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 ABSTRACT  

Battery performance and its degradation are determined by various aspects such as 

the transport of ions and electrons through heterogeneous internal structures composed of 

constituent particles, kinetic reactions at the interfaces, and a corresponding interplay 

between mechanical, chemical, and thermal responses. Further, modern battery materials 

require a variety of engineering processes such as coating, doping and mixing. As a result, 

in order to fully understand the behavior of the battery material and improve battery 

performance, it is necessary to understand and control the individual particle behavior and 

then connect it to the electrode. This study elucidated the physical phenomena associated 

with coating and grain boundaries and addressed the impact on cell-level performance. We 

also studied how to improve battery performance by changing the material and geometry 

of electrode components. The study was divided into three topics. First, it has been proved 

how an optimal layer thickness of CeO2 layer by ALD is better than too think or too thick 

layer in terms of li-ion diffusion, transition metal-ion dissolution and mechanical damage. 

Second, it was shown that how grain boundary can improve the cell performance 

significantly. Grain-boundary possesses different diffusion co-efficient than the bulk and 

thus the performance is different than the electrodes where no grains are considered. Also, 

it was shown how grain boundary has impact on stress generation for both cathode and 

anode particles. Finally, an attempt has been made to use Ni-VOx based nanofiber 

supported with carbon nanofiber to be used as an anode for advanced li-ion battery. Not 

only the process is simple but also the cell showed improved reversibility at a current rate 

of 100 mA/g. 
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1. INTRODUCTION 

With the mounting energy crisis from non-replenshible, dwindling fossil fuel 

sources, green energy sources such as solar, wind, hydroelectric power etc. are gaining 

paramount attention. However, unmanageable and sporadic nature of these renewable 

energy source, results in enormous demands of energy storage systems. Lithium Ion 

batteries are currently the cutting-edge energy storage devices. After the invention of first 

lithium based primary battery in 1912 by G.N.Lewis, engineers and scientists finally 

overcome the reactive characteristic of lithium metal and turned this into a secondary cell. 

In year 1991 Sony made first successful commercial version. Now, Li-ion battery occupies 

the majority of the battery market thanks to its unmatchable combination of high power 

and energy density. From Portable electronics such as phone, tablet to electric vehicles and 

NASA based aerospace missions, li-ion battery powers everything. Now, Lithium metal 

has been replaced by different types of electrode materials, making it more safe, reliable 

and reversible over several hundred cycles. 

 

1.1 LITHIUM ION BATTERIES: PRINCIPLE AND OPERATION  

As the name suggest, lithium-ion battery mainly relies on the repeated transfer of 

lithium ions to power up the devices. The lithium ion battery is made up of three active 

components: the cathode, the anode, and the electrolyte. Although the cathode and the 

anode are both referred to as electrodes and, in rechargeable batteries, switch depending 

on whether the battery is being charged or discharged, this work refers to the cathode and 

anode as static and defined by discharge.  
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Figure 1.1. Schematic illustration of a lithium ion battery. The lower pictures in the figure 

are scanning electron microscope (SEM) images of different battery component 

materials. From left to right, a negative electrode using graphite as active particle 

materials and a positive electrode using LiMn2O4 active particles. 

 

During discharge process, the anode, typically graphite, loses positively charged 

lithium ions to the electrolyte, freeing up electrons. The cathode, variable but typically a 

lithium compound, gains positive lithium ions from the electrolyte. The freed electrons 

from the anode side travel through the attached load to the cathode side in order to balance 

the newly created charge imbalance. On the other hand, while charging lithium ion travels 

from the cathode to the anode through the electrolyte.  Both electrodes have current 

collectors, metallic conductors that attach the electrode to the outside electrical system, and 

can be thought of as the terminals of the battery. A charge balance is preserved in the cell 

through the continuous movement of li ions and electrons.  For current Li-ion batteries,  
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some of the most common cathode materials are transition meal oxides (layered and spinel 

compounds), phosphates (olivine compounds) and Titanate such as LiMn2O4, LiCoO2, 

LiFePO4, LiCoCO2, LiCo1/3Mn1/3Ni1/3O2 etc., while graphite is the much used anode 

material.[1–5] The electrochemical redox reactions of Graphite/LiMO2 (M= Mn, Ni, Co 

etc.) system are described below: 

• Negative electrode: LixC6 → C6 + xLi+ + xe- (anodic reaction; oxidation) 

• Positive electrode: Li1-xMO2 + xLi+ + xe- → LiMO2 (cathodic reaction; reduction) 

• Overall reaction: LixC6 + Li1-xMO2 → LiMO2 + C6 

The electrodes also have additional non-reacting elements, such as carbon black, to 

enhance electron transport to and from the current collector as well as a binding agent to 

maintain cohesive macro-structure and ensure electrical contact. The part of the electrode 

that interacts with the lithium ions is more specifically called the active material, and 

consists of multiple nanoparticles. In addition, there is a non-participating solid but porous 

separator between the two electrodes. This is here to prevent any electrical contact between 

electrodes, as metallic lithium ion far-reaching dendrites can form on the electrode surface 

and could risk an electrical short in the system if left unguarded. 

 

1.2. DEGRADATION MECHANISM OF LI-ION BATTERIES 

Yet looking to the future, the usefulness of li ion batteries to power the ever-

growing world’s needs are treated with skepticism. Li-ion batteries suffer from several 

degradations depending upon the material chemistry. Although intercalation type of 

cathode materials are the much popular one because its framework guarantees the cell 

chemistry reversibility. However, their stationary lattice structure can mostly 
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accommodate on Li per transition metal, giving much less li intercalation capacity. These 

intrinsic limits can be overcome by using the conversion-reaction materials. Conversion-

reaction materials undergo a conversion reaction with lithium and often accommodate 

more than one Li atom per transition-metal cation: [6] 

𝑀𝑎𝑋𝑏 + (𝑏. 𝑛)𝐿𝑖+ ↔ 𝑎𝑀 + 𝑏𝐿𝑖𝑛𝑋 (1) 

(M= Ni, Mn, Fe, Co, Ni, Cu, Cr etc., X=O, F, N, S, P, H, etc. and n is the oxidation 

state of X). Even though these materials always shuttles multi-ions and possess 

remarkable specific capacities, the challenges like low electronic conductivity, voltage 

hysteresis and volume expansion during charging/discharging limits the rate capability, 

decays the capacity, hinders cycling stability and causes the low energy efficiency. 

Currently the most commonly used anode materials are based on graphite and 

lithium alloyed metals. Graphite based materials consist of sheets packed in hexagonal 

(AB) or rhombohedral (ABC) arrangements.[7] Upon lithium ion insertion, graphene 

staging occurs where the graphene sheets stacked themselves in AA arrangement. Despite 

several advantages such as abundance, minimal cost and suitable electrochemical 

properties, graphite carbon shows poor lithium intercalation capacity compared to Li alloy 

anodes. Thus graphite material suffers from high irreversible capacity loss, lithium 

dendrite formation etc. Lithium-metal alloys (M= Al, Mg, Sn, Sb etc.) showed excellent 

intercalation capacity. However, this alloys suffered from high volumetric change during 

li insertion/de-insertion, causing the cycling instability over time.  Li4Ti5O12 have emerged 

as a potential anode material as it has higher rate capability, cycling stability and structural 

stability due to lower volumetric change (less than 0.2%).[8] However, its high operating 

voltage and low capacity restricted its use to only low energy density applications. Also, 
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significant research has been done on the metallic element based such as Si and Sn based 

materials as high capacity anode materials.[9–12] Despite extremely high capacity at 

initial cycle, these materials loses the capacity significantly with time and the main culprit 

is enormous volume change during li intercalation/de-intercalation, shattering the 

structural integrity. Several efforts on industrial and academic levels are underway looking 

for inter-metallic composite anodes with high capacity and cycling stability. 

 

1.3. CELL ELECTRODES: IMPORTANCE AND IMPROVEMENT 

The physical and chemical properties of the electrode material influences the 

overall battery performance and thus must be reviewed and used appropriately. Unwanted 

intrinsic chemistry and inherent defects the raw material causes the less capacity utilization. 

Along with material selection, convenient skeletal modifications are necessary for 

improved cell performance.  

1.3.1. Improvement of Electrodes Particle via Coating.  Advances in the li-ion 

battery cycling performance has been achieved by the deposition of nano-coating layer on 

surface of another nanoparticles. Several deposition techniques such as Chemical vapor 

deposition, Pulsed laser deposition, Sputtering and Atomic layer deposition (ALD) has 

been thoroughly researched. ALD is a much popular method to deposit conformal, pinhole 

free ultra-thin films on complex electrode substrates. The lithiated cathode materials such 

as LiMn2O4, LiCoO2, LiFePO4 and unlithiated transition metal oxides such as TiO2, Co3O4, 

V2O5, ZrO2, Al2O3, CeO2, NiO, Fe3O4, MnO2, SnO2 etc. are some of the electrode material 

that has been used for ALD coating.[13–25]  

 



 

 

6 

1.3.2. Grain Boundary Induced Improvement in Electrode Particles. The 

synthesizing method influences the micro-morphology of electrode structure by changing 

the crystallinity atomic order, thus causing the different electrochemical performances of 

the same electrode material. Grain boundaries affects the material electro-mechanical 

properties to a large extent. For the battery material, lithium ion conducting behaviors will 

largely depend on the electrode microstructures such as density, domain boundaries and 

atomistic structures. All these structural factors will significantly contribute to the overall 

conductivity of the material.[26–32] 

1.3.3. Structural Improvement of Electrodes. Modification of electrode 

architectures brings good li-ion cell capacity retention without damaging the host structure. 

0D structures-nanoparticles, 1D structures-nanowires, nanofibers and nanotubes, 2D 

structures-layered material and 3D structures-mesoporous structures are the commonly 

researched electrodes.[33–36] Nanoparticles shorten the li ion diffusion paths and also, 

lessens the mechanical damage during li insertion/de-insertion and thus, improving the 

cycling performance. 1D structures possess all the benefits of nanoparticles and also, has 

higher surface area to volume ratio for the electrode-electrolyte interfaces, efficiently 

transports the electrons along the longitudinal direction. 2D materials such as graphene and 

MoS2 are very thin and thus exhibits instantaneously accessible electrochemically active 

sites. 3D structures with high mesopores and high surface area leads to efficient electrolyte 

penetration throughout the electrode material, improving the capacity retention and cycling 

stability significantly. 
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2. SCOPE AND OBJECTIVE 

In the first part, a multiphysics-based model which takes into consideration stress 

mechanics, diffusion of lithium ion, and dissolution of transition metal ions of spinel 

LiMn2O4 cathode is reported. The model analyzes how different CeO2 coating thicknesses 

affect diffusion-induced stress generation and, ultimately, crack propagation. 

Experimentally measured diffusivity and dissolution rates were incorporated into the 

model to account for a trade-off between delayed transport and prevention of side reactions  

In the second particle-level model has been developed which incorporates the grain 

boundary diffusion in the electrode particles for the anode and cathode electrodes. The 

developed model is compared against the grain-less model at various operating conditions 

to understand how grain boundaries influence capacity and stress generation in Li ion 

batteries.   

In the third part, synthesis of carbon supported flexible Nickel wrapped vanadium 

oxide electrodes for high performance li-ion battery is reported. The electrode will be used 

as it is without the need of extra binders and conductive agents. Cyclic performances of 

bare, 3wt% Ni added and 5 wt% Ni added VOx CNF has been examined and it was shown 

how the amount of Ni matrix has a significant impact on overall cell performance and 

cycling stability. 
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PAPER 

I. UNVEILING THE ROLE OF CEO2 ATOMIC LAYER DEPOSITION 

COATINGS ON LIMN2O4 CATHODE MATERIALS: AN 

EXPERIMENTAL AND THEORETICAL STUDY 

Susmita Sarkar1, Rajankumar L. Patel2, Xinhua Liang2, Jonghyun Park1,* 

1Department of Mechanical Engineering, Missouri University of Science   

and Technology, Rolla, MO 65409, United States 

2Department of Chemical and Biochemical Engineering, Missouri 

University of Science and Technology, Rolla, MO 65409, United States 

*Corresponding author Email: parkjonghy@mst.edu 

 

ABSTRACT 

An Atomic Layer Deposition (ALD) coating on active materials of a lithium ion 

battery is a more effective strategy for improving battery performance than other coating 

technologies. However, substantial uncertainty still remains about the underlying physics 

and role of the ALD coating in improving battery performance. Although improvement in 

the stability and capacity of CeO2 thin film coated particles for batteries has been reported, 

a detailed and accurate description of the mechanism has not been provided. We have 

developed a multiphysics-based model which takes into consideration stress mechanics, 

diffusion of lithium ion, and dissolution of transition metal ions of spinel LiMn2O4 cathode. 

The model analyzes how different coating thicknesses affect diffusion-induced stress 

generation and, ultimately, crack propagation. Experimentally measured diffusivity and 

mailto:parkjonghy@mst.edu
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dissolution rates were incorporated into the model to account for a trade-off between 

delayed transport and prevention of side reactions. Along with experimental results, density 

functional theory results are used to explain how a change in volume, due to dissolution of 

active material, can affect battery performance. The predicted behavior from the model is 

well matched with experimental results obtained on coated and uncoated LiMn2O4-Li foil 

cells. The proposed approach and explanations will serve as important guidelines for thin 

film coating strategies for various battery materials. 

 

Keywords: 

Lithium Ion battery, ALD coating, battery degradation model, Lithiation-induced stress, 

Mn dissolution 

 

1. INTRODUCTION 

Lithium-Ion Batteries (LIBs) are used in a variety of applications, including 

portable devices and transportation/stationary applications. However, their cycle 

performance cannot keep pace with ever-burgeoning consumer demand. Besides 

developing new electrode materials, surface coatings have been scientifically proven [1–

3] to be a budgetary and attainable technology that can overcome a poor cycle lifetime. 

Through the process of making thin wall on a Sb hollow yolk,[4]  embedding NiSb alloy 

in carbon hollow spheres,[5] and by the formation of hierarchical Fe3O4@PPy 

nanocages[6], high capacity and extreme cycling stability has been achieved for Li-ion 

batteries. However, the understanding of surface coating physics and its functionalities is 

still in its infancy, and is critical to the development of next generation LIBs. Despite 

numerous reports of surface coatings, such as sol-gel[7–9] and CVD techniques,[10],[11] 
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these are not suitable for nanoscale applications due to a lack of control of surface 

thickness, consistency, and conformity. Atomic Layer Deposition (ALD) has proven to be 

the best method for depositing continuous and conformal films.[12–14] The ALD process 

is based on sequential self-limiting, non-overlapping, and self-saturating surface reactions, 

so it can be employed to deposit defect-free, conformal atomically thin layers.[15–17] 

These layers then act as protective barriers to improve battery life and prevent degradation, 

even with elevated temperatures and fast cycle rates. Maximum initial capacity and 

capacity retention for a long cycle life for LIBs have been examined by applying various 

coating materials (such as AlF3,[18–21] Al2O3, [22,23] MgO,[24] SiO2,[25,26] 

ZrO2,[27,28] and TiO2),[29] while the coating thickness subsequently changed from a sub-

micrometer range to a nanometer range. Recently, the authors demonstrated that an 

optimized CeO2 film (~ 3 nm), coated with LiMn2O4 particles, exhibited a significant 

improvement in capacity and cycling performance, as compared to uncoated, Al2O3 coated, 

and ZrO2 coated samples at room temperature, and at 55 °C for long cycling numbers 

(1,000 cycles).[30]  

So far, the proposed mechanisms that explain performance improvement, via 

coating strategy, can be summarized as follows. First, cell voltage rapidly drops at high 

currents due to the semiconducting or insulating properties of electrode materials. Here, a 

thin layer of conductive material on the surfaces of electrodes can provide fast electrons by 

reducing interfacial resistance.[31] Moreover, when the operating voltage of a cathode 

exceeds the electrolyte oxidation, the cathode intensifies the decomposition of the 

electrolyte. The produced hydrofluoric acid (HF) dissolves transition metal ions and erodes 

the surfaces of the active materials. In this case, the coating not only slows down surface 
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corrosion, but also retards the gradual surface oxidation of low-valent active materials 

(such as LiFePO4 and VO2).[32–35] Additionally, coating layers can act as flexible shells 

to accommodate volume expansions and contractions of active materials during Li 

intercalation/de-intercalation.[36]   

Despite the fact that several researchers have identified the beneficial roles of 

electrode coating, only a few reports have been published concerning weighable features 

of surface coating techniques based on comprehensive and quantitative analyses. A few 

studies have been reported that focus on the transport of lithium ions through some 

insulating or semi-conductive coating materials. For Al2O3 coating, Li3.4Al2O3 was found 

to be the most energetically suitable structure of lithiated alumina, as lithium ion diffusivity 

was higher in the optimal concentration than in the diluted Li concentration.[37] An ohmic 

electrolyte model that assumed electrical insulation, but ionic conductivity of many ideal 

coatings (α-AlF3, α-Al2O3, m-ZrO2, c-MgO, and α-quartz SiO2 ), predicted a lithium 

diffusion coefficient and solubility in those coating materials.[38] The passivation 

properties of the coating materials on electrode surfaces were investigated through first-

principles calculation. This revealed how an ALD coating could better retard the electron 

transfer process in electrolytes and reduce solvent decomposition, as compared to bare 

electrodes.[39] However, atomistic-level studies of coating properties have been 

inadequate in accounting for measurable improvements in battery performance or 

irreversible capacity loss. Further, scattered reports in the literature have investigated the 

underlying properties of coatings by mainly focusing on the diffusion properties of lithium 

ion.  
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This paper reports a comprehensive and quantitative understanding of the intrinsic 

properties of the ALD-coated active materials. Figure 1 depicts (a) a CeO2-ALD thin film 

coated cathode particle and (b) a half-cell containing positive electrode materials enveloped 

by a uniform CeO2 thin film. 

  

Figure 1. (a) Illustration of CeO2 based ALD coating on LiMn2O4 particle; (b) Schematic 

showing transportation of ions inside the li ion battery. Coating allows the faster 

movement of Li+ ions but delays the transition metal ion (Mn3+) diffusion. 
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To explain the behavior of Li diffusion, stress generation, and metal ion dissolution, 

a coupled mechanical-electrochemical model (based on a single particle) was developed. 

Based on the authors’ published diffusivity measurements,[40] the coating thickness-

dependent electronic and ionic conductivity effects were investigated here. The trade-off 

impacts of coating thickness on mechanical stability, transfer delay, and side reaction 

prevention were satisfactorily explained via the developed Multiphysics model. Further, 

first-principle calculations were used to compare the estimated volume changes of the 

active materials (due to dissolution) from the measured and literature values. Results from 

the Finite Element Method (FEM) simulation and experimental observations showed a 

general consistency with the Density Functional Theory (DFT) simulation outcome. The 

predicted capacities of uncoated and coated particles were similar to the experimental 

results,[30] indicating appropriate assumptions for the proposed mechanisms and multiple 

input parameters. These combined results shed light on the fundamental physical 

mechanism of an ALD-coated electrode in relation to its inherent electrochemical status.   

 

2. COMPUTATIONAL METHODS 

A single LiMn2O4 (LMO) particle, uncoated or coated with different thicknesses, 

was considered in the model to simplify the system without including binders and 

conductive agents, as in the references.[41],[42] This model assumed that the cathode 

particles were homogeneous,  isotropic, and single-phase spherical particles. Considering 

the symmetry boundary conditions, ½ geometry was employed, as shown in Figure 2, to 

improve computational efficiency.  
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Figure 2. LiMn2O4 particle, representing interface boundary conditions. ½ Geometry was 

utilized considering the symmetry boundary condition. At the cathode and electrolyte 

interface, electric potential and li flux is governed by charge-transfer reactions. At 

symmetry boundaries, both electronic and li flux must disappear. The charge/discharge 

current is specified at current collector and cathode interface. 

 

In this model, three key physics were integrated:  

(1) The intercalation of lithium ions creates stress in the particles, which can lead to 

cracking. The generation of stresses and the stress-strain relationship with the 

concentration gradient in an isotropic media can be written as 

 ℰ𝑖𝑗 =
1

𝐸
 [(1 + 𝛾)𝜎𝑖𝑗 − 𝛾𝜎𝑘𝑘𝛿𝑖𝑗] +

Δ𝐶𝑠Ω

3
𝛿𝑖𝑗 

(1) 

Where ℰ𝑖𝑗  and 𝜎𝑖𝑗 represent strain and stress components, respectively. E is Young’s 

modulus, 𝛾 is Poisson’s ratio, 𝛿𝑖𝑗 is Kronecker delta, Ω is the partial molar volume of 

solute, and ∆Cs is the concentration change of the diffusion species from the original value. 

The stress value is coupled with the diffusion problem using the following equation, 
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−𝐷 (∇𝑐𝑠 −  
Ω𝑐𝑠

𝑅𝑇
∇𝜎ℎ) ·  𝑛 =  

𝑖𝑛

𝐹
 

(2) 

Where σh is the hydrostatic stress. (2) The electronic and ionic transport considering mass 

and charge balances in the electrolyte and solid phases. For example, mass balance and 

charge balances in the solid phase are given by 

𝜕𝑐𝑠

𝜕𝑡
=

1

𝑟2
∇. (𝑟2𝐷𝑠∇𝑐𝑠) 

(3) 

∇(−𝜎𝑠∇𝜑𝑠) = 0 (4) 

Where Cs is the concentration of lithium at the surface of the sphere for a cathode, D s is 

the diffusion coefficient of lithium in the solid phase, σs is the solid phase conductivity, 

and ϕs is the local potential for an electrode. 

(3) Mn dissolution and the corresponding side effects that include solvent oxidation, 

electrolyte decomposition, and hydrogen reduction reaction. For example, the current 

density due to electrolyte oxidation is given by  

𝑗𝑜𝑥𝑖𝑑𝑒 = 𝑎𝑐𝑖0
𝑠𝑜𝑙 {𝑒𝑥𝑝 [

𝛼𝑎
𝑠𝑜𝑙

𝑅𝑇
𝐹𝜂𝑜𝑥𝑖𝑑𝑒] − 𝑒𝑥𝑝 [−

𝛼𝑐
𝑠𝑜𝑙

𝑅𝑇
𝐹𝜂𝑜𝑥𝑖𝑑𝑒]} 

(5) 

Where 𝜂𝑜𝑥𝑖𝑑𝑒 = 𝜙𝑠 − 𝜙𝑒 − 𝑈𝑜𝑥𝑖𝑑𝑒
𝑒𝑞

 and  𝑎𝑐 is the surface area per unit volume for solvent 

oxidation. Another important effect of dissolution is the volume fraction change and 

particle connectivity change that result in effective transport properties. These effective 

transport properties are described by Bruggeman’s relation that utilizes the volume fraction 

of each material phase as[43],[44]  

𝐷𝐿𝑖+
𝑒𝑓𝑓

= 𝐷𝐿𝑖+
0 [1 − (

휀𝑝𝑜𝑠0 − 휀𝑝𝑜𝑠

휀𝑝𝑜𝑠0
)

𝑛1

] 
(6) 
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𝑘𝑒𝑓𝑓 = (휀𝑒)1.5𝑘𝑒 (7) 

𝜎𝑒𝑓𝑓 = (휀𝑒)1.5𝜎𝑠 (8) 

Where 𝐷𝐿𝑖+
0  is the initial diffusion coefficient, n1 is the adjustment factor for the diffusion 

coefficient of lithium ions in the electrolyte, and 𝑘𝑒 and 𝜎𝑠 are the initial ionic and 

electronic conductivity of the electrolyte and solid phase, respectively. All necessary 

equations are given in the supporting information (Table S1, S2, and S3). 

Calculation of the model was performed using COMSOL MULTIPHYSICS®. One 

important phenomenon of Mn dissolution is volume change and the corresponding 

effective property changes and contact loss. Density Functional Theory (DFT) calculations 

were used to measure the exact volume change due to Mn dissolution. The GGA 

(Perdew−Burke−Ernzerhof (PBE) exchange and correlation function),[45] with the 

projector augmented wave (PAW)[46] method, were as implemented in the Vienna ab 

initio simulation package (VASP).[47] A 3×3×3 mesh of k points was used to sample the 

Brillouin zone. Energy cutoff of the plane waves was chosen to be 780 eV (1.3×600 eV). 

A relaxation process was carried out, including geometry minimization of the atomic 

positions, per inter-atomic forces. 

 

3. EXPERIMENTAL SETUP 

ALD coating of ultrathin CeO2 on LiMn2O4 (LMO) powders was done by following 

the procedure described previously[30]. Briefly, a fluidized bed reactor was used to 

perform ALD to coat various thicknesses of CeO2 thin films on LMO powders, at 250°C, 

using two reactant chemicals: tris(ipropylcyclopentadienyl) cerium (Ce(iPrCp)3) (99.9%, 
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Strem Chemicals) and de-ionized water. Next, cathodes were prepared using different 

coated LMO powders (Polyvinyldebe fluoride (PVDF), Carbon black (CB), and N-Methyl-

2-pyrrolidone (NMP)) in the conventional slurry method. The load mass of uncoated 

electrode and 3nm coated electrode was 2.9 mg and 3.7 mg, respectively. Lithium foils 

served both as a counter electrode and as a reference electrode. The commercial electrolyte, 

composed of LiPF6 dissolved in a mixed solvent of EC: DMC: DEC (1:1:1), was used. 

Finally, a cell was assembled into a CR2032 coin cell format. 

To examine the crack evolution in the electrodes, the uncoated (UC) LMO cell was 

cycled for 800 times at 1C at room temperature (RT). It was kept for about 1 year before it 

was opened. A 3 nm coated (3nm-Ce) LMO cell was cycled for 1,003 times at 1 C-rate, 

RT, and kept for about 1 year, before opening. All of the cathodes were cleaned with 

acetonitrile and ethanol before examination by SEM.  

For the dissolution experiment, one batch of the UC LMO and 3nm-Ce LMO 

particles was soaked in electrolyte for 5 weeks, at RT, in an Ar-filled glove box, and then 

the powders were washed with dimethyl carbonate (DMC) to remove traces of electrolyte. 

Then, an Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES) 

analysis was used to confirm the amount of dissolved transition metal in the electrolyte 

solution left, after removal of the contained powder. 

For conductivity measurement, pellets of UC, 2 nm coated (2nm-Ce), 3 nm coated 

(3nm-Ce), and 5 nm coated (5nm-Ce) particles were prepared. An IviumStat impedance 

analyzer was used to obtain impedance curves at 1 mHz – 1 MHz frequency range. Testing 

was done at a range of 0.2 V to 1.4 V, and the corresponding current was tracked after 60 
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s of stabilization time at each step. This experimental procedure is like the conductivity 

experiments performed in our recent report.[40]  

From the experimentally obtained ionic conductivities for uncoated (UC) and 

coated particles, the diffusion coefficient were evaluated based on the generic relationship 

between diffusivity (Di) and ionic conductivity (σ) given by[48]  

Where qi is the charge of the solute i in C, KB is the Boltzmann constant, and T is the 

temperature.  

4. RESULTS AND DISCUSSION 

To understand the impact of ALD, it is vital to ascertain how the ionic and 

electronic diffusivities of the coated particles differed from those of the uncoated active 

materials in Li-ion batteries. Diffusion in crystal and polycrystalline solid state materials 

can involve surface diffusion, bulk diffusion, lattice diffusion, and grain boundary 

diffusion. Due to the high concentration of defects in the grain-contact area, resulting from 

their crystallographic misalignment, grain boundary diffusions were much faster than in 

bulk, but slower than in the boundary between the solid and air (surface diffusion). ALD 

films are very thin (few nm) and generally amorphous, so the surface diffusion was 

dominant. As evidence, Figure 3 shows the diffusion coefficient as a function of coating 

thickness, evaluated based on the relationship between the experimentally obtained 

conductivity and diffusion coefficient. At thicknesses below 3 nm, the diffusion coefficient 

𝜎 =  
𝑞𝑖

2𝑐𝑖

𝐾𝐵𝑇
𝐷𝑖 

(9) 
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increased with increasing thickness while, at thicknesses above 3 nm, the diffusion 

coefficient decreased with increasing thickness. 

 

Figure 3. Diffusion Coefficient and Electronic Conductivity as a function of CeO2 coating 

thickness 

 

A similar observation was reported[49] in which  lithium ion diffusion in 

CeO2·TiO2 thin film was investigated. It was found that there were three regions, including 

a fast lithium ion diffusion region below 100 nm, a slow diffusion region, and a fast 

diffusion region above 150 nm. Electronic conductivity was also found to follow the same 

pattern of diffusivity. Due to the crystal orientation, LMO was shown to have 

semiconducting properties.[50] Conductivity increased for the samples with up to 3 nm 

and then began to decrease. The conductivity of the 3nm coated particles was nearly one 

order of magnitude higher than the conductivity of the uncoated LMO. This improvement 

can be attributed to the formation of ion transport channels between the electrode and the 

coating, which enhanced ion diffusion into the LMO through the entire surface.[51] 
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Figure 4. SEM images of (a) UC after 800 charge-discharge cycles at room temperature; 

(b) 3nm-Ce after 1000 charge-discharge cycles at room temperature. Clearly, the cracks 

are visible in the UC sample after cycling, while the 3nm-Ce sample showed almost no 

cracks. (c) Stresses for different coating layer thickness. UC LMO particles has the 

maximum principle stress. 

 

Crack propagation and fracture are important capacity fading mechanisms in 

modern LIBs. During the lithium intercalation in active materials, volume changes and 

phase transformations instigate different stresses[52,53] which, in turn, create crevices 

along the phase boundaries[53] of the active materials. Critical values of tensile and 

compressive stresses promote microscopic fractures and cause structural failure of 
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electrodes.[54] Experimental and theoretical studies of bare and coated particles were 

conducted to examine and determine the mechanical stability of electrode materials with 

ALD. Figures 4(a) and 4(b) show SEM images of cathode particles after charge and 

discharge cycling. Figure 4(a) shows an UC LMO sample after 800 charge-discharge 

cycles at 1C, at room temperature, and figure 4(b) shows a 3nm coated LMO sample after 

1,000 cycles under same conditions. As shown in the figures, the bare and coated LMOs 

initially exhibited no fracture. However, after 1000 cycles, in the case of the bare particles, 

cracks appeared to begin on the outer surfaces of the particles propagating inside the core. 

Cracks could be clearly seen throughout all of the entire uncoated particles. These cracks 

were evident on almost all uncoated particles that were analyzed using SEM, while the 

3nm coated LMO sample showed no cracks, even after 1,000 charge-discharge cycling. 

SEM inspection was carried out at about the same time, duration, and under the same 

conditions as the UC samples, so visible cracks of the 3nm-Ce LMOs would not be missed. 

A numerical model was developed to quantitatively analyze stress evolution inside the 

particle and correlate it with degraded battery performance. The key purpose of this model 

was to interpret the maximum principle stresses detected with and without ALD coatings.  

This model was based on a previous study[55], which considered Li diffusion in a phase 

changing (cubic to tetragonal phase) intercalation material. The model was reformulated 

by neglecting the phase change and examining the dependence of stress evolution on the 

coating thickness. This showed that uncoated particles had the highest stress that was 

reduced as the coating layer thicknesses increased. Figure 4(c) summarizes the value of 

stresses on the uncoated and coated particles.  This mechanical stress is the driving force 

behind the experimentally observed crack propagation. Crack propagation is accelerated in 
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the bare LMO compared with ALD-coated LMO, suggesting that an ALD coating can help 

arrest crack penetration. Thus, it can be concluded that 3 nm coated particles effectively 

interfere with crack propagation. This crack propagation should be related to the 

dissolution of active materials, which is another major intrinsic degradation mechanism in 

LIBs, as it creates more interfaces with the electrolyte. 

Degradation of active materials is a process through which transition metal ions 

dissolve in electrolyte.[56] It has been established that, in stress corrosion cracking, when 

an uncovered metal surface was exposed to a hostile environment, loss of dissolved metal 

ions led to the formation of gaps and cracks.[57] With a continuous cycle of material 

dissolution, crack propagation was promoted further.[58,59]  In LIBs, the presence of 

corrosive Hydrofluoric acid (HF) in electrolyte, accelerated the dissolution and led to a 

significant loss of capacity upon cycling.[60,61] A common approach to suppressing HF 

content was the application of protective coatings of binary oxides on cathode particles. A 

double shell LiMn2O4@LiNi0.5Mn1.5O4 combined with an interior void  can effectively 

suppress the Mn ion dissolution at the surface and shows unique rate capability and cycling 

stability.[62] However, the proper relationship between coating materials and transition 

metal loss is not clearly understood to date. This work has incorporated the complex nature 

of side reactions between the cathode, coating, and electrolyte, and effective performances 

have been observed. As proven in the literature, capacity fading during cycling is 

commonly linked to manganese dissolution into the electrolyte solution and, thus, the 

solubility of coated and uncoated LMOs was examined at room temperature.  
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Figure 5.  (a) Local atomic positions around Mn3+ and Mn4+ in LiMn2O4; (b) Active 

material volume fraction Change after removing Mn3+ from bulk 8 LiMn2O4; (c)–(e) 

shows the change in bulk structure after removing 1 Mn3+ after each step. 

 

Dissolution of active materials affects battery performance in several ways. 

Transition metal ion dissolution aggravates the capacity fading by disintegrating the 
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electrode material into the electrolyte solution. Moreover, the deposition of electronically 

insulating side products on the cathode leads to a rise in internal impedance.[63],[64] At 

low State of Charge (SOC), the Mn oxidation status change from trivalent (3+) to 

tetravalent (4+) and divalent (2+) and, in this disproportion reaction, solvated Mn2+ causes 

the degradation of the cell. At higher SOC levels, the dissolution reaction is mainly 

governed by the hydrofluoric acid (HF) attack.[65] Also, at elevated temperatures, more 

manganese ions undergo dissolution from small LiMn2O4 particles than from large 

particles and cause a capacity loss due to structural disorder.[66] Crack propagation in 

coated and uncoated particle is coupled with dissolution physics. Mn dissolution during 

cycling is much more severe than the static condition. To include this cycling effect, a 

multiplication factor of 37.5 was used, as observed experimentally.[56] As the cycle 

number increases, the volume fraction of the active material decreased and the amount of 

dissolved manganese ions increased. The decrease in electrolyte volume fraction 

immediately resulted in a nonlinear decrease in effective Li-ion diffusion and conduction 

in the electrolyte. Consequently, a decrease in effective transport properties resulted in the 

poor performance of the Li-ion cell. The effective volume fraction of the active materials 

changed continuously due to the dissolution of manganese, specifically Mn3+ ions and, 

thus, the effective transport properties in the solid phase were changed with the cycling 

process. To evaluate the volume fraction change due to dissolution, the relationship 

between the dissolution mechanism and storage time was used. In the previous study, it 

was shown that the dissolution reaction was mostly controlled by the reaction at the 

unreacted core and can be expressed by[66] 
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[1 − (1 − 𝑋𝑎)
1
3]  = 𝑘𝑡     

(10) 

Where t is the reaction time, k is the reaction rate constant, and Xa is the conversion of the 

dissolution reaction. The reaction rates for the UC sample and 3nm-Ce sample were found 

to be 1.008×10-9 and 2.852×10-10 s-1, respectively. The conversion of the dissolution 

reaction (Xa) is defined as 

𝑋𝑎 =  
(𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 𝑀𝑛2+𝑚𝑜𝑙𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒) × 2

𝑀𝑛3+ 𝑚𝑜𝑙𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒
  

𝑋𝑎 =  
𝑚𝑑 × 2

(𝑚𝑖−𝑚𝑑)
 

(11) 

After determining the Xa initially (md =0), the reaction rate constant k was calculated from 

Eq. (11). The k values for the UC sample and the 3nm-Ce sample were 1.008×10-9 and 

2.852×10-10 s-1, respectively. Volume fraction change was calculated using the formula[67] 

𝑉(𝑡) = 𝑉𝑖(1 −
0.304

2
𝑋𝑎

𝑋𝑎 + 1
)  (12) 

To confirm the estimated value, a DFT calculation was made.  To effectively see 

the effect of Mn3+ dissolution, the Mn3+ and Mn4+ ions in a LiMn2O4 system was identified 

initially. Shown in Figure 5(a) are the local atomic structures of LiMn2O4. The detailed 

bond lengths presented in Figure 5(a) show that the average Mn-O bond length of Mn4+ 

was smaller than that the average of Mn3+ ion. To see the volume fraction change, after 

removing Mn3+, the total energy of the bulk system was calculated by removing Mn3+one 

by one and then determining the Mn3+ corresponding to the lowest energy state. The Mn3+ 

with the lowest energy state was removed from the bulk structure and the corresponding 

volume change was calculated. After removing the 1st Mn3+, the volume change was found 

to be 2.23%. Then, all of the remaining Mn3+ was removed, to find the lowest energy Mn3+, 
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and the volume change was recalculated. The volume change related to the smallest energy 

state was found to be 4.37%.  Figure 5(b) shows the reduction in the volume fraction of 

active materials after removing the Mn3+ ions (LiMn2-xO4) from the original structure. The 

change in volume of the uncoated particle, after losing the manganese in static condition 

(shown in Figure 5(a)) was obtained from an analytical solution and DFT calculation. 

Although the volume fraction changes, based on the DFT, were slightly different from the 

analysis results, they were in a similar range. From the calculation, it could be confirmed 

that the uncoated particles showed higher volume changes, as there was no protective 

barrier between the electrode and electrolyte, which led to performance degradation.  

 

Figure 6. (a) Dissolve manganese and volume fraction change as a function of coating 

thickness. Volume change for UC particle was calculated both from analytical and DFT 

calculation; (b) Diffusion Co-efficient change for UC and 3nm-Ce particles as a function 

of cycle number. 
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To understand the effect of a coating layer on manganese dissolution, the amount 

of manganese dissolved from the cathode was measured using ICP-OES. The results are 

shown in Figure 6(a). The results demonstrated that the uncoated particles have accelerated 

the dissolution process. For example, after 5 weeks at room temperature, manganese in a 

bare electrode dissolved 3.5 times faster than that in a 3 nm coated electrode. The diffusion 

coefficients of the uncoated and 3nm-Ce particles were calculated as a function of the cycle 

number, as shown in Figure 6(b). The diffusion coefficient changed dramatically with 

increases in the cycle number. In the case of uncoated particles, larger amounts of dissolved 

manganese significantly increased the charge transfer resistance and contact resistance, 

which also delayed the Li-ion transportation. 

Next, the all-inclusive mechano-electrochemical impact of ALD coating on a 

positive electrode was determined by fusing stress buildup, crack augmentation, ionic 

diffusivity, electronic conductivity, and transition metal-ion dissolution to evaluate the 

actual performance of the operating battery. Galvanostatic charge/discharge simulations, 

with voltage ranging between 4.4 V and 3.2 V, were executed. Figure 7 (a)-(d) shows 

representative discharge profiles. It can be noticed from the graph that all of the coated 

particles exhibited higher final capacities after 1,000 cycles than the uncoated particles did 

at either temperature. Among the coated particles, 3nm CeO2 coating showed the highest 

capacity, which was in good agreement with experimental observations. The major concern 

with the bare positive electrode was the buildup of high-level stress on the surface due to 

the slower insertion/extraction of lithium ions, which consecutively generated crack 

growth. Additionally, it cannot provide shielding from dissolution. Given that the ALD-

coated electrode is superior in chemical stability, it protects active materials by delaying 
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degradation in the regular condition and, also, by decelerating capacity fading during 

cycling. Of all coating thicknesses, the 3nm-Ce increased lithium diffusivity and electronic 

conductivity significantly by lowering the resistivity of the materials. 

 

Figure 7. Discharge voltage profiles for uncoated particles (a) simulation and (b) 

experiment, and 3nm coated particles (c) simulation and (d) experiment. 3nm coated 

particles showed more significant cycle life improvement than the uncoated particles did. 

 

It is worth noting that, although the 2 nm and 5 nm coatings had lower stress 

evolution and transition metal ion dissolution than the bare particles, the insignificant 

lithium ion diffusivity (comparable to that of the bare particles), it did not show much 
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improved battery performance. In uncoated LMO-based composite electrodes, stress 

induced crack, lower conductivity, and lower capacity utilization (due to the loss of active 

materials from acidic HF in the electrolyte) advanced fast capacity fading. Nonetheless, 

the results do advocate that optimal coating thickness can conquer the trade-off between 

ionic diffusivity, stress initiation, crack propagation, and shielding. 

 

5. CONCLUSIONS 

The proposed experiments and simulations revealed a correlation between the 

mechanical and electrochemical properties of positive electrodes made of CeO2 ALD 

coated particles. On the mechanical side, it has been demonstrated that thin ALD coatings 

can only provide a limited mechanical protection to LMO particles. From an 

electrochemical point of view, the continuous increase in thickness of the CeO2 coating 

does not facilitate the Li ion diffusivity and electronic conductivity. The balance between 

mechanical stability, transport delay, and side reaction prevention requires an optimal 

thickness of ALD coating to maximize the performance of LIBs. This report provides an 

interconnecting link between observed performance and improvement paths via ALD 

coatings. 
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ABSTRACT 

Many important properties of electrode materials are profoundly sensitive to 

deviations from the crystalline perfection. Among them are grain boundaries that play an 

important role on battery performance by changing the ions distribution inside particles 

and corresponding stress level change. This paper explores the mechanical and 

microstructural aspect of battery behavior by developing a cell-level model that 

incorporates grain boundary diffusion in the electrode particles for the anode and cathode 

electrodes. The developed model is compared against the grainless model at various 

operating conditions to understand how grain boundaries influence capacity and stress 

generation.  The results show an appreciable effect of grain boundary diffusion on the 

voltage profile for the cell for the parameters tested and, overall, a significant reduction in 

the maximum induced stress experienced in the cell. Stress behavior between the anode 

and cathode differ significantly, and show that the effective diffusivity of a particle might 

matter much more significantly than its location in the cell. 
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1. INTRODUCTION 

As concern over climate change rises and the ecological effects of petroleum 

production are debated, the need to replace or supplement traditional internal combustion 

energy vehicles with commercial vehicles using alternative fuel sources has become 

apparent. The leading candidate, by way of fuel efficiency and ease of infrastructure 

construction, in this category is the electric vehicle. But this decade has seen the entry of 

several leading automotive manufacturers into the electric vehicle market with cars that 

were priced more affordably and designed to compete with their internal combustion 

counterparts. The technology to enable this new wave of vehicles is the lithium ion battery. 

The lithium ion battery is suitable for this because it has a high capacity, meaning 

the total charge able to be stored, and can provide high power output for those applications 

that need it. Most of the host materials in Li-ion batteries are transition metal oxides with 

stable crystal lattices providing the pathways for Li-ions to diffuse. Also, most of the 

material modeling in the battery field has been tacitly assumed that perfect order exists 

throughout crystalline materials. However, all crystalline materials for the active materials 

in Li-ion batteries contain large number of various defects or imperfections. Many 

important properties of the electrode materials are profoundly sensitive to deviations from 

the crystalline perfection such as point, interfacial, and bulk defects. Among them, grain 

boundary, which belongs to interfacial defect, plays an important role on the battery 

performance in several ways.  

The diffusivity within the grain boundaries is much higher than in the crystal due 

to the low activation energy for diffusion caused by loosely packed structures in the 
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boundaries. For instance, nanoscale polycrystalline materials, the measured activation 

energy for self-diffusion at the grain boundaries is only a fraction of that in the grain, 

resulting in 3-16 orders of magnitude higher diffusivity in the grain boundary than in the 

grain [1–3]. These experiments show that as the average grain size is refined to nanoscale, 

the grain boundary dominates the transport properties. In addition, due to higher diffusivity 

within the grain boundary than the grain, the Li-ion penetrates much deeper along the grain 

boundary. This affects the Li-ion concentration distribution inside the particle leading to 

stress state change in an active material particle. The intercalation-induced stress is 

estimated one of the key degradation mechanisms in Li-ion batteries because it can cause 

structural instability leading to material isolation and increase of side reaction. 

The effects of the grain boundary, especially focused on diffusivity, in the active 

materials for Li-ion battery applications have been studies in several works. High density 

of grain boundaries in nanocomposites provides a fast diffusion path for lithium ions. 

Besides the grain boundary density, several reports have suggested that grain orientations 

may have a more significant impact on the overall lithium ion diffusivity, especially for 

materials with two dimensional diffusion mechanisms such as LiCoO2 [4] and V2O5 [5]. 

Also, some modeling efforts have been conducted to understand the effects of the grain 

boundary on diffusivity. Assuming that the concentration of diffusing species is constant 

across the thin grain boundary, Fisher modeled a single fast diffusing grain boundary 

embedded in a semi-infinite bulk of much lower diffusivity [6]. The model and its variants 

are widely used today in understanding the grain boundary diffusion. Additional studies 

have been carried out to calculate the effective diffusion coefficient based on diffusivities 
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in grains and grain boundaries, average grain size, grain boundary thickness, and grain 

boundary network geometry [7–11]. 

The act of lithium ions entering and leaving the electrode material is respectively 

known as intercalation and de-intercalation, and is associated with a localized volume 

swelling in the bulk material similar to an object undergoing heating and cooling. While 

the system eventually experiences little stress as the ion concentration diffuses and 

expansion becomes uniform, in the transient periods of charge and discharge, uneven 

lithium concentration can lead to high induced stresses. These Eigen stresses, stresses 

generated internally via inhomogeneity instead of external loading, can be so pronounced 

that silicon, though possessing a specific energy density tenfold that of graphite, is unusable 

due to a 400% volume expansion that causes significant cracking and material loss that 

significantly diminish the possible lifespan achievable [12]. Capturing the physical stress-

strain effect, while not new, does mark a deviation from the traditional electro-chemical 

model. 

While the effect of grain boundaries in Li-ion battery has been postulated based on 

experimental results, their specific role has not been studied systematically. This is possibly 

due to the difficulty in synthesizing active materials with different grain boundary densities 

but identical material phase and grain orientation distributions. The effect of grain 

boundary on battery performance may be quantified through modeling and simulations. 

The focus of this investigation is the incorporation of the effects of grain boundaries on 

cell performance and stress generation. Electrode particles are small enough that 

assumptions of homogeneity and ideal shape that are adequate on the macroscale are likely 

unsuitable. Particles are marked by highly heterogeneous microstructural features. Grain 
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boundaries are the small regions separating the grains, the monocrystalline elements of a 

polycrystalline material. Diffusivity of Lithium Ions inside the grain boundary can be much 

higher than in the grain, functioning as highways between the interior and exterior of the 

electrode. By increasing the effective diffusivity, it is thought that stresses generated in the 

electrode can be reduced and the total capacity can be increased. But since these grain 

boundaries are highly variant, it is necessary to test multiple variations. 

The effects of grain boundary diffusion on capacity and stress generation have been 

explored on individual particles, with capacity utilization measured as the amount of 

Lithium particles intercalated over the amount the particle can theoretically hold [13]. 

Currently, this behavior has not been extended to the cell scale: how multiple particles with 

different, diffusive grain boundaries interact with each other when placed in the same 

electrode, and how they collectively affect the capacity of the cell in the traditional sense 

of time taken from upper cut-off voltage to lower cut-off voltage at a given current. Stress 

generation, on the cell scale, in P2D models have been explored, and have shown that 

single particle models do not adequately describe the stress variance across the electrode, 

but do not take grain structure into account [14]. This work is simply the extension of 

continuum grain boundary modeling into the cell scale. 

 

2. METHODS 

The traditional electrochemical model is the P2D (pseudo two dimensional) model. 

The P2D model describes, spatially, the three-dimensional real system by breaking it into 

two one-dimensional models: a cell scale model and a microscale model. Since the model 
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described in this paper also uses the cell-scale model, it will be described later. The 

microscale model represents a spherical, homogenous particle of active material. Flux 

around the surface of the particle is treated as constant. Due to the apparent symmetry of 

this problem, both angular dimensions of the sphere can be discounted and ion 

concentration only varies along the radial dimension. 

The cell scale model describes the macroscale makeup of the model. A domain 

representing the entire internal length of the battery is trisected into three separate domains: 

the anode, the separator, and the cathode. Treating the height and width dimensions as 

infinite compared to the length, the properties (electrode and electrolyte electric potential) 

are treated solely as functions of the length dimension. It is important to note that, while 

the cathode and anode properties and differential equations are defined only on the right 

and left domain, the equations governing the electrolyte are defined on all three domains. 

This is because both electrodes are treated as porous and allow for electrolyte penetration. 

Equations (1) and (2) describe conservation of charge and mass diffusion in the electrolyte. 

The variable ce represents ion concentration in the electrolyte and the variable φe represents 

potential in the electrolyte. 

∇ ∙ (𝜅𝑒
𝑒𝑓𝑓

(∇𝜑𝑒 −
2𝑅𝑇

𝐹
(1 − 𝑡+

0) (1 +
𝑑 ln 𝑓±

𝑑 ln 𝑐𝑒
) ∇ ln 𝑐𝑒)) + 𝐽𝐿𝑖 = 0   

(1) 

𝜕(휀𝑒𝑐𝑒)

𝜕𝑡
= ∇ ∙ (𝐷𝑒

𝑒𝑓𝑓
∇𝑐𝑒) +

1 − 𝑡+
0

𝐹
𝐽𝐿𝑖 −

𝐢𝒆 ∙ ∇𝑡+
0

𝐹
 

(2) 

In the P2D model, the cell scale model is coupled to particle model such that the 

value of concentration at any time is defined by the cell scale lengthwise dimension (x) and 

the particle scale radial (r) dimension. This can be abstractly represented by a rectangle 

with its base aligned along the x axis and its height with the r axis. Ion diffusion primarily 
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happens along the radial dimension, and the coefficient of diffusion is dependent on the 

value of r due to the spherical nature of the particle. The top of the rectangle (where r is 

equal to the radius of the nanoparticle) is where flux between the electrode and electrolyte 

occurs by the Butler-Volmer equation (3). The quantity E-Eeq is sometimes known as the 

over-potential, denoted by η. 

𝑗 = 𝑗0 ∙ {exp [
𝛼𝑎𝑧𝐹

𝑅𝑇
(𝐸 − 𝐸𝑒𝑞)] − exp [

𝛼𝑐𝑧𝐹

𝑅𝑇
(𝐸 − 𝐸𝑒𝑞)]} 

(3) 

In the new model used in this study, the assumption of a continuum of perfect, featureless 

spheres is dropped in favor of a discrete set of particles. The 1D cell scale model cathode 

portion is instead linked to an array of 3D quarter spheres. These quarter spheres represent 

a full particle by applying a zero flux condition through all non-curved surfaces. The 

Butler-Volmer equation controls flux, separate and invariant for each quarter sphere, 

through their curved surfaces. Conservation of charge (4) and Fick diffusion (5) equations 

control the movement of charge and ions in the grain boundary. The variable cs represents 

ion concentration in the electrode and the variable φs represents potential in the electrode. 

∇ ∙ (𝜎𝑠
𝑒𝑓𝑓

∇𝜑𝑠) − 𝐽𝐿𝑖 = 0      (4) 

𝜕𝑐𝑔

𝜕𝑡
+ ∇ ∙ [−𝐷𝑔 (∇𝑐𝑔 −

𝛺𝑐𝑔

𝑅𝑇
∇𝜎ℎ)] = 0 

(5) 

Five quarter spheres, representing particles equally spaced apart on the electrode, 

are used in this test. The lithium concentration is integrated over the curved surface and 

then divided out by the curved surface area to get the average surface concentration at that 

point in the electrode. With the five average concentrations, a fourth order polynomial 
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regression was used to generate a surface concentration profile over the whole macroscale 

electrode region. 

If the new model was only what was just described, it could easily be converted 

from three dimensions to only one dimension due to symmetry. The model, however, also 

contains a three dimensional structure consisting of several two-dimensional planes, 

Voronoi partitions that represent the grain boundaries present in the particle. These grain 

boundaries are mathematically modeled through the Fisher model. The Fisher model, 

applicable when diffusion along the grain boundary is higher than the bulk material, 

assumes that ion concentration across the (relatively small) thickness of the grain boundary 

is constant and continuous. The grain boundary has its own diffusion coefficient and 

equation that allows ion passage along its tangential to itself. The ion conservation equation 

in a thin slab is described by the equation [6], where Jgb is the flux described by equation 

[7], where n is the direction normal to the slab and t1 and t2 are the tangential components 

of the slab. 

𝜕𝑐𝑔𝑏

𝜕𝑡
+ ∇ ∙ 𝐽𝑔𝑏 = 0 

(6) 

𝐽𝑔𝑏 = −𝐷𝑔𝑏∇𝑐𝑔𝑏(𝑛, 𝑡1, 𝑡2, 𝑡) (7) 

By exploiting the assumptions made on the normal direction by the Fisher model, 

the 3-dimensional problem can be turned into a 2-dimensional problem solved over the 

Voronoi partitions. The resulting weak-form equations for the surfaces are given by 

equation [8]. 

𝑛 ∙ 𝐽𝑔|
𝑛=±

𝛿
2

= ∓
𝛿

2
∫ 𝑤

𝜕𝑐𝑔𝑏

𝜕𝑡

 

𝑆

𝑑𝑆 ∓
𝛿

2
∫ 𝐷𝑔𝑏∇𝑡𝑤 ∙ ∇𝑡

 

𝑆

𝑐𝑔𝑏𝑑𝑆 
(8) 
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The two-dimensional grain boundary equation is constrained to the three-

dimensional bulk equation by having the concentration in the boundary equal to the 

concentration in the bulk. The expected result is that the grain boundaries have a lower 

resistance path in and out of the particle, affecting the maximum stresses induced in the 

particle and the behavior of the battery.  

3. RESULTS 

3.1. VALIDATION OF THE PROPOSED MODEL 

First of all, the validation of the proposed approach, point-junction hierarchical 

approach, should be conducted. For this goal, the key variables in the cell-level model 

including the voltage response of a cell, Li-ion concentration in the solid phase and the 

liquid phase from the point-junction hierarchical approach are compared with results from 

one dimensional pseudo-2D model. The target cell is composed of the positive electrode, 

the separator, and the anode. The cell has following dimensions: negative electrode width 

is 100 um, separator is 52 um, and the positive electrode width is 183 um. The same 

material properties are used in both two models. In the point-junction hierarchical 

approach, uniformly distributed five spheres are located in the cathode domain. This 

number is quite enough to represent the cathode behavior because the relative thickness of 

the whole cathode electrode to the particle size is about 11.4. Considering volume fraction 

of active material and other additive material, there might be 5~8 particles through the 

thickness. This implies that the five particles can fully represent the cathode behavior. Each 

particle has isotropic material properties and has no grain boundary for this comparison. 

For the anode part, the conventional pseudo-2D model was adopted.  



 

 

45 

Figure 1 shows the discharge curve with different C rates. The cell was initially 

fully charged and was relaxed for 1000 seconds. Then, the cell was discharged with various 

current densities. The simulation was stopped when the cell voltage dropped down to 3.01 

V. The nominal discharge current density of the cell is 17.5 A/m2 and the figure shows that 

this capacity can be obtained at around 1C. However, as the current density increases the 

capacity decreases due to high voltage drop coming from high polarization. As can be seen 

in the figure 1, the results from the both model are matched with each other at different c-

rate (0.5C, 1C and 2C rate). Even at higher c-rate, there is not much deviation of proposed 

PJH from P2D model.  

 

Figure 1. Discharge Voltage profile of PJH and P2D model at different c-rate. 

 

Figure 2 shows the concentration profile from both the model (P2D and PJH) at 

different time at different locations. The concentration at the solid is almost identical from 
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both model. In summary, the proposed approach well demonstrate the cell behavior and 

are well matched with the conventional pseudo-2D model.  

 

Figure 2. (a) Solid phase concentration profiles at various times; (b) the concentration in 

the solid phase at the surface of the particle at various times. 

 

3.2. POINT-JUNCTION HIERARCHICAL MODEL 

 

To test the model, a COMSOL simulation was run describing a 1C discharge of the 

battery. The test was run until the electrode potential at the cathodic current collector was 
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less than 3.00 Volts. A series of tests were run where the grain boundary diffusion 

coefficient was 10,000 times larger than the diffusion coefficient of the bulk material. In 

each of the new tests, the 3D quarter spheres were linked to different places on the 1D 

electrode model, meaning that several permutations of the grain boundary test were run. 

This was done because the geometry of grain boundaries is probabilistic in nature, and the 

order switching elucidates the effect that variable geometry can produce with respect to 

best and worst case scenarios and general trends. In order to better separate and understand 

the nature how material properties interact with grain boundary diffusion, the 104 diffusion 

ratio was used with only one electrode at a time. The cathode was tested first in order to 

find configurations that gave the highest and lowest maximum stress states. 

Figure 3 is a graph that displays the maximum stress in the cathode at any given 

time. The stress of interest being the first principle stress, as it is a preferred indicator of 

failure in brittle materials. The grainless model has negligible grain boundary diffusion, 

and the numbered runs represent the permutation of particle geometries used. The 12345 

permutation, coincidentally the configuration with the least amount of stress reduction, 

signifies the original ordering of the particles, where the first and fifth particles in the 3D 

model respectively correspond to the first position (separator) and fifth position (collector) 

on the 1D model. The 25134, with the highest stress reduction, denotes the permutation 

where the second particle is put into the first position and the fourth particle is put into the 

fifth position. It is important to note these critical permutations are not an indication of the 

maximum or minimum stress reductions achievable, they are the maximum and minimum 

stress reductions achieved from a test of five permutations for a given Voronoi seed. 
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Figure 3. Maximum principle stress in the cathode as a function of time for critical grain 

configurations. 

 

The results show that, depending on the permutation, the magnitude of the 

maximum stress profiles vary noticeably. Despite the variability, all diffusive grain 

boundary runs had significantly reduced induced stresses compared to the featureless 

model. Since the run was also run at constant current, the increase in elapsed time is 

equivalent to an increase in battery capacity. Without any grain boundary diffusion the 

elapsed time was 3030 seconds. Adding diffusion to the cathode gave a marginally 

improved time of 3049 seconds for the 12345 case and 3046 seconds for the 25134 case. 

Since particle grain boundary in a real system varies across the width of the electrode, the 

variability between permutations in an extensive property such as capacity has much less 

importance than that of an intensive property such as stress. These critical orientations were 

then mirrored across the center of the separator and applied to the anode, so that the same 
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particle geometries for the separator and current collector would be the same for both the 

cathode and anode. These critical orientations are referred to as 12345m and 25134m. The 

anode grain diffusion ratio was set to 104 without cathode grain boundary diffusion, and 

the simulation was run at the same discharge current. The stress results are given in Figure 

4. 

 

Figure 4. Maximum principle stress in the anode as a function of time for mirrored grain 

configurations. 

 

In some ways the stress profiles for the mirrored configurations in the anode 

resemble yet diverge from their cathode counterparts. In the long term, both grained 

configurations led to a decrease in net stress compared to the ungrained case. Similarly, the 

12345m initially has higher stress than the 25134m case, but this relationship reverses 

during the charge process. However, the 25134m case shows a sharp cusp behavior not 

present in the other cases, and the 12345m has an initial stress peak that exceeds the 
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grainless case. The 12345m and 25134m cases led to a discharge duration of 3122 and 

3126 seconds, respectively. This suggests the anode grain boundary behavior plays a much 

more beneficial role in increasing capacity than the specific geometry of the grain 

boundary.  

 

Figure 5. (a) Cell discharge behavior for grained vs grain- less at different c-rate, (b) Cell 

capacity utilization of grained structure vs grain-less at different c-rate. 

 

(a) 

(b) 
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The voltage profiles of the cell during discharge are given in Figure 5a. Figure 5b 

shows that the inclusion of grain boundary increases the cell-capacity utilization compared 

to that of the grain-less structure. 

 

Figure 6. PJH vs P2D stress profiles. 

 

In order to validate the model used, a grain-less point-junction hierarchical model 

was run against a P2D model that incorporated stress generation. Both models suggested 

similar stress profiles. The PJH anode stress predicted is higher than the P2D predicted 

stress. This can be attributed to the fact maximum tensile stress occurs at the outside of a 

spherical particle in the anode and on the inside in the cathode during discharge: the 

approximation of a spherical geometry by polygonal finite elements affects stress 

calculation at the former much more severely than the latter. The refinement of the mesh 

reduced this variation. The cathode stress profiles showed strong agreement in magnitude, 
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but the PJH profile showed cusp like behavior not reflected in the P2D profile. The 

comparison is shown in Figure 6.  

In order to examine further the effects grain boundary diffusion can play on stress 

and capacity, the highly diffusive grained model was run against the grainless model for 

various C-rates. The results for the anode maximum stress are shown in Figure 7 and the 

results for the cathode maximum stress are shown in Figure 8.  

 

Figure 7. Maximum anode stress versus time for multiple discharge rates. 

 

The anode shows a more consistent behavior: as current increases, stress increases 

with roughly exponential proportionality with profiles showing similar shape. The gap 

between the grained stress profiles and the grainless profiles also increases. Thus, it appears 

that for the anode, the grain effect on stress for an increased current is easily estimable 

from the stress profile of a lower current. The cathode, however, shows much variation as 

current increases. The grainless profiles start to change shape at 2C.  
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Figure 8. Maximum cathode stress versus time for multiple discharge rates. 

 

4. DISCUSSION 

It is also important to note the location where the maximum stress occurs. Intuition 

dictates that the location of the maximum stress state will always be at the location of 

maximum localized ion flux. It is often assumed that the local current density should be 

maximum where the electrode meets the separator. Early work that supports this hypothesis 

consists of analytical solutions for the initial and steady state for adsorption based 

electrodes. In testing the P2D model, these assumptions are not completely untrue, as the 

location of the total maximum cathodic tensile stress (the first peak) occurs at the separator. 

The stress behavior is also shown to be closely related to the flux. The issue, however, is 

some time after that peak, the location of maximum stress begins moving toward the 
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current collector. The cell scale ion flux profile mirrors this change, originally maximum 

near the separator before moving towards the current collector. Interestingly, near the end 

of discharge, the stress and flux starts increasing near the separator again. The reason for 

the cusp like behavior in the PJH is because the continuum maximum stress occurs at a 

location between the particles being examined. On the P2D anode side, the location of 

maximum stress was always at the separator. However, the location of maximum ion flux 

shifted from the separator to the collector much more gradually than in the cathode. While 

ions are initially predisposed towards maximum influx near the separator, the accumulation 

of ions at the surface of the electrode resist further flux. While the ions may have to travel 

physically further through the electrolyte, the lower surface concentration further along the 

electrode makes that location the path of least resistance. Furthermore, in the grained 

model, where each particle has varying heterogenous diffusion paths, the location of 

maximum stress in the anode changed in the 25134m case, indicated by the sharp cusp 

behavior. In the 25134m case, the highest stress initially took place at the particle near the 

separator, but eventually switched over to the same particle that was closest to the separator 

in the 12345m case. With that knowledge, the reason why  maximum stress, in the long 

term, in the 25134m case exceeds that of the 12345m case: the particle with a lower 

effective diffusivity than the particle at the separator eventually undergoes higher flux than 

the particle at the separator. When particles are homogeneous and have the same effective 

diffusivity, the gradual change of the flux profile is apparently not enough to change the 

location of maximum stress as the stress is dependent on the time history of the flux profile. 

But when there are particles with different effective diffusivity, then the stress is going to 

be higher at those locations, always or eventually. Given that any real system is going to 
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have a mix of particles of varying effective diffusivities located at the same position of a 

cell, then the stress profiles of the 12345m and 25134m can be considered to be occurring 

simultaneously. Thus, it appears effective diffusivity of a particle outweighs its location on 

the electrode for the anode. 

Regarding the Cathodic response to increasing current, the profile change could 

prove significant. From the reduction in cusps, we can infer that the location of maximum 

stress is likely not moving from one particle to the next. This link between stress profile 

shape and input current concurs with previous work. At some point, increasing input 

current causes stress evolution to remain at the separator. The previous work indicated that 

this stress profile emerged when current was increased from 1C to 10C. [2] This suggests 

that the location of maximum stress is variable for lower currents, possibly important for 

applications where long life and low-output are expected. 

 

5. CONCLUSION 

 These simulations confirm that the location of the maximum stress in an electrode 

at a given time varies throughout the length of the electrode. However, these simulations 

also suggest that the profile is variable and that the location of maximum stress over all 

time may or may not occur at the separator interface. This variability might be attributed 

to the choice of parameters. While the separator interface is indeed a point of interest, it 

seems that it alone is not sufficient to evaluate or manage electrode life.  

 Furthermore, the presence of grain boundaries appears to provide an overall 

ameliorating effect of reducing maximum stress in the electrode. Influencing the formation 
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of grain boundaries could provide a crucial element in providing for higher performance 

batteries while maintaining acceptable life and cycling. The variability in grain structure 

also appears to contribute strongly to stress generated: less diffusive particles near the back 

could suffer more damage than more diffusive particles near the front. Considering this 

variability with the varying maximum stress location, if some form of progressive damage 

analysis is to be done, it is necessary to consider the whole electrode. Assuredly, the 

existence of diffusion-enhancing boundaries significantly reduces the predicted stresses in 

the electrode. This suggests that while effects of the grain boundary might be negligible 

for determining electrical performance, they cannot be neglected for determining loading 

that the material receives from charging and discharging. This is an important consideration 

for any kind of determination of mechanical degradation as it reveals that assuming a 

perfectly spherical, homogenous (one-dimensional) model of particle concentration cannot 

be used to determine stressing (at least not without some correction factor). 

It is important to note that in order to understand if the models that were developed 

more accurately portray the behavior of real life batteries, then experiments need to be 

done. The voltage-time data is easier to obtain, but the model predicts that this should not 

be too different from previous models which behave closely to experimental values, and 

thus is not as critical to testing. The reduction in induced stress, while more important to 

validating the model, is harder to test due to the scale of the material to be tested.  
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ABSTRACT 

Owing to the high energy density and long cycle life, lithium-ion batteries are the 

state of the art for electric vehicles and other large scale-energy storage device. The demand 

for high cell stability and reversibility has increased the attention toward conversation type 

of anode materials than the intercalation-type of materials. Conversion based material can 

achieve significantly higher initial capacity as they can use more lithium ion during 

charging/discharging process. In the case of conversion based material, there is always a 

trade-off such as higher initial specific capacity and poor reversibility. So a few elements 

mainly oxides from periodic table found only a limited measure of success so far. Herein 

we report the development of high performance fiber based flexible li ion battery based on 

Ni-VOx-CNF anode. Even though vanadium oxide based electrode has lot of advantages 

like low cost, abundance and high theoretical capacity, the disadvantages like slow lithium 

ion diffusion, poor cycling stability and low electrical conductivity makes it an 

unpromising anode material. The use of electrospinning approach overcomes all these 

issues and the addition of Ni matrix ensure the negligible capacity loss and higher cycling 

stability.  

mailto:parkjonghy@mst.edu
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The rapid development of electric vehicles (EV) and plug in hybrid EVs, vitalized 

the extensive research for new advanced electrodes materials with the benefits of high 

cycling stability, high energy and power density. Earnest efforts have been made to 

improve the electrodes especially cathode by using new type of materials or by modifying 

architectures. However, as far as anode side is concerned, carbonaceous graphite is still the 

dominant anode material. Low theoretical capacity (372 mAh/g) of this material on the 

way of its application in high energy battery. To enhance the capacity, it is necessary to 

overcome the intrinsic limits of the intercalation type of anode materials which can 

accommodate Li per transition metal core. To breakthrough this obstruction, uses of 

materials which is capable of accommodating more than one Li ion during 

charging/discharging process has been proposed. Transition metal oxides based on 

conversion chemistry have been regarded as a promising alternative to the intercalation 

anode materials. Vandium based compounds with multi electron reaction such as VO2,[1] 

V2O5,[2–4] FeVO4, ZnV2O4,[5] Li3VO4,[6] LiVMoO6,[7] V2O3 [8,9]and Li1+xVO2 [10]etc. 

have been studied for higher lithium ion insertion content providing larger specific 

capacity.  

Among the diversified candidates investigated, V2O5 attract most of the attention 

owing to their higher specific capacity and higher electrochemical potential, all being 

resulted from the many accessible oxidation states of vanadium. Fascinatingly V2O5 can 

be used both as cathode and anode. V2O5 has great promises to be used as high energy 

anode as it holds theoretical capacity of 1472 mAh/g for a full reduction of V5+ to metallic 

V0+. Still, a little effort has been made to use this material for stable electrochemical  
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performance. It has been shown that V2O5 aerogels showed a capacity of 100 mAh/g after 

30 cycles at a rate of 118 mA/g. Also, V2O5 with SnO2 showed capacity of 600 mAh/g 

after 50 cycles. Inspired by that, Zhang et al reported V2O5 -C-SnO2 hybrid nanobelts 

which displayed a high reversible capacity of 930 mAh/g after 50 cycles at a rate of 200 

mA/g.[4] Generally, thermal processing with carbon can easily reduce higher valence (+5 

or +4) to lower valence compounds. More recently, Li3VO4 has been introduced as a 

potential anode with a discharge capacity of 738.5 mAh/g.[6] 

In the conventional slurry casting process, a high content of polymer binder and 

conductive additives are needed along with the active material to enable a stable cycling. 

From the architectural aspect, the conventional LIB electrodes are blending of active 

materials, conductive agents such as carbon black and polymer binders spread over a 

metallic foil current collector and the performance of the cell highly depends on the 

electrode thickness, amount of active material and porosity. Current collector, binder and 

carbon black are inactive masses and do not participate in electrochemical reactions. 

However, this unsatisfactorily decreases the energy density due to the excessive non-active 

materials used to maintain a good cell performance. Thus, thinner foil and lesser binder 

and conductive agents are expected for high energy density performance. However, 

lowering these inactive masses comes with a cost. For example, lower amount of binder 

will cause structural dis-integrity during li insertion/de-insertion process and lower carbon 

black will decrease the conductivity and thus causing poor cell performance. Furthermore, 

the active mass loading of convention slurry casted electrode cannot be increase as they 

tend to become less conductive with higher thickness. 
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To mitigate these issues, uses of highly conductive carbon-based nanofibers instead 

of stacked up electrodes is an attractive approach. Carbon fibers can not only hold up the 

structure, also possess a comparable electrochemical stability to Al/Cu foil and thus 

eliminating the needs of extra binders, conductive agents and current collector. Nanofibers 

has unique property which can shorten the ion diffusion path, their high area/mass ration 

allows faster lithium intercalation kinetics. Electrospinning is a cost effective and 

continuous material approach for continuous long nano-fibers. In this work, VOx -CNF and 

Ni wrapped VOx-CNF fibers were synthesized directly as a self-supporting non-woven mat 

of nanofibers with the aid of heat treatment excluding the necessity for extra binders or 

slurry processing. They were device-ready and were directly incorporated into the Li-ion 

coin cell as anode material.  

In this paper, we fabricated a new Ni- VOx -Carbon nanofiber (CNF) and utilized 

it as an anode material in Li ion battery. The synthesis steps includes producing VOx 

composite nanofibers based on electrospinning process. In the process, first V2O5 powder 

was mixed with polymer powders (PAN and PVP) and then adequate amount of DMF was 

added to the mixture and stirred it for 12 hrs. Also, another batches were prepared with 3 

wt % of Ni and 5 wt% Ni added into the mixture. The homogenous mixture was then added 

into a syringe and deposited the fiber in an aluminum current collector with the application 

of electric voltage. After the fiber was obtained, those were peeled off from the substrate 

and then a calcination process was carried out in N2 atmosphere at 8000C to convert the 

polymer precursors to carbon fibers. During the same time, presence of excess carbon at 

high temperature partially reduced V2O5 to V2O3 and VO2 without destroying the fiber 
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structure. This Ni- VOx –CNF composite possessed significant improvement in capacity, 

rate capability and improved cycling life. 

 

Figure 1. Free standing V2O5 nanofibers (a) as-spun and (b) after the calcination at 

8000C. Calcinated fibers has good flexibility and used as it is the anode for the li ion 

battery. 

 

Figure 1a (Digital Image) shows the as spun V2O5 fibers which was peeled off from 

the aluminum foil as a free standing nanofiber mat. Figure 1b shows the calcinated nano-

fiber mat after heating at 8000C at N2 atmosphere. Before application of high temperature, 

a stabilization process was carried out at 2700C to keep the structure of the fiber mat. Figure 

2 shows typical SEM images of the fibers V2O5 and Ni added-V2O5 fibers. Long nanofibers 

with uniform diameter were observed. The fibers are of few hundred nanometer in 

diameter. Pure PAN-PVP nanofibers were also produced and they didn’t show any beading 

with the fibers. However, addition of V2O5 and Ni causes some beading along with the 

electrospun fibers. The average diameter of the calcinated nanofibers became smaller due 

to the weight loss during carbonization process. However, the fiber shape and regularity 

was maintained even after the calcination. 
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Figure 2. SEM images of (a) as-spun V2O5 nanofibers, (b) calcinated V2O5 nanofibers, (c) 

as-spun 3wt% Ni-V2O5 nanofibers, (d) calcinated 3wt% Ni-V2O5 nanofibers, (e) as-spun 

5wt% Ni-V2O5 nanofibers and (f) calcinated 5wt% Ni-V2O5 nanofibers. 

  

Figure 3 represents the XRD pattern of the as-spun V2O5 and calcinated pure V2O5 

and with Ni additives. By indexing the peaks we can ascribe them to pure V2O5 peaks for 

as-spun fibers. However, after the calcination the combination peaks of VO2 (JCPDS: 65-
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7960) and V2O3 (JCPDS: 34-0187) appears for all the cases. No peaks due to V2O5 were 

detected for calcinated samples. The thermal decomposition of V2O5 at elevated 

temperatures were studied previously. It was shown that with the increment in heating 

temperature a sequence of transformations from V2O5 via VO2 to V2O3 occurs. [11]  

 

Figure 3. XRD patterns of (a) As-spun V2O5 (b) Calcinated- 3wt% Ni-V2O5, (c) 

Calcinated- 3wt% Ni-V2O5 nanofiber electrodes and (d) Calcinated-V2O5 electrodes. 

 

The outer carbon layer derives from the polymer precursors of fibers also helps in 

reducing the V2O5 to V2O3.[8] 

𝑉2𝑂5 + 𝐶 → 𝑉2𝑂3 + 𝐶𝑂2 (1) 
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V2O3 nanocomposite has already shown a great promises as anode in li-ion battery. 

Addition of outer carbon layer outside the VOx particles favors the electrode kinetics by 

providing a charge transport channel. These unique characteristics are perfect for a li-ion 

battery with high rate capability and high stability. Ni insertion into a V2O5 lattice improved 

the electrochemical reactions of cathode material by offering the electric stability to the 

V4+ state.[12] Thus introduction of Ni into the nanofiber matrix are expected to improve 

the cell performance notably.  

V2O3 is a multi-functional material which has a theoretical capacity around 1070 

mAh/g, much higher than commercialized graphite material. Also, VO2 is another 

attractive anode material. VO2 with graphene showed a high reversible capacity of 400 

mAh/g over 400 cycles in a large window of 0.05–3.0 V.[1] The discharge curves for the 

micro-sized vanadium pentoxide particles and the variation of discharge capacity versus 

cycle number plots are shown in Figure. 4. It shows the charge–discharge profiles on 

various cycles obtained at 100 mAh/g between 3 and 0.01 V. All discharge curves display 

a slightly sloping plateau from 2.4 V to 2 V, followed by a well-defined at plateau at 1.9 

V. In the mixture of the V2O3 and VO2, VO2 is the dominating phase. Thus the capacity 

obtained is near the theoretical value of VO2.  The plateaus are progressively diminished 

and evolved to sloping plateaus after 1st cycle. For electrode with pure V2O5 as starting 

material has an initial capacity around ~586 mAh/g. The discharge capacity on the 2nd and 

10th cycle is ~299 mAh/g and 311 mAh/g at 100 mA/g current. It is interesting to note that 

the addition of Ni has improved the capacity significantly. With the addition of 3 wt% and 

5wt% Ni, the first capacity obtained was ~637 mAh/g and ~768 mAh/g, respectively. The 

discharge capacity for 3wt% Ni-V2O5 on the 2nd and 10th cycle is ~324 mAh/g and ~327 
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mAh/g at 100 mA/g current. The discharge capacity for 5wt% Ni-V2O5 on the 2nd and 10th 

cycle is ~456 mAh/g and 472 mAh/g at 100 mA/g current. 

 

 

Figure 4. Discharge Voltage profiles for (a) V2O5 (b) 3wt% Ni-V2O5 and (c) 3wt% Ni-

V2O5 nanofiber electrodes.V2O5 with 3 wt% Ni particle shows significant cycle life 

improvement than the other electrodes. 

 

 The reversibility and recoverability of all the fibrous sample can be observed form 

the figure 5. Such a high reversibility and cycling stability can be seen for few material 

with higher amount conductive agent present. Our method totally eliminate the need of 
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additional conductive agent and still showing such a stably cyclic performance from the 

2nd cycle onwards. 

 
Figure 5. Cyclability demonstration for (a) V2O5 (b) 3wt% Ni- V2O5 and (c) 3wt% Ni- 

V2O5 nanofiber electrodes. All the sample shows stability from the 2nd cycle. 

 

VO2 or V3O4 is rarely used anode material for li ion battery because of its poor 

conductivity and metastability. In this work a composite of VOx and carbon nanofiber has 

been successfully fabricated without the need of additional binders or conductive agent. 

The outstanding performance of the porous nanofibrous anode can be attributed to the 
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conductive carbon nanofiber material and the electroactive Ni-VOx particles. The 

mechanical stress-strain has been effectively suppressed by the incorporation of the porous 

fibers and the presence of Ni-matrix in the electrode. Rapid li ion diffusion between the 

electrode and electrolyte is also one of the major causes for the improved performance. 

In conclusion, we have successfully produced a Ni-VOx nanofibers accompanied 

by carbon nanofibers for anode material of li-ion battery. The as-prepared fibers can be 

directly used in the coin cell fabrication without the need of additional active masses and 

thus increasing the solid loading of the electrodes significantly without compromising the 

cell performance. Extraordinary cell performance, reversibility, low-toxicity and 

abundance, make this composite nanofiber an ideal anode material for advanced li-ion 

battery.  

1. ASSOCIATED CONTENT 

1.1. SUPPORTING INFORMATION 

1.1.1. Synthesis of V2O5 and Ni Wrapped Fibers. The solution was prepared by 

mixing V2O5 micropowder in DMF solvent under stirring at 800C for 12 hrs. Another 

solution was prepared by mixing PAN and PVP in DMF solvent. Both of the solutions 

were mixed together for 12 hrs to obtain a homogeneous and spinnable solution. For the 

other two samples, 3 wt% and 5 wt% of Ni was added to the previous solution respectively. 

Then the fibers were first stabilized at 1200C and then calcinated at 8000C for 1 hr. 

1.1.2. Electrochemical Tests. The dried electrodes had approximately ~5-6 mg 

electrochemically active material. Li metal anodes were prepared from a 0.75 mm-thick 

ribbon (Aldrich), and 1 M solution of LiPF6 in EC: DMC served as the electrolyte. Coin 
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type cells were built in an Ar filled glove-box.Galvanostatic measurements were performed 

in the voltage range of 0.01–3.0 V at 100 mA/g.  The reported specific capacities were 

calculated based on the total mass of the fibers. 
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SECTION 

3. CONCLUSIONS 

With the growing energy crisis, Lithium ion battery is a promising candidate to 

mitigate the issues. The performance of the cell mostly depends on the electrode properties 

from chemical, mechanical and structural aspects. The 1st goal of this research is to be able 

to show the origin of cell improvement with a thin layer of CeO2 coating. The analysis was 

done both qualitatively and quantitavely incorporating all the physical and chemical 

phenomenon during cell cycling. A Multiphysics, Multi-scale simulation was performed 

to show how different layer of coating will have impact on stress generation, metal-ion 

dissolution and the cell performance. It was found that a 3nm coating layer has much better 

performance than bare, 2nm and 5 nm coated particles. 

 The scope of the second paper is to do advanced study of the effect on grain 

boundary on the cell-performance. Different grain structures were generated inside the 

cathode and anode particles, where the grain boundary has higher diffusion co-efficient 

than the bulk. Thus, the stress profiles for the electrodes with grain structure significantly 

differs from that of without grain electrodes. Also, it has been that the capacity utilization 

increases at higher c-rate for the grained structure thanks to their high diffusivity and 

conductivity. 

In the third paper, a flexible, device ready fiber based anode was prepared from 

V2O5 based powder along with polymer solution of PAN and PVP in DMF. Also, a small 

amount of Ni matrix in the V2O5 solution significantly improved the li intercalation 

capacity. It was found from the XRD that due to the high temperature and excess carbon 
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originated from the carbonization of polymer causes the V2O5 transformation into VO2 and 

V3O4. The mixed VOx-CNF mats were used as it is after the calcination without the need 

of extra binder and carbon black. Thus, the active masses for the electrode has been 

increased significantly. Also, good cyclibility and reversibility has been seen for all the 

samples. The sample 5 wt% Ni has shown the best initial li-intercalation capacity and also, 

the capacity retention is excellent. 
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