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Chapter 1 

Introduction  

 

Abstract 

The growing demand for sustainable energy storage devices intensively 

requires rechargeable lithium-ion batteries (LIBs) with higher specific capacity 

and stricter safety standards. In particular, Ni-rich layered transition-metal oxides 

outperform other cathode materials and attract much attention in academia and 

industry. This chapter starts with an introduction to existing LIBs and well-

established electrode materials. It is followed by a general introduction of the 

fundamentals of Ni-rich cathode materials. In the final section, the scope of this 

thesis is described. 
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1.1 Overview of Battery Systems 

Nowadays, the world's energy shortage and the danger of climate change 

place serious threats to social and economic development. The necessity of 

reducing greenhouse gases emission and the transition from fossil fuels to 

sustainable clean energy sources have become a global priority. Motivated by the 

urgent demands for energy upgrades, various clean energy systems have been 

announced and intensively developed. Rechargeable battery systems, as one of 

the most important sources of sustainable energy, have been implemented 

dominantly in numerous applications, particularly for portable electronic devices 

(PEDs) and electronic vehicles (EVs).[1] 

The evolution of rechargeable battery systems has gone through several 

stages, including lead-acid, nickel-cadmium (Ni-Cd), nickel-metal-hybrid (Ni-

MH), sodium-nickel (Na/NiCl), lithium-metal polymer (LiM-Polymer), and LIBs. 

Figure 1.1 illustrates the energy storage properties of commonly used battery 

systems. It can be seen that LIBs outperform others in terms of both specific power 

and specific energy.[2] Therefore, since the first commercialization by Sony in 

1991, LIBs have received tremendous academic and industrial attention.[3] 

Stimulated by the constant renovation of battery technology and government 

subsidies, the thriving markets of EVs and other electrical devices powered by 

LIBs have achieved considerable progress.[4]  
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Figure 1.1 Summary of various battery systems on the performance of 

specific power vs. specific energy.[2] 

The first generation LIB comprises graphite as an anode and LiCoO2 as a 

cathode. It delivers specific energy of approximately 160 Wh kg-1, as shown in 

Figure 1.1. To meet the growing demands for a higher-energy storage system with 

an extended lifetime, researchers continuously devote efforts to designing novel 

electrode materials and promoting battery technology. 

1.2 Basics of Li-ion Batteries  

The basic operation of LIBs is that Li-ions are transported from one 

electrode to the other via the electrolyte and are safely (de)intercalated in both 

electrodes.[5] A non-aqueous liquid with ideally high ionic conductivity and 

chemical inertness acts as an electrolyte. A flexible porous separator is placed in 

between to prevent direct contact of two electrodes. 
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Figure 1.2 Schematic illustration of a rechargeable Li-ion battery with graphite 

anode and LiCoO2 cathode during discharging. 

Figure 1.2 gives a schematic illustration of a commercialized C6/LiCoO2 

cell in the discharge process. During discharging, Li-ions leave from the graphite 

anode, are transported through the separator, and intercalate into the LiCoO2 

cathode. Simultaneously, electrons are transported through the external circuit, 

powering the electrical devices. The electrochemical reactions of this cell can be 

described as 

 LiCoO2 ↔  Li1-xCoO2 +  xLi+ +  xe- (1.1) 

C6 +  xLi+ +  xe- ↔  LixC6. (1.2) 

The specific energy (volumetrically or gravimetrically) of LIBs is 

determined by the charge capacity Qcell and the cell voltage Vcell, according to 

𝐸 = 𝑄𝑐𝑒𝑙𝑙 × 𝑉𝑐𝑒𝑙𝑙 , (1.3) 

where Vcell is determined by the difference between the chemical potentials of 

cathode and anode 

𝑉𝑐𝑒𝑙𝑙 =
𝜇𝑐𝑎𝑡ℎ𝑜𝑑𝑒

𝐿𝑖 − 𝜇𝑎𝑛𝑜𝑑𝑒
𝐿𝑖

𝐹
, (1.4) 
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where F is the Faraday constant. Eq. (1.4) shows that choosing electrode materials 

with high intrinsic storage capacity and operating voltage is essential to increase 

the energy density of batteries.[6] 

1.3 Battery Materials  

During the intensive exploration of the LIB technology for several decades, 

numerous electrode materials have been developed. Figure 1.3 lists the state-of-

art cathode and anode materials, as well as their performance characteristics. It 

can be seen that the specific capacities of the cathode and anode are not matching. 

The anode materials show an overall much higher specific capacity than that of 

the cathodes. Therefore, the development of cathode materials has proven a 

crucial bottleneck regarding performance improvement from a full-cell 

perspective. 

LiFePO4 (LFP) is a cathode material with the highest safety and stability. 

Yet, the operating voltage range and specific capacity are both quite low (see 

Figure 1.3).[7] LiNi0.5Mn1.5O4 (LNMO) is a high-voltage cathode material with an 

operating voltage up to 4.8 V (vs. Li+/Li). However, the specific capacity of this 

material is unfortunately rather low (~100 mAh g-1), hindering the further 

development of LNMO-based LIBs.[8] With regard to Li-rich metal oxides 

(xLi2MnO3⋅[1 − x]LiTMO2 [TM = Ni, Co, Mn]) (HE-NCM), the specific capacity 

is exceptionally high, approaching 300 mAh g-1. At the same time, its discharge 

voltage plateau is slightly lower (at around 3.4 V).[9] On the other hand, Ni-based 

transition-metal oxides, LiNixCoyMn1-x-yO2 (NCM)/LiNixCoyAl1-x-yO2 (NCA)-

based LIBs can deliver specific capacities beyond 200 mAh g-1 with no 

compromising operating voltage, exhibiting a dominant position in choosing 

cathode materials.[10] 
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Figure 1.3 Summary of specific capacity and operating voltage for various cathode 

(a) and anode (b) electrode materials. The columns indicate the operating voltage 

range at the left-hand axes; the values above the columns indicate the position of 

discharge voltage plateau. The red dots indicate the specific capacity at the right-hand 

axes. The specific capacities refer to electrodes capacities combined with a Li metal 

anode discharged at 0.1 C-rate. Cathodes are defined as LFP (LiFePO4),[7] LNMO 

(LiNi0.5Mn1.5O4),[8] LCO (LiCoO2),[11] NCM111 (LiNi1/3Co1/3Mn1/3O2),[12] Ni-rich 

NCM (LiNi0.8Co0.1Mn0.1O2),[10] Ni-rich NCA (LiNi0.8Co0.15Al0.05O2),[13] and HE-NCM 

(Li-rich NCM).[9] Anodes are defined as LTO (Li4Ti5O12),[14] TiO2,[15] Graphite,[16] 

Graphite/Si,[17] Si,[18] and Li metal.[19] 

In 2012 all early EV models used LiNi1/3Co1/3Mn1/3O2 (NCM111) cathode-

based LIBs. However, NCM111 cannot fulfill the growing demand for higher 

specific energy of 350 Wh kg-1 at a cell level by 2025.[20] To increase the energy 

density, layered transition-metal oxides with higher Ni-content have been 

developed, denoted as Ni-rich cathodes. Two major advantages of Ni-rich 

cathodes are their high specific energy capacity of 200 ~ 250 mAh g-1 and the 

relatively high operating voltage of about 4.4 V, which is more promising in 

applications than other cathode materials.[21]   

The superiority of Ni-rich cathodes in storage capacity also brings the 

tradeoff with electrochemical stability. It is confirmed that the crystal structure of 

Ni-rich cathode materials is prone to irreversibly transform during the 

(de)lithiation process, resulting in rapid performance fading.[22] The degree of 
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degradation depends on the particular elemental composition in the cathode 

material. However, all Ni-rich cathodes undergo similar electronic and structural 

changes. Apart from cathode materials, the degradation of both the anode and 

electrolyte should also be considered from a full-cell perspective.[23]  

Graphite is the commercially most successful anode material in the market. 

It is commonly employed together with Ni-rich cathodes in modern batteries.[24] 

Li-metal is considered an ideal anode material because of its lowest negative 

electrochemical electrode potential. Coupled with a Ni-rich cathode, it will 

significantly boost the battery capacity.[25] However, both anode materials suffer 

from serious problems, such as solid-electrolyte-interphase (SEI) formation, 

dendrite growth, etc. Such detrimental issues severely hinder the large-scale 

commercialization of the Ni-rich based-LIBs as next-generation batteries.[26] 

1.4 Fundamentals of Ni-rich Cathode Materials 

Ni-rich cathode materials are derived from layered LiNiO2, which was first 

discovered by Dyer et al. in the 1950s.[27] LiNiO2 was one of the candidates as 

electrode material with a strong commercialization perspective. However, the 

structural degradation of LiNiO2 is extreme, hindering its further development. 

Other elements, such as Co, Mn, Al, Zr, etc., were introduced into the LiNiO2 and 

partially substituted Ni to overcome this deficiency. Among all elements, Co, Mn, 

and Al substitutions are most relevant for improving Ni-rich cathode materials' 

performance.[28] Co contributes to the rate capacity enhancement and cation-

mixing mitigation. Substitution of Co by Mn is beneficial for the structural 

stability of LiNiO2. 

Furthermore, partial substitution of Ni by Al ions is also advantageous and 

cost-effective due to the low cost and light atomic weight of Al. Consequently, 

the excellent synergy between Ni, Co, Mn, and Ni, Co, Al ensures Ni-rich NCM 

(LiNixCoyMn1-x-yO2, x > 0.5) and NCA (LiNixCoyAl1-x-yO2, x > 0.5) materials are 
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the most promising materials to improve LIBs further.[20] Up to now, Ni-rich 

cathodes of various compositions have been proposed and comprehensively 

investigated, leading to a better understanding of the degradation mechanisms and 

improvement in performance.[29] 

1.4.1 Crystal Structure 

The structure of layered LiTMO2 (TM=transition-metals, Ni, Co, Mn, Al, 

etc.) is isostructural with α-NaFeO2, where the rhombohedral crystal with R3̅m 

space group, formed by a cubic close-packed (ccp) lattice, is surrounded by 

oxygen atoms (Figure 1.4).[30] Considering that the octahedral sites in the LiTMO2 

crystal are occupied by lithium or transition-metals, the layer structure in LiTMO2 

can be divided into Li slabs and transition-metal-oxide slabs. Such slabs alternate 

each other in the crystal.  

The layered structure has two-dimension channels for Li-ion diffusion. 

Apart from that, two kinds of Li-ion diffusion routes proceed in the crystal.[30] Li+ 

ions will either move from one octahedral site to the following site through the 

intermediate tetrahedral sites (route Ⅰ) or hop via the oxygen dumbbells (route Ⅱ). 

At the early stage of delithiation, the oxygen dumbbell diffusion is most dominant. 

When about 1/3 of lithium is extracted, the tetrahedral site pathway becomes 

prevailing.  
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Figure 1.4 Lattice of an NMC layered structure, tetrahedral site pathway (route Ⅰ), 

and oxygen dumbbell pathway (route Ⅱ) for Li-ion diffusion.[30] 

1.4.2 Electrochemical Characteristics 

The Ni-content in NCM materials mainly determines the electrochemical 

performance and structural stability. Nowadays, many studies confirmed a 

concomitant increase in storage capacity and decreased electrode stability with 

increasing Ni-content.[31] Figure 1.5a gives the typical charge and discharge 

voltage profiles of NCMs with various Ni-content. The experimental results 

indicate the improved specific capacity with the increase of Ni-content in NCMs. 

Based on the calculation, the theoretical capacity of NCM material is 275 mAh g-

1, suggesting the considerable potential for further growth. An increasing Ni 

content is therefore essential for further developments. However, the studies have 

experimentally confirmed that NCMs with higher Ni fractions reveal lower 

capacity retention upon cycling. When the composition reaches LiNiO2, the 

capacity retention drops dramatically after 100 cycles, making it unsuitable for 

practical applications.[32]  
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Figure 1.5 (a) Initial charge and discharge voltage curves for LiNixCoyMn1−x−yO2 (x 

= 0.6, 0.8, 0.9, 0.95, 1).[32] (b) Typical dQ/dV curves for Ni-rich NCM/Li cells.[33] 

The characteristic phase evolution of the Ni-rich cathode can be identified 

in the differential capacity plot as a function of electrode voltage (dQ/dV). As 

illustrated in Figure 1.5b, three-phase transition areas are detected, starting from 

hexagonal-1 (denoted as H1) to monoclinic (denoted as M), then from M to 

hexagonal-2 (denoted as H2), and finally from H2 to hexagonal-3 (H3). The 

definitions of three hexagonal phases are determined by the evolution of lattice 

parameters in Li1-xNiO2.[34] Three phase-coexistence regions are located at around 

3.7 (H1+M), 4.0 (M+H2), and 4.2 V (H2+H3).  

The dQ/dV full profile can be split into stable (green) and unstable (red) 

regions depending on the cut-off voltage. When the voltage is above 4.11 V, the 

electrode undergoes the H2-H3 transition, accompanied by lattice oxygen 

reduction. The transition from H2 to H3 under a high voltage regime is mainly 

attributed to the abrupt shrinkage on the c-axis in the unit cell, resulting in 

detrimental anisotropic lattice volume changes. Based on theoretical and 

experimental studies, the lattice collapse induced by H2-H3 transition is 

considered harmful for maintaining the reversible storage capacity.[35] Such lattice 

collapse will trigger a series of problems, such as cations disorder, surface 

reconstruction, gas release, etc. The problems become severe with the increase of 
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Ni-content, operation temperature, and state-of-charge (SOC). In Chapter 2, the 

discussion on corresponding degradation mechanisms will be presented in detail. 

1.5 Scope of this Thesis 

Ni-rich layered metal oxides have drawn a lot of attention in investigating 

high energy density, low cost, and reduced-Co-content cathode materials. Pouch 

cells, equipped with Ni-rich cathodes with Li metal anodes, can meet the goal of 

a high energy density of up to 890 Wh l-1. However, despite the above merits, Ni-

rich LIBs still suffer from several drawbacks, such as cation disorder, transition-

metal dissolution, surface passive layer formation, Li dendrite growth, etc. 

Therefore, further improvements and optimizations are essential for Ni-rich LIBs. 

This thesis investigates degradation mechanisms and explores modification 

strategies for Ni-rich NCM and Li metal anode, aiming to fabricate Ni-rich LIBs 

with enhanced performance.  

In Chapter 2, various degradations processes occurring in Ni-rich cathode-

based LIBs and corresponding remedying strategies are overviewed. The battery 

degradation is systematically discussed from a full-cell perspective, comprising 

the degradation occurring on cathode, anode, and electrolyte. Many mitigation 

methods have been proposed to address these problems. Six approaches are 

offered for the cathode, including synthesis upgrading, single-crystal fabrication, 

microstructural manipulation, elemental doping, protective layer coating, and 

concentration gradient designing. For the anode, chemical treatment, surface 

coating, and approaches for uniform Li deposition are discussed. Regarding the 

electrolyte, multifunctional additives are noteworthy for mitigating the 

degradations on cathode and anode simultaneously. Finally, several directions for 

further progress have been briefly prospected. 

In Chapter 3, the detailed experimental methods and parameters that are 

used in this thesis are given. Material preparation methods, characterization 
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techniques, electrode preparation process, and electrochemical measurements will 

be presented in detail. 

In Chapter 4, the development of LiNi0.6Co0.2Mn0.2O2 materials with a 

nanostructured morphology will be described. A facile surfactant-assisted 

hydrothermal method followed by the solid-state reaction is employed as the 

synthesis method. Corresponding characterizations validate that the as-prepared 

NCM sample possesses a highly ordered crystal facet orientation in the particles, 

facilitating the presence of Li-ion diffusion tunnels and improving Li-ion 

diffusivity. Benefited from the structural advantage, the nanostructured 

LiNi0.6Co0.2Mn0.2O2 cathode demonstrates a more favorable Li-ion 

(de)intercalation reaction kinetics, promising discharge rate capability, and stable 

cycling performances compared with commercially produced cathode materials. 

Additionally, faster reaction kinetics also confers the electrode materials the 

ability of the fast charging, showing a high potential for practical applications in 

Li-ion batteries.  

In Chapter 5, LiNi0.6Co0.2Mn0.2O2 thin-film electrodes are prepared to 

investigate the degradation mechanisms in more detail. LiNbO3, as a promising 

solid electrolyte with high ionic conductivity, is introduced as the protective layer 

on the Ni-rich cathodes to alleviate parasitic reactions at the electrode surface. 

Electrochemical investigations show that a LiNbO3-coated LiNi0.6Co0.2Mn0.2O2 

electrode enhances stability and mitigates the impedance increase upon cycling 

compared to a bare LiNi0.6Co0.2Mn0.2O2 electrode. The interaction between 

LiNbO3 and LiNi0.6Co0.2Mn0.2O2 layers is probed by X-ray photoelectron 

spectroscopy (XPS) depth profiling. The formation of a favorable Ni-ions 

diffusion interface is successfully detected. Post-mortem characterizations show 

various surface components and cathode-electrolyte interphase (CEI) film 

formation, revealing the degradation of Ni-rich NCM cathodes in more detail. 
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In Chapter 6, a robust LiNbO3-modified Li metal anode with high stability 

will be presented. The modified Li metal electrodes show restrained Li dendrite 

growth and neglectable transition-metal reduction at the anode surface. LIBs 

assembled with Ni-rich LiNi0.6Co0.2Mn0.2O2 cathodes and modified-Li metal 

anodes significantly improved electrochemical performance with prolonged cycle 

life. The mechanisms on SEI formations of Li metal anodes are also investigated, 

presenting new insights for material design and mechanisms analyses of stable Ni-

rich NCM-based LIBs. 

At the end of this thesis, the summary of conclusions and an overall outlook 

will be given in Chapter 7. 
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Chapter 2 

Degradation and Improvement 

Strategies for Ni-rich Cathode-based 

Batteries  

 

Abstract 

Lithium-ion batteries composed of Ni-rich layered cathodes and 

graphite anode (or Li-metal anode) are suitable for meeting the energy 

requirements of next-generation batteries. However, the instability of 

Ni-rich cathode-based LIBs poses challenges to large-scale 

commercialization. This chapter presents various degradation processes 

occurring at cathodes, anodes, and electrolytes in Ni-rich LIBs. 

Considering the underlying degradation in Ni-rich cathode-based LIBs, 

numerous efforts have been devoted to the battery performance 

improvements. Therefore, the state-of-the-art mitigation solutions 

proposed over the past few years are summarized in this chapter. 
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2.1 Degradation Mechanisms  

Despite the growing expectations towards Ni-rich cathode-based LIBs, 

their practical application is still restricted due to the rapid performance 

degradation and safety hazard issues. Generally, for a Ni-rich cathode-based LIB, 

the degradation problem can originate from different parts in the battery system: 

cathode, electrolyte, and anode. The current problems and challenges that Ni-rich 

cathodes are still facing can be summarized as follows: (1) Residual lithium 

compounds that are inevitably formed during the material preparation process; (2) 

Cation disorder (or Li/TM lattice mixing) triggered by the material synthesis and 

battery cycling; (3) Structural reconstruction occurring at the electrode surface 

during electrochemical operation, induced by the layered-spinel-rocksalt phase 

transition combined with the formation of lattice oxygen vacancies; (4) O2 and 

CO2 gas release at the electrode material surface, which is closely related to 

surface reconstruction and side-reactions with the electrolyte; (5) Transition-metal 

dissolution as the consequence of HF attack; (6) Intragranular and intergranular 

cracks formed at high SOC and intensive cycling, and (7) The fragile thermal 

stability, which may lead to thermal runaway, leading to serious safety concerns. 

Apart from the various degradation mechanisms at the cathode side, 

detrimental reactions in the anode and the electrolyte could also cause further 

battery performance decay. On the one hand, the graphite anode suffers from 

severe volume expansion and graphite layer collapse. In contrast, the Li-metal 

anode suffers from dendrite growth and the formation of "death lithium" spots. 

On the other hand, electrolyte decomposition will spontaneously engage in the 

solid-electrolyte-interphase formation at both the cathode and anode, forming 

passivating layers at both electrodes. All the above challenges are generally 

interlinked in the battery operation. Therefore, a comprehensive and in-depth 

study of these problems is essential for developing LIBs with a prolonged life span 
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and improved stability. The degradation mechanisms associated with Ni-rich 

cathodes, anodes, and electrolytes will be presented in subsequent sections. 

2.1.1  Cathode 

2.1.1.1 Residual lithium compounds  

Residual lithium compounds (RLCs) are inevitably formed in Ni-rich 

cathodes and mainly consist of LiOH, Li2CO3, Li2O, Li2O2, and LiHCO3.[1] Most 

of these compounds will eventually convert into LiOH and Li2CO3 during storage. 

The formation of RLCs stems from two processes. During the synthesis process, 

an excess amount of lithium salts (typically 5 mol% higher) is added as transition-

metal precursor(s) to compensate for the lithium loss during calcination because 

of the volatilization of lithium at high temperatures. On the one hand, a higher 

amount of lithium salt can inhibit Li/TM mixing. On the other hand, the excessive 

lithium content will remain at the particle surface and simultaneously react with 

H2O, O2, and CO2 in the air.[2] With an increasing Ni-content in Ni-rich cathodes, 

a lower calcination temperature and higher oxygen purity will be needed during 

preparation. That will likely lead to the formation of undesirable RLCs layers.[3] 

The highly active Ni3+ ions in the cathode material can contribute to the RLCs 

formation as well. The spontaneous reduction of Ni3+ to Ni2+ at the surface will 

give rise to lattice oxygen O2- oxidation and the consequent reaction with Li+. It 

can be described by the following equations[4] 

Ni3+ + O2-(lattice) → Ni2+ + O-         (2.1) 

O- + O- → O2-(active) + O       (2.2) 

O- + O → O2
-; O + O → O2        (2.3) 

O2-(active) + CO2 → CO3
2-; O2-(active) + H2O → 2OH-  (2.4) 

2Li+ + CO3
2- → Li2CO3; Li+ + OH- → LiOH    (2.5) 
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Figure 2.1 (a) Schematic representation of the formation process of LiOH and Li2CO3 

at a LiNi0.7Mn0.3O2 cathode surface.[5] (b) TEM images of a pristine NCM811 cathode 

surface.[6] (c) XPS depth spectra of O 1 s at the surface of bare LiNi0.80 

Co0.15Mn0.05O2.[7]  (d) The discharge capacity of an NCM811/Li cell before and after 

washing with water and discharge stability of a LiNi0.80Co0.15Mn0.05O2/graphite cell.[6] 

(e) Gas evolution after cycling 300 times for a bare LiNi0.80Co0.15Mn0.05O2 cathode and 

a washed one.[7] 

Figure 2.1a shows a schematic representation of RLCs growth at a Ni-rich 

cathode surface.[5] The actual composition and amount of surface impurities vary 

with the synthesis parameters and storage conditions, such as temperature and air 
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humidity. This Li-salt layer can be detected by transmission electron microscopy 

(TEM), as shown in Figure 2.1b. The lattice spacing of 2.35 Å is assigned to the 

(012) plane of the layered NCM811 material. An inhomogeneous Li-salt layer can 

be observed at the surface with a thickness around 3 nm. X-ray photoelectron 

spectroscopy (XPS) depth profile was also employed on a pristine LiNi0.80 

Co0.15Mn0.05O2 material (Figure 2.1c). In the O 1s spectra, the peak located at 531 

eV is attributed to Li2CO3 (or LiOH), and the peak at 528.8 eV is the binding 

energy of TM-O in NCM. The peak intensities expose the amount and distribution 

of RLCs with sputtering depth, revealing the enrichment of the impurities at the 

NCM surface. 

Many studies have confirmed that the generation of RLCs surface layers is 

detrimental to the performance of Ni-rich cathodes. The most efficient and 

feasible way to remove RLCs from the surface is by the water washing method. 

However, the washing will lead to capacity losses (Figure 2.1d), as water tends to 

react with the active electrode material at the subsurface and partially destroy the 

material's crystalline structure, which is a kind of tradeoff.[6] Moreover, the water 

washing process also increases the sensitivity of Ni-rich cathodes to air, so careful 

control of washing parameters is required. Though the washing treatment leads to 

a reduced storage capacity, it offers enhanced electrode stability and moderate gas 

evolution compared in comparison to untreated electrode materials. 

The study of Park et al. demonstrates that the total amount of gas evolution 

was reduced by 25% for treated samples after 300 cycles in a 

LiNi0.80Co0.15Mn0.05O2/graphite cell (Figure 2.1e).[7] The accumulation of gas in a 

battery places a considerable safety hazard. The gas generation in the battery 

predominantly arises from the reaction between RLCs and the electrolyte as well 

as phase transitions inside the electrode material. The latter factor will be 

illustrated in details in the following section, while the mechanism of RLCs 

reacting with electrolyte during cycling has been described reaction sequence[7] 
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2LiOH + LiPF6 → 3LiF + POF3 + H2O     (2.6) 

LiPF6 + H2O → LiF + OPF3 + 2HF     (2.7)  

Li2CO3 + 2HF → 2LiF + H2O + CO2     (2.8) 

2.1.1.2 Cation disorder  

Cation disorder is a phenomenon also known as Li/TM ions mixing in Ni-

rich layered cathodes. Among the basic cations in Ni-rich cathodes, such as Ni2+, 

Co3+, Mn3+, Al3+, etc., Ni2+ ions show a high propensity to mix with Li+ ions due 

to the similar ionic radii of Ni2+ (0.69 Å) and Li+ (0.76 Å) cations. Such mixing 

leads to crystal structure transformation from a pristine layer via a spinel phase to 

the final rock-salt phase. The Li-ion mobility will be hindered due to this cation 

disordering, thus reducing the rate capability of Ni-rich cathodes. It is worth 

noticing that cation disorder is observed during the synthesis process and exits 

throughout the whole battery life. This Li/Ni mixing tendency becomes much 

more frequent with increasing Ni-ratio, operation temperature, cut-off voltage 

during charging, and SOC.  

Finding a suitable reactant ratio between the TM-precursor and lithium salt 

is the starting point for restraining TM migration during calcination. Chu et al. 

recently investigated the influence of the Li-excess during calcination on the 

Li/TM mixing.[8] The schematic diagram shown in Figure 2.2a shows that the 

samples prepared with Li/TM ratios of 1.00, 1.06, and 1.12 are denoted by E00, 

E06, and E12, respectively. It is found that the Li slab in the lattice will experience 

shrinkage under both Li-loss (E00) and Li-excess (E12) conditions. For the E00 

Li-loss sample, lithium volatilization during calcination will cause unoccupied 

defects in the sample. A large number of defects in the lattice leads to contraction 

of the Li slab and eventually creates severe Li/TM disorder. For the E12 Li-excess 

sample, the extra Li will partially occupy TM (3b) sites. The introduction of 

slightly larger Li+ ions leads to larger TMO6 octahedrons, expanding the distance 
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between TM slabs and contracting the Li slab resulting in Li/TM disorder. Only 

the sample with the most optimal Li/TM ratio (E06) shows a broader Li slab. The 

expansion of the Li slab and shrinkage of TMO6 will guarantee better Li-ion 

diffusion. 

 

Figure 2.2 (a) Schematic diagram of NCM materials with different Li/TM ratios of 

1.00 (E00), 1.06 (E06), and 1.12 (E12) in LiMO2.[8] (b) Illustration of the atomic 

configuration and evolution of the intensity of the (003) and (104) reflections during 

synthesis of LiNi0.8Co0.2O2.[9] (c) In situ HTSRD pattern evolution during NCM622 

synthesis and the evolution of cation disordering as a function of reaction time.[10] 
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In situ XRD is a proper method to diagnose cation disorder and can even 

provide quantitative analyses.[9] The relative intensity ratio between the (003) and 

(104) plane reflection (R=I(003)/I(104)) reveals the degree of cation disorder in the 

bulk of the material. Figure 2.2b illustrates the positions of the (003) and (104) 

planes in the lattice, where TM ions, Li+ ions, and O ions are evenly distributed in 

the (104) planes, making the reflection of (104) independent of the ordering. In 

contrast, the reflection of the (003) plane is highly sensitive to cationic ordering. 

When Li/Ni mixing occurs in the crystal, the X-ray reflection intensity of the (003) 

plane will reduce, leading to a decrease of the R-value. Thus, a preliminary 

determination on the degree of cation disorder can be obtained from the XRD 

result through the peak intensity ratio between the (003) and (104) plane. Wang 

et al. applied in situ XRD to study the structural ordering evolution of LiNiO2 and 

LiNi0.8Co0.2O2 during calcination.[9] Their results highlight Co substitution's 

significance in facilitating the initial nucleation of a Li-deficient layered structure 

at low temperatures and restraining the cation disorder at high temperatures.  

The cation disorder is also detectable during the high-temperature lithiation 

reaction of the calcination process. Liu et al. employed in situ high-temperature 

synchrotron radiation diffraction (HTSRD) to systematically investigate the 

nonequilibrium formation of layered NCM622 (Figure 2.2c).[10] The starting 

reactants are the TM-hydroxide Ni0.6Co0.2Mn0.2(OH)2 (NCM622OH) precursor 

with trigonal layered structure (P3̅m1, T1 phase), and lithium source LiOH·H2O. 

The in situ HTSRD pattern shows that the characterized reflections of 

NCM622OH gradually disappear when the temperature increases to 300oC. 

Furthermore, a metastable layered Li1-x(Ni0.6Co0.2Mn0.2)1+xO2 with a higher degree 

of Li/TM exchange of about 30% is detected at around 500oC. The Li/TM 

exchange ratio can be obtained from the c/a ratio calculation, as presented in the 

previous paragraph. With further increasing the temperature up to 900oC, a well-

defined trigonal layered phase NCM622 can be indexed. Based on this 

investigation, it has been identified that complex reactions occur between the TM-
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precursor and lithium sources during the thermal treatment in the air. Three 

dominant components (NCM622OH, Li1-x(Ni0.6Co0.2Mn0.2)1+xO2, NCM622) have 

been identified throughout the process. Additionally, it is shown that a longer 

thermal treatment time should be considered at lower heating temperatures to 

stabilize the final structure. Therefore, it is important to carefully control the 

heating temperature and duration time to mitigate the cation disorder degree of 

Ni-rich cathodes. Noteworthy, the synthesis of different Ni-rich cathodes may 

require a different set of heating parameters. 
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Figure 2.3 (a) Schematic representation of the outward migration paths of TM and O 

ions along the out-of-plane direction and the formation energy of “single TM 

migration” and “TM-O co-migration”.[11] (b) Evolution of atomic arrangements during 

TM migration viewed along the [110] orientation.[12] (c) Evolution of the average 

interlayer distance between TM slabs (d), spacing distance between two TM ions (h), 

and Ni-O length during TM migration. Schematic diagram of eg* antibonding orbits 

hybridized by Ni 3dz
2 and O 2p orbits in NiO6 octahedron with different Ni-O bonds.[12] 
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The visualization of Li/TM migration at an atomic scale has been realized 

by applying scanning transmission electron microscopy (STEM). Based on the 

STEM measurements, Zhang et al. proposed two possible TM ions migration 

pathways, as illustrated in Figure 2.3a.[11] The first process is "single TM 

migration", where one single TM ion migrates to the nearest surface vacancy of 

the Li site (VLi). The second process is "TM-O co-migration", when a single TM 

ion migrates to the nearest surface VLi, and the nearest O ion migrates to the 

outermost layer simultaneously. Among all TM-O co-migrations, the Ni2-O 

migration was accompanied by the lowest formation energy, implying the higher 

tendency for Ni ions to migrate with O ions. In addition, Zhang et al. further 

divided the second process into three different trajectories: (1) single Ni-migration, 

(2) Ni-O co-migration, and (3) O migration followed by Ni migration. Another 

enlightened work of the same group is the in-operando observation of cation 

disorder, elaborating its impact on battery voltage decay.[12]  

The high-angle annular dark-field STEM (HAADF-STEM) images of 

Figure 2.3b show the atomic arrangement as a function of measurement time, 

revealing the gradually increasing number of NiLi (migrated Ni ion) in Li sites 

during cation migration. Moreover, the authors observed that the TM migration 

gives rise to some fluctuation of Ni-O bond length (Figure 2.3c). The length of 

Ni-O changes in the range of 1.804 - 2.184 Å, corresponding to the rate of -10.2 - 

8.6% in comparison to the pristine Ni-O length (2.010 Å). They further performed 

calculations of the energy bands of LiNiO2 with the pristine Ni-O bond length, 

increased Ni-O bond length (+8%), and decreased Ni-O bond length (-8%). The 

0% pristine length is defined by the primitive LiNiO2 cell, taken from the DFT 

simulation package. The calculation results reveal that the changes of Ni-O bond 

length (+8% and -8%) will both ultimately lift the energy density of eg* 

antibonding orbits (3dz
2-2p)* in the NiO6 octahedrons. Given the fact that the 

thermodynamic equilibrium voltage of a full-cell is determined by the energy gap 

between Li 2s and the highest occupied molecular orbital (HOMO) energy level 
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((3dz
2-2p)* in NiO6), lifting the HOMO level will ultimately result in a cell voltage 

decline. 

2.1.1.3 Surface reconstruction  

Surface reconstruction in Ni-rich cathodes is related to a phase transition 

process, mostly at the material's surface. During this phase transition, the original 

crystal structure changes from layered-structured to spinel and eventfully to rock-

salt. Typical differential capacity profiles can be observed at the highly delithiated 

state, as previously shown in Figure 1.5b, suggesting that the H2-to-H3 transition 

is responsible for this process.[13] This transformation is the combined impact of 

cation disorder and lattice oxygen loss and is accelerated at high Ni-content, high 

SOC, and high temperatures. The following equations describe this transition[14] 

3NiO2 (layered) → Ni3O4 (spinel) + 2[O]    (2.9) 

Ni3O4 (spinel) → 3NiO (rock-salt) + [O]    (2.10) 

The formed rock-salt phase has poor Li transportation kinetics, resulting in 

blocking Li-ion diffusion paths and reducing ionic conductivity. The NiO-like 

rock-salt phase in the surface reconstruction layer grows epitaxially on the edge 

of aged Ni-rich cathodes. Grey et al. proposed a surface reconstruction-driven 

degradation mechanism for NCM811 by applying in situ synchrotron-radiation 

powder X-ray diffraction (SR-PXRD).[17] During the long-duration 

electrochemical cycling experiments, the phase fraction obtained for the aged 

NCM811 cathode reveals a growing proportion of fatigued phase. In contrast, the 

amount of electrochemically active phase is decreasing. In the fatigued phase, the 

layered structure in the bulk material will be pinned by the thick rock-salt surface 

layer due to the high interfacial lattice strain, as illustrated in Figure 2.4a. Thus, 

the Li slab is prevented from contracting further, making the active Li+ trapped in 

the lattice, which is no longer available to participate in the delithiation process at 

the higher SOC. Their analysis indicates the lattice mismatch between the layered 
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and rock-salt phases developing after intensive cycling of Ni-rich cathodes, 

restricting the reversible SOC range to 75%. Attempts to reach higher SOC values 

by applying higher cut-off voltage lead to even larger lattice mismatches and even 

more rapid electrode degradation.  

 

Figure 2.4 (a) Illustrations of the NCM811 structural evolution of the active and 

fatigued phase during delithiation. [15] (b) HAADF-STEM images before and after 

delithiation of NCM76 surface.[16] (c) The kinetics of a series of reaction steps required 

by the layered → rock-salt phase transformation.[16] 
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Some studies also demonstrate that phase transitions can already be 

detected before lithiation occurs at the material surface. Su et al. investigated the 

structural evolution close to the surface region at the atomic scale by in situ 

TEM.[16] They confirmed that crystallographic defects in pristine materials could 

trigger the formation of additional phases and distinct boundaries between three 

phases (layered, spinel, rock-salt). These intrinsic defects enable the appearance 

of a broad area with a spinel phase even before lithiation. Subsequently, the rock-

salt phase starts growing and keeps propagating after lithiation (Figure 2.4b). 

According to these observations, the structural changes tend to evolve along with 

planar defects. DFT calculations suggest that the existence of a coherent twin 

boundary (TB) in the crystal reduces the energy barrier of cation migration and 

provides a more feasible pathway for Li/TM diffusion (Figure 2.4c). This work 

reveals that intrinsic crystallographic defects in Ni-rich cathodes significantly 

influence the layer-spinel-rocksalt phase transformation. Additionally, Wang et al. 

observed that evolution of the rock-salt phase upon electrochemical cycling can 

also develop along the grain boundaries in LiNi0.76Mn0.14Co0.10O2 (NMC76) 

(Figure 2.5a).[18] Apart from the crystallographic defects in the primary particles, 

structural reconstruction is also escalated by the direct contact with the liquid 

electrolyte and oxygen depletion in the crystal lattice.  

Surface reconstruction is generally considered as an unfavorable 

consequence of electrochemical cycling in Ni-rich cathodes. Studies have shown 

that this layer is already formed during the synthesis process and found in freshly 

prepared samples. Interestingly, the formation of this surface reconstruction layer 

(SRL) is facet-dependent. Chen et al. reported that the surface layer was 

selectively constructed on the non-(001) surface at the pristine NCM622 particles. 

In contrast, no such layer is observed at the (001) surface.[19] As shown in Figure 

2.5b, Li loss occurs during the heating treatment at the non-(001) surface, leaving 

behind Li-vacancies in the lattice. The Li loss is accompanied by O losses. These 

vacant sites then become available for the development of defects for Li/Ni mixing. 
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At the same time, at the (001) surface, the TM-O-Li layers significantly hinder 

such evolution, resulting in a negligible formation of surface reconstruction layers 

(Figure 2.5c). 

 

Figure 2.5 (a) HAADF-STEM images of a twin boundary in pristine and cycled 

NMC76.[18] (b) Schematic representation of the annealing process, which leads to 

growth of the surface reconstruction layer (SRL) at the pristine NMC surface.[19] (c) 

HRTEM images at the (001) surface and non-(001) surface.[19] 
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2.1.1.4 Gas release  

The gas releasing problem is the most hazardous safety issue in LIBs. The 

reactions involved in the gas release are typically exothermic, triggering a series 

of chain reactions and eventually leading to a severe risk of catastrophic self-

combustion of the battery.[20] The gaseous decomposition products are generally 

CO2 and O2. In Ni-rich cathodes, the origins of gas generation arise from three 

aspects, as schematically shown in Figure 2.6a: (1) Electrolyte/surface mixed 

reactivity, including lattice oxygen loss induced by the structural defects (cation 

disorder and surface reconstruction as discussed above), lithium hydroxides, and 

unreacted precursors at the surface; (2) Decomposition of Li2CO3 and reaction 

with the electrolyte; (3) Direct electrolyte oxidation.[21]  

High SOC will accelerate gas generation due to the presence of surface 

defects. A high delithiation state also stimulates electrolyte decomposition 

reactions. Washing has been frequently used to alleviate such side effects and 

reduce the amount of the gaseous products that stem from surface contaminations. 

Studies have confirmed that different solvents and procedures used in the washing 

process will result in various surface contamination compounds, leading to diverse 

gas evolution behavior. McCloskey et al. employed various washing treatments 

to study the impact of surface contamination on the gas evolution in delithiated 

NCM622 (Figure 2.6b).[22] They prepared NCM622 samples with different 

treatments (18O-NCM622, 18O-MeOH, 18O-H2O, 18O-soak, Li2CO3-18O, and H2O-

18O) and kept the cathodes at 4.8 V for a long time while monitoring the gas 

evolution. It turns out that the sample with H2O soaking treatment (18O-soak) 

shows the smallest gas evolution and capacity loss. Their results indicated rather 

complex gas generation mechanisms depending on surface contaminants and 

defects. Thus, a proper surface pre-treatment is necessary for reducing overall gas 

formation. 
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Figure 2.6 (a) Possible reaction routes for gas formation at the surface.[21] (b) Rate of 

*O2 and carbon dioxide evolution for NMC622s under various treatments (18O-

NCM622: the baseline sample synthesized via conventional procedure; 18O-MeOH: 

sample treated by methanol rinsing; 18O-H2O: sample treated by H2O rinsing; 18O-

soak: sample treated by H2O soaking; Li2CO3-18O: sample treated by Li2CO3 enriching; 

H2O-18O: sample treated by H2O washing and 18O enriching).[21] (c) Gas evolution and 

corresponding voltage profiles for NMC622.[22] 
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O2 and CO2 gas evolution in the battery system are significantly accelerated 

under high-voltage operation. As shown in Figure 2.6c, the gas formation at the 

NCM622 electrode was investigated by applying differential electrochemical 

mass spectrometry (DEMS) under potentiostatic control at 4.8 V.[22] Interestingly, 

the CO2 and O2 evolution exhibit diverging behaviors. The O2 evolution rate 

reached a maximum at the end of galvanostatic charging at 4.8 V and dropped 

during the potentiostatic period as the current fell. In contrast, the CO2 evolution 

rate continues to rise at the beginning of the potentiostatic period. It starts to drop 

only after approximately 1 hour. This trend suggests that the amount of O2 

evolution is closely related to the lattice defection at the outermost surface, 

influenced by the delithiation depth. The CO2 evolution mostly depends on the 

decomposition of Li2CO3 (and electrolyte) at the cathode surface. This conclusion 

has been further confirmed by growing a surface carbonate layer and studying 

these materials as a function of various cut-off voltages. The surface carbonate 

layer has already been detected at 3.9 V, while the onset voltage of O2 lattice loss 

was found at around 4.45 V. Most of the electrolyte degradation products will 

stem from the surface after discharge. On the contrary, the formation of the surface 

disorder layer is irreversible and can persist at the electrode surface. 
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Figure 2.7 (a) Schematic representation of selected reactions resulting in gas 

formation.[23] (b) The dependence of gas evolution on the state of Ni oxidation.[23] (c) 

Qualitative DOS diagrams for NCM111 and NCM811 at full lithiation, maximum 

nickel oxidation, and complete delithiation.[23] 
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It has been widely accepted that the complex interaction between surface 

reconstruction and interface reactivity results in gaseous decomposition products. 

Apart from the decomposition of surface impurity products, CO2 generation could 

also originate from phase transformation at the electrode surface. Figure 2.7a 

schematically shows these reactions at the electrode surface, as found by Berg et 

al.[23] On the one hand, partly oxidized surface oxygen reacts with organic 

carbonate electrolytes, such as EC, DMC, DEC, etc., which results in CO2 

generation. On the other hand, lattice oxygen losses induced by structural 

transformations (LiMO2→MO or M3O4) lead to O2 evolution. Additionally, the 

evolving CO2, O2, and R-O intermediates generated from electrolyte 

decomposition are known to be strongly reactive towards electrolyte solvents, 

contributing to the formation of the surface inactive layer. Analysis based on the 

electrochemical mass spectroscopy (EMS) shows that the onset point of gas 

formation falls within a narrow range of Ni-oxidation state (85%-100%). Higher 

Ni-content facilitates gas formation (Figure 2.7b). The authors also presented 

electronic density of state (DOS) calculations for NCM111 and NCM811 at three 

different states, as illustrated in Figure 2.7c. They concluded that the rate of gas 

formation (CO2 and O2) is mainly determined by the rate of electron depletion 

from the Ni-O2* surface state. To a smaller extent, it is affected by the competitive 

Co t2g bulk oxidation and Co-O2* surface states. 

2.1.1.5 Transition-metal dissolution 

The dissolution of transition-metal ions from the cathode into electrolyte is 

an inevitable process, resulting in capacity degradation because of the loss of Li-

ion insertion sites in the host structure. It is mainly triggered by corrosion of 

electrolyte decomposition by-products, such as HF. It accelerates at elevated 

temperatures and high operating voltages. It is widely acknowledged that the 

electrolyte solvents might contain traces of water during manufacturing, which 
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react with lithium salts (LiPF6 or LiBF4), yielding acidic species. The related 

reactions can be described as follows[24] 

LiPF6 + H2O → LiF + 2HF + POF3    (2.11) 

LiBF4 + 3H2O → LiF + 3HF + B(OH)3    (2.12) 

Alternatively, the generation of HF can arise from reactions between 

organic solvents and PF6
-, such as the one-electron oxidation of EC-PF6

-. 

Transition-metal dissolution might also occur due to the formation of low-valence 

ions caused by lattice oxygen loss during cycling. Metal ions with lower valence 

states are more soluble in the electrolyte than those with higher valence states. 

Figure 2.8a presents evidence of transition-metal dissolution in secondary 

particles after battery cycling.[25] The line-energy dispersive X-ray spectroscopy 

(EDX) results demonstrate severe deficiency of the metal ions at the particle 

surface, especially Ni ions. A similar trend can also be found by the corresponding 

sectionalized chemical composition maps of a single Ni-rich NCM particle in 

Figure 2.8b.[26] Compared with the pristine state, the particles in cracked and 

especially in the broken states demonstrate increasing transition-metal 

deficiencies. Notably, the metal content decreases dramatically in the cracked and 

pulverized particles, suggesting that transition-metal ions prefer to be released 

from the broken sites. The fractured particles reveal a larger specific surface area 

than the intact particles, which allowed a severe acid attack and more drastic 

dissolution of transition-metals. Ion chromatograms of the electrolytes after zero 

(red), two (blue), and 500 cycles (purple) in Figure 2.8c imply that metal 

dissolution can be detected even at the beginning of battery cycling. Note that the 

black line is the standard chromatogram of the uncycled NCM powder.[26] The 

concentration of Ni ions in the electrolyte is much higher than Co and Mn, which 

further confirms the extreme instability of Ni at the surface.  
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Figure 2.8 (a) HAADF-STEM image and line EDX of cycled NCM811.[25] (b) 

Elemental mapping of Ni, Co, Mn in LiNi0.87Co0.09Mn0.04O2 particles at pristine, 

cracked, and broken states.[26] (c) Ion chromatograms of the standard uncycled 

LiNi0.87Co0.09Mn0.04O2 cathode (black line) and the ion chromatograms of electrolytes 

obtained from the cells after zero (red line), two (blue line), and 500 (purple line) 

cycles.[26] 
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Figure 2.9 (a) Schematic of the dissolution and deposition of TM ions from the 

cathode.[24] (b) Concentration changes of Ni, Mn, Co on the graphite anode with the 

cycling of NCM622/graphite cell.[27] (c) XAS K-edge spectra of Ni, Co, Mn on the 

lithiated graphite anode.[27]  (d) XPS spectra and cross-section TEM image of graphite 

anode in cycled NCM811/graphite cell.[25] 

The negative impact of transition-metal dissolution is embodied both in the 

cathode and the anode side. As illustrated in Figure 2.9a, the dissolved metal ions 

can cross through the separator and deposit at the anode surface after a reduction 

during battery operation.[24] Up to now, several studies have demonstrated that the 

deposited metal nanoparticles might participate in the SEI formation and serve as 
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catalysts for electrolyte reduction and lithium dendrite growth. Such side reactions 

will negatively influence the battery performance. Gasteiger et al. applied in situ 

X-ray absorption spectroscopy (XAS) measurements at NCM622-graphite cells 

to monitor the transition-metal deposition at the anode.[27] The metal concentration 

evolutions at the graphite surface were recorded along with the charging and 

discharging process (Figure 2.9b). During the first two cycles up to 4.6 V, no 

significant increase of metal concentration can be detected at the graphite surface. 

That might be due to the detection limit of XAS measurements, considering that 

only a small amount of transition-metal ions will be made available in the 

electrolyte at the beginning of cycling. With the voltage ramping up to 4.8 V, the 

concentration of deposited metal on graphite elevates intensively. Subsequently, 

the K-edge spectra of Ni, Co, and Mn at the graphite surface reveal TM ions' 

elemental valence state (oxidation state) at the graphite surface, as shown in 

Figure 2.9c. Based on the analysis of the XAS spectra, Ni and Co K-edges match 

the edge position of the +2 oxidation state. In contrast, the edge position of Mn is 

located between +2 and +3 and is challenging to distinguish. Cho et al. employed 

XPS and TEM measurements on the cycled graphite surface to investigate Ni 

deposition at the anode side.[25] The results reveal that Ni exists at graphite in the 

divalent and metallic states (Figure 2.9d). Interestingly, the metallic Ni 

nanoparticles can be observed to become part of the SEI film on the anode surface. 

2.1.1.6 Intragranular and intergranular cracks 

Mechanical failure of Ni-rich cathode particles, caused by the generation 

and development of cracks, has been widely considered a significant factor 

influencing battery degradation. The presence of particle cracks can be related to 

many reasons, such as lattice collapse, phase transformation, cation disorder, 

lattice oxygen loss, surface reconstruction, and heterogeneous 

lithiation/delithiation, etc.[28] According to their positions, the cracks can be 

classified as intragranular or intergranular cracks, as illustrated in Figure 2.10a.[29] 
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Intragranular cracks are commonly induced by Ni-Li anti-site defects and lattice 

disorder, as well as Coulombic repulsion between ions. The lattice deficiencies in 

the pristine particles keep growing during extended cycling and eventually 

develop into nanoscale cracks. In contrast, mechanical failure in intergranular 

cracks is initiated from the inner central particle area and spreads towards the 

surface. The generation of such cracks is mostly caused by the random crystal 

orientation of particles, which leads to anisotropic volume changes during cycling.  
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Figure 2.10 (a) Schematic representation of microstructural features of intragranular 

and intergranular cracks.[29] (b) Illustration of the directions of tensile and compressive 

deformation and strength changes for NCM811 under the delithiation process.[30] (c) 

STEM-HAADF images of an intragranular crack in cycled NMC811 (RS: rock-salt; 

SRL: structural reconstruction layer). [29] (d) STEM-HAADF images of intergranular 

cracks in cycled NMC811.[29] (e) Lattice parameter evolution of Ni-rich NCA 

electrodes during the first charging cycle.[31] 
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Cho et al. performed first-principles calculations on NCM811 cathode 

material in the case of the formation of intragranular cracks and found an 

interesting mechanic anisotropy.[30] Tensile and compressive stress calculations 

were performed to simulate the delithiation process in the layered structure. In-

plane and out-of-plane mechanical deformations are initiated from two directions. 

Their results indicate that the maximum strength change in the material is not 

homogeneous. The out-of-plane stress is always weaker than those from the in-

plane (Figure 2.10b). The subsequent accumulation of this strain unbalance during 

repeated lithiation and delithiation of the electrodes will lead to mechanical 

fatigue, finally resulting in intragranular cracks.  

More detailed structural information about intragranular cracks can be 

obtained by atomic resolution techniques, such as shown in the HAADF-STEM 

images in Figure 2.10c.[29] In the fracture region, a rock-salt phase has been found 

in the surface reconstruction layer located at the crack's edge. Such observation 

suggests that the cracks initiate and grow inside the rock-salt phase. Notably, with 

the increasing cycles, the length of the intragranular crack along the (003) plane 

can reach around 440 nm. Compared with intragranular cracks, intergranular 

cracks are more observable, especially for the intensively cycled particles. Figure 

2.10d displays cross-section images of the particles obtained under various 

cycling conditions. After 200 cycles, large amounts of the anisotropic cracks are 

observed, demonstrating severe pulverization and mechanical failure of material 

particles. Besides, the structural reconstruction layer with the inactive rock-salt 

phase formed at the surface can also be detected at the edge of the intergranular 

crack. Such a reconstruction layer on the primary particle in the cracking area has 

an estimated thickness of around 30 nm. 

The cracking phenomenon has been frequently discussed in the literature 

and represents a combined effect of intra- and intergranular cracking.[32] The 

degree of cracking becomes considerable with higher Ni-content, increasing 

cycling number, and higher SOC. Sun et al. studied the cracking evolution of Ni-
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rich NCMs with various Ni-content.[33] They identified significant anisotropic 

shrinkage that occurs during the delithiation process in the compounds with a Ni-

ratio above 0.8. Thus, high Ni content facilitates cracking in the particles and leads 

to the formation of many pores for electrolyte penetration. Consequently, all Ni-

rich NCMs show increasing resistances as the function of cycling number in 

impedance measurements. The surface of exposed cracks is inactive rock-salt 

phase (Figure 2.10d), thus resulting in the slack kinetics.   Compounds with higher 

Ni-content demonstrate higher overall resistances and higher rate of charge-

transfer resistance increase during cycling.  

The formation of intergranular cracks is also more prone to occur under 

inhomogeneous delithiation. Several studies have recently shown that lithium 

concentration in the primary particle is spatially inhomogeneous during cycling, 

especially at high C-rate conditions.[34-36] The lithium-content inhomogeneity 

inside the particle leads to the coexistence of H2 and H3 phases, causing 

nonuniform stress and inducing lattice parameter changes and structural defects. 

In addition, a higher degree of delithiation can also give rise to accelerated cracks 

formation. When the material is highly delithiated, the H2-H3 phase transition 

occurs accompanied by severe lattice collapse along the c-direction, ultimately 

leading to unit volume shrinkage, as shown in Figure 2.10e.[31] Consequently, 

cracks gradually propagate within the secondary particles, resulting in mechanical 

failure, local resistance increases, and capacity fading.  

2.1.1.7 Thermal stability 

Thermal stability is an important factor for the commercialization of Ni-

rich cathode-based batteries. During battery operation, considerable heat will be 

generated in the system, initiating the risk of thermal runaway or even explosion 

under extreme circumstances.[37] Numerous studies have proven that 

thermodynamic instability can develop at higher temperatures, also under storage 

conditions without cycling.[38] As shown in Figure 2.11a, a capacity decay upon 
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storage is strongly temperature-dependent. In post-mortem analysis, it is noted 

that storage at high temperatures leads to a loss of electric contact between the 

electrodes and current collectors. It is concluded that high-temperature storage 

could give rise to more considerable capacity losses, escalated resistance, and 

even adhesive problems in pristine uncycled batteries. 
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Figure 2.11 (a) Charge (before storage) and discharge (after storage for 30 days) 

voltage curves of 21700-type batteries at different temperatures.[38] (b) Molecular 

oxygen binding energies for different NCMs as a function of SOC.[39]  (c) Specific 
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heat flow of an NMC811 electrode with and without the presence of an electrolyte.[40] 

(d) Illustration of chemical and structural stability during thermal degradation of a 

deep delithiated Ni-rich cathode.[41] 

The thermal instability of the Ni-rich cathode has also been attributed to 

the lower strength of M-O bonds in the delithiated state. Figure 2.11b shows the 

oxygen binding energy as a function of Li-content in various NCMs, indicating 

the strength of M-O bonds.[39] It can be seen that the oxygen binding energy 

decreases with increasing Ni-content in NCMs and Li-deintercalation. Thus, 

oxygen is released under a highly delithiation state, leading to an exothermic 

reaction of Ni ions, reduced from a higher valence state. Recently, Yoon et al. 

proposed that the thermal expansion and oxygen vacancies are two new factors 

affecting the thermal stability of Ni-rich cathodes.[42] X-ray absorption near edge 

structure (XANES) analysis of charged Ni-rich NCMs reveals that the most 

dramatic reduction of Ni4+ occurs in the materials at high temperatures. The 

reduction of Ni ions is accompanied by the formation of oxygen vacancies. 

Additionally, charged Ni-rich cathodes undergo a sizeable thermal expansion due 

to the lattice change. Both factors provide energetically favorable pathways for 

cation migration, accelerate thermal decomposition reactions, and finally lead to 

the thermal instability of Ni-rich cathodes.  

The reactions between the active electrode material and electrolyte have 

also been investigated. The degree of heat-releasing of the electrode depends on 

the enthalpy of formation (ΔH). Figure 2.11c shows the heat generation of 

NCM811 cathodes filled with and without electrolytes at various delithiation 

states.[40] Strong delithiation at low Li-content results in a shift of the onset 

exothermic peak towards lower temperatures. In comparison, the samples without 

electrolyte contact show only minor heat evolution in all cases. Additionally, the 

gas releasing process is also facilitated by the higher delithiation states of the 

NCM811 cathode in the electrolyte. This observation indicates that a high SOC in 

the presence of the electrolyte makes Ni-rich materials more susceptible to 
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thermal shock and produce more heat and gas during battery operation. This fact 

represents a serious safety hazard to LIBs.  

Mn has been widely considered as a stabilizer for the NMC structure.[43] 

However, Amine et al. recently demonstrated that the thermal stability of deeply 

delithiated Ni-rich NCMs might be dominated by Co.[41] Based on their results, 

the presence of unstable Ni2+ and the onset point of phase transition in Mn-rich 

cathode occurs at a lower temperature compared with those of Co-rich cathode 

materials. Moreover, as illustrated in Figure 2.11d, Co-rich (Co-R) and Mn-rich 

(Mn-R) NCMs possess similar onset temperatures of two oxygen outgassing 

periods (red bar: first period, purple bar: second period), while Mn-R cathode 

outgasses 36% of its total oxygen in the first period, compared to the lower 

proportion for the Co-R cathode (13%). The earlier gas release brings a greater 

risk of thermal runaway, as the formed oxygen is highly reactive with electrolyte 

and lithiated anode. Thus, the Co/Mn concentration in Ni-rich cathodes has a 

considerable impact on battery safety. Extensive investigation of Ni-rich batteries 

with enhanced thermal stability is therefore of the highest priority. 

2.1.2  Anode 

2.1.2.1 Graphite anode 

Graphite is an intercalation anode material widely applied in almost all 

commercial LIBs over the last two decades due to high specific capacity with a 

theoretical limit of 372 mAh g-1, low costs, and low working potential between 50 

to 250 mV vs. Li+/Li.[44] The degradation of graphite anodes primarily results from 

three major causes. (1) Irreversible volume expansion and crack formation during 

cycling. Studies show the graphite-based cells can expand by 2-5% over their 

lifetime.[37] (2) SEI formation induced by electrolyte decomposition and reduction 

of transition-metal cations dissolved from the cathode. (3) Li plating and dendrite 

growth.[45-47]   
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Figure 2.12 (a) Crack formation of graphite particles induced by cycling.[48] (b) 

Volume change of a graphite electrode as a function of lithium content during 

lithiation and SEM image of cracks.[49] (c) TM content obtained in a graphite anode 

after 120 cycles.[50] (d) TOF-SIMS depth profiles of graphite anode after 3000 

cycles.[51] (e) Schematic representation of SEI film evolution at a graphite electrode 

during cycling under the influence of chemical crossover from the cathode.[51] 
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Figure 2.12a shows that cracks in polycrystalline graphite originate from 

the stress along the grain boundaries during the Li-ion intercalation and 

deintercalation.[48] Consequently, the propagated cracks result in an irreversible 

volume expansion of the graphite anode. Another study concluded that the total 

volume change of graphite unit cells could increase by 13.2% at the complete 

lithiation state (Figure 2.12b).[49] The relationship between the unit cell volume 

change and lithium stoichiometric number shows two distinctive stages: the 

volume is increased by 6.1% at stage 1 (0 ≤ x (Li) ≤ 0.50) and by 13.2% at stage 

2 (0.50 ≤ x (Li) ≤ 0.95). Notably, the volume change remains almost constant 

within the 0.25 ≤ x (Li) ≤ 0.50 region. This behavior is attributed to the dominant 

intercalation mechanism, as Li accumulates in interlayers instead of occupying 

newly formed interlayers in the unit cell. These results demonstrate that 

occupation of only half of the intercalation sites can already lead to a significant 

crystallographic expansion of graphite. Figure 2.12b also shows an SEM image 

of cycled graphite, clearly revealing the formation of the parallel cracks inside the 

particles.[48] 

Dissolution of Ni from the surface of Ni-rich cathode with subsequent 

precipitation on the anode side creates unfavorable chemical crossover, causing 

intensive SEI formation and non-uniform Li insertion, leading to a decline in 

battery performance. Inductively coupled plasma mass spectroscopy (ICP-MS) 

analysis for cycled graphite in Figure 2.12c reveals a considerable amount of 

transition-metal deposited at the anode, especially Ni and Mn, attributed to the 

transition-metal ions dissolved from the Ni-rich cathode during cycling.[50] 

Additionally, time-of-flight secondary-ion mass-spectrometry (TOF-SIMS) depth 

profiles of the cycled graphite confirm the migration of transition-metal ions.[51] 

As shown in Figure 2.12d, a substantial amount of Mn ions (denoted by MnC-, 

Mn7Li+, Mn6Li+, and MnF3
-) penetrates inside the SEI film. The deposited 

transition-metal components and the electrolyte decomposition products are 

believed to mask significant portions of graphite. That can increase the local 
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current density and accelerate Li deposition and SEI growth. An overview of the 

parasitic reactions occurring and the formation of the SEI layer at the graphite 

surface can be seen in Figure 2.12e.[51] The crossover of metal cations from the 

cathode through the outer loose SEI layer at the graphite electrode is suppressed 

by the inner SEI layer at the graphite surface. The reduced transition-metal ions 

subsequently serve as transport sites for electrons, facilitating electron transfer. 

When the SEI film grows, electrolyte decomposition and transition-metal 

reduction lead to an accumulation of high-impedance regions, hindering Li+ ions 

transportation. Simultaneously, the metallic Li will deposit at the graphite surface. 

Furthermore, the deposited Li structures will continuously develop into mosses 

and dendrite morphologies under extreme conditions, such as intensive cycling, 

rapid charging, high/low-temperature operation, etc.[52] Hence, immobilized Li 

due to SEI formation and Li deposition will consume active Li+ ions from the 

battery system and accounts, in this way, for severe battery degradation.  

Cross-over effects in LIBs can also be induced by gas. Cui et al. reported 

that LiH induced exothermic reactions at the anode and that H2 gas migration to 

the cathode are the primary triggers for thermal runaway of 

LiNi0.5Co0.2Mn0.3O2/graphite pouch cells.[53] Phase formations at the anode and 

O2 release from the cathode have been considered the only accelerating factors.  

2.1.2.2 Li-metal anode 

Studies focusing on Li-metal anodes have become more frequent in recent 

years. Li-metal has a remarkably high specific capacity (3860 mAh g-1), the lowest 

redox potential (0 V vs. Li+/Li), and low density (0.59 g cm-3).[54] With these 

promising parameters, Li-metal anode has become essential for the next-

generation LIBs in the market. Coupled with a Ni-rich cathode, pouch cells will 

be capable of meeting the goal with a high energy density of up to 890 Wh l-1.[55] 

However, Li-metal batteries face several critical challenges due to unstable 

dendrite growth and large volume expansion.[56] These shortcomings pose a 
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significant risk of internal short-circuits in LIBs, resulting in big safety concerns, 

restraining the commercialization of Li-metal anodes.[57] 

 

Figure 2.13 (a) SEM images of deposited Li on a Li-metal anode as a function of 

indicated deposit time.[58] (b) SEM image of cycled Li-metal anode in 1 M LiPF6 in a 

DMC/FEC (8:2) electrolyte.[55] (c) Illustration of Li-metal anode degradation.[59]  (d) 

Optical and SEM images of cycled Li-metal anodes. [60] (e) XPS spectra of a Li-metal 

anode after 50 cycles.[60] 

The electrodeposition of lithium on a Li-metal anode is a hazardous and 

rapid process. It has been confirmed that Li deposition is not homogeneous. Li 

will be deposited at primary nucleation sites into a Li-moss structure or needle-

like microstructures. Figure 2.13a demonstrates the structural evolution of Li 

plating as the function of time at the current density of 1.8 mA cm-2.[58] It can be 

observed that Li is randomly deposited at the electrode surface already at the early 

stages (after 5 min) of charging and continuously aggregates into a porous 
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morphology with a loose structure. The high surface area of deposited Li is 

attributed to the enhanced electrolyte consumption and the accumulation of Li 

dendrite growth. After long-term cycling in the electrolyte (1 M LiPF6 in 

EC/DMC), the thickness of the Li-metal electrode expanded dramatically. It 

increased from 250 μm for the pristine electrode up to 341 μm for the cycled 

electrode, as shown in the cross-section SEM image of Figure 2.13b.[55] The red 

arrow reflects the highly porous and fragile Li layer, which shows poor resistance 

towards chemical degradation and suffers from side reactions between the 

electrolyte and Li-metal. Li dendrite growth and volume expansion of the Li-metal 

anode are illustrated in Figure 2.13c.[59] The thick dead lithium layer is formed 

during combined electrolyte decomposition and Li plating/stripping cycling, 

which explains the low coulombic efficiency generally found for Li-metal anodes.  

The crossover effect in batteries with a Ni-rich cathode and Li-metal anode 

(LiNi0.9Mn0.05Co0.05O2/Li) has been thoroughly investigated by Manthiram et 

al.[60] Figure 2.13d shows optical and SEM images of cycled Li-metal anodes from 

disassembled cells. Gradually dark and rough surfaces with spatial 

inhomogeneities can clearly be observed with increasing cycle number, 

suggesting the formation of a brittle SEI film at the Li-metal anode. Further 

characterization of a cycled Li anode was performed by XPS to analyze the 

composition of the SEI layer, as shown in Figure 2.13e. The peaks can be assigned 

to the electrolyte decomposition products, including LiF, LixPFy, LixPOyFz, Li2O, 

ROCO2Li, etc. In addition, the authors compared the cathode-electrolyte-

interphase (CEI) formation in an NCM/Li cell with that in an NCM/graphite cell. 

They found that the decomposition products from anodes can be transported to 

the cathode side and eventually accelerate CEI formation and impedance growth 

at the cathode side also. Appropriate modifications should be applied to metallic 

Li-anodes to avoid the adverse effect of such a process on battery performance.   
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2.1.3  Electrolyte 

2.1.3.1 Decomposition  

The electrolyte serves as an ionic bridge between the cathode and anode of 

batteries. The role of electrolytes in the performance and safety of LIBs is 

therefore immense. The electrolyte always consists of lithium salts and organic 

solvent(s). Both components are subject to side reactions. Figure 2.14a shows 

DFT molecular orbital calculations for PF5 in solvents EC, DMC, DEC, which are 

the most conventional electrolyte components and have been widely used in the 

battery industry.[61] PF5 is the result of LiPF6 decomposition. Owing to the 

relatively low LUMO energy, PF5 is prone to gain electrons from other species in 

the electrolyte and initiate side reactions. The corresponding decomposition 

process of LiPF6 has been described as follows[62] 

LiPF6 → LiF + PF5      (2.13) 

PF5 + H2O → POF3 + 2HF      (2.14) 

LiPF6 + 2H2O → HPO2F2 + 3HF + LiF    (2.15) 

The decomposition process of solvents has been described by[63-65] 

EC:  

2(CH2O)2CO + 2e- + 2Li+ → LiOCH2CH2OCO2Li + C2H4 + CO2 (2.16) 

(CH2O)2CO + 2e- + 2Li+ → Li2CO3 + C2H4      (2.17) 

DEC:  

(CH3CH2)2OCO2 + e- + Li+ → CH3CH2OCO2Li + CH3CH2  (2.18) 

DMC:  

CH3OCO2CH3 + 2e- + 2Li+ → 2CH3OLi + CO    (2.19) 
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EMC:  

CH3OCO2C2H5 + 2e- + 2Li+ → CH3OLi + CH3CH2OCOLi   (2.20) 

PC:   

(CH3)CHOCO2CH2 + 2e- + 2Li+ → LiOCH(CH3)CH2OLi + CO (2.21) 

(CH3)CHOCO2CH2 + e- + Li+ → CH3CH2CH2OLi + CO2  (2.22) 

The degradation of other electrolytes has also been intensively investigated, 

and various reaction pathways were proposed.[67] The electrolyte decomposition 

has serious adverse effects on the battery performance, such as gas releasing and 

the consumption of Li+ ions, leading to the loss of lithium inventory. Moreover, 

the decomposed products usually form passive layers at the electrode surface.  

 

Figure 2.14 (a) DFT calculations of electrolyte components.[61] (b) LUMO and 

HOMO energy levels of a Ni-rich cathode and electrolyte.[66] (c) S-XAS spectra of Ni 

L-edge of a Ni-rich cathode and corresponding DOS at the fully charged (delithiated) 

state.[66] 
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2.1.3.2 CEI formation 

The electrolyte decomposition and CEI formation at the cathode are 

universal for all LIBs.[68] Compared to other active materials, TM ions in Ni-rich 

cathodes have a lower LUMO energy level, accelerating electrolyte oxidation. 

During cycling, the CEI film is continuously growing through the reactions 

between the cathode and electrolyte. This process predominantly occurs during 

charging, particularly for the reduction of Ni4+, which attributes to the very low 

LUMO energy level of the antibonding orbital of eg of Ni4+-O 2p in Ni-rich 

materials.[66] According to previous DFT studies illustrated in Figure 2.14b, the 

Fermi level of NCM811 cathode materials approaches HOMO energy level of the 

electrolyte during charging. Thus, the hole concentration in the charged state 

increases dramatically, giving rise to electrolyte decomposition. In Figure 2.14c, 

the significant evolution of spectra can be detected in the Ni L-edge spectra 

measured in the charged and discharged states, suggesting a shift from Ni2+ - Ni3+ 

mixed-state to Ni4+(peak located at 871.5 eV shifted to higher energy and intensity 

increased). The charged Ni4+ state has been confirmed to be highly nucleophilic 

to oxygen, which induces electrolyte oxidation. Additionally, DOS calculations 

of a discharged cathode show that an energy gap can be observed between the 

well-defined HOMO (E-EF ˂ 0 eV) and LUMO (E-EF ˃ 0 eV) energy levels. A 

high hole concentration (at E-EF = 0 eV) is obtained for a fully charged NCM811 

(Li0Ni0.8Co0.1Mn0.1O2) electrode. That will induce electron transport from 

electrolyte molecules to the cathode, leading to electrolyte oxidation. 
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Figure 2.15 (a) SEM image of a CEI film on a cycled NCM811 electrode.[69]  (b) XPS 

spectra of NCM622 after 10 cycles and 100 cycles.[61] (c) Illustration of CEI film 

formation on Ni-rich cathode surface.[70]  (d) Illustration of CEI formation via 

migration of SEI components.[71] 

Unlike SEI films on the anode surface, CEI films are extremely thin, 

making it difficult to make direct observations. A TEM image of a Ni-rich cathode 

surface after 10 cycles shows a CEI film thickness of approximately 3 nm (Figure 

2.15a).[69] The CEI film continuously grows during cycling and stabilizes at 

around 5 nm. The components of the CEI films have been investigated XPS, as 
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shown in Figure 2.15b[61]. It has been concluded that the CEI film is composed of 

inorganic components, including metal fluorides (LiF, NiF, etc.), metal oxides 

(Li2O, Li2CO3, etc.), and organic components such as ROCO2Li and LixPOyFz. 

The inorganic components closely attach to the electrode surface and are 

considered as the “inner layer” of the CEI film, while the organic species are 

located at a larger distance from the electrode surface, defined as the outer CEI 

layer (Figure 2.15c).[72] Both layers have relatively poor lithium-ion conductivities, 

resulting in increased local resistances and performance decay. 

Moreover, a chemical crossover between cathode and anode has also been 

reported in the literature. Hamers et al. investigated the ionic migration in 

LiNi0.5Co0.2Mn0.3O2/graphite, LiNi0.5Co0.2Mn0.3O2/Li, and 

LiNi0.5Co0.2Mn0.3O2/Li4Ti5O12 cells by quantitative XPS analysis.[71] Their results 

show that the products of anodic decomposition can be detected in the CEI film 

at the cathode (Figure 2.15d). Subsequently, the migrated anodic species are 

reduced by the Al2O3 coating, protecting the cathode surface. 

2.2 Improvement Strategies 

Numerous efforts have been devoted to the performance improvement for 

Ni-rich cathode-based LIBs.[73] The current strategies primarily focus on 

modifying the cathode, anode, and electrolyte. For cathode materials, the 

proposed strategies can be divided into the following categories: (1) Applying 

novel synthesis methods to avoid side-effects induced by conventional 

coprecipitation methods; (2) Fabricating single-crystallized primary particles in 

favor of mitigating inner stress during the (de)lithiation process; (3) Tailoring 

highly ordered morphologies to inhibit micro-cracks propagation within the 

electrode particles; (4) Introducing foreign ions (cations or anions) into the crystal 

lattice for structural stabilization of the host material; (5) Coating protective layers 

onto the cathode surface to prevent HF attack from the electrolyte; and (6) 

Synthesizing particles with elemental concentration gradient structure.  
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Concerning the anode modifications, structural changes and protective 

layer coatings are commonly employed for the graphite anode and Li-metal 

anode.[74] Such strategies facilitate the stable mechanical properties of anode 

materials. Electrolyte decomposition and chemical crossover from the cathode can 

also be suppressed efficiently for the anodes. To optimize the electrolytes, many 

additives with various functional groups have been studied to restrain the 

decompositions of lithium salts and organic solvents in the electrolyte.[75, 76] Some 

up-to-date and representative approaches for improving cathode, anode, and 

electrolyte in Ni-rich cathode-based LIBs will be discussed below.     

2.2.1  Cathode 

2.2.1.1 Novel synthesis methods 

Coprecipitation combined with a solid-state reaction is the most mature and 

conventional method to prepare Ni-rich cathode materials. According to literature, 

the exact ratio between reactants and calcination parameters is essential for the 

quality of the final products.[77] However, limited by the reaction conditions, such 

a procedure always results in intrinsic drawbacks, such as a considerable amount 

of RLCs at the powder surface, a high degree of cation disorder, and crystal 

defects inside the crystallographic structure. Appropriate water-washing or acid-

washing processes can dramatically eliminate the side effects of RLCs.[3] 

However, to fight cation disorder and crystallographic defects, more advanced 

synthesis methods have to be applied. 

The high degree of cation disorder is attributed to the partial enrichment of 

Ni2+ at the cathode surface, inherited from Ni2+ in the transition-metal precursor 

during the coprecipitation process. One of the optimization procedures is based 

on the cathode pre-treatment via oxygen plasma and oxidants. Xie et al. reported 

an improvement in the cyclability of LiNi0.8Co0.15Al0.05O2 cathodes by a non-

destructive plasma treatment, as demonstrated in Figure 2.16a.[78] High-energy, 
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active groups (O, ·OH, O3, O3·) are obtained in the oxygen plasma, leading to 

Ni2+→Ni3+ oxidation at the cathode surface. The formation of a NiOOH 

(nickeloxyhydroxide) layer at the cathode surface has also been confirmed. The 

surface reconstruction layer is induced by lattice oxygen loss as presented in 

reactions (2.9) and (2.10) in Chapter 2.1.1.3. Thus, peroxidation of the cathode 

surface could reduce the following phase transformation in the synthesis. Hence, 

enhanced cycling stability and rate capability of Ni-rich cathode can be achieved. 
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Figure 2.16 (a) Schematic representation of the plasma treatment process of NCA 

precursor and comparison of the electrochemical performance of pristine and plasma-

treated NCA cathode.[78]  (b) Illustration of the reaction sequence of a Na2S2O8-treated 

NCA precursor.[79] (c) HR-TEM images and structural model of LiNi0.9Co0.1O2 (NC) 

and LiNi0.9Co0.1O2 with oxygen vacancies (VO-NC-1) after cycling.[80]   
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Another widely used surface-oxidation method based on wet chemistry is 

mixing oxidants, such as Na2S2O8 and KMnO4, with the hydroxide precursor 

during synthesis.[79] A representative study was carried out by Chen et al. with 

Na2S2O8 peroxidization method (Figure 2.16b). Similarly, an ordered NiOOH 

layer is obtained after treatment, which guarantees the elimination of Li/Ni mixing 

and crystal defects at the cathode surface, eventually improving the cycling 

performance.  

Apart from surface-oxidation, introducing oxygen vacancies at the cathode 

surface during the synthesis process is also a novel approach to avoid structural 

failure during cycling. Oxygen vacancies can serve as electron donors in the 

crystal host material. Massive oxygen vacancies are expected to form high-density 

dislocation layers at the grain surface. Wu et al. created oxygen vacancies by 

treating samples in an N2 atmosphere.[80] The obtained high-density dislocation 

layers originate from oxygen vacancies, preventing continuous propagation of 

intergranular cracks inside the particles during cycling. Figure 2.16c shows TEM 

analyses and crystal structures of untreated and treated cathodes after cycles. 

Restrained growth of the inactive rock-salt phase at the surface of the treated 

cathode can be clearly seen. In addition, approaches based on hydrothermal 

synthesis are also advantageous in forming Ni-rich cathode materials with 

enhanced structural stability and thus contributing to electrode performance 

improvement.[81] Unfortunately, most of the proposed synthesis methods are quite 

complex for mass production, limiting their practical applications in large-scale 

battery production.   

2.2.1.2 Single-crystal fabrication 

The morphology of conventional Ni-rich cathodes has been described as a 

spherical secondary particle agglomerated with polycrystalline primary particles. 

The randomly aggregated primary particles result in strong grain boundary stress 

due to the anisotropy of Li-ion intercalation and deintercalation. In turn, the 
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increase of boundary stress will lead to the loss of electrical contact between 

primary particles and accelerated electrolyte attack. A direct strategy to reduce 

grain boundary stress is to fabricate single-crystal cathode particles.[82] Advanced 

mechanical strength and more homogeneous electrochemical reactions can be 

achieved due to the high crystallinity and isotropy orientation of single-crystal 

cathode materials. 
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Figure 2.17 (a) Phase and morphological evolution during the sintering process of the 

single-crystal synthesis process.[83] (b) SAED image of an as-prepared single-crystal 

NCA.[83] (c) Schematic illustration of phase transformation in a single-crystal NCA 

particle upon cycling.[83] (d) Schematic mechanism of the structural stability in a 

single-crystal NCM811 particle.[84] (e) Performance comparison between 

commercial poly-crystal NCM 811 (C-NCM) and radially aligned single-crystal 

NCM811 (RASC-NCM). [84] 
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One of the critical factors to produce single-crystal particles is the sintering 

temperature controlling the solid-state lithiation reactions. Wang et al. 

investigated the agglomeration degree of the final LiNi0.8Co0.15Al0.05O2 product 

with increasing sintering time, as shown in Figure 2.17a.[83] Combining in situ 

XRD and ex-situ SEM measurements, the authors found that after 5 h sintering, 

single-crystal materials are formed with the most promising crystallinity. If the 

sintering time increases further, the grain size becomes much larger, suggesting a 

relatively high agglomeration. The diffraction spots in the selected area electron 

diffraction (SAED) image of a single-crystal particle are ideally aligned to the 

(104), (101), and (003) planes, confirming the well-defined hexagonal-layered 

crystal structure (Figure 2.17b). Compared with polycrystalline cathodes, single-

crystal cathodes can adapt to volume changes, prevent intergranular microcracks, 

and shorten the Li-ion diffusion paths, ultimately improving the structural stability. 

However, the high dispersity of particles also facilitates the continuous growth of 

the surficial reconstruction layer (layered phase → rock-salt phase), bringing a 

major challenge for this method. A surficial reconstruction layer is detected on the 

long-term cycled single-crystal cathode (Figure 2.17c). 

Sun et al. proposed a smart modification based on a single-crystal NCM811 

cathode to cope with the above disadvantageous.[84] Single-crystal primary 

particles assemble into the secondary particles with radially aligned morphology, 

as illustrated in Figure 2.17d. Compatible lattice orientation exposing active 

crystal planes can provide open Li-ion diffusion channels from the surface to the 

center of these secondary particles. The compact aggregated primary particles 

with favorable crystal orientation can, on the one hand, mitigate intergranular 

stress by coordinated expansion/contraction. On the other hand, close contact 

between the primary particles prevents the growth of surface reconstruction layers. 

Only a minor surface reconstruction layer with 2-3 nm thickness can be observed 

at the cycled particles. Figure 2.17e shows that both the rate capability and cycle 
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stability are remarkably promoted in the single-crystal NCM811 cathode materials 

with compatible crystal orientation and facilitated Li+ diffusion. 

It should be noted that although intergranular fractures can be avoided in 

single-crystal cathodes, the formation of intragranular fractures is still inevitable. 

That has also been considered as the primary degradation mechanism in single-

crystal cathodes.[85] However, unlike the uncontrolled growth of intragranular 

fractures in polycrystalline particles, the fracture along the (003) direction in 

single-crystal particles remains stable once it appears during cycling.[86] The 

highly ordered orientation guarantees reversible planar gliding in the single-

crystal lattice during cycling. Such self-limiting nature prevents continuous 

propagation of intragranular fracturing that eventually pulverizes the primary 

particles. The cycling performance is, therefore, significantly improved. 

2.2.1.3 Microstructural modification 

 Another strategy related to structural optimization of Ni-rich cathodes is 

microstructural modification. Cathodes with specially designed heterostructures 

or unique morphologies have remarkably improved structural stability with 

respect to long-term cycling. Heterostructure cathodes are typically composed of 

two structurally partitioned regions, including a compact inner-core region and a 

more open outer-shell region with completely different structures.[87]  

As discussed in the previous section, conventional polycrystalline Ni-rich 

cathodes suffer from strong internal strain due to the anisotropic orientation. Thus, 

Ni-rich cathodes with a hierarchical structure could be a promising alternative. A 

pioneering work about hetero-structured Ni-rich cathodes was reported by Sun et 

al.[88] They presented a multi-compositional NCM cathode material with 

polygonal shaped LiNi0.94Co0.038Mn0.022O2 in the particle core region, compactly 

surrounded by highly aligned LiNi0.841Co0.077Mn0.082O2 in the shell region. The 

outermost layer is smartly designed with a lower Ni-content to dissipate the 
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internal strain induced by the H2-to-H3 phase transition during delithiation. The 

core- and shell-particles, therefore, undergo an unsynchronized lattice change due 

to the various Ni-contents.  

 

Figure 2.18 (a) Schematic representation of the discharge and charge state of a 

structurally modified NCM core-shell particle.[88]  (b) Evolution of lattice parameters 

during the H2-to-H3 phase transition in three different NCM cathode materials, 

illustrating the microcrack-resisting mechanism of HS-NCMA90.[87] (c) Layout and 

electrochemical performance of active-plane exposing shell NCM811 (APS-NCM).[89] 

(d) SEM and TEM images of NCM622 with hierarchical morphology.[90]   
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As demonstrated in Figure 2.18a, the elongated primary particles in the 

outside layer are aligned along the a-direction and remain parallel to the radial 

direction, enabling the volume of the particles to change in the radial direction. 

As a result, the micro-scaled radial structure relieves the anisotropic strain. It 

constrains micro-crack propagation, enabling highly improved electrochemical 

properties and structural stability. Subsequently, Sun’s group explained why 

microstructurally engineered Ni-rich cathodes are so stable against the micro-

cracks formation, as visualized in Figure 2.18b.[87] They investigated three 

different Ni-rich cathodes: bulk-structured LiNi0.92Co0.04Mn0.03Al0.01O2 with 

higher Ni-content (BS-NCM92), bulk-structured LiNi0.845Co0.067Mn0.078Al0.01O2 

with lower Ni-content (BS-NCM85), and a hybrid-structured cathode (HS-

NCMA90) with an interior BS-NCM92 core encapsulated by an exterior BS-

NCM85 shell. In situ XRD measurements indicate the changes of the c-axis lattice 

parameters for the three cathodes during the H2-to-H3 phase transition during 

voltage variation. The degree of lattice contraction clearly depends on the Ni-

content. Therefore, the core crystallites experienced compressive force while the 

shell-particles experienced tensile force during the delithiation process. This 

tensile stress in the outside layer clamps the wall of the micro-cracks and prevents 

it from propagation towards the particle surface.  

Another way of producing hetero-structured Ni-rich cathode materials has 

been reported by Wu et al.[89] The obtained NCM811 particles are composed of 

compacted cores and nanosheet-stacked shells (Figure 2.18c). By properly 

controlling the synthesis process, the primary particles in the outer region 

dominantly expose active (010) crystallographic facets, creating favorable Li+-ion 

transportation pathways. Furthermore, the highly-ordered microstructure enables 

enhanced Li-ion diffusion, exhibits excellent stability and rate capability.  

Microstructural modification towards Ni-rich cathodes also includes 

studies on fabricating particles with other unique morphologies.[91] For example, 

Wang et al. presented a 3D flower-like hierarchical NCM622 cathode material by 
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making use of a self-assembling synthesis process, as exemplified in Figure 

2.18d.[90] TEM measurements confirm that the side-wall of the primary particle is 

the active (010) plane, contributing to the faster ionic transport kinetics.  

The main target of this microstructural modification strategy is to form a 

cathode particle with a well-designed and controlled structure, which can be 

beneficial in suppressing the continuous growth of micro-cracks and, hence, 

achieving improved electrochemical electrode properties. However, similar to the 

strategy of single-crystalline materials, it is not possible to avoid intragranular 

fracturing caused by crystal lattice mismatches. Also, in some cases, the particles 

with novel morphology may lead to a higher degree of transition-metal ion 

dissolution and lower tap density because of a higher specific surface area.[91] 

2.2.1.4 Doping  

   Incorporating various foreign ions into host materials is a well-known and 

frequently used method in material optimization. Elemental doping, including 

cation doping and anion doping, has been proven to significantly boost Ni-rich 

cathodes' structural and thermal stability.[92] Elemental doping can facilitate the 

performance of Ni-rich cathodes as it inhibits the irreversible phase transitions 

during delithiation, especially under high-voltage operation conditions. The 

electrochemically inactive nature of dopants can explain this behavior in the 

cathode crystal lattice, which provides strong chemical bonds. Therefore, 

electrode degradation related to cation disorder, oxygen gas evolution, and 

intergranular cracking in a Ni-rich cathode can be suppressed. Up to now, 

numerous substitutional elements have been proposed, such as Mg, Zr, Ce, Mo, 

Ta, etc. as cation dopant and F, Br, etc. as anion dopant.[93-95]  

Some cation dopants can act as “pillar ions” in the Ni-rich cathode crystal 

lattice to strengthen the bulk structure, as depicted in Figure 2.19a.[96] Pre-formed 

nanoscale cation disorder units are found in Ce4+ doped-NCM811 particles. 
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Because of the stabilizing “pillar effect” and stronger Ce-O bonds, ion migration 

and NiO phase formation are effectively constrained in doped materials compared 

to undoped materials. Other cation dopants with higher valence states (Ti4+, W6+) 

also show similar functions by firmly clamping the active lattice oxygen and 

stabilizing the crystal structure.[99] It is noteworthy to remind that careful control 

of the doping ratio is critical for the cathode modification. Disproportionate 

dopant ratios cannot further improve the stability of the cathode. On the contrary, 

the capacity will be compromised because of blocking the active sites in the 

crystal lattice.  
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Figure 2.19 (a) Schematic illustration of suppressing intergranular cracks on Ce4+ 

doped-NCM811 particles and the phase transition mechanism.[96] (b) Cathode-level 

energy density versus capacity retention for Ni-rich cathodes with different dopants.[97]  

(c) Illustration of structural stability of F- doped NCM and the evolution of resistance 

as a function of SOC after the first and 2000th cycles.[98]  
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Conventional Ni-rich NCM and NCA materials originate from doping Co, 

Mn, and Al ions into the host lattice of LiNiO2 to address structural instability. 

Another route for elemental doping is replacing the Mn and Al in Ni-rich NCMs 

and NCAs with other ions to form novel ternary cathodes. Sun et al. systematically 

studied five different substitutional cation dopants in LiNi0.91Co0.09O2, including 

LiNi0.90Co0.05Mn0.05O2 (NCM90), LiNi0.90Co0.09Al0.01O2 (NCA90), 

LiNi0.90Co0.09W0.01O2 (NCW90), LiNi0.895Co0.09B0.015O2 (NCB90), and 

LiNi0.90Co0.09Ta0.01O2 (NCT90).[97] NCT90 exhibits the highest stability among 

the different doped materials with capacity retention higher than 95% and energy 

density larger than 850 Wh kg-1 after 100 cycles (Figure 2.19b). The substitution 

of Ta enables the cathode to form a highly ordered structure when lithiation takes 

place at 730oC, demonstrating a decrease in inherent Li/Ni mixing compared with 

NCA90. Such cation ordering is also found in other cation doping cases. 

Furthermore, introducing foreign ions with larger ionic radii (Mo, Ta, Nb, etc.) 

increases the distance between the TM slabs, leading to the expansion of Li-ion 

diffusion channels and, consequently, improved electrochemical performance. 

Anion doping is another kind of doping to stabilize the Ni-rich cathode 

structure by substituting O2- with other anion dopants to form stronger chemical 

bonds with transition-metal ions. Among various choices, F- doping is frequently 

adopted in many studies. It has been considered that the binding energy of the 

TM-F bond is higher than that of TM-O, which is attributed to the more 

electronegative value of F- than O2-.[100] Most recently, Sun’s group investigated 

the origin of the ultra-long cycle life of F--doped NCM cathode materials from an 

atomic point of view.[98] This study reveals F--doped NCM materials will induce 

the formation of an ordered structure with 2ahex*2ahex*chex superlattice. As shown 

in Figure 2.19c, Ni migration at the Li-sites occurs every two rows to form this 

superlattice structure. This ordered structure successfully survived 2000 cycles 

without revealing any lattice mismatches, which explains the long cycle life of the 
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F--doped LiNi0.80Co0.05Mn0.15O2. This is accompanied by a minor evolution of the 

impedance after 2000 cycles.  

In general, the elemental doping strategy appeared to be the most efficient 

method to solve this issue by constraining the growth of intragranular cracks in 

Ni-rich cathode materials. The introduced foreign ions can strengthen the crystal 

structure by directly forming stronger bonds with host ions and preventing the 

continuous propagation of lattice mismatches. However, as mentioned above, the 

optimal doping ratio needs to be used to achieve enhanced stability without 

compromising any intrinsic capacity since most of the dopants that have been 

proposed are electrochemically inactive. 

2.2.1.5 Protective layer coatings 

 Although structural modification methods can mitigate defect formation 

in Ni-rich cathode materials, the degradation induced by surface side reactions, 

such as HF corrosion and CEI formation, remains unsolved. In response to these 

challenges, protective layer coatings emerged as the most sensible strategy to 

impede electrolyte decomposition and suppress the dissolution of transition-metal 

ions from the Ni-rich cathodes.[101] Various coating techniques have been 

proposed, involving wet chemical coating, dry ball-milling, sputtering coating, 

chemical-vapor-deposition (CVD) coating, and atomic-layer-deposition (ALD) 

coating.[102] Surface coating materials are also diverse and include metal oxides 

(Al2O3, TiO2, MgO, etc.), metal fluorides (LiF, AlF3, etc.), phosphates (MnPO4, 

AlPO4, Si3(PO4)4, etc.), solid-state electrolytes (Li3PO4, LiNbO3, Li2ZrO3, etc.), 

and conductive organic materials (polyimide, polyaniline, etc.).[103-105]  
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Figure 2.20 (a) Stability mechanism of surface-modified NCM811 cathode 

material.[106] (b) Electron localization function (ELF) for the surface structure of 

LiNiO2 with O-Ni-O termination reacted with ZrO6 octahedron and DOS of O 2p 

orbits of a Zr-modified NCM surface.[107] (c) Crystal lattice parameter evolution as a 

function of the voltage for two NCM622 cathodes.[107] (d) Illustration of the OTS 

coating process, SEM image, and contact angle result of OTS-coated NCM82.[104]  
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Coating layers can be divided into non-conductive materials (metal oxides, 

fluorides, phosphates) with high stability and ionic conductive materials (solid-

state electrolytes, conductive organic materials) with high Li-ion conductivity. As 

schematically shown in Figure 2.20a, Yim et al. fabricated a combined protective 

layer consisting of CaO and Li3PO4 at the NCM811 cathode surface via a dry 

coating technique.[106] CaO was employed as HF scavenging material, preventing 

corrosion between the acid and cathode. Thus, the dissolution of TM ions by HF 

can be suppressed. ICP analyses of cycled Li-metal in modified NCM811 cells 

show a significantly smaller amount of TM components than that in unmodified 

NCM811. On the other hand, Li3PO4 provides favorable Li-ion transport 

pathways due to its high ionic conductivity. The combination of CaO and Li3PO4 

shows the ability to alleviate electrolyte decomposition at the cathode surface, 

assuring the long-term cycling performance of protective-coated NCM811 

cathodes.  

Introducing negative thermal expansion (NTE) materials in electrodes is a 

novel design that emerged in recent studies. Such materials with extremely low 

expansion characteristics can be beneficial in stabilizing Ni-rich cathodes. Bai’s 

group first applied a typical NTE material (ZrV2O7) to modify the surface of 

NCM622.[107] The cycling performance of the cathode was improved sharply. It 

can be cycled up to 500 cycles with a capacity retention of 71.0%. DOS 

calculations of surficial O 2p orbits explain why the ZrV2O7 layer stabilizes the 

surface. By the influence of Zr, the DOSs of oxygen decreases below -4 eV and 

become inert, which has been attributed to Zr ions tailoring the local electron 

distribution around surficial oxygen (Figure 2.20b). In contrast, for an unmodified 

surface, the energy at 1.5 eV suggests labile oxygen existing at the surface, which 

is prone to react with the electrolyte. In situ XRD measurements further reveal a 

change of the lattice volume expansion upon (de)lithiation for ZrV2O7-coated 

NCM622 is only half of that of pristine NCM622, as shown in Figure 2.20c. The 

mechanism of surface stabilization presented above can help to understand the 
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functions of various electrochemically inert protective layers proposed in other 

studies.  

Numerous organic materials have also been investigated to suppress 

electrolyte decomposition at the cathode electrode surface.[73] Park et al. 

developed an OTS-coated (octyltrichlorosilane) LiNi0.82Mn0.09Co0.09O2 (NCM82) 

cathode with higher storage cyclability.[104] The OTS molecules homogeneously 

self-assembled via van der Waals forces into a monolayer on the NCM82 surface, 

as depicted in Figure 2.20d. A uniform monolayer with a thickness of 1.2 nm has 

been observed by TEM. The modified surface reveals electrolyte-phobic 

characteristics, exhibiting a significantly larger contact angle of 31.7o with an 

electrolyte drop compared to a contact angle of 3.3o for a pristine cathode. The 

electrolyte-phobic surface increases the initial charge-transfer resistance (Rct). 

However, after 70 cycles, OTS-NCM82 displays a smaller Rct than the pristine 

NCM82, and its cyclability is also improved.  

One major drawback of the protective layer coating strategy is that 

introducing a new interface will inevitably increase surface resistance and disturb 

ionic transport. Therefore, the layer thickness must be appropriately controlled, 

not hindering ionic transport through the surface. 

2.2.1.6 Concentration gradient  

 Concentration gradient control is also an interesting strategy to improve 

the stability of the Ni-rich cathodes by attempting to increase the storage capacity 

simultaneously. Similar to the case of microstructural manipulation, a core-shell 

structure has been employed for this strategy. The Ni-rich component located in 

the central part of the cathode particles is expected to increase the capacity. In 

contrast, the Ni-deficient component located at the surface is expected to stabilize 

the particle structure during cycling.[108] Based on this concept, three different 

configurations have been proposed so far, including core-shell concentration 
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gradients (CS), full concentration gradients (FCG), and two-slopes full 

concentration gradients (TSFCG).[109] Figure 2.21a illustrates an NCM811 

particle with a typical core-shell concentration gradient structure.[110] Notably, the 

Ni concentration gradient is accompanied here by different phases. The Ni-

deficient outer shell and Ni-rich inner core exist as spinel and layered phase, 

respectively. Between the two well-defined phases, a thin transitional layer can be 

observed. The tightly integrated structure with smooth phase transition enhances 

the binding between the bulk and surface in the particles.   
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Figure 2.21 (a) Illustration of a concentration gradient particle.[110] (b) Concentration 

gradient of various TM-contents in CS NCM95.[111] (c) Concentration gradient of 

various TM in FCG NCM65 and TSFCG NCM85.[109] (d) Specific capacity vs. cycling 

stability of various layered cathodes, including gradient-type NCMs and conventional 

NCAs and NCMs.[109] (e) Illustration of a concentration gradient particle combined 

with surface coating.[112]  
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Figure 2.21b presents an EDX line spectra of the cross-section of an 

NCM811@LiNiO2 (CS NCM95) particle.[111] It can be seen that for such CS 

particles, a distinct drop of Ni atomic ratio is found in the transitional region. The 

composition profiles of the cross-section of FCG NCM65 and TSFCG NCM85 

primary particles are shown in Figure 2.21c. For both FCG and TSFCG particles, 

the Ni concentration gradually changes and does not show a noticeable drop in Ni 

concentration. Well visible concentration gradients of TM can be seen within the 

particles. FCG NCM65 demonstrates two linear concentration profiles. The 

concentration of Ni gradually declines from the core to the surface. In contrast, 

the concentration of Mn increases, and the concentration of Co remains stable. In 

contrast, for TSFCG NCM85 particles, the Ni and Mn concentration profiles show 

two linear regions with different slopes. The Ni concentration declines slowly at 

the core, and then the declining slope becomes larger near the surface. This design 

can maximize the Ni concentration at the core for a higher capacity delivery and 

maximize the Mn concentration near the surface for a more robust outer structure. 

Such a remarkable concentration profile was recently obtained by Sun et al. to 

strike a balance between the high capacity retention of FCG NCM65 and the high 

specific capacity of CS NCM95.[109] Figure 2.21d presents a summary of the 

electrochemical and thermal stability of conventional and concentration-gradient-

prepared cathodes. CS, FCG, and TSFCG-cathodes combine an overall superior 

capacity and electrode stability compared to their conventional counterparts with 

constant Ni-content. Especially among the three types of concentration-gradient 

cathodes, TSFCG-cathodes achieve a relatively high specific capacity without 

compromising cyclability and thermal stability. 

Finally, concentration-gradient strategies combined with cation doping can 

also create modified epitaxial layers at the electrode particle surface. 

Incorporating electrochemically inert cations in the concentration gradient during 

the cathode synthesis process will lead to ultrathin coatings, enabling the cathode 

to resist electrolyte erosion by HF and H2O. To date, La, Al, and B-modified 
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concentration-gradient cathodes have been reported.[110, 113] A cathode material 

with a La and Ni gradient structure is depicted in Figure 2.21e. La-ion enrichment 

at the surface formed a layered olivine La2O3 structure, stabilizing the whole 

particle structure.[112] However, despite the achievements described above, 

concentration-gradient strategies have limitations because electrode degradation 

induced by lattice mismatches and cation disorder cannot be avoided.  

2.2.2  Anode 

2.2.2.1 Graphite anode 

 The main strategies for achieving a favorable performance of graphite 

anodes are chemical treatment and coating. Chemical treatment aims to obtain an 

optimized graphite structure with expanded layer space. A major shortcoming of 

graphite is its narrow interlayer space of 0.335 nm, which restricts the number of 

Li+ ions transported in the graphite interlayers and leads to exfoliation.[114] A 

commonly used method for expanding the graphite interlayer distance is treating 

conventional graphite with acid or base solutions.[115] As illustrated in Figure 

2.22a, strong acid oxidation and base etching can convert pristine graphite into 

expanded graphite with porous voids. The higher specific surface area of the 

expanded graphite provides more active sites and facilitates the movement of Li+ 

ions during the (de)intercalation process.  
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Figure 2.22 (a) Schematic illustration of the preparation of acid-treated graphite and 

KOH-etched graphite.[115] (b) Illustration and TEM image of a TiO2-coated graphite 

particle.[116] (c) Schematic illustration of the preparation of DEBA-treated graphite.[117] 

(d) Models of various graphene/metal oxide compositions.[118]  

Apart from the strategy of surface treatment without introducing foreign 

materials, coating graphite with a functional layer is a promising approach to 

mitigate the degradation of graphite anodes. Especially, the formation of the SEI 

layer can be reduced through the synergy between graphite and coating material. 

Metal oxides and polymers are popular components that have been widely used 

as coating materials for graphite anodes. For example, Park et al. plated TiO2 

nanoparticles at the surface of commercial graphite (Figure 2.22b).[116] Their 

results demonstrate that SEI formation is suppressed at TiO2-coated graphite, 

while the electrochemical performance and thermal stability are improved.  

Though metal-oxide coatings have shown the ability to restrain the SEI 

layer growth, inorganic coating materials impose rigid structures. They are 
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incompatible with SEI components that mainly consist of organic species. 

Applying an organic artificial SEI layer as graphite coating is a smart strategy to 

form a continuous and more homogeneous artificial SEI layer before cycling. A 

robust and flexible artificial SEI layer composed of organic materials could 

subsequently guide a uniform SEI growth via chemical bonds and functional 

groups.  

As indicated in Figure 2.22c, Zheng et al. synthesized a graphite anode with 

enhanced cycling stability by applying a functional 2,2-Dimenthylethenylboronic 

acid (DEBA) layer as an SEI precursor at the graphite surface.[117] In situ 

polymerization treatment produced a robust and flexible polymeric skeleton at the 

surface to control SEI formation. Strong chemical bonds are established between 

-COOH/-OH at graphite and the B-OH groups in DEBA, contributing to the 

enhanced mechanical strength of graphite anodes. Moreover, active intermediate 

species from electrolyte decomposition, such as PF6
-, can be captured by electron-

deficient B ions in DEBA.   

A crucial improvement of graphite-based anodes emerged after graphene 

was discovered.[119] Graphene is a novel product and was acquired from the 

micro(nano)layer-exfoliation of graphite. Some bottleneck problems in 

conventional graphite anodes, such as capacity, mechanical failures, and poor 

stability, are overcome in graphene-based anodes. However, due to the high cost 

and difficult extraction mechanism of graphene sheets, graphene-based materials 

have always been applied together with metal-oxide particles. Graphene sheets 

serve as a skeleton with a large specific surface area and high electronic 

conductivity.[119] The various types of graphene/metal-oxides compositions have 

been comprehensively reviewed by Wu et al., as summarized in Figure 2.22d, 

including anchored, wrapped, encapsulated, sandwiched, layered, and mixed 

models.[118]     
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2.2.2.2 Li-metal anode  

 To meet expectations in the commercialization of Li metal anodes, three 

major challenges have to be overcome: (1) Nonuniform Li deposition, which 

accelerates the detrimental Li dendrite growth; (2) Considerable volume 

expansion that will result in a significant decrease of the coulombic efficiency; (3) 

Highly disordered SEI growth compared to other anode materials.[120] According 

to literature, these strategies can be divided into three categories: (1) Fabrication 

of artificial protective layers (metal oxides, metal fluorides, metal nitrides, solid 

electrolyte, polymers, composite materials, etc.); (2) Construction of supporting 

scaffolds with electronic conductive materials (copper, nickel, carbon, etc.) to 

modulate Li plating; and (3) Tailoring the uniform Li nucleation sites for uniform 

Li deposition. 

Creating an artificial protective layer at the Li-metal surface has been a 

topic of intensive research for decades. Many studies of various materials and 

techniques for the preparation of these layers are reported in the literature.[125-127] 

Ideally, a protective layer should combine high mechanical strength with good 

flexibility and high ionic conductivity. It must be an electronically insulating 

material with a low dielectric constant and electrochemically and chemically 

stable. Mullins et al. recently comprehensively reviewed different kinds of 

protective layers for Li-metal electrodes.[47] Single components of inorganic or 

organic layers were commonly examined in the early stage of research. However, 

although inorganic layers have sufficient mechanical strength, they are brittle and 

crack during Li volume expansion/contraction. On the contrary, organic layers are 

flexible enough to endure these volume changes, but they cannot suppress 

dendrite growth. Hence, more attention has been paid to developing combined-

component layers to use the best properties of each component. For example, 

Huang’s group constructed an organic-inorganic artificial layer with a high 

mechanical modulus, superior shape compliance, and high ionic conductivity.[121] 

Rigid LiF particles are designed to anchor evenly on the soft poly(vinylidene-co-
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hexafluoropropylene) (PVDF-HFP) film, as shown in Figure 2.23a. This hybrid 

artificial layer is obtained by the strengths of LiF and PVDF-HFP, enabling 

uniform Li+ permeation and deposition.    

 

Figure 2.23 (a) Schematic illustration and SEM image of Li deposition with a 

protective PVDF-HFP layer.[121] (b) Illustration and SEM image of Li deposition at a 

graphene-coated 3D copper substrate,[122] and (c) at carbon-sphere modified copper 

substrate.[123] (d) Illustration of uniform Li deposition on an Ag/Au coated copper 

substrate.[124]  

Another method to stabilize Li-metal anodes is applying scaffold materials 

with porous structures to achieve uniform Li deposition. Scaffold materials serve 

both as deposition substrates and current collectors. Copper foam, nickel foam, 

and carbon-based frameworks are the most frequently used current collectors in 

the studies because of their high electronic conductivity. Shi et al. prepared 
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graphene (nitrogen-doped)-coated porous copper substrates via CVD synthesis 

(Figure 2.23b).[122] The 3D-modified current collector, on the one hand, provides 

a higher surface area for Li deposition. On the other hand, the strong binding 

between Li+ in the electrolyte and graphene leads to a uniform Li+ flux, thus 

contributing to a stable Li plating/stripping process without the formation of Li 

dendrites. Similarly, Cui et al. constructed hollow carbon nanospheres on copper 

foil to ensure a uniform Li deposition (Figure 2.23c).[123] Interestingly, the 

composite carbon nanosphere layer can freely move up and down the copper foil, 

slightly adjusting the space with Li volume variation during cycling. The 

corresponding theoretical calculations and experimental explorations have 

revealed that the uniform Li deposition, achieved by porous substrates, is 

attributed to the even distribution of the electric field at the substrate surface, 

thereby enabling a uniform Li+ permeation. 

In principle, the growth of Li dendrites is a result of the self-amplifying 

behavior of Li deposition. Due to the inherent surface defects on Li foil, the 

nucleation initially started at defects because they are energetically more 

preferable for the Li reaction. Consequently, the nonuniformity of Li deposition 

will be gradually accelerated by the nonuniform nucleation during cycling, 

eventually leading to dendrite formation. Therefore, the uniformity of Li 

nucleation sites is also a vital factor for controllable Li deposition. Qian et al. 

proposed a heterogeneous metal layer at the Li-metal surface to form densely 

packed Li nucleation sites.[124] As illustrated in Figure 2.23d, an Ag/Au layer 

evenly homogeneously coats the Li foil surface and provides uniformly 

distributed nuclei seeds for Li deposition. In this case, Li grows into a columnar-

structured morphology instead of a dendrite structure observed in the case of 

untreated Li-metal.  
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2.2.3  Electrolyte 

2.2.3.1 Multifunctional electrolyte additives  

 A variety of organic species originating from electrolyte solvent 

decomposition reactions comprise the majority of CEI and SEI films. Thus, using 

multifunctional electrolyte additives is considered a versatile strategy to stabilize 

CEI and SEI films in Ni-rich cathode-based LIBs.[69] This stabilization mechanism 

is related to the higher HOMO energy level and lower LUMO energy level of the 

additives compared with conventional electrolyte solvents (e.g., EC, DMC, 

DEC).[128, 129] Hence, the electrolyte additives will oxidize at the cathode surface 

and reduce at the anode surface before the decomposition reactions of electrolyte 

solvents take place, resulting in the formation of homogeneous CEI and SEI films. 

Apart from the film-forming ability, multifunctional additives also possess a high 

affinity towards HF and PF5 species, which could mitigate the HF-driven 

degradation, such as TM ions dissolution and gas formation. Recently, several 

kinds of multifunctional additives have been proposed in studies, aiming at the 

effective formation of protective films at both cathode and anode surfaces.[130-132]  

One typical example of a novel multifunctional additive applied in 

LiNi0.85Co0.1Mn0.05O2 (NCM851005)/graphite full cells is methoxytri 

ethyleneoxypropy ltrimethoxysilane (MTE-TMS), which belongs to the group of 

silane derivatives (Si-O) (Figure 2.24a).[133] The reported cyclic voltammetry (CV) 

shows that a standard electrolyte with 1 wt% MTE-TMS reveals a couple of redox 

peaks at 3.75 V and 1.5 V (vs. Li/Li+) with a smaller potential interval (ΔV) 

compared with its additive-free counterpart. Further characterizations 

demonstrate that the MTE-TMS also stabilizes the formation of the CEI and SEI 

films at the electrodes and that the crack generation and TM dissolution is 

significantly reduced.  



Chapter 2 Degradation and Improvement Strategies for Ni-rich Cathode-based Batteries 

72 

The interfacial engineering for both cathodes and anodes can also be 

achieved by the interaction between additive and electrolyte solvents. Choi et al. 

prepared ether-based electrolyte by 1,1,2,2-tetrafluoroethyl-2,2,3,3-

tetrafluoropropyl ether (TTE) with 1 wt% fluoroethylene carbonate (FEC) as 

additive, and investigated its effect in NCM811/Li full cells.[134] Figure 2.24b 

displays the HOMO-LUMO energy levels of various solvents (DME, EC, TTE) 

and additive (FEC) under their reduced states (+1e- reduction). It is known that 

neutral FEC has the lowest LUMO energy level among all components. Therefore, 

it will favorably initiate and control the SEI formation. The TTE solvent 

dominantly contributes to the subsequent SEI formation through further reduction 

on the anode because the LUMO energy level of the as-denoted reduced state +1e-

TTE after the first cycle of charging is much lower than +1e-FEC. FEC also 

promotes the CEI formation at the cathode surface because the reduced state +1e-

FEC has a higher HOMO energy level than neutral DME. The NCM811/Li cells 

demonstrate superior cycling stability beyond 150 cycles with a capacity retention 

of 84.2%. An intact morphology without cracks is observed in NCM811 particles. 

More uniform SEI films with a more compact morphology are formed at Li-metal 

anode.  
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Figure 2.24 (a) Schematic representation of interfacial phenomena occurring in the 

NCM851005/graphite full-cells with and without electrolyte additive.[133] (b) HOMO-

LUMO energy levels of negatively charged electrolyte molecules, and schematic 

representation of the interface occurring in an NCM811/Li-metal full-cell.[134]   

2.3 Summary  

The expanding production scale of electric vehicles during the last few 

years has been strongly dependent on the continuous improvement of LIBs. 

Among all sorts of cathode materials, Ni-rich cathodes have drawn massive 
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attention as near-term candidates for commercialization due to their high capacity, 

favorable rate capability, and reasonable cost.[135] One can see significant 

successes in the EV market with Ni-rich cathode-based LIBs embedded in EVs, 

such as NCM811/graphite LIBs applied in the Nio ES6 with an energy density of 

737 Wh l-1, and NCA-graphite/silicon-oxide LIBs applied in Tesla Model 3 with 

an energy density of 866 Wh l-1. Nevertheless, driven by the ambition for 

achieving even higher energy densities, more advanced battery materials are 

definitely needed to meet such goals. In addition, an in-depth understanding of 

electrochemical fatigue mechanisms is important for further optimization of the 

LIB chemistry. 

This chapter thoroughly discussed the degradation upon cycling originating 

from the cathodes, electrolytes, and anodes in Ni-rich cathode-based LIBs. As an 

essential component in LIB, Ni-rich cathodes undergo the most destructive and 

complex degradation processes. These processes can be categorized into the 

negative reactions induced by RLCs, cation disorder (especially for Li/Ni mixing), 

surface reconstruction (from layered-to-spinel and rock-salt phase), gas 

generation, transition-metal dissolution, micro-cracks propagation (intragranular 

and intergranular), and the fragile thermal stability. The findings emphasize the 

importance of crystal structure stability with respect to the decreased strength of 

metal-oxygen bonding at high SOC and high temperatures. In response to these 

negative effects, various strategies have been proposed, including optimizing 

synthesis methods, fabricating single-crystal particles, optimizing microstructures, 

doping foreign ions, coating protective layers, and designing concentration 

gradients. All these strategies are designed to experimentally enhance the 

performance of Ni-rich cathodes. However, as discussed, one universal solution 

cannot be expected to solve all problems because each strategy has its clear limits.  

Moving to the anode side, two typical anodes (graphite and Li-metal) that 

are commonly coupled with Ni-rich cathodes in the presented studies have been 

discussed. Graphite, as the most successful intercalation material, has been widely 
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applied in the battery industry. At the same time, the challenges of volume 

expansion, exfoliation, inferior SEI film formation, and nonuniform Li deposition 

still need to be handled carefully. Surface coating and chemical treatments help to 

stabilize the graphite anode. Additionally, the introduction of hybrid graphite-

based anodes (graphite/silicon, graphite/silicon oxide, graphene/metal oxide, etc.) 

offers alternative directions for further developments in the anode design. 

Regarding the Li-metal anode, it is undoubtedly the most promising anode 

that will enable the considerable growth of specific energy needed for the next 

generation of LIBs. However, the high (electro)chemical activity of Li-metal 

impedes the practical application of the Li-metal anode. Many approaches devoted 

to controlling the Li deposition are proposed, including applying artificial layers, 

introducing stable deposition skeletons and uniform nucleation sites at the 

electrode surface for Li deposition. These methods bring significant 

improvements in lab-scale demonstrations. Still, the challenge remains in large-

scale manufacturing. Remarkably, the phenomenon of chemical crosstalk between 

cathodes and anodes has recently drawn rising attention. Some CEI/SEI film 

species have been found to dissolve in the electrolyte, penetrate through the 

separator, and react at the surface of the anode or cathode, leading to accelerated 

SEI and CEI formation. Thus, the chemical cross-over of components in full cells 

should be considered when modifications are adopted for both cathode and anode 

materials. 

One more major problem of Ni-rich cathodes is the degradation related to 

the electrolyte. The decomposition of conventional electrolytes poses a risk to 

battery safety in terms of HF and gas generation. Also, the decomposition species 

are the major components of the CEI and SEI films, causing large lithium 

inventory losses. The use of multifunctional electrolyte additives with HF-

scavenging ability is promising to stabilize the interfaces at both cathodes and 

anodes simultaneously.  
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The search for higher efficiencies and upscaling battery designs is under 

severe pressure of the exponential growth of the global EV market. More 

advanced materials and battery manufacturing methods are needed. With the 

growing efforts committed to improving Ni-rich cathode-based LIBs, it is to be 

expected that numerous exciting new opportunities will continuously arise shortly 

in the search for high-performance Li-ion batteries. 
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Chapter 3 

Experimental  

 

Abstract 

The research methods used in the experiments described further in the 

thesis are introduced in this chapter. The principles of material preparation and 

characterization techniques are briefly outlined. The electrode preparation process 

and cell configuration used in the electrochemical analysis are presented. 

Examples of detailed electrochemical measurements made with specific purposes 

are also included. 

 

 

  



Chapter 3 Experimental 

87 

3.1 Materials Preparation Methods 

3.1.1  Hydrothermal Synthesis 

Hydrothermal synthesis is one of the most common methods to synthesize 

nanostructured inorganic materials, especially transition-metal oxides.[1] Figure 

3.1a shows an autoclave that was used in the experiments described in this thesis. 

Typically, one autoclave comprises a Teflon vessel as a container and an exterior 

cylinder made of stainless steel. Teflon is chemically inert and prevents corrosion 

at high temperatures. Other parts, such as springs and buffer discs, are made of 

stainless steel and are essential for sealing.  

The crystal growth process in hydrothermal synthesis is schematically 

shown in Figure 3.1b. The reactants are well dispersed and mixed in aqueous 

solutions. Further, at high temperature and pressure, they crystallize into 

nanoparticles. The primary nanoparticles then gradually grow into rod and sheet 

morphologies. Eventually, the as-formed nanosheets self-assemble into spherical 

secondary particles. Many parameters can affect the morphology of the final 

substances, including the mass ratio of reactants, heating rate, temperature, 

pressure, setting time, etc. Hence, careful control of these parameters is vital for 

achieving optimal properties.  

 

Figure 3.1 (a) Typical autoclave used in the hydrothermal synthesis. (b) Schematic 

illustration of the hydrothermal synthesis process. 
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The hydrothermal synthesis fundamentally relies on the high activity of 

reactants in solutions under extreme conditions. Water is the most widely used 

solution in numerous reactions. Its ion product constant (Kw) increases with the 

temperature and pressure, implying activity growth. The viscosity and surface 

tension of water significantly decreases at high temperatures and pressures. 

Therefore the activity of reactants in a water solution at a high temperature is also 

high, leading to higher solubility and a faster crystal growth process with 

enhanced dispersibility.[2] 

3.1.2  Sputter Deposition 

The Physical-Vapor-Deposition (PVD) machine (Kurt J. Lesker, UK) was 

used to prepare the thin films investigated in this thesis. A PVD machine includes 

direct-current (DC) sputtering for the deposition of conductive materials and 

radio-frequency (RF) sputtering for the deposition of dielectric materials. Figure 

3.2 illustrates the general process of sputter deposition. In a vacuum chamber, 

chemically inert argon served as a gas source, electrically excited into a gas 

plasma. The target side is energized as a cathode. The opposite part, where the 

deposition substrate is placed, serves as an anode.[3] To obtain highly 

homogeneous films, the substrate holder keeps rotating at a fixed rate. The neutral 

atoms at the target surface are continuously bombarded by argon plasma, ejected 

from the target, and deposited on the substrate.[4] Compact and flat films can be 

deposited in this way. 
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Figure 3.2 Schematic illustration of the sputtering deposition process. 

 

The distance between target and substrate was fixed at 15 cm, and the 

rotation rate of the substrate holder was optimized as 20 rpm in all deposition 

processes. Other deposition parameters controlled in the experiments, including 

sputter power, chamber pressure, and deposition time, were selected material-wise. 

A stylus profilometer (Bruker, UK) was employed during the deposition process 

to determine thin-film thickness. 

3.2 Characterization Techniques 

3.2.1  X-ray Diffraction  

X-ray diffraction (XRD) analysis is an analytical technique for the 

quantitative investigation of crystalline substances.[5] The principle of XRD 

analysis is based on famous Bragg's law (Figure 3.3). According to this law, the 

ray diffracted on the surface of a periodical atomic structure will have peak 

intensity in the direction satisfying the following equation  

    2𝑑sin 𝜃 = 𝑛𝜆    (3.1) 
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where d represents lattice distance in the crystalline sample, θ is the glancing angle, 

λ is the radiation wavelength, and n is the diffraction order. In the measurement, 

the sample is scanned by X-rays within a range of 2θ angle. Thus, a complete set 

of patterns with all diffraction directions in the lattice will be collected. By 

comparing the standard pattern of the substances with experimental results, the 

peak positions can be identified with unique d-spacing information. In this way, 

the corresponding crystallographic structure of the sample can be determined. 

 

Figure 3.3 Schematic illustration of Bragg's law applied in XRD measurements. 

 

XRD measurements in this thesis were performed over a 2θ range of 10° - 

80° using Cu Kα radiation at 40 kV and 40 mA via an EMPYREAN X-ray 

diffractometer (Panalytical, Netherlands). The collected XRD intensity data were 

analyzed by FullProf Suite analyzing software. Standard data of measured 

material and the "Profile Matching" configuration were applied to the analyses.  

3.2.2  Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is a fundamental technique to 

examine sample morphologies. As illustrated in Figure 3.4, a beam of high-energy 

electrons is emitted and focused on the sample surface by several electromagnetic 

lenses. The incident electrons interact with atoms on the sample surface, creating 

secondary electrons, backscattered electrons, and X-rays. The detectors collect the 

produced primary particles and give the topography and elemental composition of 
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the sample. The energy-dispersive X-ray (EDX) system is generally combined 

with the SEM instrument. With EDX, the elemental mapping and spectra also can 

be obtained.  

 

Figure 3.4 Schematic illustration of the SEM technique. 

 

SEM images in this thesis were taken on a Quanta FEG 650 (FEI, USA) 

environmental scanning electron microscope operated at a voltage of 20 kV. A 

focused-ion-beam (FIB) milling system was also used to etch part of the sample 

particle and examine the internal morphology. The sample powder was carefully 

dispersed in the isopropanol, dropped on a clean silicon substrate, then thoroughly 

dried in the air for the SEM sample preparation. The distance between the sample 

holder and the objective lens was fixed at 10 mm. The elemental mapping and 

EDX spectra were collected as well.  

3.2.3  Transmission Electron Microscopy 

A transmission electron microscope (TEM) gives structural information by 

forming a magnified image of the diffraction pattern of the sample. An illustration 

of TEM measurement is shown in Figure 3.5. A beam of electrons emitted from 
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the electron gun passes through the condenser lenses and focuses on the sample. 

The sample for TEM measurement has to be ultrathin to allow the electron beam 

to penetrate the sample and create the 2D image on a fluorescent screen. The 

magnification of TEM can reach up to 50 million times and provide the sample 

details up to the atomic scale. The crystal structure can be investigated by high-

resolution transmission electron microscopy (HRTEM). Also, the diffraction 

pattern of the crystal sample can be generated by selected-area electron diffraction 

(SAED) measurement.  

 

Figure 3.5 Schematic illustration of the TEM technique. 

 

TEM, HRTEM images, and SAED patterns in this thesis were performed 

using a Tecnai F20 (FEI, USA) transmission electron microscope at an 

acceleration voltage of 200 kV. The sample preparation for TEM measurements 

is much more restrictive and complex than that for SEM measurements. The 

sample powder must be highly dispersed in an ethanol solution and then dropped 

onto a TEM carbon-coated copper grid. The agglomeration of sample particles 
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should be avoided to obtain high-quality images. Thus an ultrasonic dispersion 

process was used in all sample preparations. 

3.2.4  X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectrometry (XPS) has been considered the most 

powerful technique for probing the chemical nature of the sample surface.[6] The 

electron energy resolution in the XPS analyzer is significantly high (low to 0.1 

eV), which allows an accurate probe for the chemical shift in the electron binding 

energies. Therefore, XPS is a surface-sensitive technique with a typical depth 

resolution of 2 nm. Figure 3.6 summarizes the basic process of XPS measurement. 

The atoms at the sample surface are excited by the monochromatic X-rays and 

emit photoelectrons with distinctive elemental characteristics. Based on the 

difference of binding energy and intensity of the photoelectron peak, the XPS 

spectra can provide detailed information on the chemical state of the sample. 

Besides, the ratio of peak area delivers quantitative information of the elemental 

composition.[7]  

 

Figure 3.6 Schematic illustration of the XPS technique. 

 

An argon ion gun is usually combined with XPS to perform depth-profiling 

analysis.[8] The ion beam etches a thin layer on the sample surface before the XPS 

spectra acquisition, allowing the identification of the composition from the 
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sample's surface to hundreds of nanometers into the bulk. XPS depth-profiling 

analysis has been widely used in many works and is particularly suitable for thin-

film samples.  

XPS measurements, described in this thesis, were performed by a K-Alpha 

instrument (Thermo Scientific, USA) with a monochromatic X-ray source (Al Kα). 

Depth profiling was carried out by a 500 eV argon ion beam. The XPS sample 

preparation was similar to SEM sample preparation. The powder sample was 

dispersed and dried before being transferred into the XPS chamber. The collected 

experimental results were simulated by CasaXPS software. 

3.2.5 Inductively Coupled Plasma-Mass Spectrometry 

Inductively Coupled Plasma Source-Mass Spectrometry (ICP-MS) is a 

rapid technique to determine the relative content ratio of elements. Figure 3.7 

shows the general process occurring during ICP-MS measurements. The ionized 

argon gas served as a plasma source during the measurements. Typically, the 

sample is ionized by an inductively coupled plasma and forming various ions. The 

flow of argon gas carries the sample ions into the attached mass spectrometry for 

further analysis. An ion signal proportional to the concentration can be detected 

based on its elemental presence.[9]  

 

Figure 3.7 Schematic illustration of an ICP-MS set-up. 
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ICP-MS measurements were carried out by the Agilent 7900 ICP-MS 

(Agilent, USA). For the preparation, the samples were dissolved in an acidic 

solution (1 mL HNO3, 0.5 mL H2O2), shaken, then made up to 10 mL solution 

with water.  

3.3  Electrode Preparation 

3.3.1  Electrode Slurry Preparation 

The electrode slurry was a mixture of the active powder materials, carbon 

black (Super P, Alfa Aesar), and poly(vinylidene fluoride) binder (PVDF, Sigma-

Aldrich) at the weight ratio of 8:1:1. The mixture was then dissolved in N-methyl 

pyrrolidone (NMP) solvent. An ARV-310 vacuum mixer (Thinky, Japan) was 

used for slurry mixing. Then, the slurry was coated uniformly by a semi-automatic 

film applicator ZAA 2300 (Zehntner, Switzerland) onto an aluminum foil. The as-

prepared electrode sheet was placed in a vacuum oven (Binder, Germany) and 

dried overnight at 90 °C. Finally, an electric hot rolling press (MTI, USA) was 

used for densifying the electrode sheet. For the following electrochemical 

measurements, the electrode sheet was cut into discs of 12 mm diameter. 

3.3.2  Cell Assembly 

Two kinds of cells were involved in the electrochemical experiments. 

Swagelok cells with a two-electrode system were used for powder samples, as 

illustrated in Figure 3.8a. Both working electrode and lithium metal were cut into 

12 mm diameter discs. In contrast, the separator (Whatman, UK) was cut into 13 

mm discs. Metallic lithium metal (Alfa-Aesar, Germany) was used as both counter 

and reference electrodes. 1 M LiPF6 in a 1:1 mixed solvent of ethylene carbonate 

(EC)/dimethyl carbonate (DMC) (LP30, BASF, USA) with a volume of 100 µL 

was used as electrolyte. 
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Figure 3.8 Schematic illustration of (a) a Swagelok cell and (b) a Teflon cell. 

 

For the thin-film samples, a homemade Teflon cell was used for the 

electrochemical measurements. Figure 3.8b shows the configuration of the Teflon 

cell with a three-electrode system. The working electrode was cut into 3 × 3 cm2, 

and the contact area with electrolyte was fixed at 1.54 cm2. A copper disc welded 

to a copper wire served as conductive contact. Two metallic lithium rods were 

used as counter and reference electrodes. The electrolyte was the same as in the 

Swagelok cells, except that the volume was increased to approximately 10 mL. 

All the cell assemblies in this thesis were completed in an argon-filled glovebox.   

3.4 Electrochemical Measurements 

The electrochemical tests of the Swagelok cells were performed in an 

MKF120 climate chamber (Binder, Germany) by using a VMP3 potentiostat 

(BioLogic, France), and the data were collected by EC-Lab software. The 

electrochemical tests of Teflon cells were performed in an argon-filled glovebox 

using an M2300 galvanostat (Maccor, USA), and an Autolab PGSTAT 302 

(Metrohm-Autolab B.V., The Netherlands). 

For the measurements of the Swagelok cells to be described in Chapters 4 

and 6, galvanostatic charge/discharge cycling was operated in the voltage range 

of 3.0−4.3 V vs. Li+/Li (1C = 200 mA g-1). Cyclic voltammogram (CV) tests were 
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operated in a voltage window of 3.0−4.3 V vs. Li+/Li at a scan rate of 0.1 mV s−1. 

Electrochemical impedance spectroscopy (EIS) tests were conducted with an 

amplitude of 10 mV in the frequency range of 200 kHz to 0.1 Hz. Galvanostatic 

intermittent titration (GITT) measurements were performed by using a small 

current of 0.05 C. The duration of each current pulse was 15 min and was followed 

by a 60 min resting period. 

For the measurements of the Teflon cells to be described in Chapter 5, 

Galvanostatic charge/discharge cycling was operated in the voltage range of 

3.0−4.1 V vs. Li+/Li (1C = 24 µA cm-2). EIS investigations were conducted with 

an amplitude of 5 mV in the frequency range from 100 kHz to 0.1 Hz.  
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Chapter 4 

LiNi0.6Co0.2Mn0.2O2 Nanomaterials with 

Enhanced Li-ion Diffusion Pathways 

 

Abstract 

Ni-rich LiNi0.6Co0.2Mn0.2O2 nanomaterials with a high percentage of 

exposed {010} facets have been prepared by surfactant-assisted hydrothermal 

synthesis followed by solid-state reaction. Characterization by X-ray diffraction 

(XRD) and high-resolution transmission electron microscopy (HRTEM) confirms 

that the particles have enhanced the growth of nanocrystal planes in favor of Li-

ion diffusion. Electrochemical tests show these cathode materials endow a large 

Li-ion diffusion coefficient, which leads to a superior rate capability and 

cyclability, suggesting these cathode materials are highly beneficial for practical 

application in Li-ion batteries. 
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4.1 Introduction 

During the past decades, LIBs have been intensively studied as one of the 

most promising candidates for complementing fossil fuels in the energy storage 

field.[1-3] Up to now, LIBs have successfully powered numerous electronic devices 

in practical applications, not only portable devices such as laptops, mobile phones, 

and cameras but also large-scale appliances such as electric vehicles.[4, 5] Smart 

grid systems are also considered as a potential market for LIB, as these batteries 

can cater to the needs of load balancing, uninterrupted power supply, and peak 

leveling at low cost.  

To be compatible with the ever-growing industrial applications, there exists 

a high demand to pursue batteries with larger storage capacity, extended cycling 

performance, and better safety for future generations of energy storage.[6] 

Compared with the anode side, which can easily achieve a specific capacity of 

4200 mAh g-1 (Si),[7, 8] 994 mAh g-1 (Sn),[9] or 782 mAh g-1 (SnO2),[10] 

optimization of the cathode side is always the bottleneck in LIB studies. Among 

the various cathode materials, Ni-rich layered transition-metal mixed-oxide 

LiNixCoyMn1-x-yO2 (NCM x>0.5) has drawn intense attention in investigating 

high-energy-density, low-cost, and reduced-Co-content cathode materials.[11, 12] 

Within the class of Ni-rich cathode materials, LiNi0.6Co0.2Mn0.2O2 displays a 

better Li-ion diffusion behavior with negligible temperature dependence, as well 

as an optimal balance between high energy density and cost-efficiency.[13-15] 

However, despite the above merits, as member of Ni-rich NCM cathodes, 

LiNi0.6Co0.2Mn0.2O2 is still suffering from several drawbacks. Further 

improvements and optimization are therefore necessary to utilize its full potential 

as next generation of cathode materials in LIBs. 

It has been established that cation disorder and volume expansion during 

Li-ion (de)intercalation are mainly responsible for the intrinsically poor rate 

capacity and moderate cycling stability of Ni-rich NCM cathodes.[16,17] 
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Conventional NCM materials have a morphology with a micro-sized, sphere-like 

structure, in which crystal facets are randomly oriented and densely aggregated. 

Due to this disordered orientation, the inter-grain stress that mainly occurs at the 

grain boundaries will be deteriorated upon volume expansion. That may provoke 

the development of cracks and eventually lead to inferior electrochemical 

performance.[18] Several strategies have been employed to overcome these 

problems, such as cation doping,[19, 20] surface coating,[21-23] and structure 

modification.[24] However, cation doping and surface coating are always at the 

expense of energy density, as the introduced compounds are typically 

electrochemically inactive.[25] As the NCM material properties are strongly 

dependent on the microstructure, it has been identified that architecture control is 

crucial for promoting Li-ion transport within the electrodes, thereby improving 

the electrode performance without compromising the energy density of NCM 

cathodes.  

Ni-rich NCM cathode materials have a layered hexagonal structure with R-

3m space group. The Li-ion diffusion channels are oriented two-dimensionally, 

parallel to the Li layers along the a and b axes. Hence in the hexagonal crystal, Li-

ion diffusion-active facets are denoted by {010}, consisting of (010), (01̅0), (100), 

(110), (11̅0) and (1̅00) facets. The (001) and (001̅) facets, perpendicular to the c 

axis, are closely packed by MO6 (M=Ni, Co, Mn) octahedra, which hinder Li-ion 

transport and can therefore be considered as inactive Li-ion diffusion facets.[26-29] 

Based on the understanding of the NCM crystal structure, the efforts of structure 

modification are generally aiming at the fabrication of high-ratio {010} facets-

exposed materials. However, this is difficult to achieve as the NCM nanomaterials 

are dominated by {001} facets. This phenomenon is related to the much lower 

surface energy of {001} facets. In contrast, the {010} facets easily vanish during 

the synthesis process. Although various surfactants, such as polyvinylpyrrolidone 

(PVP)[30, 31] and sodium dodecyl sulfate (SDS)[32] have been applied to synthesize 
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favorable NCM crystals,[33] it remains a challenge to structurally and 

morphologically control the growth conditions.  

In this chapter, we demonstrate the synthesis of Ni-rich 

LiNi0.6Co0.2Mn0.2O2 nanomaterials with a unique nanobrick NCM morphology 

(NB-NCM), which endows a significantly exposed ratio of high-energy {010} 

facets. A facile hydrothermal method was used in the synthesis. A new type of 

surface-active agent, cetyltrimethylammonium bromide (CTAB), was introduced 

to control particle growth. TEM measurements showed that the lateral surfaces of 

NB-NCM are active {010} facets. These highly exposed {010} facets accordingly 

resulted in favorable Li-ion diffusion coefficients. Consequently, the NB-NCM 

electrode materials demonstrated an enhanced rate capability and higher cycling 

stability than commercial NCM cathode materials. In addition, ordered structural 

orientation in NB-NCM microparticles displayed crack-free surfaces even after 

long-term cycling due to the moderate inner-grain stress induced by volume 

expansion. 

4.2 Materials Preparation 

Synthesis of transition-metal (TM) hydroxide precursor: the precursor was 

prepared by a hydrothermal method. Typically, 0.1 M TM-acetate (molar ratio of 

Ni(CH3COO)2·4H2O, Mn(CH3COO)2·4H2O and Co(CH3COO)2 is 6:2:2), 0.2 M 

urea, and 0.1 M CTAB were evenly stirred in a mixed solution of deionized water 

and ethanol (volume ratio 1:1). After vigorously stirring, the reactant solution was 

transferred into the Teflon-lined stainless-steel autoclave. The autoclave was 

sealed and maintained in an oven at 150 oC for 5 h. After the reaction had been 

completed, the precipitate was washed and centrifuged three times by deionized 

water and dried overnight in an oven at 80 oC.   

Synthesis of NB-NCM material: the as-prepared TM hydroxide precursor 

was thoroughly mixed with LiOH·H2O in an agate mortar, calcinated at 500 oC 
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for 4h and at 750 oC for 10 h in air. Commercial LiNi0.6Co0.2Mn0.2 (C-NCM), used 

as reference material, was obtained from Tianjin B&M Science and Technology 

Co., Ltd., China. 

4.3 Results and Discussion 

4.3.1  Characterization Analysis 

The TM hydroxide precursor and NB-NCM material are schematically 

shown in Figure 4.1a. The precursor with nanoplate morphology serves as a 

skeleton in the subsequent calcination process. The porous three-dimensional 

morphology widely opens pathways, promoting Li-ion (de)intercalation during 

the high-temperature solid-state reaction. The final NB-NCM product with 

exposed {010} facets maintained the original crystal structure for the Ni-rich 

cathode, as indicated in Figure 4.1a. The morphology of the TM hydroxide 

precursor and NB-NCM are shown in the SEM images of Figure 4.1b, c, and 

Figure 4.2. Due to the adsorbate-directed reaction nature of the cationic surfactant 

CTAB, the precursors adopted the nanoplate architecture with an average 

diameter of around 1 μm and assembled randomly into a sphere-like 

morphology.[34]  
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Figure 4.1 (a) Schematic representation of the TM hydroxide precursor and NB-NCM 

after calcination. SEM images of (b) the TM hydroxide precursor, (c) the NB-NCM 

product, (d) SEM image of a single NCM-nanobrick, (e) EDS element mapping of a 

single nanobrick. 

 

The CTAB molecules can effectively stabilize the surface energy of high-

energy facets and guarantee the exposure of a significantly increased number of 

{010} facets. After the lithiation reaction, the final NB-NCM product maintained 

a nanoplate architecture similar to that of the precursor. The as-grown nanobricks 

possess smooth surfaces and enhanced sidewalls. The thickness of these 

nanobricks is about 100 nm, which provides a high number of exposed {010} 
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facets in contrast to C-NCM materials with irregularly oriented particles (Figure 

4.3). Comparing Figure 4.1b and c it is worth noting that the thickness of the final 

product had increased significantly after the calcination process, which might be 

due to multilayer plate merging during the high-temperature reaction. The 

optimized structure not only provides fast Li-ion transfer pathways during the 

(dis)charging process but also effective electrolyte penetration into the porous 

electrodes and, in addition, reduces the grain stress between the electrode particles 

during the (de)lithiation process. Figures 4.1d and e show an example of element 

mapping results within a single NB-NCM particle. It is found that the Ni, Co, Mn 

atoms are uniformly distributed. EDX reveals that the ratio of the metal atoms is 

42.6: 12.7: 12.3, which is close to the designed metal precursor proportions 

(Figure 4.4).   

 

Figure 4.2 SEM images at high resolution of (a) the TM-precursor and (b) the 

calcinated NB-NCM electrode material. 

 



Chapter 4 LiNi0.6Co0.2Mn0.2O2 Nanomaterials with Enhanced Li-ion Diffusion Pathways 

105 

 

Figure 4.3 SEM images of C-NCM at different magnification. 

 

 

Figure 4.4 EDX spectrum of NB-NCM. 

 

Structural characterization of the TM hydroxide precursor and NB-NCM 

has been carried out by XRD and is shown in Figure 4.5a and Figure 4.6a, 

respectively. The peaks in the XRD patterns for the TM hydroxide precursor can 

be assigned to typical M(OH)2 compounds where M refers to Ni, Co, or Mn. 

Figure 4.6a confirms the high crystallinity of NB-NCM as it does not reveal any 

impurities. All diffraction peaks can be precisely indexed with an α-NaFeO2 

layered structure with R-3m space group. The distinctly separated peaks 

(003)/(104) and (110)/(018) indicate their well-crystallized layered structure. 
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According to the calculated results, the intensity ratio of (003)/(104) of NB-NCM 

from the refined pattern is about 1.74, which is higher than that of the commercial 

C-NCM material (1.53 in Figure 4.5b), implying  negligible cation mixing 

disorder.[16] Additionally, NB-NCM shows a slightly higher intensity ratio of 1.12 

for (110)/(018) than C-NCM. These results exhibit the enhanced growth of {010} 

facets in NB-NCM, which must be attributed to the surfactant-assisted synthesis. 

The lattice parameters of NB-NCM and C-NCM as obtained from the Rietveld 

refinements are listed in Table 4.1. The similar parameter values suggest that 

synthetic optimization has little effect on the material's lattice structure. The real 

difference is related to the material's morphology. 

 

Figure 4.5 (a) XRD pattern of TM hydroxide precursor, (b) Refined XRD pattern of 

C-NCM. 

 

To elucidate more detailed crystalline information of NB-NCM, TEM, 

HRTEM, and SAED studies were carried out of an individual nanosheet (Figure 

4.6b). Figures 4.6c and d represent the HRTEM images of a lateral and front panel 

of a nanosheet, respectively. The observed apparent lattice fringes with interplanar 

spacings of 4.76 and 2.46 Å can be assigned to the (003) and (010) planes, 

respectively, suggesting that the nanosheets were growing along the c-axis. 

Combined with the SAED patterns, shown in Figures 4.6e and f, it can be 
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concluded that the obtained NB-NCM nanosheets consisted of a (001) front panel 

and a (010) plane exposed on the lateral panel. Conclusively, these layered-

structured cathode materials reveal two-dimensional Li-ion diffusion pathways 

perpendicular to the (010) plane. That might favorably enhance the rate capability 

and power density of NB-NCM cathodes.[28, 30, 31, 33, 35]  

 

Table 4.1 Lattice parameters, ratio of c/a, and χ2 for both samples refined from 

XRD. 

Sample 

Cell parameters 

a/Å c/ Å c/a 
Unit volume/ 

Å3 
χ2 

NB-NCM 2.86255 14.18299 4.9547 100.648 8.48 

C-NCM 2.85834 14.16897 4.9571 100.253 6.34 
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Figure 4.6 (a) Refined XRD patterns of NB-NCM, (b) TEM image of a single NB-

NCM nanosheet, (c) HRTEM image of a lateral panel, (d) HRTEM image of a front 

panel, (e) SAED pattern of the lateral panel, (f) SAED pattern of the front panel. 
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XPS has been performed on both NB-NCM and C-NCM to analyze the 

chemical elements' oxidation states at the nanosheets' surface. Figure 4.7a shows 

that Ni presents a mixture of two valence states for Ni2+ and Ni3+. The peaks at 

854.3 and 860.8 eV can be attributed to Ni2+ (2p3/2) and Ni2+ (2p1/2), respectively, 

while that located at 855.9 eV relates to Ni3+ (2p3/2).[36] Interestingly, NB-NCM 

shows a relatively higher Ni2+ ratio in comparison with the C-NCM sample. 

According to previous studies, NCM cathode materials tend to be structurally 

more stable with higher Ni2+ content at the surface.[37] Figure 4.7b reveals the XPS 

spectra of Co 2p, where the peaks at 780.2 and 795.4 eV correspond to Co3+ (2p3/2) 

and Co3+ (2p1/2), respectively, implying that the most dominant cobalt oxidation 

state is Co3+.[38] Additionally, the Mn 2p spectra indicate a mixture of Mn3+ and 

Mn4+ in both NB-NCM and C-NCM (Figure 4.7c).[39] In conclusion, these XPS 

results show almost identical valence states for NB-NCM and C-NCM, except for 

the Ni spectra: NB-NCM shows that the surface is enriched with Ni2+, which 

might contribute to better electrode stability, as will be shown below. 

 

Figure 4.7 XPS spectra of (a) Ni 2p, (b) Co 2p, (c) Mn 2p in as-prepared NB-NCM 

(upper curves) and C-NCM (lower curves). 

4.3.2  Electrochemical Analysis 

The electrochemical performance of both the NB-NCM and C-NCM 

material has been investigated to evaluate the structural advantages of NB-NCM 

to be applied as cathode material in LIB. Figure 4.8a shows the cycling stability 

of NB-NCM and C-NCM electrodes in the voltage range of 3.0 - 4.3 V at 1C rate 
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(1C = 200 mA g-1). Both samples were charged with a constant current up to 4.3 

V followed by a constant voltage period of 30 min. The discharge was performed 

with a constant current. The mass loading for both samples was the same, around 

0.002 g. A sharp capacity drop occurs for both electrodes during the first cycle 

due to the activation process, resulting from the LiOH residue formed during the 

synthesis. After activation, the NB-NCM electrode combines a high initial 

capacity of 161 mAh g-1 with a high capacity retention of 86.9% after 100 cycles 

(141 mAh g-1). The Coulombic efficiency maintains close to 100%. The C-NCM 

electrode delivers a comparable initial storage capacity of 156 mAh g-1, but the 

capacity degrades much faster. This distinct contrast between the two electrodes 

indicates that the cathode with an ordered-oriented architecture is more stable 

upon cycling. 

The rate capability is another limiting factor highly relevant for practical 

use in LIB. Figure 4.8b shows the influence of the current (0.1, 0.2, 0.5, 1, 2, 5 

and 10 C) on the electrode storage capacity. The initial storage capacity of 180.6 

mAh g-1 for the NB-NCM electrode at 0.1 C is reduced to 98.6 mAh g-1 at 10 C-

rate. Still, it can almost be fully recovered to 175.5 mAh g-1 at 0.1 C after 50 cycles, 

which shows a significantly better rate capability than C-NCM.  

These electrochemical results demonstrate that the as-prepared NB-NCM 

material is intrinsically superior in cycling stability and rate capability, especially 

at high rates. On the one hand, the nanobrick electrode morphology will endure 

moderate stress during long-term cycling, thus improving stability. On the other 

hand, the structure with a high percentage of exposed {010} facets offers more 

Li-ion diffusion channels, which is beneficial for the fast (dis)charge performance. 

EIS has been performed with both electrodes to investigate the charge-

transfer resistance in pristine and cycled electrodes (Figure 4.8c). Measurements 

are applied every ten cycles for each battery. As shown in Figure 4.9, it is evident 

that NB-NCM reveals an approximately four times lower charge-transfer 
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resistance than C-NCM during cycling. For instance, Rct of NB-NCM is around 

35 Ω after 100 cycles, while that of C-NCM is 137 Ω. The excellent charge-

transfer kinetics of NB-NCM results from the modification of the surface 

chemistry, as demonstrated by XPS, and the ability to keep the structural stability 

upon electrochemical cycling. 

 

Figure 4.8 (a) Cycling performance of NB-NCM and C-NCM electrodes at 1 C rate, 

(b) Rate capability at various indicated C-rates, (c) EIS plots of both fresh and cycled 

electrodes (inset are zoom-in plots in the high-frequency region and analyzed 
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equivalent circuit), (d) Constant-current voltage (dis)charge curves in the first and 

second cycle, (e) CV curves of the first and second cycle at a scan rate of 0.1 mV s-1, 

(f) Differential capacity curves of electrodes in the first and second cycles. 

 

 

Figure 4.9 Charge-transfer resistance (Rct) of an NB-NCM and C-NCM electrode as 

a function of cycle number. 

 

To further explore the electrochemical behavior of both electrodes, the first 

two voltage charge-discharge curves are shown in Figure 4.8d at 0.1 C in the 

voltage range of 3.0 to 4.3 V. Both NB-NCM and C-NCM deliver a comparable 

discharge capacity of 178.9 mAh g-1 and 177.3 mAh g-1, respectively. C-NCM 

presents a sharp peak during the initial stages of the first charge cycle, which is 

related to Li2CO3 and LiOH residues at the Ni-rich electrode surface.[32] At the 

beginning of the first and second charge curves, the NB-NCM cathode displays 

significantly lower voltages of around 50 mV than those of the C-NCM electrode 

(130 mV). This observation indicates that the deintercalation of Li-ions from the 

NB-NCM electrode is indeed more facile.  
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CV has also been carried out to study the oxidation and reduction peaks of 

the electrode materials. As indicated in Figure 4.8e, both samples have oxidation 

and reduction peaks, representing the delithiation and lithiation processes, 

respectively. Notably, the separation between the oxidation and reduction peak in 

the second cycle is around 18 mV for the NB-NCM cathode. In contrast, the value 

for C-NCM is 55 mV. The substantially reduced voltage separation for NB-NCM 

demonstrates a decreased electrochemical polarization in contrast to the C-NCM 

cathode.[40] Corresponding differential capacity versus voltage (dQ/dV) curves 

obtained from Figure 4.8d are also provided in Figure 4.8f. The dQ/dV curves are 

in good agreement with the measured CV curves, except that the oxidation peak 

splits into two peaks, revealing the actual phase transitions of cathodes. During 

the first cycle, both electrodes exhibit a sharp oxidation peak related to the 

activation process. After activation, two secondary oxidation peaks appear during 

the deintercalation process, denoted as peaks A and B. According to previous 

studies, peaks A and B have been identified as a phase transition from hexagonal 

(H1) to monoclinic (M) and monoclinic (M) to hexagonal (H2).[41] In the CV 

curves of the second cycle, lower oxidation peaks and smaller voltage separation 

between the oxidation and reduction peaks are observed for the NB-NCM 

electrode.  

GITT is a reliable method to evaluate the lithium-ion diffusion coefficient 

(DLi+) inside electrode materials. Figure 4.10a displays typical GITT curves for 

both electrodes as a function of time with an applied current of 0.02 C in the 

voltage range of 2.0 to 4.3 V. The DLi+ values can be calculated according to Eq. 

(1), which has been derived from Fick's second law[42-44] 

𝐷𝐿𝑖+  =  
4

𝜋
 (

 𝑉𝑀

𝐹𝑆
)

2

[
𝐼 (

𝑑𝐸
𝑑𝛿)

(
𝑑𝐸

𝑑√𝜏
)

]

2

  𝜏 ≪
𝐿2

𝐷𝐿𝑖+ 
, (4.1) 
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where VM [cm3 mol-1] is the molar volume of the electrode material, F [C mol-1] 

the Faraday constant, S [cm2] the area of the electrode-electrolyte interface, 𝐼 [A] 

the applied current during the titration process, L [cm] the electrode thickness, E 

[V] the equilibrium voltage and δ is the stoichiometric index in LiδMO2. In Eq. 

(1), two differential factors dE/dδ and dE/d√τ are the most crucial values in the 

calculations. Both derivatives are estimated by finite differences, e.g. 
𝑑𝐸

𝑑𝛿
≈

𝛥𝐸

𝛥𝛿
 

where ΔE is the decrement of the equilibrium voltage during the titration period, 

and Δδ is the change of the electrode stoichiometry caused by coulometric titration. 

ΔE can be found from the voltages observed at the end of the relaxation periods 

after every two subsequent titrations. Δδ obeys  

𝛥𝛿 =
𝐼𝜏𝑀𝐵

𝑧𝑚𝐵𝐹
, (4.2) 

where τ [s] is the time interval of the current titration, MB [g mol-1] the atomic 

weight of the electrode material, z [-] the valence number of Li ions, and mB [g] is 

the mass loading of active material in the electrode. Similarly,  
𝑑𝐸

𝑑√𝜏
≈

𝛥𝐸

𝛥√𝜏
 where 

Δ √τ  is the increment of the square root of the current titration time. Both 

differential factors during the discharging process are shown in Figure 4.10b as 

the function of SOC for the two electrodes. The calculated values for DLi+ are 

summarized in Figure 4.10c as a function of SOC. The NB-NCM electrode reveals 

DLi+ values in the range of 3.0·10-13 to 6.45·10-11 cm2 s-1, while those of C-NCM 

are significantly lower in the range of 6.74·10-15 to 3.96·10-11 cm2 s-1. It can be 

concluded that the NB-NCM electrode clearly shows higher DLi+ values compared 

to those of the C-NCM electrode.  

The higher Li-ion diffusion coefficient is also favorable for the fast-

charging performance of the NB-NCM electrode. As shown in Figure 4.10d, an 

ultrahigh charging current of 20 C and a relatively low discharging current (0.2 C) 

are applied to both electrodes to evaluate their fast-charging storage capacity. The 

charging time is estimated at around 2.5 min. The inset of Figure 4.10d shows a 
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sharp distinction in extracted capacity between NB-NCM and C-NCM. NB-NCM 

still maintains 93.3% capacity after 20 cycles. At the same time, the performance 

of C-NCM deteriorates severely, and only 68.5% capacity remains after cycling. 

Another possible conclusion is that these results in terms of high DLi+ and 

excellent fast-charging ability of NB-NCM illustrate that a well-designed 

structure with the same orientation and high exposure of active {010} facets 

contribute to the enhanced electrochemical performance. Such an architecture 

promotes the Li+ diffusion and withstands the Li+ intercalation and deintercalation 

even at high current densities. 

 

Figure 4.10 (a) GITT curves for both electrodes as a function of time, (b) dE dδ-1 and 

dE dτ-1/2 plots as a function of SOC, (c) Calculated DLi+ values as a function of SOC, 

(d) The fast-charging capability of the NB-NCM electrode (inset shows fast-charging 

stability of both electrodes at 20 C-rate). 
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4.3.3 Post-Mortem Analysis  

The electrodes after long-term cycling are disassembled and characterized 

by cross-sectional SEM. It has been reported that crack formation occurring inside 

the particles leads to capacity decay during cycling. Figures 4.11a and b show the 

morphology of post-cycled C-NCM and NB-NCM particles. The small residues 

attached at the particle surface are carbon black, used during the cathode slurry 

preparation. As emphasized by the arrows, the cycled C-NCM has extensive 

cracks throughout the surface, suggesting anisotropic volume expansion inside the 

particles during Li+ insertion and extraction. On the other hand, the structure of 

the cycled NB-NCM particle remains intact and is crack-free at the surface. 

 

Figure 4.11 SEM images of (a) a C-NCM particle and (b) NB-NCM particle after 

cycling. SEM images of the cross-section of (c) a C-NCM particle and (d) an NB-

NCM particle. 
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To study structural changes inside the particles after long-term cycling, 

randomly selected particles were selected and subjected to focused-ion-beam (FIB) 

processing. Figure 4.11c shows further fracturing inside the C-NCM particle. 

Cracks inside the C-NCM particles result from internal grain stress induced by the 

anisotropic volume change during (dis)charging. The as-formed cracks then block 

the electronic connection between the particles and consequently sacrifice the 

active material parts. The electrolyte will also penetrate through the cracks and 

accelerate the formation of contaminating layers, such as LixCO3 and LiOH, 

resulting in the observed capacity losses.[45] On the contrary, the NB-NCM 

electrode reveals a well-preserved intrinsic architecture over the same cycling 

period (Figure 4.11d), owing to the ordered morphological orientation and 

accordant volume change of each primary nanobrick. Besides, the unique 

structure with improved Li-ion diffusion coefficient favors the homogeneous 

formation of inevitable contaminating layers and contributes to the alleviated 

capacity decay during cycling. 

4.4 Conclusions 

Ni-rich LiNi0.6Co0.2Mn0.2O2 cathode materials with a well-structured 

nanobrick morphology have been developed, using a facile surfactant-assisted 

hydrothermal method followed by solid-state reaction. HRTEM and 

corresponding SAED analyses validate the crystal facet orientation of the 

nanobrick LiNi0.6Co0.2Mn0.2O2 cathode material and show the exposed active 

{010} facets in the particles which can facilitate the presence of Li-ion diffusion 

tunnels and improve the Li-ion diffusivity. Benefitting from this structural 

advantage, the nanobrick LiNi0.6Co0.2Mn0.2O2 cathode demonstrates a more 

favorable Li-ion (de)intercalation reaction kinetics, promising discharge rate 

capability, and stable cycling performances compared with commercial samples. 

Additionally, faster reaction kinetics also endowed the NB-NCM material the 

ability of the fast-charging property, showing the high potential for practical 
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applications in Li-ion batteries. However, it is noteworthy that the tap density for 

this nanostructured material has not been improved due to its porous structure. A 

more suitable pathway must be found to enhance the tab density further and 

maintain the exposure of high-energy facets. One possible way would be to apply 

a modified coprecipitation method, carefully control the precipitant concentration, 

and/or introduce new reagents and surfactants into the synthesis process.[27, 40] In 

this way, the agglomeration of small secondary particles will be facilitated, and 

the compactness of the material will improve. 
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Chapter 5 

Interfacial Characterization of 

LiNi0.6Co0.2Mn0.2O2 Thin Film Cathodes  

 

Abstract 

Ni-rich LiNi0.6Co0.2Mn0.2O2 and LiNbO3-protected LiNi0.6Co0.2Mn0.2O2 

thin-film cathodes have been prepared by radio-frequency (RF) magnetron 

sputtering. Electrochemical investigations show enhanced stability of LiNbO3-

protected cathodes compared with bare LiNi0.6Co0.2Mn0.2O2. The interfacial 

interaction of LiNbO3 and LiNi0.6Co0.2Mn0.2O2 layers has been investigated by 

XPS depth profiling and demonstrates different cathode-electrolyte-interface 

(CEI) film formation processes at the electrodes. The results elaborate on the 

interaction between LiNbO3 and LiNi0.6Co0.2Mn0.2O2, emphasizing the role of the 

LiNbO3 layer in improving the cycling performance of Ni-rich cathodes. 
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5.1 Introduction  

Rechargeable LIBs have undoubtedly become one of the most powerful 

energy storage devices upon intensive studies for decades. They have been 

successfully applied in various fields, such as portable devices, electric vehicles, 

and large-scale energy systems.[1] Over the last decades, wide-ranging research 

has been pursuing battery systems with higher energy density, higher safety, and 

lower cost for meeting the increasing demands of LIBs.[2, 3] Cathode materials are 

considered the bottleneck for further improving the battery performance to the 

next level. Among all sorts of cathode materials, Ni-rich layered transition-metal 

oxide LiNixCoyMnzO2 (x＞0.5) has shown the largest commercial interest as an 

alternative to LiCoO2, owing to its demonstrated high capacity of up to ~200mAh 

g-1. Despite a promising high energy density, Ni-rich cathodes are not yet very 

stable compared with other conventional cathodes (LiCoO2, LiMnO2, LiFePO4).[4, 

5] Ni-rich cathodes suffer from several deficiencies, including transition-metal 

dissolution, surface phase transformation from layered to inactive rock-salt 

structure, and residuals adhered on the electrode caused by electrolyte 

decomposition.[6, 7] All side products comprise a CEI film on the 

electrode/electrolyte interface, which dramatically increases the system 

impedance and can be detrimental to battery performance and lifetime.[8] 

Many candidates have been introduced as protective layers to stabilize the 

CEI film on Ni-rich cathodes. One can mention metal oxides (Al2O3, TiO2, MgO, 

etc.),[9-11] metal fluorides (AlF3, LiF, etc.),[12, 13] solid-state electrolytes (Li3PO4, 

Li2ZrO3, etc.),[14-16] carbon (e.g. graphene, carbon-nanotube (CNT)) and 

polymers.[17-20] However, most materials are Li-ion insulators with extremely low 

Li-ion diffusion coefficients, leading to low initial discharge capacities. Good Li-

ion conductors, such as the solid-state electrolytes, can efficiently alleviate 

electrode degradation by suppressing the CEI film formation and providing facile 

Li-ion transportation across the interface. Lithium niobate (LiNbO3), a solid-state 

electrolyte with high ionic conductivity and a relatively wide electrochemical 
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stability window, has been applied as a coating layer on other cathode materials 

(LiCoO2, LiMn2O4, LiNi0.5Mn1.5O4).[21-23] However, the combination of LiNbO3 

and a Ni-rich cathode is rarely reported in the literature. The mechanism behind 

the improved performance of a LiNbO3-coated Ni-rich cathode remains unclear, 

and the interaction between layers was neither studied. 

Additionally, existing research has recognized that additives used in 

conventional powder electrodes, such as conductive carbon and PVDF binder, 

also play a critical role in CEI and SEI film formation at cathodes and anodes, 

respectively.[24, 25] The contributions from these additives are likely to obscure 

reactions between the electrodes and electrolytes, making it essential to fabricate 

a simplified system to study the electrode degradation mechanisms fundamentally. 

Thin-film electrodes can provide a simple electrode configuration to study 

interfacial phenomena by isolating the additives from the electrodes and 

electrolytes. Another feature of the thin-film electrodes is the highly homogeneous 

morphology, which offers a clean and identical sample surface for analyses. 

Recently, several reports described thin-film electrodes for interfacial 

investigations. Still, the study of the LiNbO3/Ni-rich cathode thin-film electrode 

system has not been reported before.[26-29] 

In this work, we fabricated LiNi0.6Co0.2Mn0.2O2 cathodes (bare-NCM) and 

LiNbO3-coated LiNi0.6Co0.2Mn0.2O2 cathodes (LiNbO3@NCM) by RF magnetron 

sputtering. Clearly enhanced electrochemical performance was obtained with 

LiNbO3-protected electrodes. The interaction between NCM and LiNbO3 and the 

CEI film formation mechanism between the electrodes and electrolyte are also 

illustrated. 

5.2 Materials Preparation 

All sputter deposition targets were obtained from Advanced Engineering 

Materials Co., Ltd., China. Silicon wafers and quartz wafers with 3' diameters 
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were used as substrates. The current collector was deposited by direct-current 

magnetron sputtering of Pt onto the Si substrates. Thin-film electrodes were 

prepared by radio-frequency magnetron sputtering (Lesker, UK), combined with 

post-annealing. The sputtering process was performed in an Ar atmosphere under 

the chamber pressure of 5 mTorr and the sputtering power of 70 W. After 

deposition, the thin-film samples were annealed in air at either 300, 400, or 500 

oC. 

5.3 Results and Discussion 

5.3.1  Characterization Analysis 

Ni-rich LiNi0.6Co0.2Mn0.2O2 thin-films were deposited using a 

Li1.1Ni0.6Co0.2Mn0.2O2 ceramic target. Excess of Li was used to compensate for Li 

losses during sputtering and subsequent annealing. SEM images and 

corresponding EDX elemental mapping analyses of the annealed- 

LiNi0.6Co0.2Mn0.2O2 thin-film samples deposited on Si substrate are shown in 

Figure 5.1. Compared with the as-deposited NCM films (Figure 5.2), the thin film 

surface after high-temperature annealing presents a relatively rough morphology, 

with small sphere-like aggregated particles (Figure 5.1a).  
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Figure 5.1 SEM image of (a) bare-NCM thin-film, and (d) LiNbO3@NCM thin-film. 

Cross-sectional SEM image of (b) bare-NCM thin-film, and (e) LiNbO3@NCM thin-

film. EDX elemental analysis of (c) bare-NCM thin-film, and (f) LiNbO3@NCM thin-

film. 
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Figure 5.2 SEM image of an as-deposited bare-NCM thin-film. 

 

The EDX elemental analysis shows a uniform elemental distribution for the 

crystallized NCM film (Figure 5.1c). It reveals that the Ni:Co:Mn atomic ratio is 

17.64:6.32:5.78, consistent with the NCM sputtering target's elemental ratio. 

Similar to the pure NCM film, the surface of LiNbO3@NCM film shows nano-

sized crystalline grains (Figure 5.1d). A cross-sectional view of the film is given 

in Figure 5.1e. The thickness of NCM and LiNbO3 layers are 200 and 300 nm, 

respectively. The interfacial contact between the layers is found to be compact. 

The elemental distribution of Nb and O in the LiNbO3@NCM thin film has also 

been examined by EDX measurements (Figure 5.1f). The atomic ratio between 

Nb and O (22.07:77.93) is similar to that of the LiNbO3 target. Note that EDX of 

active electrode materials often shows some unlabeled peaks related to the 

elements in the substrate, the adhesive layer, barrier layer, and current collector. 

In the present study, the irrelevant elements are excluded, and a precise elemental 

ratio of active material is obtained. 
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Figure 5.3 XRD patterns of (a) NCM thin film and (b) LiNbO3 thin film under 

different annealing conditions. The peaks marked with black asterisks are related to 

the substrates. Silicon and quartz wafers were used as substrates for the XRD 

measurements of NCM and LiNbO3 thin films, respectively. The broad peak of the 

quartz wafers will overlap with the characterized (003) reflection of NCM thin film 

because the silicon wafer was used for the XRD measurements of NCM thin films. 

 

XRD is employed to compare the crystal structure of the as-prepared films 

at various annealing temperatures to determine the most optimized crystallization 

conditions. The diffraction patterns of the as-deposited NCM film and samples 

post-annealed at 300, 400, and 500 oC (Figure 5.3a) indicate a structural 

transformation from the amorphous phase to a crystalline structure with the 

sharpest peaks at the highest temperature. Compared to the standard LiNiO2 

hexagonal layered structure (R-3m space group), the samples annealed at 400 and 

500 oC are in good agreement with the reference material. Notably, the film 

annealed at 500 oC displays more distinct (101) and (104) reflections than the 400 

oC annealed film. It has been proven that Li-ion transportation takes place along 
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the (101) and (104) planes, while it is impeded along the (003) plane.[29] Therefore, 

post-annealing NCM thin films at 500 oC were further applied in all experiments. 

In addition, LiNbO3 thin-films prepared at various annealing temperatures have 

been XRD analyzed in detail. As shown in Figure 5.3b, the as-deposited LiNbO3 

presents an amorphous structure. However, with increasing annealing temperature, 

the crystallinity of the thin film is significantly enhanced. The characteristic peaks 

of the 400 and 500 oC annealed films correspond nicely to the standard hexagonal 

LiNbO3 structure (R3cH space group). Considering that the NCM layer was 

annealed at 500 oC, the heating process for the LiNbO3 layer applied at 400 oC 

will not influence the crystallinity of NCM. 

 

Figure 5.4 (a) CV curves of a LiNbO3 thin-film electrode. (b) Schematic diagram of 

Pt/LiNbO3/Pt sandwich electrode. (c) and (d) Ionic conductivity measurements of 

amorphous and crystalline LiNbO3 thin films, respectively. 
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Electrochemical examinations are carried out on LiNbO3 thin-film 

electrodes to probe its feasibility as a solid-state electrolyte. The stability window 

of the annealed LiNbO3 film is investigated (the liquid electrolyte used in the 

measurement is 1M LiPF6, EC/DMC 1:1), and one reversible redox couple is 

found at 2.6 and 3.7 V in the CV of Figure 5.4a. In contrast to the amorphous 

LiNbO3 film, the annealed sample is more stable with a stability window ranging 

from approximately 2.0 to 4.2 V, comparable with what has been reported in 

literature.[30,31] Impedance measurements are made with a sandwich-structured 

Pt/LiNbO3/Pt electrode to investigate the ionic conductivity (Figure 5.4b). The 

area and thickness of each micro-electrode are 1×1 cm2 and 300 nm, respectively. 

The result reflects that the annealed films reveal a higher Li-ion conductivity 

(1.32∙10-5 S cm-1) at room temperature, compared to the amorphous films 

(3.47∙10-7 S cm-1 in Figures 5.4c and 5.4d).  

 

Figure 5.5 XPS depth profiling of a pristine bare-NCM thin-film for (a) Ni 2p, (b) O 

1s, and a pristine LiNbO3@NCM thin-film for (c) Ni 2p, (d) O 1s spectra. 
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The effect of the LiNbO3 layer coating on NCM cathodes is further 

investigated by a XPS depth-profiling analysis. Multiple signals are collected after 

sputtering with an Ar500+ cluster ion source for 80 s for each collection. The 

evolution of the Ni 2p, Co 2p, Mn 2p, Nb 3d, and O 1s reflections for a bare-NCM 

film and a LiNbO3@NCM electrode are shown in Figures 5.5 and 5.6, 

respectively. In the Ni 2p spectra (Figure 5.5a), two characteristic peaks located 

at 855.8 and 862.5 eV are corresponding with the binding energy of Ni3+ 2p3/2 and 

Ni2+ 2p1/2, respectively. The elemental valence of Ni in the bare-NCM film 

remains consistent along with the increasing sputtering depth. In Figure 5.5b, two 

peaks of O 1s spectra are assigned to the bonding energy in M-O (M=Ni, Co, Mn; 

529.1 eV) and Li2CO3 (or LiOH; 532.2 eV). The existence of Li2CO3 (or LiOH) 

results from the chemically adsorbed species. This phenomenon has been 

commonly observed in the XPS spectra of Ni-rich cathode materials.[12] The 

sample is prepared in the open air. Thus a higher content of adsorbed species is 

found at the sample surface, leading to a higher intensity of the Li2CO3 (or LiOH) 

peak on the first sputtering layer.[32]  
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Figure 5.6 XPS depth profiling analysis of the pristine bare-NCM thin-film for (a) Co 

2p, (b) Mn 2p, and pristine LiNbO3@NCM thin-film for (c) Co 2p, (d) Mn 2p, (e) Nb 

3d spectra. 

 

The XPS depth profiles obtained with a LiNbO3@NCM thin film lead to 

interesting observations of the NCM/LiNbO3 interface. In Figure 5.5c, the 

evolution of Ni 2p spectra reveals a gradual valence change at the NCM/LiNbO3 

interface. The O spectra of LiNbO3@NCM thin-film also present the transition 

from the LiNbO3 layer (single peak located at 530.8 eV) to the NCM layer (two 

peaks) (Figure 5.5d). In addition, the Nb 3d spectra extracted from 

LiNbO3@NCM thin-film display the valence evolution as well (Figure 5.6e). 

However, for Co and Mn, both thin films show identical elemental valences. 

Apparently, no valence state changes can be found at the interface. In Figures 5.6a 

and 5.6c, the dominant valence of Co is Co3+ and is represented by the strong peak 

at 779.5 eV. For the Mn spectra, the binding energy of 641.9 eV indicates that the 

Mn ions mainly exist as tetravalent in as-prepared NCM film (Figures 5.6b and 

5.6d). The results obtained on NCM films match well with the NCM samples 



Chapter 5 Interfacial Characterization of LiNi0.6Co0.2Mn0.2O2 Thin Film Cathodes 

133 

prepared by other synthesis methods.[33] The corresponding Ni 2p, Nb 3d, and O 

1s spectra at the NCM/LiNbO3 interface are summarized in Figure 5.7. 

 

Figure 5.7 XPS spectra of (a) Ni 2p, (b) Nb 3d, and (c) O 1s XPS spectra extracted 

from the LiNbO3/NCM interface. 

 

As displayed in Figure 5.7, the spectra of Ni 2p, Nb 3d, and O 1s along the 

depth direction from the LiNbO3 top layer towards the underlying NCM layer are 

extracted. Figure 5.7a shows that Ni exists in the interlayer as Ni2+ ions. The 

intensity of the Ni2+ 2p3/2 peak (853.6 eV) increases while the etching process 

approaching the NCM layer, and the dominant valence state of Ni ion gradually 

transfers into Ni3+ (855.8 eV), consistent with the chemical environment in pure 

NCM material. Accordingly, the spectra of Nb 3d presents Nb5+ 3d5/2 (207.1 eV) 

on the LiNbO3 surface, while the co-existence of Nb5+ 3d5/2 and Nb4+ 3d5/2 peaks 

(204.2 eV) in the bulk of the LiNbO3 layer (Figure 5.8). This phenomenon can be 

explained by insufficient oxygen exposure to LiNbO3 during the heat treatment; 

the structure of the as-deposited layer is highly compact. The Nb4+ peak intensity 

decreases in the interface layer and eventually becomes undetectable along with 

an increasing sputtering depth (Figure 5.7b).  
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Figure 5.8 Nb 3d XPS depth profiling spectra of LiNbO3 layer on LiNbO3@NCM 

thin-film. 

 

The decreasing intensity of Nb4+ peak when approaching the NCM layer is 

related to the escalating influence of Ni ions on Nb species. Ni reveals a much 

stronger electronegativity than Nb.[34] Thus, the electronic cloud of Nb4+ was 

polarized toward Ni ions, resulting in the raised valence state of Nb4+. The lattice 

oxygen released from the NCM surface may also oxidize Nb4+ into Nb5+ in the 

interface area. In addition, the O 1s spectra at the interface show a transformation 

at the interface (Figure 5.7c). The single sharp peak located at 530.8 eV 

demonstrates that the O element at the interface is mainly from Nb-O. With 

increasing depth, the O 1s spectra become gradually dominated by O species from 

the NCM material (M-O, M=Ni, Co, Mn). As discussed before, a small peak 

observed at 532.2 eV is attributed to chemically adsorbed oxygenic species 

(Li2CO3 or LiOH), displaying an identical characteristic peak as the O spectra 

obtained for pure NCM films. In short, the interface between NCM and LiNbO3 

layers formed during the heat treatment in the preparation process is associated 

with Ni ion diffusion and interaction with the LiNbO3 films. Moreover, based on 
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the XPS depth profiling analyses, the intrinsic thickness of the interface is 

analyzed at approximately 30 nm. 

5.3.2  Electrochemical Analysis 

The electrochemical properties of the as-obtained thin-film electrodes are 

shown in Figure 5.9 within a voltage range of 3.0 to 4.1 V (vs. Li/Li+). As a 

reference, the performance of a commercial LiNi0.6Co0.2Mn0.2O2 powder electrode 

is also included in Figures 5.9a and 5.9b. The characteristic sloping voltage 

regions for thin-film electrodes can be found in the (dis)charge curves and are 

comparable to that for an NCM powder electrode. Obviously, the discharge 

specific capacity of the thin-film electrodes is somewhat lower than that of the 

commercial powder electrode. A probable explanation is that the thin-film 

electrode configuration is restricted by its contact area with the electrolyte. 

Consequently, the electrochemical reaction of active material is somewhat 

hampered during operation. A similar phenomenon has been reported in other 

work.[25] Nevertheless, the LiNbO3-coated sample demonstrates an improved 

specific discharge capacity (161.4 mAh g-1) in comparison to the bare NCM thin-

film (157.5 mAh g-1) (Figure 5.9a). Figure 5.9b shows the differential capacity 

(dQ/dV) plot of all electrodes shown in Figure 5.9a. Two oxidation peaks 

appeared during the deintercalation process, revealing the identical phase 

transition for all electrodes. According to previous research, these two peaks can 

be identified as phase transformation from hexagonal (H1) to monoclinic (M) and 

monoclinic to hexagonal (H2) in Ni-rich cathodes.[35, 36] These results indicate that 

the thin films underwent the same phase transformation process as powder 

electrodes.  
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Figure 5.9 (a) Constant-current (dis)charge voltage curves of thin-film and powder 

electrodes at 0.2 C-rate, (b) Differential capacity curves of the constant-current curves 

of (a), (c) Cycling performance of thin-film electrodes at 0.5 C, (d) EIS plots of 

pristine and cycled electrodes. 

 

The cycling stability of thin-film electrodes during the first 30 cycles is 

shown in Figure 5.9c. For the LiNbO3-protected NCM thin-film, it can be seen 

that the initial discharge capacity and coulombic efficiencies are higher than those 

of the bare-NCM thin-film electrode. The discharge capacity of both films is 

declining upon cycling, whereas the bare-NCM film exhibits a faster fading rate. 

Its capacity drops 51.8% and can only deliver approximately 58.1 mAh g-1 after 

30 cycles. On the other hand, the specific capacity of LiNbO3@NCM film retains 

84.1% and reveals 119.2 mAh g-1 at the end of cycling. Furthermore, the 

LiNbO3@NCM film demonstrates an enhanced and steady coulombic efficiency 
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above 90% compared to bare NCM film of around 80%. The continuous decay of 

coulombic efficiency for the bare-NCM film suggests degradation of its reversible 

specific capacity during operation.  

The electrochemical impedance of both thin-film electrodes before and 

after cycling is shown in Figure 5.9d. The Nyquist plots show a semicircle in the 

high-frequency range and a straight line at low frequencies, representing the 

charge-transfer resistance (Rct) and Li-ion diffusion, respectively. The fitting 

parameters of ohmic resistance (RE) and Rct for electrodes are presented in Table 

5.1. For the pristine samples, the bare-NCM reveals a low Rct value of 11.4 Ω, 

while the Rct of the LiNbO3@NCM sample shows an impedance of 93.5 Ω owing 

to the increased layer thickness. However, after cycling, the initial resistance of 

bare-NCM shows a significant increase and rise to 77.1 Ω. In contrast, the 

LiNbO3@NCM shows only a modest rise in Rct to 115.1 Ω. Such behavior implies 

that the electrochemical kinetics of the bare-NCM sample is significantly hindered 

over time, suggesting that some inactive species might agglomerate at the 

electrode surface.  

Table 5.1. Fitting parameters of EIS results of pristine and cycled cathodes. 

 
bare-NCM 

pristine 

bare-NCM 

cycled 

LiNbO3@NCM 

pristine 

LiNbO3@NCM 

cycled 

RE (Ω) 23.6 24.4 23.1 23.2 

Rct (Ω) 11.4 77.1 93.5 115.1 

 

5.3.3  Post-Mortem Analysis 

To further investigate the electrode properties after cycling, SEM and EDX 

are applied to explore the electrode surface morphological and elemental 

evolution. In Figure 5.10, the bare-NCM film surface exhibits a destructive 

morphology with several cracks. This is considered to be induced by volume 
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changes upon cycling the Ni-rich cathode. The electrolyte could penetrate through 

the cracks during cycling and give rise to renewed CEI-formation of freshly 

exposed material. The existence of CEI is generally seen as a factor strongly 

related to the capacity deterioration of Ni-rich cathodes. In comparison, the 

morphology of cycled LiNbO3@NCM thin-film electrode presents a relatively 

intact structure. The LiNbO3 layer tends to protect the underlying NCM layer from 

structural collapse. The EDX results detect P and F-residuals at the surface, 

resulting from the CEI-formation. LiNbO3@NCM films demonstrate a reduced P 

and F amount compared to bare-NCM thin films, suggesting a lower content of 

residuals formed at the electrode surface.  

 

Figure 5.10 SEM images and EDX elemental analysis of (a) cycled bare-NCM and 

(b) cycled LiNbO3@NCM thin-film electrodes. 

 

Most importantly, for Ni-rich cathode materials, a relatively intact structure 

helps to survive HF attack from the electrolyte. HF arises from the reaction 

between LiPF6 salt and H2O traces in the electrolyte, as described by reaction 

(5.1)[32, 37] 
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LiPF6 + H2O → LiF + POF3 + 2HF                                  (5.1) 

POF3 + 2Li+ + e- → LiF + LiPOF2                               (5.2) 

where the production of reaction (5.2) not only contains LiPOF2, with a various 

reacting ratio between POF3 and Li+, the compound thus can be denoted as 

LixPOyFz . 

 

Figure 5.11 ICP measurement of electrolyte in cycled electrodes. 

 

HF is highly toxic to most electrodes because HF tends to react with active 

materials, which leads to structural fatigue and transition-metal dissolution. 

Regarding metal dissolution, it has been reported that nickel dissolution is one of 

the strongest degradation mechanisms of Ni-rich cathodes.[38] An ICP test of the 

electrolyte after cycling is presented in Figure 5.11 to evaluate the transition-metal 

dissolution status for both electrodes. The result indicates that the LiNbO3@NCM 

sample has a lower amount of metal ions than bare-NCM, showing the capability 

of the LiNbO3 layer to inhibit the transition-metal dissolution caused by HF. 
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Figure 5.12 XPS depth profiles of a cycled bare-NCM thin-film electrode for (a) Ni 

2p, (b) O 1s, (c) F 1s (d) P 2p spectra, and cycled LiNbO3@NCM thin-film electrode 

for (e) Ni 2p, (f) O 1s, (g) F 1s (h) P 2p spectra. The pink curves in (a) and (b) represent 

the existence of NiO-type rock-salt layer; the pink planes in (d) and (h) indicate the P 

2p peak position. 
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XPS depth profiling is again employed to get more in-depth information of 

the chemical evolution of components in both thin films after cycling. For the 

bare-NCM electrode, shown in the Ni 2p spectra of Figure 5.12a, the peaks of the 

first two layers are significantly different from those of the pristine NCM film, 

indicating the formation of Ni-species at the electrode surface. For the Co and Mn 

spectra, no such striking transformation can be observed in depth (Figures 5.13a 

and 5.13b). In the O 1s spectra (Figure 5.12b), the peak development further 

reveals the complexity of the chemical environment at the electrode surface. 

Moreover, P and F-contained residuals are detected that are generated in the 

relatively deeper layers inside the NCM film (Figures 5.12c and 5.12d). The F 1s 

peak located at 685.1 eV is assigned to LiF, and the P 2p peak located at 135.0 eV 

is assigned to LixPOyFz. Both LiF and LixPOyFz are decomposition products of 

LiPF6 (reaction 5.2) and have been confirmed to be unfavorable to Li-ion 

transportation due to the high impedance.[37, 39] Therefore, this finding suggests 

that the cracks in the cycled NCM film accelerate electrolyte penetration and the 

formation of undesirable reaction products.  
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Figure 5.13 XPS depth-profiling analysis of a cycled bare-NCM thin-film electrode 

for (a) Co 2p, (b) Mn 2p, and cycled LiNbO3@NCM thin-film electrode for (c) Co 2p, 

(d) Mn 2p, (e) Nb 3d spectra. 

 

XPS depth profiling of elements in a LiNbO3@NCM thin film is also 

demonstrated in Figures 5.12 and 5.13. No noticeable evolution can be seen in the 

Ni 2p (Figure 5.12e) and Nb 3d spectra (Figure 5.13e) peaks compared with those 

of the pristine sample, suggesting the stability of the NCM/LiNbO3 interface 

during the (dis)charge process. The valence state of O also displays a neglectable 

change after cycling (Figure 5.12f). Similarly, Co 2p and Mn 2p spectra retain the 

consistent valence states after cycling (Figures 5.13c and 5.13d). In particular, 

according to the depth profiles of F 1s and P 2p, residuals of P, F-species can only 

be found in the first few layers, implying the intact structure of LiNbO3@NCM 

thin film (Figures 5.12g and 5.12h). The lower content of LiF and LixPOyFz at the 

electrode surface is associated with the fact that the LiNbO3 layer significantly 

suppresses the decomposition of LiPF6. Hence, one can conclude that the 

underlying NCM material is protected from electrolyte corrosion. Its 
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electrochemical performance is less declined than the bare-NCM thin-film 

electrode. 

A more-detailed analysis of the composition of the CEI film generated on 

the electrode/electrolyte interface can be made. Figures 5.14 and 5.15 analyze 

corresponding XPS spectra obtained from the surface of both thin-film electrodes. 

For the bare-NCM film, the Ni 2p spectra show a rather complex development. 

As indicated in Figure 5.14a, the initial Ni ion existed as Ni2+ (854.5 eV) and Ni3+ 

(855.2 eV) in the pristine electrode. While after cycling, three new Ni-containing 

phases are found at the surface. The peak located at 861.2 eV is ascribed to NiO, 

resulting from the side reaction in the Ni-rich cathode, such as cation disorder 

during (dis)charging.[40] In addition, the peak at 857.2 eV can be attributed to the 

binding energy of the Ni-F bond in NiF2, which may be induced by the reaction 

between dissolved Ni2+ ions and the decomposition products of LiPF6: POF3 and 

HF.[41] Moreover, a peak representing Ni0 is also identified at 850.1 eV. A possible 

explanation of this is that the dissolved Ni-ions in the electrolyte reduce at the 

anode surface and form metallic Ni species. Then, the metallic Ni species partially 

transport from the anode side to the cathode surface during cycling. Recently, 

several reports have reported the chemical crossing of CEI/SEI components 

between the cathode and anode. These results indicate that the CEI is not only 

formed by electrolyte decomposition at the cathode surface but also by the 

transportation of anodic components.[43] This phenomenon has also been found in 

other studies.[42-44]  
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Figure 5.14 XPS surface analysis of a pristine and cycled bare-NCM thin-film 

electrode for (a) Ni 2p, (b) O 1s, (c) C 1s spectra, and pristine and cycled 

LiNbO3@NCM electrode for (d) Ni 2p, (e) O 1s, (f) C 1s spectra. 

 

Figures 5.15a and 5.15b display the Co and Mn spectra collected from the 

cycled bare-NCM electrode surface. With no new peaks found in both spectra, Co 

and Mn elements show a relatively stable behavior during cycling. In particular, 

the Mn 2p spectrum has two major peaks located at 641.3 eV (representing Mn3+ 

2p3/2) and 642.4 eV (representing Mn4+ 2p3/2). The content of Mn3+ 2p3/2 increases 

slightly for the cycled electrode. The higher amount of Mn3+ results from the 
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oxygen loss in the Ni-rich cathode when the surface structure transforms from 

layered to the rock-salt phase. As-formed Mn3+ tends to partially reduce into Mn2+ 

and dissolve into the electrolyte, consequently declining the electrode capacity to 

some extent.[45] 

 

Figure 5.15 XPS surface analysis of a pristine and cycled bare-NCM thin-film 

electrode for (a) Co 2p, (b) Mn 2p, and pristine and cycled LiNbO3@NCM electrode 

for (c) Nb 3d spectra. 

 

The O 1s and C 1s spectra also provide information about the CEI 

components formed at the electrode surface. For the bare-NCM electrode before 

cycling (Figure 5.14b), the dominant peaks are located at 529.0 and 531.1 eV. 

They can be associated with the M-O bond (M=metal) in NCM and the C-O bond 

in Li2CO3, respectively. While after cycling, a relatively strong peak emerges at 

533.7 eV, which can be ascribed to lithium alkyl carbonates (ROCO2Li).[32, 37] 

Accordingly, in the C 1s spectra (Figure 5.14c), two peaks can be detected for the 

pristine electrode. The peak at 584.8 eV is related to the C-C bond in the carbon 

contamination. It has been confirmed that most samples that have been exposed 

to the atmosphere will have a detectable quantity of carbon at the surface.[37] The 

peak at 288.5 eV is the binding energy of O-C=O and should be attributed to 

Li2CO3. In cycled bare-NCM, a new peak located at 285.1 eV is identified, 

corresponding to the chemical state C-O-C in ROCO2Li. Although the generation 
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mechanism of ROCO2Li remains unclear, several different reaction routes have 

been proposed[46-49] 

ROCO2R + 2MeO- → ROCO2
- + Me2O + RO-              (5.3-1) 

ROCO2
- + Li+ → ROCO2Li                (5.3-2) 

ROCO2R + Li+ → ROCO2Li + R+                  (5.4) 

LiPF6 → LiF + PF5                (5.5-1) 

PF5 + ROH → POF3 + HF + RF               (5.5-2) 

POF3 + RO2CO → POF2ORF + CO2               (5.5-3) 

POF2ORF + Li+ + e- → POF2OR + LiF                        (5.5-4) 

POF2OR + Li2CO3 → POF2OLi + ROCO2Li              (5.5-5) 

On the other hand, for the LiNbO3@NCM thin film electrode, the surface 

component development after cycling displays a different trend. In Figure 5.14d, 

the Ni spectra inhibit two peaks at 850.1 and 861.2 eV, attributing to Ni0 2p3/2 and 

the Ni-F bond in NiF2, respectively. According to Figure 5.14a, ions generated 

from dissolved Ni during cycling, NiF2, and metallic Ni products are also detected 

at the LiNbO3@NCM electrode surface, similar to the bare-NCM electrode. 

Figure 5.15c shows the XPS spectra of the Nb element, where a new peak located 

at 205.8 eV for the cycled electrode can be assigned to Nb4+ 3d5/2. Accordingly, 

the presence of Nb4+ might be induced by the reduction effect of metallic Ni. 

Likewise, regarding the O 1s and C 1s spectra (Figures 5.14e and 5.14f, 

respectively), the characteristic peaks of Li2CO3 and ROCO2Li are also found at 

the surface. However, compared with bare-NCM, the LiNbO3@NCM electrode 

displays a weaker peak intensity, especially for the ROCO2Li component. This 

comparison suggests that the LiNbO3 layer can suppress the electrolyte 

decomposition and residuals formation at the electrode surface.   
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Figure 5.16 Schematic diagram of the CEI film formation at bare-NCM (a) and 

LiNbO3@NCM thin-film electrodes (b). 

 

Based on XPS depth-profiling and surface analysis, the chemical evolution 

of the CEI film at the electrode surface is illustrated in Figure 5.16. For the bare-

NCM electrode (Figure 5.16a), an inactive NiO-like rock-phase layer is formed at 

the electrode surface during cycles, initiated by cation-mixing and structural 

transition. Meanwhile, the electrolyte component decomposes and reacts at the 

electrode surface, creating various residuals, such as LiF, LixPOyFz, ROCO2Li, 

etc.[50-52] On the other hand, the diffusing Ni-ions react with decomposition 

substances and form NiF2. Notably, traces of P and F-containing residuals can be 

detected deeper inside the electrode, suggesting that the CEI formation not only 

occurs at the electrode surface. This phenomenon is mainly related to the growth 

of cracks and structural deterioration of the electrode, leading to a severe 

electrolyte penetration during cycling. As reported, most species formed inside 

CEI films (LiF, NiF2, ROCO2Li) are bad Li-ion conductors.[32] The relatively high 
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impedance will hinder Li-ion transport, leading to fading of the electrochemical 

performance. 

In contrast, the LiNbO3@NCM electrode demonstrates the absence of a 

NiO-like layer at the NCM/LiNbO3 interface. It contains fewer inactive products 

in the CEI film (Figure 5.16b). The inactive products only exist on the first few 

electrode layers, showing that the LiNbO3 layer successfully protects the 

underlying NCM material from electrolyte penetration and HF attack. The 

presented analyses indicate that the stability of the NCM/LiNbO3 interface during 

cycling and the existence of the LiNbO3 layer can effectively inhibit HF corrosion, 

suppress electrolyte decomposition, and eventually mitigate the CEI film growth. 

5.4 Conclusions 

LiNi0.6Co0.2Mn0.2O2 and LiNbO3-coated LiNi0.6Co0.2Mn0.2O2 thin-film 

electrodes have been fabricated via sputtering deposition on silicon substrates. 

Chemical and structural characterizations reveal that the obtained films were of 

the desired crystallinity. XPS depth profiling has been intensely applied to collect 

information from the LiNbO3/LiNi0.6Co0.2Mn0.2O2 interface and CEI film 

formation at the electrodes. An interface with a thickness around 30 nm is 

identified between LiNi0.6Co0.2Mn0.2O2 and LiNbO3 layers, caused by Ni2+ ions 

diffusion from LiNi0.6Co0.2Mn0.2O2 in the LiNbO3 layer. The electrochemical tests 

show that LiNbO3/LiNi0.6Co0.2Mn0.2O2 electrode shows enhanced electrode 

stability and mitigates the impedance increase upon cycling compared to bare 

LiNi0.6Co0.2Mn0.2O2 electrodes.  

Post-mortem analyses reveal the stability of the 

LiNbO3/LiNi0.6Co0.2Mn0.2O2 interface and show the elemental distribution in the 

CEI film of both thin-film electrodes. The LiNbO3 layer maintains a compact 

morphology and effectively suppresses cation-mixing, resisting HF attack and 

restraining electrolyte decomposition, which leads to an alleviated CEI film 
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growth. Residuals unfavorable to Li-ion transport have been detected in lower 

amounts at the surface of LiNbO3/LiNi0.6Co0.2Mn0.2O2 electrodes.  

This work presents a simple solution to isolate active material from carbon 

additives and binders. The interaction between Ni-rich LiNi0.6Co0.2Mn0.2O2 

cathodes and LiNbO3, and the CEI film formation between the electrodes and 

electrolyte, has been demonstrated. More information on the interface formation 

during cycling can be obtained by applying more advanced characterization 

methods, such as in situ atomic-scale techniques. Considering LiNbO3 is a 

promising solid-state electrolyte with high ionic conductivity and a wide stability 

window, the present work also contributes to developing electrochemically stable 

all-solid-state Li-ion batteries. 
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Chapter 6 

Stabilized Li-metal Anodes for 

LiNi0.6Co0.2Mn0.2O2/Li Batteries 

 

Abstract 

The stability of solid-electrolyte interphase (SEI) surface films at Li-metal 

anodes is crucial for the safe and durable operation of lithium-metal batteries 

(LMBs). Combining Li-metal anodes with high-performance Ni-rich transition-

metal-oxide cathodes, LMBs can meet the goal of a high specific energy density 

of more than 500 Wh kg-1. However, Li-metal anodes suffer from serious 

problems, especially the nonuniform lithium deposition and uncontrollable SEI 

formation. In this chapter, a robust Li-metal anode with a LiNbO3 protective layer 

is proposed. Full-cells composed of protected Li-metal anodes and 

LiNi0.6Co0.2Mn0.2O2 cathodes are examined electrochemically and by physical 

characterization methods. Post-mortem analyses of pristine and prolonged cycled 

Li-metal anodes are performed. The results reveal the formation of more stable 

SEI films at the protected Li-metal anodes than unprotected electrodes. 

Consequently, the LiNbO3 layers improve the cycle-life performance of Li-metal 

anodes in LMBs. Furthermore, XPS analyses show that the reduction of metallic 

ions stemming from Ni-rich cathodes is also inhibited by the protective LiNbO3 

layers, thereby further controlling the degradation of Li-metal anodes. 
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6.1 Introduction 

LIBs are commercially successful and have been studied over several 

decades, thanks to the growing number of energy storage applications, including 

portable devices and (hybrid) electric vehicles.[1-3] Nevertheless, the development 

of conventional LIBs, which are based on the intercalation chemistry of both 

electrodes, is gradually approaching the capacity limit of about 300 Wh kg-1.[4] 

The demand for rechargeable batteries with higher energy density is therefore of 

crucial importance for future applications.  

Considering Li-metal offers a very high theoretical specific capacity as an 

anode of 3860 mAh g-1 at the lowest redox potential of 0 V vs. Li+/Li, lithium-

metal secondary batteries (LMBs) are likely to be the most promising alternative 

for the next generation of LIBs.[5, 6] In this regard, Li-metal electrodes are 

considered the ultimate goal as anode material in rechargeable batteries. In 

combination with high-performance Ni-rich nickel-cobalt-manganese layered 

oxides (NCM), such a new battery system is expected to deliver a capacity of more 

than 500 Wh kg-1.[7] Despite these advantages, the remaining challenges 

associated with serious safety concerns severely constrain further 

commercialization of Li-metal anodes in LIBs.[8-10] 

On the one hand, Li, by nature, has an extremely high reactivity towards 

organic electrolytes. Multiple side reactions spontaneously occur at metallic 

lithium electrodes in contact with the electrolyte, leading to numerous by-products 

at the anode surface. During battery operating, these side reactions will be 

accelerated, resulting in an even increased electrolyte consumption and, 

consequently, severe battery degradation.[11] Furthermore, uneven Li-metal 

deposition will lead to unfavorable dendrite formation, generating serious safety 

issues, such as internal short-circuiting and thermal runaway.[12] Therefore, unlike 

graphite anodes that form a relatively stable SEI film, the SEI formation at Li-
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metal anodes is rather uncontrolled and accompanied by the growth of a high-

porosity surface morphology.[13]  

Many approaches have been adopted to tailor the surface of Li-metal 

anodes by controlling both the SEI formation and Li-metal deposition 

morphology.[14-17] Most studies only focused on symmetric metallic Li cells or 

Li/Cu cells where Cu is used as current collector.[18-20] However, the influence of 

cathode materials on the electrochemistry of Li-metal anodes is rarely discussed. 

Notably, it has been identified that the surface reactions at the anode show a strong 

correlation with the cathode material.[21, 22] It was found that applying various 

cathode materials leads to different SEI surface layers at the anodes. Up to now, 

several reports have presented this so-called crossover effect between the cathode 

and anode in LIB chemistries, such LiCoO2/Li,[23] LiFePO4/Li,[24] and 

LiNi0.5Co0.3Mn0.2O2/graphite,[21] cells while a detailed analysis of Ni-rich 

NCM/Li batteries is still lacking.  

A single report discussed the influence of three different cathode materials 

(LiNi0.5Mn1.5O4, LiNi0.6Co0.2Mn0.2O2, and LiFePO4) on the morphology of Li-

metal deposition. Still, the investigation of the SEI formation was rather limited.[25] 

Another report recently presented results of cathode-anode crossover, occurring 

in LiNi0.9Co0.05Mn0.05O2/Li and LiNi0.9Co0.05Mn0.05O2/graphite cells.[26] However, 

this work only explored the SEI formation for the cells (dis)charged up to 50 

cycles, which is unrepresentative for long-life batteries as some effects induced 

by the cathode, such as the dissolution of transition-metal ions, can only be 

appropriately detected during prolonged cycling. Given the importance of 

improving the Li-metal anode, it is vital to understand the SEI evolution at 

metallic Li anodes.  

In this chapter, LiNbO3, a solid-state electrolyte with a high ionic 

conductivity, is proposed as protective layer for Li-metal anodes. After protection, 

the Li-metal anodes show an enhanced stripping/plating stability in symmetric 
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cells, indicating that the surface reactions are well controlled by the presence of 

these LiNbO3 layers. Subsequently, LiNi0.6Co0.2Mn0.2O2/Li cells were assembled 

and investigated. The electrochemical performance of cells using bare-Li anodes 

and LiNbO3-coated Li anodes are compared comprehensively. Particular attention 

is drawn to the differences of the SEI surface film evolution and Li-metal 

deposition morphology on both types of anodes during initial and prolonged 

cycling. The distinct responses of Li-anodes towards crossover induced by the 

cathode have been investigated, and the insights regarding the optimization role 

of LiNbO3 protective layers in achieving the suppressed SEI formation are 

revealed. 

6.2 Materials Preparation 

LiNbO3-coated Li-metal electrodes: Li-metal foil with 0.75 mm thickness 

was purchased from Alfa Aesar (USA), commercial Ni-rich LiNi0.6Co0.2Mn0.2O2 

powders (NCM) was obtained from Tianjin B&M Science and Technology 

(China), and LiNbO3 sputtering targets were obtained from Lesker (UK). The 

whole process was operated in a glove box, avoiding any exposure to air. LiNbO3 

thin films were deposited on Li foil by radio-frequency magnetron sputtering 

(Lesker, UK). The distance between substrate and target was fixed at 15 cm. The 

substrates kept rotating at a speed of 20 rpm to guarantee homogeneous deposition. 

The sputtering process was performed in an Ar atmosphere at a chamber pressure 

of 5 mTorr, and 60 W sputtering power. The thickness of the obtained LiNbO3 

layers was determined to be 30 nm at a deposition rate of approximately 2 Å min-

1. 
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6.3 Results and Discussion 

6.3.1  Characterization Analysis 

Figure 6.1 shows the SEM results of the surface morphology of bare Li-

metal (a) and LiNbO3-protected Li-metal (b). The surface of bare-Li demonstrates 

an overall smooth surface morphology with several intrinsic micro-scratches. 

After deposition of LiNbO3, it can be seen that the layer has been homogeneously 

and conformally coated onto the Li-metal. This layer compactly covers the micro-

scratches at the Li-metal surface. Note that the LiNbO3 layer prepared via 

sputtering at room temperature is amorphous. No diffraction peaks can be 

identified in the XRD pattern (Figure 6.2). The EDX spectrum of obtained 

LiNbO3-Li sample shows a strong Nb signal. The mapping analysis reveals a 

uniform elemental distribution of the LiNbO3 layer (Figure 6.1c).  

 

Figure 6.1 SEM images of (a) pristine bare Li-metal, and (b) pristine LiNbO3-coated 

Li-metal electrode. (c) EDX spectrum and elemental Nb-mapping of the LiNbO3 

protective layer. (d) XPS spectrum of the as-deposited amorphous LiNbO3 layer. 

Optical images of the Li-corrosion process under ambient atmospheric conditions of 

(e) bare Li-metal and (f) LiNbO3-coated Li-metal. 
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The elemental valence state of Nb in the amorphous LiNbO3 layer has also 

been analyzed by XPS. The Nb 3d spectrum shown in Figure 6.1d implies that Nb 

ions exist in the amorphous LiNbO3 layer on Li-metal as Nb5+, the peaks located 

at 207.2 and 210.5 eV are attributed to Nb5+ 3d5/2 and Nb5+ 3d3/2, respectively. In 

addition, to evaluate the compactness of the coating, both protected and 

unprotected metal samples are placed under ambient atmospheric conditions at 

25oC for 5 min. It is well known that Li-metal is highly reactive with oxygen, 

nitrogen, and water in the air. Thus, after exposure, the surface of the bare-Li 

sample rapidly turns into tarnish within a few minutes to become ultimately black 

after 5 min (Figure 6.1e). The color change is associated with multiple compounds 

formed at the Li-metal surface, including Li2CO3, Li2O, LiOH, Li3N, etc.[9] 

In contrast, the surface of LiNbO3-protected Li-metal remains stable. It 

nearly maintains its original metallic shining state after 5 min exposure to air 

(Figure 6.1f). This observation indicates that a homogeneous coating of LiNbO3 

might be effective as a protective layer at metallic Li electrodes.  

 

Figure 6.2 XRD pattern of as-deposited LiNbO3 layer. 
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6.3.2  Electrochemical Analysis 

Lithium stripping and plating have been performed in symmetric Li-Li cells 

to investigate the interfacial stability of Li-metal electrodes. Figure 6.3 shows the 

evolution of the cell impedance with storage time, keeping the cells under open-

circuit conditions. The impedance of the bare Li-cell (a) increases significantly 

over time. This is due to the spontaneous reaction of metallic Li with the 

electrolyte, leading to the continuous growth of the passive layer. However, the 

impedance of the symmetric LiNbO3-Li cell (Figure 6.3b) shows that the charge-

transfer resistance reached a highly stable state after approximately 20 h storage. 

That can be attributed to the effective isolation properties of the LiNbO3 coating, 

which suppresses parasitic reactions at the Li-metal surface. Notably, the pristine 

LiNbO3-Li symmetric cell (b) shows a larger initial resistance, owing to the 

additional ionic conductivity of the protective coating. It has been extensively 

reported that Li-metal is thermodynamically unstable in organic solvents.[13] Thus, 

protecting Li-metal electrodes from side reactions with the electrolyte is essential 

to stabilize the anodes of LMBs.  
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Figure 6.3 EIS spectra of symmetric Li cells with (a) bare Li and (b) LiNbO3-

protected Li during storage at room temperature. (c) Overview of galvanostatic 

cycling experiments of symmetric Li cells at 0.5 mA cm-2 and at a higher 

magnification after (d) 80 hours cycling and after (e) 195 hours cycling. (f) Overview 

of galvanostatic profiles of symmetric Li cells cycled at 1 mA cm-2 and in more detail 

after (d) 80 hours cycling, and after (e) 175 hours cycling. 
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The stability of the Li stripping/plating process has been further 

investigated in symmetric cells. Figure 6.3c shows the voltage profiles of bare-Li 

(green) and LiNbO3-Li (orange) symmetric cells cycled in a commercial 

electrolyte (1 M LiPF6 in 1:1 EC/DMC) at a current density of 0.5 mA cm-1 during 

0.5 h for each step. It can be seen that the bare-Li symmetric cell revealed 

significantly enlarged overpotentials with increasing cycling time. As shown in 

Figure 6.3d, the stripping/plating overpotentials after about 80 hours are very 

similar for both symmetric cells (160 mV vs. Li+/Li). However, the overpotential 

of the bare-Li cell continuously increases up to 600 mV at the end of cycling and 

encounters a sudden voltage drop after 195 h (green curve in Figure 6.3e), 

implying a detrimental cell failure caused by short-circuits. The unstable voltage 

is attributed to the nonuniform Li-metal nucleation and SEI formation during 

cycling. The end of life is clearly related to the formation of detrimental short-

circuits. In contrast, the performance of the LiNbO3-Li symmetric cell (orange 

curve) demonstrates improved stability with no sign of any short-circuits even 

after 200 h of cycling. 

Remarkably, at a higher current density of 1 mA cm-2, the LiNbO3-Li 

symmetric cell still demonstrates highly stable behavior with negligible 

overpotential changes. The overview of Figure 6.3f shows a sharp contrast 

between the two voltage profiles. The summation of the overpotentials, occurring 

during charging and discharging the bare-Li symmetric cell, increase from 400 

mV after 80 hours (Figure 6.3g) to around 900 mV after 175 hours (Figure 6.3h). 

Also, the significant increase of overpotential is followed by considerable noisy 

fluctuations at 173 h (Figure 2h). Cell failure can be observed after 180 h, whereas 

for the LiNbO3-protected Li cell, the voltage profile at higher current density 

shows similar behavior to that of 0.5 mA cm-2. In this case, the overpotentials only 

slightly increase from 220 mV to 250 mV at the end of cycling. The much longer 

cycle life and improved stability of the LiNbO3-Li symmetric cells show that the 

LiNbO3 protective layer facilitates unobstructed Li-ion transport, leading to 
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homogeneous Li deposits and only moderate volume expansion during the 

stripping and plating process.  

 

Figure 6.4 EIS spectra of symmetric Li cells at (a) pristine state, (b) 20th cycle, (c) 

50st cycle, (d) 100th cycle, (e) 150st cycle, (f) Equivalent circuit, and Rs evolution 

during cycling. SEM images of cycled (g) bare Li, and (h) LiNbO3-protected Li. 
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EIS measurements have been conducted with both symmetric cells after 

various cycles (Figure 6.4a-e). The adopted equivalent circuit and the surface film 

resistance obtained by spectra fitting are shown in Figure 6.4f. The bare-Li and 

LiNbO3-coated Li have shown surface film resistance of 341 and 529 Ω for the 

pristine cells, respectively (Figure 6.4a). The larger resistance of pristine LiNbO3-

Li must be attributed to the deposited LiNbO3 layer, which acts as a barrier for 

Li+-ion transport, in contrast to the bare-Li case. Figure 6.4b shows that after the 

initial cycles of stripping and plating, both symmetric cells experience a 

significant reduction of Rs to 35 and 53 Ω. Subsequently, Rs of the LiNbO3-Li cell 

increases from 122 Ω after 50 cycles to 276 Ω after 150 cycles. While for the bare-

Li symmetric cell, a much larger increase of Rs is observed. The impedance of 

bare-Li cell gradually rises from 183 (50st cycle) to 543 Ω (150st cycle), displaying 

approximately a two times higher resistance than for LiNbO3-Li cell after long-

term cycling. 

The electrode morphologies have been further examined by SEM after 200 

hours of stripping and plating. The intensively cycled bare-Li cell reveals a 

notably rough and porous surface morphology (Figure 6.4g) with Li dendrites and 

a needle-like structured Li surface layer. The Li structures on the bare-Li surface 

have been considered as "dead Li", losing electronic contact with the bulk Li-foil, 

and are associated with the sharp impedance increase during cycling. 

Contrastingly, the surface of the cycled LiNbO3-protected Li cell maintains a 

relatively flat and compact structure (Figure 6.4h). It is also found that the surface 

of the LiNbO3-Li electrode adopts a slightly convex shape after cycling compared 

to its pristine state. This observation suggests the presence of internal stress 

induced by the Li volume expansion underneath the LiNbO3 layer. These results, 

therefore, demonstrate that the LiNbO3-coating with intrinsic high ionic 

conductivity effectively provides smooth Li transportation through the LiNbO3/Li 

interface. That leads to a homogeneous Li stripping/plating process with relatively 

uniform Li deposition. 
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Figure 6.5 (a) Galvanostatic (1 C) cycling of the initial 10 and 100 cycles, and (b) 

voltage profiles of NCM/Li cells at various cycles. (c) EIS spectra of the Li anodes 

after cycling. Top view and cross-section view of SEM images of bare-Li anode after 

(d) 10 cycles, and (e) 100 cycles. Top view and cross-section view of SEM images of 

LiNbO3-Li anode after (f) 10 cycles, and (g) 100 cycles. 

 

The electrochemical performance and corresponding materials 

characterization of full cells with commercial Ni-rich NCM cathodes and Li-metal 

anodes have been investigated for the potential practicability of LiNbO3-protected 
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Li anodes. Figure 6.5a demonstrates the cycling performance of the two NCM/Li 

cells cycled at 1 C-rate within the voltage range of 3.0-4.3 V vs. Li+/Li. The 

cycling profiles of the first 10 cycles highlight the rapid degradation of the 

NCM/Li cell with bare-Li anode (green symbols). Initially, the cells with bare-Li 

and LiNbO3-Li anode deliver similar specific capacities of 166 and 164 mAh g-1, 

respectively. After 100 cycles, the bare-Li cell shows a higher degradation rate 

with 60% capacity retention leading to a capacity of 101.3 mAh g-1. In contrast, 

an improved cycling performance is achieved in the cell with the LiNbO3-

protected Li anode. The cell exhibits a discharge capacity of 131.6 mAh g-1 after 

100 cycles (capacity retention of 80%).  

The voltage profiles of both cells at the 10th, 50st, and 100th cycle are shown 

in Figure 6.5b, revealing a smaller transferred charge upon cycling and a higher 

voltage decay of the cell with the bare-Li anode than for the LiNbO3-Li cell. The 

interphase characteristics of the electrodes upon cycling have also been studied by 

EIS (Figure 6.5c). Note that the cycled NCM cathode has been replaced here by 

fresh Li foils. In addition, the electrolyte and separator have also been refreshed 

before the EIS measurements. Two semicircles can be identified in the Nyquist 

plots, one at high frequencies related to the SEI surface film resistance and another 

semicircle at low frequencies, which can be attributed to the electrode charge-

transfer resistance [27]. For the bare-Li anode cell, the fitted values for the SEI 

resistance significantly increase from 123 (10th cycle) to 405 Ω (100th cycle). 

On the other hand, the SEI resistance for the LiNbO3-Li cell increases from 

109 (10th cycle) to 234 Ω after 100 cycles. It can be concluded from these results 

that the SEI formation predominantly occurs at the initial stages of cycling and 

proceeds with a more moderate rate during prolonged cycling. Furthermore, the 

impedance comparison shows that the modified-Li anode cell reveals a more 

moderate SEI resistance increase, thus slowing down the SEI formation during 

cycling.  
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6.3.3  Post-Mortem Analysis 

The NCM/Li cells were disassembled after cycling for further 

characterization to investigate the origin of degradation of both Li anodes. Figure 

6.5d shows the surface morphology of the bare-Li anode after 10 and 100 cycles. 

Mossy-Li with small particles can initially be observed at the bare-Li surface after 

10 cycles, and the underlying Li-metal displays a much rougher morphology 

compared to the pristine Li-metal (Figure 6.1a). The cross-section (Figure 6.5d) 

also reveals that microstructures are formed at the bare-Li anode. After 100 cycles, 

the SEM top-view shows the growth of a highly porous Li-surface morphology at 

the bare-Li anode (Figure 6.5e). The inhomogeneous Li deposition during cycling 

resulted in highly loose and irregular surface structures. 

In the case of the LiNbO3-Li anode (Figure 6.5f and g), the morphology 

remains virtually unchanged after 10 cycles compared to its pristine state (Figure 

6.1b), no mossy-Li is observed at the surface. The corresponding cross-section 

SEM image in Figure 6.5f also confirms the compact coating of the LiNbO3 layer 

at the Li-metal. A relatively flat surface is found at the LiNbO3-Li anode after 100 

cycles, not revealing an open lithium morphology (Figure 6.5g). The appearing 

microcracks provide evidence of mechanical stress originating from the anode 

volume expansion during Li deposition, which negatively influence the LiNbO3-

interfacial stability. Moreover, from the cross-section SEM image (Figure 6.5g), 

it can be concluded that the SEI film at the modified-Li anode is remarkably thin. 

These results show that the LiNbO3-protected Li-anodes facilitate a more uniform 

and compact Li deposition during cycling with negligible open Li structures. The 

thin-film protective LiNbO3-coating can effectively limit the growth of SEI film. 

The dissolution of transition-metal ions from the Ni-rich cathode material 

during cycling is a widely known phenomenon.[28-30] The dissolved metal ions are 

transported through the separator and transformed into the reduced state at the 

anode surface. Subsequently, these reduced species also participate in the SEI 

formation process. They may catalyze the various side reactions.[31-33] The 
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introduced LiNbO3 protective layer is a poor electronic conductor, inhibiting the 

metallic ion reduction at the anode. XPS measurements are therefore carried out 

to investigate whether the bare-Li and LiNbO3-Li anodes might undergo different 

SEI evolutions during cycling. The results of these XPS measurements, including 

detailed valence state analyses, are listed in Table 6.1. 

Table 6.1 Summary of XPS results for bare Li and LiNbO3-protected electrodes. 

Binding energy 

(eV) 
Peak assignment Reference 

C 1s ~ 283.9 C-Li (RLi, lithium alkyl) [24] 

 ~ 287.3 C-C, C-H [24] 

 ~ 289.6 C-O (ROLi, lithium alkoxide) [24] 

 ~ 289.5 C=O  [24] 

 ~291.8 C-F [34] 

O 1s ~ 527.3 Li2O [26] 

 ~ 528.7 
Li2CO3/O=C-O (ROCO2Li, lithium 

alkyl carbonates) 
[26] 

 ~ 531.1 C-O [26] 

F 1s ~ 685.3 LiF [35] 

 ~ 686.1 LixPFy/LixPOyFz [36] 

 ~ 687.5 C-F  [35] 

P 2p ~ 133.1 LixPOyFz [37] 

 ~ 136.2 LixPFy [37] 

Ni 2p ~ 850.1 Ni [33] 

 ~ 857.8 NiF2 [33] 

 

Figure 6.6 shows the C 1s, O 1s, F 1s, P 2p, and Ni 2p spectra for both 

anodes after 10 cycles. In the C 1s spectra (Figure 6.6a), peaks located at 283.9, 

287.3, 289.6, and 289.5 eV correspond to C-Li, C-C/C-H, C-O, and C=O (Li2CO3), 

respectively. The C-Li, C-C/C-H, and C-O bonds are attributed to organic 

components originating from the electrolyte solvent decomposition and 
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polymerization, such as RLi and ROLi.[38] C=O (Li2CO3) might result from 

electrolyte decomposition and the reaction between metallic Li and the gaseous 

by-product CO2 formed in the cell. Both electrodes show similar peaks in the C 

1s spectra, except that significantly decreased peak intensities are found for the 

LiNbO3-protected Li-anode. The O 1s spectra are shown in Figure 6.6b. The peaks 

are related to Li2O (527.3 eV), Li2CO3, or O=C-O bond originated from ROCO2Li 

(528.7 eV). The C-O bond at 531.1 eV originating from RLi, is visible at the bare-

Li surface. The small amount of Li2O at 527.3 eV can be associated with reactions 

induced by traces of oxygen and water present in the cell. In contrast, the absence 

of the Li2O peak, along with the reduced intensity of the Li2CO3 (or O=C-O) and 

C-O peaks, is found for the LiNbO3-Li anode.  
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Figure 6.6 XPS spectra of (a) C 1s, (b) O 1s, (c) F 1s, (d) P 2p, and (e) Ni 2p 

obtained from both Li anodes after 10 cycles. 
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Additionally, peaks at 685.3 eV in the F 1s spectra (Figures 6.6c) and at 

133.1 eV in the P 2p spectra (Figures 6.6d) can be assigned to LiF and LixPOyFz, 

respectively, which results from the decomposition of lithium salt in the 

electrolyte. Compared to the bare-Li anode, a much smaller amount of LiF and no 

LixPOyFz is observed at the LiNbO3-Li anode surface after 10 cycles. Furthermore, 

the signals of the Ni 2p spectra of both anodes only reveal a relatively low 

resolution (Figure 6.6e), suggesting that the dissolution and transport of transition-

metal ions occurred to some extent during the initial cycles. However, based on 

the quantitative analyses of the XPS survey scan shown in Figure 6.8c, the surface 

of bare-Li anode exhibits a higher atomic ratio of Ni element after 10 cycles 

(0.22%) than that at the LiNbO3-Li anode (0.09%). XPS surface analyses of both 

anodes after 10 cycles show that the reduction rate of metal ions is limited during 

the initial cycles. Moreover, the initial SEI film predominantly consists of 

inorganic components, including LiF, Li2CO3, Li2O, and LixPOyFz, accompanied 

by the generation of a few organic components, such as lithium alkyl (RLi) and 

lithium alkoxide (ROLi) species.  

Furthermore, the surface components of both anodes after long-term 

cycling have been investigated by XPS. Figure 6.7 shows the spectra of the 

corresponding elements after 100 cycles. In the C 1s spectra (Figure 6.7a), a new 

peak located at 291.8 eV is found at the bare-Li anode, which can be assigned to 

the C-F bond. A significantly growing C-Li content originating from lithium alkyl 

is detected at the LiNbO3-Li anode. Accordingly, the O 1s spectrum of the bare-

Li anode after 100 cycles (Figure 6.7b) is very consistent with the results obtained 

after 10 cycles. The peak corresponding to C-O has become more intense for the 

LiNbO3-Li anode after prolonged cycling. The F 1s and P 2p spectra indicate the 

complexity of phosphorous and fluorine-containing components formed at both 

long-term cycled anodes. In the F 1s spectrum (Figure 6.7c), two new peaks 

emerged at the surface of the bare-Li anode. The peaks at 686.1 and 687.5 eV 

correspond to LixPFy (or LixPOyFz) and the C-F bond, originating from electrolyte 

degradation and PVDF migration from the cathode. 
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Figure 6.7 XPS spectra of (a) C 1s, (b) O 1s, (c) F 1s, (d) P 2p, and (e) Ni 2p 

obtained from the bare-Li and LiNbO3-Li anode after 100 cycles. 
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Regarding the F 1s spectra of LiNbO3-Li anode, no C-F species can be 

found, and the signal of LiF is significantly higher than that of the LixPFy (or 

LixPOyFz) peaks. Additionally, the P 2p spectra in Figure 6.7d demonstrate that 

the phosphorous components at the surfaces are dominated by LixPFy for a bare-

Li anode and by LixPOyFz for the LiNbO3-Li anode. It is also worth noting that Ni 

is identified in both Ni 2p spectra after long-term cycling (Figure 6.7e): two pairs 

of peaks can be assigned to metallic Ni at 850.1 eV and NiF2 at 857.8 eV, which 

are the reduction states of dissolved Ni ions at the anode surface. Interestingly, 

according to the semi-quantitative XPS analyses in Figure 6.8c, the atomic ratio 

of Ni at the LiNbO3-protected Li-anode remained virtually unchanged from 10 

cycles (0.09%) to 100 cycles (0.10%). In contrast, the detectable Ni-content at the 

bare-Li anode unravels a considerable increase from 0.22% at 10 cycles to 1.05% 

after 100 cycles. This increase shows that Ni is continuously reduced at the bare-

Li anode.  
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Figure 6.8 The atomic ratio obtained from the surface of bare-Li (green) and LiNbO3-

Li (orange) anodes after (a) 10 and (b) 100 cycles. (c) Corresponding summary of the 

XPS analyses. 

 

From the above XPS analyses, general information about the chemistry of 

the SEI formation upon anode cycling is provided. For the bare-Li anode, apart 

from the components that have been presented after initial cycling in Figure 6.6, 

new species arise upon long-term cycling. These species can be assigned to 

organic components (lithium alkyl carbonates (ROCO2Li) and PVDF) and 

inorganic components (LixPFy and NiF2). PVDF can be attributed to the migration 
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of the binder material from the cathode, while NiF2 is due to the reaction of metal 

ions crossing the electrolyte. 

 For the LiNbO3-Li anode, much more restrained growth of SEI film can 

be observed. New components show up after extensive cycling, including 

ROCO2Li, LixPOyFz, and NiF2. Also, the absence of PVDF and the barely growing 

Ni-content at the LiNbO3-Li anode demonstrate that the LiNbO3 protective layer 

appropriately suppresses the chemical crossing from the cathode. 

 

Figure 6.9 Schematic representation of the SEI film growth at the (a) bare-Li and (b) 

LiNbO3-Li anode. 
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Figure 6.9 schematically shows the development of the SEI layers at the 

bare-Li (a) and protected-Li anode (b). A loose and fragile SEI film, composed of 

inorganic-rich components, is formed at the bare-Li anode at the beginning of 

cycling, accompanied by uneven lithium deposition and mossy-Li growth. The 

initially deposited mossy-Li eventually develops into a highly porous structure 

during cycling due to repeated deposition and stripping of Li. In conclusion, the 

evolution of the SEI surface layer is a complex process in which many 

components are formed during cycling in both the inner and outer SEI-layers.[39] 

Notably, the presence of PVDF species and the increase of Ni are observed at the 

bare-Li anode surface, indicating the increased impact of the cathode on the 

performance of the Li-anode during cycling.  

In contrast, the evolution of the SEI film on the LiNbO3-protected Li-anode 

is a more straightforward process (Figure 6.9b). Firstly, no porous lithium is 

formed at the anode surface, implying smooth and uniform lithium deposition and 

stripping. Secondly, the lack of PVDF species and the limited amount of Ni 

formed inside the SEI layer during cycling confirm the stabilizing role of the 

LiNbO3 protective layer at the Li-anode surface. It suppresses the reduction of Ni-

ions, stemming from the cathode dissolution, at the anode surface. 

Although the different evolutions of SEI films on two Li-metal anodes have 

been discussed above, the detailed underlying mechanisms for SEI growth remain 

not fully understood. According to previous studies, the catalytic effect of metallic 

Ni may play a key role in accelerating the SEI growth.[33, 40, 41] Metallic 

nanoparticles formed at the anode surface may potentially act as nucleation sites 

for multiple side reactions due to their high electronic conductivity and surface 

energy. When a bare-Li anode is coupled with a Ni-rich cathode in a complete 

Li/NMC cell, Ni ions will dissolve into the electrolyte and move through the 

separator to the anode, where the ions are randomly deposited and embedded into 

the open SEI film. To make things worse, Li-metal itself is already highly reactive 

towards the electrolyte, as concluded in the storage tests of Figure 6.3a. Thus, the 

mossy and open Li-structure that emerges upon cycling provides a large specific 
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surface area for these side reactions. Given the additional electronic pathways 

provided by Ni contamination, exacerbated surface passivation can indeed be 

expected for bare-Li anodes. 

On the other hand, in LiNbO3-protected Li anodes, the following aspects 

explain the observed improvements: (1) LiNbO3 layers efficiently isolate Li-metal 

from direct interaction with the electrolyte, inhibiting side reactions; (2) the 

growth of Li-structures is suppressed by the LiNbO3 layer, while its intrinsically 

high ionic conductivity guarantees a smooth transfer of Li ions as well as a more 

uniform Li deposition; (3) the rate of Ni-ions reduction is effectively declined due 

to the electronically non-conductive LiNbO3 layer, though the dissolution of 

transition-metal ions accelerates with cycling, the amount of Ni-contamination on 

the LiNbO3-Li anode is kept relatively stable; (4) the growth of the SEI film is 

limited at LiNbO3-protected Li-anodes, resulting in a moderate and more compact 

SEI formation. More detailed investigations from a computational perspective, 

such as density functional theory calculations, are necessary to understand SEI 

evolution in more detail.  

6.4 Conclusions 

Amorphous LiNbO3 thin films deposited by RF sputtering onto Li metal 

were used as a protective coating on a Li-metal anode. Compared with unprotected 

bare-Li anodes, LiNbO3-protected Li-metal anodes demonstrate an enhanced 

electrochemical stripping and plating performance in symmetrical cells, with 

prolonged cycling life and lower polarization. Full cells composed of Ni-rich 

NCM cathodes and various Li-metal anodes have been assembled to explore the 

influence of the crossover effect induced by the cathode on the SEI formation 

process. Electrochemical measurements show significantly improved cycling 

stability of NCM/LiNbO3-Li cells with a capacity retention of 80% after 100 

cycles, which is considerably higher than that of NCM/bare-Li cells.  
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In addition, post-mortem XPS characterization reveals differences in SEI 

evolution of LiNbO3-protected Li-anodes upon cycling. For bare-Li anodes, the 

surface shows a highly loose morphology with various Li-structures. In contrast, 

a more compact and flat structure is observed at a LiNbO3-protected Li anode 

surface upon cycling, implying uniform Li deposition and more moderate SEI-

film formation. Furthermore, the chemical composition of the SEI layer during 

cycling is investigated by XPS. In particular, the migrated PVDF species from the 

cathode side and reduced Ni states (NiF2 and Ni) are found in large concentrations 

at bare-Li anodes, indicating that Ni dissolution from the cathode plays a dominant 

role. 

On the other hand, for LiNbO3-protected Li-anodes, no PVDF species have 

been detected, as well as a virtually unchanged low amount of Ni-content after 

cycling. Considering a catalytic role of reduced metal ions, it is expected that 

LiNbO3 layers are preventing the deposition of Ni-species inside the SEI layer at 

metallic Li, thereby favorably influencing the SEI film morphology and, 

consequently, improving the overall cell performance. Additionally, artificial 

layers deposited on the cathode, novel electrolyte additives, separator with 

enhanced selectivity, and protective coatings for Li-metal with higher flexibility 

could further mitigate the reactivity of Li-metal anodes and promote the long-term 

stability for the next-generation LMBs. 
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Chapter 7 

Summary and Outlook 

 

 

Nowadays, a global consensus on the impending global warming crisis and 

the urgent need to replace fossil fuels with renewable energy has been reached. 

The majority of countries worldwide have pledged to realize carbon-neutrality 

before 2050 by restraining the CO2 emission and expanding the proportion of 

renewable energy sources. Therefore, expectations on such a scheme stimulate 

intensive research and development efforts on various energy storage solutions. 

Among all renewable energy strategies, rechargeable battery systems play a 

predominant role in the application of sophisticated portable devices. It also has 

been widely recognized as the most promising candidate for replacing fossil fuels 

in automobiles. As one of the most mature battery systems, the Li-ion batteries 

(LIBs) have received tremendous attention from industry and academia. There is 

no doubt that the rapid increase of the electric vehicle market in recent years relies 

heavily on the successful commercialization of LIBs. Still, challenges on 

developing next-generation LIBs with higher energy density, prolonged cycle life, 

and enhanced safety remain due to the performance limitations of currently used 

electrode materials. 

The bottleneck of further increasing the energy density of LIBs is mainly 

related to the cathode material. The energy density of almost all emerging 

cathodes do not match with those of the anodes. Moreover, for cathode materials, 

the balance between three essential battery properties - energy density, cyclability, 

safety - is challenging to reach due to their complex compounds and fragile 

structures. Layered Ni-rich transition-metal oxides have a relatively high energy 
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density but are suffering from a poor cycling stability. The instability of Ni-rich 

cathode-based LIBs is associated with various passive reactions occurring inside 

batteries. Material optimization strategies can be adopted to mitigate these 

detriments. This thesis is mainly focusing on the electrode material design and 

degradation mechanism studies of Ni-rich cathode-based batteries. Ni-rich NCM 

cathodes and Li-metal anodes with superior battery performance are achieved 

through these novel optimization strategies. The corresponding degradation 

phenomena are investigated, and detailed mechanisms are identified. 

In Chapter 1, the basics of LIBs and the state-of-art electrode materials are 

introduced. A comprehensive comparison among the cathode materials exhibits 

the considerable potential of Ni-rich-based cathodes as the candidate for the next-

generation LIBs with boosted energy density. However, the phase transformation 

of Ni-rich cathodes is prone to occur irreversibly during battery cycling, which 

significantly hinders their practical applications. Fundamentals of Ni-rich 

cathodes presented in Chapter 1, including crystal structure and electrochemical 

properties, offer a glimpse of the fragile feature of Ni-rich cathodes and are in 

favor of in-depth understanding of underlying decay mechanisms. 

Sound knowledge of degradation phenomena is of importance for optimal 

material design. In Chapter 2, a variety of passivation reactions occurring in Ni-

rich cathode-based LIBs is thoroughly discussed. The performance decay of a 

battery can be attributed to cathode, anode, and electrolyte. For Ni-rich cathodes, 

the currently existing challenges involve: 1) residual lithium compounds at the 

surface; 2) cation disorder in the crystal structure; 3) structural reconstruction 

leading to inactive NiO layer formation; 4) gas releasing introducing safety 

hazards; 5) transition-metal dissolution; 6) intragranular and intergranular cracks 

formation; and 7) thermal instability. Regarding the anode side, degradation of 

graphite and Li-metal are discussed as they are most commonly coupled with Ni-

rich cathodes. Volume expansion, graphite layer exfoliation, and Li dendrite 

growth are of specific concern. Noteworthy, crossover between the cathode and 
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anode has been drawing growing attention recently. It is found that decomposed 

species from one electrode can accelerate the passive reactions at the other 

electrode surface. Moreover, electrolyte decomposition and solid-electrolyte-

interphase formation at the electrode surface will significantly consume mobile 

Li-ions, causing Li inventory loss and capacity decline.  

Different remedying strategies are systematically discussed based on the 

understanding of degradation mechanisms for Ni-rich cathode-based LIBs, 

targeting the optimizations of the cathode, anode, and electrolyte. Though 

considerable progress has been achieved by implementing novel strategies, the 

obstacles in batteries cannot be overcome by one single method. A hybrid design 

is foreseen to guide the further development of LIBs based on Ni-rich cathodes. 

Chapter 3 presents the experimental methods applied in this thesis, 

including the synthesis principles, characterization techniques, electrode 

preparations, and electrochemical measurements. The listed methods are essential 

for material optimization and performance assessment, providing solid evidence 

of improvements proposed in the following chapters. 

The random crystal orientation of Ni-rich particles holds great 

responsibility for the capacity decline. The nonuniform volume change will result 

in the formation of intragranular cracks. Chapter 4 reports a method of structural 

optimization for NCM cathodes. Hydrothermal synthesis assisted by the 

surfactant CTAB is employed to improve the stability and Li-ion transportation 

kinetics of Ni-rich LiNi0.6Co0.2Mn0.2O2 cathodes. The obtained 

LiNi0.6Co0.2Mn0.2O2 particles possess a unique nanobrick morphology with 

enlarged specific surface area. HRTEM images and SAED patterns clearly reveal 

the exposed active {010} facets on the lateral panel in the particles, which will 

provide extra Li-ion diffusion pathways and facilitate Li-ion (de)intercalating 

during operation. The electrochemical measurements confirm the significantly 

enhanced stability of nanobrick LiNi0.6Co0.2Mn0.2O2 materials with a capacity 
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retention of 85% after 100 cycles, compared to that of the commercial counterpart 

with only 60% capacity retention. The rate capability has also been boosted, and 

the charge-transfer resistance of nanobrick LiNi0.6Co0.2Mn0.2O2 cathodes is 

reduced. Calculations of the Li-ion diffusion coefficient claim a much higher 

value for nanobrick LiNi0.6Co0.2Mn0.2O2, thus, enabling fast-charging capability 

and mitigated microcracks propagation during cycling.   

Structural optimization of LiNi0.6Co0.2Mn0.2O2 described in Chapter 4 has 

substantiated the alternative strategy for cathode improvement. It consists in 

preventing the HF corrosion effect and constraining CEI formation. Following 

this strategy in Chapter 5, the fabrication of a LiNbO3-coated 

LiNi0.6Co0.2Mn0.2O2 cathode has been proposed. The thin-film system has been 

used to provide a simple object for investigating the evolution of the CEI film and 

excluding the contributions from electrode additives (PVDF binder and 

conductive carbon). LiNi0.6Co0.2Mn0.2O2 and LiNbO3-coated LiNi0.6Co0.2Mn0.2O2 

thin films are successfully obtained via sputtering deposition, achieving highly 

homogeneous surfaces for further analyses. The XPS depth-profiling technique is 

intensively applied for surface and interface detections. An intrinsic interlayer 

with a thickness of around 30 nm has been identified between LiNbO3 and 

LiNbO3-coated LiNi0.6Co0.2Mn0.2O2 films, induced by the diffusion of Ni2+ ions. 

The results show that the LiNbO3-coated cathode demonstrates a stabilized 

electrochemical cycling behavior and moderate increase of charge-transfer 

resistance. Post-mortem analysis reveals the function of the LiNbO3 layer. Much 

fewer transition-metal ions can be detected in the electrolyte with the LiNbO3-

coated sample as cathode, and SEM image finds no microcracks at the LiNbO3 

surface. XPS depth profiles of both cycled thin films affirm the stability of the 

LiNbO3/LiNi0.6Co0.2Mn0.2O2 interface and portray differences in CEI evolutions. 

The LiNbO3-coated cathode inhibits CEI formation and reduces the amount of 

residuals from electrolyte decomposition. The surface reconstruction layer, an 

inactive NiO phase, is also absent at the LiNbO3-coated LiNi0.6Co0.2Mn0.2O2 
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cathode. Thus, as presented in Chapter 5, a better understanding of the LiNbO3 

functional layer, CEI formation in Ni-rich cathode, and the interaction between 

LiNi0.6Co0.2Mn0.2O2 and LiNbO3 is realized. 

Aiming to address the chemical cross-over problem in 

LiNi0.6Co0.2Mn0.2O2/Li cells and improve the performance from a full-cell 

prospect, the surface modification of Li-metal anodes is described in Chapter 6. 

LiNbO3, as a solid-state electrolyte with intrinsic high ionic conductivity, is again 

proposed as protective layer for Li-metal anodes. Prolonged stripping/plating 

measurements in symmetric Li cells demonstrate the robustness of the LiNbO3 

layer. The results show that LiNbO3-coated Li-metal anodes preserve compact 

morphology with cycling up to 200 h by effectively suppressing the Li dendrite 

growth and providing uniform Li deposition. The enhanced stability of LiNbO3-

coated Li-metal is further demonstrated in LiNi0.6Co0.2Mn0.2O2/Li cells. The SEI 

film formed on the LiNbO3-coated Li-metal is dense and flat. No lithium-

deposited structures can be observed. Subsequently, the analysis of chemical 

components in SEI films of both anodes confirms the constrained growth of SEI 

film on LiNbO3-coated Li-metal. Notably, the residuals cross-over from the 

cathode side are also found in decreased amounts, including PVDF species and 

reduced Ni ions. The results presented in Chapter 6 establish a new approach to 

improve LIBs with a Ni-rich-based cathode and bring more potential to the 

commercialization of Li-metal anodes. 

In summary, this thesis built up a comprehensive knowledge of Ni-rich 

cathodes, providing new insights on future developments towards Ni-rich 

cathode-based LIBs with superior performances. Systematical studies on material 

optimizations and degradation mechanism investigations are carried out. The 

results presented here contribute to a deep understanding of LIBs and inspire 

future strategies for continuous improvements and the eventual application of 

next-generation LIBs. Summarizing the knowledge described in this thesis, it can 

be concluded that more advanced materials and battery manufacturing methods 
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are still needed. Several research directions for the near future can therefore be 

envisioned: 1) the development of Ni-rich/Co-free layered cathode materials; 2) 

in-depth investigations on the degradation mechanisms of newly proposed 

materials are of utmost necessity; 3) the combined synergetic effect of several 

strategies could offer additional performance benefits to new Ni-rich cathode 

materials, and 4) further progress of anode-free LIBs will lead to new methods for 

the modification of uniform Li deposition. This will eventually lead to a new 

generation of high-performance Li-ion batterie. 
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List of Abbreviations 

ALD atomic layer deposition 

ASSBs all-solid-state batteries  

ccp cubic-close-packed lattice 

CEI  cathode-electrolyte interphase 

C-NCM commercial NCM 

CS core-shell concentration gradient  

CNT carbon-nanotube 

CTAB cetyltrimethylammonium bromide  

CV cyclic voltammogram  

CVD  chemical vapor deposition 

DC direct current  

DEC diethyl carbonate 

DEMS differential electrochemical mass spectrometry  

DFT density functional theory 

DMC dimethyl carbonate 

EC ethylene carbonate  

EDX energy dispersive X-ray  

EIS electrochemical impedance spectroscopy  

EMC ethyl-methyl carbonates 

EMS electrochemical mass spectroscopy  

EVs electric vehicles 

FCG full concentration gradient  

FIB focused ion beam  

GITT galvanostatic intermittent titration  

H hexagonal phase 

HAADF-STEM high-angle annular dark-field STEM  
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HE-NCM lithium-rich metal oxides 

HOMO  the highest occupied molecular orbital  

HRPD high-resolution powder diffraction  

HRTEM high-resolution transmission electron microscopy  

HTSRD high-temperature synchrotron radiation diffraction 

ICP-MS 
inductively coupled plasma source-mass 

spectrometry  

LCO  LiCoO2 

LFP LiFePO4 

LIBs lithium-ion batteries 

Li-ion lithium-ion 

LMBs lithium-metal batteries  

LNMO LiNi0.5Mn1.5O4 

LTO  Li4Ti5O12 

LUMO the lowest unoccupied molecular orbital 

M monoclinic phase 

NB-NCM nanobrick NCM  

NCA  LiNixCoyAl1-x-yO2 

NCM  LiNixCoyMn1-x-yO2  

NCM111  LiNi1/3Co1/3Mn1/3O2 

NCM622  LiNi0.6Co0.2Mn0.2O2 

NCM811  LiNi0.8Co0.1Mn0.1O2 

NCM900505  LiNi0.90Co0.05Mn0.05O2 

NMP N-methylpyrrolidone  

NTE  negative thermal expansion 

P3m1 trigonal layered structure  

PC propylene carbonate  

PVDF poly (vinylidene fluoride)  

RF radio frequency  
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RLCs residual lithium compounds  

RLi lithium alkyl 

ROLi lithium alkoxide 

ROCO2Li lithium alkyl carbonates 

SAED selected area electron diffraction  

SEI  solid-electrolyte-interphase 

SEM scanning electron microscopy  

SOC state of charge 

SRL surface reconstruction layer  

SR-PXRD synchrotron-radiation powder X-ray diffraction  

STEM scanning transmission electron microscopy  

TEM transmission electron microscope  

TM transition-metal  

ToF-SIMS time-of-flight secondary ion mass spectrometry  

TSFCG two-slopes full concentration gradient  

UPD underpotential deposition  

XANES X-ray absorption near edge structure  

XAS X-ray absorption spectroscopy 

XPS  X-ray photoelectron spectroscopy 

XRD X-ray diffraction  
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d  [Å] lattice space  

DLi+ [cm2 s-1] diffusion coefficient  

Ecell [Wh g-1] specific energy density  

E [V] equilibrium voltage  

F [C mol-1] Faraday constant 

I [A] applied current  

L [cm] electrode thickness 

MB [g mol-1] atomic weight of the electrode material 

mB [g] mass loading of active material in the electrode 

n  [-] diffraction order 

Qcell  [mAh g-1] charge capacity  

Rct [Ω] charge transfer resistance  

S  [cm2] area of the electrode-electrolyte interface 

Vcell [V] cell voltage  

VM  [cm3 mol-1] molar volume of the electrode material 

W [-] Warburg element 

z  [-] valence number of Li ions 

δ  [-] stoichiometric index in LiδMO2 

τ [s] time interval of the current titration 

θ  [⁰] glancing angle 

λ  [m] wavelength of radiation 

σ [S cm-1] ionic conductivity 

𝜇𝑐𝑎𝑡ℎ𝑜𝑑𝑒
𝐿𝑖  [J mol-1] chemical potential of Li in the cathode  

𝜇𝑎𝑛𝑜𝑑𝑒
𝐿𝑖  [J mol-1] chemical potential of Li in the anode 
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