an anhydrous surface energy of 1.25 J/m2 

which is also in excellent agreement with the previous measurements. Additionally, several 

groups have computationally studied LCO surface energies and reported values of ~1.0 J/m2 for 

{001} surfaces, ~1.1 for {104} surfaces, and ~2.2 J/m2 for {110} surfaces.15,52 It’s important to 

note that the experimental methods measure average surface energies, but the surfaces contained 

in the nanoplatelets are predominately {001} and {104} with a few other low index surfaces. The 

surface energies measured for the nanoplatelet morphology matches well with this assumption 

assuming predominately low energy surfaces in the 1.0-1.1 J/m2 range with a fraction of higher 

energy surfaces that raise the overall average surface energy. Overall, the experimental 

measurements are consistent with previous experimental and theoretical work measuring the 

surface energies. 

 The delithiated LCO sample also decreased in surface energy relative to the 

stoichiometric LCO. The Li0.71CoO2 decreased to a surface energy of 1.02 J/m2 for the 
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calorimetry method and to 1.07 J/m2 for the Fang equation. Intuitively, one might expect a 

surface energy increase for the delithiated sample due to the reported degradation mechanisms 

that occur in LCO during battery cycling.53 Kramer and Ceder actually reported DFT 

calculations showing the opposite effect for {001} surfaces and discovered surface energies 

decrease as surfaces are delithiated.52 The polar {001} surface has a few different termination 

layers (Li, Co, O), but the Li layer termination is the most stable as the O termination requires a 

strongly reducing environment to be stable and under coordinated surface Co is unfavorable.54 

Therefore, the most likely surface termination is at a Li layer, so constructed surfaces were made 

with a half monolayer (1/2 ML) of Li on the top and bottom surface for the fully stoichiometric 

LCO case which yielded a surface energy of ~1.0 J/m2. They also studied Li terminations that 

reduced the surface Li to a 3/8 ML, 1/4 ML, and 1/8 ML and saw a corresponding decrease in 

surface energy with less surface Li. The 3/8 ML slightly decreased surface energy to ~0.95 J/m2 

and the 1/4 ML stability window ranges from a surface energy of 0.6-0.95 J/m2. The acid 

washing of the {001} surface leads to chemical delithation and a consequent reduction in 

average surface energy of the Li0.71CoO2 from the decrease in {001} surface energies. Future 

studies will address this effect further by doing more surface energy measurements on delithiated 

samples of LCO. 

 Contrastingly, there was essentially no change to the La-doped sample that was 

delithiated to La-Li0.57CoO2. The surface energies of La-Li0.57CoO2 were 1.08 J/m2 for the 

calorimetry data and 1.04 J/m2 for the Fang method, which are very close to the values for the 

stoichiometric La-LCO. This is an interesting result that shows the stabilization effect of dopant 

segregation at surfaces. The undoped LCO saw a reduction of 0.21-0.26 J/m2 upon delithiation to 

a Li content of 0.71, but the La-doped sample saw changes <0.05 J/m2 for delithiation to 0.57. If 
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there was no stabilization effect of the La, one would expect a more significant decrease in 

surface energy relative to the undoped LCO due to the higher degree of delithiation. The dilute 

doping of surface La must stabilize the surface energy to prevent large fluctuations in the surface 

stability regardless of lithium content at these Li levels studied. 

 The surface energies were also plotted as a function of water coverage for both methods 

with the calorimetry method shown in Figure 4.5a and the surface energies calculated from the 

Fang equation shown in Figure 4.5b. Both figures show the undoped LCO has the highest 

surface energy regardless of the water coverage. As expected from the data in Table 4.2, the 

other three samples follow similar surface energy trends since they have very close anhydrous 

surface energies. The two figures demonstrate the difference in the two calculation methods 

comparing the calorimetry data to the pure water adsorption data. Both methods have the same 

boundary condition declaring the surface energy equivalent to 0.072 J/m2 at a given coverage 

and approach the anhydrous surface energy at very low water coverages. However, Equation 1 

has a greater dependence on the water coverage at higher water coverages and has smaller effect 

on surface energies at low coverages. The surface energies from Equation 4 have more of a 

linear dependence on the water coverage due to the cumulative summing of the heats of 

adsorption. Although there are differences in the water coverage dependence, both equations 

used were able to provide surface energies consistent with each other. 
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Figure 4.5. The measured surface energy of all four samples as a function of the water coverage 

for (a) the calorimetry method (Equation 4) and (b) the Fang method (Equation 1). 
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 The surface energy measurements demonstrated the effectiveness of doping and the 

utility of using multiple models for surface energy calculations. The La-doped LCO had lower 

surface energies than the undoped LCO and confirmed the stabilization effect of the dopant 

segregation. Additionally, the water adsorption proved that the delithiated undoped LCO 

decreases in surface energy relative to the stoichiometric material while the La-doped 

nanoparticles have consistent surface energies upon delithiation. It might be argued that this 

surface energy reduction could be beneficial for the stabilization of the nanoparticles in the 

undoped case. However, lithium intercalation from the anode into the cathode is a crucial part of 

lithium ion battery operation and the capacity of a cathode material is proportional to the amount 

of available Li for intercalation.36 If there are {001} surfaces that are no longer 

thermodynamically favorable sites for lithium intercalation, this could lead to a decrease in 

performance of the cell. This is a minimal issue in bulk LCO cathodes with low surface area, but 

the fraction of atoms located at or near surfaces in nanomaterials or even microscale increases 

significantly. The La stabilization of the surface energy could lead to a more reversible Li 

intercalation process and improve the long term cycling behavior of the cell, because the Li is 

thermodynamically stable enough to go back to the {001} surfaces. Capacity fading is a severe 

problem in nanomaterials and this framework of surface stabilization could improve their utility 

and application in lithium ion batteries. 

Conclusion 

 The water adsorption measurements demonstrated a useful technique for quantifying the 

surface energies of nanoparticles and proved to be an effective model for screening doped 

materials. Both of the techniques using microcalorimetry and only water adsorption data 

corroborated the surface energy results showing a clear decrease in surface energy for 1 mol % 
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La-LCO compared to undoped LCO nanoparticles. Additionally, the adsorption data showed 

surface energy decreases upon delithiation to Li0.71CoO2 and confirmed the previous DFT results 

from Kramer and Ceder. However, La-doped materials delithiated to La-Li0.57CoO2 have 

consistent surface energy values compared to the fully stoichiometric LCO due to the 

stabilization effect of La segregation. The trends in these values also continued from the 

anhydrous state to the fully hydrated values converging to the surface tension of water. This La-

doped stabilization effect could be used to enhance the long term cyclability of nanoscale lithium 

ion cathode materials and will be the focus of future work. 
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Chapter 5: Conclusion and Future Works 

Conclusion 

The interfacial stability of LCO nanoparticles was improved through dopant segregation 

utilizing computational and experimental approaches. Molecular static calculations developed an 

energetic map of segregation potentials for divalent, trivalent, and quadrivalent dopants (Chapter 

2). The calculations also demonstrated the dependence of the dopant segregation energy on the 

specific structure and chemistry of the interface for the four structures studied (grain boundaries 

and surfaces). This methodology informed the synthesis protocol for La-doped LCO 

nanoparticles, as lanthanum is a dopant with high segregation energy to all interfaces. La-doped 

and undoped LCO nanoparticles were synthesized and confirmed to have La segregation to 

surfaces and grain boundaries. In Chapter 3, the interfacial energies were determined from 

measuring the heat released during microstructural evolution in a DSC. The results showed a 

reduction in surface energy for La-doped LCO and confirmed the stabilization effect of dopant 

segregation. The La also provided resistance to coarsening and the doped nanoparticles 

maintained high specific surface areas with smaller crystallite sizes. The delithiated nanoparticles 

were studied with a water adsorption apparatus and showed a decrease in surface energy upon 

removal of lithium from undoped nanoparticles. Contrastingly, the La-doped nanoparticles 

maintained a similar surface energy after delithiting to Li/Co levels of 0.57. This surface 

stabilization could play a critical role in the application of nanoscale cathode materials in lithium 

ion batteries. The dopant segregation helps create a more stable energy landscape for 

nanoparticles that could help reduce some of the degradation mechanisms seen in batteries 

(transition metal dissolution, coarsening, intergranular cracking, etc.) causing capacity fading. 

Overall, the thermodynamic stability of LCO nanoparticles was improved and further 
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understanding of nanoparticle stability could help expand the application of nanostructured 

cathode materials. 

Future Works 

 This work can be utilized to explore a number of new directions in the interfacial design 

of nanomaterials. Although some initial electrochemical studies were performed with promising 

results, they were not included here and need to be explored further. Electrochemical cycling 

experiments could demonstrate how dopants reduce capacity fading and improve the long term 

cycling behavior of batteries. Additionally, it could show us how different dopants impact the 

charge transfer resistance of lithium in the battery. For example, large ionic radius dopants like 

lanthanum might provide thermodynamic stability, but also cause more resistance for lithium 

diffusion due to the large size of the dopant. In this case, a smaller dopant like scandium might 

provide some interfacial stability and resistance to coarsening, while having less of an impact on 

the cycling behavior. 

 Similar to the electrochemical work, designing ionically and electronically conductive 

grain boundaries could greatly expand the use of nanomaterials. Many researchers are expanding 

into solid state battery systems because of their safety features, but grain boundaries can provide 

resistance to charge transfer. A more in depth study into how dopants can change the 

conductivity and electronic nature of the grain boundaries to facilitate lithium diffusion and 

electron flow would help progress the understanding of grain boundary structures. Some 

molecular dynamics and Monte Carlo simulations could help with designing specific surfaces 

and grain boundaries. This study was limited by using a Buckingham-Coulomb potential with set 

oxidation states of the Co and O atoms in order to find compatible potentials for the ten dopants 

studied. A subset of dopants studied with a charge transfer model would help take into account 
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the electronic nature of the Co and O to capture their oxidation state changes when interfaced 

with dopants. Delithiated structures and the effect of doping could also be studied with a charge 

transfer model to see interfacial and structural reconstructions as a function of lithium content. 
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