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Abstract 

Ni-rich NCM based cathodes are considered the most promising cathode candidates for 

next-generation high-performance Lithium-ion batteries (LIBs). Despite very good 

electrochemical performance, Ni-rich NCM based cathodes still suffer practical cycling 

problems, which need to be addressed before their successful commercialization. Surface 

modification by coating has become one of the feasible approaches to tackle these issues 

and in turn improve the electrochemical performance. However, the most common 

coating methods are rather complex, time-consuming and expensive. Thus, a practical 

coating technique for the commercialization of these cathodes is highly needed. 

The main objective of this thesis is the development of such an efficient coating process 

that not only improves the electrochemical performance of Ni-rich NCM based cathodes 

but also brings them one step closer to their successful commercialization. For this 

purpose, several simple, low-temperature, cost-effective coating processes have been 

developed. The developed coating processes resulted in very homogenous and conformal 

coatings, which in turn led to an improvement in the C-rate performance, long-term 

cycling stability, and particle cracking of Ni-rich NCM based cathodes in LIBs.  

Several coating materials have been tested and reported for NCM based cathode. 

However, due to their different properties, one standardized coating material has not been 

agreed upon. Nevertheless, Al2O3 based coating materials are considered as most 

promising coating material. Thus the major part of this thesis focuses upon Al2O3 and its 

analogous as coating material. In addition, a Li4Ti5O12 based coating has also been tested 

due to its increasing popularity among coating materials. It has been found that the 

physical properties of a coating such as coating homogeneity, conformity and thickness, 

as well the coating’s chemical composition can have a significant effect on the 

electrochemical performance of NCM based cathodes. Furthermore, it is demonstrated 

that a post-annealing step after coating can play a crucial role in improving the 

electrochemical performance of NCM based cathodes, as it helps in improving the ionic 

conductivity of the coating layer due to the insertion of Li+-ion inside the coating layer. 

In addition, in-depth investigations have been performed to understand the beneficial 

effect of the coatings on the electrochemical performance of NCM based cathodes, which 

allowed better insights into the ongoing degradation mechanism of NCM based cathodes 

during cycling. The knowledge gained in this thesis is considered to be imperative for 

further developments of surface coating strategies. 

To conclude, this thesis offers various practical surface coating strategies for Ni-rich 

NCM based cathodes. The developed coating strategies are very simple, easy, cost-

effective, environment friendly, and significantly improve the electrochemical 

performance of NCM based LIBs.  These improvements combined with the potential of 

these coating strategies for scalability make them suitable for large-scale industrial 

application and in turn for the commercialization of Ni-rich NCM cathodes for next-

generation LIBS. Last but not the least, the in-depth knowledge regarding the impact of 

coatings during electrochemical cycling on Ni-rich NCM provides a strong fundamental 

for further future research. 
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1. Introduction 

Motivation and Outline 

The abusive utilization of fossil fuels over the last century has led to the release of 

greenhouse gases (such as carbon dioxide and methane) into the atmosphere resulting in 

heat trapping and ultimately causing global warming (making it the most concerning issue 

of the 21st century), global warming is a serious threat to the health of current world 

population and also to the environment. In addition, the resources for fossil fuels are finite 

and have an uneven global distributon1. At present, conventional fossil fuels (such as coal, 

gas and oil) are still the primary source of energy production around the world as shown 

in Figure 12,3. Concerning these impacts and issues related to fossil fuels, the development 

of sustainable energy technologies has become exceptionally urgent.  

 

Figure 1: Distribution of world energy supply in 20182,3 

Production and utilization of renewable energy is the most promising approach for 

sustainable development. Future nuclear energy sources seem attractive, but they suffer 

from potentially high radiation threats along with low efficiency and very high operation 

and maintenance costs. However, considering nuclear energy as an alternative for fossil 

fuels is still under debate due to the production of high amount of toxic nuclear waste. 

Hydropower has been successfully used to produce electricity in combination with tidal 

or wave energy around the globe. Over the last few decades, extensive research and 

financial support have been made to the development of different renewable energy 

technologies, such as wind power, solar power and geothermal energy. However, even 

the rapid development of these alternative renewable energy technologies will not have a 

predictable impact unless there is an efficient way to use and store the energy produced 

by them. Therefore, the development of high-performance energy-storage systems and 

devices with high power and energy density is needed at the moment4. 

Among all, two different electrochemical devices, rechargeable Li-ion battery, and 

electrochemical super-capacitor are considered as the most promising candidates for 

energy storage and supply5. The energy-storage technology in combination with 

renewable energy resources can secure a sustainable energy supply for most of the world 

population and thus reduce the dependency on fossil fuel-based energy resulting in a 

clean-energy supply. In comparison to super-capacitors, Li-ion battery (LIBs) technology 

are been preferred due to its high energy-density6-9. LIBs also promise superior 

performance due to their effective power density, safety, cost, efficiency and longevity. 

The LIBs based energy storage systems have been widely regarded as the most promising 
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storage technology for renewable energy resources which are the immediate alternative 

for ever-declining fossil-fuel energy resources in the current society, due to their vast 

application in almost every sector of human progression8,9. 

Awarding the Nobel Prize 2019 in chemistry to John B. Goodenough, M. Stanley 

Whittingham, and Akira Yoshino for developing Li-ion batteries further demonstrate the 

significance of energy storage technology. The electrochemical performance of Li-ion 

batteries predominantly depends on the properties of their electrodes: cathode and anode. 

Enormous research has been done in developing safe and environment-friendly electrode 

materials with high energy density, improved rate-capability, and cycling stability, along 

with high operating voltage9.  For the anode, lithium alloy-based anode materials (such 

as lithium-silicon (Li-Si) and lithium-tin (Li-Sn)), have been shown to provide improved 

cycling stability, better rate capabilities, along with higher specific capacity as compared 

to conventional carbon-based anodes7-9. On the other hand, conventional cathode 

materials have much lower theoretical capacity as compared to anodes and they also 

suffer from structural instability when cycled to higher voltages or at elevated 

temperatures10. For instance, conventional Li-stoichiometric cathode materials, such as 

layered LiCoO2, olivine LiFePO4, and spinel LiMn2O4, have a low specific capacity (≈ 

170 mAh/g) and compromised cycling stability at elevated temperatures11-16. 

Among all, LiCoO2 has been the most widely used cathode material due to its high 

theoretical capacity and reasonable cycling stability. However, its low achievable 

practical capacity along with high toxicity and synthesis cost hinders its ability to serve 

as next-generation cathode material17,18. Thus for the development of next-generation 

high-performance Li-ion battery, a significant improvement of the electrochemical 

properties of cathode materials is required. 

An established approach to developing next-generation cathode materials with higher 

achievable capacity, better cycling stability, lower toxicity, lower cost, and higher thermal 

stability is to integrate the advantages of three materials LiNiO2, LiCoO2 and LiMn2O4. 

At the same time the combination of these three materials limits their individual 

disadvantages. These types of cathode materials are known as NCM 

(LiNixMnyCo1−x−yO2) cathodes and are among the most promising candidates for next-

generation cathodes19,20. Since the development of Li[Ni1/3Co1/3Mn1/3]O2 (NCM111) by 

Ohzuku et. al., several studies have been performed on the further development of NCM 

based cathodes. In contrast to LCO, NCM based cathodes show a flexible stoichiometry, 

allowing researcher to adjust the electrochemical properties19,21.  

The most researched NCM composition (NCM111) was considered as one of the most 

promising cathode materials in this category. However, Ni-rich NCM based cathodes 

(NCM622, NCM811, etc.) have been developed in past few years and have shown 

promising results in higher achievable capacity (>200mAh/g)21. However, these Ni-rich 

NCM cathodes suffer from major drawbacks regrading commercialization, such as poor 

rate capability, faster capacity fade, gas evolution, thermal instability, Li/Ni cation 

mixing, and so on. In literature different mechanisms are discussed to be responsible for 

these problems such as (1) Dissolution of transition metals corroded by HF present in the 

electrolyte; (2) Undesired side reactions occurring between the cathode and the 

electrolyte catalyzed by delithiated NCM with simultaneous oxygen release; (3) layered 
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to spinel phase transition at the cathode surface; (4) crack formation inside the NCM 

particle due to volume changes during cycling. These parasitic issues (such as side 

reactions and particle cracking) related to Ni-rich NCM cathodes result in a faster capacity 

decay22-27. 

To address the above-mentioned obstacles related to NCM based cathodes several efforts 

have been made. Among all, surface modifications via surface coating have been emerged 

as the most promising method to improve the performance of NCM based cathodes28,29. 

Surface coating with metal oxides is considered as most effective method to improve the 

structural and thermal stability of the cathode material. The coating not only enhances the 

surface stability of the NCM particles but also provides new chemical, physical and 

mechanical properties to the particle30-34. However, the existing problems in the 

commercialization of coating material can be mainly divided into two categories: 1) 

Developing a simple, cost-effective coating strategy for modifying the cathode surface to 

improve the electrochemical performance of the cathode and 2) understanding the 

properties of the coating itself along with how it benefits the cycling performance.  

Thus, this thesis mainly focuses on the development of various efficient coating 

approaches, to improve the electrochemical performance of Ni-rich NCM based cathodes 

and in turn, meet the requirement for the commercialization of Ni-rich NCM based LIBs. 

Therefore, four different easy, fast and facile coating processes have been successfully 

designed, to achieve a thin and conformal coating layer on NCM powder and ready-to-

use cathodes. The coatings have led to an excellent electrochemical property of the Ni-

rich NCM in terms of C-rate performance and long-term cycling. Additional drying and 

sintering steps required in other commonly used coating processes are not necessary to 

achieve the final coating in our study to achieve a better long-term cycling performance. 

Therefore, the coating processes developed in this study are facile, cost-effective, energy-

efficient, easy to scale up, and can be applied to every type of cathode, making these 

coating methods highly suitable for large-scale industrial application and 

commercialization of Ni-rich NCM based cathodes. A fundamental understanding of the 

working principle of the coating during electrochemical cycling is essential to further 

optimize the efficiency of the coating layer as up to now, a majority of factors related to 

the coating are still unclear. Therefore, in-depth structural investigations of the properties 

of coating have been performed to elucidate the cause of the improved electrochemical 

performance of the coated cathodes. The results all together are expected to help the 

scientific community to better understand the effect of coatings on NCM based cathodes 

and the underlying cause for the improved electrochemical performance, and thus 

expected to create a strong foundation for further research. 

Before focusing on the main outcome of this thesis, a brief introduction related to the 

state-of-art LIBs is provided. First, the working principle of a typical LIB is discussed in 

detail. Then, a detailed overview of the most commonly used cathodes along with their 

features is presented. Ni-rich NCM based cathodes have been highlighted as one of the 

most promising cathodes for next-generation LIBs. Next, surface behavior (such as side 

reaction, phase transition and particle cracking) of the cathode during cycling is discussed 

in detail, which usually results in poor cycling performance of these cathodes. 

Subsequently, surface modification of the cathodes is discussed, i.e. its role, 

characteristics, and kinds of coatings.  Thereafter, surface modification via coating has 
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been discussed in depth with respect to coating methods and coating materials, along with 

their properties. 

In the result section, three different coating approaches are presented for 

LiNi0.7Mn0.15Co0.15O2 using different kinds of coating material (i.e. Al2O3, LiAlO2, and 

LTO). Subsequently, the structural characterization of the coating layer is described in 

detail. Showing thin, conformal and homogenous coating on the surface of NCM resulting 

in much improved electrochemical performance. Thereafter, detailed electrochemical 

characterization showed much improved C-rate performance, capacity retention and long-

term cycling stability, along with signification reduction in solid electrolyte interface 

(SEI) and charge transfer (CT) impedance after the coating. Furthermore, post mortem 

analysis of the cycled cathodes displays that particle disintegration is effectively 

prevented by the coating, which is found to be stable during electrochemical cycling. 

The first publication “Optimized atomic layer deposition of homogeneous, conductive 

Al2O3 coatings for high-nickel NCM containing ready-to-use electrodes”, focuses on an 

ALD-based Al2O3 coating for Ni-rich NCM based ready-to-use cathode materials for 

improved electrochemical performance.  

In the second publication “Enhancing the Electrochemical Performance of 

LiNi0.7Mn0.15Co0.15O2 Cathodes Using a Practical Solution-Based Al2O3 Coating”, a low-

temperature, wet-chemical-based Al2O3 coating process to coat Ni-rich NCM cathode is 

developed. The achieved thin, homogenous coating not only consumes the unfavorable 

surface residuals on the NCM surface preventing side reactions at the interface but also 

prevents particle cracking during cycling. 

The third publication “Insights into the Positive Effect of Post-Annealing on the 

Electrochemical Performance of Al2O3-Coated Ni-Rich NCM Cathodes for Lithium-Ion 

Batteries”, focuses on the effect of high-temperature annealing on the structural 

properties of Al2O3 coating used in the second publication and how it affects the 

electrochemical performance of Ni-rich NCM based cathodes. It is observed that 

annealing Al2O3 coated cathode at 600 oC, resulted in the formation of an Al2O3/LiAlO2 

coating layer and improved the electrochemical performance.  

Afterward, the knowledge gained regarding the coatings from the previous work has been 

transferred to All-solid-state batteries. A new non-destructive dry-processed lithium 

titanite (LTO) coating method for NCM based cathode in thiophosphate-based All-solid-

state batteries have been developed. My work demonstrates that the improvement in the 

electrochemical performance arises from a reduced interfacial resistance between the 

cathode and solid electrolyte during cycling. These results are discussed in our fourth 

publication, entitled “Stabilizing the cathode/electrolyte interface with dry-processed 

lithium titanate coating for all-solid-state-batteries”  

In the fifth publication entitled “A dry-processed Al2O3/LiAlO2 coating for stabilizing the 

cathode/electrolyte interface in High-Ni NCM-based All-solid-state-batteries”, the 

benefit of post-annealing treatment is further demonstrated in dry-coated Al2O3 coated 

NCM cathodes for all-solid-state batteries. It is demonstrated that annealing improves 

various expects of the coating layer (such as homogeneity, better interface, coating 

thickness), which in combination improved the electrochemical performance of ASSBs. 
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Finally, in the last section, the presented results of this thesis have been summarized and 

evaluated with regard to scientific literature. In addition, a brief outlook on the potential 

of the above-developed coating approaches for next-generation LIBs and ASSBs are 

provided considering future research goals. At last, a comprehensive opinion of the author 

regarding the development of next-generation LIBs is provided. 
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2. Fundamentals 

2.1 The Principle of a Li-ion Battery (LIB) 

The Li-ion battery is one of the most promising energy storage systems due to its various 

advantages in terms of specific capacity, operating voltage, rate capability, long-term 

cycling performance, and safety in comparison to traditional nickel-cadmium batteries, 

lead-acid batteries, or nickel-metal hydride battery10,35. For instance, the optimal 

operating voltage for commercial LiCoO2-based LIBs is 3.7 V, which is nearly 3 times 

of the commercial lead-acid battery. Since the release of first commercial rechargeable 

LIBs by SONY in 1991, the LIB has rapidly owned the commercial market as a major 

power source for portable electronic devices. Recently it has also been advanced as a 

power source for electric and hybrid electric vehicles, with potential as power sources for 

future air transportation36-37. 

 

Figure 2: Schematic illustration of a lithium-ion battery based on LiCoO2/Li+ 

-based electrolyte/graphite. 

As shown in Fig. 2, a LIB has mainly three primary functional components: Cathode, 

anode, and electrolyte 38,39. The cathode and anode are separated by the so-called 

separator layer, immersed in electrolyte. The different current collector is used for 

cathode and anode, Al for cathode and Cu for anode. The common cathode materials used 

are LiCoO2, LiMn2O4, LiFePO4, or LiMn1/3Co1/3Ni1/3O. Common anode materials used 

are graphite, silicon-based materials, graphene, or Li4Ti5O12
40-43. The commonly used 

electrolyte consists of lithium salt, such as LiPF6 dissolved in organic solvents (ethylene 

carbonate (EC), dimethyl carbonate (DMC), and diethyl carbonate (DEC), etc)44,45. The 

energy storage and conversion in LIBs are based on the migration of Li-ions between 

cathode and anode through Li+ migration, along with simultaneous charge transfer via 

external circuit39,46-48. The corresponding reaction taking place in LIBs during 

charge/discharge is given by: 

Cathode: 

                                      LiCoO2  ⇌ Li1-xCoO2 + xLi+ + xe- 
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Anode: 

                                     6C + xLi+ + xe-  ⇌ LixC6 

 

Total reaction: 

                                     LiCoO2 + 6C ⇌ Li1-xCoO2 + LixC6 

During the charging step, Li ions are extracted from the LCO cathode. At the same time, 

Li-ions are inserted inside the graphite anode. During the subsequent discharge step, 

transfer of Li-ions from anode to cathode takes place. Altogether, the specific capacity 

and energy conversion efficiency of LIBs mainly depends on the combination of 

electrochemical properties of cathode and anode49,50. Among all the components of LIBs, 

the cathode material is considered very crucial for the advancement of LIBs. 

2.2 Cathode Materials for LIBs 

During the last decade, the increasing demand for electric vehicles has stimulated the 

development of high-performance next-generation LIBs across the globe. The bottleneck 

for the advancement of next-generation LIBs is the development of novel electrode 

materials with superior performance. At the anode side, lithium-silicon (Li-Si) and 

lithium-tin (Li-Sn) have shown excellent cycling stability and higher rate capability, 

along with much higher specific capacity (4000 and 990 mAh g-1, respectively)51. 

However, state-of-the-art cathode materials are not able to meet the high-energy and 

power density required for the rapid development of EVs and HEVs, as cathode materials 

have generally a much lower theoretical capacity as compared to that of the anode52. Next-

generation cathodes are subject to meet the following criteria for the development of next-

generation LIBs48,53: 

I. Chemical and Physical Properties: The Li-containing cathode must reversibly 

oxidize and reduce during charge/discharge cycles. In addition, the cathode 

materials should exhibit a high Li-ion diffusion coefficient along with high 

electronic conductivity. Furthermore, the cathode materials need to show 

excellent mechanical stability in order to keep the host structure intact during 

charging/discharging. 

 

II. Wide Operating Voltage Window: The cathode materials need to have high 

chemical potential (vs. Li-metal), to achieve a wide operating voltage window of 

LIBs.  

 

 

III. High Energy and Power Density: The cathode materials should provide high 

energy and power density, to enable the intercalation and deintercalation of a large 

amount of li-ion. This in turn provides a higher practical achievable specific 

capacity and better C-rate performance compared to standard cathode materials. 

 

IV.  Outstanding Long-term Cycling Performance: Improved battery engineering 

(morphology and size of cathode materials, along with battery design) enables the 



8 | P a g e  
 

extraction of higher capacity from the traditional cathode materials during the 

initial charge/discharge cycles. However, these improvements result in a faster 

capacity fading during long-term cycling. Hence, the new cathode materials 

should also provide better long-term cycling stability along with higher energy 

and power density. 

 

V. Wide Working Temperature Range: Due to the extension of LIBs applications 

from portable electronic devices to almost every energy-related sector. Thus, State 

of the art LIBs are mostly optimized for a temperature range (0 oC to 40 oC), are 

exposed to much harsher temperature ranges. Thus, the new cathode materials 

should be able to show optimal performance in a wider temperature range. 

 

VI. Low Manufacturing Cost: The manufacturing cost needs to be low, which in 

turn relies on the availability of the raw materials required. 

 

 

 

Figure 3: Crystal structure of a) Layered LiMO2, b) Spinel-structured LiM2O4, and c) 

Olivine-structured LiMPO4 (M = Co, Ni, Mn, etc.) (Redesigned with permission from Ref. 

[51] Copyright 2012 Elsevier B.V.). d) The cost components of a representative LIB. (e) 

Voltage vs capacity chart of main cathode materials. 

The main division of current cathode materials includes layered LiCoO2, poly-anion 

LiFePO4, spinel LiMn2O4, and their derivatives54,55. The crystal structures of different 

cathode materials are shown in Fig. 3a, b, c56. Fig. 3d illustrated the cost components of 

a representative LIB. Within all the major parts of a battery, the cathodes are the most 

expensive part. This arises due to the low abundance and rather complicated extraction 

process of nickel, cobalt, and manganese57. Six different kinds of cathode materials are 

shown in Fig. 3e according to their theoretical specific capacity vs. voltage. To achieve 

higher energy density, scientists are looking for those cathode materials that either 
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provide higher energy density or higher discharge capacity. Fig. 3c also shows that NCM 

based cathode materials have great potential as next-generation cathode materials for 

LIBs, as they provide higher practical capacity and a wider voltage window as compared 

to state-of-art LCO based cathodes. 

During the last decade, scientists have been dedicated to exploring advanced cathode 

materials to maximize the efficiency of cathode materials, either by developing new 

cathode materials or by modifying the existing cathode materials 36,53,58-60. While all these 

efforts have given successful outcomes, still most of the outcomes end up with a crucial 

concern- the cathode’s surface. The cathode surface is the region where the transfer of 

Li-ions takes place between the cathode and the electrolyte. Thus, most of the parasitic 

side reactions take place at the surface of the cathode due to non-equilibrium 

diffusion61,62. In the past decades, several attempts have been made to modify the surface 

of cathode in order to adjust the physical and chemical properties of the material, but the 

underlying problems have not been successfully solved yet. Thus, in the following 

section, the surface properties of cathode materials will be briefly discussed. 

2.3 Degradation Behaviour of Cathode Material 

Aging of cathode active material (i.e. NCM) during cycling still remains a major problem 

resulting in loss of performance during long-term cycling, and thus hinders the 

development of next-generation LIBs63-72. Although not all causes for cathode aging are 

fully understood yet, there are well-known issues that are discussed in detail in the 

following section. 

 

Figure 4: Schematic overview of the degradation mechanisms of cathode particles. 

As schematically depicted in Fig. 4, aging of the cathode material during cycling arises 

at the atomic and micrometer scale, because of structural instabilities (surface 

reconstruction, stress-generated cracking) and chemical instability (electrolyte 

decomposition and transition metal dissolution). All these factors result in a poor C-rate 

and long-term cycling performance73-78.  

2.3.1 Surface Reconstruction 

a) Layered LiMeO2 (Me = Ni, Mn, Co) 

As discussed before, LiCoO2 (LCO) has been considered one of the most successful 

cathode materials for conventional LIBs. LCO has a layered structure and belongs to the 

rhombohedral space group R3̅m with edge-sharing CoO6 octahedral, resulting in CoO2 

sheets.79 The Li-ion sits in between the CoO2 sheets. The electrochemical deintercalation 
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forms LixCO2
80. The theoretical capacity of LCO is 272 mAhg-1 resulted from the 

complete removal of Li from LCO. However, in practical use only half of the theoretical 

capacity can be extracted, resulted in Li0.5CoO2 phase within a cut-off voltage of 4.5 V80. 

This is because LCO undergoes a phase transition (from layered to quasi-spinel structure) 

when more than half of the Li is extracted. This transition happens due to the migration 

of Co ion into the Li planes81. Dahn et. al. initially reported the low temperature (400 oC) 

synthesis of Li1+yCo2O4 (also called QS-LiCoO2) in Fd3̅m space group. The 

thermodynamic stability of this material is lower than for LCO82. In-depth studies of the 

two different LCO phases reveal that the QS-LCO phase has a much lower capacity and 

a much higher polarization as compared to layered LCO, thus making it an inferior 

cathode candidate81. X-ray absorption near-edge spectra (XANES) also confirm the 

existence of different intermediate phases between the layered and spinel structure 

because of higher oxidation states of spinel LiCoO2.
83 Thackeray et. al. identifies this 

phase to be LixCo1-x[Co2]O4
85. The transformation of layered LCO into the spinel phase 

originates from the surface and extends to the complete bulk structure upon rigorous 

cycling when extending the voltage window or operating under high temperatures. 

Transmission electron microscopy (TEM) studies on the cycled LCO cathodes reveal 

internal strain and dislocations in the LCO lattice even at low long-term cycles, suggested 

that the accumulation of these defects is responsible for faster capacity fade85,86. A recent 

study on the post-heat treated LCO has shown that a thin spinel LixCo2O4 layer forms on 

the surface of LCO and improves the cycling performance significantly because of a 

higher conductivity of the spinel phase87.   

The attempt of doping the fundamental layered oxide has introduced various derivatives, 

which have been considered of remarkable value at present. Among them, LiNixMnyCo1-

x-yO2 (NMC) and LiNixCoyAl1-x-yO2 (NCA) are the most widely used and studied cathode 

materials for EVs and HEVs application. Higher achievable practical capacity along with 

a high operating voltage has made these cathode materials surpass many other cathode 

candidates88-92.  

 

Figure 5: (a) Compositional phase diagram of LiCoO2-LiMnO2-LiNiO2; (b) 

Reconstructed surface layer after 1st cycle of NCM (Reproduced from Ref. [89] with 

permission, copyright 2014 Nature Publishers). 

Within the NCM layered cathodes, various NCM based cathodes (Fig. 5a) have been 

tested and proven to be beneficial for achieving higher capacity and longer cycle life. As 

it combines the rate capability performance of LiCoO2, the capacity performance of 

LiNiO2, and the safety performance of LiMnO2. However, surface reconstruction upon 
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exposure to electrolyte has also been reported in these materials, as shown in Fig. 5b89. 

In order to produce high energy density cathode materials for EVs and HEVs, Ni-rich 

NCM based cathode with high achievable capacity has become a major focus in recent 

years. However, increasing the Ni-content in the material results in preparation 

difficulties and safety issues67. Due to similar ionic radii and charge states of Li+ and Ni2+, 

these cathodes are found to have a very high degree of interlayer cation mixing between 

Ni2+ and Li+, resulting in strong phase transformation and capacity decay93. Various 

studies have shown that stabilizing the cathode surface of NCM is the prime key to 

improve the long-term electrochemical performance of NCM based cathodes94,95. 

b) Li-rich Layered LiMeO2 (Me = Co, Mn, Ni) 

Li-rich layered oxides are controversially discussed as either solid solution or nano-

domains of LiMeO2 (Me= Ni, Mn, Co, rhombohedral, R3̅m) and Li2MnO3 (monoclinic, 

C2/m)96. The typical crystal structure of Li-rich layered NCM based materials is shown 

in Fig. 6a, Li+ occupies part of the sites of the transition metals and results in an off-

stoichiometric Li-content compared to conventional NCM based cathode materials. These 

kinds of materials have drawn much attention due to their very high achievable capacity 

(250 mAhg-1) and wide voltage window97. Unlike other layered NCM based cathode 

materials, these types of materials show a rather abnormal voltage plateau around 4.5 V 

during the initial charging step, which is considered to be the limit of the final oxidation 

state of most other transition metals. Initially, the abnormal charge plateau has been 

considered arise due to the simultaneous removal of oxygen and lithium for the NCM 

lattice. However, Bruce et. al. proved by differential electrochemical mass spectrometry 

(DEMS) that there is indeed an O2 release when this material is initially charged above 

4.2 V. The Li+ intercalation/deintercalation at different cut-off voltages for Li-rich NCM 

cathodes is shown in Fig. 6a98. As shown, when the cut-off voltage is kept 4.2 V, Li-rich 

NCM cathode just behaves like a conventional NCM, in which Li+ is removed only from 

the Li layers. However, if the cut-off voltage is above 4.2 V (4.8 V), the Li+ residing in 

the transition metal layer gets extracted facilitating the loss of O2-. The O2- is eventually 

oxidized to O2 and is responsible for the ‘abnormal voltage plateau’. The generated 

oxygen vacancies de-stabilize the transition metal ions (mostly Ni), resulting in inter-

diffusion of the metal ions into the Li layer and the formation of a Li+ blocking spinel 

phase takes place99. Yabuuchi et. al. investigated the surface behavior of these Li-rich 

layered NCM materials using X-ray absorption spectroscopy (XAS), X-ray photoelectron 

spectroscopy (XPS), X-ray diffraction (SXRD), and time-of-flight secondary ion mass 

spectroscopy (TOF-SIMS). They suggested that the release of O2 facilitates the 

decomposition of the electrolyte at the surface at high operating voltage, resulting in the 

formation of an undesirable solid electrolyte interphase (SEI), a lower columbic 

efficiency and a higher impedance growth100. Furthermore, the O2 release also increases 

the possibility of thermal runaway, leading to safety concerns regarding the battery. 

Apart from the O2 release, a severe voltage drop has also been reported in these kinds of 

cathode materials as shown in Fig. 6b102. The voltage drop is assumed to be the major 

factor hindering the commercialization of Li-rich NCM materials, as it results in a drop 

in the cell energy density. Gu et. al. investigated the phase distribution in 

Li1.2Ni0.2Mn0.6O2 as shown in Fig. 6c102,103. They suggested that the distribution of Ni is 

rather inhomogeneous, which in turn indicates that there is phase segregation happening 
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during cycling. This results in poor C-rate performance and low capacity retention. The 

phase segregation at the surface of Li-rich NCM results in sluggish Li-ion diffusion, 

which in turn is responsible for the voltage decay during cycling. Therefore, several 

studies aiming to improve the voltage decay during cycling are mostly focussing on the 

suppression of the phase transformation on the surface of Li-rich NCM 

 

Figure 6: (a) Schematic illustration of phase changes occurring in NCM cathodes under 

different cut-off voltages (Reproduced from Ref. [98] with permission, copyright 2013 

Royal Society of Chemistry). (b) Typical charge/discharge curves of NCM representing 

voltage decay (Reproduce from Ref. [101] with permission, copyright 201511 American 

Chemical Society). (c) XEDS maps showing the non-uniform distribution of elements after 

cycling in NCM particle (Reproduced from Ref. [102] with permission, copyright 2013 

American Chemical Society).  

c) Spinel LiMn2O4 

The spinel-type LiMn2O4 cathode materials belong to the space group of Fd3̅m, where 

Mn has an average valence of 3.5, indicating the coexisting Mn3+ and Mn4+.104 However, 

the Mn3+/4+ equilibrium is easily broken by Li+ intercalation/deintercalation or by 

changing the temperature, which causes a Jahn-Teller distortion of Mn3+ at octahedral 

sites. The Jahn-Teller distortion starts at 4.0 V, which is regarded as the main cause for 

the capacity loss105. Structural characterization of LiMn2O4 suggests that the net valence 

differs between surface and bulk, which arises due to the presence of high Mn3+ amount 

at the surface caused by a non-equipoised dynamic of Li+ insertion/extraction at the 

surface. This valence difference results in the formation of Li2Mn2O4, which is suggested 

to be less electrochemically reactive106,107. However, the phase transition from cubic to 
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tetragonal is postulated to create a phase boundary towards the particle surface and 

prevents Li+ diffusion. Various doping strategies have been applied to the spinel LiMn2O4 

cathode material in order to suppress the Jahn-Teller distortion108. Among all, doping 

LiMn2O4 with Ni in order to form LiNi0.5Mn1.5O4 has been the most successful approach, 

due to the disappearance of Mn3+
 and electrochemical reactivity of Ni2+. In addition, the 

incorporation of Ni provides two voltage plateaus (Ni2+/Ni3+, Ni3+/Ni4+) at around 4.7V, 

making it one of the most promising high voltage cathode materials109.  

2.3.2 Stress-generated Cracking 

Cathode materials also suffer from crack formation during cycling at high C-rates, where 

the Li+ does not have enough time to diffuse homogeneously. This leads to additional 

stress in the particles110,111. The internal stress of the cathode material during synthesis 

and also due to phase transformation (such as Jahn-Teller distortion, O2 release) can lead 

to the formation of cracks112. Additionally, it can result in contact loss from the binder or 

conductive carbon. This results in the formation of gaps in the electrode. Moreover, the 

formation of cracks in cathode materials can deteriorate the contact between the parts of 

cathode and the electrolyte, which can lead to an increase in cell impedance and ultimately 

to battery failure. As shown in Fig 7, Miller et. al. has demonstrated the crack formation 

and separation of the cathode particle from the electrolyte after cycling. In addition, they 

have shown that the crack formation takes place even during the first cycle, indicating 

that the prevention of crack formation is of high importance for the commercialization of 

next-generation cathode materials113.  

 

Figure 7:  SEM micrographs showing particle cracking in NCA cathode particles after 

(a) 0, (b) 1st, (c) 2nd cycles (Reproduced from Ref. [113] with permission, copyright 

WILEY-VCH 2013). 

2.3.3 Electrolyte Decomposition and Transition Metal Dissolution 

a) Electrolyte Decomposition 

Electrolytes for next-generation LIBs are generally liquids or solids with high ionic 

conductivity (10-4 S/cm) and low electronic conductivity (10-10 S/cm)8. Organic esters, 

including ethylene carbonate (EC), diethylene carbonate (DEC), propylene carbonate 

(PC), ethylmethyl carbonate (EMC), and dimethylene carbonate (DMC) are most widely 

used as solvents to dissolve the most common Li-salt LiPF6 currently used in commercial 

liquid electrolytes114,115. The electrochemical operating voltage window of these 

electrolytes mostly lies between 1 - 4.7 V vs Li/Li+. Therefore, any cathode material, 

which has cut-off voltage over 4.7 V unavoidably involves the oxidative decomposition 

of these electrolytes116,117. Due to the decomposition of the electrolytes the formation of 
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a passivating SEI layer (containing inorganic salts such as Li2CO3, LiF, and organic 

species like poly(ethylene carbonate)) at the surface of the cathode materials takes place. 

In addition, due to the oxidative nature of the cathode material itself, the decomposition 

of the electrolyte also results in gas evolution (such as CO2, O2)
50,118-122. The formed SEI 

layer at the surface of the cathode is a poor Li+ conductor causing irreversible capacity 

loss during cycling and poor cycling performance of the LIB.  

 

Figure 8:  Comparison of the electrochemical behavior of LNM/LTO cells cycled with 

and without electrolyte additives (Reproduced from Ref. [124] with permission, copyright 

WILEY-VCH 2013). 

The capacity consumption during the electrolyte decomposition for the formation of SEI 

is unfavorable for the battery performance, and the oxidation of the electrolyte at the 

cathode surface requires continuous electron transfer8,123. However, the SEI layer being 

electronically insulating commonly prevents further decomposition of the electrolyte. 

Thus, an SEI layer with a certain thickness and stability is considered to be necessary for 

an optimal battery performance114. Initially, sacrificial electrolyte additives have been 

added. These additives act as moderator of the electrolyte decomposition and in turn 

stabilizes the SEI as shown in Fig. 8124. Many suitable electrolyte additives have been 

reported, such as lithium bos(oxalato) borate (LiBOB), glutaric anhydride, 2,5-

dihydrofuran, γ- butyrolactone, 2-(Pentafluorophenyl)-tetrafluoro-1,3,2-

benzodioxaborole, 1,1-Difluoro-1- alkenes etc. They have found to improve the stability 

of the SEI layer124-128. The problems associated with the SEI formation and the positive 

effect of electrolyte additives on the electrochemical performance have motivated 

scientists to develop an artificial SEI on the surface of cathode employing surface 

coatings. 

b) Transition Metal Dissolution 

The electrolyte decomposition at the cathode surface not only affects the electrolyte but 

also the cathode itself. Practically, there is always moisture present either on the surface 

of the cathode or in the electrolyte. During the electrolyte decomposition on the cathode 
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surface LiF and PF5 are formed, which is mostly followed by the hydrolysis of PF5: PF5 

+ H2O → POF3 + 2HF, as suggested by Aurbach and Heiders’s theory129. Thus, HF is 

produced from hydrolysis and is inherently present in the electrolyte. It triggers additional 

unwanted side reactions at the cathode surface114,130. Taking the example of LiMn2O4, it 

has been demonstrated that cathode materials with higher Mn content suffer from a high 

degree of manganese dissolution from the cathode into the electrolyte131,132. Mn3+ 

undergoes a disproportionation reaction, 2Mn3+ → Mn2+ + Mn4+ at the cathode surface. 

Among the products, Mn4+ remains in the cathode material while Mn2+ dissolves in the 

electrolyte. Aoshima et. al. found that the dissolved Mn2+ tends to form a layer of MnF2 

and ramsdellite-Li0.5MnO2 on the cathode surface. Metallic Mn is found on the anode 

surface. They concluded that this synergetic degradation of the cathode and anode is 

responsible for a faster capacity fading133. Later Kanno et.al. found that the Mn 

dissolution also depends on the crystal plane of the cathode exposed to the electrolyte, 

i.e. (110) plane are less stable as compared to (111) plane. The negative effect of the Mn 

dissolution not only affects the performance of the cathode but also involves the 

degradation of the anode material130. Zahn et. al. showed an improvement in cycling 

performance for surface-modified LiMn2O4 cathode as compared to bare-LiMn2O4 (Fig. 

9), which is attributed to a reduction of metal dissolution. They also proposed an ‘ion-

exchange model’ in order to explain the reaction of dissolved Mn taking place at the anode 

surface as shown in Fig. 9. It has been proposed that Mn reacts with the formed SEI layer 

and changes its composition by exchanging the Li+ in the SEI layer. As the SEI layer 

becomes rich in the Mn, it blocks the Li+ diffusion pathways, which results in an 

impedance growth134. Thus, strategies to prevent transition metal dissolution via surface 

modifications are very crucial for developing next-generation cathode materials. 

 

Figure 9: (a) Comparison of the electrochemical behavior of LMO with and without 

surface modification. (b) Schematic illustration of the Mn-Li exchange model mechanism 

for the deposition of Mn on graphite in a graphite/LMO cell (Reproduced from Ref. [134] 

with permission, Copyright 2013 Nature Publishers). 

2.4 Surface Modification —  Role and Characteristics 

2.4.1 Preventing Phase Transitions 

Surface modification of NCM based cathodes is performed mostly either by surface 

doping or surface coating. Both of these modification methods have their own advantages 

and disadvantages. Over the past decades, surface doping of the cathode particle has been 

extensively studied in order to control the phase transition at the cathode surface during 

cycling or to increase the Li+ diffusivity within the cathode particle. For bulk doping, 
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mostly elements like Al, Zr, or Ti have been used, which are normally electrochemically 

inactive. In order to minimize the loss in capacity, doping with these elements has been 

restricted to the surface only. Several studies have been done to investigate the impact of 

doping of LCO based cathode materials with Al, Zr and Sn. In the early studies, Cho et. 

al. suggested that doping the LCO surface with Al results in only small change in the 

LCO structure during first cycle as compared pristine LCO thus resulted in better cycling 

performance. A similar observation was found for Zr doped LCO135-137. However, later 

Dahn et. al. found no structural difference in Zr doped LCO as compared to pristine LCO 

after cycling, contradicting the observation by Cho et. al.138,139. Therefore, many rigorous 

studies on how doping of the cathode materials helps to prevent the phase transition are 

still needed.  In a recent study, Cho et. al. was able to force Ni2+ to reside in the Li slabs 

at the surface of LiNi0.62Co0.14Mn0.24O2. The material was found to show exceptional 

structural stability especially at elevated temperatures140. Similarly, Cabana et. al. doped 

LiMn2O4 with Al2O3 at the surface and found that on the surface of LiMn2O4 an 

epitaxially grown Mn3+-depleted phase was formed, where Mn3+ has been replaced by 

non-soluble Al3+ as shown in Fig. 10a, b141. The incorporation of Al3+ on the surface of 

LiMn2O4 was found to significantly reduce the risk of surface reconstruction during 

cycling, which in turn results in much better cycling performance. This observation was 

later supported by Amine et. al142.  

When a phase transition is caused by Jahn-teller distortion, surface doping strategies 

mostly seem to be promising in improving the performance of the cathode material. 

Taking the example of LiMn2O4, the Jahn-Teller distortion is found to be most intense 

near the surface where the Li+ diffusion always disrupts charge equilibrium. Taking this 

effect into consideration, many scientists suggested that modifying the surface of 

LiMn2O4 to replace some part of Jahn-Teller active ions might help to improve the 

performance at the expense of minimal capacity loss143. Xiong et. al. first coated LiMn2O4 

with Al2O3 and subjected the coated particle to annealing. They found that some part of 

Al has been incorporated into the LiMn2O4 which helped in the suppression of Jahn-Teller 

distortion at the surface. In addition, the coating helps to prevent the electrolyte to react 

with the surface and in turn, prevents Mn dissolution144. 

Surface doping of the cathode material has also proven to be beneficial for the suppression 

of O2 evolution in Li-rich cathodes. It is well known that the release of O2 from the Li-

rich cathodes results in simultaneous leaching of Li2O. Park et. al. showed that the 

incorporation of heteroatoms (such as Al) into the surface layer is responsible for extra 

stress at the Li-rich cathode surface and in turn, affects the cycling behavior as shown in 

Fig. 10c145. They deposited a layer of Al2O3 or AlPO4 on the surface of Li-rich 

Li[Li0.167Ni0.233Co0.100Mn0.467Mo0.0333]O2, followed by heat treatment of the cathode 

material resulting in the diffusion of Al into the surface lattice. During the electrochemical 

measurement, they measured the pressure change during cycling. They found that the 

pressure inside the cell dropped noticeably for the doped cathode due to the suppression 

of O2 release. They suggest that the diffused Al bonds strongly with the O present close 

to the surface and that smaller domains of LiMn2O3 have been created simultaneously.  
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Figure 10: (a) Stability test of bare LiMn2O4 and Al-modified LiMn2O4 under 55 oC. (b) 

High-resolution HAADF image indicating an Al-rich surface on the LiMn2O4 

nanoparticle (Reproduced from Ref. [141] with permission, copyright 2014 American 

Chemical Society). (c) In situ pressure profiles for pristine and modified 

Li[Li0.167Ni0.233Co0.100Mn0.467Mo0.033]O2 during the first charge (CC mode) (Reproduced 

from Ref. [145] with permission, copyright 2014 American Chemical Society). (d) Initial 

charge/discharge performance of the pristine and modified samples (Reproduced from 

Ref. [146] with permission, copyright 2014 American Chemical Society). 

Previous doping strategies have mostly focussed on the diffusion of metal ions into the 

bulk or the surface of the cathode material. Another possible consequence of annealing is 

the diffusion of surface Li or transition metals inside the coating layer to form a second 

phase inside the coating layer. This possibility has been initially reported by Wu. et. al. 

(Fig. 10d)146. They report an improvement in the electrochemical performance of   MnOx 

coated Li[Ni0.2Li0.2Mn0.6]O2 after post heat treatment. The improvement in the 

performance is associated with the generation of Li vacancies on the surface of the 

cathode due to Li diffusion into the coating layer. The lithium-depleted surface results in 

oxygen depletion and in turn decrease the chance of O2 evolution. Furthermore, the doped 

coating layer is expected to facilitate a better Li-ion diffusion. Similar results have been 

reported by Hahn et. al. They studied the effect of temperature on Al2O3 coated Ni-rich 

NCM based cathodes and concluded that high-temperature annealing results in the 

migration of Li inside the Al2O3 layer, which leads to the formation of an Al2O3/LiAlO2 

coating layer147.  
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Unlike surface doping, the effect of surface coatings on the phase transition of cathode 

materials is still under debate. In general, the phase transformation at the surface caused 

by cation disorder is an intrinsic property of the cathode. Therefore large parts of the 

scientific community consider that coating of the cathode surface is not effective to 

suppress phase transitions during electrochemical cycling148. However, an AlF3 coating 

is among the few materials, which is reported to be effectively preventing the phase 

transition in Li-rich cathode as it improves the structural stability149. Although Al2O3 

based coatings are one of the most applied and studied coating materials for cathodes, 

their effectiveness towards the suppression of phase transitions during cycling is still 

debatable150-153.  

Recently, Wang et. al. used STEM-EELS measurements to visualize the suppression of a 

phase transition in Al2O3 coated Li1.2Ni0.2Mn0.6O2 during cycling as shown in Fig. 11a154. 

It can be seen; the uncoated cathode particle shows a drop of the Mn valence at the surface 

only after 40 charge/discharge cycles. In contrast, the coated particle shows a rather stable 

composition after the same number of cycles. In addition, severe surface reconstruction 

is found for the uncoated particles after cycling, which is not observed for the coated 

particles. This results in an improved electrochemical performance as shown in Fig.11b.  

the results further reveal that the effect of surface coating on the suppression of surface 

phase transition is rather complex and thus more research regarding this topic is required. 

 

Figure 11: (a) STEM-EELS study of pristine and Al2O3 coated LNMO and corresponding 

lattice images after cycling. (b) Charge/discharge and long-term cycling performance of 

pristine and Al2O3 coated LNMO (Reproduced from Ref. [154] with permission, 

copyright 2016 American Chemical Society). 

2.4.2 Preventing Crack Formation 

There are several reports focussing on the suppression of the crack formation in the anode 

but less work has been done regarding the cathode materials. Surface modifications to 
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prevent crack formation should be able to accommodate the particle strain generated 

during electrochemical cycling. Some specific oxide coatings (Al2O3 and AlF3) have been 

investigated regarding this aspect and have been found to be effective to some extent155-

157. However, as these coating materials are brittle in nature, particle cracking might also 

result in the peeling of coating during cycling, which leads to worse cycling performance. 

Taking these issues into consideration, polymer-based coating materials have been 

proposed. However, these polymer-based coatings have a low operating voltage window, 

which needs to be addressed for the successful implication of these coatings on cathode 

materials158,159. Moreover, the phase transition is also the main cause of particle cracking. 

Thus, the strategies discussed in the previous section might also be helpful in suppressing 

crack formation.  

2.4.3 Surface Modification Acting as HF Scavenger 

Using a surface modification of cathode materials for HF scavenging is a very common 

approach, as HF formation always happens on the NCM surface or inside the electrolyte. 

Mostly, metal oxide-based coatings are applied on the cathode surface in order to 

neutralize the generated HF inside the electrolyte according to the following reactions160-

164: 

Al2O3 + 6HF → 2AlF3 + 3H2O 

TiO2 + 4HF → TiF4 + 4H2O 

ZrO2 + 4HF → ZrF4 + 4H2O 

ZnO + 2HF → ZnF2 + H2O 

MgO + 2HF → MgO + H2O 

The metal fluorides formed during these reactions are more stable in non-aqueous 

electrolytes, which in turn prevents the cathode surface from further degradation if the 

metal oxide layer is completely consumed during extensive cycling.  Therefore, direct use 

of these metal fluorides as a coating layer has also been reported. In addition, HF 

generation is also found to be the cause of metal dissolutions. As discussed before, 

transition metal reduction (in particular Mn) is the main cause of metal dissolution165-168. 

Several studies have shown that surface coatings of different metal oxides (LiTaO3, 

Al2O3) apparently suppress the dissolution of transition metals during extensive cycling. 

Wu et. al. has reported that a pre-lithiation method enables manual reduction of the 

electrolyte during charging results in the generation of a more stable solid electrolyte 

interface (SEI) layer resulting in better electrochemical performance. Therefore, surface 

modifications are effective against HF scavenging and ultimately reduces metal ion 

dissolution169.  

2.4.4 Acting as Metal-Oxygen Bond Stabilizer 

The transition metal dissolution mainly originates from the breaking of metal-oxygen 

bonds close to the cathode surface. Thus, stabilizing and strengthening the metal-oxygen 

bonds can be helpful in improving the cycling performance. Surface modifications using 

coatings prevent the direct physical contact between cathode and electrolyte and in turn 

are helpful in preventing metal-ion dissolution. The main concern with surface coatings 
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is the restriction of electronic and ionic charge diffusion during the cycling. This can be 

improved by lithiation of the coating layer, which commonly enhances the ion diffusion 

inside the coating layer. Successful efforts have been made towards modifying the 

cathode surface via doping, which can deal with the above-mentioned problems. 

However, doping of the cathode material also raises concerns regarding the loss of active 

components in the cathode material, which in turn compromises the practical achievable 

capacity. Surface doping of cathode materials is beneficial in two aspects regarding the 

suppression of metal dissolution. Firstly, stabilizes the metal-oxygen bond and secondly, 

minimizes the amount of susceptible metal ions close to the surface without affecting the 

cathode’s structural integrity. Cabana et. al. has systematically studied the role of Mg 

doping on LiNi0.5Mn1.5O4 based cathode materials170. They found that charging the cell 

to very high voltage (5 V) results in intensive chemical changes of the pristine cathode 

because the Ni-O bonds in the cathode materials are highly oxidized. They become 

unstable making them very susceptible to electrolyte-based reduction. However, Mg-

doped cathode results in much robust Ni-O bonds at the surface, which in turn prevents 

severe electrolyte-assisted reduction of the cathode during intensive cycling. As stated 

above, surface doping also causes a replacement of soluble metal ions from the surface 

of the cathode. Daheron et. al. doped LCO based cathode materials with Al in order to 

form a LiCo1-xAlxO2 solid solution on the surface of LCO. They tracked the surface acid-

base properties of LiCo1-xAlxO2 while changing the value of x using XPS171. They found 

that the surface basicity drops significantly when Al is doped inside LCO and suggests 

that less basicity makes the doped LCO less susceptible to HF, in turn improves the 

electrochemical performance. 

2.4.5 Acting as Electronic/Ionic Conductivity Enhancer 

Surface coatings usually do not change the inherent electronic/ionic conductivity of the 

cathode material itself. However, it can provide a conductive network among the 

individual cathode particles in order to maximize the utilization of cathode material. The 

function of coatings as an electronic/ionic enhancer totally depends on the properties of 

the coating material along with the way they are deposited.   

a) In-situ Deposition of Electronic/Ionic Conductivity Enhancing Coating 

This paragraph discusses the coating materials having intrinsic electronic/ionic 

conductivity. Metals like Al, Ag, and Cu have been extensively studied as coating 

materials. However, due to their high costs along with non-homogenous coverage and 

acidic nature of the electrolyte (which can dissolve the metal), they are not considered to 

be effective coating material172,173. Similarly, metal compounds such as TiN, RuO2 and 

TiO2 have also been considered as coating materials due to their considerable electronic 

conductivity174,175.  Wang et. al. reported the deposition of rutile TiO2 on the cathode 

surface, which enhances the electronic conductivity and in turn improves the 

electrochemical performance176. 

On the other hand, growing the conductive polymer coatings on the surface of cathode 

material have been widely studied and reported. These kinds of polymers include 

polypropylene (PPy), polyaniline (PANi), polythiophene (PT) and poly(3,4-

ethylenedioxythiophene) (PEDOT). The beneficial effect of in-situ grown polymer-based 

coatings is that the monomer units can easily be nucleated on the cathode surface. The 
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polymerization is achieved with the help of catalyst resulting in a very uniform coating177, 

178-180. 

 

Figure 12: (a) TEM micrograph of porous graphite coating of LMO. (b) Comparison of 

the long-term cycling performance of pristine and coated LMO (Reproduced from Ref. 

[182], copyright 2014 Wiley-VCH). 

Alternatively, carbon-based materials (such as graphite, graphene, carbon nanotubes 

(CNTs) and amorphous carbon) have been used to form composite 181-184. These carbon-

based materials specifically help to build a three-dimensional electronically conductive 

network around the cathode active material. Taking this idea, Song et. al. has coated very 

thin layers of porous graphite on the surface of LiMn2O4 via high-speed ball milling 

method. They found an improvement in the achievable capacity accompanied by better 

performance, as shown in Fig. 12. Furthermore, researchers have also developed hybrid 

coatings (composite coatings containing both electronic and ionic conductors)185. In 

addition, the use of Li+ conducting coatings has also been reported, as they facilitate Li-

ion transport across the cathode surface.  

b) Depositing Electronic/Ionic Conductor via Post-treatment 

The pyrolysis of carbon-based materials via solid-state methods or chemical vapor 

deposition on the cathode surface has proven to be beneficial for improving the 

electrochemical performance of cathode materials. This holds in particular for those, 

which have low intrinsic electronic conductivity, such as LiMnPO4 and LiFePO4, as they 

are resistant to reduction during pyrolysis186. However, carbon coatings for LiMOx (M= 

Ni, Mn, Co, etc.) are rather hard to achieve as they easily oxidize under high-temperature 

treatment, which might deteriorate the electrochemical performance. Nevertheless, many 

researchers are testing carbon coatings on these materials deposited at low temperatures 

(350 oC) in air. The suitability of this approach is still debatable185,187-189. There are 

extensive reports on doping the surface coating in order to enhance the surface 

conductivity. Manthiram et. al. reported for NCM based cathodes that Al2O3 coating 

followed by thermal treatment results in interaction between NCM and Al2O3 forming 

LiAlO2 on the surface. As LiAlO2 is a good Li+ conductor, the thermal treatment, in turn, 

improves the long-term cycling performance191. 
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Figure 13: (a) Comparison of XPS spectra of the Al 2p and P 2p peak of AlPO4 coated 

LCO. (b) Comparison of the long-term cycling performance of pristine and coated LCO 

(Reproduced from Ref. [190] Copyright 2007 American Chemical Society). 

Similarly, Zhang et. al. reported the formation of Li2ZrO3 after annealing ZrO2 coated 

NCM cathodes, which shows an improved electrochemical performance192. In a more 

complicated study, Yang et. al. coated AlPO4 on LCO followed by heat treatment. They 

found that the Li2CO3 present on the surface of LCO reacts with AlPO4 forming LiCo1-

yAlyO2 in the cathode and Li3PO4 in the coating layer. This conversion between the LCO 

surface and the coating layer results in an improved electrochemical performance as 

shown in Fig. 13190. 

c) Formation of Electronic/Ionic Conducting Coatings via Lithiation/delithiation 

Surface coating materials have been found to turn into good Li+ conductors during cycling 

due to the accommodation of Li+ in the coating layer during reversible 

lithiation/delithiataion. For instance, Ta2O5 undergoes the following structural changes 

during cycling: 

Ta2O5
 + 10Li+ + 10e- → 2Ta5+ + 5Li2O 

Li2O + Ta2O5 → 2LiTaO3 

The formation of LiTaO3 during cycling improves the cycling performance of the cathode 

material. Wagemaker et. al. has theoretically calculated the formation of LiTiO2 from 

TiO2 during cycling. They predict better conductivity of LiTiO2 as compared to TiO2 and 

suggests this to be helpful in improving the electrochemical performance193. 

In order to theoretically predict the criteria for coating materials, Wolverton et. al. has 

calculated the thermodynamics of the reactions of the most common coating materials, 

such as metal oxides and fluorides194. By assuming the following conversion reactions: 

 

MxO1/2 + Li → xM + 1/2Li2O 

MxF + Li → xM + LiF 

 

They calculated the density function theory (DFT) voltages of oxide/fluorides with the 

experimental voltages, as shown in Fig. 14. 
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Figure 14: Calculated average voltages for oxides and fluorides versus voltages 

estimated from experimental formation enthalpies (Reproduced from Ref. [194] with 

permission, copyright 2014 Wiley-VCH). 

They suggested that the higher the lithiation voltage, the more likely the lithiation of the 

coating takes place during electrochemical cycling. They report that fluorides-based 

coating materials generally have higher lithiation voltage as compared to oxides, because 

of their higher electronegativity. The chart presented in Fig. 14 is considered as an 

important support for selecting coating materials in terms of in-situ lithiation during 

electrochemical cycling. 

2.5 Methods of Surface Modification 

 

Figure 15: Schematic representation of possible ways of surface modification. 

Different methods of surface modification approaches are summarized in Fig 15. The 

surface modification methods have been extensively studied in the literature. Defining an 

ideal modification method is difficult as the appropriate modification method 

significantly depends on the issues that need to be addressed. Surface doping of the 
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cathode can suppress the phase transition and can decrease metal-ion dissolution, but it is 

more restricted to a selection of the doping element as well as the extent of doping. 

Regular surface coating is effective against the suppression of metal-ion dissolution, 

decomposition of the electrolyte and acts as an HF scavenger. But the coating methods 

often produce an inhomogeneous coating on the surface of the cathode. Which is not 

highly effective in preventing the HF attack and the phase transition. Thus, conformal 

coatings are necessary to protect the cathode surface in a controlled manner from mostly 

all above-mentioned issues. However, the hermetic nature of insulating coating layers can 

prohibit electron and ion diffusion, resulting in a worse cathode performance. These 

issues of conformal coatings can be solved by either converting the insulating coating 

into conductive coating or by applying a conductive conformal coating in the first place. 

2.5.1 Doping 

Doping of cathodes is considered one of the most effective methods to improve the 

electrochemical performance of the LIB, depending on the properties of the doping 

elements192-202. Mostly, metal cations or non-metal anions have been doped into the bulk 

phase of cathodes with a very low percentage (usually < 5 wt.%).  Generally, doping 

improves the following properties of the cathodes: (1) Doping significantly improves the 

electronic conductivity and enhances the Li+ conductivity within the cathodes, resulting 

in improved C-rate performance. (2) Doping reduces the Li/Ni disorder in Ni-rich 

cathodes, resulting in the stabilization of the crystal structure during prolonged cycling. 

(3) Doping minimizes the volume change within the cathode during charge/discharge 

cycles. (4) Phase transformation of the cathode at higher voltages due to oxygen loss can 

be prevented by the incorporation of doping elements21,200-209.  

Cation dopants such as Al, Mg, Nb, Si, Zr, Ti, and Ca, are the most common doping 

elements for Ni-rich cathodes210-219. Since Ni/Li cation mixing is more common in Ni-

rich cathodes, Ni is mostly substituted by cation dopants. However, as these doping 

elements are electrochemically inactive, the doping results in a lower achievable capacity 

with increasing doping amount. Therefore, introduction of doping elements in cathode 

results in a trade-off between capacity and stability196,211,213,219. 

Anion doping of cathodes is less common and only a few anion dopants have been tested. 

The most common anion dopants, such as fluorine, chlorine, and sulfur, results in 

improved electrochemical performance of Ni-rich cathodes, because of the similar atomic 

radii with oxygen220-224. However, the impact of anion doping on the improvement of the 

electrochemical performance of the cathodes is still controversially discussed225. 

2.5.2 Surface Coating 

Surface coating of the cathodes is found to be a very effective approach to improve the 

electrochemical performance of LIBs. Several factors such as C-rate capability, long-term 

stability, material conductivity, or structural stability can be significantly improved via 

surface coatings16,226-228. Surface coatings play various roles on the surface of the cathode 

in order to improve performance. (1) The surface coating layer acts as a direct physical 

barrier between the cathode and the electrolyte, preventing parasitic side reactions 

between cathode and electrolyte. (2) The surface coating layer can effectively prevent the 

cathode from HF attack, resulting in prevention of transition metal ions dissolution. (3) 
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The coating can reduce crack formation by accommodating the volume expansion during 

cycling. (4) Conductive coating layers can improve the ionic and electronic transports 

properties of the cathode, resulting in reduced cell polarization. Surface modification of 

the cathode via coating has been widely accepted and employed in next-generation Ni-

rich cathodes in order to meet the demand of next-generation LIBs194,229-231. However, 

there is still a need to find a simple, easy, cost-effective coating method in order to fully 

commercialize Ni-rich NCM based cathodes for next-generation applications.  

2.6 Methods of Coating 

 

Figure 16: Overview of surface coating methods for cathode particles. 

The electrochemical performance of the cathode material can vary significantly 

depending on the coating method, suggesting that the coating method itself has a 

significant influence on the cathode properties16,226,229. The influence of the coating 

method on the cathode performance can be due to the following reasons: 

I. For the same coating material, different coating methods can result in a 

different coating microstructure on the cathode surface, which can lead to 

differences in Li+ transport properties through the coating layer. 

II. The coating method can have a negative impact on the surface structure of 

the cathode itself. For instance, the surface of Ni-rich layered cathodes is 

very sensitive to water. If the coating method is water-assisted then it can 

negatively affect the electrochemical performance of the cathode. 

Thus, the coating methods should be chosen very carefully considering the properties of 

the cathode materials. Fig. 16 shows the schematics of commonly used coating methods. 
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2.6.1 Co-precipitation Coating Methods 

Co-precipitation coating methods are a very common coating strategy by which a mono-

/multi-layer of coating material is deposited on the surface of cathode particles via a 

precipitation reaction of inorganic compounds232-234. For instance, Aboulaich et. al. 

successfully coated LCO with MF3 (M = Al or Ce) using M(NO3)3.xH2O (M = Al or Ce) 

and NH4F as coating precursor (Fig. 17a). The MF3 coating is found to improve the 

electrochemical performance of LCO based cathodes by suppressing surface reactions 

and scavenging the HF attack232. Co-precipitation coating methods have been widely used 

because of their simple and practicable nature along with their low cost.  However, as can 

be seen in Fig. 17b, various parameters such as pH value, temperature, the solution used, 

and the reagent dropping speed can greatly influence the coating properties and in turn 

can influence the electrochemical performance of the cathode. 

 

Figure 17: (a) TEM micrograph showing the successful AlF3 and CeO2 coating via a co-

precipitation method (Reproduced from Ref. [232] with permission, copyright 2014 

Wiley-VCH). (b) The schematic diagram for the co-precipitation coating method.  

2.6.2 Sol-gel Coating Methods 

As shown in Fig. 18, in sol-gel methods the cathode particles are dispersed in a prepared 

solution. The gel is formed by applying specific reaction conditions, which in turn results 

in the coating of the cathode particles235,236. For example, Shi et. al. reported the 

successful La0.7Sr0.3Mn0.7Co0.3O3 coating of LiMn2O4 via sol-gel process. Which resulted 

in much better C-rate and cycling performance237. The sol-gel coating method provides 

chemical uniformity of multi-component systems, along with easily controllable coating 

process as compared to other coating methods238,239. However, the time required to 

complete the coating process is rather long. In addition, most of the raw materials used in 

the process are organic compounds resulting in an increase in costs. Furthermore, the 

microstructure and chemical properties of the coating layer can be greatly influenced by 

certain factors (pH value, concentration, temperature etc.), which can significantly affect 

the electrochemical performance of the cathode239. 
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Figure 18: Schematic illustration of the sol-gel coating process. 

2.6.3 Dry Coating Methods 

In dry coating methods, the particles with a larger size (cathode material) are coated with 

nanoparticles (coating material) by mechanical mixing in a mixer as shown schematically 

in Fig. 19. Dry coating methods are considered very cost-effective and have insignificant 

environmental impact. Thus, they have attracted more attention in recent years240,241. For 

instance, Herzog et. al. successfully coated NCM particles with Al2O3 nanoparticles using 

a dry coating method. The coating was rather uniform resulting in a much-improved 

electrochemical performance of the cathode as shown in Fig. 19242. Other studies have 

also shown that using appropriate conditions, dry coating methods lead to a highly 

uniform coating layer on the cathode particle. Moreover, dry coating methods are simpler 

and cheaper than solution-based coating methods. However, in order to obtain a uniform 

coating around the cathode particles, the particle size of the cathode and the coating 

material should be carefully examined before coating243,244. 

 

Figure 19: (a) Schematic diagram of the dry coating process. (b) Comparison of the 

electrochemical performance of pristine and dry-coated Al2O3 sample (Reproduced from 

Ref. [242] with permission, copyright 2014 Wiley-VCH). 
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2.6.4 Chemical vapor deposition (CVD) Coating Methods 

In CVD, the cathode particles come in contact with the flowing gaseous precursor and 

react with the cathode particle, similar to the liquid state and results in coating245,246. For 

instance, Tian et. al. prepared and compared carbon-coated LiFePO4 particles via two 

different approaches (Hydrothermal and CVD), using solid glucose as carbon source. 

They reported that the CVD-based coating is much more uniform as compared to 

hydrothermal-based one, resulting in a much better C-rate performance247. However, 

there are lots of problems associated with CVD-based coatings. Firstly, the coating 

particles are usually present in the form of aggregates, thus the formation mechanism 

becomes vital in order to control uniformity of the coating layer. Secondly, during the 

coating process the nucleation and coating formation takes place simultaneously, which 

ultimately can affect the coating uniformity. In conclusion, the CVD-based coating 

process can provide a more uniform coating but the coating process is rather complicated 

and costly compared to other methods.  

2.6.5 Atomic Layer Deposition (ALD) Based Coating Methods 

 

Figure 20: Schematic diagram of the different steps of an ALD coating process. 

In comparison to other coating methods, ALD is very unique as it can provide ultrathin 

coating layers along with high conformity and a precise thickness control on the atomic 

level248. As illustrated in Fig,20, ALD allows the deposition of a very thin coating on the 

surface of the substrate (cathode particle) through a sequence of chemisorption and self-

terminating surface reactions. During a typical ALD process, the substrate surface is 

initially functionalized using an oxidative precursor, such as H2O or ozone, yielding a 

conformal and complete coverage of the substrate surface with hydroxyl groups. This step 

is followed by purging the by-products and the residual H2O or ozone with an inert gas 

flux. Afterward, an organometallic precursor of the desired metal is introduced in order 

to react with the active hydroxyl group, forming a monolayer of desire metal oxide on the 

surface of the substrate bridged by oxygen bond. The second purging step is introduced 

to remove the unreacted precursor and the by-products. These self-limiting pulsing and 

purging steps are repeated during the ALD process, resulting in a precise atomic level-

controlled growth of the coating layer249-251. Hence, coatings grown via ALD are typically 

dense, homogenous, uniform and conformal. It is worth noting that ALD-based coatings 

are chemically bonded to the substrate in contrast to other coating methods which are 
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only physically attached252,253. Another discrete advantage of ALD is that it can be used 

to directly coat ready-to-use cathode sheets with a high aspect ratio. During the ALD-

based coating of ready-to-use cathodes. The gas-phase precursor can directly penetrate 

inside the pores present in the composite cathode consisting of cathode active material, 

conductive carbon and polymer binder, forming a conformal coating on the surface of 

ready-to-use cathodes. Thus, ALD provides the flexibility of coating either individual 

cathode particles or complete ready-to-use cathodes252-254. 

2.6.6 Other Coating Methods 

In addition to the above-mentioned coating methods, there are few alternative coating 

methods such as electroless plating255 and organics pyrolysis method256. 

In the case of the electroless plating method, metals are deposited by chemical method 

without current257. For example, Jiang et. al. coated nano-sized Ag on LiMn2O4 via 

electroless plating method, which resulted in an improvement in the electronic 

conductivity and thus in an improvement of the cycling performance258. However, the 

cost of this method is very high.  

In the case of the organic pyrolysis coating method, a carbon coating is the main outcome, 

which is typically completed by the carbonization of organic compounds259. This coating 

method has been considered very suitable for industrial applications. However, the 

coating produced in this method is relatively rough, which affects the integrity and 

uniformity of the coating.  

2.7 Types of Surface Coating and Their Properties 

 

Figure 21: (a) SEM-EDX micrograph of Al2O3 coated NCM powder. (b) Comparison of 

the electrochemical performance of pristine and dry-coated Al2O3 samples (Reproduced 

from Ref. [260] with permission, copyright 2014 Wiley-VCH).  

Coating layers that act as a physical barrier between cathode and the electrolyte should 

possess the following properties: 
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I. The coating layer should be chemically stable in order to prevent side reactions 

from taking place between the coating layer and the cathode or the electrolyte. 

II. The coating layer should have a very high redox potential, which can prevent the 

oxidation of the coating layer during high-voltage operations.   

According to the above-mentioned requirements, a wide range of chemical compounds 

can be chosen as coating candidates. However, the physicochemical properties of these 

compounds can significantly influence the electrochemical performance of the cathode. 

For instance, as recently reported by Herzog et. al. coating of the same cathode with 

different coating materials leads to differences in the electrochemical performance 

cycling as shown in Fig. 21260. Thus, concluding from literature, currently used coating 

materials can be divided into the following categories: oxides, active electrode materials, 

phosphates and carbon materials. 

2.7.1 Oxide-Based Coatings 

The most commonly used oxide coatings are Al2O3, ZrO2, TiO2, ZnO2, and SiO2. 

Different oxide-based coatings have different chemical and electrochemical properties, 

which can significantly influence the electrochemical performance of the coated cathode 

material92,261-265. As shown in Fig. 22, Herzog et. al. coated NCM based cathode materials 

with different oxides, which showed an improved cycling performance260.  

 

Figure 22: (a) EDX micrograph of Al2O3, ZrO2 and TiO2 coated NCM powder. (b) 

Comparison of the electrochemical performance of pristine and dry-coated samples 

(Reproduced from Ref. [260] with permission, copyright 2014 Wiley-VCH). 

However, differences in the electrochemical behavior are found for the different coating 

materials. The influence of the coating material is typically depending on the unique 

physical and chemical properties of the oxide itself. For instance, Al2O3 is used 

commercially as coating material because of its high melting point and stability against 

the acidic or alkali environment. In addition, it is also corrosion resistant and can form 

layered LiAlO2 via high-temperature annealing, being beneficial for Li+ diffusion through 

the coating layer266. In comparison to Al2O3, semiconducting oxides such as ZrO2 or TiO2, 



 

31 | P a g e  
 

have a higher conductivity and can facilitate Li+ diffusion through the coating layer during 

cycling260. Takamatsu et. al. reported the formation of Zr salt from ZrO2 on the surface 

of cathode particles during cycling, which improved the Li+ diffusion through the coating 

layer and thus improved the electrochemical performance267. In contrast to the majority 

of oxide materials, SiO2 based coatings, which exhibit a lower conductivity, reduces the 

electrochemical performance when a thick coating layer is used268. Thus, in case of oxide 

coatings with low conductivity, a thinner coating layer is favored for a better 

electrochemical performance269.   

2.7.2 Phosphate-Based Coatings 

The most commonly used phosphate-based coating materials are AlPO4, Co3(PO4)2, 

FePO4, etc.270,271Among all, AlPO4-based coatings are most widely used, due to strong 

covalent bonding between Al3+ and PO4 polyanion along with strong P=O bonds. In 

AlPO4-coated cathodes, the coating can effectively prevent the interaction between the 

cathode and the electrolyte, which in turn prevents the metal dissolution272,273. Cho et.al. 

compared Al2O3 and AlPO4 as coating material on the electrochemical performance of 

LCO. They reported no significant differences between both the coatings. when the cells 

were charged up to 4.6 V. However, the capacity retention was much better for AlPO4 

coated sample as compared to Al2O3, when the cells were charged up to 4.8 V 

accompanied with a higher thermal stability274. Co3(PO4)2 is also a commonly used 

phosphate-based coating material. It has been found that Co3(PO4)2 reacted with cathode 

impurities (Li2CO3 and LiOH) during heat-treatment to form olivine LixCoPO4 phase at 

the surface of NCM, resulting in the suppression of side reaction and metal-ion 

dissolution, which improves the electrochemical performance275,276. FePO4 based 

materials have proven to be a promising 3V cathode candidate for LIBs due it’s low cost 

and high thermal stability. Considering its advantages, Xiao et. al. reported that ALD-

based coatings of FePO4 on LiNi0.5Mn1.5O4 results in a much higher capacity during 

cycling277,278. 

2.7.3 Active Electrode Material-Based Coatings 

Using active electrode materials as a coating layer is a fairly new concept for NCM based 

cathodes. It has been suggested that coating the cathode with active electrode material 

might be beneficial, as the coating layer exhibits better ionic conductivity as compared to 

oxides or phosphate-based coating materials. It also prevents side reactions between 

electrode and electrolyte. The most commonly used active electrode material for the 

coating of NCM based cathodes include Li4Ti5O12, LiNiPO4, and LiFePO4 etc200,279-282. 

Among all Li4Ti5O12 has been most widely employed as a coating material due to its high 

stability, smooth discharge plateau and reluctance against overcharge and discharge283. 

Furthermore, Li4Ti5O12 has a very unique structural feature of ‘zero strain’, which can 

avoid structural damages arising due to volumetric changes and maintain structural 

stability even at high operating voltage. For Li4Ti5O12 coated Li-rich cathode material, it 

is reported that the coating layer effectively stabilizes the main cathode structure and also 

prevents the reaction between cathode and electrolyte, resulting in much better 

electrochemical performance284,285. LiFePO4 also shows improved structural stability, 

voltage plateau and excellent safety, making it another promising coating material. In 

addition, it has higher thermal stability and superior high-temperature performance 
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compared to most of the cathode materials, resulting in a much better electrochemical 

performance for LiFePO4 coated cathodes286,287. Kim et. al. coated LiFePO4 on 

Li[Ni0.5Co0.2Mn0.3]O2 using a co-precipitation method and compared its electrochemical 

performance with inactive oxide coatings (Al2O3, ZnO and MgO), reporting far superior 

capacity retention at 50 oC282. 

2.7.4 Carbon-Based Coatings 

Carbon-based coatings exhibit good electronic conductivity and Li+ diffusivity. They are 

used for the cathodes with poor electronic conductivity, such as LiFePO4, Li2MnSiO4 and 

Li2V2(PO4)3 etc287-289. Generally, carbon-based coating layer deposited on the cathode 

surfaces have the following effects: 

1. The coating layer increases the conductivity between the cathode particles. 

2. The coating layer inhibits the grain growth during post-synthesis heat 

treatment. 

3. The coating layer acts as a reducing agent in order to prevent metal-ion 

oxidation. 

For in-situ carbon coating, the reaction atmosphere must be inert as carbon acts as a 

reducing agent for the high valence metal ions in the cathode290. Thus, in-situ high-

temperature carbon coating is not suitable for layered and spinel cathode materials. Liu 

et. al. coated Li[Li0.2Mn0.54Ni0.13Co0.13]O2 with carbon and found that the surface 

conductivity has been enhanced by 40% without degrading the cathode structure, 

resulting in a much better C-rate and electrochemical performance291. Jin et. al. coated 

LiNi0.4Ti0.1Mn1.5O4 with carbon via solid-state reaction and found an improved columbic 

efficiency along with higher capacity retention. This improvement was correlated to the 

suppression of SEI formation and faster kinetics of Li+ in the coated sample292.  

2.7.5 Other Coating Materials 

In addition to the above-mentioned coating materials, there are materials worth 

mentioning, such as fluoride, polymers, silicates, metals, etc173,232,293,294.  As already 

discussed, the generation of HF is unavoidable inside the battery, which results in 

corrosion of the cathode, which deteriorates the battery performance. In contrast, fluoride-

based coating layers don’t react with HF and in turn resist HF erosion of the cathode, thus 

resulting in much better electrochemical performance and thermal stability165. Similarly, 

polymer-based coatings are also very common to modify the cathode surface. For 

example, coating the cathode with conductive polymer polypyrrole (PPy) results in an 

improvement of the cathode conductivity and in turn in a higher capacity and improved 

electrochemical performance295. Furthermore, silicate-based coating materials effectively 

block chemical erosion of the cathode surface due to the presence of strong Si-O bonds 

and thus results in much better cycling performance of the coated cathode296. In addition, 

metallic coatings can improve the electronic conductivity on the cathode surface and can 

increase the electrical contact in the cathode composite, which can further increase the 

electrochemical performance of the cathode297. However, metals with a high conductivity 

might not be suitable as a coating material due to negative oxidation effect, so there is a 

need for studying the modification mechanism of metal-based coatings.  
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3. Results and Discussion 

NCM based cathodes are widely used and studied in LIBs due to their higher achievable 

capacity (200 mAh g-1) in the same operating voltage window as compared to LCO. In 

particular Ni-rich NCM based cathodes are projected to launch for the next-generation 

LIBs for EV application and thus LiNi0.7Mn0.15Co0.15O2 has been selected for most of the 

studies. However, using Ni-rich NCM is often accompanied by detrimental side reactions 

at the interface between the cathode and the electrolyte, which in turn limits the battery 

performance. The surface coating has been shown to effectively mitigate these interfacial 

issues arises with Ni-rich NCM cathodes. Thus, the initial focus of my Ph. D. was to 

develop an ALD-based surface coating method for the ready-to-use cathode sheets, which 

otherwise is impossible to coat with other coating methods. I have successfully developed 

an ALD-based Al2O3 coating approach and applied on ready-to-use cathodes resulting in 

a better electrochemical performance of LIBs (Publication 1). Thereafter, my research 

focus has been broadened to develop new solution-based coating methods for Al2O3 based 

coating material on NCM powder (Publication II). Furthermore, I have investigated the 

effect of high-temperature treatment on Al2O3 based coating and its effect on the 

electrochemical performance of the NCM has been studied (Publication III). I continued 

the development of new coating methods which can be applied in ASSBs, I applied a 

Li4Ti5O12-based coating dry-processed coating method on NCM powder used as a 

cathode material in ASSBs. Due to the coating the performance of the ASSB could be 

significantly improved (Publication IV). For the last part of my Ph. D. research, I have 

investigated the influence of high-temperature treatment on dry-processed Al2O3 coating 

and its effect on the electrochemical performance of NCM based ASSB. The following 

four peer-reviewed represents the basis of this Ph.D. thesis. 

 

3.1 Publication I: Optimized Atomic Layer Deposition of Homogeneous, Conductive 

Al2O3 Coatings for High-nickel NCM Containing Ready-to-Use Electrodes. 

In my first publication, a new ALD-based Al2O3 coating process has been developed to 

improve the electrochemical performance of various Ni-rich NCM based ready-to-use 

electrodes. For the development of the coating process, various ALD parameters have 

been optimized to achieve homogenous coating on NCM based cathodes. After successful 

deposition of the coating layer, various structural characterization technique has been 

used to analyze the coating on the surface of cathode. The coating is found to be rather 

homogenous and thin. The coating layer is thin enough to retain the original conduction 

properties of the cathode.  

The electrochemical characterization in terms of C-rate, long-term cycling, and 

electrochemical impedance spectroscopy (EIS) confirmed the improvement of the long-

term cycling performance for the coated cathodes as compared to uncoated ones without 

a negative impact on the C-rate performance. The beneficial effect of the coating layer 

can be attributed to a reduced SEI formation and charge transfer resistance during long-

term cycling.Post-mortem analysis of the cycled cathodes reveals that the coating itself is 

stable during cycling and the coating layer effectively prevents particle cracking during 

cycling.  
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I designed the concept and performed the experiments of this publication under the 

supervision of Dr. M. T. Elm and Dr. S. P. Culver. I wrote the manuscript, which was 

corrected by all five co-authors. High-resolution SEM images have been taken by 

Shamail Ahmad. AFM images have been taken by Miguel Wiche. Dr. S. P. Culver 

contributed to scientific discussions. Reprinted with permission from Physical Chemistry 

Chemical Physics. Copyright 2018 Elsevier. 

R. S. Negi, S. P. Culver, M. Wiche, S. Ahmed, K. Volz, M. T. Elm, Optimized atomic 

layer deposition of homogeneous, conductive Al2O3 coatings for high-nickel NCM 

containing ready-to-use. Physical Chemistry Chemical Physics 2021, 23 (11), 6725-6737 
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3.2 Publication II: Enhancing the Electrochemical Performance of 

LiNi0.70Co0.15Mn0.15O2 Cathodes Using a Practical Solution-Based Al2O3 Coating 

As demonstrated in publication I, ALD-based Al2O3 coatings can improve the 

electrochemical performance of Ni-rich NCM based cathodes. However, the ALD-based 

coating process is rather expensive and not quite suitable for industrial applications. Thus, 

using the basic knowledge of ALD-based coating method, we developed a rather cheap, 

easy and simple solution-based Al2O3 coating method. 

Taking inspiration from the ALD coating mechanism for Al2O3, a solution-based coating 

method has been developed which makes use of the absorbed water at the NCM surface. 

Trimethylaluminium (TMA) acts as coating precursor. The NCM is mixed with TMA 

solution, which results in an Al2O3 coating on the NCM powder. No post-annealing step 

is involved. Structural analysis of the coated samples reveals the successful deposition of 

a homogenous and very thin Al2O3 coating on the surface of NCM. Electrochemical 

analysis shows a significantly improved long-term cycling performance of the coated 

NCM as compared to pristine NCM. The coated NCM also exhibits a lower impedance 

growth over long-term cycling suggesting much better prevention of the SEI formation 

as compared to pristine NCM. In addition, Post-mortem analysis of the cycled cathode 

reveals that the coating prevents particle cracking during cycling. 

The concept and experiments for this publication have been designed and performed by 

myself under the supervision of Dr. M. T. Elm and Dr.T. Brezesinski. I wrote the 

manuscript and corrected by all co-authors. TEM images have been taken by A. Mazilkin. 

Dr. S. P. Culver contributed to scientific discussions. Reprinted with permission from 

Physical Chemistry Chemical Physics. Copyright 2018 Elsevier. 

R. S. Negi, S. P. Culver, A. Mazilkin, T. Brezesinski, M. T. Elm, Enhancing the 

Electrochemical Performance of LiNi0.70Co0.15Mn0.15O2 Cathodes Using a Practical 

Solution-Based Al2O3 Coating. ACS Applied Materials & Interfaces 2020, 12 (28), 

31392-31400
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3.3 Publication III: Insights into the Positive Effect of Post-Annealing on the 

Electrochemical Performance of Al2O3-Coated Ni-Rich NCM Cathodes for 

Lithium-Ion Batteries 

In publication II, we have developed a new solution based Al2O3 coating approach for 

Ni-rich NCM based cathodes, which results in an improved long-term cycling 

performance, but no positive effect on the C-rate performance has been observed. 

However, for the commercialization of Ni-rich NCM based cathodes for next generation 

battery systems improvements of the C-rate performance is required along with cycling 

performance. Keeping that in mind, an additional annealing step has been added to the 

coating method. The recovered powder obtained after the coating process has been 

annealed at high-temperatures under oxygen. Structural analysis of the samples reveal 

that the annealing step has no effect on the structural properties of NCM particles. 

However, significant changes of the structural properties of the coating layer are 

observed. NMR studies reveal the diffusion of Li+ inside the coating layer during 

annealing, resulting in the formation of mixed Al2O3/LiAlO2 composite layer. This has 

been further confirmed by XPS. The Li+ diffusion inside the coating layer results in 

significant improvement in the coating conductivity, as confirmed by EIS analysis. The 

increase in conductivity of the coating layer, improves electrochemical performance of 

the NCM in-terms of C-rate capabilities and long-term cycling. In addition, the mixed 

coating layer is found to be effective against parasitic side reaction at the interface 

between electrode and electrolyte resulting in a lower impedance rise over long-term 

cycling as confirmed by EIS analysis. Furthermore, post-mortem analysis of the cycled 

cells reveal that the coating is also effective against the particle fracture. 

The concept and experiments for this publication have been designed and performed by 

myself under the supervision of Dr. M. T. Elm. The manuscript was written by me and 

corrected by all co-authors. NMR analysis has been taken by R. Staglich. E. Celik and R. 

Pan contributed to the scientific discussions. Reprinted with permission from ACS 

Applied Energy Materials 2021. 

R. S. Negi, E. Celik, R. Pan, R. Stäglich, J. Senker, M. T. Elm, Insights into the positive 

effect of post-annealing on the electrochemical performance of Al2O3 coated Ni-Rich 

NCM cathode for lithium-ion batteries, ACS Appl. Energy Mater. 2021, 4, 4, 3369–338 
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3.4 Publication IV: Stabilizing the Cathode/Electrolyte Interface Using a Dry-

Processed Lithium Titanate Coating for All-Solid-State-Batteries 

The successful development of coating strategies for liquid electrolyte-based Li-ion 

batteries during the course of this Ph.D. work further motivated me to take the next step 

and work on the development of coating strategies for all-solid-state Li-ion batteries 

(ASSB) systems. Due to their improved safety and high theoretical energy density, 

ASSBs are considered the future of next-generation energy storage systems. However, 

the interfacial instability between the solid electrolyte (SE) and the cathode materials still 

hinders their application for next generation. Thus, surface coating strategies for ASSBs 

are considered to be beneficial as in case of LIBs.   In this publication, we have developed 

a new LTO based dry-coating approach for Ni-rich NCM based cathodes. No post-

annealing step has been involved during or after the coating process. Structural analysis 

of the recovered coated powder reveals the successful deposition of a really homogenous 

and well-distributed LTO coating on the surface of NCM. The electrochemical analysis 

demonstrates the improvement of the C-rate and long-term cycling performance of the 

coated NCM as compared to pristine NCM in ASSBs. The coated NCM also shows much 

lower impedance growth during first cycle along with a lower impedance after 100 cycles 

during long-term cycling. The results suggest that the coating effectively prevents SEI 

formation. 

The concept and experiments for this publication have been designed and performed by 

myself under the supervision of Prof. J. Janek, Dr. R. Takata, Dr. F. Schmidt, and Dr. 

M.T. Elm. The manuscript was written by me and corrected by all co-authors. P. 

Minnmann helped in performing the electrochemical test. TEM images have been taken 

by S. Ahmad.  Dr. R. Pann and Dr. M. Herzog contributed to the scientific discussions. 

Reprinted with permission from Physical Chemistry Chemical Physics. Copyright 2018 

Elsevier. 

R. S. Negi, P. Minnmann, R. Pan, S. Ahmed, M. Herzog, K. Volz, R. Takata, F. Schmidt, 

J. Janek, and M. T. Elm, Stabilizing the cathode/electrolyte interface using a dry-

processed lithium titanate coating for all-solid-state-batteries, ACS Chem. Mater. 2021, 

33 (17), 6713–6723 
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3.5 Publication V: A Dry-Processed Al2O3/LiAlO2 Coating for Stabilizing the 

Cathode/Electrolyte Interface in High-Ni NCM-Based All-Solid-State Batteries 

As known from our previous work on annealing (publication III), we have successfully 

understood that the annealing step during the coating can be crucial for improving the 

electrochemical performance of NCM based cathodes. Thus, keeping that in mind, 

additional annealing step is added to the dry-processed Al2O3 based coating for NCM 

based cathodes used in ASSBs. The annealing seems to improve various expects of the 

coating. Structural analysis revealed that no observable changes have been observed in 

the NCM. However, various significant structural changes in the coating have been 

observed. SEM and TEM studies showed that the coating layer becomes thin, dense and 

homogenous after annealing resulting in an improved interfacial property between NCM 

and the coating layer. BET studies further supported the loss of porosity in the coating 

layer.  XPS studies revealed the inter-diffusion of Li+ inside the coating layer during 

annealing, resulting in an Al2O3/LiAlO2 composite coating layer, as observed in our 

previous publication (publication III). The improvement in various properties resulted in 

improved electrochemical performance of the NCM both, in-terms of C-rate and long-

term cycling. The following observation suggested that annealing step could be very 

crucial for the development of coating strategies for ASSBs 

The concept and experiments for this publication have been designed and performed by 

myself and Y. Yusim under the supervision of Dr. M. T. Elm and Dr. A. Henss. The 

manuscript was written by me, Y. Yusim, and corrected by all co-authors. TEM analysis 

has been taken by S. Ahmad. Dr. R. Pan contributed to the scientific discussions. Just 

accepted Advanced Materials Interfaces 2021 

R. S. Negi, Y. Yusim, R. Pan, S. Ahmed, K. Volz, R. Takata, F.Schmidt, A. Henss and 

M. T. Elm, A dry-processed Al2O3/LiAlO2 coating for stabilizing the cathode/electrolyte 

interface in high-Ni NCM-based all-solid-state batteries 
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4. Conclusion and Outlook 

Ni-rich NCM based cathodes are considered as one of the most promising cathode 

materials for next-generation LIBs. However, they suffer from fast capacity fading during 

electrochemical cycling due to an unstable interface in contact with the electrolyte. 

Modification of the cathodes via surface coating has shown promising results in 

mitigation of the undesired side reactions happening at the electrode-electrolyte interface. 

Since, the commonly applied coating methods are very complicated, costly, and time-

consuming, the development of an easy, scalable, cheap and time-effective coating 

method is necessary in order to successfully use Ni-rich NCM in next-generation LIBs. 

In addition, a detailed understanding of the beneficial effect of the coating layer is still 

incomplete. Therefore, a comprehensive understanding of the ongoing mechanisms of the 

coating is necessary in order to optimize the properties of effective coatings for LIBs. 

Thus, in this thesis, different simple and effective powder coating techniques for Ni-rich 

NCM based cathodes have been developed, which all improved the electrochemical 

performance of LIBs. In addition, detailed investigations have been performed on the 

coated NCM (before/after cycling), in order to elucidate the working principle of the 

coating layer during electrochemical cycling.   

Three different types of coating methods (wet-chemical, ALD and dry-coating) have been 

developed during the course of this thesis. It is found that homogenous coating can also 

be achieved via a wet-chemical coating method. ALD-based coatings are found to be 

beneficial for coating ready-to-use cathodes, due to low coating temperature. Dry-process 

coating methods have also been successfully developed for NCM based coating powder, 

resulting in a very porous coating layer. It has been concluded that the most important 

physical parameter influencing the long-term cycling performance is the homogeneity of 

the coating layer and coating composition. In addition, post-annealing of the metal oxide 

coating is found beneficial for electrochemical performance of coated cathodes for bot 

LIBs and ASSBs. 

Although various coating materials (Al2O3, CeO2, TiO2, LiAlO2, Li4Ti5O12, etc.) have 

been tested, yet the most suitable coating material has not been agreed upon for NCM 

based cathodes. Thus, keeping that in mind, in this thesis various coating materials 

(Al2O3, LiAl2O3 and Li4Ti5O12) have been successfully coated and tested on NCM 

cathodes. All of these materials improved electrochemical performance of NCM based 

cathodes. In addition, influence of the post-heat treatment on the Al2O3 based coating and 

subsequently on the electrochemical performance of the NCM has been investigated and 

explained.   

Although all the developed coating methods improved electrochemical performance, the 

best electrochemical performance in terms of C-rate performance, as well as long-term 

cycling, is achieved via lithiated metal oxide coatings on the NCM cathodes for LIBs as 

well as ASSBs. The result shows that lithiated metal oxide coatings could play a key role 

in commercialization of NCM based cathodes in next-generation LIBs. 

In conclusion, various developed coating processes during this Ph.D. thesis are found to 

be very effective methods to protect the direct physical contact between the electrode and 

electrolyte, thus preventing the parasitic side reaction and improving the electrochemical 
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performance of NCM based cathodes. All these coating processes are very simple, fast, 

practical and easily scalable, as well as energy and cost-effective. In addition, all of these 

coating methods can be transferred to any type of NCM-based cathode. The developed 

dry-process coating method can also be transferred to various coating materials (e.g. 

TiO2, ZrO2). In addition, lithiated metal oxide coating has been found superior over metal 

oxide analog in terms of electrochemical performance. Thus, all these results in 

combination provide a solid base for further future research on coating or Ni-rich NCM. 

In order to unveil the mechanism of how the metal oxide coatings (Al2O3, TiO2) transport 

Li-ion during cycling, further in-depth investigations on structural properties of the 

coating layer and cathode are necessary. Furthermore, effect of surface impurities (e.g. 

LiOH, Li2CO3, Li2O) on the performance of the coating layer should be studied, by 

coating and analyzing fresh and aged NCM. To prevent the formation of surface 

impurities after the coating process, all steps of coating procedure should be performed 

inside inert gas atmosphere. Furthermore, it should also be investigated if chemical 

reactions take place between the coating layer and the surface during the post-annealing 

step and how it affects the electrochemical performance of LIBs. In addition, further 

analysis is needed to elucidate if electrochemical reactions between coating and NCM 

take place during cycling These reactions may result in a conversion of the coating layer, 

which is not investigated yet. 

The developed coating approaches may be transferred to other potential cathodes (e.g. 

Lithium-rich layered oxides (LLOs)) that can meet the high demands of next-generation 

LIBs. Surface coatings have already been found to improve the electrochemical 

performance of LLOs based cathodes. However, the exact mechanism regarding how the 

coating layer works is still under debate. Thus, it would be very interesting to investigate 

the influence of these rather simple coating methods on the cycling performance of LLOs 

based cathodes. If the coating process is successful and mitigates the deficiencies of LLOs 

based cathodes, the developed coating methods can definitely help in the 

commercialization of next-generation LIBs. 

In addition, lithiated metal oxide coating agents also show promising results for cathodes 

in ASSBs. ASSBs are considered as an alternative for conventional liquid electrolyte-

based LIBs. However, several issues need to be addressed before their successful 

commercialization. One issue that remains constant for both liquid and solid-state 

batteries is the highly reactive surface of the cathode. Thus, different concepts of surface 

modification successfully applied in LIBs may be transferred to ASSB. Initial 

investigation has already shown promising results in improving the electrochemical 

performance of the cathodes in ASSBs. However, more in-depth analysis is still needed 

to fully develop and understand the coatings for ASSBs. 
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6.6 List of Abbreviations 

AC: Alternating current 

ALD: atomic layer deposition 

ASSB: all-solid-state battery 

BET: Brunauer–Emmett–Teller 

CAM: cathode active material 

CE: Columbic efficiency 

CEI: cathode electrolyte interface 

CT: charge transfer 

CV: Cyclic voltammetry 

CVD: chemical vapour deposition 

DEC: Diethyl carbonate 

DFT: density functional theory 

DMC: Dimethyl carbonate 

EDS: Energy dispersive spectroscopy 

EELS: electron energy loss spectroscopy 

EIS: electrochemical impedance spectroscopy 

EMC: Ethylmethyl carbonate 

EV: electric vehicle 

HAADF: High-angle annular dark-field imaging 

HF: hydrogen fluoride 

ICE: Initial columbic efficiency 

LFP: Lithium iron phosphate 

LIB: lithium-ion battery 

LLO: Lithium-rich layered oxides 

LMO: Lithium manganese oxide 

LNMO: Lithium nickel manganese oxide 

MLD: Molecular layer deposition 

NCA: lithium nickel cobalt aluminium oxide 

NMC: lithium nickel manganese cobalt oxide 
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NMP: N-Methyl-2-pyrrolidone 

PC: Propylenecarbonate 

PE: Polyethylene 

PEDOT: poly(3,4-ethylenedioxy)thiophene 

PPy: polypyrrole 

PTh: polythiophene 

PVD: physical vapour deposition 

SEI: solid electrolyte interphase 

SEM: scanning electron microscopy 

STEM: Scanning transmission electron microscopy 

TEM: transmission electron microscopy 

TGA: Thermogravimetric analysis 

TM: Transition metal 

TMA: Trimethyl aluminium 

XPS: X-ray photoelectron spectroscopy 

XRD: X ray diffraction 
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