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Abstract 

 

 The importance of developing energy-dense lithium-ion batteries has gained much 

attention due to the rapid advancement in portable electronic devices to electric vehicles. In 

order to fulfill the energy requirement of those applications, much of the attention has gone to 

developing high energy density lithium-rich cathode active materials. Among various lithium-

rich cathodes, lithium-rich nickel cobalt manganese layered oxide (HE-NCM) is considered to 

be used in lithium-ion batteries due to the high energy density from HE-NCM. Although this 

cathode has been developed over a decade ago, the use of HE-NCM as the next-generation 

battery chemistry has been a challenging task due to problems such as electrolyte oxidation 

and cathode structural instability at high voltage. Many researchers tried to solve these issues 

by surface modifications with metal oxides and fluorides since electrolyte oxidation and 

structural degradation begins from the cathode surface. Although surface modification 

strategies show promising results on mitigating side reactions between the cathode and 

electrolyte interface, much of the studies regarding the effects of surface modification as a 

mean to address lattice oxygen release have not much been investigated.  

Battery researchers believe that the origin of the electrolyte oxidation is related to the 

interface between the cathode and liquid electrolyte, namely electron transfer from ethylene 

carbonate to the cathode surface at high voltage. Thus, studies regarding surface coatings 

including Al2O3, AlF3, LiAlO2, MgF2, and others were implemented with highly insulating 

materials to prevent electrolyte oxidation. Although these coatings indeed show positive effects 

on cycling stability, cathode structural degradation still occurs. Extensive studies were 

continued by many researchers to find other governing factors to improve structural stability 
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and mitigate capacity degradation. A recent study revealed that surface degradation of HE-

NCM is closely related to the lattice oxygen loss, and this loss is triggered by substantial 

depletion of lithium ions when charged up to 4.7 V, which then yields to underbonded oxygen 

in the lattice.  

Herein, a Li-Mo-O coating is used to modify the HE-NCM surface to address the 

problem of lattice oxygen loss and electrode – electrolyte interfacial side reactions. To better 

distribute Mo coating, exfoliated molybdenum oxide hydroxide hydrate was used to coat on 

HE-NCM. The coated HE-NCM was then heat treated in air at 600 oC to induce Mo6+ surface 

diffusion and Li-Mo-O coating. The structural and chemical analysis of the coated HE-NCM 

was investigated using various spectroscopic tools such as XRD, XPS, Raman, SEM, EDS and 

TEM. After series of analysis, Li-Mo-O coated HE-NCM was washed with de-ionized water 

to remove the coating. Decoupling of the Li-Mo-O coating and Mo6+ surface diffusion effects 

were systematically initiated by comparing electrochemical performance tests on the pristine, 

water washed 3 wt% Li-Mo-O coated and 3 wt% Li-Mo-O coated HE-NCM. The coated HE-

NCM shows enhanced stability for over 200 cycles when compared with non-surface modified 

HE-NCM. The surface modification procedure is facile and scalable, which can be potentially 

beneficial towards commercialization of lithium-rich layered oxides.   
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Chapter 1. Introduction 

 

1.1 Overview of Secondary Lithium-ion Batteries 

The world’s energy demand is continuously rising due to the rapid advances in 

technology, population increase, and power-hungry electronic devices.1,2 Since energy storage 

and energy generation are equally important, high-performance energy storage devices are 

crucial for modern society. Previous battery chemistries, such as nickel-metal hydride (Ni-MH) 

and nickel-cadmium (Ni-Cd), were not sufficiently storing energy to meet the demands of our 

society (Figure 1.1).1 Nowadays, secondary lithium-ion batteries (LIB) are the primary power 

sources in devices such as portable electronics and medical implants, and their applications are 

extended to rechargeable electric vehicles and grid-level energy storage.3 Compared to 

predecessor technologies, substantially improved energy/power densities, rate performance, 

cycle-life, and no memory effect of Li-ion batteries allowed people to rely more on energy 

storage devices for a variety of applications.4  

 

Figure 1.1 Gravimetric versus Volumetric Energy Density for Various Battery Chemistries. 

Reproduced with permission from Ref. 1. Copyright 2001 from Springer Nature.   
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LIB is mainly composed of four different components: positive electrodes, negative 

electrodes, electrolyte, and separator (Figure 1.2).5 Typically, lithium transition metal oxide is 

used for the positive electrode, and graphite is used for the negative electrode.6 In the case of 

electrolytes, a mixture of organic solvents and lithium salt is used. The solvated salt electrolyte 

operates as an ion conductor which transfers Li+ during charging and discharging. The 

separator acts as an insulator between cathodes and anodes to prevent short-circuiting during 

electrochemical operation. The porosity of the separator should be large enough for Li+ to 

transport in a facile manner during the battery cycling.5 These four components are combined 

to establish commercial LIB. Various configurations of LIB can be seen in Figure 2. 

Figure 1.2 Various configurations of LIB. a) cylindrical, b) coin, c) prismatic and d) pouch 

cell.5 Reproduced with permission from Ref. 1. Copyright 2001 from Springer Nature. 

 An active material from cathode and anode is mixed with conductive carbon and a 
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binder to make up an electrode.6 The reason for the addition of conductive carbon is to 

distribute electronic conduction pathways so that the active materials can be electrochemically 

active. The role of the binder is to capture the active materials and conductive carbon on the 

current collector (Al for the cathode and Cu for the anode).5 

During charging, transition metals in the lithium transition metal oxides are oxidized 

to extract (de-lithiated) lithium ions (equation 1.1).7 The extracted lithium ions diffuse to the 

graphite through ion-conducting organic electrolytes and insert (lithiate) into the graphite 

layers (Figure 1.3).5 Charge neutrality occurs after lithiation into the graphite electrode and 

creates the LixC6 structure. The reaction ti1me for charge transfer to occur is fast compared to 

the Li+ diffusion time from the electrolyte to the electrode. Thus, the electrochemical process 

of charging and discharging is diffusion-limited. The electrochemical reaction between the 

cathode and anode (e.g., LiCoO2//Graphite) during the charging process is the following:5 

Cathode reaction: LiCoO2 -> Li1-xCoO2 + xLi+ + xe- 

Anode reaction: 6C -> xLi+ + xe- + 6C Lix 

Full cell reaction: LiCoO2 + 6C -> Li1-xCoO2 + LixC6 

Equation 1.1 Cathode, anode and full cell chemical reaction.3  

 

 

 

Figure 1.3 Schematic diagram of Lithium-ion battery (LIB).3 Reproduced from Ref. 3 

with permission from Royal Society of Chemistry. 
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There are reasons for lithium to be used as an ion source in cell chemistry. Lithium is 

the lightest metal in the periodic table, and this makes it an excellent ion transport medium 

since lighter ions will lead to facile diffusion.1 Lithium also has the lowest standard reduction 

potential, which can lead to a cell’s working voltage of 3 V or higher.8 Although lithium is an 

excellent source for an anode material, lithium dendrite growth following battery charging and 

discharging eventually leads to an internal short-circuit, which is recognized as a serious safety 

issue.9 For this reason, graphite is used as an anode for state-of-the-art modern lithium-ion 

batteries since lithium ions can intercalate within the layers of graphite, which can drastically 

reduce the problem of lithium dendrite growth.10 

The cathode materials for LIB are often lithium contained metal oxides.11 Different 

crystal structures categorize different kinds of metal oxide cathodes, which are layered (e.g., 

LiCoO2), spinel (e.g., LiMn2O4), and olivine structures (e.g., LiFePO4).11 Among various 

cathode materials, the one that is most predominant in industry is the layered structure 

compound due to its reliability and high electrochemical performances.12  

 To understand the advantages of lithium layered oxides in detail, a thorough 

understanding of the structure of this compound is needed. Figure 1.4 shows the structure of 

lithium layered oxide in detail. Lithium-ion and transition metal oxide slabs are in place by 

stacked layers. Octahedral metal oxides are arranged in edge-sharing fashion, and each of them 

is lined up in a row to form a slab. The lattice oxygen surrounds lithium ions from the metal 

slab, and these ions also form an octahedral structure to consist of a lithium slab. Due to the 

Coulomb repulsion between metal slabs, lithium ions are easily able to be inserted and 

displaced during the charge and discharge process.5   
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Figure 1.4 Lithium layered oxide structure in detail.5 Reproduced with permission 

from Ref. 5 Copyright 2012 from John Wiley & Sons. 

 There are many advantages of utilizing LiCoO2 (LCO) as a cathode material in LIB.7 

However, the cost of cobalt metal is expensive, and the degree of delithiation is limited due to 

the potentially irreversible phase transformation.13 Phase transitions occur during the charging 

and discharging process. Depending on the degree of (de)lithiation, the transition can be 

reversible or irreversible. For instance, LiCoO2 experiences phase transition from an O3 (an 

octahedral site occupied by lithium repeating three times) to P3 (a prismatic site occupied by 

lithium repeating three times) to O1 (an octahedral site occupied by lithium repeating one time) 

structure when lithium-ion contents become less than 0.5 (Figure 1.5).5 The phase transition 

from P3 to O1 may be irreversible since a new structure of CoO2 forms at O1 (Figure 1.6), 

which results in a practical capacity of the LiCoO2 being approximately 150 mAh g-1 (equation 

1.2) in contrast with the theoretical capacity of 274 mAh g-1 (Figure 1.7).5 
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Equation 1.2 Theoretical capacity calculation equation 5 

 

Figure 1.5 a O1, b P3 and c O1-type structure of cathode materials.5 Reproduced with 

permission from Ref. 5 Copyright 2012 from John Wiley & Sons. 

 

Figure 1.6 Phase transition process of LiCoO2 during electrochemical operation.5 

a) b) c) 
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Reproduced with permission from Ref. 5 Copyright 2012 from John Wiley & Sons. 

 

Figure 1.7 Phase transition of various layered oxide cathodes during cycling.5 

Reproduced with permission from Ref. 5 Copyright 2012 from John Wiley & Sons. 

 Therefore, a better cathode was needed to increase the delithiation degree while 

achieving reasonable cost, electronic conductivity, and charge/discharge cycle stability. 

 An alternative cathode material was developed using Ni as the transition metal source 

(Figure 1.8). LiNiO2 (LNO) exhibited a higher discharge capacity compared to LCO (20% 

lower than LNO).14 Despite the advantage of high capacity, LNO has many problems. First, 

synthesizing stoichiometric LNO is challenging to achieve since LNO can easily become 

nonstoichiometric (Li1-xNi1+xO2).15 The reason for this is related to the instability of Ni3+ and 

its subsequent cation disorder.16 During the synthesis process of LNO, the low-spin of Ni3+ 
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makes it easier to form Ni2+ since the unpaired spin from Ni3+ leads to instability. The formed 

Ni2+ then easily replaces lithium-ion octahedral and Ni3+ octahedral sites to maintain charge 

neutrality (cation disorder).16 Lastly, the structural instability at high voltage leads to lattice 

oxygen release, and this reacts with ethylene carbonate in the electrolyte to produce gases such 

as CO2 and CO,.17   

 

 

 

 

 

 

 

 

 

 

Figure. 1.8 Phase diagram of NCM with various transition metal ratio.5 Reproduced with 

permission from Ref. 5 Copyright 2012 from John Wiley & Sons. 

 To resolve issues related to LCO and LNO, Mn is used along with Co and Ni to 

synthesize a class of cathode that uses three different transition metals.12 These three 

components share an equal portion of contents, which result in having the formula   

Li(Ni1/3Co1/3Mn1/3)O2 (also known as NCM or NCM111 in short).12 The benefit of using Co3+ 

in NCM is related to its high rate performance. Mn4+ is used to increase structural stability 

since Mn4+ is electrochemically inactive due to its inability to oxidize further. The role of Ni2+ 
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is related to the capacity of the cathode.18 The main contribution of the NCM capacity is from 

the Ni. Co becomes electrochemically active at a high voltage around 4.4 V.19 This can be 

clearly seen from the energy versus density of state diagram for NCM111 (Figure 1.9).  

 Figure 1.9 shows the DOS diagram for NCM, which clearly shows the process of two-

electron transfer via Ni2+/Ni3+ and Ni3+/Ni4+ until lithium contents of 0.5 are reached.20 

Delithiation can continue up to 80 %, based on the data from Figure 1.9. However, delithiation 

is limited to approximately 70 % (~ 4.3 V) due to structural integrity as well as possible oxygen 

evolution at high voltage. Since the degree of delithiation threshold is much higher than LCO 

as well as being cheaper due to reduced usage of Co for transition metal component, NCM is 

widely used for electric vehicle battery application.12, 20, 21 

 

 

 

 

 

 

 

Figure 1.9 Energy versus density of state (DOS) diagram for NCM111.20 Reproduced 

with permission from Ref. 20. Copyright 2017 from MDPI. 

 The synthesis of NCM uses the co-precipitation method (Figure 1.10).22 Metal 
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precursors such as nickel, manganese, and cobalt sulfate primary particles are mixed with 

precipitating agents in a nitrogen atmosphere to synthesize metal composite hydroxide 

secondary particles consisting of Ni, Co, and Mn.12, 22 These metal hydroxide secondary 

particles are again mixed with LiOH (lithium precursor) and calcined at high temperature in an 

air atmosphere to retrieve the final product of NCM cathode secondary particles with grain 

boundaries created from the aggregation of primary particles (Figure 1.10).22  

 

Figure 1.10 Synthesis procedure of NCM cathodes.22 Reproduced with permission from Ref. 

22. Copyright 2017 American Chemical Society. 

Control of pH during the co-precipitation is essential as the value of pH determines the size 

and morphology of the material.22 Also, the feeding rate of the precursor, the temperature, and 

stirring rate determines the overall shape of NCM.22 Thus, these parameters should be carefully 

monitored to synthesize NCM with the desired shape and size.  

 Although NCM111 is superior to LCO for its high capacity and enhanced stability, its 

capacity is still not enough to satisfy the needs of high capacity batteries for applications such 

as long-range electric vehicles and grid-level energy storage systems.23 Therefore, an extensive 
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amount of research had been performed to stretch the capacity of NCM111. So far, there are 

two strategies to increase the capacity of NCM111. First, one can increase the Ni content within 

the ternary metal ratio.4 Since the Ni is the main capacity contributor within the working 

voltage of approximately 4.3 V it may increase the capacity only by increasing Ni contents. 

For example, Li(Ni0.8Co0.1Mn0.1)O2 (also known NCM811 in short), can increase the practical 

capacity up to nearly 200 mAh g-1.13 

Ni3+ + O("#$$%&'))*  → Ni2+ + O* 

 O*	+ O* → O(#&$%+'))*  + O 

O* +  O → O)*,  or  O + O → O2↑ 

O(#&$%+'))* + CO2/H2O → CO,)*/2 OH* 

2 Li- + CO,)*/2	OH* 	→ Li2CO3/2LiOH 

Equation 1.3 Proposed formation mechanism of Li2CO3 in Ni-rich cathodes16 

However, there are drawbacks to Ni content increases. The first drawback is related to 

its extreme surface sensitivity in an air atmosphere (Equation 1.3).13,16 Ni3+ in NCM811 

undergoes spontaneous reduction to Ni2+ followed by oxidation of lattice oxygen.16 This 

process weakens the bond between Ni and O and eventually releases O from the lattice. The 

released O2- from the lattice then may react with CO2 and H2O in the atmosphere (if the Ni-

rich cathode material is in the air atmosphere) to create Li2CO3 and LiOH on the surface of  

 

 

 

Figure 1.11. Proposed formation mechanism of HF from LiOH 14 
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NCM811. These carbonates and hydroxides are detrimental towards LIB performance when 

the surface contaminated cathode is used to make the cells (Figure 1.11).14 Hydroxide is 

especially deleterious since LiOH can react with CO2 from ethylene carbonate (typical solvent 

for LIB electrolyte) oxidation during electrochemical operation and this reaction yields Li2CO3 

and H2O.4,14 Water then reacts with PF5 from LiPF6 (typical lithium salt used in LIB 

electrolyte).14 LiPF6 is chemically unstable, and this is the reason why the reacted product of 

PF5 can react with water to yield deleterious HF.24,25 The HF can attack cathode materials to 

cause transition metal dissolution, and this may lead to a decrease in cathode capacity.26 The 

eluted transition metal can then deposit on the surface of the anode, and this may further create 

problemsm, such as additional solid electrolyte interphase (SEI) growth catalyzed by the 

deposited metal on the anode causing impedance growth.26 However, this proposed reaction 

step caused by LiOH is somewhat controversial since there are other literature reporting 

beneficial effects from LiOH and Li2CO3 coating on the cathode.14,27-29 Thus, it is inconclusive 

that LiOH can be detrimental to the performance of LIB. Nevertheless, whether LiOH and 

Li2CO3 can be beneficial or not, a large amount of those carbonates and hydroxides on the 

cathode surface can cause an impedance increase and blockage of ion conduction pathways.  

Thus, it is beneficial not to have large amounts of LiOH and Li2CO3.29, 30 

The second drawback of Ni-rich NCM is closely related to the anisotropic volume 

change of the Ni-rich NCM particle (Figure 1.12). A severe decrease in the interlayer lattice 

parameter c-axis above 4.1 V is causing this volume change.31 This c-axis parameter shrinkage 

then causes the particle disintegration and leaves cracks within the particles.31 
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Figure 1.12 Anisotropic volume change in NCM811.31 Reproduced with permission from 

Ref. 31. Copyright 2017 American Chemical Society. 

The particle cracking can cause additional SEI to be created on the newly exposed 

surface induced by particle disintegration and may increase impedance.31,32 Also, the particle 

may lose its electronic conduction pathways if the particle is isolated from the conductive 

carbon.13,31   

Although Ni-rich strategy is attractive since a simple increase of Ni contents leads to 

considerable capacity increase, Ni-rich NCM cannot be considered for commercial application 

due to the reasons mentioned above. It is, therefore, crucial to come up with a different strategy 

in order to fulfill the energy needs from various power-hungry applications.1,23 Instead of a 



１４ 

 

fundamental chemical approach, battery researchers worked closely with battery cell industries 

to optimize the design of the cells to utilize the inner spaces. However, due to the fundamental 

limitations in capacity from the battery materials, industries were faced with difficulties in 

further increasing the energy density of the battery. Rather than a temporary engineering 

solution, fundamental material innovations were needed to increase the capacity of the batteries 

while achieving safety and reliability. 

1.2 Overview of lithium-rich layered oxide cathodes 

Another way to improve capacity for lithium layered oxides is the implementation of 

lithium-rich layered oxides (Figure 1.13).33 Lithium-rich layered oxides or high energy NCM 

(HE-NCM) achieve a single-phase solid solution composed of Li2MnO3 and LiNiCoMnO2 (c 

Li2MnO3 (1-c) LiTMO2 [TM = Ni, Co, Mn]).4,34 The name “Li-rich” is due to Li2MnO3 

possessing excess lithium in the Mn layer creating a so called “honeycomb structure”.34 The  

 

Figure 1.13 Discharge capacity comparisons among various cathode materials.33 Reproduced 

with permission from Ref. 33. Copyright 2017 American Chemical Society. 
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Figure 1.14 (a) Trigonal (R3/m) LiTMO2 atom model (left) and atomic arrangement in the 

TM layer (right), (b) Monoclinic (C2/m) Li2MnO3 atom model (left) and atomic arrangement 

in the TM layer (right).4 Reproduced with permission from Ref. 4. Copyright 2017 American 

Chemical Society. 

HE-NCM positive electrode material drew a great deal of attention due to its high theoretical 

capacity of 270 mAh g-1 (Figure 1.14).33 The synthesis of HE-NCM follows the same method 

that was used for NCM cathodes (co-precipitation).34,35 To better understand Li-rich layered 

oxides, close attention towards the charging and discharging process as well as through 

understanding of its structural degradation processes are needed. During initial charging, when 

the voltage is below 4.4 V, lithium ions are de-intercalated from R3/𝑚 LiTMO2 lithium slabs 

(Figure 1.15).36 A long plateau starts to develop at 4.5 V, which is accompanied by 

electrochemical activation of Li2MnO3 component.36 During this activation process, Li 

from C2/𝑚 Li2MnO3 is released along with oxygen.36 The discharge process is the opposite 

process of the charging process. In this case, delithiated lithium ions are inserted back to the 

lithium sites in the LiTMO2 and Li2MnO3.36  

Despite its capacity advantage, HE-NCM suffers from structure degradations due to lattice 

oxygen release at high voltage operation.36 The degradation mechanism is quite complicated 
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since the bulk and surface degradation (within 10 nm) are different. For surface degradation in 

detail, delithiation occurs from the solid solution c Li2MnO3 (1-c) LiTMO2, and 

 

Figure 1.15 First cycle charge and discharge voltage profile of HE-NCM. 

the structure changes to mainly rocksalt TMO until 4.4 V (Figure 1.16).36 Delithiation 

continues to take place until 4.8 V, and the structure mainly changes to the disordered spinel 

TM3O4.36 Discharge down to 2 V will lead to the relithiation of lithium ions in the vacant 

lithium site.36 The structural transformation again occurs during the discharge process, and at 

2 V, the majority of the surface structure of HE-NCM mainly becomes TMO, and a small 

portion of the structure becomes TM3O4.36 

Figure 1.16 HE-NCM Surface degradation mechanisms in detail.36 Reproduced with 

permission from Ref. 36. Copyright 2018 American Chemical Society. 
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For bulk degradation, the majority of the structure is monoclinic layered LiTMO2, with 

a small amount of monoclinic layered Li2MnO3 being present (Figure 1.17).36 During the 

charging process, lithium sites in Li2MnO3 become vacant due to delithiation. Some of the 

delithiated lithium cannot be lithiated back to the original lithium site due to the structural 

reorientation of Li2MnO3.36 The formed lithium vacancy is filled up with transition metal 

during the discharge process. The transition metal slab is being glided to fill the lithium vacancy, 

and structure densification occurs by this process.36    

 

 

 

Figure 1.17 Bulk degradation of HE-NCM in detail (LLO = lithium-rich layered oxide).36 Reproduced 

with permission from Ref. 36. Copyright 2018 American Chemical Society. 

 The degradation studies for surface and bulk HE-NCM elucidated how the structural 

transformation occurred during the electrochemical operation. However, the degradation 

process alone did not address the conundrum of exhibiting extra capacity caused by lithium-

rich layered oxide cathodes. The commercial lithium-rich layered oxide from BASF SE (HE-

NCM) has a composition of Li1.33Ni0.27Co0.13Mn0.60O2+d. Based on the theoretical capacity 

calculation, HE-NCM should be exhibiting discharge capacity lower than 250 mAh g-1. 

However, at a C/15 (the charge and discharge current when cell operation time is 15 hours) 

rate, HE-NCM produces the discharge capacity of approximately 275 mAh g-1 (Figure 1.16). 

Although many cathode researchers were puzzled about this unusual phenomenon, recent 

studies revealed an explanation with concrete experimental evidence.37-42    
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1.2.1 Introduction of Reversible Oxygen Anion Redox Process 

The concept of a reversible oxygen anion redox process was suggested as a reason for 

the extra capacity contribution from lithium-rich layered oxide cathodes.37-46 To better 

understand how this anion redox process works, understanding conventional cationic redox 

activity in LIB cathodes is needed first. For classical lithium layered oxides, cationic redox 

activity takes place to exhibit capacity.6 For example, an LCO experiences a change in the 

oxidation state of Co3+ to Co4+ (cation redox activity) when delithiation takes place. However, 

for lithium-rich layered oxides, cations and anions (oxide ions) participate in redox activity 

during charging and discharging, which can lead to a high discharge capacity, sometimes 

exceeding theoretical capacity (Figure 1.18).37 

 

Figure 1.18 Illustration of cation and anion redox activity.37 Reproduced with permission 

from Ref. 37. Copyright 2018 Springer Nature. 
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 The reason behind Li-rich layered oxides exhibiting additional anionic redox activity 

is closely related to the arrangement of oxygen bonding within the transition metal slabs. In Li-

rich NCM, an oxygen 2p orbital pointing towards a Li 2s orbital in Li-rich NCM is weakly 

bonded compared to the classical NCM where no Li exists in the TM layers. This weak binding 

behaves like an O 2p non-bonding orbital, and this non-bonding band is placed above the M-

O band, which is a band induced from the interaction with TM’s 3d orbitals and oxygen’s 2p 

orbitals (Figure 1.19).37 

 

 

 

Figure 1.19 Band diagram of lithium layered oxide and Li-rich layered oxide.37 Reproduced 

with permission from Ref. 37. Copyright 2018 Springer Nature. 

The anion redox concept becomes more evident when the DOS is interpreted using 

Mott-Hubbard splitting (Figure 1.20).37 The variable U represents the electron repulsion within 

d orbitals, and it is inversely proportional to the orbital volume. Delta is the energy difference 

between the M-O band and the M-O antibonding band. The partially filled M-O band can be  

 

 

 

 

Figure 1.20 Process of cationic and anionic redox activity in detail.37 Reproduced with 
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permission from Ref. 37. Copyright 2018 Springer Nature. 

divided into an empty upper Hubbard band (UHB) and filled lower Hubbard band (LHB).37,47,48 

Case 1 is an example of cation redox activity that is taking place during the initial state of 

charging until approximately 4.4 V. In this case, LHB is placed above the non-bonding band, 

and electrons are moved from this band only. The electron repulsion gets larger during charging 

since the TM orbital volume reduces along with the delithiation process.48In region 2 when 

Li2MnO3 delithiation takes place, the electron repulsion becomes large enough that LHB is 

now at a similar energy level with the oxygen 2p non-bonding orbital. At this moment, cation 

& anion redox can coincide, and electrons are removed from both LHB and the non-bonding 

O 2p band and results in extra capacity.37, 41, 48 Electron removal from these two bands induces 

degeneracy in the Fermi level, which then triggers J-T distortion.37 When delithiation continues 

to take place, the electron repulsion gets even more substantial than before due to further 

oxidation of the TM, and the energy level of LHB is now below the energy level of the non-

bonding O 2p band, which is shown in case 3. When this happens, electrons are solely removed 

from the non-bonding O 2p band, which yields to oxygen gas release and irreversible structure 

change.37, 43  

   

 

 

 

 

Figure 1.21 Experimental proofs for anionic redox activity.37 Reproduced with permission 

from Ref. 37. Copyright 2018 Springer Nature. 

TEM HAXPES 
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The concept of anionic redox is confirmed by a series of experiments (Figure 1.21). The Jahn 

Teller distortion induced by anionic activity was directly observed by a transmission electron 

microscope (TEM).37 Also, synchrotron-based bulk-sensitive hard X-ray photoelectron 

spectroscopy (HAXPES) was used to confirm oxide ion redox activity by performing the 

experiments during charge and discharge.39, 41 The HAXPES not only can dive into the surface 

of the cathode particle, (~6.3 nm) but also scrutinize the bulk part of the cathode (~29 nm). 

Recent studies from Bruce et al., further studied anion redox in lithium-rich NCM and 

the origin of oxygen loss was further scrutinized.49-53 Based on multiple spectroscopic tools 

such as TEM and RIXS, along with DFT calculations, the group proved that irreversible in-

plane migration of Mn occurs with oxide ion oxidation after the first cycle of Li2MnO3 

activation.49 This Mn migration is triggered by oxide ion oxidation. The weakened Mn – O 

bond due to the oxide ion oxidation promotes migration to the vacant lithium sites in the 

honeycomb structure and ultimately creates vacancy clusters.49-52 The oxide ions trapped in the 

cluster bind and form molecular O2. During discharge, molecular O2 reduces back to oxide ions 

and the vacancy cluster is filled with lithium ions.50 Due to the in-plane Mn migration during 

charging, lithium that was inserted to the vacancy cluster during discharge was not located at 

the original positions. The coordination of orphan oxygen induces higher energy O 2p state 

since the net interaction between Li – O after in-plane Mn migration is weaker than the net 

interaction between Li – O before in-plane Mn migration.50,52,54 The higher energy state of O 

2p is vulnerable from oxygen release due to the weaker bonding interaction. 

The escaped oxygen can have many forms: O2-, O-, O22-, and O2.17,55,56 These oxygen 

containing species then react with ethylene carbonate in the electrolyte and further produces 

side products such as LiF, polymer species, etc. which then deposit back to the cathode surface 
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to increase impedance (Figure 1.22).14,57,58 Phase transitions also occur upon oxygen 

release.25,55,59 When oxygen escapes from the lattice, TM in the octahedral site of the metal slab 

can be easily migrated to the octahedral site of the lithium slab. This phase transition from 

layered to spinel to eventually rocksalt structure drastically reduces capacity.25,60,61  

 

Figure 1.22 Drawbacks of Li-rich layered oxide 17,55,56 Reproduced with permission from 

Ref. 17 and 55. Copyright 2018 American Chemical Society and Elsevier. 

1.3 Scope of This Thesis 

In conclusion, it is needless to say that degradation of lithium-rich layered oxides are 

closely related to the surface of the cathode particles. Thus, an improvement in the cathode 

interface is greatly needed to address the abovementioned drawbacks. This thesis is focused on 

the surface modification of commercial lithium-rich layered oxides, also known as HE-NCM. 

Before mentioning the surface modification in detail (Chapter 3), characterization methods 

that were used during this research will be mentioned in the next chapter.   
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Chapter 2. Method of Characterization 

 

2.1 X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is used to detect the bulk crystal structure as well as the phase 

of the materials.62 In 1913, Bragg’s law was first introduced to better understand diffraction 

data from materials.62 From n	λ = 2	d	sin	θ, the diffraction data can be interpreted to conduct 

structural analysis.62 The variable n is a positive integer, λ is the wavelength of the X-ray, d is 

the crystallographic plane distance also known as d-spacing, and θ is the angle between the 

X-ray and the crystallographic plane (Figure 2.1).62 During XRD analysis, X-rays travel from 

the X-ray source, and the beam hits the crystal sample. The beams are reflected from planes in 

the crystal, and the distance traveled to the X-ray detector differs by one wavelength; thus, the 

value of n becomes 1. The scattered rays can constructively interfere, and this produces 

diffracted beams.62 The instrument that was used for this thesis is a PANalytical Empyrean. Cu 

Ka radiation with λ = 0.15405 nm was used, and the instrument was functional at 40 kV with 

30 mA. The Bragg-Brentano geometry was used for the sample scan (Figure 2.2). 

 

Figure 2.1 Illustration of Bragg’s law.63 Reproduced with permission from Ref. 63. 

Copyright 2018 Royal Society of Chemistry. 
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Figure 2.2 Illustration of Bragg-Brentano geometry of the XRD.62 Reproduced with 

permission from Ref. 62 Copyright 2014 from John Wiley & Sons. 

 

2.2 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) utilizes X-rays to hit the surface of the sample 

in an effort to generate photoelectrons (Figure 2.3).62,64 The generated X-rays from the 

equipment are focused on the sample, and they have the energy to ionize the sample and yield 

kinetic energy (KE). Since the energy of the incident X-ray photon (hv) is the energy value 

from the equipment, electron ionization energy (binding energy [BE]) can be determined by 

the photon energy subtracted by the kinetic energy. Since the binding energies for the core 

electrons of an element are unique, element identification is possible.62, 65 The depth of which 

XPS can probe is about 10 nm. A Thermo VG ESCA Lab 250 was used for this thesis study. 
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Figure 2.3 Photoelectron emission process.64 Reproduced with permission from Ref 64. 

Copyright 2018 American Chemical Society 

2.3 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy 

(EDS) 

Scanning Electron Microscopy (SEM) is an electron reflection technique which is used 

to identify the localized morphology of the sample.62 A highly energized electron beam hits the 

sample, and this interaction generates secondary electrons (SE), backscattered electrons (BSE), 

and characteristic X-rays (EDS) (Figure 2.4).62 The bonded electrons from the sample are taken 

out by the incident electron beam and yield to secondary electrons. These secondary electrons 

typically have a depth of approximately 10 nm.62 The electrons with a degree of scattering 

angle above 90 degrees are identified as BSE. They can be utilized for identifying heavy 

elements since the degree of scattering is higher for the heavy elements.62 Due to the higher 

energy of BSE, the depth of BSE is up to 3 um. In the process of SE ejection, the excitation of 

the low binding energy shell electron creates a vacancy of the electron site. Along with this, 

excess energy is then released as a form of X-ray.62 This can be collected by an EDS detector 

and identify the sample’s element since the X-ray emitted from excess energy is dependent on 

the element’s unique orbital.62 Zeiss FESEM 1530 was used for SEM and EDS for this thesis 
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study. 

 

Figure 2.4 Scheme of a scanning electron microscope.62 Reproduced with permission from 

Ref. 62 Copyright 2014 from John Wiley & Sons. 

2.4 Transmission electron microscopy (TEM) 

To identify structural information, transmission electron microscopy (TEM) was used. 

Due to its high resolution of 10 Å, TEM is an ideal localized analysis for observing extreme 

features such as the surface of a small particle.62 Instead of electron reflection, such as in the 

case of SEM, TEM utilizes undiffracted beams (Figure 2.5).62 The FEI Titan 80-300 HB in 

McMaster University Canadian Centre for Electron Microscopy was used for this thesis study.  
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Figure 2.5 Difference between SEM and TEM and their resolution.62 Reproduced with 

permission from Ref. 62 Copyright 2014 from John Wiley & Sons. 

2.5 Raman Spectroscopy 

The excitation of an atom’s vibrational modes in a solid is possible by light scattering.62 

The laser was used to scatter light to the sample. When light interacts with molecules in a 

sample, the energy level of the incident photons should be mostly the same as the energy level 

of the scattered photons.62 However, a small number of the scattered photons will have a 
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different frequency, thereby exhibiting a small difference in energy.62 This difference is defined 

as the Raman shift. The chemical bonds experience a deformation of electron clouds 

(polarization) when they interact with a laser.62 The interactions then provide Raman active 

bands, which can be used to find structural information on the sample.62 The Raman instrument 

that was used for this thesis study is a Horiba Raman spectrometer T64000 with a 532 nm laser 

excitation wavelength. 

2.6 Galvanostatic charge/discharge Cycle Test 

The electrochemical performance of the surface-modified cathodes was tested using a 

galvanostatic charge/discharge cycle test. Since this study is a part of the BASF Battery 

Network project, there was a specific electrochemical testing protocol that needed to be 

followed (Table 1). The testing protocol for the cycling test is the following: 

Table 1. The BASF Battery Network protocol 

Step Cut-off critarion C-rate charge C-rate discharge No. of cycles 
Activation 4.8-2.0 V vs. Li+/Li C/15-CC C/15-CC 1 

Stabilization 4.7-2.0 V vs. Li+/Li C/10-CC C/10-CC 3 
Fast cycling 4.7-2.0 V vs. Li+/Li C/2-CCCV 3C-CC 3 
Slow cycling 4.7-2.0 V vs. Li+/Li C/2-CCCV 1C-CC 33 

Repeating the entire steps for 8 times (exception for activation step)  
 

The C-rate is a rate at which a battery is charged/discharged. For instance, a 1C rate is 

defined as the rate at which the battery is fully charged/discharged in 1 hour with CC 

representing constant current. Since this is a galvanostatic experiment, the constant current was 

applied to the cell. The abbreviation CCCV stands for constant current-constant voltage. When 

the cell reaches a target voltage (e.g., 4.7 V), the current decays exponentially in order to 



２９ 

 

maintain its voltage. The reason for performing CCCV is closely related to reaching the 

originally targeted state of charge (depth of discharge for cathode). The cell cannot achieve the 

targeted state of charge due to overpotential. Thus, the current decays slowly by performing a 

CV step after the CC step of charge. This minimizes the cell’s overpotential which allows for 

the anode and cathode to lithiate and delithiate to achieve the desired state of charge. 

The activation step was performed to activate Li2MnO3 in the cathode. Also, a very 

slow stabilization step was added for the purpose of creating a robust SEI and also to observe 

charge/discharge performance at a minimum overpotential operating environment. A Maccor 

Series 400 Automated Test System was used to perform cycle tests for this thesis study.  

2.7 Electrochemical Impedance Spectroscopy (EIS) 

The performance of an electrochemical cell is highly dependent on its impedance. 

Alternating current (AC) impedance analysis is used to identify the response of the current in 

the alternating current environment to obtain inductance, capacitance, and resistance values.  

 

Figure 2.6 Voltage and current phase difference.5 Reproduced with permission from Ref. 5 

Copyright 2012 from John Wiley & Sons. 
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When a sinusoidal potential is applied to the cell, current changes as a response to such 

excitation.5 This current also has the representation of a sinusoid with the same frequency. 

However, the phase is shifted as represented in Figure 2.6.5 

Considering phase differences for voltage and current as well as Euler’s relationship, 

mathematical representations of impedance is the following (Equation 2.1): 

𝑉. = 𝑉/ sin(ωt) = 	𝑉/exp	(iωt) , 𝐼. =	 𝐼/ sin(ωt + ∅) = exp	(iωt − ∅) , ω = 2πf	 

|Z(ω)| = 	
𝑉(𝑡)
𝐼(𝑡) = 	

𝑉/ sin(ωt)
𝐼/ sin(ωt + ∅)

= 𝑍/
sin(ωt)

sin(ωt + ∅) = 𝑍/(cos∅ + i	sin∅) 

Where 𝑉. is the potential at time 𝑉/is the amplitude of the signal  

ω is the angular speed, f is frequency and ∅ is the phase shifted amount 

Equation 2.1 Mathematical representations of impedance 5 

Impedance can be represented as a diagram in the complex plane. This plot is known 

as a Nyquist plot (Figure 2.7).5 

  

Figure 2.7 Illustration of Nyquist plots.5 Reproduced with permission from Ref. 5 Copyright 

2012 from John Wiley & Sons. 
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When θ (phase angle) is zero, the impedance only exhibits the real part. Thus, there 

should be no value on the y-axis and only the x-axis is represented on the Nyquist plot.5 The 

value of the y-axis can be shown if there is a capacitance value. The Nyquist plot of LIB can 

be represented in the right Nyquist plot in Figure 2.7.5 Besides the ohmic resistance (Rs or 

Rohm), which is due to the resistance from the electrolyte, separator, and contact resistance from 

the cell terminal, the plot can be divided into three different sections of high, middle and low-

frequency range region.11, 66-77 The high-frequency region can be recognized to be between 

1000 to 100 Hz, and this area has a semi-circle in which the diameter value of the circle is 

designated to the film resistance of the electrode (RSEI). The middle frequency is within the 

frequency range of 10 to 0.1 Hz, and the diameter of the semi-circle in this region is closely 

related to the charge transfer resistance (Rct) of the electrode during electrochemical operation. 

Lastly, the low-frequency region is designated to the frequency below 0.1 Hz, and this region 

is used to analyze the diffusion resistance of the electrode (Rdiff). A Biologics VMP3 

potentiostat was used to perform EIS for this thesis study. The results from EIS were carefully 

fitted to retrieve resistance values using EC-Lab software from Biologics.    
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Chapter 3 Li-Mo-O Coating on High Energy Lithium Layered 

Oxide 

3.1 Introduction 

The advent of lithium-rich layered oxide cathodes and their anionic redox capability 

paved a ground towards next-generation high capacity LIB.38 A commercial Lithium-rich NCM 

cathode (HE-NCM), for instance, outperformed classical high-nickel NCM cathodes by both 

capacity and production cost.37 However, the cycle stability of HE-NCM is somewhat 

questionable, thus making it difficult to use in real-life applications.34,35 Many previous studies 

have shown that the oxygen loss and structural degradation of HE-NCM begins from the 

surface of the cathode (Table 2).25,55,60,61,78 Therefore, performing a treatment on the HE-NCM 

surface was logical to prevent structural deterioration and cathode surficial lattice oxygen loss. 

Multiple surface modification methods were implemented to suppress the degradation.71,79-101  

Table 2 Previous studies on variety of cathode surface modifications102-115,148 

 

For instance, polyimide coating was performed on Li-rich NCM from polyamic acid 
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as a coating precursor.101 The logic behind this coating was due to polyamic acid’s strong 

affinity to the transition metal oxide surface, thus enabling the ability to establish continuous 

protective polyimide layers on the cathode. Despite the claim, insignificant cycle stability 

improvement was shown on the polyimide layer coated cathode compared to the non-coated 

Li-rich NCM. Other studies tried inorganic materials as coatings for the cathode.30,84,98,116-122 

For example, the utilization of LiF as a coating material was reported to be beneficial for cycle 

stability.98 The existence of an already fluorinated protective surface may prevent from HF 

attack, thereby preventing transition metal dissolution from the cathode structure. However, 

the coverage of inorganic material coating often can be imperfect, and the exposed surface may 

still experience structural degradation over cycles.  

Winter et al. performed a tungsten oxide coating on NCM811 to improve its cycle 

stability.106 By reacting residual lithium on the NCM811 surface with ammonium tungstate at 

400 oC, WO3 and/or Li2WO4 were formed. Although the exact coating composition could not 

be identified due to the limited analysis techniques and the nature of small thickness of the 

coating, the tungsten oxide coated NCM811 exhibited improved cycle stability. Winter et al. 

claimed that the improved cycle performance is attributed to the protective shield of the 

tungsten oxide coating against electrolyte which allowed delaying cathode lattice oxygen 

release.106  

Li et al. utilized MoO3 to coat Li-rich NCM to improve its electrochemical 

performance.105 Instead of the commonly used wet coating method, mechanical ball milling 

was used to break down the micron sized MoO3 particles to nano-chunks. It was then mixed 

with Li-rich NCM and heat treated at 790 oC. Li et al. claimed that they had formed a MoO3 

coating along with a spinel phase formation upon heat treatment with MoO3 and Li-rich 
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NCM.105 The spinel formation was actually beneficial towards the rate performance since the 

phase has 3-dimensional lithium ion diffusion pathways thereby improving ion diffusion. Also, 

the MoO3 coating can reduce the side reactions between the electrode and electrolyte during 

battery cycling and this ultimately reduces the impedance of the coated cathode. However, the 

paper did not clearly explain how the spinel formation was established during the synthesis 

step. Also, the paper failed to explain the relationship between the MoO3 coating and the spinel 

phase.  

Aurbach et al. demonstrated the viability of a ZrO2 coating on NCM811 by using 

zirconium butoxide in butanol and ethanol.148 The group claimed that reduced voltage 

hysteresis was observed from the ZrO2 coated NCM811 during 700 oC heat treatment in air. 

The group also performed cross-sectional SEM and EDS analysis and proved that the Zr 

migration occurred on the coated NCM811 up to 4 um from the cathode surface. The group 

claimed that the enhanced electrochemical performance is attributed to the combination of the 

ZrO2 coating as well as Zr doping. 148 However, the effects from the coating and doping were 

not well separated to observe the improvement independently to quantify which effect is more 

beneficial towards the electrochemical performance. 

Regardless of different coating materials, coating strategy on cathodes seems 

beneficial as a means to delay cathode degradation.102-115,148 For this thesis study, Li-Mo-O 

coating and Mo6+ surface diffusion are introduced as a surface modification strategy on HE-

NCM. This suggested modification has also shown promising cycle stability. Several 

characterizations were performed on the modified material in order to understand the cause of 

the stability compared to none-modified HE-NCM.  
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3.2 Lithium Molybdenum Oxide (LixMoO3) 

Molybdenum trioxide is an interesting material due to its reversible intercalation 

/deintercalation of alkali ions.123 In addition to its ability to accommodate lithium ions into the 

lattice, the electronic conductivity of MoO3 increases along with the degree of ion intercalation, 

which results in changing its electronic property from insulator to semi-conductor.123 A coating 

that possesses an insulating property at high voltage (> 4.5 V) can help to prevent 

electrochemical oxidation of ethylene carbonate (EC) in the electrolyte.24 EC oxidation may 

result in OCV drop due to impedance increase caused by deposition of reacted products.24 Gas 

generation from EC oxidation such as CO and CO2 generation is also detrimental as the gases 

can be trapped into the electrode pores and this reduces electrochemical active areas.24 A 

coating that has a semi-conductor property at low voltage may increase the 

intercalation/deintercalation rate performance of the cathode due to enhanced electron charge 

transfer.124 Due to such advantages, MoO3 was considered by many researchers as a cathode 

material in the LIB application.123 Structural studies were performed to further verify the 

viability of battery applications by other research groups.123 There are different types of MoO3, 

and the most frequently studied types are listed in Figure 3.1.123 For battery active material 

applications, a crystalline form of MoO3 is preferred over amorphous MoO3 due to a higher 

and flatter voltage profile, as was shown in the previous studies.123 The most 

thermodynamically stable form is α -MoO3, which consists of a double sheet of MoO6 

octahedra (Figure 3.1 a).123 To explain its structure in detail, the structure is organized as edge-

sharing chains of the octahedron in which two chains of octahedral edges are shared to establish 

layers. These layers of MoO6 are then stacked along the c-axis in a staggered fashion by van 

der Waals forces.123 Other types of MoO3 are the metastable cubic β-MoO3 (Figure 3.1 b) and 
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hexagonal h-MoO3 (Figure 3.1 c). Due to the vacancy in their structure, intercalation of alkali 

ions is possible. 

 

 

Figure 3.1 Structures of molybdenum trioxide: (a) layered α-MoO3, (b) cubic β-MoO3, 

and (c) hexagonal h-MoO3.123 Reproduced with permission from Ref. 123. Copyright 2009 

from Royal Society of Chemistry. 

The electrochemical properties were studied in detail from studies by other researchers 

as well.125 A series of galvanostatic tests were performed on various MoO3 (Figure 3.2).125 

According to the stoichiometry of α-MoO3, Li2MoO3 can be made upon lithiation. In the 

process of lithiation, the oxidation state of Mo can change from Mo(VI)O3 to LiMo(V)O3 and 

Li2Mo(IV)O3, assuming full lithiation in MoO3.125 However, the galvanostatic test confirmed 

that α-MoO3 could only accommodate approximately 1.5 Li per Mo.125 The capacity, however, 

exhibited from α-MoO3 is around 280 mAh g-1 which can be considered as a reasonably high 

capacity cathode compared to other layered oxide cathodes. 

 

 

 

 

Figure 3.2 Charge/discharge voltage profile of various MoO3.125 Reproduced with permission 
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from Ref. 125. Copyright 2016 from Springer Nature. 

The other benefit of using MoO3 as a battery material is related to its variable electronic 

conductivity upon (de)lithiation.124 Studies by other group suggested that with lithiation in the 

MoO3 lattices, electrons are introduced into the conduction bands, thereby increasing electronic 

conductivity. Although there are variations on the absolute value of electronic conductivity 

increase upon lithiation, the trend of increasing conductivity with ion insertion was in 

agreement with different literature sources (Figure 3.3).123, 124  

 

Figure 3.3 Electronic conductivity values of lithiated α-MoO3 from various literatures.123 

Reproduced with permission from Ref. 123. Copyright 2009 from Royal Society of 

Chemistry. 

 The lithium diffusion coefficient was investigated by other researchers to find the ionic 

conductivity of MoO3 (Figure 3.4).123 Based on the Li+ transference number as well as the 

chemical diffusion coefficient and thermodynamic factors, Li+ ionic conductivity was 

identified, and the maximum value of 10-4 S cm-1 was found for x = 0.7 which is relatively high 

for ionic conductivity considering the ionic conductivity of a typical LIB cathode, NCM111, is 

MoO3 

Li0.3MoO3 

Li0.3-yMoO3 

Li0.3-x-yMoO3 
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approximately 10-8 S cm-1.123  

 

Figure 3.4 Ionic conductivity of LixMoO3.123 Reproduced with permission from Royal 

Society of Chemistry. Reproduced with permission from Ref. 123. Copyright 2009 from 

Royal Society of Chemistry. 

Although MoO3 has many advantages for use in LIB materials, it often undergoes 

severe discharge capacity degradation over cycles due to structural collapse and subsequent  

 

 

 

 

 

Figure 3.5 Size effect of MoO3. (a) Improved performance of MoO3 nanoparticle vs micron-

sized MoO3. (b) First and second cycle voltage profile from MoO3 nanoparticle.126 

Reproduced with permission from Ref. 126. Copyright 2008 from John Wiley and Sons. 
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loss of electronic conductivity as it was suggested by Lee et al.126 Therefore, various studies 

were performed to mitigate capacity degradation. One of the effective methods to improve the 

cyclability is with size reduction of the MoO3 particles (Figure 3.5).126 A study revealed that 5-

\20 nm of α-MoO3 nanoparticles synthesized by the chemical vapor deposition method was 

used as an anode material. The study revealed that the size of the MoO3 particles differentiate 

the cycle performance upon frequent (de)lithiation. 

Besenhard et al. demonstrated chemical lithiation of MoO3 using lithium iodide. The 

group  showed an improve cycle performance over non-lithiated MoO3.124 Galvanostatic 

cycle tests were performed on LixMoO3 with x = 0, 0.1, 0.25, 0.5 and 1 (Figure 3.6). The 

samples, with lithiation, were exhibiting improved cycle performance because of improved 

electronic conductivity from chemically lithiated MoO3 and the robust establishment of a 

MoO3 lithiated phase.  

 

 

 

 

 

Figure 3.6 Cycle test on LixMoO3 with x = 0, 0.1, 0.25, 0.5 and 1.124 Reproduced with 

permission from Ref. 124. Copyright 2007 from Springer Nature. 

3.3 LixMoO3 Coated High Energy Lithium Layered Oxide 
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3.3.1 Synthesis 

For this thesis study, nano-sized LixMoO3 was used to coat HE-NCM due to the 

advantages of improved electronic conductivity and enhanced stability from the nano-sized 

morphology stated in section 3.2. Therefore, commercially available MoO3 (Sigma Aldrich) 

needed to be exfoliated first since the sheet of MoO3 is stacked like a sandwich as an 

agglomerated MoO3 with the particle size of approximately 10 um. There are a number of 

exfoliation methods for MoO3.127-129 Several exfoliation approaches (high-intensity sonication 

with a solvent, liquid exfoliation method using isopropanol and water, etc.), were applied, and 

they were not successful. Inspired by chemical exfoliation of graphene, a similar analogy was 

applied to synthesize MoO3 nanoparticles.129 A previous study from Shukoor et al. examined 

the possibility of MoO3 chemical exfoliation by using amine and nitric acid.129 Instead of using 

commercial MoO3, layered molybdic acid (MoO3 2H2O) was applied as a precursor. The 

exfoliation procedure is as follows. Molybdic acid (10 mM) and octylamine (5mM) were added 

in a solution containing ethanol (33%) and water (66%). The mixture was then vigorously 

stirred for 48 hours to evaporate the solution. The remained composite was then stirred with  

 

Figure 3.7 Exfoliation MoO3 synthesis process.129 Reproduced with permission from Ref. 

129. Copyright 2006 from American Chemical Society. 
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33% nitric acid for 48 hours. The mixture was washed with deionized water several times to 

remove the acidity of the solution by carefully monitoring the pH. The reason for using 

molybdic acid is closely related to the presence of H2O molecules in between MoO6 octahedral 

layers (Figure 3.7).129 Intercalation of octylamines was possible by replacing residing H2O with 

octylamines. The driving force for intercalation is related to the proton transfer from the OH 

group of the molybdic acid to octylamine and attraction from the electrostatic force between 

positively charged octylamine and negatively charged MoO6 layers.129 

 

Figure 3.8 Different MoO3 morphology after various amine intercalation.129 Reproduced 

with permission from Ref. 129. Copyright 2006 from American Chemical Society. 

According to Shukoor, the morphology of synthesized MoO3 is highly dependent on the kind 

of amine used (Figure 3.7). Depending on the length of the amine (from propylamine to 

hexadecylamine), the final morphology of MoO3 after acid treatment diversifies from rods to 

sheets (Figure 3.8). Since the application of the synthesized MoO3 is for HE-NCM coating, 

octylamine was chosen as it can yield sheets of MoO3. Utilizing the exfoliation study by 

Shukoor et al., exfoliation of molybdic acid was performed for this thesis study as well. 

b) c) 
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Contrary to the data from Shukoor et al., the morphology of the synthesized MoO3 after DI 

water washing was not a sheet, but more hexagonal nanorods (Figure 3.9 c).  

 

Figure 3.9 (a and b) None exfoliated MoO3, (c) HxMoO3+y from molybdic acid exfoliation 

 The synthesized HxMoO3+y was then used to initiate chemical lithiation with LiI 

(Equation 3.1). Utilizing the technique from Besenhard et al., HxMoO3+y was stirred with dry 

LiI in water-free hexane solution in an Ar filled glovebox for 24 hours.124 Since the electronic 

and ionic conductivity of the lithiated MoO3 can be increased starting from x = 0.2, the amount 

of LiI was calculated accordingly to synthesize Li0.2HxMoO3+y. The chemical reaction that took 

place during this step is the following (Equation 3.1):  

2HzMoO3+y + 2LiI → 2LixHzMoO3+y + I2 

Equation 3.1 Chemical lithiation of HzMoO3+y using LiI 124 

Iodine was made along with lithiated HzMoO3+y during the chemical lithiation of 

MoO3. Thus, I2 was carefully removed after stirring by washing LixHzMoO3+y with hexane 

several times. The color of the LixHzMoO3+y was deep blue in color confirming that Li was 

intercalated in HzMoO3+y. XRD was used to examine the structural information on the 

synthesized HxMoO3+y and its lithiated version (Figure 3.10). The XRD data confirmed that  
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Figure 3.10 XRD data of commercial and synthesized HxMoO3+y and its lithiated version 

the final product of MoO3 was HxMoO3+y, which has a hexagonal bronze structure with a P63/m 

space group. Another literature source confirmed the legitimacy of the exfoliation result as they 

claimed that hexagonal MoO3 was synthesized when nitric acid was used.131 The synthesized 

lithiated HxMoO3+y was then used to coat HE-NCM. Dimethyl sulfoxide (DMSO) was used as 

a solvent in the coating process due to its highly polar nature, allowing lithiated HxMoO3+y to 

be dispersed well in the solvent. Lithiated HxMoO3+y was added in the DMSO solvent, and 

ultrasonication was used to disperse the particles well. Dried HE-NCM was added in the 

dispersed solution and the composite was evacuated for a brief amount of time (approximately 

three minutes) using the Schlenk line to remove any possible remaining air pockets within the 

HE-NCM secondary particles. After the evacuation step, the mixture was stirred at 200 °C for 

3 hours to evaporate the solvent. The precipitated sample was then calcined at 400 °C in air 

with a ramping and cooling rate of 5 °C per minute and dwelling of 5 hours to remove possible 

impurities on the coated cathode surface (Figure 3.11).  
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Figure 3.11 HE-NCM coating procedure  

3.3.2 Characterization 

To confirm the surface coating of lithiated HxMoO3+y sheets on HE-NCM, scanning 

electron microscopy (SEM) was done on the coated and non-coated samples (Figure 3.12). By 

observing the surface morphology and comparing coated and non-coated samples, the 

distribution of lithiated HxMoO3+y nanoparticles were seen on the surface of HE-NCM.  

 

Figure 3.12 SEM of (a) non-coated and (b) coated HE-NCM  

Energy Dispersive X-ray Spectroscopy (EDS) was performed on the coated sample to confirm 

the presence of Mo contents on the surface (Figure 3.13). EDS results showed that Mo was 

distributed on the surface of HE-NCM. Also, Mo was dispersed quite evenly since the degree 

of Mo dispersion is similar to the other transition metals like Ni, Co, and Mn. 
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Figure 3.13 SEM (a) and EDS of the coated HE-NCM (b-e) 

 

Figure 3.14 STEM of lithiated HxMoO3+y coated HE-NCM  

Scanning transmission electron microscopy (STEM) was performed on the coated 

sample to further verify the existence of lithiated HxMoO3+y sheets on the surface of HE-NCM 

(Figure 3.14). STEM results exhibited that the 6 – 10 nm lithiated HxMoO3+y were attached on 

the HE-NCM surface.  

XPS was performed on the surface of the coated HE-NCM to elucidate intercalation 

capability during cell operation (Figure 3.15). Electrodes were made with 92.5 wt% cathode 

active material, 4 wt% carbon black (Super C65), and 3.5 wt% PVDF binder (Solef 5130). XPS 

data for the powder form of the exfoliated HxMoO3+y is listed in Figure 3.15 c. Electrodes made 
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with the coated cathode with a calcination temperature of 400 °C were analyzed with XPS as 

the data is represented in Figure 3.15 d. Lastly, Figure 3.15 e shows the data with lithium 

molybdenum oxide coated HE-NCM that is discharged to 2 V at a C/20 rate after the 1st 

activation charge up to 4.8 V. The voltage of the cell was on hold at 2 V for 3 hours before 

being quickly disassembled in an argon-filled glovebox. The HxMoO3+y XPS data is showing 

quite clear peaks of Mo 3d3/2 and an Mo 3d5/2 doublet at 236.5 eV and 233.4 eV, which is the 

result of the spin-orbit coupling.131 The data is in good agreement with reference papers.131-135 

The XPS data of lithium molybdenum oxide coated HE-NCM shows a reduced oxidation state 

from Mo6+. Chemical lithiation of MoO3 with LiI may have reduced Mo6+ to a lower oxidation 

state.124 Also, previous studies revealed that a shifting in Mo 3d and O 1s peaks towards lower 

binding energy are indications of the presence of oxygen vacancies as the calcination 

temperature increased from 200 °C to 700 °C.131 The oxygen-deficient regions can induce a 

smaller oxygen ion coordination number than before heat treatment. This can ultimately result 

in reduced Mo – O covalency, which can lead to a shift in Mo 3d and O 1s peaks towards the 

lower binding energy.131  

 

Figure 3.15 XPS data of HxMoO3+y, lithiated HxMoO3+y coated HE-NCM and lithiated 

HxMoO3+y coated HE-NCM discharged to 2 V.131 Reproduced with permission from Ref. 131. 
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Copyright 2013 from MDPI. 

The step after lithiated HxMoO3+y coating involves high-temperature heat treatment. 

Therefore, a structural study was needed to elucidate the possibility of high-temperature heat 

treatment affecting the structural property of lithiated HxMoO3+y. Using a XRD analysis, heat-

treated lithiated HxMoO3+y at 400 °C and 600 °C were analyzed (Figure 3.16). One notable 

phenomenon was that at 600 °C, most of the heat treated lithiated HxMoO3+y seemed to be 

liquefied and recrystallized on the alumina crucible and very few powdered samples were left 

to conduct a XRD analysis. Also, the color of the heat-treated powder changed from dark blue 

to pale blue at 400 °C and the color changed to yellow for lithiated HxMoO3+y powder at 600 °C 

heat treatment. After a closer look at the diffraction data, a conclusion was made that phase 

transition occurred from hexagonal lithiated HxMoO3+y to α-MoO3 after heat 

treatment.124,133,135 Also, the diffraction patterns of heat-treated samples resembled more of  

 

Figure 3.16 XRD results for heat treated lithiated HxMoO3+y and commercial MoO3 

commercial α-MoO3. Based on the powder color change, a speculation was made that Li+ might 
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have been removed or isolated from the lithiated HxMoO3+y during heat treatment. An 

additional experiment was performed to reserve Li+ in lithiated HxMoO3+y. To prevent Li 

isolation from lithiated HxMoO3+y, the sample was heat-treated at 300 °C under argon 

atmosphere. XRD was performed on the newly heat-treated sample in argon, and the result of 

the diffraction analysis exhibited to be β-LixMoO3. The color of the heat-treated sample was 

also retaining a dark blue color, which can also be an indication that the sample was able to 

reserve Li in the lattice. 

3.3.3 Electrochemistry 

 

Figure 3.17 Discharge cycle performance data of bare and coated HE-NCM samples 

Cell data were gathered using bare and coated HE-NCM at various temperatures 

(400 °C and 600 °C) in argon and air atmosphere (Figure 3.17). The testing protocol was 

followed by BASF Network protocol (C/15 x 1ea, 0.1C x 3ea, 0.5C & 3C x 3ea, 0.5C & 1C x 

33ea (repeating this steps for 8 times)). Since lithiated HxMoO3+y retained its Li+ in HxMoO3+y 

when it was heat-treated in an argon atmosphere, the discharge cycle performance of the cells 

was expected to be better than the coated sample that was heat-treated in air due to the increased 

electronic conductivity from the lithiated HxMoO3+y. Contrary to the expected results, lithiated 

HxMoO3+y coated HE-NCM that was heat-treated in argon atmosphere exhibited lower 
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performance versus the cells that were heat-treated in air. A possible explanation might be that 

the metal oxide in NCM might have been reduced during the heat treatment, which can lead to 

a minor structural degradation on the surface of HE-NCM, thus yielding lower capacity than 

the ones heat-treated in air. This is one of the reasons that cathodes are made in an air 

atmosphere. Lithiated HxMoO3+y coated HE-NCM without heat-treatment was also tested, but 

the performance was even worse than the coated HE-NCM that was heat-treated in argon. 

However, the coated cathode that was heat-treated in air showed good stability as well as high 

discharge cycle performance throughout the entire cycle.  

Symmetric cell electrochemical impedance spectroscopy (EIS) was used to elucidate 

resistance information from bare and lithiated HxMoO3+y coated HE-NCM heat treated in air 

at 400 oC (Figure 3.18). The electrodes were cut in half and used them as working and counter 

electrodes. Please note that there can be potential issues of using the symmetric cell 

configuration such as possible cathode electrolyte interface breakage during cell disassembly 

for EIS measurement after cycling, a misalignment of cathodes during the symmetric cell 

fabrication and etc. Despite the abovementioned disadvantages, the symmetric EIS analysis is 

a powerful technique to analyze the cathode impedance by eliminating the resistance attributed 

from lithium metal degradation during cycling. The EIS was performed on each cell before 

cycling and after the completion of the loop cycle. Ten hours of OCV period was given before 

conducting EIS to ease out any overpotential remaining in the cell. The EIS data before the cell 

cycle showed one semi-circle for each cell. This semi-circle is attributed to the charge transfer 

resistance of the cell. The surface film resistance was absent since the data was gathered before 

battery cycling. The EIS data after the battery cycling exhibited a dramatic difference between 

the bare and coated HE-NCM. The surface film and charge  
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Figure 3.18 Symmetric EIS data of bare and heat treated coated HE-NCM 

transfer resistance are included in the semi-circle. Although the overlap of the two semi-circles 

attributed to surface film and charge transfer resistance made it difficult to decouple different 

resistance factors, the data certainly displayed significantly lower cell resistance versus the bare 

HE-NCM. 

 

Figure 3.19 Discharge cycle performance data of dried and heat treated coated HE-NCM 

Since a possible metal reduction during heat treatment in argon atmosphere may have 

disrupted the cycle performance, discharge cycle performance from a dried (200 °C in air) 

lithiated HxMoO3+y 3wt % coated HE-NCM was needed as a simple drying process at 200 °C 

in air may eliminate the metal reduction problem. For that reason, cell data was gathered for 

dried (200 °C in air) and heat-treated (400 °C in air) lithiated HxMoO3+y 3wt % coated HE-

NCM to determine whether variable electrical conductivity of lithiated HxMoO3+y by 
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extraction/insertion of Li+ in HxMoO3+y is beneficial towards cycle performance (Figure 3.19). 

The temperature of 200 °C in air was chosen for the purpose of removing possible solvent 

residue (boiling point of DMSO is 189 °C).136 The cycle results revealed that the dried sample 

was showing inferior cycle performance versus the heat-treated coated sample in the air 

atmosphere at 400 °C. Although the reason for the inferior cycle result from the coated sample 

dried at 200 °C in air is unclear, a possible reason for the cycle result could be related to the 

reactivity of HxMoO3+y with HE-NCM during high temperature (400 °C) heat treatment in air. 

It could be that HxMoO3+y reacted with the HE-NCM surface by Mo6+ diffusion on the surface 

of HE-NCM. Since one of the major contributions of capacity fading is from the structural 

instability due to cathode lattice oxygen loss, perhaps surface diffusion of Mo6+ may provide 

higher structural stability. Further proof of this claim will be stated in detail in the next chapter. 

Based on the cycle performance data, the results provided a hint that the heat treatment is 

somehow beneficial towards the cycle stability. Thus, in-depth analyses on the heat-treated 

samples were needed to understand the origin of cycle stability. 

The cycle performances of the bare and coated HE-NCM heat-treated in air at 400 °C 

were further scrutinized by analyzing voltage profiles and their differential capacity plots. 

 

Figure 3.20 Voltage profiles and dQ/dV plots from bare and coated HE-NCM cells using 
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lithium metal as an anode 

The left graphs in Figure 3.20 are the 1st and 2nd cycle voltage profile of the bare and the coated 

cells. The difference between charge and discharge capacity is the value for irreversible 

capacity (Cirre). Irreversible capacity should be monitored since it is the result of the inability 

of Li+ to be intercalated back to the cathode after the first charge.137-139 Usually, high Cirre 

caused by elongation of the charge profile at above 4.4 V can be interpreted as the cathode 

experiencing either undesirable EC oxidation or cathode lattice oxygen release. The other case 

for high Cirre is caused by early stage (below 4.4 V) elongation of the charge profile due to 

decomposition of residual lithium compounds such as Li2CO3 and LiOH.140 If the high Cirre is 

determined by low discharge capacity, this can be interpreted as an inability of the anode to 

discharge Li+ or inability of the cathode to receive Li+ from the anode.137, 141 The inability of 

the cathode may be the result of problems with its bulk structure, or there may be problems 

with the cathode interface preventing Li+ to be intercalated, thus yielding low discharge 

capacity. Looking at the voltage profile data from the bare and the coated samples, higher Cirre 

was observed for the bare sample, and this Cirre was induced by elongation of an early stage 

charge voltage profile. No profile elongation on the discharge profile was observed except for 

the blue boxed region which indicates an additional voltage plateau for the coated samples. The 

absence of profile elongation can be an indication that the cathode bulk structure for bare and 

coated cells does not have any problem of receiving Li+. Also, Li metal was used for the anode 

and the profile that is being examined is from the first cycle. Therefore, the problem related to 

Li metal degradation can be neglected. Based on the charge and discharge voltage profiles of 

bare and coated cells, a conclusion was made that the higher Cirre may have been attributed to 

the excess residual lithium that had been placed on the surface of HE-NCM. The amount of the 

residual lithium contents from the coated cathode is low because the coating process involves 
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solvent evaporation. The DMSO used in the coating process may have removed excess residual 

lithium on the bare HE-NCM.  

The discharge voltage profiles were closely examined. The plateau in the voltage 

profile can be interpreted as the phase transition associated with changes in the lattice 

parameter of the active material. For the coated cells, an additional voltage plateau was 

observed at approximately 3.1 V from the 1st cycle. No such plateau was identified for the bare 

samples. This phase transition is closely related to spinel-like phase Mn reduction, and the 

plateau was continuously developed until the 120th cycle for the coated samples. The plateau 

seemed to be stabilized for the coated cells after the 120th cycle. However, the bare samples 

experienced continuous growth of the Mn reduction plateau without an indication of 

stabilization. Also, the bare cell experienced continuous severe voltage drop throughout the 

discharge.  

The Mn reduction plateau growth is more observable in a differential capacity (dQ/dV) 

plot. The differential capacity plot is the first-order differentiation of the capacity with respect 

to voltage, which gives information on the phase transition as well as the capacity exhibited 

from the cathode.142-144 The location of a peak in a dQ/dV plot provides the voltage where phase 

transition occurs, which is associated with expansion/shrinkage of the lattice parameters during 

charging or discharging. The area of the peak can be interpreted as the capacity exhibited at the 

coordinating voltage. Coupled with in-situ XRD data, previous studies have revealed detailed 

redox processes occurring in HE-NCM.  

There are three regions associated with a HE-NCM dQ/dV plot.37,145,146 Region I in 

Figure 3.21 is associated with Mn and oxide ion redox. There are different kinds of Mn redox 
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behavior in region I. The reduction peak at a lower voltage (below ~ 2.8 V) is associated with 

spinel phase Mn reduction. A value of 3.0 V is assigned to the combination of oxygen redox 

and spinel-like phase Mn reduction, where the spinel-like phase is defined to be the 

incompletion of transition metal ion migration from the 3b sites of the octahedral site 

((Li)3a[TM]3bO2) of the TM slabs into the Li slab of 3a octahedral site to become an ideal cubic 

spinel phase (Li)8a[TM2]16dO4.147,148 Region II is related to layered Ni and Co reduction at 3.7 

V. Finally, region III is associated with oxygen reduction.37,38,41,43,146 Corresponding oxidation 

peaks are also listed in each region in Figure 3.21. 

 

Figure 3.21 A typical differential capacity (dQ/dV) plot for HE-NCM.37,145 Reproduced with 

permission from Ref. 37. Copyright 2017 from Springer Nature. 

 The Mn reduction peak in the bare HE-NCM dQ/dV plot displayed a continuous shift 

from 3.1 V to 2.8 V. This shift in the Mn reduction peak is an indication of gradual structural 

degradation from layered to spinel phase. However, the coated HE-NCM heat treated at 400 °C 

showed remarkable structural stabilization in addition to the evolution of a small Mn reduction 
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peak shift at first discharge. The trend of the Mn oxidation peak growth is also a bit different 

between the bare and coated samples. For bare cells, the Mn oxidation peak at approximately 

3.1 V was shifted to a lower voltage during the beginning stage of the cycle. However, this Mn 

oxidation peak suddenly shifted back to a higher potential at approximatwly 3.3V, with a slight 

decrease in peak height (blue square region). The coated HE-NCM developed its Mn oxidation 

peaks at 3.2 V, and no shift like the bare cell’s data occurred for the coated sample. Also, the 

area corresponding to this oxidation peak at 3.2 V became more prominent after consecutive 

cycles for the coated sample. Based on the differential capacity plots from the bare and the 

coated cells, a conclusion was made that the phase transition from layered to spinel phase was 

stabilized by having a heat-treated lithiated HxMoO3+y coating. One unusual characteristic from 

the dQ/dV plot of heat-treated coated cells is that the samples were showing a distinct oxidation 

and reduction peak at approximately 3.55 V and 3.1 V, respectively, from the 1st cycle. This  

 

Figure 3.22 Differential capacity plot from bare and lithiated HxMoO3+y coated HE-NCM at 

various calcination temperatures 
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oxidation and reduction peak at the first cycle is absent for the bare sample. This distinct peak 

was then developed to become an oxidation and reduction peak for oxygen and the spinel-like 

Mn redox region over consecutive charge-discharge cycles. These grown oxygen and spinel-

like Mn redox peaks were shifted a miniscule amount during cycles with respect to the oxygen 

and spinel-like Mn redox peak shift from the bare cells, To further investigate the growth of 

the abovementioned redox peaks in detail, 4th cycle differential capacity profiles were plotted 

using bare HE-NCM, lithiated HxMoO3+y 3 wt% coated HE-NCM at 400 °C and 600 °C (Figure 

3.22). The results showed that the initial redox peaks observed for the coated cells at 

approximately 3.55 V and 3.1 V were observed for only the heat-treated coated cells (400 °C 

and 600 °C). It also seemed like the development of these redox peaks at 3.55 V and 3.1 V is 

proportional to the degree of heat treatment since the coated sample with 600 °C heat treatment 

displayed more distinct redox peaks at 3.55 V and 3.1 V. The bare HE-NCM was washed with 

DMSO and then heat-treated at 600 °C to identify whether this Mn reduction peak is an effect 

of heat treatment. It turned out that DMSO washed bare HE-NCM did not show distinct peak 

evolution at 3 V. Based on the 4th cycle differential capacity data, a speculation was made that 

a reaction occurred between the lithiated HxMoO3+y and HE-NCM surface. Because of this 

reaction, HE-NCM lattice oxygen may have escaped. The oxygen vacancies can induce metal 

migration to the lithium slab due to the underbonded metal in the octahedral site making it 

easier to migrate to the lithium site. According to Li et al., MoO3 has an interesting property of 

extracting lithium-ions from the bulk lithium source such as cathodes.149 Studies have been 

reported that MoO3 can be used to leach out Li+ from lithium-rich NCM under high-

temperature calcination (above 525 °C) by utilizing the following reaction in Equation 3.2: 
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Equation 3.2 Lithium leaching reaction by MoO3 149 

According to Li et al., MoO3 can react with lithium-rich NCM to extract Li+ as well as an 

oxygen extraction from the surface region (within 10 nm) of lithium-rich NCM at above 

525 °C.149 As a result, the formation of a liquid layer of MoO3 - Li2O eutectic liquid solution 

was possible. The study also claimed that the created liquid solution can be cooled to become 

a crystallized R-3 Li2MoO4 coating on lithium-rich NCM. This study can be correlated to the 

heat treatment results of this thesis study because lithiated HxMoO3+y melting was observed for 

samples with heat treatment temperatures above 600 °C. Therefore, a hypothesis was made that 

the formation of a liquid layer of MoO3 - Li2O eutectic liquid solution was made with a lithiated 

HxMoO3+y coating, and the liquid layer was cooled to room temperature to obtain the Li2MoO4 

coating.  

There are many advantages from using Li2MoO4 as a cathode coating. It is an excellent 

lithium-ion conductor due to its 3-dimensional structure linked by MoO4 tetrahedron and 

corner-shared LiO4 (Figure 3.23).150-154 Also, the insulating property of Li2MoO4 (10-11 S cm-1 

at 433 K) can effectively prevent electron transfer from EC to the cathode at high voltage if 

Li2MoO4 is used as a coating material.150-154  

 

 

 

Figure 3.23 Crystal structure of R-3 Li2MoO4 155 
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The other advantage that needs to be mentioned is related to Mo surface diffusion on 

HE-NCM. The Mo6+ from Li2MoO4 can be diffused on the surface region of the HE-NCM 

during high-temperature calcination, and the subsequent establishment of a Mo contained HE-

NCM sub-surface is possible. According to Tamman’s rule, a mixture of the two reactants can 

be achieved when the sintering temperature is two-thirds of the melting point of lower melting 

components.156,157 Between MoO3 and HE-NCM, the limiting melting point reagent is MoO3 

since its melting point is 795 °C, whereas the typical melting point of a LIB cathode is above 

1000 °C.149 Also, the size of the HxMoO3+y is nanoscale and the effect from the particle size 

will lower the melting point of HxMoO3+y. Coupled with Li leaching from MoO3 which can 

induce lithium site vacancies in the lithium slabs and possibly also in Li site vacancies in the 

honeycomb arranged transition metal slabs, some of Mo from MoO3 may be easily diffused in 

those vacancies during high-temperature heat treatment. The metal cation diffusion in NCM’s 

lithium site during high temperature heat treatment is a well-known phenomenon according to 

previous studies.158-160 Also, there is a possibility that during Li extraction by MoO3, some of 

the transition metals from the 3b sites of transition metal slabs might have been migrated to the 

3a sites of lithium vacancies, according to Li et al,.149 The metal vacancies created by either 

metal migration from 3b sites to 3a lithium sites or 3a sites Li vacancies created by Li+ 

extraction from MoO3 then may be partially filled with diffused Mo since the ionic radius of 

Mn4+ (53 pm), Co3+ (54.5 pm) and Ni2+ (69 pm) from LiTMO2 and Mo6+ (59 pm) from MoO3 

are very similar to each other.161 Just as the Li2SnO3 coating establishes Sn4+ doping (ionic 

radius of 69 pm) and spinel-like phase on Li-rich NCM after 900 °C heat treatment, Mo 

diffusion in lithium sites and/or a portion of TM migration during the lithium extraction process 

may have occurred and have established a spinel-like phase on the surface of HE-NCM.157,161 
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This may be the reason for having a small spinel-like phase peak during the first discharge 

dQ/dV profile. Compared to the HE-NCM without diffused Mo on the surface, the Mo surface 

diffused HE-NCM can provide improved cycle stabilization due to the high dissociation energy 

of the Mo – O (Figure 3.24). Compared to other transition metals with O, namely Co – O (397.4 

kJ mol-1), Ni – O (366 kJ mol-1), and Mn – O (362 kJ mol-1), Mo – O has a higher dissociation 

energy of 502 kJ mol-1.162 Because of such high dissociation energy, the Mo ion diffusion into 

the HE-NCM surface may retain lattice oxygen by stabilizing the structure against phase 

transformation during long-term cycling. The effective prevention of oxygen release can result 

in maintaining reversible oxygen redox capability as well. 

 

Figure 3.24 Bond dissociation energies of Ni, Mn, Co and Mo with O at 298K.162 

Reproduced with permission from Taylor & Francis Group. 

Based on the data from the previous studies by Li et al., a speculation was made for 

this thesis study that lithiated HxMoO3+y may have been melted on the HE-NCM surface and 

extracted lithium-ions from the cathode to form a Li2MoO4 coating.149 If the speculation turned 

out to be an accurate claim, then better dispersion of the exfoliated nano HxMoO3+y is needed 

to maximize the coverage of Li2MoO4 on the HE-NCM surface to increase the distribution of 

Mo diffusion on the cathode surface upon heat treatment. Thus, a slight modification was done 

on the coating method. 
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3.4 Li-Mo-O Coated High Energy Lithium Layered Oxide 

3.4.1 Synthesis 

The modified coating method is stated in this section. The exfoliation steps using 

molybdic acid and octylamine are the same as before (Figure 3.25).129 After exfoliation, the 

synthesized HxMoO3+y was then inserted in the DMSO solution. To better distribute Mo 

diffusion on the entire HE-NCM surface, 3 wt% HxMoO3+y powder was well-dispersed in 

DMSO using ultrasonication (20 kHz, 750 W) with 50 % power irradiation intensity for 3 

minutes. After the dispersion, a small amount of LiOH (0.1 wt%) was added and sonicated 

using the same sonication condition stated above. The initial purpose of LiOH addition in the 

solution was to create lithium-ion intercalated molybdenum oxide during high-temperature 

calcination. However, a series of experiments proved that this is an unnecessary step as 

HxMoO3+y with HE-NCM alone can yield Li2MoO4 and this will be discussed in detail in Figure 

3.28. After the sonication, bare HE-NCM was added in the HxMoO3+y and LiOH solution and 

evacuated using the Schlenk line for 1 minute to remove possibly trapped gas within the pores 

of HE-NCM. After the evacuation step, the sample was stirred at a constant temperature of 

200 °C to evaporate DMSO. The precipitated sample was then carefully collected and heat-

treated in air atmosphere with a ramping and cooling rate of 5 °C per minute and a dwelling 

duration of 5 hours. 

 

 

 

Figure 3.25 Li-Mo-O coated HE-NCM synthesis procedure 
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3.5 Results and Discussion 

3.5.1 Characterization 

The presence of Mo and O on the surface of the coated HE-NCM was verified using 

SEM, EDS and HR-TEM (Figure 3.26). The SEM data show no difference in morphology 

between bare and 3 wt% Li-Mo-O coated HE-NCM. The EDS data showed Mo signals that are 

evenly distributed to the entire HE-NCM secondary particles. The dispersion of the Mo signal 

is very similar to the rest of the transition metal, such as Ni, Co, and Mn. Considering Li2MnO3 

and Li(TM)O2 are mixed in solid solution manner, the similar signal distribution of Mo can be 

interpreted as an indication of well-dispersed Li-Mo-O constituents over the surface of HE-

NCM. The HR-TEM data also confirmed the presence of Li-Mo-O coating with a thickness of 

8 - 10 nm. Note that some of the HE-NCM surface were covered with an island coating. 

 

Figure 3.26 SEM, EDS and HR-TEM data of bare and 3 wt% Li-Mo-O coated HE-NCM 

A XRD study was performed on the molybdenum oxide as well as the coated sample 
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to gain structural information on the coated material. For the molybdenum oxide structural 

study, exfoliated hexagonal HxMoO3+y and LiOH were well-dispersed in DMSO using 

ultrasonication and the solvent was evaporated to gather structural information immediately 

after solvent evaporation (Figure 3.27).  

 

Figure 3.27 XRD data of HxMoO3+y at different calcination temperatures 

The XRD data after solvent evaporation revealed a somewhat noisy and broad peak 

shape. This widened peak shape is possibly an indication of nano-sized particles or could be 

related to HxMoO3+y became amorphized due to the ultrasonication breaking down the 

crystalline structure. As the heat treatment temperature increased, the shape of the peak became 

sharper. This can be an indication of the increased crystallinity of the particles. After comparing 

it with XRD reference data, the heat-treated HxMoO3+y became an α-MoO3. 

 The heat treated coated HE-NCM was also analyzed using XRD. However, the small 

amount of coating (3 wt%) was not enough to show a difference in XRD data compared to the 

bare HE-NCM due to the detection limit of diffractometer. Therefore, the coating weight 
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percentages were increased from 3 wt% up to 30 wt% as well as the content of LiOH from 0.1 

wt% up to 1 wt%. XRD was then performed to see the structural change from the coated sample 

after heat treatment (Figure 3.28). For a 30 wt% coating, XRD data revealed patterns which 

correspond to R3/ Li2MoO4, R3/m from NCM, C2/m related superstructure from Li2MnO3 and 

Fd3/m spinel phase of LiNi0.5Mn1.5O4. The XRD data of Li2MoO4 was an interesting result 

because α-MoO3 was obtained when HxMoO3+y was heat treated alone in air at 600 °C. This 

result can also be an indication that HxMoO3+y reacted with the HE-NCM surface to form 

Li2MoO4. Although the structural information for 3 wt% coating is difficult to identify from 

XRD, a conclusion was made that the coating is composed of Li, Mo and O based on EDS 

analysis and Li and possibly O extraction reactions by HxMoO3+y. A rational speculation can 

be made based on the 30 wt% coating XRD data that the 3 wt% coating may or may not be 

Li2MoO4 and determining the exact composition requires further advanced X-ray studies such 

as Extended X-ray Absorption Fine Structure analysis to estimate the local structural 

parameters (e.g. interatomic distances for Mo–O bonds) of the coated HE-NCM. Due to such 

reasons, the 3 wt% coating is stated to be a Li-Mo-O coating. 

HxMoO3+y 30 wt% coated HE-NCM was heat treated at various temperatures to find 

the origin of Li2MoO4 in detail (Figure 3.28). The peaks corresponding to Li2MoO4 were not 

identified immediately after the solvent evaporation (200 °C). This could be due to the nano-

sized particles of the exfoliated hexagonal HxMoO3+y or the insufficient thermal energy to 

initiate Li and O extraction reaction by HxMoO3+y. As the temperature increased, peaks from 

Li2MoO4 were spotted beginning at 400 °C. This can be the result of the extraction reaction of 

Li and O induced from molybdenum oxide to form Li2MoO4 (equation 3.2).  
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Figure 3.28 XRD data of various Li-Mo-O coating loading and different calcination 

temperature of the coated HE-NCM  

 Recent studies from Bruce et al. revealed a relationship between the ordering of the 

Li2MnO3 superstructure and reversible oxygen redox capability.49,50,52 Coupled with various 

spectroscopic tools, studies mentioned that the origin of voltage drop at high potential (voltage 

hysteresis) is related to the Li2MnO3 structure disorder. Since lithium ions return to the vacancy 

clusters created from in-plane Mn migration, the interaction between the returned Li and O is 

weak.50 This leads to a high energy state of O 2p and ultimately induces voltage drop. One way 

to mitigate this voltage drop at high potential is related to having a different Li2MnO3 

superstructure. Reducing lithium contents in the superstructure by substitution of lithium with 

Mn can lead to having a denser ordering of transition metal. This modified Mn ordering was 

able to retain the original crystal structure while exhibiting reversible oxygen ion redox. This 

structural modification significantly reduced the formation of molecular oxygen during charge 

and ultimately prevented voltage drop during discharge.50, 52  

A speculation was made for Li-Mo-O coated HE-NCM that the surface diffused Mo 

might have occupied vacant lithium sites in the Li2MnO3 superstructure. By MoO3 lithium 
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extraction from the lithium-ions in the honeycomb structure, Mo from MoO3 might have been 

diffused during high-temperature calcination. Based on the 30 wt% coating XRD data, all of 

the new peaks in the region of the superstructure peaks were from Li2MoO4, and no new peaks 

were identified. Therefore, Mo may not have occupied Li vacant sites in the Li2MnO3 

superstructure during high-temperature heat treatment.  

One notable trend from XRD data is the evidence of spinel formation at above specific 

heat treatment temperatures. For 600 °C, (111), (011), (222), (400), and (331) are the XRD 

peaks that corresponds to a disordered spinel LiNi0.5Mn1.5O4 (LNMO).91,157,163-168 The 

HighScore Plus analysis program was used to analyze the XRD data and the data confirmed 

the corresponding peaks for the 600 °C sample to be related to the LNMO. The lithium 

extraction by MoO3 can possibly induce oxygen vacancies on the HE-NCM surface according 

to Equation 3.2. As the O extraction reaction progresses with the temperature increase, the 

oxygen vacancies on the HE-NCM surface can also increase. These possible oxygen vacancies 

induced by lithium extraction reactions can establish underbonded TM with reduced 

coordination number. The underbonding of TM ultimately promotes metal migration to the 

lithium site (TM migration from the 3b sites of an octahedral site ((Li)3a[TM]3bO2) of the TM 

slabs into the Li slab of 3a octahedral site) to establish a spinel-like phase. The amount of MoO3 

coating is proportional to the amount of Li+ and O extraction. For example, a 30 wt% HxMoO3+y 

coating on HE-NCM has a larger amount of Li+ and O extraction when heat treated at 600 °C 

in air then a 3 wt% HxMoO3+y coating when heat treated at 600 °C in air. This is why LNMO 

was detected more notably than 3 wt% of Li-Mo-O coated HE-NCM. The lower amount (3 

wt%) of HxMoO3+y coating may have extracted less Li+ and O and formed a smaller amount of 

LNMO than the 30 wt% Li-Mo-O coating . 
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To find out whether the spinel phase can be established just by adding LiOH and heat 

treating with no presence of HxMoO3+y, XRD data was gathered from the HE-NCM with 1 wt% 

LiOH added (the equivalent amount of LiOH that was used for the 30 wt% Li-Mo-O coating). 

The addition of LiOH followed the same coating procedures that were used for the 30 wt%  

Li-Mo-O coating on HE-NCM except for the addition of HxMoO3+y in DMSO. Compared to 

the bare HE-NCM, the XRD data displayed no change in peaks upon various heat treatment 

temperatures (Figure 3.29).  

 

 

 

 

 

 

 

 

Figure 3.29 XRD data of LiOH 1 wt% addition to HE-NCM at different heat treatment 

temperatures  

Thus, the conclusion was made that the spinel formation is not from the addition of 

LiOH. To better find the origin of the spinel phase, a 30 wt% Li-Mo-O coating was washed 

with water and then XRD was performed (Figure 3.30). Since Li2MoO4 is very soluble in water, 

the coated HE-NCM was washed with DI water for 1 hour and then vacuum dried over night 

to perform XRD. The water washed sample did not show any peaks related to Li2MoO4 while 

peaks related to LNMO were still identified. Therefore, the spinel phase was not established in 
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the coating, but was established on HE-NCM and the LNMO was induced by the Li-Mo-O 

coating upon heat treatment by equation 3.2. 

 

Figure 3.30 XRD data of bare HE-NCM, 30 wt% Li-Mo-O coated HE-NCM, 1 wt% LiOH 

addition on HE-NCM, water and DMC washed 30 wt% Li-Mo-O coated HE-NCM at 600 °C 

calcination temperature 

Since Li2MoO4 is very soluble in water, questions arose as to whether Li2MoO4 was 

soluble in organic solvent as well (Figure 3.30). Thus, DMC was used to wash 30 wt% Li2MoO4 

coated HE-NCM for 1 hour and then XRD was performed. The peaks corresponding to 

Li2MoO4 showed the sample being unwashed and the peaks from LiNi0.5Mn1.5O4 were also 

identified. This result revealed that the Li2MoO4 coating was not soluble in DMC. An 

additional experiment was done to re-confirm whether Li2MoO4 is soluble in organic 

electrolyte. 10 mg of commercial Li2MoO4 from Sigma Aldrich was added in a vial filled with 

5 ml LP57 electrolyte (EC:EMC = 3:7, 1M LiPF6). The solution was constantly stirred with a 

stir bar for 18 hours and observed whether Li2MoO4 was dissolved in the electrolyte. Figure 

3.31 confirms that Li2MoO4 is not soluble in a typical organic electrolyte as the added Li2MoO4 
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was still observed after the stir.  

 

Figure 3.31 Li2MoO4 solubility test in a commercial organic electrolyte 

Raman spectroscopy was also used to further prove the evolution of the spinel phase 

established from the coated HE-NCM during heat treatment at 600 °C (Figure 3.31). Various 

coating loadings from 3 to 30 wt% were applied to observe the modified structural information 

induced by the Li-Mo-O coating. As expected, bare HE-NCM had peaks corresponding to 

approximately 590 and 480 cm-1, which are attributed to A1g and Eg mode from LiTMO2 and 

approximately 562 and 425 cm-1 which corrspond to Ag and Bg mode from  
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Figure 3.32 Raman data of bare and coated HE-NCM with various coating loading 169-171 

 

Li2MnO3.169 The peak trend from 3 to 5 wt % coating was comparable to bare HE-NCM. This 

is due to the resolution limit of the laser used. The wavelength of the laser used for this 

experiment was 532 nm, which has a depth resolution at the micron level.62 Thus, any structural 

modification that had occurred below micron level might be difficult to observe from this 

characterization technique. However, the difference in peak trends started to appear when the 

coating loading was above 7 wt%. For a 7 wt% Li-Mo-O coating, a broad peak corresponding 

to approximately 664 cm-1 appeared. This is an indication of T2g mode from a shorter Mn–O 

spinel-like phase due to the oxygen displacement.169 When the coating loading was increased 

up to 30 wt%, new peaks designated to spinel phase LiMn2O4 appeared at 580 cm-1 and 625 

cm-1.171 Based on this appearance of spinel phase peaks for the 30 wt% coating, it was 
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concluded that the Li-Mo-O coating that had direct contact with HE-NCM was reacted with 

the cathode and established a spinel and/or spinel-like phase. The increase in coating contents 

can induce more oxygen vacancies in the cathode lattice upon heat treatment at 600 oC and 

more oxygen extraction can lead to more aggressive metal migration to the 3a lithium site, 

thereby establishing more spinel phase. This explains why the intensity of the spinel peak 

increased from the coating loading of 7 wt% to 30 wt%. 

 The XPS depth profile for 3 wt% Li-Mo-O coated HE-NCM was used to identify the 

Mo entity at the sub-surface below the coating as well as the oxidation state of the transition 

metals (Figure 3.32 and 3.33). The probing depth for Ar sputtering is approximately 2 nm/60 

seconds. Also, XPS survey data was used to compare the peak intensity of each element for 

different sputtering depths (Figure 3.32). From the survey data, the decrease in Mo6+ peak 

intensity after each sputtering was observed. This can be an indication that Mo from the coating 

is diffused from the surface of HE-NCM. Although the Ni and Co peak intensity were 

comparable after each sputtering, Mn peak intensity was increased after each sputtering which 

is inversely proportional to the Mo intensity.  

 

Figure 3.33 XPS depth profiling survey data for Mo 3d, O 1s, Ni 2p, Co 2p and Mn 2p from 

3 wt% Li-Mo-O coating on HE-NCM at 600 oC 

To better observe the trend of the peak shape and its intensity, XPS depth profiling results of 
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10 seconds and 600 seconds Ar sputtering data were compared to each other (Figure 3.33).  

 

Figure 3.34 XPS depth profiling data for Mo 3d, O 1s, Ni 2p, Co 2p and Mn 2p at 10 seconds 

and 600 seconds Ar sputtering results from 3wt% Li-Mo-O coating on HE-NCM at  

600 oC131,172-176 

Predominant oxidation states of Ni, Mn and Co at the surface (10 seconds Ar sputtering data) 

were observed to be 3+, 4+ and 4+, respectively (The Ni, Mn and Co oxidation state of bare 

HE-NCM should be close to 2+, 4+, 3+, respectively).4 The increase in oxidation state of Ni 

and Co is possibly due to the Li extraction reaction by HxMoO3+y at 600 oC increasing the 

oxidation state of transition metals.149 The Mo oxidation state for Li2MoO4 should be Mo6+ and 

the 10 seconds Ar sputtering data correlating to Mo6+ may support the possibility of Li2MoO4 

coating establishment on the HE-NCM surface. Also, Mo6+ peaks were observed from the 600 

seconds Ar sputtering data and this can be an indication that Mo6+ is diffused on the HE-NCM 

surface up to 20 nm since the approximate sputtering probing depth is approximately 2 nm/60 

seconds. The Ni 2p 10 seconds and 600 seconds Ar sputtering data are comparable to each 

other and the main peaks for both sputtering data maintained their peak position at 855.6 eV, 

which corresponds to Ni3+.172,175 A significant peak shape difference of 10 seconds and 600 

seconds Ar sputtering data was observed from Co 2p XPS results. The significant increase of 

satellite peaks at 786 eV and 802 eV is observed which corresponds to Co2+ referenced to 
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CoO.173,176 Based on the Co 2p 600 seconds Ar sputtering results, a speculation can be made 

that rocksalt CoO may have also formed along with the LNMO formation during the 600 oC 

heat treatment in air. However, the XRD data does not show the evidence of rocksalt phase 

formation which can be an indication that the formation of CoO is very small. For Mn 2p XPS 

results, the peak at 641.4 eV (Mn3+) was increased after 600 seconds Ar sputtering.174 This 

could be because the oxygen vacancies induced from the 600 oC heat treatment in air may lead 

to partial reduction of Mn4+ to Mn3+ due to the formation of off-stoichiometric LNMO 

(LiNi0.5Mn1.5O4-x).177  

The XPS depth profiling results show that Mo6+ is diffused on the 3 wt% Li-Mo-O 

coated HE-NCM surface during heat treatment at 600 oC. However, the exact site of the Mo6+ 

placement in HE-NCM structure is difficult to identify with the currently available data. 

Previous reports regarding Mo6+ doping on disordered spinel LNMO claimed that Mo6+ can 

replace Ni and Mn which are in the 16d octahedral site of [Li+]8a[TM2]16dO4.177 Transition 

metals with similar atomic radii to Mo6+ (59 pm) such as Cr3+ (62 pm) and W6+ (60 pm) can 

also occupy octahedral sites of LNMO.177 Also, a study by Sun et al. showed that Ti4+ (61 pm) 

can occupy both tetrahedral and octahedral sites of LNMO.177 Considering the electron 

configuration of Mo6+ being [Kr]5s04d0, there is no 4d electrons for Mo6+. Thus, the Ligand 

Field Stabilization Energies of octahedral and tetrahedral sites are both zero. Therefore, Mo6+ 

does not have any preference on octahedral or tetrahedral coordination.  

Previous reports on Mo doped LNMO claim that the unit cell is slightly increased after 

Mo doping.177 The increased unit cell after the cation doping is attributed to the increased 

repulsion forces within the lattice or larger size of the cation atomic radius if the inserted cation 

has the larger atomic radius.177, 183 The d-spacing from XRD data can be calculated using 
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Bragg’s law and compared to the d-spacing values from the spinel peaks of the reference 

LNMO and Li2MoO4 30wt% coated HE-NCM at 600 oC (Figure 3.34).  

 

Figure 3.35 The d-spacing values from LNMO reference peaks and spinel peaks of 30 wt% 

Li-Mo-O coated HE-NCM heat treated at 600 oC 

Contrary to the expected result, the 30 wt% Li2MoO4 coated HE-NCM heat treated at 600 oC 

shows the same d-spacing values as the reference LNMO values. Although the d-spacing value 

was obtained up to one decimal place, a miniscule peak position difference for (311) and (400) 

peaks can be seen for LNMO reference and 30 wt% Li-Mo-O coated HE-NCM heat treated at 

600 oC. The slight peak shift to the left for 30 wt% Li-Mo-O coated HE-NCM can be interpreted 

as an evidence of the smaller size of its unit cell. The smaller unit cell size for the coated HE-

NCM heat treated at 600 oC could be attributed to the replacement of Ni2+ (69 pm) with a 

smaller atomic radii of Mo6+ (59 pm). In summary, the exact composition of the near-surface 

(below the coating) is difficult to identify with the currently analyzed data. It is certain that 

Mo6+ is diffused into the near-surface region up to approximately 20 nm according to XPS 

depth profiling analysis. However, the exact site where the Mo6+ is located is unclear at the 

moment since the calculated spinel phase d-spacing data of the coated and the reference LNMO 

are comparable each other. By observing the degree of higher degree peak shift (e.g. (311) and 
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(400) peaks) between the coated and the reference LNMO, the peak shift for the coated sample 

shows slight peak shift to the right. This means that the unit cell for the coated sample is slightly 

smaller than the reference LNMO. Considering the ionic radius of Ni2+, Co3+, Mn4+ and Mo6+, 

the decrease of unit cell for the coated sample could possibly be an indication that Ni2+ may 

have been replace with Mo6+. This may have decreased the unit cell of the coated HE-NCM. 

Also, the octahedral and tetrahedral site of the Ligand Field Stabilization Energy of Mo6+ are 

both zero which means that Mo6+ does not have any preference on octahedral or tetrahedral 

coordination. The Mo6+ may not even be located in the spinel structure and it may be diffused 

into the layered (Li)3a[TM]3bO2 structure of either 3a or 3b octahedral sites. To find the exact 

location of diffused Mo6+ in the HE-NCM near-surface region, advanced X-ray techniques such 

as Extended X-ray Absorption Fine Structure is needed. The interatomic distances between TM 

– O can be used to gain structural information. A study using X-ray Absorption Near Edge 

structure analysis can be incorporated to find an accurate average valence state of the metal ion 

on the near-surface region.179 A speculation was made that there may be rocksalt CoO formed 

along with LNMO in the near-surface region since the reduction of Co is observed from XPS 

depth profile analysis. For the composition of the coated material, the coated entity went 

through chemical reactions with the HE-NCM at the surface. However, the exact structural 

information of the 3 wt% Li-Mo-O coating is difficult to identify due to the detection limit of 

the diffractometer. Based on the XRD data of the 30 wt% coating at 600 oC, Li2MoO4 was 

established from the reaction between HE-NCM and HxMoO3+y. However, the XRD results 

from the 30 wt% Li-Mo-O coating does not represent the 3 wt% coating as there are other 

possibilities for 3 wt% coating to form a different structure with a different composition (e.g. 

a possibility of a solid solution phase from HE-NCM and Li2MoO4). It is certain that for 3 wt% 
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coated HE-NCM, there is an even distribution of Mo on the surface based on the EDS data. 

The presence of oxygen is confirmed by XPS data along with the proof of the MoO3 induced 

Li+ extraction reaction by observing an increase in oxidation state of Ni, Co, and Mn to be from 

2+, 3+ and 4+ to higher oxidation states at the surface of HE-NCM. Therefore, the coated 

material should be composed of Li, Mo and O for 3 wt% coated HE-NCM. 

 

3.5.2 Electrochemistry 

An electrochemical cycle performance test was conducted on the 3 wt% Li-Mo-O 

coated HE-NCM at various calcination temperatures to observe the heat treatment effect on Li-

Mo-O coated HE-NCM. Coating loading was fixed to 3 wt% to see exclusively on the 

temperature effect. Li-Mo-O coated HE-NCM was heat-treated from 300 to 700 °C and used 

to fabricate coin cells to conduct cycling tests (Figure 3.36). The sample with the lowest 

calcination temperature (300 °C) exhibited the lowest discharge capacity and stability. As the 

heat treatment temperature increases, the capacity and stability of the cells also increased. The 

cells with material from the 600 °C heat treatment exhibited the best performance among all 

the cells. The cells with 700 °C calcined coated HE-NCM were exhibiting lower performance 

than the sample that went through 600 °C heat treatment.  

 

Figure 3.36 3 wt% Li-Mo-O coated HE-NCM with various calcination temperatures 



７６ 

 

To better understand the cycling results, 0.1C differential capacity profiles of all cells 

were closely examined from long term cycling results. The 0.1C results were chosen for the 

differential capacity plot analysis to minimize the overpotential and gather the phase transition 

information of the cathode. As the cycle continues, all of the cells, whether they were coated 

or not, exhibited phase transformation from a layered to a spinel-like phase since the oxidation 

and reduction peaks at 3.6 V and 3.2 V, respectively shifted right and left (Figure 3.37). 

 

Figure 3.37 0.1C cycle voltage profile of 3 wt% Li-Mo-O coated HE-NCM with various 

calcination temperatures 

  

This phase transformation phenomenon corresponds to the studies from Ogumi et al., and many 

others.178,179 Oxidation and reduction of oxide ions contribute to the evolution of redox peaks 

at specific voltages.41,43,142,157,179,180 Some amount of oxygen reduction occurs between 3.0 and 
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3.2 V where Mn reduction also occurs.146 Mn redox gradually evolves from LiMnO2 to a spinel-

like Mn redox due to the structural transformation from layered to spinel phase by Mn 

migration from the transition metal to the lithium layer along with some lattice oxygen release. 

The spinel-like phase then can be created from the cathode’s secondary particles over many 

cycles. Thus, a spinel-like Mn redox in the charging and discharging processes was recognized 

to be the result of the Mn charge compensation induced from lattice oxygen release.146 This 

increases the Mn spinel-like phase peak intensity in the differential capacity plot. The situation 

worsens when lattice oxygen release continues to occur. The spinel-like phase can lose more 

lattice oxygen over cycles, and the amount of (de)lithiation continuously decreases along with 

the oxygen loss and metal dissolution from the structure (decrease in spinel-like peak intensity), 

and the structure eventually goes from spinel to rocksalt phase (further peak shift to lower 

voltage).17,60,78 This structural degradation process can be monitored by the Mn redox peak 

shift and peak intensity from the differential capacity plot. With this knowledge from the 

differential capacity plot analysis, structural degradation of bare HE-NCM was closely 

examined. As the long-term cycle continues, bare HE-NCM’s Mn reduction peak was shifted 

from 3.2 V to ~ 2.9 V. A continuous Mn reduction peak shif was observed for the bare HE-

NCM. This reduction peak shift could be the result of continuous structural degradation of the 

layered to spinel phase as well as an increase in overpotential due to the deposition of inorganic 

byproduct such as LiF.17,181 The inorganic byproducts can be deposited on the surface of HE-

NCM by multiple reaction routes. The residual lithium contents such as LiOH and Li2CO3 on 

the HE-NCM surface can react with CO2, which is from the oxidation of EC to form more 

Li2CO3 and H2O.182 The LiPF6 in the electrolyte is highly unstable within the working voltage 

of LIB and thus disintegrates to become LiF and PF5. The formed PF5 then can react with H2O 
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from the abovementioned reaction between residual lithium and CO2 to yield LiF. The detailed 

reaction is stated in Figure 1.12.56,182 The other route to deposit inorganic byproduct is with the 

reaction of singlet oxygen and EC. When the evolution of singlet oxygen from the cathode 

lattice occurs during high voltage charging ( > 4.4 V), the singlet oxygen can react with EC 

and yield hydrogen peroxide (H2O2) and vinylene carbonate (VC).17 The H2O2 can be oxidized 

by the following reaction:  

 

Equation 3.3 Oxidation of H2O2 17 

The yielded H2O then can further react with LiPF6 to yield LiF and deleterious HF.24 LiF is a 

well-known insulator, and a significant amount of LiF deposition on the cathode can seriously 

reduce its electronic conductivity, thus increasing the cell’s overpotential.14,57,58,182 The Mn 

oxidation peak at 3.5 V was shifted to 3.3 V. As the cycle continued, the intensity of the 

oxidation peak decreased, which indicates continuous lattice oxygen loss from the spinel-like 

phase to become a spinel phase.146 This claim is further verified by the identification of small 

spinel phase oxidation peak growth of the 160th cycle at approximately 3.0 V. The intensity of 

this spinel oxidation peak was further increased as the cycle continued. The result of the cell’s 

overpotential increase can also be seen by observing an oxidation peak shift from 3.8 V to 3.9 

V. The oxidation peaks at 3.8 V correspond to the oxidation of Ni2+ and Co3+ from LiTMO2.37 

The peak decrease was observed from bare HE-NCM until the 82nd cycle, and a peak shift from 

3.8 V to 3.9 V occurred at the 160th cycle. The peak shift continued until the 238th cycle. This 

shift can be attributed to the deposition of LiF, and other insulating byproducts from the 

reaction between residual lithium on the surface of bare HE-NCM and CO2 from EC 

oxidation.56 The observed overpotential could also be attributed to the reaction between singlet 
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oxygen and EC to form LiF on the HE-NCM surface. The significant decrease of differential 

capacity profile area can be seen at above 4.4 V, which corresponds to oxidation of oxide 

ions.50,52 A significant reduction in peak intensity decrease was observed for the oxide ion 

reduction region. This further indicates that significant lattice oxygen was lost during cycling. 

A substantial loss of the reduction peak intensity corresponding to Ni3+ and Co4+ reduction 

were observed along with its peak shift from 3.7 V to 3.5 V due to the structural transformation 

to spinel phase and increased overpotential from the byproduct deposition on the surface.  

 Li-Mo-O coated HE-NCM at 300 °C exhibited the most severe degradation behavior 

among all heat-treated samples. This could indicate that the lower amount of formed Li-Mo-O 

coating (due to the insufficient thermal energy to initiate Li and O extraction) was not beneficial 

towards the battery cycle performance or it could be that the insufficient amount of Mo6+ 

diffusion into the near-surface occurred at 300 oC. Continuous redox peak intensity decrease 

and severe Mn reduction peak shift to the lower voltage was observed. However, the 

overpotential caused by additional byproduct deposition along the cycle appeared to be less 

than the bare sample since an insignificant amount of the oxidation peak shift was observed at 

3.8 V. This could be because of most of the insulating byproducts that were deposited on the 

surface of bare HE-NCM originated from residual LiOH and Li2CO3.56-58,182 The deposition of 

the residual lithium species causing overpotential rise is again verified by examining the redox 

peak shift from DMSO washed HE-NCM, which will be discussed in the later section. A severe 

decrease in redox peak for Li-Mo-O coated HE-NCM at 300 °C revealed that the calcination 

temperature of 300 °C may not be enough to diffuse a sufficient amount of Mo6+. It could also 

be due to insufficient amount of Li-Mo-O is formed at 300 °C since the Li2MoO4 XRD peaks 

kept increasing up to 600 °C based on the 30 wt% coating XRD data. The redox peak intensity 
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retention was improved along with the calcination temperature increase. The oxide ion redox 

area (greater than 4.4 V) is especially preserved as the heat treatment temperature increases. At 

the calcination temperature of 600 °C, the Li-Mo-O coated HE-NCM showed significant 

improvement in preserving the oxide ion redox peak area compared to bare HE-NCM.  

This increased reversibility of the anion redox can be attributed to effectively 

preserving redox-active lattice oxygen.49-52 The anion redox peak retention was improved along 

with the calcination temperature increase. Due to the higher dissociation energy of Mo – O 

(502 kJ mol-1) compared to Co – O (397.4 kJ mol-1), Ni – O (366 kJ mol-1), and Mn – O (362 

kJ mol-1), metal – oxygen bonding can be strengthened when Mo6+ is diffused into the HE-

NCM structure and ultimately mitigate the release of oxide ions during long-term battery 

cycling. Also, the formed Li-Mo-O coating at 600 oC can prevent the side reactions between 

the cathode interface and electrolyte which can further promote longer battery cycle life.  

The sample that was heat treated up to 700 °C showed a reduced oxygen ion redox 

region as well as a more prominent Mn reduction peak at 3.0 V over cycles. Based on the data, 

this could be because of too much oxygen vacancies induced from Li and O extraction reactions 

by molybdenum oxide hydroxide hydrate during heat treatment at 700 °C. A smaller amount 

of redox-active oxygen ions on the surface region could have been reserved along with the 

increased formation of the spinel-like phase. These events might have lowered the capacity for 

the 700 °C heat treated coated sample. It could also be that the heat treatment at 700 °C induces 

more oxygen vacancies which can induce more spinel phase as well. As the LNMO synthesis 

above 700 °C can yield off-stoichiometric LiNi0.5Mn1.5O4-x, a similar off-stoichiometric 

phenomenon may have occurred for the coated HE-NCM at 700 °C.  
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Figure 3.38 Cycle test with different Li-Mo-O coating loading on HE-NCM 

A cycle test was performed with different coating loading as well (Figure 3.38). The 

heat treatment temperature was fixed at 600 °C to observe the effect from the variation of the 

coating loading. In accordance with many other metal oxide coatings literature sources, the 

optimal loading for Li-Mo-O coating turned out to be 3 wt%. Many previous studies claimed 

that the thickness of the coating affects electrochemical performance.79,84,183-185 If the insulating 

coating is too thick, the electronic conductivity reduces significantly which can lower the 

cathode cycle performance. Also, the capacity contribution from the coating is negligible since 

the redox potential for the Li2MoO4 appears at below 2V. Thus, the increase in coating loading 

can lower the absolute capacity of the electrode. On the other hand, the insufficient thickness 

of the coating can cause imperfections. The uncoated part of the cathode surface is then 

vulnerable from electrolyte oxidation and HF attack, which can further cause detrimental issues 

such as additional CEI growth and transition metal dissolution.186-188 

Based on the long term cycle studies and the differential capacity analysis, Li-Mo-O 

surface modification shows an improved cycling performance on HE-NCM. However, there 

were some unanswered questions regarding the coating, such as the effect of the addition of 

0.1 wt% LiOH, Li-Mo-O coating synthesis without addition of 0.1 wt% LiOH, residual lithium 

washing effects by the solvent used during the coating process, and the contribution of the Mo 
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diffused HE-NCM without Li-Mo-O coating. The powder XRD analyses that were performed 

on 1 wt% LiOH coated HE-NCM at different calcination temperatures in air revealed that there 

was no structural difference between the bare HE-NCM and LiOH coated HE-NCM (Figure 

3.29). The spinel peaks which were identified during heat treatment above 400 °C for the 30 

wt% Li2MoO4 coated HE-NCM were not observed for 1 wt% LiOH coated HE-NCM. Thus, 

the conclusion was made that HxMoO3+y was reacted with the HE-NCM surface during the 

sintering process and possibly yielded Li-Mo-O coating on the surface of HE-NCM. Also, the 

high temperature synthesis of 600 oC induces Mo surface diffusion. 

To determine if the addition of LiOH makes any difference in electrochemical 

performance, bare HE-NCM coated with 0.1 wt% LiOH using DMSO (the same LiOH amount 

that was used in the Li-Mo-O coating process) with 600 °C calcination in air was used to make 

cells to conduct long-term cycling tests (Figure 3.39). Also, bare HE-NCM was added in the 

DMSO solution and evaporated at 200 °C with a constant stirring rate. The precipitated sample 

was then retrieved to conduct a 600 °C heat treatment. Coin cells were made from the DMSO 

washed and heat treated sample and directly compared to the electrochemical cycle 

performance with the bare HE-NCM. 

 

Figure 3.39 Cycle test with bare HE-NCM, 0.1 wt% LiOH added HE-NCM, and DMSO 

washed bare HE-NCM 

The DMSO washed bare HE-NCM showed slightly better cycle performance versus 
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unwashed bare samples in the beginning of the test. Higher discharge capacities for a low rate 

(0.1C rate) as well as the high rates (3C and 1C rate) were exhibited for the washed HE-NCM 

until the 125th cycle. Cycle stability seemed to become less stable than unwashed bare HE-

NCM after 125th cycle. After the 125th cycle, washed HE-NCM showed inferior discharge 

capacity results for every C-rate. The data for 0.1 wt% LiOH added HE-NCM showed 

somewhat similar cycle results with DMSO washed HE-NCM cells up to 120th cycle and then 

the cycle trend became a quite similar to the bare HE-NCM after the 120th cycle.  

Improved initial discharge capacity performance for the DMSO washed bare HE-NCM 

seemed to be attributed from the washing effect and subsequent heat treatment in air. DMSO 

washing and heat treatment at 600 oC may have removed residual lithium hydroxide and 

carbonate on the surface of HE-NCM. Due to the reduced residual lithium on the surface of 

HE-NCM, diminished side reactions between EC and lithium carbonate and hydroxide may 

have occurred, thereby yielding less deposition of inorganic byproducts such as LiF on the  

 

Figure 3.40 Voltage profiles and differential capacity plots from bare HE-NCM, LiOH added 

HE-NCM, and DMSO washed bare HE-NCM 

cathode surface. Figure 3.40 supports this claim by showing increased overpotential from the 
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199th cycled bare HE-NCM, whereas no such increase in overpotential was observed from the 

washed HE-NCM. The oxidation peak at 3.8 V is shifted to 3.9 V for the unwashed HE-NCM, 

but DMSO washed HE-NCM exhibited no such peak shift. However, direct contact between 

electrolyte and bare the HE-NCM surface still existed, and this may have caused electrolyte 

oxidation.17,24 Also, the problem of lattice oxygen release was still unresolved and continuous 

structural degradation occurred for DMSO washed bare HE-NCM. Recent studies from Cho et 

al. revealed that the washing process can substantially decrease residual lithium contents.29,189 

However, performing the washing process alone can yield an additional thin lithium amorphous 

layer with a thickness below 8 nm. This layer is originated from lithium loss from the host 

surface structure, which then facilitates phase transformation to a rocksalt structure. The 

structural degradation propagates from the surface to bulk over battery cycles and this may be 

the reason for the cycle performance difference between bare and DMSO washed bare HE-

NCM. The additional thin surface layer induced by washing may have lowered the high C-rate 

performance. By observing the 199th cycle for LiOH added HE-NCM, unwashed HE-NCM, 

and DMSO washed bare HE-NCM, oxide ion redox peak intensity was substantially decreased 

for all samples, indicating that anion redox capability was lost during cycles due to lattice 

oxygen loss. Over cycles, 0.1 wt% LiOH coated HE-NCM showed comparable discharge 

capacity degradation compared to washed HE-NCM. By analyzing the differential capacity 

plot of both washed HE-NCM and 0.1 wt% LiOH coated HE-NCM, the degraded profiles 

appeared to be very similar to each other. Considering a minimal amount of LiOH addition 

with respect to the weight of HE-NCM, the 0.1 wt% LiOH coated HE-NCM should be close 

to DMSO washed HE-NCM.  

However, the 3C cycle data from 0.1 wt% LiOH coated HE-NCM exhibited improved 
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results compared to bare and DMSO washed bare HE-NCM. This could be because of the thin 

LiOH coating created on HE-NCM after the washing and heat treatment process. A study from 

Samsung Advanced Institute of Technology revealed that LiOH on the surface of cathodes can 

melt during high-temperature heat treatment since the melting point of LiOH is around 

462 °C.14 The melted LiOH coats on the cathode surface and may promote the additional 

formation of thin layers of Li2CO3 and LiOH during cooling. The study claimed that the thin 

coating is a low resistance layer which can promote high rate performance. The calcination 

temperature used in this experiment was 600 °C, which is certainly high enough to melt LiOH 

on the HE-NCM surface. Because of the low resistance thin layer created by the addition of 

LiOH, 0.1 wt% LiOH coated HE-NCM may have revealed improved high C-rate performance 

compared to bare HE-NCM and DMSO washed HE-NCM. However, continuous capacity 

degradation was observed for 0.1 wt% LiOH coated HE-NCM. Just as bare and washed bare 

HE-NCM, continuous capacity degradation from 0.1 wt% LiOH coated HE-NCM can also be 

attributed to the incapability of retaining lattice oxygen during battery cycles, which eventually 

leads to structural degradation over the long term battery cycle. The differential capacity plot 

also supports this claim. The cycled differential capacity profile of 0.1 wt% LiOH coated HE-

NCM is very close to DMSO washed HE-NCM. Especially at the oxide ion redox region at 

above 4.0 V, a significant decrease in the area was identified.  

Figure 3.41 revealed the cycle performance from bare HE-NCM, 3 wt% Li-Mo-O 

coated HE-NCM with 0.1 wt% LiOH addition during the coating process and heat treatment at 

600oC, 3wt% Li-Mo-O coated HE-NCM without 0.1 wt% LiOH addition during the coating 

process and heat treatment at 600oC, and water washed 3wt% Li-Mo-O coated HE-NCM. The 

cycle data from 3 wt% Li-Mo-O coated HE-NCM with and without 0.1 wt% LiOH addition 
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were very close to each other and both exhibited improved cycle results compared to bare HE-

NCM. Water washed 3 wt% Li-Mo-O coated HE-NCM showed slightly lower cycle 

performances. The lower performance of the water washed 3 wt% Li-Mo-O coated HE-NCM 

could be attributed to the absence of Li-Mo-O coating, which can facilitate electrolyte 

oxidation and subsequent thickening of CEI during long-term battery cycling. However, early 

cycle performance of the water washed sample showed improved cycle performance compared 

to the bare HE-NCM until about the 80th cycle. This could be due to the effect from the diffused 

Mo6+ at the surface of HE-NCM delaying oxygen release due to the high dissociation energy 

of Mo – O. The cathodes with the spinel phase formed on the near-surface are the cells except 

for the bare HE-NCM (Figure 3.41). Based on the 3C rate performance, the cathode with spinel 

phase formed at the near-surface appeared to be beneficial towards high rate discharge 

performance due to the 3D Li+ diffusion pathways.  

 

Figure 3.41 Cycle test with bare HE-NCM, 3 wt% Li-Mo-O coated HE-NCM, and water 

washed 3 wt% Li-Mo-O coated HE-NCM 

The first cycle irreversible capacity of bare HE-NCM and 3 wt% Li-Mo-O coated HE-

NCM with 0.1 wt% LiOH addition and heat treatment at 600 oC were compared to each other 

in Figure 3.42. The bare HE-NCM displayed its first cycle irreversible capacity to be 40 mAh 

g-1, whereas the coated HE-NCM showed its irreversible capacity to be 29 mAh g-1. The 

difference in irreversible capacities for bare and coated HE-NCM seemed to be attributed to 
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the decomposition of residual lithium compounds during the first charge. Considering the  

 

Figure 3.42 Voltage profiles and differential capacity plots from bare HE-NCM and 3 wt% 

Li-Mo-O coated HE-NCM with 0.1 wt% LiOH addition and heat treatment at 600 oC 

 

first cycle irreversible capacity for DMSO washed bare HE-NCM is 31 mAh g-1, the Li-Mo-O 

3 wt% coated HE-NCM displayed comparable first cycle irreversible capacity (29 mAh g-1) 

with the DMSO washed bare HE-NCM. This result showed that simple removal of the residual 

Li compounds on the HE-NCM surface can improve the first cycle irreversible capacity.  

The voltage profiles at each 0.1C cycle for bare and coated cells were compared in 

figure 3.42 c and d. The voltage degradation trends for two samples were similar up to the 121st 

cycle. However, the phase transformation for the coated cells started to stabilize starting from 

the 121st cycle and a very similar voltage profile with small degradation was displayed. One 

other notable feature is the sudden voltage drop at approximately 4.0 V for the 199th cycle for 

bare HE-NCM (Figure 3.42 c red circled area). Such a drop did not occur for the coated HE-

NCM and this can be an indication that Li-Mo-O coating is effective especially in maintaining 

the capacity above 4.0 V. The phase transformation trend was better identified from differential 

capacity plots in Figure 3.42 e and f. Bare HE-NCM displayed severely  



８８ 

 

 

Figure 3.43 Voltage profiles and differential capacity plots from bare HE-NCM and 3 wt% 

Li-Mo-O coated HE-NCM with 0.1 wt% LiOH addition and heat treatment at 600 oC at 199th 

cycle with 0.1C rate 

reduced area above 4.0 V over cycles which correspond to the redox region of oxide ions. The 

area was preserved for the Li-Mo-O coated HE-NCM which can be an indication that the 600 

oC heat treated Li-Mo-O coated HE-NCM is effective towards reserving lattice oxygen during 

cycles. The phase transition below 4.0 V did occur for both the bare and coated HE-NCM. 

However, the degree of phase transition for 600 oC heat treated Li-Mo-O coated HE-NCM was 

less than bare HE-NCM. The difference between the bare and coated HE-NCM can be clearly 

recognized by comparing the 199th cycle voltage profiles and their differential capacity plots. 

Figure 3.43 clearly shows where the capacity differences mainly occur for the two samples: the 

redox region above 4.0 V and the spinel-like Mn and oxygen redox region at around 3.0 V.  

The cycle data from 600 oC heat treated 3 wt% Li-Mo-O coated HE-NCM was also 

directly compared to the DMSO washed HE-NCM heat treated at 600 oC to observe the 

synergetic effect from the Li-Mo-O coating and Mo6+ surface diffusion on HE-NCM (Figure 

3.44). At first, the cycle performances were similar to each other up to approximately the 40th 

cycle. However, the cycle performance of the DMSO washed bare HE-NCM and the coated 
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HE-NCM started to deviate from the 40th cycle onward.  

 

Figure 3.44 Cycle test with DMSO washed bare HE-NCM and 3 wt% Li-Mo-O coated HE-

NCM with 0.1 wt% LiOH addition and heat treatment at 600 oC 

 To better analyze the cycle performance of the DMSO washed and the coated HE-

NCM, voltage profiles and their differential capacity plots were compared (Figure 3.45). The 

first and second cycle data were comparable to each other. However, a noticeable difference 

was observed starting from the 121st 0.1C cycle. A small phase transformation from the coated 

HE-NCM was observed at the 199th 0.1C cycle, whereas continuous phase transformation 

occurred for DMSO washed HE-NCM which led to capacity degradation. The differential 

capacity plots in Figure 3.45 also show a degradation trend for the DMSO washed  

 

Figure 3.45 Voltage profiles and differential capacity plots from DMSO washed bare HE-

NCM and 3 wt% Li-Mo-O coated HE-NCM with 0.1 wt% LiOH addition and heat treatment 

at 600 oC 
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bare and coated HE-NCM. The DMSO washed bare HE-NCM shows a similar degradation 

trend from unwashed bare HE-NCM. The coated HE-NCM shows improved redox peak 

retention especially at above 4.0 V. 

The phase transformation mitigated by surface modification of HE-NCM can be better 

seen from the comparison data of the 0.1C 199th cycle voltage profiles and their dQ/dV plots 

(Figure 3.46). The data clearly shows where the performance difference occurs. From the data, 

a majority of the performance difference was attributed to the redox performance above 4.0 V. 

There was a small difference in the redox peak area at 3.0 V, which is designated to spinel-like 

Mn redox and a small portion of oxide ion redox. A conclusion from this data can be made that 

the synergetic effect from the Li-Mo-O coating as well as Mo6+ diffusion at the near-surface 

region of HE-NCM can provide better cycle stability. The Li-Mo-O coating may effectively 

prevent EC oxidation during high voltage operation. The Mo6+ surface diffusion on HE-NCM 

near-surface region can provide the benefit of retaining lattice oxygen during battery cycling 

due to the high dissociation energy of Mo – O relative to other TM (Ni, Co and Mn) – O.  

 

Figure 3.46 Voltage profiles and differential capacity plots from DMSO washed bare HE-

NCM and 3 wt% Li-Mo-O coated HE-NCM with 0.1 wt% LiOH addition and heat treatment 

at 600 oC at 199th cycle with 0.1C rate 
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Figure 3.47 Cycle test and differential capacity analysis from bare HE-NCM, water washed 3 

wt% coated HE-NCM and 3 wt% Li-Mo-O coated HE-NCM 

Cycle test results and differential capacity profiles from Bare HE-NCM, water washed 

3 wt% Li-Mo-O coated HE-NCM heat treated at 600 oC and 3 wt% Li-Mo-O coated HE-NCM 

heat treated at 600 oC were directly compared to each other (Figure 3.47). Compared to bare 

HE-NCM, water washed coated HE-NCM showed stabilized overall redox peaks including 

oxide ion redox region. However, reduced Mn oxidation peak was observed at around 3.0 – 3.2 

V. This is possibly due to the water washing effect which can induce surface degradation 

according to Cho et al.29 However, 3 wt% Li-Mo-O coated HE-NCM at 600 oC showed 

stabilized overall redox peaks including oxide ion region over long-term battery cycles. 

The impedance study was performed on the bare and 3 wt% Li-Mo-O coated HE-NCM 

with 0.1 wt% LiOH addition and heat treatment at 600 oC (Figure 3.48). The impedance data 

was first collected at the mean discharge voltage (3.65 V) after the first cycle and then collected 

(a) 

(b) (c) (d) 
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after the end of BASF network cycle protocol (313rd cycle). The impedance data after the first 

cycle showed slightly higher interfacial resistance for the coated cell. This is believed to be due 

to the presence of Li-Mo-O coating. A slightly higher charge transfer resistance in the medium 

frequency region was also displayed from the coated cell. This could be attributed to the effect 

from the insulating property of Li-Mo-O compound coating. The impedance data for the cycled 

cells showed a noticeable difference between the bare and coated cell. The reduced interfacial 

resistance and charge transfer resistance may be attributed to the effect from reduced lattice 

oxygen loss. The reduced oxygen evolution can decrease a possibility of undesirable reaction 

between singlet oxygen and electrolyte which can ultimately reduce excess CEI formation. The 

evolution of singlet oxygen can occur in the process of lattice oxygen loss at high voltage 

operation. Although the cause of the singlet oxygen evolution is currently under investigation  

 

Figure 3.48 Electrochemical impedance spectroscopy (EIS) data from bare and Li-Mo-O 3 

wt% coated HE-NCM with 0.1 wt% LiOH addition and heat treatment at 600 oC before and 

after cycling 

by many other researchers, lattice oxygen release can induce more singlet oxygen, which 

further reacts with EC in the electrolyte to form H2O2 and VC, according to Gasteiger et al.17 
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The formed H2O2 can be oxidized and lead to H2O, which can further react with LiPF6 to form 

LiF and HF according to Figure 1.12. Since LiF is a well-known electrical insulator, the 

increased formation of LiF on the cathode surface may increase the impedance of the cell. This 

may be the reason for the impedance increase in bare HE-NCM after cycling. 

3.6 Conclusion 

The enhanced electrochemical performance from the 3 wt% Li-Mo-O coated HE-NCM 

can be summarized into three main reasons. First, the Li+ conductive and insulating Li-Mo-O 

compound coating can reduce side reactions at the cathode and electrolyte interface. By 

comparing the long-term cycle results from the 3 wt% Li-Mo-O coated HE-NCM heat treated 

at 600 oC and the water washed coated HE-NCM, the coated and Mo6+ surface diffused HE-

NCM (3 wt% Li-Mo-O coated HE-NCM) shows higher degree of cycle stability compared to 

the samples with the Mo6+ surface diffused alone (water washed coated HE-NCM). The 

impedance studies with bare HE-NCM and the 3 wt% Li-Mo-O coated HE-NCM before and 

after cycling also show the evidence of the reduced side reaction on the coated HE-NCM 

surface by showing significantly less impedance growth over a continuous battery cycling. The 

second reason for the enhanced battery cycle performance is due to the presence of a spinel 

phase for the 3 wt% Li-Mo-O coated HE-NCM. LNMO and possibly Mo6+ contained LNMO 

was formed after coating and 600 oC heat treatment in air. Since LNMO has a 3-dimensional 

lithium ion diffusion pathway, having LNMO may lead to more facile lithium ion diffusion 

during battery cycling and this can lead to an improved high C-rate capability. The cycle data 

show higher 3C-rate discharge capacity for the 3 wt% Li-Mo-O coated HE-NCM compared to 

bare HE-NCM. Although water washed coated HE-NCM also has LNMO and possibly Mo6+ 

contained LNMO, the water washing may have deformed the surface from its original layered 
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structure to rocksalt structure which can give adverse effects towards rate capability. The third 

reason for the improved electrochemical performance from the Li-Mo-O coating on HE-NCM 

is due to the enhanced structural stability from Mo6+ surface diffusion into HE-NCM upon 600 

oC calcination. The bond dissociation energy between Mo and O is 502 kJ mol-1 which is about 

34% higher than the average bond dissociation energy value from Ni, Co, Mn and O. The 

differential capacity plot from the 3 wt% Li-Mo-O coated HE-NCM displays higher anion 

redox peak retention and this can be an indication of the result from the reduced lattice oxygen 

loss providing sustainable anion redox capability. 
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