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Design and synthesis of Ni-rich and low/no-Co layered oxide cathodes for Li-ion 

batteries 

Zhijie Yang 

Abstract 

Li -ion batteries (LIBs) have achieved remarkable success in electric vehicles (EVs), 

consumer electronics, grid energy storage, and other applications thanks to a wide range of 

electrode materials that meet the performance requirements of different application 

scenarios. Cathodes are an essential component of LIBs, which governs the performance 

of commercial LIBs. Layered transition metal oxide, i.e., LiNi xCoyMn1-x-yO2 (NMC), is 

one family of cathodes that are widely applied in the prevailing commercial LIBs. With 

increasing demand for high energy density, the development of layered oxide cathodes is 

towards high Ni content because Ni redox couples majorly contribute to the battery 

capacity. Meanwhile, the battery community has been making tremendous efforts to 

eliminate Co in layered cathodes due to its high cost, high toxicity, and child labor issues 

during Co mining. However, these Ni-rich Co-free cathodes usually suffer from low 

electrochemical and structural stability. Several strategies are adopted to enhance the 

stability of Ni-rich Co-free cathodes, such as doping, coating, and synthesizing single 

crystal particles. However, the design principles and synthesis mechanisms of these 

approaches have not been fully understood. Herein, we design and synthesize stable Ni-

rich and low/no-Co layered oxide cathodes by manipulating the chemical and structural 

properties of cathode particles. Our studies reveal the cathode formation mechanisms and 

shed light on the cathode design through complementary synchrotron microscopic and 

spectroscopic characterization methods. 



 
 

 In Chapter 1, the motivation for LIB research is introduced from the perspective 

of its indispensable role in achieving carbon neutrality. We then comprehensively 

introduce the status of LIBs at present, including assessing their sustainability, worldwide 

supply chain and manufacturing, and cathode materials. Subsequently, we focus on the Co-

free layered oxide cathodes and discuss their structure, limitations, and strategies to address 

the challenges. Finally, we discuss single crystal Ni-rich layered oxide cathodes and the 

challenges and strategies associated with their synthesis. 

 In Chapter 2, we investigate the dopant redistribution, phase propagation, and local 

chemical changes of layered oxides at multiple length scales using a multielement-doped 

LiNi 0.96Mg0.02Ti0.02O2 (Mg/Ti-LNO) as a model platform. We observed that dopants Mg 

and Ti diffuse from the surface to the bulk of cathode particles below 300 °C long before 

the formation of any layered phase, using a range of synchrotron spectroscopic and imaging 

diagnostic tools. After calcination, Ti is still enriched at the cathode particle surface, while 

Mg has a relatively uniform distribution throughout cathode particles. Our findings provide 

experimental guidance for manipulating the dopant distribution upon cathode synthesis.   

 In Chapter 3, we synthesized Mn(OH)2-coated single crystal LiNiO2 (LNO) and 

used it as the platform to monitor the Mn redistribution and the structural and chemical 

evolution of the LNO cathode. We use in situ transmission X-ray microscopy (TXM) to 

track the Mn tomography inside the LNO particle and Ni oxidation state evolution at 

various temperatures below 700 °C. We further reveal chemical and structural changes 

induced by different extents of Mn diffusion at ensemble-averaged scale, which validates 

the results at the single particle scale. The ion diffusion behavior in the cathode is highly 



 
 

temperature dependent. Our study provides guidance for ion distribution manipulation 

during cathode modification. 

In Chapter 4, we successfully fabricated a surface passivation layer for NMC 

particles via a feasible quenching approach. A combination of bulk and surface structural 

characterization methods show the correlation of surface layer with bulk chemistry 

including valence state and charge distribution. Our design enables high interfacial stability 

and homogeneous charge distribution, impelling superior electrochemical performance of 

NMC cathode materials. This study provides insights into the cathode surface layer design 

for modifying other high-capacity cathodes in LIBs. 

 In Chapter 5, we use statistical tools to identify the significance of multiple 

synthetic parameters in the molten salt synthesis of single crystal Ni-rich NMC cathodes. 

We also create a prediction model to forecast the performance of synthesized single crystal 

Ni-rich NMC cathodes from the input of synthetic parameters with relatively high 

prediction accuracy. Guided by the models, we synthesize single crystal 

LiNi 0.9Co0.05Mn0.05O2 (SC-N90) with different particle sizes. We find large single crystals 

show worse capacity and cycle life than small single crystals especially at high current 

rates due to slower Li kinetics. However, large single crystal has higher thermal stability 

potentially because of smaller specific surface area. The findings of particle size effect on 

the performance provide insights into size engineering while developing next-generation 

single crystal Ni-rich NMC cathodes. The statistical and prediction models developed in 

this study can guide the molten salt synthesis of Ni rich cathodes and simplify the 

optimization process of synthetic parameters. 



 
 

 Chapter 6 summarizes our efforts on the novel design and fundamental 

understanding of the state-of-the-art cathodes. We also provide our future perspectives for 

the development of LIBs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Design and synthesis of Ni-rich and low/no-Co layered oxide cathodes for Li-ion 

batteries 

Zhijie Yang 

General audience abstract 

Lithium-ion batteries (LIBs) have been studied for decades and are widely applied 

in electronics and vehicles because of their high energy density and long lifetime. With the 

increasing demand for higher energy density, particularly in electric vehicles, the 

development of Ni-based layered oxide cathode materials has been focused on increasing 

the Ni content. Meanwhile, decreasing or eliminating Co has become a consensus due to 

its high cost, toxicity, and human rights issues during mining. Enhancing the stability of 

these Ni-rich and low/no-Co layered oxide cathodes is challenging yet crucial to their 

practical applications. Herein, we design and synthesize multiple Ni-rich and low/no-Co 

layered cathodes through ion distribution engineering and structure modification at various 

length scales. We also investigate the dopant redistribution, phase propagation, and local 

chemical changes during layered oxides cathode formation through a combination of 

complementary characterization methods at different length scales. In addition, we provide 

guidance for synthesis optimization by statistical correlations and performance prediction 

models with the input of synthetic conditions. Overall, this dissertation provides insights 

into the design and synthesis principles of Ni-rich low/no-Co layered oxide cathode, which 

can facilitate the transition to a sustainable future with next-generation LIBs. 
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1. Introduction  

1.1. Motivation for Li-ion battery research 

Recently, Li-ion batteries (LIBs) have received extensive attention with the 

skyrocketing growth of the electric vehicle (EV) market. Multiple countries have 

announced that they will  progressively replace internal combustion engine vehicles 

(ICEVs) with EVs over the next few decades to satisfy the net-zero carbon emission 

criteria.1,2 Examining the lifetime carbon emissions of EVs and ICEVs is imperative to 

demonstrate the validity of switching from ICEVs to EVs. Vehicle lifetime emissions 

include emissions during battery raw materials processing and battery manufacturing for 

EVs, vehicle manufacturing, and the well-to-wheel (WtW) process. For ICEVs, the WtW 

process relates to fuel production and vehicle use, whereas for EVs, it refers to electricity 

generation and distribution. The International Energy Agency (IEA) established the Stated 

Policies Scenario (STEPS) and the Sustainable Development Scenario (SDS) to evaluate 

the emissions under different circumstances.3 The STEPS reflects the legislated or 

announced policies and targets for emissions by governments around the world.3 It 

performs evaluations based on accomplished emission reduction goals. The STEPS is 

relatively conservative and does not presume all announced goals to be reached. In contrast, 

the SDS has set stricter emission standards and assumes all net-zero emission pledges are 

achieved. We chose the STEPS in the following comparison to avoid overstating the 

benefits of EVs. 

Based on the STEPS, the global WtW greenhouse gas (GHG) emissions for EVs 

are all lower than their replaced ICEV counterparts for light-duty vehicles (LDVs), buses, 

trucks, and two/three wheelers (Figure 1a). By replacing ICEVs with EVs, the global net 
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GHG emissions avoided during the WtW process are predicted to be 51.9 million tonnes 

of carbon dioxide equivalent (Mt CO2-eq), 55.1 Mt CO2-eq, 58.5 Mt CO2-eq, 69.3 Mt CO2-

eq, 91.5 Mt CO2-eq, and 120.9 Mt CO2-eq, respectively, at every two-year interval from 

2020 to 2030 (Figure 1a).4 The benefits of emission reduction offered by EVs will be more 

prominent in the SDS.4 Taking into account vehicle manufacturing, mineral processing, 

and battery production, mid-size EVs still have lower GHG emissions than ICEVs 

throughout the life cycle (Figure 1b).5 However, electricity generation leads to large 

variations of the total lifetime emissions (Figure 1b).5 Specifically, the electricity 

generation source can greatly affect total emissions (Figure 1c).5 As of 2019, renewable 

energy sources account for 65% of power generation in Canada, and nuclear energy 

accounts for 17%, resulting in comparatively low CO2 emissions of 132 gCO2/kWh (Figure 

1c). In Indonesia, however, fossil fuels account for 83% of electrical generation. The 

emission during electricity generation in Indonesia was 761 gCO2/kWh, which was nearly 

six times higher than that of Canada (Figure 1c).5 The total emissions during electricity 

generation increase as the countries or regions rely more on fossil fuels (Figure 1c). To 

summarize, EVs generate lower lifetime emissions than their ICEV counterparts do. This 

is in good agreement with the literature.6 In addition, increasing the share of renewable 

energy sources in the electricity generation mix can further enhance the environmental 

benefits of vehicle electrification. LIBs, being one of the most critical components of EVs, 

play a significant role in determining the long-term sustainability of the EV industry. The 

development of LIBs needs to be driven in a more sustainable direction to satisfy the rising 

energy demand and simultaneously meet the criteria for net-zero carbon emissions. 
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Figure 1. Environmental impact of EVs and ICEVs. (a) GHG emissions of EVs and 

displaced ICEVs and net avoided GHG emissions from 2020-2030 in the Stated Policies 

Scenario.4 (b) Comparison of life-cycle GHG emissions of a mid-size EV and ICEV.5 (c) 

Electricity generation mix and emissions from electricity generation in selected regions in 

2019.5 Overall, EVs have less GHG emissions than displaced ICEVs, after considering the 

processes of mineral mining, battery assembling, vehicle manufacturing, and vehicle 

operation. However, the emissions of EVs largely depend on the source of electricity 

generation. The countries that heavily rely on fossil fuels have more emissions. To reduce 

the emissions of EVs, optimizing the electricity generation mix and developing renewable 

energy are of crucial importance. The figure is made based on the data from references 4 

and 5. 
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1.2. Status of Li-ion battery 

1.2.1. Sustainability assessment 

The capability of LIBs to power EVs and store electricity generated from renewable 

energy sources have led to the erroneous public perception that LIBs are ózero-emissionô 

technologies. In reality, LIBs, just like other batteries, are essentially tools to store and 

release electrical energy. The fact that LIB production is energy- and resource-intensive, 

and that current electricity generation still heavily relies on fossil fuels, can potentially 

cause environmental concerns. Moreover, disposal of spent LIBs without recycling could 

be detrimental to the environment. Life cycle assessment (LCA) is a systematic analysis of 

the potential environmental impacts of products, processes, or services throughout their 

entire life cycle.7 It is generally accepted as a standard methodology to quantify the 

environmental influences of the production, usage, and recycling of LIBs.  

Figure 2. Major cradle-to-grave life cycle stages for batteries and EVs, including cradle-

to-gate battery production, EV production, the use and maintenance of batteries and EVs, 
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and battery disposal and recycling. The color-coded dashed rectangles show different 

system boundaries. 

 Many LCA studies have been conducted to assess the environmental impacts of the 

production of different LIB chemistries including LiFePO4 (LFP), LiNixMnyCo1-x-yO2 

(NMC), LiMn2O4 (LMO), and LiNixCoyAl 1-x-yO2 (NCA), but their results are far from 

agreement.8ï18 The reported cradle-to-gate GHG emissions for battery production 

(including raw materials extraction, materials production, cell and component 

manufacturing, and battery assembling as shown in Figure 2) range from 39 to 196 kg CO2-

eq per kWh of battery capacity with an average value of 110 kg CO2-eq per kWh of battery 

capacity.9,11ï18 The discrepancies in GHG emissions in prior studies can be attributed to a 

variety of reasons such as different battery chemistries, regions of manufacturers, 

assumptions in LCA models, and modeling approaches to estimating energy demand in 

battery manufacturing.15,17 LFP, NMC, and LMO are the most studied battery chemistries 

in LCA mainly due to their popularity in the current EV market and availability of the 

manufacturing data from the battery industry. Peters et al. critically analyzed a wide array 

of LCA studies of battery production and found that LMO has the lowest GHG emissions 

among the three battery chemistries, followed by NMC and LFP based on the averages of 

results from published studies.15 Hao et al. examined GHG emissions from LIB production 

in China and reported a similar conclusion that the production of LMO automotive LIBs 

leads to the lowest GHG emissions and the production of LFP leads to the highest GHG 

emissions.14 GHG emissions of LIB production could also vary with the locations of 

manufacturers due to different quality of electricity used and electricity generation 

source.14 For example, the production of LFP, NMC, and LMO batteries in China has 
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nearly three times higher emissions than that in the US because electricity generation in 

China relies more on coal (Figure 1c).14 Besides battery chemistries and regions of 

manufacturers, the approach for modeling the battery manufacturing process to estimate 

energy demand also contributes to the wide discrepancies of the LCA results.19 Prior 

studies used two modeling approaches to estimate the total energy demand in battery 

manufacturing: (1) the bottom-up approach which uses data from theoretical simulations 

or lab-scale experiments of the critical processes in the manufacturing line, and (2) the top-

down approach which uses data from a real manufacturing plant. It was found that the latter 

approach usually results in a much higher estimated energy demand in battery 

manufacturing compared to the bottom-up approach. For example, using the top-down 

approach, Kim et al. assessed the cradle-to-gate GHG emissions from mass-produced LIB 

used in the Ford Focus EVs based on the primary energy data from the battery cell and 

pack industries.11 In Kim et al.ôs study, the estimated GHG emission from the cell and pack 

manufacturing process is 65 kg CO2-eq per kWh of battery capacity, which is over one 

order of magnitude higher than the range of 1.5-1.9 kg CO2-eq estimated by other studies 

using the bottom-up approach.11 Furthermore, the real industrial manufacturing data is 

critical in LCA to obtain legitimate and practically informative results. 

Prior LCA studies agreed that battery electric vehicle (BEV) production generates 

more GHG emissions than ICEV production does. Hawkins et al. found that the cradle-to-

gate GHG emissions associated with EV production are almost twice that associated with 

ICEV production, and battery production contributes 35% to 41% of the GHG emissions 

from EV production.9 This finding is supported by Kim et al., who reported a 39% increase 

in GHG emissions switching from ICEV to EV in vehicle production.11 Hao et al. also 
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indicated that there is around 30% increase in GHG emissions for EV production compared 

to that of traditional vehicles.14 The higher GHG emissions associated with EV production 

in comparison to ICEV production is mainly because of the high GHG emissions from the 

production of battery, generator, and motor, i.e., the electric powertrain system. Although 

EV production has higher environmental impacts, extending the system boundary to 

include the use phase of EV (as shown in Figure 2) leads to a clear advantage of EV 

compared to ICEV because EVs offer higher powertrain efficiency and zero tailpipe 

emissions. Hawkins et al. found that light-duty EVs powered by the present European 

electricity mix offer a 10% to 24% decrease in GHG emissions relative to ICEVs assuming 

150,000 km lifetime of EVs, and extending the lifetime of EVs to 200,000 km boosts the 

environmental benefits of 27% to 29% decrease in GHG emissions.9 In another study of 

the comparison between EVs and ICEVs, it was found that transport services with an EV 

result in a 35.6% (in percentage of the EV, 37,700 kg CO2-eq) decrease in GHG emissions 

compared to an ICEV,8 which is in general agreement with Hawkins et al.ôs study. In 

addition, electricity generation source plays a vital role in GHG emissions. EVs powered 

by coal electricity can lead to an increase in GHG emissions compared to ICEVs.16 

Therefore, it is vital to promote clean electricity sources to power EVs to maximize their 

environmental benefits. Although global warming potential (GWP), as expressed in GHG 

emissions, is the most frequently assessed environmental impact category (EIC) in the 

majority of LCA studies, other critical EIC, such as abiotic depletion (ADP), acidification 

(AP), eutrophication (EP), human toxicity (HTP) and ozone depletion (ODP), are equally, 

sometimes even more, important to assess the environmental impacts of EV technology. 
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Studies have raised concerns that production and use of EVs could potentially lead to 

increases in HTP, EP, and ADP categories, mainly emanating from the EV supply chain.20 

1.2.2. Supply chain and manufacturing 

The LIB supply chain can be tracked back to the extraction and processing of raw 

minerals. A volatile supply chain or inefficient manufacturing may offset the performance 

benefit promoted by electrode materials. The mining and processing of LIB raw materials 

are more scattered across the world, compared with the procedures of fossil fuels (Figure 

3). The uneven distribution of essential raw minerals may potentially give rise to 

geopolitical challenges and impact the global LIB industry. For example, Ni is a 

predominant metal in commercial cathodes for LIBs. Russia is one of the major countries 

that extract and refine Ni mines (Figure 3a,b). Due to the Russia-Ukraine war, the price of 

Ni almost doubled within one week from late February to early March in 2022.21 The IEA 

reported that the total battery cost could increase by 6% if the prices of Ni or Li were 

doubled.5 Contemporary Amperex Technology Co. Ltd (CATL), the largest LIB 

manufacturer in the world, has announced to raise prices for some battery products due to 

raw materials cost increase.22 Accordingly, some EV companies, such as Tesla, Rivian, and 

BYD, have raised the prices of their EVs due to the increasing supply chain cost.23 

Therefore, evaluating the global supply chain and manufacturing capability is vital to 

gaining a comprehensive understanding and reasonable forecast of LIB development.  
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Figure 3. The worldwide distribution of LIB cradle-to-gate processes. (a) Share of fossil 

fuels and mineral extraction in 2019 and 2020.5,24ï26 (b) Share of fossil fuels and mineral 

processing in 2018, 2019, and 2020.5,24,25,27ï29 (c) LIB manufacturing capacity by country 

in 2016, 2019, and 2020.30ï33 The area of the color-coded circles is proportional to the share 

(percentage) or capacity (GWh). NG: Natural gas. DRC: The Democratic Republic of the 

Congo. The shaded rings around specific circles are ñerror ringsò calculated based on 

https://en.wikipedia.org/wiki/Democratic_Republic_of_the_Congo
https://en.wikipedia.org/wiki/Democratic_Republic_of_the_Congo
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collecting data from different references. This figure only displays the top three countries 

for fossil fuel extraction and processing and the major contributing countries/regions in 

LIB cradle-to-gate processes for visualization. The distribution of LIB raw mineral 

materials is sporadic across the world, but raw material processing and LIB manufacturing 

are mainly in Asia. 

 

The fossil fuel supply chain has been established and remained relatively stable, 

whereas the LIB supply chain is under development and evolving rapidly. The primary oil 

producers are the United States (US),  Russia, and Saudi Arabia, and the top three oil 

refining countries are the US, China, and Russia (Figure 3a,b).5 Regarding the natural gas 

production and distribution, the major producing countries are the US,  Russia, and Iran, 

and the top three exporting countries are Qatar, Australia, and the US (Figure 3a,b).5 In 

contrast, the global competition for the LIB supply chain has just begun. The distribution 

of the essential minerals for producing LIBs is scattered globally. In 2019 and 2020, three 

major Ni mine extraction countries are Indonesia, the Philippines, and Russia, which 

accounted for the global share of 29.8-33.0%, 12.0-15.7%, 10.1-11.3%, respectively 

(Figure 3a, Table S1).5,24,25 For the global share of Co mine extraction, the Democratic 

Republic of the Congo (DRC) dominates with 69.0-70.4%, and Australia and Russia 

contribute 4.0-4.2%, 4.0-4.7%, respectively (Figure 3a, Table S1).5,24 The top three 

contributing countries to the global share of Li mining are Australia (48.7-52.0%), Chile 

(21.9-22.0%), and China (13.0-17.0%).5,24 Given the dispersed distribution of raw 

materials, the LIB supply chain requires worldwide collaborations. Moreover, the leading 

countries for the mining of certain materials may change as new minerals are discovered 
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and mining technology improves. For example, a recent assessment of worldwide metal 

reserves indicated that the top-reserve countries for Li2CO3, Ni, and Co mines are Chile, 

Indonesia, and DRC, which possess 52670 1000 metric tons, 28750 1000 metric tons, and 

2970 1000 metric tons, respectively.34 However, unexplored regions that have considerable 

potential for mineral resources can potentially be a game-changer.  

Mineral processing capability also plays a crucial role in the LIB supply chain 

besides mineral reserves. The mineral reserves may not necessarily reflect the exact 

demand in the LIB industry. The reason is that LIB production normally needs high purity 

precursors, which require further processing after mining and specific mineral sources.30 

For example, Class 1 Ni sulfate (Ni impurity of 99.8% or greater) that is eligible for LIBs 

is mostly produced from Ni sulfide ores, which only accounts for around 40% of available 

Ni reserves.30,35 Such strict requirements on raw materials also bring challenges to 

recycling. The fact that many essential metals for LIBs are mainly produced as byproducts 

of other metal mining further complicates the LIB supply chain.30 For instance, over 80% 

of Co is produced as byproducts of Ni and Cu.36 The worldwide distribution of mineral 

processing is relatively concentrated. China has the largest processing volumes for multiple 

essential metals. The global share of China for Li, Ni, Co, and Cu processing is 55.0-58.0%, 

29.9-35.0%, 63.6-65.0%, and 39.8-40.0%, respectively (Figure 3b). Other major 

processing countries are distributed in the rest of Asia, Europe, and South America. 

Separators are another critical component of LIBs, which serve as a physical barrier to 

prevent cell short-circuiting and electrolyte reservoir for Li transport. The major LIB 

separator manufacturers are located in Asia. China, Korea, Japan, and the US accounted 

for 43%, 28%, 21%, and 6% of the global separator manufacturing, respectively.31 The 
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separator market of Asia-pacific region is forecasted to undergo a rapid growth and will 

still be dominant in the next five years.37  

LIB manufacturing is the next key step. Regarding the share of the global LIB 

production in the past few years, China, the US, Europe, South Korea, and Japan accounted 

for 62.3-76.9%, 7.9-13.1%, 1.4-7.0%, 4.0-9.8%, and 3.2-11.8%, respectively (Figure 3c). 

The statistics show that LIB manufacturing is dominated by Asia, especially China. More 

facilities will be established in Europe, North America, Australia, and Asia considering 

those under construction or planned.38 China, Japan, and South Korea are rated first, second, 

and third in the 2020 LIB supply chain ranking, which is evaluated based on raw materials, 

manufacturing, battery demand, etc.39 Europe and North America are progressing and their 

gap with Asia is narrowing. In 2021, the US and Germany moved up to second and third 

place, respectively, which is predicted to be maintained in 2026.40 Additionally, Asian 

countries, including China, South Korea, and Japan, have vertically integrated the supply 

chain from raw materials processing to battery manufacturing.40 In the 1990s, Japan 

determined to develop its LIB industry. The Japanese government supported the research 

and development (R&D) of private sectors and helped them establish low-cost 

manufacturing plants.30 China and South Korea have copied the success of Japan through 

developing partnerships between the government and LIB industry and providing subsidies 

since the late 2000s.30 The mature LIB supply chain and accumulated technology and 

production experience gave the Asian countries advantages in the EV era. The US and 

Europe did not focus on domestic LIB manufacturing until the late 2010s. Therefore, the 

supply chain is not as robust, and manufacturers are relatively inexperienced.30 Overall, 
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Asia has the edge on raw materials processing and LIB manufacturing at present, but 

Europe and North America are accelerating the construction of their supply chains.  

In all, the diversified mineral types and their concentrated geographical 

distributions bring more uncertainties to the supply chain. A stable supply chain is critical 

for the sustainable development of LIBs. Major LIB producing countries have been 

attempting to establish their domestic supply chains and gain an edge on the LIB 

manufacturing. A sustainable supply of raw materials is needed as a prerequisite. In this 

regard, developing local mining and processing abilities are essential for boosting domestic 

LIB manufacturing capacity. The competition between leading countries can accelerate the 

advancement of LIBs and the establishment of a global LIB industry ecosystem. On the 

other hand, a closer collaboration (e.g., multiyear agreement on supply) across the world 

and associated legislation are needed to achieve a sustainable supply chain.  

1.2.3. Cathode materials  

LIBs were first commercialized by Sony Corporation in 1991, adopting LiCoO2 

(LCO) as the cathode and graphite as the anode.41 As graphite remains the primary anode 

in most commercial LIBs at present, the bottleneck regarding energy density is still 

cathodes. From 1991 to the 2010s, the price of LIBs has dropped by nearly 97%.42 The 

cathode is the largest cost contributor among all battery components according to the cost 

model Ziegler et al. developed.42 Efforts to boost cell charge density and lower cathode 

prices accounted for 38% and 14% of the LIB cost reduction, respectively.42 Therefore, 

manipulating cathode design at the materials level is essential to the sustainability of the 

LIB industry. Several factors need to be considered when evaluating a cathode material, 

including but not limited to electrochemical performance (e.g., energy density, cycle life), 
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raw material abundance, cost, and carbon emissions during production. These factors are 

largely dependent on the transition metals in cathodes. Here, we categorize the state-of-

the-art cathodes by their chemical compositions, especially their transition metals (Table 

1). LCO is widely applied in consumer electronics due to its high energy density, good 

conductivity, and high discharge voltage. However, LCO is unsuitable for large-scale 

applications due to the toxicity, scarcity, and high cost of Co. Shortly after the successful 

commercialization of LCO in the 1990s, the Ni-based cathode LiNiO2 (LNO) received 

much attention.43,44 LNO is an isostructural compound to LCO and has a similar theoretical 

capacity (275 mAh g-1) but avoids the problematic Co. However, severe Li/Ni cation 

mixing and phase transformation issues in LNO lead to its low stability.45 The inherent low 

stability brings about durability and safety concerns, which hinder its commercialization 

even today. The battery community has made great efforts in enhancing the performance 

of LNO and other Ni-rich variants. 

Introducing several other metal cations (e.g., Mn, Al, Co) to partially substitute Ni 

is one of the most successful practices to optimize LNO. This is how NMC and NCA came 

into play.46ï48 NMC and NCA are families of cathodes that have various ratios of Ni to 

other metal cations in the chemical formula. The cycling and thermal stability are 

enhanced, but the energy density is limited with lower Ni content. NMC and NCA have 

promoted the development of the automotive battery industry in the past decade. Moving 

towards higher Ni contents has become the trend of the Ni-based layered cathode 

development as the demand for high energy density increases. However, this is not simply 

traveling back to LNO. Various approaches have been applied to balance the energy 

density and stability, such as doping and coating.49 In the meantime, decreasing or 
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eliminating Co in NMC and NCA has become more pressing. Co contributes a significant 

portion to the entire cost and carbon emissions of cathode production.16 Besides, the child 

labor and human rights issues during the Co mining have drawn criticism widely. 

Therefore, Ni-rich Co-free cathodes have gained extensive attention recently. A variety of 

metal cations were selected to replace Co to improve the stability of Ni-rich cathodes.50ï53 

Ni-based cathodes will persist due to the advantage of high energy density before more 

appealing cathodes appear.  

Table 1. Selected LIB cathodes categorized by elements  

Category Advantages Disadvantages Status References 

Co 

dominating 
LiCoO2 (LCO) 

High energy 

density; high 

conductivity; 

high discharge 

voltage  

Expensive and 

toxic Co; low 

accessible 

capacity 

compared to the 

theoretical value 

Consumer 

electronics 
54 

Ni and Co 

containing 

LiNi xMnyCo1-x-yO2 

(NMC)/ 

LiNi xCoyAl 1-x-yO2 

(NCA) 

Increasing 

energy density 

with higher Ni 

content; lower 

cost and less 

toxicity than 

LCO  

Low thermal and 

cycling stability 

and safety concern 

with higher Ni 

content 

EVs, 

stationary 

energy 

storage 

46ï48 

Ni-rich and 

Co-free 

LiNi xM1-xO2 

(M=Mg, Al, Ti, 

etc.) 

High energy 

density; low 

cost; 

environmentally 

friendly 

Low thermal and 

cycling stability 
Research 50ï53 

 

1.3. LiNiO2 and LiNiO2-derived Ni-rich low/no-Co layered oxide cathodes 

1.3.1. Hierarchical and heterogeneous layered cathode architecture 

1.3.1.1. Hierarchical structure 

A well-functioning Li ion battery with superior electrochemical performance 

requires the coordination of each component at different length scales. The architecture of 

Li ion batteries is hierarchical, ranging from the battery-assembly scale in centimeters 
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down to atomic scale in nanometers (Figure 4). Taking a commercial cylindrical battery as 

an example, the main components include a cathode, separator, electrolyte, and an anode 

(Figure 4a). Generally, the cathode has more choices of materials and the structure is more 

complicated than other components. The cathode assembly consists of active materials, 

conductive additives, and binder (Figure 4b). The active materials are composed of 

numerous micron-sized particles, which can be either single crystal particles or 

polycrystalline secondary particles comprising nanosized single crystal primary particles 

oriented randomly or in a certain pattern (Figure 4c, d). Zooming into single crystal grains, 

Li ions and transition metal ions are arranged in an ordered and repeated manner in the 

lattice. For example, Figure 4e shows the lattice structure of a layered cathode with 

alternate layers of Li ions and transition metal ions. Throughout different length scales, 

many of the local chemical and structural heterogeneities may interfere with global 

electrode properties and electrochemical performance. Therefore, a comprehensive 

understanding of the heterogeneity at different length scales is crucial. 

 

Figure 4. Schematic illustration of the length scales and corresponding battery components. 

(a) A cylindrical battery of several centimeters. (b) Cathode assembly from tens of to 
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hundreds of micrometers.55 Copyright 2019. Elsevier. (c) Polycrystalline cathode 

secondary particle of several micrometers. (d) Cathode primary particle from tens to 

hundreds of nanometers. (e) Atomic layers in cathode primary particle within several 

nanometers.  

1.3.1.2. Compositional heterogeneity 

 A homogeneous transition metal ion distribution in cathode particles has been 

considered as a critical criterion to achieve decent electrochemical performance of alkali 

ion batteries. However, our recent studies show that sodium layered cathode materials with 

highly 3D heterogeneous transition metal distributions exhibited good performance.56,57 

Three cathode materials with the same chemical formula of Na0.9Cu0.2Fe0.28Mn0.52O2 but 

different transition metal distributions were synthesized (CFM-Cu, CFM-Mn, CFM-Fe, 

respectively). Among these cathodes, CFM-Cu showed the best performance in Na ion 

cells with an initial discharge capacity of 125 mAh g-1 at 0.1C between 2-4 V and no 

capacity fading after 100 cycles.56 3D full-field transmission X-ray microscopy (TXM) 

was used to quantify elemental distributions. TXM is powerful to probe elemental 

distribution and electronic state (e.g., oxidation state) distribution at a fast data acquisition 

speed with a resolution of tens of nanometers.58 However, potential pitfalls in data analyses 

should be addressed to avoid data misinterpretation, which will be discussed in the next 

section. Herein, the elemental association maps of CFM-Cu based on TXM suggested the 

elemental distribution in a large number of nanodomains deviates from the global 

stoichiometry (Na0.9Cu0.2Fe0.28Mn0.52O2). Specifically, the surface is dominated by single 

and binary metal associations (Figure 5a), while the bulk mostly comprises ternary metal 

associations (Figure 5b). This study really opens up a few questions. Are great performing 
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materials in the literature always homogeneous in elemental distributions? This question 

can essentially be applied to any multi-element oxide cathodes. Does the elemental 

heterogeneity create different charge distributions in battery particles? Can the elemental 

heterogeneity be designed to benefit battery performance? 

We applied the elemental 3D distribution approach to Li ion batteries by 

introducing dopants as point defects to nanosized single crystal grains. The dopant 

distribution can be modulated during the cathode synthesis. We used a multielement-doped 

cathode material LiNi0.96Mg0.02Ti0.02O2 (Mg/Ti-LNO) as a platform to investigate the 

dopant redistribution during synthesis. A combination of X-ray photoelectron spectroscopy 

(XPS) and Ni K-edge extended X-ray absorption fine structure (EXAFS) wavelet transform 

analysis suggests that both Mg and Ti are enriched at the surface of the mixed metal 

hydroxide precursor (schematically represented in Figure 5c). Upon calcination, both Mg 

and Ti diffuse into the nickel hydroxide matrix.59 After the calcination protocol completes, 

Mg distributes homogeneously throughout the cathode particle while Ti is enriched at the 

particle surface (Figure 5d). The resulting cathode material Mg/Ti-LNO with a 3D 

hierarchical dopant distribution showed smoother charge and discharge profiles (due to 

less phase transformation), and higher capacity retention than pure LiNiO2 under the same 

operating conditions (Figure 5e).52 The homogeneously distributed Mg may suppress phase 

transformations and thereby enhance the bulk structural stability. Meanwhile, the surface-

enriched Ti may mitigate the surface oxygen loss by forming strong ionic bonds with O 

and reducing the hybridization between transition metal 3d and oxygen 2p orbitals.52 By 

applying the 3D dopant  distribution approach, we also observed stability enhancement in 

other cathode materials such as Ti doped LiNi0.8Mn0.1Co0.1O2 (NMC811-Ti).60 The STEM-
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energy dispersive X-ray spectroscopy (EDS) mapping of NMC811-Ti implied that Ti was 

enriched at the cathode particle surface (Figure 5f). The bulk of the particles had a layered 

structure while the surface had a deactivated reconstruction layer (Figure 5g). Similar to 

that observed in Mg/Ti-LNO, the surface-enriched Ti in NMC811-Ti particles also reduced 

the covalency between transition metals and oxygen.60 The chemical environment of Ti is 

highly reversible upon charging and discharging, which contributes to excellent oxygen 

reversibility and electrochemical cycling stability (Figure 5h).60 Overall, our results 

showed engineering the elemental distribution in individual cathode particles can modulate 

global electrochemical performance. However, the electrochemistry within individual 

particles, such as local charge distribution, was not fully understood. Therefore, we 

extended our work to further investigate the chemical-electrochemical correlation at the 

mesoscale. 
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Figure 5. Elemental distribution heterogeneity in various cathode particles at different 

length scales. (a) 3D elemental association map of pristine Na0.9Cu0.2Fe0.28Mn0.52O2 (CFM-

Cu) at the particle surface. (b) a selected virtual slice cut through the bulk of the same 

CFM-Cu particle in (a), the bottom of (a) and (b) shows the color-coded elemental 

association.56 Copyright 2018. Royal Society of Chemistry. Schematic illustration of 

elemental distribution in (c) precursor and (d) product of the Mg/Ti-LNO cathode 

material.59 Copyright 2020. John Wiley and Sons. (e) Voltage profiles of Li cells 

containing LiNiO2 and Mg/Ti-LNO at 0.1C (20 mA g-1) and 22 °C within 2.5-4.4 V, where 

the inset shows the discharge capacity change as a function of cycle number.52 Copyright 

2019. American Chemical Society. (f) STEM-EDS mapping of NMC811-Ti after 300 

cycles at 1C within 2.5-4.5 V. (g) STEM image of pristine NMC811-Ti. The dashed line 

indicates the distinction between the surface reconstruction layer and bulk layered 

structure. (h) Ti L-edge soft XAS spectra at different SOCs.60 Copyright 2019. American 

Chemical Society. 

 

1.3.2. Crystal structure and thermodynamics of LiNiO2 

Ni-rich and low/no-Co layered oxide cathodes are based on the structure of LiNiO2, 

with low content of other metal cations occupying Ni site or Li site. LiNiO2 has a hexagonal 

structure with trigonal symmetry (Rσm space group), which is isostructural with Ŭ-

NaFeO2. For the ideal stoichiometric LiNiO2, Ni and Li cations occupy the octahedral 3a 

(0 0 0) sites and 3b (0 0 1/2) sites, respectively. Oxygen anions reside in a cubic close-

packed (ccp) 6c (0 0 z) sites (Figure 6). Transition metal planes and Li planes are alternately 

arranged along the [001] direction of a hexagonal structure (equivalent to the [111] 
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direction of the rock-salt cubic structure). Thus, the chemical formula can be denoted as 

[Li] 3b[Ni] 3a[O2]6c.  

 

 

Figure 6. Schematic showing the crystal structure of LiNiO2. The green, gray and red 

spheres indicate Li, Ni, and O atoms, respectively. (Figure reproduced from ref.49) 

However, the LiNiO2 is prone to be off-stoichiometric and more Ni ions are 

accommodated in the Li planes. The off-stoichiometry can be attributed to the low stability 

of the trivalent Ni ion, and the Li ion loss at high temperature during calcination.43 

Therefore, the chemical formula of LiNiO2 in practice can be denoted as [Li1-zNiy]3b[Li zNi1-

y]3a[O2]6c (y Ó z), where y represents the content of excess Ni
2+ in the Li planes, and z 

denotes the amount of Li+ in the Ni plane. Based on the Extended X-ray Absorption Fine 

Structure (EXAFS) technique, Rougier et al. observed the distortion of octahedral NiO6 in 

the LiNiO2 due to the Jahn-Teller distortion.61 The distortion induces the formation of two 

Ni-O bonds with a bond length of 2.09 Å and four Ni-O bonds with a bond length of 1.91 

Å. 
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In the off-stoichiometry LiNiO2, the excess Ni2+ in the Li site can enlarge the 

distance between Ni and O, while shortening the distance between Li and O. It can be 

attributed to the increasing ionic radius from Ni3+ to Ni2+ and from Ni2+ to Li+. Upon 

charging, Li ions in the inter-slab layer are deintercalated, and more Ni2+ are oxidized to 

Ni3+. That leads to a slight decrease of lattice parameter since the ion radius of Ni3+ is 

smaller than that of Ni2+.62 Lattice parameter c increases during the initial charging because 

of the electrostatic effect and the repulsion between oxygen anions in the neighboring 

layers, and decreases eventually at the highly charged state due to the lattice structure 

collapse induced by the extensive Li ion removal. Moreover, a sequential crystal structural 

change takes place from hexagonal phase H1 to monoclinic phase M, and subsequently 

from monoclinic phase M back to hexagonal phases H2 and H3.  

The enthalpy of LiNiO2 formation ȹHf is reported to be -54.8 kJ/mol from oxides 

(Li 2O and NiO) and O2 at 298 K based on calorimetry measurement.63 From elements, ȹHf 

is -593.0 kJ/mol at 298 K.63 The change of Gibbs energy for the formation of LiNiO2 from 

elements ȹGf is -514.96 kJ/mol at 300 K,  indicating a spontaneous reaction.64 

1.3.3. Instability issues of LiNiO2 

1.3.3.1. Chemical and electrochemical instability 

The highly delithiated LiNiO2 is unstable and prone to decompose, which can lead 

to the O2 release (equation 2 and 3) and parasitic reaction with the electrolyte. The highly 

reactive Ni4+ formed at highly delithiated state tends to be reduced to Ni2+ and form the 

NiO-like rock-salt structure, which is resistive to the ionic conduction. Thus, the 

accumulation of the rock-salt phase consequently induces the increasing impedance and 

the capacity decay. The rock-salt structure mainly forms on the surface since the O2 is 
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easier to evolve.65 Depending on the state of charge, the spinel structure can also be formed 

(equation (1)).   
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The theoretical specific capacity of LiNiO2 is about 274 mAh/g. In practice, the 

reversible capacity can reach more than 150 mAh/g in the voltage window of 2 V to 4.2 

V.66 The electrochemical activity is highly related to the stoichiometry of LiNiO2. The Ni 

ion in the Li planes induced by the off-stoichiometry results in the loss of reversible 

capacity during the first cycle.67 Various factors can influence the stoichiometry, including 

but not limited to the O2 partial pressure, the reactivity of the precursor and Li content 

during synthesis.68  

1.3.3.2. Thermal instability 

 Thermal instability is a typical limit of LiNiO2, which can result in severe safety 

issues during cycling. Dahn and coworkers observed the cathode material decomposition 

and the O2 release upon heating.69 By using thermal gravimetric analyzer (TGA), they 

compared the thermal stability of three cathode materials, namely LiCoO2, LiNiO2, and 

LiMn 2O4. The results suggested that LiMn2O4 is the most thermally stable material while 

LiNiO2 is the least one among the three cathode materials. The high temperature-induced 

cathode decomposition and O2 evolution lead to a violent parasitic reaction with the 

electrolyte, which consequently causes vent and safety issues.70 Zhang et al. also 
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investigated that the most heat release corresponds to the reaction with the electrolyte 

instead of the cathode itself.71 

LiNiO2 is observed to be thermally stable in the pristine state,69 but unstable at the 

highly charged state.72 With more Li ion deintercalated, more O2 is liberated and the 

maximum O2 release in the LiNiO2 takes place at a lower temperature. The reversibility of 

LiNiO2 is poor at 40 °C upon cycling, and an exothermic heat is observed at 200 °C for the 

highly delithiated state Li0.2NiO2.
73 The mechanism of the cathode decomposition and O2 

release at highly delithiated state is interpreted by a two-step process. The layered structure 

transforms to the spinel structure with heat release at about 200 °C, and phase 

transformation continues from the spinel structure to the rock-salt structure with more O2 

release when heating up to about 300 °C. The crystal structure evolution can be expressed 

by the equation (1) to (2) and the overall reaction (3).74 

1.3.3.3. Structural instability  

It is commonly accepted that LiNiO2 undergoes sequential phase transformation 

during charging (Li ion deintercalation) in the order of hexagonal phase H1, monoclinic 

phase M, hexagonal phase H2 and hexagonal phase H3.49 Assuming the chemical formula 

is LixNi1+zO2, where 0 < x < 1-z. As Li ion deintercalated up to x=0.85, the hexagonal 

phase H1 is well retained. When x keeps decreasing to 0.8, the monoclinic phase M 

appears, and single monoclinic phase M is obtained until x decreases to about 0.75, which 

is driven by Li vacancy ordering.75 As x decreases to 0.5, hexagonal phase H2 arises until 

x reaches 0.25 when hexagonal phase H3 begins to form. During the phase transformation 

from hexagonal phase H2 to H3, the lattice shrinkage induces a 7% volume decrease, which 

induces strain in the particles and consequently generates cracks. The cracks provide 
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channels for electrolyte infiltration, and parasitic reactions between the exposed cathode 

particle surface and electrolyte play a critical role in the eventual cycling failure. Such 

parasitic reactions can lead to the cathode particle surface reconstruction that involves the 

phase transformation from Rσm layered structure to Fmσm rock-salt structure.76 Our recent 

study indicated that the cracks can increase the electron diffusion length significantly, 

while electrolyte infiltration can shorten the diffusion distance of ions but not electrons. 

The mismatch gives rise to the heterogeneous distribution of ionic and electronic traffic 

load eventually.77 To address the issue of cracks, Mao et al. indicated that engineering the 

as-made particle morphology carefully can tune the degree of crack formation.78 

1.3.4. Strategies to design stable Ni-rich Co-free layered oxide cathodes 

1.3.4.1. Surface engineering through coating, core-shell, and concentration-gradient 

designs 

 The surface coating of the LiNiO2 is to form a passivated layer on the surface of 

the cathode particles, which can suppress the side reactions with the electrolyte. Therefore, 

the O2 release and continuous accumulation of cathode electrolyte interface (CEI) can be 

mitigated. Various metal oxides have been investigated for the coating of LiNiO2, such as 

ZrO2, La2O3.
79,80 Both of the metal oxide coated LiNiO2 yield larger capacity retention 

since the surface coating layered well suppress the phase transformation.  

Another strategy to modify the surface of cathode materials is to form a core-shell 

structure, which is commonly achieved by coating the cathode surface with specific metal-

containing compound, followed by thermal treatment to facilitate the diffusion of coating 

elements into the cathode structure. A thermally more stable shell, say NMC material, can 

be constructed in the synthesis process of the high capacity LiNiO2 core. Tuning the 
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synthesis parameters is essential in the process of shell structure growth. Different shell 

structures have been reported, including but not limited to LiNi0.8Co0.1Mn0.1O2 

(NMC811),81 LiCo1-yMnyO2.
82

 A chemical concentration gradient is created if the 

transformation from the core to the shell is continuous. NMC materials are good examples 

to form a concentration gradient.83,84 The Mn-rich surface provides the thermal stability 

while the Ni-rich bulk maintains high capacity. Benefit from these strategies, better 

capacity retention and less structural degradation are obtained. 

1.3.4.2. Doping chemistry 

 As an alternative to the surface coating, which requires extra processing and leads 

to high cost, doping has been becoming one of the most investigated strategies to improve 

the cycling stability of the cathode material. Doping is to substitute the transition metal 

cation (non-metal anions) in the cathode material with a slight amount of foreign metal 

cations (non-metal anions). Although various non-metal anion doping methods are 

reported,85,86 metal cation doping remains the focus of the doping study. The discussion in 

this review will be based on the metal cation doping. 

 The role that different dopants play is dependent on not only the electrochemical 

properties of themselves but also the sublattice site that they reside on. In general, the 

electrochemical inactive metal cations staying on the Li ion sites function as pillars and 

maintain the structural integrity.87 The dopants residing on the transition metal sites 

contribute to the increasing lattice spacing and higher Ni-O bond strength, which leads to 

fewer O vacancies.88 In the layered oxide cathode materials, it is widely accepted that most 

monovalent and divalent ion dopants are prone to reside on Li site, while trivalent and 

tetravalent ion dopants prefer to stay on transition metal ion site.87,89ï91 It is also reported 
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that the preference of dopants staying on the Li ion site or transition metal ion site is related 

to the charge and spin states of the dopants, and the local lattice environment.92 The 

substitutional preference of several dopants in the LiNiO2 has been investigated based on 

the first principle calculations. According to the analysis, Mn, Co, Fe, and Al prefer to 

reside on Ni sublattice. Mg can stay on either Li sublattice or Ni sublattice, despite it is 

favorable to the Li sublattice when the fraction of the Mg dopant is more than 10%.  

 Various dopants have been investigated. Co doping is observed to mitigate the 

Ni/Li  cation mixing which then increase the stoichiometry, thermal stability and 

mechanical stability are also slightly increased.93ï95 Mn is demonstrated to enhance the 

thermal stability of the cathode material,96 but with some capacity penalty.97 Mg resides in 

the Li planes that can function as pillars and thereby mitigate the structural collapse. Al 

doping and Ti doping are reported to contribute to the stability improvement of the cathode 

material.98,73 

 To obtain better electrochemical performance and take advantage of different 

dopants, multi-element doping has been investigated. Gao et al. reported Mg and Ti co-

doped LiNiO2 with different dopant content and obtained both higher thermal stability and 

capacity retention.99 However, the effect of each dopant on the improved electrochemical 

performance is not well understood yet, especially in the multi-dopant system. It is 

commonly believed that the distribution of the dopants in the primary particle is relatively 

homogeneous. However, a recent study based on Ti-Mg-Al co-doped LiCoO2 cathode 

material shows that the Ti dopant may segregate onto the surface and form a gradient 

distribution,100 which is confirmed by our recent study based on NMC811-Ti. As shown in 

Figure 7, Ti is more enriched at the surface (5.8 at%) than the bulk (1.9 at%). To better 



28 
 

understand how the concentration of dopants and their distribution influence the materials 

properties in the multi-element doping system, we have been probing the cathode material 

formation process. 

 

Figure 7. STEM-EDS mapping of the Ti-doped NMC811 material after 300 cycles at 1C 

between 2.5-4.5 V versus Li+/Li. (Figure reproduced from ref.60) 

1.3.4.3. Single crystal synthesis 

 At present, most commercial LIB NMC cathodes are produced with spherical 

polycrystalline particle morphology (Figure 8a). The reason is sphere has the smallest 

surface area among all shapes with the same volume. Small surface areas can minimize the 

parasitic reactions between the electrolyte and cathode surface, thereby enhancing the 

battery cycle life. However, the polycrystalline secondary particles are composed of 

numerous primary grains, as shown in Figure 8a. These single grains can still significantly 

contribute to larger specific surface area even with a spherical shape. In addition, the phase 

transformations upon charging and discharging cycles can cause lattice volume change and 

stress accumulation. The stress can lead to intergranular crack formation at the grain 

boundaries. The cracks expose fresh cathode surface to the electrolyte, which results in 
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more cathode-electrolyte side reactions and faster performance degradation. In contrast, 

single crystal layered oxide cathodes can be synthesized to address the instability issues of 

their polycrystalline counterparts. Single crystal layered cathode particles are at similar 

length scale with polycrystalline secondary particles but without sub-units of single grains 

at nanometer scale or grain boundaries (Figure 8b). Therefore, the intergranular crack 

issues in polycrystalline cathodes can be mitigated, and the cycling stability of single 

crystal cathode is increased due to its enhanced structural integrity.101 

 

Figure 8. Scanning electron microscopy (SEM) images of (a) polycrystalline and (b) single 

crystal LiNi0.8Mn0.1Co0.1O2 (NMC811) cathodes. 

 

 The synthesis methods of single crystal layered cathodes can be majorly 

categorized into three approaches (Figure 9). High-temperature synthesis is the most direct 

approach to obtaining single crystal layer cathodes (Figure 9a). The increasing calcination 

temperature and duration can promote the ion mobility and grain growth of single crystals. 

However, severe particle agglomerations can readily form at high temperatures. Therefore, 

additional pulverization steps are required to optimize the particle size. Furthermore, the 

thermal stability of Ni-rich cathodes is low. High-temperature synthesis is challenging for 
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Ni-rich layered cathodes due to Li loss. Another approach is multi-step synthesis, which 

decouples the grain growth and layered phase formation by dividing the calcination into 

multiple steps (Figure 9b). For instance, Li et al. synthesized LiNi0.33Mn0.33Co0.33O2 

(NMC111) by a first-step calcination at 1000 °C for 10 hours with a sub-stoichiometric 

amount of lithium carbonate to promote single crystal growth, followed by a second-step 

calcination at 900 °C for 10 hours with the remaining Li source to form the final layered 

phase.102 Nevertheless, the synthesis of single crystals through multi-step approach also 

suffers from materials instability at high temperatures. Molten-salt synthesis is another 

method to obtain single crystal cathodes (Figure 9c). Specific salts, which can melt at 

relatively low temperatures, are added to the precursors to provide a liquid medium for the 

crystal to form and Li intercalation at low temperatures. The size and morphology of single 

crystals can be better controlled, and the particle agglomeration issues can be mitigated 

through molten-salt synthesis. Water washing is required to remove the residue salt from 

the cathode product, which can be detrimental to the performance of Ni-rich cathodes.103 

Proper processing of the cathode after washing, such as recalcination, is normally needed.  
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Figure 9. Three main approaches to synthesizing single crystal layered cathodes, (a) high-

temperature synthesis, (b) multi-step synthesis, (c) molten-salt synthesis. (Figure 

reproduced from ref.101) 
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2.1. Abstract 

Achieving the targeted control of layered oxide properties calls for more 

fundamental studies to mechanistically probe their evolution during the synthesis. Herein, 

we investigate dopant distribution, phase propagation, and local chemical changes as well 

as their interplay in multielement-doped LiNiO2 materials using spectroscopic, imaging, 

and scattering techniques. We show that dopants undergo dynamic redistribution in the 

Ni(OH)2 host lattice at the early stage of calcination (below 300 °C). Such a redistribution 

behavior exhibits a strong dopant-dependent characteristic, allowing for the targeted 

surface and bulk doping control. The Ni oxidation process exhibits a depth-dependent 

characteristic and the most rapid Ni oxidation takes place between 300 °C and 700 °C. 

Using Ni oxidation state as the proxy for the phase transformation, we show the buildup of 

heterogeneous phase propagation in the early stage of calcination, especially along the 

radial direction of secondary particles. The radial heterogeneous phase distribution 

gradually decreases upon completing the calcination. However, a high degree of mosaic-

like heterogeneity may still be present in the final product, departing from the perfect 

layered oxide. The present study advances fundamental insights into manipulating 

multiscale materials properties during calcination for obtaining stable, high-energy layered 

oxide cathodes. 
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2.2. Introduction 

With the increasing demand for high energy batteries in applications such as 

electric vehicles, LiNiO2 based layered cathode materials have received broad research 

attention in recent years.1ï3 In addition, the toxic, high-cost Co gives rise to the research 

interest in Co-free layered cathode materials. However, the thermal and chemical 

instability of LiNiO2, especially at the deep-charged state, leads to severe safety issues and 

hinders its practical applications.4 Recent studies have recognized the importance of 

elaborate synthetic control to obtain high performance LiNiO2 based materials.5ï8 An ideal 

synthetic protocol should be capable of tailoring critical materials properties such as the 

dopant distribution at relevant length scales, extending from the surface to the bulk of 

cathode particles. However, achieving the targeted control of these properties calls for 

more fundamental studies to structurally and microscopically probe their evolution in the 

synthesis.  

 Cation doping is considered as an effective method to stabilize LiNiO2 based 

cathodes by improving its bulk structural integrity as well as surface oxygen retention.9ï11 

The doping effort has been extended to the multielement doping approach for 

simultaneously accessing the benefits of individual dopants.12,13 In cathode materials with 

a low dopant concentration, especially in multielement-doped cathode materials, the 

dopant distribution pattern has been primarily understood through thermodynamics-based 

theoretical calculations.14ï17 Kinetically, the dopant redistribution during calcination may 

be governed by ion diffusion properties, which are intimately associated with ion diffusion 

coefficient, local environment of the host, and experimental conditions (e.g., temperature, 

atmosphere).18ï20 Therefore, understanding how dopants redistribute and change their local 
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chemical environments during calcination may provide a knob for improving the dopant 

functions in the bulk and at the surface of battery particles. 

 In addition to dopant distribution, phase propagation and local chemical changes 

during synthesis also play a significant role in ensemble-averaged battery performance. 

Many studies have gone beyond global crystal and electronic structures and revealed the 

importance of mesoscale chemical properties in the stability of layered oxide cathodes. For 

example, Mu et al. reported that the thermal degradation of charged layered oxides is 

governed by the local valence curvature of the layered to rocksalt phase propagation 

front.21 In addition, the morphological defects at mesoscale that originate from local 

chemical and structural transformations, such as intergranular and intragranular cracks, are 

detrimental to the battery performance.22 These chemomechanical breakdown of battery 

particles constitutes a frontier challenge in layered oxide cathodes and can be exacerbated 

by the heterogeneous charge distribution during charging and discharging of the particles.23 

The overcharged and undercharged nanodomains (i.e., charge heterogeneity) create 

undesired local stress fields, leading to the chemomechanical breakdown of battery 

particles and accelerating the performance degradation.24 Xu et al. showed that charge 

distribution homogeneity and battery cycling stability can be enhanced by modulating the 

grain crystallographic orientation in polycrystalline battery materials.25 The charge 

heterogeneity during battery cycling is associated with the local structural and chemical 

characteristics originating from the synthesis. The metal hydroxide precursor to layered 

oxide transition involves multiple steps of phase and chemical transformations, including 

dehydration of metal hydroxide precursors, lithiation of metal hydroxides, and crystallinity 

growth of oxides. Because of the intrinsic complexity of the calcination environment, these 
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transformations may exhibit a high degree of heterogeneity. For example, the 3D mapping 

of chemical states has exclusively shown that the transition metal (TM) oxidation states 

are heterogeneous even in commercial battery particles.26,27 Many studies about the 

cathode formation process discussed how synthetic conditions, such as sintering 

temperature5 and calcination atmosphere,7 influence the battery performance. Regarding 

the cathode formation mechanism, the structural and chemical changes of several layered 

oxide cathodes are probed with X-ray diffraction (XRD) during the synthesis.28,29 

However, XRD can only provide the ensemble-averaged information, and there is a lack 

of the knowledge regarding how the local characteristics spatially transform along the 

calcination process. 

Herein, we investigate the dopant redistribution, phase propagation, and local 

chemical changes of layered oxides at multiple length scales using a multielement-doped 

LiNi 0.96Mg0.02Ti0.02 (Mg/Ti-LNO) as a model platform.12 The dopant redistribution takes 

place below 300 °C. There is no major dopant redistribution above 300 °C throughout the 

calcination process. Mg2+ rapidly diffuses into the Ni(OH)2 matrix and forms a relatively 

uniform distribution in the final product, whereas Ti4+ exhibits a gradient distribution that 

is enriched at the surface. Globally, the phase transformation takes place from the initial 

mixed hydroxide phase to the layered phase through a metal oxide-liked intermediate 

phase. The mesoscale phase propagation and chemical changes show a high degree of 

three-dimensional (3D) heterogeneity, especially along the radial direction of secondary 

particles. Such 3D heterogeneity can be present in the final layered oxide product, albeit to 

a much lesser degree. These findings contribute to understanding the multiscale formation 
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of layered cathodes and potentially inform better design of cathode materials through 

controlling the thermal processing.  

2.3. Materials and methods 

Material Synthesis: The Mg/Ti-LNO was synthesized through a co-precipitation 

method and then calcined under specific temperature profiles to obtain the samples at 

various stages of calcination. Firstly, the starting solution (40 mL of NaOH and NH3·H2O 

with a molar ratio of NaOH/ NH3·H2O = 1/1.25) was prepared and the pH was adjusted to 

11.0 by adding sulfuric acid. Secondly, the transition metal aqueous solution (100 mL of 

0.096 M NiSO4·6H2O, 0.002 M MgSO4·7H2O, and 0.002 M TiOSO4) and base solution 

(100 mL of NaOH and NH3·H2O with a molar ratio of NaOH/ NH3·H2O = 1/1.25) were 

added simultaneously into the starting solution obtained from the first step with a feed rate 

of 2 mL min-1 under constant stirring. The reaction was carefully controlled to keep the 

temperature at 55 °C and the pH at 11.0 ± 0.2 under N2 flow protection. Thirdly, the 

precipitant obtained from the second step was washed with DI water, filtered, and dried in 

the vacuum oven at 105 °C for 12 hours. Finally, the as-prepared precursor from the third 

step was thoroughly mixed with LiOH (2% excess to compensate the Li loss during 

calcination), then the mixture was calcined at 460 °C for 2 h and then at 700 °C for 5 h 

under O2 with a flow rate of 1.5 L min-1 to obtain the product. The samples at various 

intermediate states of calcination were prepared by interrupting the calcination at specific 

temperatures and time followed by cooling (Figure S2).  

Electrochemical Characterization: To prepare the composite electrode slurry, 

poly(vinylidene difluoride, as the binder) (PVdF) was first dissolved into N-methyl-2-

pyrrolidone, then the active material product obtained after calcination and the acetylene 
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carbon were added into the solution and thoroughly mixed, following the ratio of active 

material: PVdF: acetylene carbon = 90 wt %: 5 wt %: 5 wt %. The slurry was subsequently 

cast on the carbon-coated aluminum foil and dried at 120 °C for 12 h in a vacuum oven. 

The dry composite electrode was punched into disks of a diameter of 10 mm with a mass 

loading of Ḑ1.4 mAh/cm2. The obtained composite electrodes were used as cathode and 

the Li foils were used as the anode with the Whatman glass fiber (1827-047934-AH) as the 

separator to assemble the CR2032 coin cells in an Ar-filled glove box. The electrolyte is 1 

M LiPF6 in ethylene carbonate (EC) and ethyl methyl carbonate (EMC) with 2 wt % 

vinylene carbonate (VC). The coin cells were under galvanostatic discharge/charge in the 

cutoff voltage range of 2.5-4.4V at 22 °C and measured on the electrochemical workstation 

(Wuhan Land Company). 1C is defined as fully charging the cathode in 1 hour, which 

corresponds to the specific current rate of 200 mA g-1.  

Material Characterization: X-ray photoelectron spectroscopy (XPS) 

measurements were performed on the PHI VersaProbe III with a monochromatic Al K-

alpha X-ray source (1486.6 eV). The samples for XPS were cooled to room temperature 

after calcination in oxygen and taken out from the furnace. Then the samples were ground 

for five minutes in the air and sealed for transfer and measurement. The sample exposure 

to air during sample collection and grinding gives rise to the Li carbonate formation. The 

full -field transmission X-ray microscopy (TXM) was performed at National Synchrotron 

Light Source II (NSLS- II ) beamline 18-ID, Brookhaven National Laboratory. A python-

based framework TomoPy was used to reconstruct the tomographic datasets,30 and a 

commercial software Avizo was used for visualization. Soft XAS was performed at the 

Stanford Synchrotron Radiation Lightsource (SSRL) beamline 10-1, SLAC National 



53 
 

Accelerator Laboratory using a ring current of 350 mA and a 1000 L mm-1 spherical grating 

monochromator with 20 ɛm entrance and exit slits, providing Ḑ1011ph s-1 at 0.2 eV 

resolution in a 1 mm2 beam spot. Data were acquired under ultrahigh vacuum (10-9 Torr) 

in a single load at room temperature using total electron yield (TEY), where the sample 

drain current was collected. The samples were mounted on an aluminum sample holder in 

an Ar-filled glove box and well-sealed for transfer. Hard XAS (XANES and EXAFS) 

measurement was performed using a Si (111) monochromator at the beamline 20-ID of the 

Advanced Photon Source (APS) at Argonne National Laboratory. The absorption energy 

calibration was based on the first inflection points of the Ni reference spectra that were 

collected from a Ni foil reference simultaneously with the samples. The samples of hard 

XAS and synchrotron XRD were sealed with Kapton tapes in the Ar-filled glove box for 

transfer and measurement. The synchrotron XRD patterns were collected at the beamline 

11-3 of SSRL at SLAC National Accelerator Laboratory with the X-ray wavelength of 

0.9762 Å. A LaB6 sample was used to calibrate the diffraction configuration. The 

synchrotron XRD patterns were converted to the Cu K-Ŭ based XRD with the wavelength 

of 1.5406 Å. Neutron diffraction (ND) was performed on Nanoscale-Ordered Materials 

Diffractometer (NOMAD) BL-1B, Spallation Neutron Source (SNS) at Oak Ridge 

National Laboratory.31,32 About 0.2-0.3 g powder sample was loaded into the  quartz 

capillary (3mm) and each measurement took about 1 hour. The refinement of neutron 

diffraction patterns was conducted using the software GSAS EXPGUI.33 For each sample, 

three histograms with different d-spacing range were used for refinement. The refinements 

for the other two histograms are shown in the Supporting Information. Thermogravimetric 

Analysis (TGA) was performed on TGA Q50 in the range of 250-750 °C at a temperature 
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ramping rate of 5 °C min-1 in air flow. The morphology of the particles during calcination 

was studied through scanning electron microscopy with the EDS performed at the 

acceleration voltage of 20 kV (ESEM, FEI Quanta 600 FEG). 

2.4. Results 

The hydroxide precursor of Mg/Ti-LNO is synthesized through a co-precipitation 

method.12 The Mg/Ti-LNO material used in this study has better cycling stability than the 

baseline LiNiO2 material, which is consistent with our previous study.12 The 

electrochemical performance of Mg/Ti-LNO at 22 °C is evaluated in Li metal cells within 

a voltage window of 2.5-4.4 V vs. Li/Li+. The initial discharge capacity is 220 mAh g-1 at 

C/10 which is comparable with the baseline LiNiO2 (Figure S1a, Supporting 

Information).12 The capacity retention after 60 cycles at C/10 is 93% and the capacity 

retentions after cycling for 100 times at C/2 and C/3 are both 94% (Figure S1b, Supporting 

Information). At a higher cycling rate as 3C, the capacity retention is 83% after 300 cycles 

(Figure S1c, Supporting Information). In this study, we probe the precursor-to-layered 

oxide transformation by characterizing the materials at different stages of the thermal 

calcination. Figure S2 shows the thermal profile of a typical calcination implemented in 

this study. The samples at different calcination stages were cooled to room temperature 

and prepared for ex situ characterizations. 

 The high specific capacity and cycling stability are attributed to the hierarchical 

distribution of Mg/Ti dual dopants in LiNiO2.
12,17 Mg tends to homogeneously distribute 

throughout the individual LiNiO2 primary particles, whereas Ti forms a gradient 

concentration distribution that is enriched at the surface.12 The thermodynamics based 

density functional theory (DFT) calculations may predict what dopants are preferentially 
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enriched at the surface based on the energy difference between occupying the surface and 

in the bulk lattice.14 However, theoretical calculations cannot account for the complex 

phase constituents at different stages of materials synthesis. Here we report that the dopant 

redistribution takes place long before the complete formation of the layered oxide phase, 

in sharp contrast to the models adopted by recent theoretical studies.14,15 
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Figure 1. Element concentration changes at the surface upon calcination. a) Mg 2p, b) Ni 

2p, c) Ti 2p, and d) O 1s XPS spectra of the samples at different stages of calcination, peak 

assignments are based on the references;[16, 17a] e) A scheme showing the dopant 

redistribution at the particle surface upon calcination. The number of different elements 

shown in the scheme does not indicate the exact elemental fraction but reflects the trend. 

Mg and Ti diffuse into the nickel hydroxide matrix during the early stage of calcination. 

Mg completes the redistribution at 200 °C, whereas Ti does not complete the redistribution 

even in the final product yielding a surface enriched Ti distribution. 

 

 We performed X-ray photoelectron spectroscopy (XPS) to understand the dopant 

redistribution at different stages of calcination. The irregular secondary particles are 

composed of numerous primary particles around hundreds of nanometers in size. The 

surface sensitive XPS can probe 3-6 nm into the particle surface and provide the chemical 

and electronic information of the particle surface.34 The XPS binding energy calibration is 

based on the Mg 2p peak in this study (Figure 1a), as several studies have indicated that 

using C 1s for calibration is sometimes not robust.35 The Ti oxidation state is relatively 

stable upon calcination (Figure 1c). As indicated by the O 1s spectra (Figure 1d), the 

precursor is composed of chemisorbed/physisorbed water and metal hydroxide (Ni 

hydroxide predominantly). Upon heating to 200 °C, the adsorbed molecular water 

vanishes, and the metal hydroxide diminishes. Subsequently, metal oxide and carbonate 

start to grow (Figure 1d). In the meantime, the elemental fractions of Ti and Mg at the 

surface decrease, which suggests the diffusion of dual dopants into the hydroxide matrix 

(Figure 1a,c, Table S1). The formation of carbonate species is usually inevitable in layered 
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oxide cathodes even with brief exposure to the ambient environment after calcination.36,37 

As the temperature increases to 460 °C, Ni at the surface is oxidized (Figure 1b). At 460 

°C, no metal hydroxide is observed, and the concentration of metal oxide and carbonate at 

the surface increases and decreases, respectively (Figure S3, Supporting Information). The 

surface chemical composition is quantified using XPS (Table S1). The atomic 

concentration fraction of Ni: Mg: Ti changes from 80%: 5%: 15% (precursor) continuously 

to 90%: 3%: 7% (product). The scheme illustrates the diffusion of dopants during 

calcination (Figure 1e). In the precursor, both Mg and Ti are rich at the surface. Upon the 

early calcination, Ti and Mg diffuse from the surface into the bulk of the metal hydroxide 

matrix. Beyond 200 °C, Mg concentration at the surface becomes relatively stable and close 

to the value in the final product of Mg/Ti-LNO (2% Mg), which suggests Mg diffusion is 

almost completed at 200 °C. Although Ti concentration at the surface is also nearly stable, 

Ti continues diffusing in the bulk within 200-300 °C (Figure 4 d-e, discussed later). In the 

product, Mg distributes uniformly from the bulk to the surface while Ti remains rich at the 

surface, which is consistent with the elemental mapping.12 The inward dopant diffusion is 

also consistent with what the literature reported. For example, calcining surface-coated 

cathode materials may facilitate the inward diffusion of the coating species (e.g., Zr4+,38 

Ti4+,39 Ta5+,40 Na+41), potentially forming hybrid coating and doping, which is an effective 

strategy to modify the surface structure of Ni-rich layered cathodes and thus enhance the 

cycling stability.42 It was predicted through computational methods that different dopants 

can have varied surface segregation tendencies thermodynamically depending on the 

surface segregation energy.14 Our experimental results have shown that the dopant 

diffusion and redistribution are largely dependent on the initial distribution and the 
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subsequent calcination. The Mg/Ti dual dopants can diffuse from the surface into the bulk 

of cathode particles at the early stage of calcination, prior to the complete formation of the 

layered oxide (Figure 5a, discussed later). In addition, Mg completes redistribution ahead 

of Ti due to its kinetic advantage, potentially resulting from the weaker electrostatic 

interaction with the oxygen framework, and thus a favorable Mg ion diffusion coefficient. 

In addition to the pre-doped mixed metal hydroxide, mixing the cathode active materials 

with dopant-containing species, such as ZrO2, followed by different calcination conditions 

may also give rise to different dopant distributions. Our analysis potentially has broad 

applicability because adding dopants in the precursor synthesis represents one of the most 

common methods to introduce dopants in the final oxides.  

 

Figure 2. Electronic and chemical structure changes upon calcination. a) Ti L-edge b) Ni 

L-edge soft XAS spectra in the total electron yield (TEY) mode at different stages of 
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calcination; c) The values of L3 high/L3 low at different stages of calcination. The dashed 

line shows the trend upon calcination. d) O K-edge soft XAS spectra at different stages of 

calcination. The standard spectra are remade with the permission from ref.43 

 

 Next, we investigate how the global and local phase and chemical transformations 

take place during the calcination. A typical precursor-to-layered oxide calcination involves 

the mass transport across three different phases, namely, mixed metal hydroxides 

precursor, Li precursor (e.g., LiOH, Li2CO3), and O2.
44 The uniformity of the three-phase 

interaction determines the phase and chemical homogeneity of the resulting layered oxides. 

Another unique aspect of the layered oxide formation is the synchronous changes of 

electronic and crystal structures, which allows us to use electronic structure as the proxy 

for the phase transformation during calcination.21 The electronic structure can be studied 

using surface-sensitive and ensemble-averaged soft X-ray absorption spectroscopy (XAS), 

bulk sensitive and ensemble-averaged hard XAS as well as spatially resolved, 3D X-ray 

spectroscopic tomography. The combination of these techniques can non-destructively 

probe phase and chemical transformations covering nearly all relevant length scales in 

cathode particles. First, we performed soft XAS in the total electron yield (TEY) mode, 

which can probe up to 10 nm into the particle surface.45 In Mg/Ti-LNO, Ti remains at the 

tetravalent state upon calcination (Figure 2a), consistent with the XPS result (Figure 1c). 

Ni L-edge spectra show an increasing intensity ratio between the high energy shoulder and 

low energy shoulder (L3 high/L3 low) at the L3-edge, revealing the oxidation of Ni at the 

surface upon calcination (Figure 2b and 2c). The Ni surface oxidation is consistent with 

the XPS results (Figure 1b). Ni is at a relatively low oxidation state in the precursor and 
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remains at the low oxidation states during the early stage of calcination (< 300 °C). As the 

temperature increases to 460 °C when LiOH starts to melt, significant Ni oxidation at the 

surface is observed, indicated by a much higher L3 high/L3 low ratio.46 The oxidation state 

of Ni continues to increase and becomes relatively stable after calcination at 460 °C for 

two hours, which is shown in the L3 high/L3 low trend (Figure 2c). Above 460 °C, there is 

no noticeable change in the Ni oxidation state, indicating that the surface Ni has completed 

oxidation much before the complete formation of the bulk layered oxide phase (Figure 2c 

and Figure 5a). To further demonstrate the Ni oxidation state change, the spectra of the 

intermediate calcination states are expressed as a linear combination of the spectra of the 

precursor (state 1) and the final layered oxide product (state 2) (Figure S4, Supporting 

Information). The result shows the continuous Ni oxidation before calcining at the 460 °C 

holding stage, which is revealed by less low oxidation state component (state 1) and more 

high oxidation state component (state 2) upon calcination. This result is in good agreement 

with the trend of the L3 high/L3 low change in Figure 2c. The O K-edge soft XAS is 

sensitive to the local environment change of coordinated transition metals. Specifically, the 

pre-edge region (< 535 eV) of O K-edge soft XAS spectra provides absorption features for 

the TM 3d-O 2p hybridization.47 As shown in Figure 2d, the Ni3+ 3d-O 2p hybridization is 

strengthened while the Ni2+ 3d-O 2p hybridization is weakened upon calcination. The 

appearance of the Ni3+ 3d-O 2p hybridization at 460 °C is consistent with the Ni oxidation 

state change observed in the Ni L-edge spectra (Figure 2b). The peak at ~534 eV is 

attributed to carbonate species, which is also identified by XPS (Figure 1d).43 These 

surface-sensitive characterizations suggest Ni oxidation at the surface completes at a 
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relatively low temperature (460 °C), without being interfered much by the subsequent 

phase transformation and local structure change at higher temperatures. 

 

Figure 3. Electronic and chemical structure changes at particle scale upon calcination. Ni 

K-edge 3D TXM results for the samples a) at the pristine state; b) calcined at 300 °C; c) 

calcined at 460 °C for 2 hours; d) calcined at 600 °C; e) complete calcination; f) The Ni K-
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edge white-line energy distribution of the samples at different stages of calcination; g) Ni 

K-edge white-line energy at different stages of calcination as a function of the distance 

from the particle surface. The energy is the mean value of the Ni K-edge white-line energy 

of all voxels with the same distance from the surface in the particle. Ni oxidation at the 

surface completes at 460°C. The Ni oxidation heterogeneity along the radial direction 

decreases upon calcination and becomes insignificant when calcination completes, while 

the mosaic-like heterogeneity remains throughout the whole calcination process. 

 To complement soft XAS at different length scales, we further performed 3D Ni K-

edge full-field transmission X-ray microscopy (TXM) at different stages of calcination to 

visualize the Ni oxidation state evolution and distribution at the secondary particle scale 

(Figure 3a-e). The white-line energy continuously shifts from ~8.349 keV to ~8.351 keV 

upon calcination (Figure 3a-e), which indicates the continuous oxidation of Ni. 

Specifically, the dramatic change of Ni oxidation state takes place from 300 °C to 460 °C, 

and from 600 °C to the product. Therefore, the Ni oxidation behavior at the single particle 

level is different from that at the particle surface (Figure 2b). We notice that at each 

calcination stage there is a certain breadth of the white-line energy distribution, which 

signifies the heterogeneous precursor-to-layered oxide transformation at the mesoscale 

(Figure 3f). The mixed metal hydroxide particles exhibit a porous structure (Figure S5, 

Supporting Information). We hypothesize that the regions in the vicinity of pores complete 

the oxidation reaction earlier due to the rapid reaction with LiOH infiltrating through the 

pores. This hypothesis may be validated through a systematic study to establish the 

relationship between morphological characteristics (e.g., porosity) and local phase 

transformation, using the experimental approaches demonstrated in our recent studies.24,25 
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To further demonstrate the heterogeneity of Ni oxidation in secondary particles, we plot Ni 

K-edge white-line energy as a function of the distance from the particle surface at several 

calcination stages (Figure 3g). Mathematically, this is done by averaging the white-line 

energy for each shell at different distances from the particle surface (Figure S6, Supporting 

Information). At 300 °C, Ni oxidation shows a larger variation between the near-surface 

region (~500 nm from the surface) and the bulk region, i.e., radial heterogeneity. When the 

temperature increases to 460 °C, the energy difference in the radial direction of the cathode 

particle becomes smaller. As the temperature further increases to the completion of the 

calcination, the radial heterogeneity becomes insignificant. However, the mosaic-like 

heterogeneity is still present after calcination at 700 °C for five hours (Figure 3e). This 

observation is consistent with our recent studies on the pristine commercial NMC811 

materials, where a discernible degree of Ni oxidation state heterogeneity was reported.25,48 

To verify the validity of 3D TXM results, we further performed 2D Ni K-edge TXM on a 

larger number of particles (Figure S6, Supporting Information) to statistically confirm the 

mosaic-like heterogeneity of Ni oxidation states in secondary particles. Overall, the 

oxidation pattern revealed by 2D Ni K-edge TXM is similar to that of 3D TXM (Figure 

S7, Supporting Information). It should be highlighted that the charge heterogeneity inside 

the cathode particles is not merely observed in the cathode formation process, it is also a 

major issue in the battery cycling, which can accumulate mechanical stress and lead to 

chemomechanical breakdown of battery particles.49 In summary, the Ni oxidation in 

secondary particles takes place predominantly from 300 °C to the 460 °C holding stage, 

and from 600 °C to the final layered oxide product. Furthermore, we observe mosaic-like 

heterogeneity of Ni oxidation states throughout the calcination. However, the radial 
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heterogeneity dominates the early stage of calcination and becomes insignificant after the 

calcination is completed. Comparing soft XAS and TXM results, we report that the Ni 

oxidation behavior exhibits dependence on the geometric location in secondary particles, 

e.g., near-surface region versus bulk region. 

Figure 4. Ensemble-averaged characterization of electronic structure and local 

environment upon calcination. a) Ni K-edge XANES spectra at different stages of 

calcination; b) Evolution of edge energy calculated from the Ni K-edge XANES spectra, 

where the dashed line shows the trend upon calcination; Wavelet transformation of Ni K-
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edge EXAFS for the samples c) at the pristine state; d) calcined at 200 °C; e) calcined at 

300 °C; f) calcined at 460 °C; g) calcined at 460 °C for 2 h; h) calcined at 700 °C; i) calcined 

at 700 °C for 2 h; j) complete calcination. Ni oxidation in the bulk completes at 700 °C, 

which is later than that at the surface (460 °C, Figure 2b). Ti diffuses into the Ni hydroxide 

matrix predominantly between 200 °C and 300 °C, which is delayed compared to the 

surface probed by XPS (< 200 °C). 

 

 The above surface-sensitive XPS/XAS and 3D single-particle TXM measurements 

collectively provide depth-profiled analysis for Mg/Ti-LNO at different stages of 

calcination. The battery performance is also determined by the ensemble-averaged, 

collective behavior of many electrode particles. Therefore, probing the bulk-sensitive, 

ensemble-averaged electronic and chemical environments can not only improve the 

statistical relevance of the analytical results but also, more importantly, provide atomistic 

insights into the local coordination changes. Here, we further performed Ni K-edge X-ray 

absorption near edge structure (XANES) and extended X-ray absorption fine structure 

(EXAFS) to investigate the electronic structure and chemical environment. As shown in 

Figure 4a, the edge shifting toward higher energy implies the Ni oxidation. The overall 

trend of edge energy shift shows that the Ni oxidation in the bulk is not completed at 460 

°C, and the prominent Ni oxidation is observed from 460 °C to 700 °C (Figure 4b). This 

observation, based on many particles, is consistent with the TXM results discussed above 

(Figure 3). To quantify the Ni oxidation state evolution, a calibration curve composed of 

estimated oxidation state as a function of edge energy was made based on standard spectra 

(Figure S8, Supporting Information). The Ni oxidation state estimated from the calibration 
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curve implies the Ni oxidation from the divalent state to the trivalent state upon calcination 

(Table S2). Furthermore, the same linear combination method used in soft XAS analysis is 

applied to analyze the Ni oxidation state change in the bulk XANES (Figure S9, Supporting 

Information). The result supports the trend in Figure 4b that an apparent Ni oxidation is 

observed from 460 °C to 700 °C. When the temperature reaches 700 °C, Ni stays at a 

relatively high oxidation state even after the calcination is extended to 5 hours. In 

comparison with Ni L-edge soft XAS spectra (Figure 2b), Ni shows delayed oxidation in 

the bulk during calcination. The top surface of the precursor is directly exposed to the O2 

atmosphere and in contact with LiOH, and thus the oxidation reaction is kinetically more 

favorable at the surface. The TXM result also confirms that the near-surface regions (~500 

nm) are more oxidized at the same stage of calcination (Figure 3g). As an ensemble-

averaged technique, XANES confirms the trend of Ni oxidation with statistical relevance, 

which is consistent with the 3D TXM at the single particle scale. Furthermore, the bulk-

sensitive XANES well complements the surface-sensitive soft XAS and suggests the 

delayed Ni oxidation in the bulk. 

 To comprehensively understand the cathode formation regarding the correlation 

between electronic structure evolution and elemental diffusion, we further performed 

EXAFS to explore the local coordination change at the atomistic scale. The Fourier-

transformed Ni K-edge EXAFS indicates that the precursor shows the characteristic of 

Ni(OH)2, while the product shows the characteristic of LiNiO2  (Figure S10, Supporting 

Information). An apparent shift of both Ni-O and Ni-metal (M) shells to lower R values is 

observed at 300 °C, indicating a decrease in the Ni-O and Ni-M interatomic distances. This 

decrease is associated with the dehydration of the Ni(OH)2 below 300 °C. The dehydration 
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reaction produces a NiO-based rocksalt phase that has shorter Ni-O and Ni-M interatomic 

distances.50 Next, we performed Ni K-edge EXAFS wavelet transform (WT) analysis to 

decompose the k-space and R-space to separate the backscattering atoms that are 

overlapped in the R-space.51,52 As shown in Figure 4c-j, the WT maximum referring to Ni-

metal in the second shell at ~2.5 ¡ (R+Ŭ) splits in the k-space. The left maximum at ~6 Å-

1 (k) is assigned to Ni-Ti scattering and the right maximum at ~8 Å-1 (k) is assigned to Ni-

Ni scattering.53,54 The decrease of R distance for Ni-Ti scattering from 200 °C (Figure 4d) 

to 300 °C (Figure 4e) implies the decreasing Ni-Ti interatomic distance and thus the further 

Ti4+ diffusion into the matrix. The Ni-Ti interatomic distance remains nearly unchanged 

after 300 °C (Figure 4f-j). These results and XPS results collectively suggest that Ti 

diffusion at the surface is almost completed by 200 °C, but Ti continues diffusing in the 

bulk between 200 °C and 300 °C (Figure 1c and Table S1). In summary, the XANES and 

EXAFS results demonstrate that Ni oxidation is delayed in the bulk ensemble and is not 

completed until 700 °C, and that the Ti dopant diffuses into the matrix predominantly 

between 200 °C and 300 °C. Therefore, our results collectively suggest tailoring the dopant 

distribution can be best achieved at the early stage of the calcination during the dehydration 

of the mixed metal hydroxides. It is worth noting that different dopants may have varied 

redistribution behavior, depending on the dopant properties and dopant initial distribution 

in the precursor. 
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Figure 5. Global structural change and phase evolution upon calcination. a) XRD patterns 

at different stages of calcination; b) Evolution of the normalized intensity of (003) peak 

and (104) peak and c) the intensity ratio of (003) peak to (104) peak at different stages of 

calcination, where the dashed line shows the trend upon calcination. Phase transformation 

takes place from the mixed hydroxide bi-phase to the layered oxide L phase through an 

intermediate X phase, with Li intercalation and increasing crystallinity upon calcination. 

 

 The multiscale chemical transformations, especially the local coordination changes, 

collectively determine the global phase transformations that can be probed by XRD. 

Furthermore, XRD measurements at different stages of calcination can be utilized to 
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evaluate the statistical representativeness of the XPS, XAS, and TXM measurements. We 

performed synchrotron XRD at different stages of calcination to study the structural change 

and phase transformation (Figure 5a). The mixed metal hydroxide and LiOH are 

thoroughly mixed to prepare the precursor before calcination. Ni hydroxide predominates 

the metal hydroxide and the effect of Mg/Ti dopants on the diffraction pattern is trivial due 

to the low content. A mixture of LiOH phase and Ni(OH)2 phase is observed from the 

diffraction peaks. As the temperature reaches 300 °C, the bi-phase gradually transforms to 

an intermediate phase X, where Ni(OH)2 and LiOH characteristic peaks diminish and the 

rock-salt NiO-like characteristic peaks appear. When the temperature reaches 700 °C, 

several diffraction peaks of LiNiO2 start to grow, which indicates the formation of a new 

phase named as L. As the temperature is held at 700 °C for a longer time, the intensity of 

LiNiO2 diffraction peaks further increases, and the peaks become narrower due to the 

overall increased crystallinity and particle growth. The appearance of the (003) peak 

implies the formation of the layered structure. The overall increased intensity of (003) and 

(104) peaks and the (003)/(104) intensity ratio reveal less Ni/Li cation mixing and a better-

defined layered structure (Figure 5b and 5c). Moreover, the (220) peak in the rock-salt NiO 

converts to (108) peak and (110) peak in the layered LiNiO2 also suggests the formation of 

the layered structure.55 The neutron diffraction patterns imply the co-existence of three 

phases at high temperature, i.e., layered (Li1-xNix)(Ni0.96-xLi xMg0.02Ti0.02)O2 phase, 

monoclinic Li rich phase and Li2CO3 phase (Figure 6).56,57 From 600 °C to the 700 °C 

holding stage, the fraction of the layered oxide phase increases while the monoclinic Li 

rich phase diminishes and almost disappears at 700 °C (Table S3). Only a small degree of 

Li/Ni cation mixing is observed at 700 °C (Table S3), which is consistent with our earlier 
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publication.[5a] Both Mg and Ti remain on the Ni site after 600 °C until the formation of 

the cathode product (Figure 6). More detailed neutron diffraction refinement results are 

shown in Figure S11. Our results are consistent with the in situ XRD study of the LiNiO2 

formation reported by Bianchini et al.29 Together with our XPS and XAS results, the XRD 

result further confirms that the metal hydroxide phase is still present at the temperature 

(below 300 °C) when Mg/Ti dopants diffuse into the matrix. To rationalize the dopant 

diffusion in the nickel hydroxide matrix, we hypothesize that the larger Ni-O and Ni-M 

distances in the metal hydroxide (larger lattice volume) result in lower energy barriers for 

dopants to diffuse (Figure 4c).58 In addition, the co-dehydration of the mixed metal 

hydroxides can facilitate dopant diffusion into the Ni-O coordination environment (Figure 

S12, Supporting Information). In brief, phase transformation takes place from the mixed 

hydroxide bi-phase to the layered L phase through an intermediate metal oxide-like X 

phase, and dopants diffuse into the metal hydroxide matrix below 300 °C. 
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Figure 6. Neutron diffraction patterns and Rietveld refinement at a) 600 °C, and b) 700 °C 

for 2 h. Rwp for a) is 5.38% and Rwp for b) is 4.36%. More layered oxide phase is identified, 

and Li/Ni cation mixing is reduced from 600 °C to the 700 °C holding stage. 

 

 Based on the phase transformations during calcination identified by XRD, the 

reaction mechanism is proposed as the following two-step reactions (equation (1) and 

equation (2)) and overall reaction (equation (3), the potential presence of Li2O and 
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intermediate lithium nickel oxide with varying compositions are not included for 

simplicity): 

Ni(OH)2 O  NiO + H2O (1) 

NiO + LiOH +  O2  OLiNiO2 +   H2O (2) 

Ni(OH)2 + LiOH +  O2  OLiNiO2 +   H2O (3) 

To further verify the reaction mechanism, we performed thermogravimetric analysis 

(TGA) (Figure S13, Supporting Information). The 8.37% weight loss below 100 °C refers 

to the volatilization of moisture.59 The weight loss above 100 °C, mostly due to metal 

hydroxide dehydration and lithiation, is 15.07%, which is slightly lower than the theoretical 

value of 16.29% (equation 3). This can potentially be attributed to the inactive residuals in 

the sample such as Li2CO3, which does not participate in the reaction and thereby has no 

contribution to the reaction weight loss. The temperature range for the reaction is consistent 

with the appearance of the NiO-like phase at 300 °C (Figure 5a). To visualize the 

morphology evolution and the reaction that takes place during calcination, scanning 

electron microscopy (SEM) is performed (Figure S14a-f, Supporting Information). The 

secondary particles in the precursor consist of needle-like primary particles (Figure S14a, 

Supporting Information), which evolves into gravel-like morphology in the layered oxide 

product (Figure S14f, Supporting Information). The lighter contrast in the highlighted 

regions in Figure S14c-d is partially mixed with the secondary particle. The energy 

dispersive X-ray spectroscopy (EDS) measurements show that Ni is abundant in the 

secondary particle but is hardly detected in the lighter contrast regions (Figure S15a-d, 

Supporting Information). We conjecture that the lighter contrast regions are attributed to 

the recrystallized LiOH during the cooling. The distribution of the LiOH is highly 
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heterogeneous, which potentially gives rise to the heterogeneous phase propagation 

identified by TXM (Figure 3).  In summary, XRD and TGA results collectively confirm 

the two-step reaction mechanism, and the contact homogeneity of reactants can potentially 

determine the reaction homogeneity and phase distribution in cathode particles. 

2.5. Discussion 

 Manipulating doping chemistry and the microstructure of cathodes are two of the 

most popular strategies adopted by the cathode community to enhance the battery 

performance. However, without a systematic investigation of the cathode synthesis, the 

fundamental understanding of dopant distribution and local environment evolution during 

cathode formation is limited. With a range of synchrotron diagnostic tools and 

complementary characterizations, we have probed the dopant redistribution, electronic and 

chemical structure evolution, and phase transformations at multiple length scales during 

the synthesis of the high energy Co-free layered cathode. We observed that the dopant 

redistribution pattern is largely dependent on the dopant properties, the initial distribution 

in the mixed metal hydroxides precursor, and the following calcination protocol. In 

addition, the local structure change and phase transformations are heterogeneous, 

depending on the geometric location in secondary particles and different calcination stages. 

Specifically, we have made the following observations and conclusions: 

I. Ti and Mg dopants diffuse in the Ni hydroxide matrix at the early stage of 

calcination (below 300 °C), much before the formation of the layered oxide phase. 

Mg completes redistribution before Ti. Mg distribution is relatively uniform, while 

Ti is enriched at the particle surface. 
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II.  Oxidation reaction is kinetically more favorable at the surface compared with that 

in the bulk. Ni oxidation at the surface completes at 460 °C before the bulk layered 

oxide phase forms, whereas we observed drastic Ni oxidation in the bulk from 

300 °C to the 460 °C holding stage, and from 600 °C to the formation of layered 

oxide product.  

III.  At the mesoscale, the radial heterogeneity of electronic and chemical structure 

change decreases upon calcination and becomes insignificant after calcination 

completes. However, we still observe the mosaic-like heterogeneity in the product, 

similar to commercial Ni-rich NMC materials. 

IV.  Global phase transformation takes place from the mixed hydroxide phase to the 

intermediate metal oxide-like phase at around 300 °C, and the intermediate phase 

transforms to the layered oxide phase at about 700 °C. Higher crystallinity and less 

Li/Ni cation mixing are observed with a longer duration at 700 °C. 

 This study not only enriches the understanding of layered cathode formation at 

multiple length scales and potentially guides the high-energy cathode design such as dopant 

distribution and 3D chemical homogeneity, but also provides a systematic protocol that can 

be readily applied to explore the formation of other energy materials. 

2.6. Acknowledgements 

The work is supported by the U.S. Department of Energyôs Office of Energy 

Efficiency and Renewable Energy (EERE) under the award number: DE-EE0008444. The 

use of the Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator 

Laboratory, is supported by the U.S. Department of Energy, Office of Science, Office of 

Basic Energy Sciences under Contract No. DE-AC02-76SF00515. This research used 



75 
 

resources of the Advanced Photon Source, a U.S. Department of Energy (DOE) Office of 

Science User Facility operated for the DOE Office of Science by Argonne National 

Laboratory under Contract No. DE-AC02-06CH11357. The research used 18-ID of the 

National Synchrotron Light Source II, a U.S. Department of Energy (DOE) Office of 

Science User Facility operated for the DOE Office of Science by Brookhaven National 

Laboratory under Contract No. DE-SC0012704. The use of the Spallation Neutron Source 

at Oak Ridge National Laboratory is supported by the U.S. Department of Energy, Office 

of Science, Office of Basic Energy Sciences under Contract No. DE-AC05-00OR22725. 

This work was performed in part at the Surface Analysis Laboratory in Department of 

Chemistry at Virginia Tech, which is supported by the National Science Foundation under 

Grant No. CHE-1531834. This research was partially supported by Virginia Techôs 

Institute for Critical Technology and Applied Science through instruments provided by the 

Nanoscale Characterization and Fabrication Laboratory (NCFL). The authors acknowledge 

the assistance of Dr. Thomas W. Staley on the TGA experiment. The authors also 

acknowledge the assistance of Dr. Yijin Liu, Dr. Xu Feng and Dr. Chunguang Kuai on the 

data analysis. Z.Y. and F.L. thank Dr. Yijin Liuôs research group for the initial proof-of-

concept TXM studies. This report was prepared as an account of work sponsored by an 

agency of the United States Government. Neither the United States Government nor any 

agency thereof, nor any of their employees, makes any warranty, express or implied, or 

assumes any legal liability or responsibility for the accuracy, completeness, or usefulness 

of any information, apparatus, product, or process disclosed, or represents that its use 

would not infringe privately owned rights. Reference herein to any specific commercial 

product, process, or service by trade name, trademark, manufacturer, or otherwise does not 



76 
 

necessarily constitute or imply its endorsement, recommendation, or favoring by the United 

States Government or any agency thereof. The views and opinions of authors expressed 

herein do not necessarily state or reflect those of the United States Government or any 

agency thereof. 

2.7. References 

(1) Schipper, F.; Erickson, E. M.; Erk, C.; Shin, J.-Y.; Chesneau, F. F.; Aurbach, D. 

ReviewðRecent Advances and Remaining Challenges for Lithium Ion Battery 

Cathodes. J. Electrochem. Soc. 2017, 164 (1), A6220ïA6228. 

(2) Xu, J.; Lin, F.; Doeff, M. M.; Tong, W. A Review of Ni-Based Layered Oxides for 

Rechargeable Li-Ion Batteries. J. Mater. Chem. A 2017, 5 (3), 874ï901. 

(3) Liu, W.; Oh, P.; Liu, X.; Lee, M.-J.; Cho, W.; Chae, S.; Kim, Y.; Cho, J. Nickel-

Rich Layered Lithium Transition-Metal Oxide for High-Energy Lithium-Ion 

Batteries. Angew. Chemie Int. Ed. 2015, 54 (15), 4440ï4457. 

(4) Bianchini, M.; Roca-Ayats, M.; Hartmann, P.; Brezesinski, T.; Janek, J. There and 

Back Again-The Journey of LiNiO2 as a Cathode Active Material. Angew. Chemie 

Int. Ed. 2019, 58 (31), 10434ï10458. 

(5) Gover, R. K. B.; Kanno, R.; Mitchell, B. J.; Yonemura, M.; Kawamoto, Y. Effects 

of Sintering Temperature on the Structure of the Layered Phase Lix(Ni0.8Co0.2)O2. J. 

Electrochem. Soc. 2000, 147 (11), 4045. 

(6) Zhao, J.; Zhang, W.; Huq, A.; Misture, S. T.; Zhang, B.; Guo, S.; Wu, L.; Zhu, Y.; 

Chen, Z.; Amine, K.; Pan, F.; Bai, J.; Wang, F. In Situ Probing and Synthetic Control 

of Cationic Ordering in Ni-Rich Layered Oxide Cathodes. Adv. Energy Mater. 2017, 

7 (3), 1601266. 



77 
 

(7) Shim, J. H.; Kim, C. Y.; Cho, S. W.; Missiul, A.; Kim, J. K.; Ahn, Y. J.; Lee, S. 

Effects of Heat-Treatment Atmosphere on Electrochemical Performances of Ni-

Rich Mixed-Metal Oxide (LiNi0.80Co0.15Mn0.05O2) as a Cathode Material for 

Lithium Ion Battery. Electrochim. Acta 2014, 138, 15ï21. 

(8) Qian, G.; Zhang, Y.; Li, L.; Zhang, R.; Xu, J.; Cheng, Z.; Xie, S.; Wang, H.; Rao, 

Q.; He, Y.; Shen, Y.; Chen, L.; Tang, M.; Ma, Z. F. Single-Crystal Nickel-Rich 

Layered-Oxide Battery Cathode Materials: Synthesis, Electrochemistry, and Intra-

Granular Fracture. Energy Storage Mater. 2020, 27, 140ï149. 

(9) Arai, H.; Okada, S.; Sakurai, Y.; Yamaki, J. I. Electrochemical and Thermal 

Behavior of LiNi1-zMzO2 (M = Co, Mn, Ti). J. Electrochem. Soc. 1997, 144 (9), 

3117ï3125. 

(10) Pouillerie, C.; Croguennec, L.; Biensan, P.; Willmann, P.; Delmas, C. Synthesis and 

Characterization of New LiNi1-yMgyO2 Positive Electrode Materials for Lithium-Ion 

Batteries. J. Electrochem. Soc. 2000, 147 (6), 2061ï2069. 

(11) Kim, J.; Amine, K. The Effect of Tetravalent Titanium Substitution in LiNi1īxTixO2 

(0.025 x 0.2) System. Electrochem. commun. 2001, 3 (2), 52ï55. 

(12) Mu, L.; Zhang, R.; Kan, W. H.; Zhang, Y.; Li, L.; Kuai, C.; Zydlewski, B.; Rahman, 

M. M.; Sun, C.-J. J.; Sainio, S.; Avdeev, M.; Nordlund, D.; Xin, H. L.; Lin, F. 

Dopant Distribution in Co-Free High-Energy Layered Cathode Materials. Chem. 

Mater. 2019, 31 (23), 9769ï9776. 

(13) Mu, L.; Kan, W. H.; Kuai, C.; Yang, Z.; Li, L.; Sun, C. J.; Sainio, S.; Avdeev, M.; 

Nordlund, D.; Lin, F. Structural and Electrochemical Impacts of Mg/Mn Dual 

Dopants on the LiNiO2 Cathode in Li-Metal Batteries. ACS Appl. Mater. Interfaces 



78 
 

2020, 12 (11), 12874ï12882. 

(14) Shin, Y.; Kan, W. H.; Aykol, M.; Papp, J. K.; McCloskey, B. D.; Chen, G.; Persson, 

K. A.; Hay Kan, W.; Aykol, M.; Papp, J. K.; McCloskey, B. D.; Chen, G.; Persson, 

K. A. Alleviating Oxygen Evolution from Li-Excess Oxide Materials through 

Theory-Guided Surface Protection. Nat. Commun. 2018, 9 (1), 1ï8. 

(15) Kim, Y. Effects and Distribution of Zr Introduced in Ni-Based Cathode Material for 

Li -Ion Batteries. Phys. Chem. Chem. Phys. 2019, 21 (23), 12505ï12517. 

(16) Lin, R.; Hu, E.; Liu, M.; Wang, Y.; Cheng, H.; Wu, J.; Zheng, J. C.; Wu, Q.; Bak, 

S.; Tong, X.; Zhang, R.; Yang, W.; Persson, K. A.; Yu, X.; Yang, X. Q.; Xin, H. L. 

Anomalous Metal Segregation in Lithium-Rich Material Provides Design Rules for 

Stable Cathode in Lithium-Ion Battery. Nat. Commun. 2019, 10 (1). 

(17) Kong, D.; Hu, J.; Chen, Z.; Song, K.; Li, C.; Weng, M.; Li, M.; Wang, R.; Liu, T.; 

Liu, J.; Zhang, M.; Xiao, Y.; Pan, F. Ti Gradient Doping to Stabilize Layered 

Surface Structure for High Performance High Ni Oxide Cathode of Li Ion Battery. 

Adv. Energy Mater. 2019, 9 (41), 1901756. 

(18) Mehrer, H. Diffusion in Solids: Fundamentals, Methods, Materials, Diffusion-

Controlled Processes; Springer Berlin Heidelberg, 2007. 

(19) Li, J.; Doig, R.; Camardese, J.; Plucknett, K.; Dahn, J. R. Measurements of 

Interdiffusion Coefficients of Transition Metals in Layered LiïNiïMnïCo Oxide 

CoreïShell Materials during Sintering. Chem. Mater. 2015, 27 (22), 7765ï7773. 

(20) Zhao, Y.; Li, J.; Dahn, J. R. Interdiffusion of Cations from Metal Oxide Surface 

Coatings into LiCoO2 During Sintering. Chem. Mater. 2017, 29 (12), 5239ï5248. 

(21) Mu, L.; Yuan, Q.; Tian, C.; Wei, C.; Zhang, K.; Liu, J.; Pianetta, P.; Doeff, M. M.; 



79 
 

Liu, Y.; Lin, F. Propagation Topography of Redox Phase Transformations in 

Heterogeneous Layered Oxide Cathode Materials. Nat. Commun. 2018, 9 (1), 2810. 

(22) Mu, L.; Lin, R.; Xu, R.; Han, L.; Xia, S.; Sokaras, D.; Steiner, J. D.; Weng, T.-C.; 

Nordlund, D.; Doeff, M. M.; Liu, Y.; Zhao, K.; Xin, H. L.; Lin, F. Oxygen Release 

Induced Chemomechanical Breakdown of Layered Cathode Materials. Nano Lett. 

2018, 18 (5), 3241ï3249. 

(23) Xu, Z.; Rahman, M. M.; Mu, L.; Liu, Y.; Lin, F. Chemomechanical Behaviors of 

Layered Cathode Materials in Alkali Metal Ion Batteries. J. Mater. Chem. A, 2018, 

6, 21859-21884. 

(24) Yang, Y.; Xu, R.; Zhang, K.; Lee, S.; Mu, L.; Liu, P.; Waters, C. K.; Spence, S.; Xu, 

Z.; Wei, C.; Kautz, D. J.; Yuan, Q.; Dong, Y.; Yu, Y.; Xiao, X.; Lee, H.; Pianetta, 

P.; Cloetens, P.; Lee, J.; Zhao, K.; Lin, F.; Liu, Y. Quantification of Heterogeneous 

Degradation in Li Ion Batteries. Adv. Energy Mater. 2019, 9 (25), 1900674. 

(25) Xu, Z.; Jiang, Z.; Kuai, C.; Xu, R.; Qin, C.; Zhang, Y.; Rahman, M. M.; Wei, C.; 

Nordlund, D.; Sun, C. J.; Xiao, X.; Du, X. W.; Zhao, K.; Yan, P.; Liu, Y.; Lin, F. 

Charge Distribution Guided by Grain Crystallographic Orientations in 

Polycrystalline Battery Materials. Nat. Commun. 2020, 11 (1), 1ï9. 

(26) Gent, W. E.; Li, Y.; Ahn, S.; Lim, J.; Liu, Y.; Wise, A. M.; Gopal, C. B.; Mueller, 

D. N.; Davis, R.; Weker, J. N.; Park, J.-H.; Doo, S.-K.; Chueh, W. C. Persistent 

State-of-Charge Heterogeneity in Relaxed, Partially Charged 

Li1īxNi1/3Co1/3Mn1/3O2 Secondary Particles. Adv. Mater. 2016, 28 (31), 6631ï6638. 

(27) Zhang, Y.; Yang, Z.; Tian, C. Probing and Quantifying Cathode Charge 

Heterogeneity in Li Ion Batteries. J. Mater. Chem. A, 2019,7, 23628-23661. 



80 
 

(28) Hua, W.; Wang, K.; Knapp, M.; Schwarz, B.; Wang, S.; Liu, H.; Lai, J.; Müller, M.; 

Schökel, A.; Missyul, A.; Ferreira Sanchez, D.; Guo, X.; Binder, J. R.; Xiong, J.; 

Indris, S.; Ehrenberg, H.  Chemical and Structural Evolution during the Synthesis 

of Layered Li(Ni,Co,Mn)O2 Oxides . Chem. Mater. 2020, 32 (12), 4984ï4997. 

(29) Bianchini, M.; Fauth, F.; Hartmann, P.; Brezesinski, T.; Janek, J. An in Situ 

Structural Study on the Synthesis and Decomposition of LiNiO2. J. Mater. Chem. A 

2020, 8 (4), 1808ï1820. 

(30) Gürsoy, D.; De Carlo, F.; Xiao, X.; Jacobsen, C. TomoPy: A Framework for the 

Analysis of Synchrotron Tomographic Data. J. Synchrotron Radiat. 2014, 21 (5), 

1188ï1193. 

(31) Neuefeind, J.; Feygenson, M.; Carruth, J.; Hoffmann, R.; Chipley, K. K. The 

Nanoscale Ordered MAterials Diffractometer NOMAD at the Spallation Neutron 

Source SNS. Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with 

Mater. Atoms 2012, 287, 68ï75. 

(32) Calder, S.; An, K.; Boehler, R.; Dela Cruz, C. R.; Frontzek, M. D.; Guthrie, M.; 

Haberl, B.; Huq, A.; Kimber, S. A. J.; Liu, J.; Molaison, J. J.; Neuefeind, J.; Page, 

K.; Dos Santos, A. M.; Taddei, K. M.; Tulk, C.; Tucker, M. G. A Suite-Level 

Review of the Neutron Powder Diffraction Instruments at Oak Ridge National 

Laboratory. Review of Scientific Instruments 2018, 92, 92701. 

(33) Toby, B. H. EXPGUI, a Graphical User Interface for GSAS. J. Appl. Crystallogr. 

2001, 34 (2), 210ï213. 

(34) Seah, M. P.; Dench, W. A. Quantitative Electron Spectroscopy of Surfaces: A 

Standard Data Base for Electron Inelastic Mean Free Paths in Solids. Surf. Interface 



81 
 

Anal. 1979, 1 (1), 2ï11. 

(35) Greczynski, G.; Hultman, L. Compromising Science by Ignorant Instrument 

Calibration  Need to Revisit Half a Century of Published XPS Data. Angew. Chemie 

2020, ange.201916000. 

(36) Mu, L.; Yang, Z.; Tao L.;Waters, K. C.; Xu, Z.; Li, L.; Sainio, S.; Du, Y.; Xin, H.L.; 

Nordlund, D.; Lin, F.. The Sensitive Surface Chemistry of Co-Free, Ni-Rich 

Layered Oxides: Identifying Experimental Conditions That Influence 

Characterization Results. J. Mater. Chem. A 2020, 8 (34), 17487ï17497. 

(37) Zhang, M. J.; Hu, X.; Li, M.; Duan, Y.; Yang, L.; Yin, C.; Ge, M.; Xiao, X.; Lee, 

W. K.; Ko, J. Y. P.; Amine, K.; Chen, Z.; Zhu, Y.; Dooryhee, E.; Bai, J.; Pan, F.; 

Wang, F. Cooling Induced Surface Reconstruction during Synthesis of High-Ni 

Layered Oxides. Adv. Energy Mater. 2019, 9 (43), 1901915. 

(38) Schipper, F.; Bouzaglo, H.; Dixit, M.; Erickson, E. M.; Weigel, T.; Talianker, M.; 

Grinblat, J.; Burstein, L.; Schmidt, M.; Lampert, J.; Erk, C.; Markovsky, B.; Major, 

D. T.; Aurbach, D. From Surface ZrO2 Coating to Bulk Zr Doping by High 

Temperature Annealing of Nickel-Rich Lithiated Oxides and Their Enhanced 

Electrochemical Performance in Lithium Ion Batteries. Adv. Energy Mater. 2018, 8 

(4), 1701682. 

(39) Sun, H.; Cao, Z.; Wang, T.; Lin, R.; Li, Y.; Liu, X.; Zhang, L.; Lin, F.; Huang, Y.; 

Luo, W. Enabling High Rate Performance of Ni-Rich Layered Oxide Cathode by 

Uniform Titanium Doping. Mater. Today Energy 2019, 13, 145ï151. 

(40) Weigel, T.; Schipper, F.; Erickson, E. M.; Susai, F. A.; Markovsky, B.; Aurbach, D. 

Structural and Electrochemical Aspects of LiNi0.8Co0.1Mn0.1O2 Cathode Materials 



82 
 

Doped by Various Cations. ACS Energy Lett. 2019, 4 (2), 508ï516. 

(41) Qing, R.-P.; Shi, J.-L.; Xiao, D.-D.; Zhang, X.-D.; Yin, Y.-X.; Zhai, Y.-B.; Gu, L.; 

Guo, Y.-G. Enhancing the Kinetics of Li -Rich Cathode Materials through the 

Pinning Effects of Gradient Surface Na+ Doping. Adv. Energy Mater. 2016, 6 (6), 

1501914. 

(42) Weber, D.; Tripkoviĺ, ņ.; Kretschmer, K.; Bianchini, M.; Brezesinski, T. Surface 

Modification Strategies for Improving the Cycling Performance of Ni-Rich Cathode 

Materials. Eur. J. Inorg. Chem. 2020, 2020 (33), 3117ï3130. 

(43) Tian, C.; Nordlund, D.; Xin, H. L.; Xu, Y.; Liu, Y.; Sokaras, D.; Lin, F.; Doeff, M. 

M. Depth-Dependent Redox Behavior of LiNi0.6Mn0.2Co0.2O2. J. Electrochem. Soc. 

2018, 165 (3), A696ïA704. 

(44) Ohzuku, T.; Ueda, A.; Nagayama, M. Electrochemistry and Structural Chemistry of 

LiNiO2 (R3m) for 4 Volt Secondary Lithium Cells; J. Electrochem. Soc. 1993, 140 

(7), 1862. 

(45) Yang, W.; Liu, X.; Qiao, R.; Olalde-Velasco, P.; Spear, J. D.; Roseguo, L.; Pepper, 

J. X.; Chuang, Y. De; Denlinger, J. D.; Hussain, Z. Key Electronic States in Lithium 

Battery Materials Probed by Soft X-Ray Spectroscopy. J. Electron Spectros. Relat. 

Phenomena 2013, 190 (PART A), 64ï74. 

(46) Lin, F.; Markus, I. M.; Nordlund, D.; Weng, T.-C.; Asta, M. D.; Xin, H. L.; Doeff, 

M. M. Surface Reconstruction and Chemical Evolution of Stoichiometric Layered 

Cathode Materials for Lithium-Ion Batteries. Nat. Commun. 2014, 5 (1), 3529. 

(47) De Groot, F. M. F.; Grioni, M.; Fuggle, J. C.; Ghijsen, J.; Sawatzky, G. A.; Petersen, 

H. Oxygen 1s X-Ray-Absorption Edges of Transition-Metal Oxides. Phys. Rev. B 



83 
 

1989, 40 (8), 5715ï5723. 

(48) Jiang, Z.-S.; Li, S.-F.; Xu, Z.-R.; Nordlund, D.; Ohldag, H.; Pianetta, P.; Lee, J.-S.; 

Lin, F.; Liu, Y.-J. Revealing the Inhomogeneous Surface Chemistry on the Spherical 

Layered Oxide Polycrystalline Cathode Particles. Chin. Phys. B 2020, 29 (2), 26103. 

(49) Xia, S.; Mu, L.; Xu, Z.; Wang, J.; Wei, C.; Liu, L.; Pianetta, P.; Zhao, K.; Yu, X.; 

Lin, F.; Liu, Y. Chemomechanical Interplay of Layered Cathode Materials 

Undergoing Fast Charging in Lithium Batteries. Nano Energy 2018, 53, 753ï762. 

(50) Mansour, A. N.; Melendres, C. A. Analysis of X-Ray Absorption Spectra of Some 

Nickel Oxycompounds Using Theoretical Standards. J. Phys. Chem. A 1998, 102 

(1), 65ï81. 

(51) Funke, H.; Scheinost, A. C.; Chukalina, M. Wavelet Analysis of Extended X-Ray 

Absorption Fine Structure Data. Phys. Rev. B - Condens. Matter Mater. Phys. 2005, 

71 (9), 094110. 

(52) Funke, H.; Chukalina, M.; Scheinost, A. C. A New FEFF-Based Wavelet for 

EXAFS Data Analysis. J. Synchrotron Radiat. 2007, 14 (5), 426ï432. 

(53) Siebecker, M. G.; Sparks, D. L. Structural Differentiation between Layered Single 

(Ni) and Double Metal Hydroxides (NiīAl LDHs) Using Wavelet Transformation. 

2017. 

(54) Dong, J.; Zhu, H.; Xiang, Y.; Wang, Y.; An, P.; Gong, Y.; Liang, Y.; Qiu, L.; Zheng, 

A.; Peng, X.; Lin, M.; Xu, G.; Guo, Z.; Chen, D. Toward a Unified Identification of 

Ti Location in the MFI Framework of High-Ti-Loaded TS-1: Combined EXAFS, 

XANES, and DFT Study. 2016. 

(55) Levi, E.; Levi, M. D.; Salitra, G.; Aurbach, D.; Oesten, R.; Heider, U.; Heider, L. 



84 
 

Electrochemical and In-Situ XRD Characterization of LiNiO2 and LiCo0.2Ni0.8O2 

Electrodes for Rechargeable Lithium Cells. Solid State Ionics 1999, 126 (1ï2), 97ï

108. 

(56) Zhang, Y.-P.; Liang, E.-Q.; Wang, J.-X.; Yu, B.-J.; Wang, C.-Y.; Li, M.-W. Effect 

of Aluminum Doping on the Stability of Lithium-Rich Layered Oxide 

Li[Li 0.23Ni0.15Mn0.52Al0.10]O2 as Cathode Material. Int. J. Electrochem. Sci 2017, 12, 

9051ï9060. 

(57) Wang, C. C.; Jarvis, K. A.; Ferreira, P. J.; Manthiram, A. Effect of Synthesis 

Conditions on the First Charge and Reversible Capacities of Lithium-Rich Layered 

Oxide Cathodes. Chem. Mater. 2013, 25 (15), 3267ï3275. 

(58) Hall, D. S.; Lockwood, D. J.; Bock, C.; MacDougall, B. R. Nickel Hydroxides and 

Related Materials: A Review of Their Structures, Synthesis and Properties. 

Proceedings of the Royal Society A: Mathematical, Physical and Engineering 

Sciences. 2015, 471, 2174. 

(59) Yan, W.; Jia, X.; Yang, S.; Huang, Y.; Yang, Y.; Yuan, G.  Synthesis of Single 

Crystal LiNi0.92Co0.06Mn0.01Al0.01O2 Cathode Materials with Superior 

Electrochemical Performance for Lithium Ion Batteries . J. Electrochem. Soc. 2020, 

167 (12), 120514. 

(60) McCalla, E.; Carey, G. H.; Dahn, J. R. Lithium Loss Mechanisms during Synthesis 

of Layered LixNi2-xO2 for Lithium Ion Batteries. Solid State Ionics 2012, 219, 11ï

19. 

 

 



85 
 

2.8. Supplementary information 

 

Figure S1. Electrochemical performance of the Li metal cells with the Mg/Ti-LNO 

cathode. a) Voltage profile of Mg/Ti-LNO in the first five cycles at C/10 within the voltage 

window of 2.5-4.4V vs. Li/Li+; b) the capacity retention at different C-rates; c) the capacity 

retention after 300 cycles at 3C, three cycles at C/10 were applied in the beginning of every 

100 cycles. 
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Figure S2. Thermal profile of a typical calcination process in this study showing the 

temperature as a function of calcination time. The temperature is increased from 25 °C to 

460 °C in one hour (temperature ramping rate: 7.25 °C/min), then held at 460 °C for two 

hours. Subsequently, the temperature is increased from 460 °C to 700 °C in one hour 

(temperature ramping rate: 4 °C/min), then held at 700 °C for five hours, and followed by 

cooling for 3 hours (cooling rate: 3.75 °C/min). 
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Figure S3. Percentage of carbonate peak and oxide peak areas in O 1s XPS spectra. 
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Figure S4. Linear combination result of the intermediate calcination stages showing the 

percentage of each component. The spectra of the precursor  (state 1) and the product (state 

2) represent the lowest and the highest oxidation states, respectively. Each intermediate 

state is expressed as a linear combination of state 1 and state 2. The fitting is based on Ni 

L3-edge. The dash lines show the trend upon calcination. 
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Figure S5. Ni K-edge 2D TXM images for the samples a-c) at pristine state; d-f) calcined 

at 300 °C; g-i) calcined at 460 °C for 2 hours; j-l) calcined at 600 °C; m-o) complete 

calcination.  
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Figure S6. Schematic illustration of TXM depth profiling analysis. Each shell is 20 nm 

away from its outer shell. The energy of each shell is defined as the mean value of the Ni 

K-edge white-line energy of all voxels within the shell. 
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Figure S7. Ni K-edge energy histogram of the samples at different stages of calcination 

corresponding to Figure S5. 
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Figure S8. Estimated Ni oxidation state as a function of edge energy defined by the 

integration method. Different shapes of the spectra reported by different publications can 

lead to the variation of the integral and eventually the difference of estimated edge energy 

even at the same estimated oxidation state.  
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Figure S9. Linear combination result of the intermediate calcination stages showing the 

percentage of each component. The spectra of the precursor  (state 1) and the product (state 

2) represent the lowest and the highest oxidation states, respectively. Each intermediate 

state is expressed as a linear combination of state 1 and state 2. The dashed line shows the 

trend upon calcination. The error bars show the difference between different fitting 

methods, e.g., edge fitting, white-line fitting, and full-spectrum fitting. The slight decrease 

of Ni oxidation state for holding 2 hours at 700 °C can be possibly caused by the Li loss.60 
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Figure S10. Ni K-edge Fourier transformed EXAFS at different stages of calcination. There 

is a sharp decrease of the Ni-M distance between 200 ºC and 300 ºC due to dopant 

redistribution. 
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Figure S11. Neutron diffraction patterns and Rietveld refinement at different d-spacing 

ranges a-b) at 600 °C, and c-d) at 700 °C for 2 h. Rwp for a) to d) is 5.04 %, 4.87 %,  4.01 

% and 4.36 %, respectively. More layered oxide phase is identified, and Li/Ni cation 

mixing is reduced from 600 °C to 700 °C for two hours. 
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Figure S12. Schematic illustration of the dehydration reaction and dopant incorporation 

in the Ni(OH)2 lattice at the early stage of calcination.  
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Figure S13. Thermogravimetric analysis (TGA) curve of the precursor heated from room 

temperature to 460 °C at a temperature ramping rate of 7.25 °C min-1, and from 460 °C to 

700 °C at a temperature ramping rate of 4 °C min-1 in oxygen flow (The same temperature 

ramping rate as the thermal profile shows in Figure S2). 
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Figure S14. Scanning electron microscopy (SEM) images for the samples a) at the pristine 

state; b) calcined at 300 °C; c) calcined at 460 °C; d) calcined at 580 °C; e) calcined at 700 

°C; f) complete calcination. The samples were heated to the designated temperature and 

cooled down at 3.75 °C min-1 to room temperature prior to the SEM measurement.  
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Figure S15. EDS mapping of the samples a-b) calcined at 460 °C and c-d) calcined at 580 

°C. The highlighted lighter contrast regions are possibly recrystallized LiOH after cooling. 

The heterogeneous distribution of LiOH can potentially lead to the heterogeneous phase 

propagation. 
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Table S1. Elemental fractions at the particle surface at different stages of calcination based 

on peak fitting of XPS data. 
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Table S2. The estimated Ni oxidation state of the samples at different states of calcination 

based on Ni K-edge XANES. The deviation from the trivalent state of the Ni in the 

product is potentially caused by the off-stoichiometry of the product due to Li loss during 

calcination or experimental errors.  
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Table S3. Neutron diffraction Rietveld refinement results for samples at 600 °C and 700 

°C for 2 h. X value represents the content of Ni in the Li layer and Li in the Ni layer in 

layered phase (Li1-xNix)(Ni0.96-xLi xMg0.02Ti0.02)O2, respectively. More layered phase and 

less Li/Ni cation mixing are observed from 600 °C to 700 °C for 2 h. 
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3.1. Abstract 

Ni-rich Co-free layered oxide cathodes have become one of the most promising 

candidates to enable high energy-density and sustainable Li-ion batteries (LIBs) in the 

approaching era of electric vehicles (EVs). However, these Ni-rich Co-free layered 

cathodes usually suffer from low interfacial and bulk stability, which can facilitate battery 

performance degradation. Several approaches have been widely applied to stabilize the 

cathode surface and bulk structure, such as surface coating, bulk doping, and concentration 

gradient distribution engineering. Essentially, these engineering approaches modify the 

cathode properties by manipulating the distribution of foreign or existing elements in the 

materials. However, the elemental distribution behavior during the synthesis has not been 

well understood. A systematic study of the elemental distribution is required to guide the 

cathode engineering approaches. Herein, we use Mn-coated single crystal LiNiO2 (LNO) 

as the platform to investigate the elemental distribution, structural and chemical changes 

in cathode particles upon thermal treatment. With a combination of synchrotron X-ray 

scattering, spectroscopic, and microscopic measurements at multiple length scales, we find 

the evolution of the Mn diffusion layer towards the bulk of the cathode particle at different 

stages of heat treatment. Mn diffuses more rapidly with higher temperatures. In addition, 

the Mn diffusion rate increase and then decrease from the surface to the bulk of the cathode 

particle. Upon heating, Mn is oxidized and occupies the Ni site, forming a gradient Mn 

distribution. Ni is reduced and occupies the Li site within the Mn diffusion layer with an 

increasing level of Li/Ni cation mixing. This study can guide the cathode modification by 

precisely manipulating the ion distribution. A combination of coating, doping, and 

concentration gradient engineering can be potentially achieved to enable the efficient 
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utilization of foreign elements. This work provides insights into the solid-state ion diffusion 

at the microscale, and the methods demonstrated in this work can be applied to study a 

wide variety of solid-state materials besides batteries. 

3.2. Introduction 

Since 1991, the commercialization of Li-ion batteries (LIBs) has reshaped the daily 

lives of people. The revolution of smartphones can not be achieved without the support of 

LIBs. Another epoch-making revolution taking place at present that is promoted by the 

significant development of LIBs is electric vehicles (EVs). There is a worldwide trend of 

transiting from internal combustion engine vehicles (ICEVs) to EVs, yet two obstacles, 

i.e., cost and performance, faced by the EV industry impede the fast transition.1 The most 

critical component determining EVs' cost and performance is LIBs.1 Although LIB price 

has dropped by around 97% since its commercialization, the cost of LIBs in EVs needs to 

be further reduced to make it competitive with ICEVs.1 In commercial graphite anode-

based LIBs, cathode is the largest cost contributor and the bottleneck of the performance. 

Layered ternary oxide materials, i.e., LiNixMnyCo1ïxïyO2 (NMC) and LiNixCoyAl 1ïxï

yO2 (NCA), are among the most prevailing cathodes in EV LIBs. Co is the most expensive 

one among the metal elements because of its scarcity and uneven distribution. Around 70% 

of Co mineral extraction is from the Democratic Republic of the Congo (DRC).1 The 

human rights issue during Co mining and unstable geopolitics in the DRC bring extensive 

challenges and uncertainties to the Co supply chain. Therefore, the battery community has 

been making tremendous efforts to eliminate Co in the cathode materials. Meanwhile, 

another trend of developing these layered ternary oxide materials is to increase Ni content 

in the chemical formula because Ni dominates the redox reaction and battery capacity, and 
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higher Ni content gives rise to higher energy density.2 However, these Ni-rich Co-free 

cathodes usually suffer from low electrochemical and structural stability.3 

Several approaches are generally adopted to enhance the stability of Ni-rich Co-

free cathodes, i.e., bulk doping, surface coating, and surface-to-bulk concentration gradient 

strategies.4,5 For example, Li et al. reported an Al-doped high-Ni Co-free 

LiNi1īxīyMnxAl yO2 (NMA) cathode that outperforms its NMC and NCA counterparts with 

identical Ni content.6 A large variety of dopants, such as Mg, Ti, Zr, and Ta, have been 

reported to be beneficial to cycling stability by enhancing the cathode bulk structural 

integrity.7ï10 Surface coating, such as metal oxides, can protect the cathode surface by 

mitigating the parasitic reactions with electrolytes, suppressing the active mass dissolution, 

blocking moisture in the ambient environment during storage, etc.11 Sun et al. reported 

a full -gradient approach to enhance the cycling and thermal stability while maintaining 

high energy density by forming a decreasing Ni concentration and increasing Mn 

concentration from the center to the surface of cathode particles.12 Although the studies 

reporting these strategies usually highlight the sole effect of one specific strategy, it is 

worth noting that the doping, coating, and concentration gradient phenomena are often 

intermixed and controlled by the kinetics of ion diffusion, considering the relatively short 

calcination time of cathode processing. Yoon et al. reported that the dopant Zr in bulk can 

diffuse to the surface upon calcination and spontaneously form a surface Li2ZrO3 coating 

layer.13 Schipper et al. coated LiNi0.8Mn0.1Co0.1O2 (NMC811) with ZrO2 and produced 

bulk doping of Zr4+ by inward diffusion with high temperature annealing.14 Both studies 

achieved enhanced electrochemical performance with the coexistence of doping and 

coating, although from opposite directions of ion diffusion. It is reported that the 
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conversion of coating to doping for Nb and Al can be achieved by enhancing the calcination 

temperature.15,16 Our recent study shows dopants Mg and Ti in the lattice can undergo 

dynamic redistribution at early stage of calcination (below 300 °C).17 Eventually, the 

surface-enriched Ti gradient distribution can be achieved in the primary particle.17,18 These 

studies show that the boundaries among doping, coating, and gradient distribution are not 

well defined. Instead, they can be converted and mixed to some extent to achieve better 

cathode performance. However, how to precisely control the ion diffusion behavior at the 

particle level from the synthesis aspect is still not well understood yet. 

Probing the ion diffusion at the particle scale is challenging yet crucial to guide ion 

distribution engineering in practice. Dahn group has reported several studies that 

investigated cation interdiffusion.19,20 Specifically, two pellets containing the cations of 

interest were compressed under high pressure followed by high-temperature sintering. 

Subsequently, they performed scanning electron microscopy (SEM) and energy dispersive 

spectroscopy (EDS) line scan at the cross-section of two pellets to estimate the 

interdiffusion coefficients. Although these studies provide valuable guidance on ion 

interdiffusion by mimicking the coating process, the ion diffusion behavior at the cathode 

particle scale could vary. The coating layer in cathodes is typically produced through 

chemical reaction or atomic layer deposition (ALD), which can induce different interfaces 

and the following diffusion from that obtained by high-pressure compressing.21 Also, the 

diffusion of dopants or coating cations is normally one-way to the cathode lattice instead 

of interdiffusion. Furthermore, the sintering temperatures in these studies are higher than 

800 °C, which is higher than the requirements of most doping or coating strategies.19,20 

Previous studies suggested that ion redistribution can take place at much lower 
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temperatures.17 Therefore, more investigations are needed on the ion dynamic distribution 

in real cathode particles at lower temperatures. Herein, we synthesized Mn(OH)2-coated 

single crystal LiNiO2 (LNO) and used it as the platform to monitor the Mn redistribution 

and the structural and chemical evolution of the LNO cathode. We first used in situ 

transmission X-ray microscopy (TXM) to track the Mn tomography inside the LNO 

particle and Ni oxidation state evolution at various temperatures below 700 °C. We 

performed hard X-ray absorption spectroscopy (XAS) and soft XAS at different extents of 

Mn diffusion to reveal chemical changes in the bulk and at the surface of the cathode at 

ensemble-averaged scale, respectively. We further carried out synchrotron X-ray 

diffraction (XRD) and neutron diffraction (ND) to understand the structural evolution 

caused by Mn diffusion at various temperatures. 

3.3. Materials and methods 

Material synthesis: 

The precursor Ni(OH)2 was obtained through a co-precipitation reaction. 

Specifically, the starting solution (NaOH and NH3·H2O with a molar ratio of 

NaOH/NH3·H2O = 1/1.25) was prepared, and the pH was adjusted to 11.00 by adding 

sulfuric acid. NiSO4·6H2O solution and base solution (NaOH and NH3·H2O with a molar 

ratio of NaOH/NH3·H2O = 1/1.25) were added simultaneously into the starting solution 

obtained from the first step under constant stirring. The reaction was carefully controlled 

to keep the temperature at 50 °C and the pH at 11.00 ± 0.02 under N2 flow protection at 

0.1 L minī1. The obtained precipitant was washed with deionized water and isopropyl 

alcohol (IPA), filtered and dried in the vacuum oven at 100 °C for 12 h. The single crystal 

LNO was synthesized through a molten-salt method. Ni(OH)2 precursor was mixed 
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thoroughly with the LiOH·H2O and KCl with a molar ratio of Ni(OH)2/LiOH·H2O/KCl = 

1/2/1.5, followed by a calcination procedure at 900 °C for 3 h and 800 °C for 10 h under 

O2 flow. The obtained product was washed with deionized water and IPA, filtered, and 

dried in the vacuum oven at 100 °C for 12 h. 10% additional LiOH was added to the product 

obtained from the last step and calcined at 675 °C for 6 h. 20% Mn(OH)2-coated LNO was 

prepared for in situ heating TXM to ensure the LNO cathode particles were thoroughly 

coated. Noting that the Mn content in specific particles may vary. Mn(OH)2 was coated by 

adding stoichiometric content of MnSO4·H2O and NaOH/NH3·H2O (molar ratio 1/1.25) to 

the single crystal LNO cathode and stirred overnight. The coated cathode was washed with 

deionized water and isopropyl alcohol (IPA), filtered and dried in the vacuum oven at 100 

°C for 12 h. The samples with various Mn content were prepared with the same protocol 

but different reagent ratios. 

Materials characterizations: 

In situ heating full field TXM was performed at beamline 18-ID at National 

Synchrotron Light Source II (NSLS- II), Brookhaven National Laboratory. The 

experimental setup is illustrated in the previous report.22 A python-based software TXM-

Sandbox was used to reconstruct and analyze the tomographic datasets,23,24 and a 

commercial software Avizo was used for data interpretation. Hard XAS (XANES and 

EXAFS) measurement was performed at the beamline 20-ID of the Advanced Photon 

Source (APS) at Argonne National Laboratory. The incident beam was monochromatized 

by using a Si (111) fixed-exit and a double-crystal monochromator. The absorption energy 

calibration was based on the first inflection points of the reference spectra that were 

collected from a metal foil reference simultaneously with the samples. The samples were 
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sealed with Kapton tapes in the Ar-filled glove box for transfer and measurement. Soft 

XAS measurements were performed at beamline 10-1 at Stanford Synchrotron Radiation 

Lightsource (SSRL) using a ring current of 350 mA and a 1000 L mmī1 spherical grating 

monochromator with 20 Õm entrance and exit slits, providing ~1011 ph sī1 at 0.2 eV 

resolution in a one mm2 beam spot. Data were acquired under ultrahigh vacuum (10ī9 Torr) 

in a single load at room temperature, where the sample drain current was collected. Ni L-

edge spectra were collected in total electron yield (TEY) and fluorescence yield (FY) 

mode. The powder samples were loaded in an Ar-filled glovebox before measurement. 

Synchrotron X-ray diffraction (XRD) was performed at beamline 28-ID at National 

Synchrotron Light Source II (NSLS- II), Brookhaven National Laboratory. The wavelength 

of the applied X-ray is 0.2437 Å. The Rietveld refinements were conducted using the 

software GSAS EXPGUI. The morphology of the cathode precursor, uncoated cathode, 

and coated cathode were studied through SEM with the EDS performed at the acceleration 

voltage of 20 kV (ESEM, FEI Quanta 600 FEG). 

3.4. Results 

We prepared transition metal hydroxide precursor through a co-precipitation 

method (Figure S1a-b). Next, we synthesized single crystal LNO with a Mn(OH)2 coating 

layer on the cathode surface (Figure S1c-h), which is utilized as the platform to study the 

Mn diffusion inside the LNO cathode particle at various temperatures and holding time 

(Figure S2). First, we probed the elemental distribution of Mn and the oxidation state 

evolution of Ni in the cathode using in situ heating TXM (Figure 1a). Upon heating, Mn2+ 

is oxidized, and Ni3+ in LNO is reduced simultaneously. Therefore, we use the Ni oxidation 

state as an indicator for the elemental distribution of Mn inside the cathode particle. The 
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scheme in Figure 1b illustrates the experimental setup. The Mn-coated LNO sample was 

loaded in the sample holder and heated by the furnace. Meanwhile, three-dimensional (3D) 

TXM for Ni and Mn was performed at various temperatures and durations. Ni K-edge 

white-line energy is positively correlated with the Ni oxidation state.25 At room 

temperature, the Ni oxidation state at the cathode particle surface is slightly higher, and its 

distribution is heterogeneous due to the anisotropic reaction upon synthesis (Figure 1a).17 

Upon heating to 300 °C and holding for one hour, the Ni at the surface is slightly reduced 

(Figure 1a). This indicates that Mn diffuses into the top surface of the LNO particle. At 

500 °C and the holding stage, surface Ni is further reduced, indicating the continuous Mn 

inward diffusion (Figure 1a). At 700 °C, we observe the evolution of the surface Ni 

reduction layer towards the core of the LNO particle (Figure 1a,b). After holding at 700 °C 

for one hour, Ni is reduced throughout the particle (Figure 1a).  

We plot the Ni K-edge white-line energy as a function of the distance from the 

particle surface to quantify the results (Figure 1c). There is a pronounced trend that the 

surface reduction layer becomes thicker and evolves to the bulk (Figure 1c). At room 

temperature, the slightly oxidized Ni at the surface is confirmed (Figure 1c). After holding 

at 300 °C for one hour, the surface Ni is reduced, and the reduction gradually evolves into 

the bulk until it forms a surface reduction layer of around 1 µm (Figure 1c). At the 500 °C 

holding stage, the surface is further reduced, and the reduction gradually extends to the 

core direction (Figure 1c). After holding at 700 °C for one hour, Ni in the particle is 

uniformly reduced, and the Ni oxidation state at the surface and in the bulk stays almost 

identical (Figure 1c). Figure 1d shows the histogram of energy distribution for the samples 

at various stages of heating. The symmetric energy distribution at room temperature 
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suggests that Ni oxidation state distribution is relatively homogeneous throughout the 

particle (Figure 1d). At 300 °C for one hour, the histogram becomes asymmetric, and the 

main peak position remains unchanged. However, the weight at the low-energy end is 

higher. Although the oxidation state of the majority Ni is stable, there is a slightly reduced 

region, which can be attributed to the surface reduction layer (Figure 1d). At 500 °C for 

one hour, the low energy portion of the histogram evolves into a peak and shows a bimodal 

feature. This means the contribution of the reduced region is larger, and this can be assigned 

to the growth and inward evolution of the surface reduction layer (Figure 1d). At 700 °C 

for one hour, the overall histogram has around 2 eV shift to lower energy, showing the 

overall reduction of Ni in the particle. The slight shoulder at the high energy end indicates 

there is a small portion of high Ni oxidation state region remaining in the particle (Figure 

1d). The depth profiles and energy distribution histograms of all intermediate states are 

shown in Figure S3 and S4, respectively. The results show that the surface Ni reduction 

and growth of the reduction layer thickness is a continuous process throughout the heating. 

Overall, we have identified the Mn diffusion from the surface coating layer to the bulk of 

LNO particles upon heating to 700 °C using the Ni oxidation state as an indicator. Mn 

diffusion into LNO takes place at 300 °C or potentially lower temperatures. Upon heating, 

the surface Mn layer proceeds to the center direction until Mn fully diffuses in the LNO 

particle at 700 °C for one hour. 
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Figure 1. Electronic structure changes and elemental diffusion at the particle scale indicated 

by Ni K-edge TXM (a) Ni K-edge 3D TXM results for the samples at various stages of 

heating from room temperature (RT) to 700 °C for 1 h. Scale bar: 3 µm. (b) Schematic 

illustration of the in situ heating TXM experimental setup. (c) Ni K-edge white-line energy 

at different stages of heating as a function of the distance from the particle surface. The 

energy is the mean value of the Ni K-edge white-line energy of all voxels with the same 

distance from the surface of the particle. (d) The Ni K-edge white-line energy distribution 

of the samples at different stages of calcination. 

To investigate the Mn diffusion behavior at various temperatures and holding 

stages, we reconstruct the 3D Mn tomography and align them with the LNO particle 

(Figure 2a). The cross-section images at different stages of heating show the inward 

diffusion of Mn inside the bulk of the LNO particle, which validates the 3D Ni K-edge 

TXM results (Figure 1,2a). We isolate the Mn diffusion layer in the LNO particle by 
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subtracting the Mn tomography at high temperatures from that of room temperature (Figure 

2b). The diffusion frontier is defined as the inner-most layer with the Mn concentration 

above zero, as highlighted by the red circle (Figure 2b). Figure 2c shows the Mn 

concentration as a function of distance from the particle surface for Mn diffusion layers at 

various heating stages. The projection of the sloppy regions on the x-axis indicates the 

thickness of Mn diffusion layers (Figure 2c). The thickness of around 1 µm of the surface 

Mn diffusion layer at 300 °C and 500 °C is consistent with the results of the Ni K-edge 

TXM depth profile (Figure 1c,2c). In addition, the Mn diffusion layer has a concentration 

gradient of Mn from the surface to the center (Figure 2c). From 300 °C to 500 °C and the 

holding stage, the diffusion frontier barely evolves, meaning the thickness of the Mn 

diffusion layer remains almost identical (Figure 2c). However, Mn accumulates at the 

surface region as indicated by the increased Mn concentration, which explains the 

continuous Ni reduction at the surface at 500 °C (Figure 1c,2c). At 700 °C, the thickness 

of the Mn diffusion layer is doubled to around 2 µm, and the concentration of the diffused 

Mn significantly increases (Figure 2c). After holding at 700 °C for one hour, Mn diffuses 

to the center of the particle, and the concentration gradient of Mn from the surface to the 

core is maintained. 

Next, we further study the effect of temperature on the distribution of Mn inside 

the LNO particle. We calculate the Mn concentration difference between the specific 

temperature and its holding stage at different depths (Figure 2d). The increased Mn 

concentration at the top surface due to one-hour of holding at 300 °C, 500 °C, and 700 °C 

is 0.05, 0.08, and 0.19, respectively (Figure 2d). This indicates a significantly higher Mn 

diffusion rate at higher temperatures. The Mn diffusion rate is not constant even at the same 



115 
 

temperature. Instead, it varies with different particle depths. From the surface to the core, 

the Mn diffusion rate undergoes an increase followed by a decrease for all samples (Figure 

2d). The position of the highest Mn diffusion rate evolves deeper to the core with increasing 

temperature, as indicated by the arrow in Figure 2d. As Mn approaches the center of the 

particle, the Mn diffusion rate decreases gradually (Figure 2d). To validate the results, we 

have performed in situ heating 3D TXM on another Mn-coated LNO particle. The Ni 

oxidation state evolution shows the same trend as in the first particle upon heating (Figure 

S5). The depth profile confirms the gradual growth of surface reduction layer thickness 

and its extension to the center of the cathode particle with increasing temperature (Figure 

S6). The energy distribution histogram shows the overall shifting to lower energy 

throughout the heating process, and the intermediate states exhibit the bimodal feature or 

asymmetric peak shoulder (Figure S7). These results verify the repeatability of the 

discoveries from the first particle.   
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Figure 2. Electronic structure changes and elemental diffusion at the particle scale indicated 

by Mn K-edge TXM. (a) Aligned 3D Mn K-edge tomography with Ni K-edge TXM at 

various stages of heating from room temperature (RT) to 700 °C for 1 h. Scale bar: 3 µm. 

(b) Schematic illustration of the model to isolate the Mn diffusion layer. (c) Mn 

concentration at different stages of heating as a function of the distance from the particle 

surface. Mn concentration is defined as the ratio between the voxels with Mn K-edge 

absorption and all the voxels in the specific shells. (d) Mn concentration difference of the 

three intermediate states before and after holding at 300 °C, 500 °C, and 700 °C for 1 h as 

a function of the distance from the particle surface. 

Beyond the particle level analyses, we further performed ensemble-averaged soft 

XAS and hard XAS measurements that are based on a large quantity of particles. Soft XAS 

is sensitive to the electronic and chemical structures of specific elements at the surface.26 
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With various detection modes, e.g., fluorescence yield (FY) and total electron yield (TEY), 

soft XAS is capable of probing around 50 nm and 10 nm deep into the surface, 

respectively.26,27 The integrated intensity ratio of L3 peak high energy shoulder (L3high) to 

L3 low energy shoulder (L3low) for the Ni L-edge spectrum is positively correlated with the 

Ni oxidation state.28 Ni L-edge spectra with FY mode show the L3high to L3low intensity ratio 

decreases with increasing temperature (Figure 3a). The integrated peak intensity ratio of 

L3high/L3low continuously decreases from 0.655 to 0.415 from room temperature to 700 °C 

for one hour, which means Ni at the surface is continuously reduced upon heating (Figure 

3b). Ni L-edge spectra with TEY mode show minimal changes in the spectra and L3high to 

L3low intensity ratio, potentially due to the shallow probing depth of TEY mode and thick 

Mn coating layer (Figure S8-S9). In addition to surface evolution, the bulk properties 

usually play a vital role in determining cell performance. Hard XAS, including the X-ray 

near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS), can 

resolve the electronic structure and local chemical environment inside the bulk of cathode 

particles.26 Ni K-edge XANES spectra exhibit continuous shifts to lower energy at both 

half-intensity region and white-line region from room temperature to 700 °C for one hour, 

which indicates the continuous Ni reduction in the bulk upon heating (Figure 3c). 

Correspondingly, Mn undergoes oxidation upon heating, as indicated by the shift towards 

high energy of Mn K-edge spectra (Figure 3d). With higher temperatures, Ni K-edge and 

Mn K-edge EXAFS show slightly increased Ni-metal distance and decreased Mn-metal 

distance due to Ni reduction and Mn oxidation (Figure S10-S11). To further distinguish 

the local chemical environment of the transition metals, we performed an EXAFS wavelet 

transform (Figure 3e-h). Wavelet transform can differentiate the overlapped metal 
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coordination in R space by k space.29ï31 The wavelet transform maximum at around 2.5 Å 

(R + Ŭ) corresponds to the Mn-metal scattering in Mn K-edge EXAFS wavelet transform 

(Figure 3e-h). In k space, Mn-metal scattering is differentiated into Mn-Mn scattering and 

Mn-Ni scattering at around 7 Å-1 (k) and 9 Å-1 (k), respectively, due to different atomic 

masses (Figure 3e-h). Upon heating to 300 °C for one hour, Mn-Ni scattering starts to 

appear, indicating the initial diffusion of Mn in the LNO (Figure 3f). As heated to 500 °C 

for one hour, the signal of Mn-Ni scattering becomes more substantial (Figure 3g). From 

500 °C to 700 °C for one hour, the Mn-Ni interatomic distance decreases, which implies 

that Mn further diffuses to the bulk of LNO (Figure 3g,h). In all, the ensemble-averaged 

soft XAS and hard XAS results confirm that the Mn diffusion behavior probed by 3D TXM 

is statistically representative. 
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Figure 3. Electronic and chemical structure changes and elemental diffusion at the 

ensemble-averaged scale at various stages of heating.  (a) Ni L-edge soft XAS spectra with 

the FY mode at different stages of heating. (b) The Ni L3high/L3low-edge values at different 

stages of heating for FY mode. (c) Ni K-edge and (d) Mn K-edge XANES spectra at 

different stages of heating. Wavelet transformation of Mn K-edge EXAFS for the samples 
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e) at room temperature (RT), (f) heated at 300 °C for 1 h, (g) heated at 500 °C for 1 h, (h) 

heated at 700 °C for 1 h. 

 

Mn in the lattice can alter the crystal structure to different extents with various 

concentrations and distributions. We performed synchrotron XRD and Rietveld 

refinements for the Mn-coated LNO at different stages of heating (Figure 4). The pristine 

sample at room temperature exhibits a hexagonal Ŭ-NaFeO2 layered structure with Rσm 

space group (Figure 4a). The Li/Ni cation mixing level is 3.9% (Table S1). At 500 °C for 

one hour, Mn diffuses into LNO. We define the pure LNO phase as Phase 1 and a relatively 

Mn-rich layered phase (Li0.6Ni0.2)Ni0.8Mn0.2O2 as Phase 2 to perform the Rietveld 

refinement (Figure 4b). The Li/Ni cation mixing level increases to 5.1% (Table S1). The 

fraction of Phase 1 to Phase 2 is 0.75: 0.25 (Table S1). As the temperature further increases 

to 700 °C for one hour, the Li/Ni cation mixing becomes 8.9%. The weight of Phase 2 also 

increases by 2% with a Phase 1 to Phase 2 fraction of 0.73: 0.27 (Table S1). The lattice 

parameters and lattice volume of the LNO phase also increase slightly with increasing 

temperature (Table S1). Upon heating, Mn2+ is oxidized and occupies the Ni site in the 

LNO lattice. Meanwhile, Ni is reduced and occupies the Li site to form a new layered phase 

(Li 1-2xNix)Ni1-xMnxO2 with Li loss taking place as shown in Reaction (1): 

LiNiO2 + x Mn(OH)2 O  (Li 1-2xNix)Ni1-xMnxO2 + 2x LiOH (1) 
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Figure 4. Global structural change and phase evolution upon Mn diffusion. XRD patterns 

and Rietveld refinement of the samples a) at room temperature (Rwp = 7.70%), (b) heated 

at 500 °C for 1 h (Rwp = 14.33%), (g) heated at 700 °C for 1 h (Rwp = 10.88%). Phase 1 is 

defined as the pure LNO phase, and Phase 2 is defined as (Li0.6Ni0.2)Ni0.8Mn0.2O2. 

3.5. Discussion 

This study investigates the elemental diffusion behavior and correlated chemical 

and structural changes within the cathode particles upon thermal treatment at multiple 

length scales using Mn-coated single crystal LNO as the platform. At pristine state, Ni is 


















































































































































































