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Abstract 

 High-nickel layered oxides continue to prevail in the energy storage market as the 

frontmost cathode candidates for next-generation lithium-ion batteries. Demand and 

development of LiNi1-x-yMnxCoyO2 (NMC) and LiNi1-x-yCoxAlyO2 (NCA) cathodes are 

rampantly increasing, particularly for the electric vehicle (EV) industry. However, the continued 

presence of cobalt in NMC and NCA cathodes raise global concerns due to geopolitical and 

ethical issues attributed with Co sourcing. We herein introduce a novel cobalt-free, high-nickel 

cathode LiNi0.7Mn0.25Al0.05O2 (NMA70) and benchmark it against Co-containing 

LiNi0.7Mn0.15Co0.15O2 (NMC70) as well as Co- and Al-free LiNi0.7Mn0.3O2 (NM70) cathodes 

with equivalent 70% Ni contents that are all synthesized in-house. NMA70 displays a high initial 

C/10 capacity of 210 mA h g-1, matching that of NMC70 in half cells with a cutoff voltage of 4.5 

V. NMA70 also exhibits impressive high-voltage full cell cycling performance with a cutoff 

voltage of 4.4 V with a nearly identical capacity retention of 83% compared to 82% for NMC70 

after 300 cycles. Postmortem X-ray photoelectron spectroscopy (XPS), high-angle annular dark-

field scanning transmission electron microscopy (HAADF-STEM), and electron energy loss 

spectroscopy (EELS) analyses indicate a thinner cathode-electrolyte interface (CEI) developed in 

NMA70 compared to that in NM70 and unveil a more robust solid-electrolyte interface (SEI) 

passivation on the graphite anode amongst all samples. The benefits of Al doping are 

additionally highlighted with enhanced high-voltage CEI and thermal stabilities in NMA70. This 
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work assesses the roles of Mn, Al, and Co to demonstrate both the practicality and feasibility of 

synthesizing cobalt-free, high-nickel cathodes that are promising alternatives to current NMC- 

and NCA-based cathodes. 

Introduction 

The adoption of layered-oxide cathodes in lithium-ion batteries (LIBs) has led to 

unprecedented development in portable electronic devices and electric vehicles (EVs)  due to their 

high energy and power densities.1–3 This began with the introduction of the layered-oxide cathode 

LiCoO2 (LCO) developed by Goodenough’s group in 1980, which brought new insights and 

promise towards LIBs.4 However, factors, such as the limited upper cutoff voltage of ~ 4.3 V vs. 

Li/Li+ for LCO along with the toxicity and hefty cost of cobalt for large applications, have caused 

a shift from LCO to Ni-layered oxides, such as LiNi1-x-yMnxCoyO2 (NMC) and LiNi1-x-yCoxAlyO2 

(NCA), due to their lower cost and similar or higher energy densities, which help to bolster EV 

production.5–7 For EVs to compete with modern internal combustion engine vehicles, the US 

Department of Energy estimates that the LIBs powering them will need to reach a specific energy 

of 350 W h kg-1 at the cell level.2,8 LIBs are unlikely to achieve this specific capacity if the cathode 

Ni content is too low, which is leading to the push for higher Ni cathodes, such as NMC and NCA 

with ≥ 80 mol % Ni.  

However, many inherent problems are associated with high-Ni cathodes. Difficulties in 

keeping all the Ni as Ni3+ during synthesis leads to lithium deficiency and lithium-nickel mixing 

where the Ni2+ ions migrate into the Li+ layers of the oxide structure because of their similar ionic 

radii. The cation mixing impedes Li+ diffusion, which can worsen during cycling and lead to 

insulating NiO rock-salt phase formation on the cathode surface, compromising the battery cycle 

life.9–12 Additionally, highly reactive Ni4+ ions are generated at high states of charge, which 
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accelerates electrolyte decomposition and thicken the cathode surface with the resulting 

decomposition products.10,13 High-Ni cathodes are also susceptible to particle cracking and 

ensuing active material loss due to large anisotropic lattice and volume changes during cycling.9,14 

This is why Co is still heavily used in the current high-Ni NMC and NCA compositions as it is 

known to help suppress Li/Ni mixing, improve rate capability, and reduce the overall total Ni 

concentration to mitigate surface reactivity and particle cracking.15–18 The main problem, 

therefore, circles back to Co usage since the demands for the Co-containing, high-Ni cathodes are 

exponentially increasing. In addition to the toxic and scarce nature of Co, it is mainly sourced by 

mining from the Democratic Republic of the Congo, a country afflicted with geopolitical 

instability and child labor ethics violations.19,20 These issues have led to erratic cobalt prices over 

the past few years which could worsen as demands for higher energy density batteries increase.21,22 

With growing concerns with cobalt sourcing and regulations, it is imperative to pursue high-Ni 

cathodes for LIBs that have lower Co contents, ideally being completely void of it. The current 

dilemma, therefore, is finding substitutes for replacing cobalt while maintaining the high energy 

density and cycle life requirements set by industry.  

Among a variety of dopants available, Mn and Al are mainly utilized in current high-nickel 

cathodes, as seen with the incorporation of both elements in NMC and NCA cathodes. Mn has 

been widely studied as the most common dopant aside from Co for its role in cycling stability but 

also its noticeable improvement in thermal stability, which is a crucial parameter to consider for 

EV batteries.23,24 Unlike most dopants, Mn can be incorporated in Ni-layered oxide cathodes up to 

50 mol % without any structural changes into other phases. While Mn doping is shown to stabilize 

cycling performance and phase transitions at high voltages, a large amount compromises the 

capacity as well as increased Li/Ni mixing due to the formation of more Ni2+ ions to charge balance 
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the Mn4+ ions in the layered structure.25 Mn-rich cathodes are also susceptible to transition-metal 

dissolution, a phenomena extensively seen with Mn-based spinel cathodes.26  Al, in contrast, is 

known for stabilizing the transition-metal layer with its increased metal-oxygen bond strength, 

thereby reducing transition-metal dissolution and Li/Ni mixing. However, Al incorporation is 

limited to 5-6 mol % as any excess amounts can lead to Al-based impurities and external 

phases.27,28  

Therefore, an investigation combining both dopants into Ni-rich cathodes without Co is 

warranted and was demonstrated recently in our group by introducing a new Co-free cathode class: 

LiNi1-x-yMnxAlyO2 (NMA) with the composition of LiNi0.90Mn0.05Al0.05O2.
29,30 This cathode 

showed superior full cell cycling performance compared to its Co-containing baselines 

LiNi0.90Mn0.05Co0.05O2 and LiNi0.90Co0.05Al0.05O2.  

The success of this work suggests further opportunities in exploring the compositional design 

space of the NMA class, particularly regarding how a lowering of Ni content will affect 

performance, since the tradeoffs of removing Co become more critical at lower Ni contents 

particularly due to the decreased capacity and poor rate capability due to cation mixing. This work 

herein introduces an alternative NMA composition: LiNi0.7Mn0.25Al0.05O2 (NMA70) in order to 

benchmark how it performs relative to its NMC counterpart in LiNi0.7Mn0.15Co0.15O2 (NMC70) 

and Co- and Al-free LiNi0.7Mn0.3O2 (NM70) and to characterize how Mn, Al, and Co doping 

affects cathode performance. A diverse set of characterization techniques, such as focused ion 

beam scanning electron microscopy (FIB-SEM), energy dispersive X-ray spectroscopy (EDX), ex-

situ X-ray diffraction (XRD), electrochemical impedance spectroscopy (EIS), X-ray photoelectron 

spectroscopy (XPS), transmission electron microscopy (TEM), and differential scanning 

calorimetry (DSC) along with high-voltage electrochemical testing are employed to methodically 
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examine each cathode. It is shown that the addition of Al helps reduce Li/Ni mixing and further 

improves the electrochemical and thermal stabilities of the cathode. The enhancements are 

attributed to the mitigated electrode-electrolyte interfacial reactions of NMA70 brought upon with 

Al, indicating its suitability as a counterbalancing dopant in place of Co. Overall, the results 

highlight the potential viability of NMA70 as a Co-free alternative cathode. 

Experimental Section 

Materials. The LiNi0.7Mn0.25Al0.05O2 (NMA70), LiNi0.7Mn0.15Co0.15O2 (NMC70), and 

LiNi0.7Mn0.3O2 (NM70) samples were synthesized in-house via metal hydroxide coprecipitation 

and calcination. For the coprecipitation, 2.0 M aqueous solutions of NiSO4·6H2O, CoSO4·7H2O, 

MnSO4·H2O, and Al(NO3)3·9H2O were first prepared with the appropriate molar ratios of each 

metal (Ni : Mn : Al = 0.7 : 0.25 : 0.05, Ni : Mn : Co = 0.7 : 0.15 : 0.15, and Ni : Mn = 0.7 : 0.3). 

These solutions were then pumped into a 10 L batch stirred tank reactor filled with an aqueous 

solution of KOH and NH4OH all under an inert argon (Ar) atmosphere (due to the oxidative 

instability of Mn(OH)2).
31 Separate concentrated aqueous solutions containing 4.0 M KOH and 

14.8 M NH4OH were also simultaneously pumped into the tank reactor to maintain a constant pH 

(~ 11.3) for each synthesis. The temperature (~ 50 °C) and stirring speed (~ 600 rpm) of the tank 

reactor were all carefully controlled during the coprecipitation synthesis. The synthesized 

Ni0.7Mn0.25Al0.05(OH)2, Ni0.7Mn0.15Co0.15(OH)2, and Ni0.7Mn0.3(OH)2 precursors were then washed 

with deionized water, filtered, and dried at 100 °C overnight. To finally obtain the NMA70, 

NMC70, and NM70 samples, their respective metal hydroxide precursors were homogeneously 

mixed with LiOH·H2O (molar ratios of Li : (Ni + Mn + Al or Co) = 1.01 : 1 and Li : (Ni + Mn) = 

1.05 : 1) and calcined at 820 °C (for NMA70 and NMC70) or 830 °C (for NM70) for 15 h under 

oxygen atmosphere. 
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Electrochemical Testing. Cathode slurries were prepared by mixing the active materials, 

conductive carbon (Super P), and poly(vinylidene fluoride) (PVDF) binder in a 90 : 5 : 5 weight 

ratio along with N-methyl-2-pyrrolidone (NMP). The slurries were then casted onto an Al foil with 

active material loadings of ~ 10 mg cm-2 and were subsequently roll-pressed and dried in a vacuum 

oven overnight at 120 °C. Electrodes were made from the dried casts with a 1.2 cm round punch. 

CR2032 half cells were then fabricated by pairing these cathodes with Li-metal chips as the anodes 

and Celgard 2500 separator. LP57 electrolyte consisting of 1.0 M LiPF6 in ethylene carbonate (EC) 

and ethyl methyl carbonate (EMC) (3 : 7 wt. ratio) along with 2 wt. % of vinylene carbonate (VC) 

was used in the cells. The cells were cycled between 2.8 and 4.5 V versus Li+/Li with a C/10 rate 

for three formation cycles followed by C/3 rate cycling at 25 °C (1C = 180 mA g-1). Similarly, 

cathode electrodes were cast with areal loadings of ~ 1.7 mA h cm-2 and were paired with MCMB 

graphite anodes for fabricating full cells with an N/P ratio of ~ 1.1. The full cells were cycled 

between 2.5 and 4.4 V with three C/10 rate formation cycles and then were cycled with C/2 charge 

– 1C discharge rates. The cells were also cycled at a C/3 rate every 100 cycles for capacity checks. 

All galvanostatic charge and discharge steps were coupled with constant voltage steps (CCCV). 

The cells were all tested on Arbin battery cyclers. Electrochemical impedance spectroscopy (EIS) 

measurements were performed on the full cells (charged to 3.7 V prior to EIS measurements) with 

an impedance spectrometer (Solartron 1260A) by applying a 5 mV potential perturbation in the 

frequency range of 1 MHz to 1 mHz.  

Materials Characterization. The morphologies of the cathode precursors and calcined 

particles were examined with a FEI Quanta 650 field emission scanning electron microscope 

(SEM). Cross-sectional focused ion beam (FIB) milling along with the respective SEM and energy 

dispersive X-ray spectroscopy (EDX) imaging were carried out on the fresh cathode samples with 
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a Scios 2 HiVac DualBeam FIB/SEM system. Powder X-ray diffraction (XRD) measurements 

were conducted on a Rigaku Miniflex 600 X-ray diffractometer with Cu Kα radiation (λ = 1.54184 

Å) in the 2θ range of 10.0 ° – 80.0 ° with a scan step of 0.02 ° and a scan rate of 0.583 ° min–1. 

Rietveld refinements of the XRD patterns were conducted with the GSAS-II software package.32 

Chemical compositions of the cathode materials were analyzed with inductively coupled plasma 

optical emission spectroscopy (ICP-OES) (Varian 715 ES). X-ray photoelectron spectroscopy 

(XPS) analysis of the cycled full cell electrodes was carried out on an Axis Ultra DLD spectrometer 

(Kratos) with an Al Kα radiation source (1486.6 eV). Transmission electron microscopy (TEM) 

analyses were performed using a JEOL NEOARM equipped with a probe corrector for scanning 

transmission electron microscopy (STEM). An accelerating voltage of 80 kV was used to minimize 

damage. For both XPS and TEM preparation, the cycled electrode samples were rinsed with 

dimethyl carbonate (DMC), dried in an argon-filled glovebox, and then transferred to the analyzer 

via an air-free capsule. Thermal stabilities of the cathode samples were assessed through 

differential scanning calorimetry (DSC) experiments with a NETZSCH STA 449 Jupiter thermal 

analysis system. For DSC, the cathode samples were each charged to 80% of their maximum 

theoretical specific charge capacities (~ 220 mA h g-1) following two C/10 formation cycles in Li-

metal half cells. The charged cathodes were harvested from the disassembled cells and rinsed in 

dimethyl carbonate (DMC) in an Ar-filled glovebox. The cathodes were then dried and collected 

into a tightened (~ 0.5 N m) stainless steel crucible along with added electrolyte in a ~ 6 : 4 cathode 

: electrolyte weight ratio. The DSC tests were conducted with a 10 °C min-1 heating rate from 30 

°C to 350 °C under flowing Ar gas. 
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Results and Discussion 

Morphological, Elemental, and Structural Characterization. Following coprecipitation 

and calcination, the synthesized samples were observed under SEM as shown in Figure 1a – c and 

in Figures S1 and S2. All samples displayed a homogeneous and spherical morphology with 

similar particle sizes of ~ 13 – 16 μm in diameter. Note that the variations in the primary particle 

size and morphologies seen in Figure S2 are due to compositional differences in each cathode. The 

elemental distributions in each sample were confirmed through cross-sectional SEM and EDS 

imaging in Figure 1d. All three samples exhibited uniform elemental distributions throughout the 

bulk to the surface of the particles. The homogeneity of Al indicated the successful coprecipitation 

of the NMA70 precursor. This is especially important as Al doping is notoriously difficult due to 

the ease at which Al(OH)3 can precipitate first compared to the other metal ions in solution during 

coprecipitation. This could lead to nonuniform Al phase segregation that can form after 

calcination.33,34 Al can also cause noticeable changes in primary particle morphology following 

calcination, as is seen with the different primary particle sizes of NMA70 compared to the other 

cathodes in Figure S2.29 ICP results in Figure 1e also indicate that the elemental molar 

compositions present in the samples nearly match the targeted values of the NMA70, NMC70, and 

NM70 cathodes. 
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Figure 1. SEM images of calcined (a) NMA70, (b) NMC70, and (c) NM70 samples. (d) FIB cross-

sectional SEM/EDS mappings showing the elemental distribution for each sample after 

calcination. (e) ICP-OES data of the samples after calcination. 

 

XRD characterizations along with the Rietveld refinements of the patterns are given for each 

sample as shown in Figure 2 and Table 1 (see Tables S1-S3 for additional tabulated refinement 

data). All three patterns display peaks indicative of the hexagonal α-NaFeO2 structure with the R-

3m space group, with no other impurity peaks. Rietveld refinement results of NMA70 are shown 

in Figure 2a, with an I(003)/I(104) ratio of 1.05, in which a larger ratio indicates less cation 

disorder, along with a tabulated Li/Ni mixing value of 6.4%. NMC70 refinement results in Figure 
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2b present reduced Li/Ni cation disorder with a larger I(003)/I(104) ratio of 1.16 and 3.8% mixing. 

The refinement results of NM70 in Figure 2c display the largest degree of Li/Ni mixing among the 

three cathodes with a noticeably lowered I(003)/I(104) ratio of 0.94 and a 9.3% cation disorder. 

Note that the intensities used to calculate the I(003)/I(104) ratios are determined through the 

integrated peak area intensities based on the XRD patterns. It is logical to have such high Ni2+ 

mixing in the Li layers with NM70 as 30% of the entire transition metal (TM) composition is Mn4+, 

which will certainly induce a significant amount of Ni2+ formation for the sake of charge balancing 

in the TM layer.25 

The advantageous role of Al3+ in the NMA70 cathode with only a 5% molar incorporation 

can be seen through the reduction in the Li/Ni mixing percentage compared to that of NM70. 

Previous studies have shown that the strong Al-O bonding energy (512.0 kJ mol-1 for Al-O versus 

382.0 kJ mol-1 for Ni-O) strengthens the TM-O layers by decreasing the Ni-O bond length and 

prevents formed Ni2+ from migrating to the Li layer, both reducing the Li/Ni mixing and allowing 

for more Li+ utilization and thus higher capacity and stability.28,35–37 The reduced unit cell volumes 

of NMA70 and NMC70 compared to NM70 corroborate their lowered Li/Ni mixing percentages, 

as this implies that the TM layer maintains more Ni3+. With Ni3+ having a smaller ionic radius of 

0.56 Å compared to Ni2+ with 0.69 Å, a larger presence of Ni3+ will therefore induce contractions 

of the overall unit cell lattice parameters and volumes.38 NMC70 unsurprisingly has the lowest 

amount of mixing and the smallest lattice parameter dimensions due to the significant presence of 

Co3+ that replaces essentially half of the Mn4+ compared to both NM70 and NMA70, hence 

maintaining a larger proportion of Ni3+ to Ni2+.  
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Figure 2. Rietveld refinement results of the XRD patterns of pristine (a) NMA70, (b) NMC70, 

and (c) NM70. 

 

Table 1. Crystallographic parameters of NMA70, NMC70, and NM70 obtained with Rietveld 

refinement of the XRD patterns 

Sample c (Å) a (Å) Unit cell 

volume (Å3) 

I(003)/I(104) Li+/Ni2+ 

mixing (%) 

NMA70 14.252 2.875 102.032 1.05 6.4 

NMC70 14.217 2.870 101.423 1.16 3.8 

NM70 14.259 2.879 102.337 0.94 9.3 

 

Electrochemical Performance. The electrochemical performances of the cathodes are 

displayed in Figure 3. The effects of Al3+ incorporation on the charge-discharge curves are shown 

in Figure 3a. Compared to NM70, which has a discharge capacity of 185 mA h g-1, NMA70 has a 

remarkable increase in capacity to 210 mA h g-1, on par with that of NMC70. NM70 shows an 

increased voltage shoulder during charging capping at around 3.7 V compared to 3.6 V seen with 

NMA70 and NMC70. This is alternatively shown in the dQ dV-1 curves in Figure 3b, which 

illustrate NMA70 and NMC70 both having earlier peak onset voltages of around 3.6 V compared 

with 3.7 V for NM70 during charge. This peak, formed around the voltage range of ~ 3.5 to 3.8 V, 

is commonly attributed to the H1 to M phase transformation in Ni-rich cathodes.39 Furthermore, a 

higher voltage at which this peak occurs could be indicative of more polarization and kinetic 

hindrances present in the cathode due to slower Li+ diffusion stemming from large migration 
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energy barriers during the charge onset.17,40,41 During discharge, however, both NM70 and NMA70 

show a peak at ~ 4.3 V that is shifted higher than that in NMC70 (~ 4.2 V). Peaks around this 

range are indicative of H2 to H3 phase transformation.39,40 The higher peak shifts of NM70 and 

NMA70 initially might suggest better kinetics than NMC70, but this cannot be the case for NM70 

as the rate capability data in Figure 3c shows this is not true. Therefore, this indicates that the 

initial peak potential shifts seen here can stem from the intrinsic redox activity that is dependent 

on and unique to the material composition and structure. This may also indicate that the peak 

position during charge is, at least in part, intrinsic to the material.  

However, this phenomenon around 3.5 to 3.8 V is shown to worsen with a higher degree of 

Li/Ni mixing due to Ni2+ ions occupying the available sites for Li+ intercalation.39,41 Therefore, the 

delay in the H1 to M peak occurrence for NM70 at around 3.7 V could translate to less Li+ 

extraction during charge, resulting in less Li+ insertion during discharge at the same operating 

voltage ranges as for NMA70 and NMC70 due to its poor kinetics stemming from higher cation 

disorder which worsens over continual cycling. This is seen in Figure 3a, which clearly shows the 

reduced discharge capacity at the end of discharge for NM70 and can potentially explain its 

unexpectedly low capacity compared to NMA70, since Al is widely known to suppress cation 

mixing and improve Li+ kinetics due its structural stabilization of the TM lattice.42,43 The 

worsening degradation is also seen in Figures S3 and S4 which show, respectively, the evolutions 

of voltage curves and dQ dV-1 curves for each cathode. NMA70 and NMC70 display greatly 

reduced overpotential growth during the onsets of charge and discharge and suppressed 

polarization increase compared to that of NM70 which portrays clear signs of structural and kinetic 

degradation. Moreover, the large initial voltage drops during the discharge of NM70 in both half 

and full cells shown in Figure 3a and 3f indicate that the surface impedance is one of the dominant 
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contributors to the capacity fade and will be discussed in further detail in the following sections. 

The peak shifts in the NM70 dQ dV-1 plot can, therefore, additionally be attributed to the SEI 

impedance moving the overall curve downward, independent of the extent of lithiation in the 

cathode and possible phase transitions. It is still surprising to see such a large capacity increase 

with NMA70, but the effects of Al notably improving capacity, particularly in lower Ni, Co-free 

materials, have in fact been reported before.35–37,44 Determining the mechanistic insights behind 

the capacity increase due to Al incorporation warrants a future investigation, but is not the main 

focus of this study. 

 Additionally, the dQ dV-1 curves indicate that the phase transition peaks during discharge 

for NMA70 around 3.7 and 4.3 V occur, respectively, 14 mV and 63 mV higher than those of 

NMC70. This implies NMA70 has a higher average discharge voltage than NMC70, which is 

beneficial as it leads to an increased energy density.29 NMC70 and NM70 also both exhibit sharp 

peaks of the H1 to H2 phase transition between 3.6 and 3.8 V while NMA70 shows more of a 

single broad peak, indicative of a smoother phase transition throughout this range.39,45 Figure 3c 

illustrates the superior rate capability of NMA70 compared to that of NM70, but comparable to 

that of NMC70, across the various rates tested, further indicating the kinetic improvements brought 

by Al incorporation. It is worth noting that slightly larger capacity drops from C/5 to C/2 and from 

2C to 5C are visible, which could be attributed to increased IR drops from higher current rates and 

not just kinetic limitations. The large capacity drops, especially at 5C, could also be due to other 

concentration-dependent physical phenomena; however, the overall results still show the benefits 

brought by Al incorporation into NMA70 compared with NM70. 

Figure 3d presents the cycling performance of the cathodes in half cells. The capacity 

retentions of NMA70, NMC70, and NM70 are, respectively, 88%, 97%, and 80% after 100 cycles 
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at a C/3 rate. The excellent retention of NMC70 was expected as it has been shown to be a stable 

cathode material.46,47 The more notable feature, however, is the large capacity increase in NMA70 

compared to NM70, with the former having an initial C/3 discharge capacity of 202 mA h g-1 

similar to that of NMC70 while the latter having 162 mA h g-1. Additionally, NMA70 exhibits 

improved capacity retention, which is complimented by its increased coulombic efficiency (CE) 

near the end of cycling compared to the two baselines shown in Figure S5. 

Long-term full cell cycling of the cathodes paired with graphite anodes is displayed in Figure 

3e. By cycling to a high-voltage cutoff of 4.4 V in full cells (~ 4.5 VLi), it was anticipated that the 

cells will show high initial capacities in order to compete in energy density with ultrahigh Ni 

cathodes (≥ 90% Ni) cycled at slightly lower voltages, albeit with moderate cyclability 

degradation. After 300 cycles at a C/2 charge – 1C discharge rate, NMA70 interestingly shows 

nearly identical discharge capacities and cycling performance to that of NMC70 with retentions 

of, respectively, 83% and 82%, clearly deviating from the performances seen in Li-metal half cells. 

This deviation can be attributed to differences in transition-metal dissolution experienced by the 

cathodes, which compromises the passivation of the electrode-electrolyte interfaces that develop 

over long-term cycling in full cells and will be further discussed later. In half cells, this 

phenomenon may be overshadowed by the unlimited Li supply from Li-metal anode and with only 

100 cycles compared to the long-term cycling of full cells paired with graphite anode.29 

Additionally, it is shown that transition-metal dissolution and resulting chemical crossover have 

little effect on the Li-metal anode in half cells due to the following: transition-metal dissolution 

has less effect on an inherently reactive Li metal anode, the crossover products are diluted in a 

thicker SEI, and form in lower quantities due to the limited cyclability for Li-metal half cells.48 

NM70 also contrarily shows a slightly higher full cell capacity retention of 88% compared to the 
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other samples. However, NM70 also displays a large initial capacity penalty of 37 mA h g-1, lower 

than the values of NMA70 and NMC70. 

 

Figure 3. Electrochemical performance and characterization of NMA70, NMC70, and NM70 in 

half cells (vs. Li-metal) and in full cells (vs. graphite) at 25°C. (a) Charge-discharge voltage 

profiles of the 3rd formation cycle, (b) dQ dV-1 curves of the 3rd formation cycle, and (c) normalized 

rate capability tests. (d) Cycling performance in half cells. (e) Full cell cycling performance at C/2 

charge – 1C charge rates (circular points) of NMA70, NMC70, and NM70 starting at the 4th cycle 

after three C/10 formation cycles, including the capacity check at every 100th cycle at C/3 rates 

(triangular points). (f) Discharge voltage profiles of the C/3 capacity checks at every 100 cycles of 

NMA70, NMC70, and NM70. 
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To better understand the capacity fading phenomena of each cathode, C/3 slow discharge 

capacity checks were performed every 100 cycles for each sample and are shown in Figure 3e. 

(See Figure S6 for the sole C/3 capacity check plot). Similar initial capacity trends are seen as in 

the regular operation cycles, with NMA70 and NMC70 being close in values and with NM70 

having a noticeably lower capacity. However, it becomes clear near the end of cycling that NMA70 

yields better capacity retention among the three samples. When normalized by the first C/3 

discharge capacity, the retentions of NMA70, NMC70, and NM70 after the 300th cycle are, 

respectively, 88%, 82%, and 81%. NMA70 now shows the greatest capacity retention while NM70 

shows the lowest, opposite to what is seen with the regular long-term cycling retention. This 

indicates that NMA70 has better cyclability compared the other two cathodes with slower current 

cycling rates and reduced polarization, but also suggests that NMA70 has a slightly lower rate 

capability compared to NMC70 after 300 cycles given the marginal increase in capacity drop from 

C/3 to 1C. On the other hand, NM70 displays the largest drops from its C/3 to 1C discharge 

capacities compared to those of NMC70 and NMA70, which further highlight the poor rate 

capability and large polarization experienced by this sample at 1C discharge rates. 

The C/3 discharge voltage-capacity curves are also plotted in Figure 3f. NMA70 and NMC70 

curves show a steady capacity fade over each 100th cycle with slight polarization increase in the 

beginning of each discharge. NM70, on the other hand, fades comparable to the other two cathodes 

from 4th to 100th cycle, shows slight capacity drops between 100th and 200th cycle, and then 

abruptly declines in capacity after 300th cycle. Following the capacity check of the 4th formation 

cycle, large voltage drops are displayed during the onset of discharge for each successive voltage 

curve of NM70, indicative of severe polarization increase and large impedance buildup throughout 
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cycling, more so than that with NMA70 and NMC70. The specific reasons for the relatively lower 

capacity decrease between 100th and 200th cycles of NM70 are not entirely clear. The lower 

capacity of NM70 compared to NMA70 or NMC70 indicates that it utilizes less lithium at the 

same potentials due to its poor kinetics. It is possible then that NM70 experiences less structural 

deterioration as it does not experience the full range of lithium extraction and insertion at the same 

states of charge compared to both NMA70 and NMC70 while cycling and can perhaps result in 

relatively lesser capacity fade. However, the significantly lowered initial capacity, increased 

voltage polarization, larger capacity fade near the end of cycling, and the worst capacity retention 

at a slower rate of C/3 following the 300th cycle highlight that the disadvantages of NM70 are 

much more significant than the marginally better 1C discharge capacity retention among the three 

cathode samples.  

Overall, the enhanced cyclability of NMA70 is attributed to the benefits of increased 

capacity, improved kinetics, and reduced polarization brought by Al incorporation compared to 

NM70. The similarities seen in the capacity, retention, and voltage profiles between NMA70 and 

NMC70 throughout cycling also highlight the meaningful impact that a mere 5% Al doping has 

versus 15% Co and suggests that NMA70 can be deemed more favorably comparable to NMC70 

as a potential cobalt-free alternative. 

Electrode/Electrolyte Interface Analysis. The impedance growth of each full cell was 

determined with EIS after the 4th, 100th, 200th, and 300th cycles and is shown in Figure S7a. By 

applying a small voltage perturbation across a wide frequency range, the complex impedances 

evolving in the cells during cycling can be decoupled into specific contributions to resistance to 

better understand the cell capacity fading phenomena.49,50 The individual resistance contributions 

are determined by fitting the EIS data with an equivalent circuit model shown in Figure S7b. The 



18 
 

impedance spectra consist of two main resistance components determined by two semicircles. The 

first semicircle in the high-medium frequency regime is typically ascribed to surface-film 

resistance stemming from the growth of the electrode-electrolyte interfaces.51–53 Recent studies, 

however, show this understanding is oversimplified as it does not consider other important 

attributes to impedance such as the intrinsic properties of electrode materials as well as the contact 

between electrodes and the current collectors. It has in fact been shown that the main contribution 

to the first semicircle resistance is not so much due to a surface film, but rather to the poor 

conductive contact between the cathode active material and the current collector in the electrode, 

which is worsened upon cycling due to electronic isolation from cathode particle cracking.30,54–56 

This resistance, acquired from the circuit model fitting, is denoted as contact resistance (Rcon) and 

is plotted for each sample in Figure 4a. Over the course of 300 cycles, NM70, NMC70, and 

NMA70 exhibit an increase in Rcon by, respectively, 64.4, 15.2, and 43.6 Ω cm2.  

After the 4th cycle, there is little mechanical strain exerted on the cathode. This strain 

accumulates and worsens with continued cycling, and eventually can lead to poor conductive 

adhesion, or contact loss, throughout the cathode bulk and can also contribute to the large initial 

voltage drops from the 100th – 300th cycles seen in Figure 3f for NM70. For NM70, the inherently 

poorer conductivity and structural stability without the influence of a stabilizing dopant, such as 

Al or Co, compared to NMA70 or NMC70 will exacerbate the deteriorating adhesion and will lead 

to a larger contact resistance. 

An advantage of NMC and NCA cathodes is the presence of Co as it intrinsically promotes 

good electronic conductivity throughout the cathode and is redox active alongside Ni.1,57,58 This 

can explain the much larger Rcon increases present for NM70 and NMA70 as both materials are 

free of cobalt and are rich in electrochemically inactive Mn and Al compared to the minimal Rcon 
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growth observed with NMC70. In fact, this phenomenon is also seen and addressed in our group’s 

recent article on NMA with 90% Ni content, where we show that NMA had the largest contact 

resistance among all its Co-containing peers, even though it had the best overall cycling 

performance.30 Another recent study details the effects of calendaring on cycling performance, and 

shows that calendaring of NMA cathodes helps reduce the electrode porosity and thus the first 

semicircle impedance to match that of its NCM and NCA counterparts, due to the improved 

interparticle conductive contact throughout the electrode bulk.59 These findings indicate that the 

first semicircle impedance can be greatly reduced with sufficient calendaring alone, without any 

modification of the cathode surface and emphasize that the impedance is largely due to the poor 

cathode matrix conductivity and not so much due to surface film resistance as previously thought. 

Additionally, the results highlight the importance of calendaring Co-free cathodes in the future to 

minimize contact resistance and resulting capacity fade. 

Figure 4. Evolutions of (a) contact resistance (Rcon) and (b) charge-transfer resistance (Rct) that 

were fit with an equivalent circuit model of the EIS data of the NMA70, NMC70, and NM70 full 

cells, measured at the 4th, 100th, 200th, and 300th cycles. 
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Meanwhile, the second semicircle in the impedance spectra in the medium-to-low frequency 

regime is attributed to the charge-transfer resistance (Rct) across the electrode-electrolyte 

interfaces.50,60–62 The Rct values over the course of 300 cycles are plotted and displayed for each 

sample in Figure 4b. Unlike the first semicircle, this charge-transfer resistance is not due to the 

intrinsic properties of the electrode materials, such as conductivity, but more so to the kinetic 

hindrances of the electrode surface reactions due to cathode-electrolyte interface (CEI) and anode 

SEI formations, and thus is a better indicator of electrode surface film growth.30,40 Surprisingly, 

NMC70 displays the greatest increase in Rct of 28.6 Ω cm2 after cycling. Both NM70 and NMA70 

show milder Rct growths of 14.5 Ω cm2. However, the initial values of Rct for both NMA70 and 

NMC70 being, respectively, 10.2 and 9.4 Ω cm2 are much smaller than that of NM70 with 31.8 Ω 

cm2. Parallels can be drawn with such a high initial resistance and with the large starting voltage 

polarization for NM70 shown in Figure S7c, calculated by the difference between the charge and 

discharge operating voltages. The NM70 cell exhibits a much larger initial polarization compared 

with that of NMA70 and NMC70, which can be indicative of the poor electrochemical kinetics 

discussed previously with Figure 3. NMC70, albeit with its greatly reduced Rcon, shows a moderate 

growth in its Rct, while NMA70 displays the smallest increase in magnitude. The Rct contributions 

in the NMC70 and NM70 cells are, respectively, about 1.5x to 2x that of NMA70 after 300 cycles. 

The general trend of the total impedance growth over 300 cycles for the three samples are in 

the increasing order of NMC70 < NMA70 < NM70. Although NMA70 is shown to have a larger 

growth in Rcon, its smaller increase in Rct compared to that of both NM70 and NMC70 indicates 

there are less kinetic hindrances across the electrode-electrolyte interfaces. Also, as previously 

mentioned, the overall cycling decay of NM70 shown back in Figure 3e is less than that of NMA70 

or NMC70 as the lithium utilization is lower, but the poor adhesion and surface impedance 
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buildups for NM70 as depicted in the initial voltage drops and total impedance over many cycles 

still indicate that these problems are not worthy tradeoffs for slightly less capacity fade. The lower 

capacity of NM70 during cycling also deems it unfavorable as a high-energy-density cathode. 

Many convoluting factors influencing the overall impedance growth are clearly at play, but the 

beneficial effects of Al in mitigating such growth are still demonstrated.43,63 Lastly, the results 

illustrate the importance of engineering high-quality electrodes. Processing techniques, such as 

heated calendaring and planetary vacuum mixing of cathode slurries, can improve the dispersion 

of slurry additives, such as carbon black, and enhance the mechanical properties of the electrodes.59 

Such methods will help strengthen electrode adhesion and mitigate impedance and polarization 

growth. 

The disparities seen with the impedance spectra indicate that different electrode-electrolyte 

interfacial reactions are occurring among the three samples during cycling. To better understand 

the interface chemistry, XPS was utilized on the cathodes of each full cell after long-term cycling. 

Figure 5a illustrates the C 1s and O 1s spectra from XPS carried out on the cycled cathodes. Among 

the three, NM70 and NMA70 both possess similarly low intensity ratios of the C-C/C-H bonding 

peak to the C-O peak in the C 1s spectra, indicating relatively thicker CEIs compared to that of 

NMC70 that are rich with C-O compounds such as carbonate-based electrolyte decomposition 

products and other related organic species.64 Figure 5c shows the atomic compositions of the main 

CEI and SEI components from XPS results (see Table S4 for tabulated data). Based on the 

percentages, NMA70 has a larger C content compared to NM70, which may indicate a larger 

amount of organic C-containing electrolyte species on NMA70. However, the contribution is also 

from the increased C-C/C-H bonding peak intensity for NMA70, which is characteristic of 
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conductive carbon black in the bulk cathode, suggesting that a slightly thinner CEI is formed on 

NMA70 since there is more carbon black exposed near the surface.65  

The O 1s spectra of NMA70 display a higher intensity M-O peak compared to NM70, 

pertaining to the transition-metal oxide bulk near the surface, which also supports the implication 

of a thinner CEI development compared to that in NM70.66,67 NMC70 yields the strongest M-O 

peak signal suggesting that it has the least amount of electrolyte species deposited on the cathode 

surface and, therefore, the thinnest CEI. This is further indicated by the smallest C/O ratio in the 

NMC70 CEI as shown in Figure 5c. Most C and O-related species seen in the XPS data are from 

electrolyte solvent decomposition, except for one O signal coming from the M-O peak. Given that 

most of the C and O electrolyte species among the three CEIs are similar, the largest M-O signal 

in NMC70 would accordingly bring down the C/O ratio as seen and serves as an alternative way 

of identifying the CEI thickness. 

The F 1s spectra of the cathodes provided in Figure S8 further reveal the worsened electrolyte 

degradation products forming on the NM70 CEI compared to the other two, as it has the largest 

LixPOyFz/LixPFy peak, which are species formed from LiPF6 salt decomposition.5,68 This is better 

signified in Figure 5c, which shows that the NM70 CEI is comprised of the largest amounts of F 

and P elements, while the NMA70 CEI has the smallest compositions. Additional discussion on 

the electrolyte decomposition species contributing to the XPS results are provided in the 

supporting note below Figure S8. Overall, the XPS data of the cycled cathodes holistically show 

that NMC70 has the thinnest CEI architecture whereas NM70 yields the thickest that is 

concentrated with electrolyte decomposition species, while NMA70 follows somewhere in 

between. 
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Alongside the cathodes, the cycled graphite anodes are also analyzed through XPS in order 

to probe the SEI species to gain an inclusive understanding of surface degradations on both 

electrodes. Based on the C 1s spectra in Figure 5b, the anode from the NMA70 cell has a relatively 

lower C-C/C-H peak to those from both the NM70 and NMC70 cells. Additionally, all three anode 

samples have similar intensities of the C-O and C=O peaks. These results signify that the graphite 

anode from the NMA70 cell has the most organic C-O and C=O species that passivate the SEI, 

which are artifacts from electrolyte solvent reduction reactions that mask the carbon black peak 

intensity.69 The graphite anode from the NM70 cell, meanwhile with the greatest C-C/C-H peak 

intensity, has the least amount of organic species that comprise the SEI. This is supported based 

on Figure 5c, which shows that the graphite anode SEI from the NMA70 cell has the smallest C/O 

ratio of all the three anodes. All O-containing species are largely from the organic electrolyte 

decomposition products, and all but one C-containing species (C-C/C-H peak indicative of 

conductive carbon black), are of the same based on the anode C1s and O1s spectra. Therefore, a 

smaller C/O ratio thus implies a larger SEI composition that is rich in organic electrolyte 

components.  

The F 1s spectra for the anodes, however, illustrate that the graphite from the NM70 cell has 

the largest LixPOyFz/LixPFy and LiF/MFx peaks, indicative of the most severe LiPF6 salt 

decomposition and transition-metal dissolution and migration onto the anode.70,71 Despite having 

the thinnest CEI, the NMC70 cell displays moderate intensities for its graphite anode F ls peaks, 

while the graphite from the NMA70 cell yields the smallest overall peaks, implying it has the least 

degradation among the three anodes.72 This is further showcased in Figure 5c, as the graphite anode 

from the NMA70 cell has the smallest F and P atomic compositions among the three samples. The 

O 1s spectra given in Figure S8 indicate analogous C-O and C=O peak intensities for all anodes. 
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The anode XPS data make it apparent that there are two extremes in terms of the SEI composition. 

On one end, the anode SEI is rich in organic species stemming from electrolyte solvent reduction 

products as seen with the graphite from the NMA70 cell. On the other end, the SEI is dominated 

by transition-metal and Li crossover products as seen with the graphite from the NM70 cell, 

leaving the anode SEI from the NMC70 cell composed of both species to intermediate extents. 

Figure 5. XPS data: (a) C 1s and O 1s spectra of the cycled NMA70, NMC70, and NM70 cathodes, 

along with the (b) C 1s and F 1s spectra of the cycled graphite anodes, as well as the (c) atomic 

concentrations of the main elements comprising the CEI and SEI layers. 
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Comprehensively, the severity of CEI and SEI degradation among the three cells is in the 

decreasing order of NM70 > NMA70 > NMC70 for the CEI and NM70 > NMC70 > NMA70 for 

the graphite SEI. NM70, given its thickest CEI with organic and Li salt species and the worst SEI 

passivation on the graphite paired with it due to transition-metal dissolution, suffers from the worst 

overall electrode-electrolyte interface degradation. Studies have shown that a large contribution to 

SEI degradation is the surface film growth near the anode-separator interface, which is caused by 

cathode transition-metal dissolution and crossover to the anode surface, particularly due to 

manganese. This in turn will greatly compromise the SEI passivation and hinder ion transport 

throughout the anode.63,70,73 As NM70 contains the most manganese-rich composition with no 

other stabilizing transition metal, such as cobalt or aluminum, it is logical to visualize from the 

results that it suffers from the worst dissolution and passivation on the anode side. This is supported 

with Figure S9, which pictures the disassembled graphite anodes after long-term cycling in full 

cells prior to XPS testing. The anode paired with NM70 clearly portrays the worst SEI deterioration 

most likely from transition-metal dissolution. Previous studies have also shown that these 

deposited transition-metal species on the graphite anode can induce catalytic formation of metallic 

Li microstructures on the graphite surface, largely in the form of Li dendrites, and can compromise 

safety and capacity fading.74 The NMC70-paired graphite also shows small spots near the center 

of the anode, indicating some mild deterioration, while the anode paired with NMA70 shows no 

noticeable degradation compared to the two. The anode surface compositions of the three cells 

also suggest that the organic species growth on the SEI does not seem to exacerbate the impedance 

to the extent of the deposited transition-metal species.  

The impact of TM dissolution can be seen in Figure S10, which shows the charge-discharge 

curves of an additional C/10 cycle that was done after the main 300 cycles finished for each full 
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cell. This cycle is referred to as a reactivation cycle. NM70 has the lowest CE following 

reactivation and the largest capacity drop from its final 1C discharge capacity of 130 mA h g-1 

after 300 cycles to 117 mA h g-1 after the C/10 reactivation cycle. NMA70, however, has a higher 

CE and presents a capacity increase from its 1C discharge capacity of 155 mA h g-1 to its 

reactivation cycle capacity of 165 mA h g-1. NMC70 also has a similar CE to that of NMA70 and 

a smaller capacity decrease from its 1C capacity to its reactivation capacity. This suggests that 

NM70 may be on the verge of dissolution-induced rollover failure.75,76 

 One of the notable problems with high-Ni cathodes is the reduction of transition-metal 

species and oxygen loss in the surface during cycling, especially at high voltages. This leads to 

insulating rock-salt formation mainly in the form of NiO, which is exacerbated by initial Li/Ni 

mixing and transition-metal dissolution.77 Therefore, in addition to XPS, high-angle annular dark-

field scanning transmission electron microscopy (HAADF-STEM) imaging and electron energy 

loss spectroscopy (EELS) were carried out on the three cathode samples in order to probe the 

degradation depth of reduced transition-metal species from the surface to bulk. HAADF-STEM 

images in Figures 6a-c qualitatively show the extent of such surface degradation in the cycled 

cathodes, with NM70 exhibiting a significantly larger degradation depth over twice the thickness 

to those of NMA70 and NMC70. O-K edge EELS line scans were performed along the surface to 

bulk lines indicated in the HAADF-STEM images to quantify the depth of rock-salt and other 

reduced transition-metal oxide phases as shown in Figure 6d. Layered oxides have distinct O-K 

pre-edge peaks (~528 eV) and O-K main-edge peaks (~ 540 eV) which correspond, respectively, 

to the transition of electrons in the O 1s orbital to the O 2p-TM 3d and O 2p-TM 4sp hybridized 

orbital states. A lower O-K pre-edge peak intensity indicates more oxygen deficiency and 

transition-metal reduction.78 The EELS line scans in Figure 6d portray the various depths at which 
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the O-K pre-edge peak intensities began to strongly manifest, which reveal the point at which the 

bulk layered oxide structure is reached. NMA70 and NMC70 reach strong O-K pre-edge 

intensities, respectively, at around 8 nm and 7 nm scanning depths, implying that these are the 

thicknesses of rock-salt and other reduced transition-metal phases stemming from the surface to 

the layered oxide bulk. NM70 reaches strong pre-edge intensity peaks at around an 18 nm scanning 

depth, supporting the observations made in Figures 6a-c about it having the greatest degradation 

depth among the three samples. 

 Moreover, the energy difference between the O-K main-edge and pre-edge (ΔE) gives 

quantitative information of the Ni oxidation state. A larger ΔE value indicates a higher oxidation 

state of Ni bound to oxygen, while a lower ΔE indicates a more reduced Ni oxidation state.79,80 

Figure 6e shows the evolution of ΔE over the course of the EELS line scanning depths for the three 

cathodes. NMA70 and NMC70 initially have lower ΔE values around 9 eV and reach plateaus at, 

respectively, 7.5 nm and 7 nm, indicating that the bulk layered structure is reached and further 

supports the results in Figure 6d. Likewise, NM70 shows a delayed increase in ΔE, starting at 

around 8 eV and reaching a plateau at 18 nm. The severe rock-salt formation and degradation from 

the cathode surface to bulk of NM70 compared to those of NMA70 and NMC70 compliments the 

conclusions reached from the XPS results and can explain its thickest CEI formation. The greater 

extent of degradation and reduction of NM70 also elucidates the consequential transition-metal 

dissolution and crossover to the graphite anode and further bolsters the stabilizing effect of Al in 

mitigating such phenomena with NMA70, as previously discussed. 
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Figure 6. HAADF-STEM images of (a) NMA70, (b) NMC70, and (c) NM70 cathodes after 300 

cycles. (d) EELS O-K edge spectra of the cathodes from the surface to bulk. (e) Evolution of ΔE 

of the O-K edges of the cathodes. 

 

Overall, the detrimental impedance growth and CEI buildup coupled with the worst resulting 

SEI degradation of NM70 seen with EIS, XPS, and TEM data indicate the vulnerability of 

electrode materials, especially during high-voltage operation. The NMC70 full cell experienced 

milder anode degradation and had the best CEI passivation, wheras the NMA70 full cell had the 

least chemical crossover to the anode while tolerating moderate CEI growth on the cathode. The 

benefits of Al in NMA70 are showcased here with its reduced charge-transfer resistance, as Al 

incorporation into the layered structure is known to suppress transition-metal dissolution and 

subsequent chemical crossover to the anode during cycling due to the stronger transition metal-

oxygen bond strength, which perturbs structural changes throughout the lattice.29,63 The fact that 

NMA70 is plagued by higher total impedance and CEI growth compared to NMC70, yet can still 

deliver nearly equivalent capacities and cyclability with it, indicates the potential space for 



29 
 

optimization that can be made to further mitigate capacity loss from this material and boost its 

practicality in the LIB market. 

To further assess the surface stabilities of the cathodes, self-discharge experiments were 

conducted in which Li-metal half cells of each cathode were charged to 4.5 V at a C/10 rate, left 

to rest for four days at 50°C in order to observe the open-circuit voltage (OCV) decay, then 

discharged to 2.8 V. The phenomena of OCV decay at high voltages is caused by active Li+ loss 

due to severe electrolyte oxidation reactions at the cathode surface, all of which worsen with 

increasing temperature.81 Therefore, the cathode with the highest OCV retention would indicate 

the most stable surface. During the charging step as shown in Figure 7, NM70 still displays a 

noticeably higher voltage shoulder at around 3.7 V compared to 3.6 V for both NMA70 and 

NMC70. After resting for four days following the charge step to 4.5 V, NMA70 possesses a higher 

OCV retention of 4.20 V, while both NMC70 and NM70 exhibit worse OCV decays to, 

respectively, 4.05 V and 4.00 V. Upon discharging, NMA70 displays the largest capacity of 160 

mA h g-1, followed by NMC70 and NM70 with, respectively, 155 and 117 mA h g-1. The 

coulombic efficiencies of each cell in Figure 7 were determined by normalizing the discharge 

capacities by the respective charge capacities prior to high temperature resting. NMA70 and 

NMC70 have very similar CEs of, respectively, 64% and 65% while NM70 presents the lowest 

CE with 51%. 

The worst OCV decay and CE of NM70 confirms the results discussed from the XPS and 

TEM sections on the poor CEI stability and decomposition products that result in active material 

loss. During the rest step at a high voltage of 4.5 V, the thickening of the CEI due to electrolyte 

oxidation is likely to occur and will most definitely be exacerbated at an increased temperature of 

50°C. Interestingly, the self-discharge results revealed that NMA70 has less OCV decay compared 
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to NMC70 yet has a marginally lower CE. This suggests that the benefits of Al on improving the 

overall interfacial stability are more pronounced at higher operating temperatures given with the 

mitigated OCV decay, but the effects of the robust CEI stability in NMC70 as indicated in the XPS 

results persist as well. 

 

Figure 7. Self-discharge profiles of NMA70, NMC70, and NM70 at 50°C. 

 

Thermal Stability. Aside from cycling and interfacial stabilities of high-Ni cathodes, 

thermal stability is another critical factor to consider for developing safer EV batteries. At high 

states of charge (SoC), layered-oxide cathodes are prone to undergo phase transformations to 

spinel and rock-salt phases, which involve the release of oxygen gas. The gas will react with the 

electrolyte and lithiated graphite anodes in highly exothermic reactions, which will lead to thermal 

runaway and ultimately battery fires and explosions.82,83 DSC experiments were carried out to thus 

gauge the thermal abuse tolerances of the cathodes at high SoCs. All three cathodes were charged 

to 80% SoC to ensure an identical state of delithiation. Figure 8 depicts the various peak 

temperatures and total heat released determined using the integral range from 160 to 310 °C, as 

indicated by dashed lines for each cathode upon reacting with the electrolyte.  
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NM70 shows the earliest exothermic peak temperature of 225 °C, even earlier than that of 

NMC70 with 232 °C. Since NM70 was shown to have the lowest charge capacity as indicated in 

Figure 3, it had to be charged to a higher voltage state in order to reach an SoC identical with those 

of NMC70 and NMA70. This could induce an earlier initiation for phase transformations and 

coupled oxygen release with increasing temperatures and could explain it having a sooner onset 

temperature. However, NM70 interestingly displays a slightly smaller total heat release of 658 J 

g-1 compared with 661 J g-1 for NMC70, indicating that larger Mn incorporation may alleviate the 

heat generation from cathodes.23 Additionally, a miniature shoulder peak at around 200 °C is seen 

for NM70 before the main peak, which could be indicative of small exothermic reactions between 

the released oxygen from the cathode lattice and electrolyte that occur prior to the main exothermic 

event. Earlier investigations explain that such peaks form when nearing the onset temperature for 

the R-3m layered to Fd3m cubic spinel phase transition.84,85 The absence of such peaks for NMC70 

and NMA70 possibly implies different effects of Co and Al in governing exothermic activity in 

Ni-based cathodes. NMA70 has superior thermal stability compared to both cathodes, with a 

higher peak temperature and a smaller total heat generation of, respectively, 253 °C and 646 J g-1. 

The delayed peak onset and reduced heat for NMA70 indicates the beneficial impact of Al on 

greatly improving the thermal stability of the cathode and confirms the results found in previous 

studies.7,29,86 
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Figure 8. DSC profiles of the cathodes charged to 80% SoC (~ 220 mA h g-1) in half cells with 

Li-metal anode. 

 

Conclusion 

In this work, we introduce a novel high-nickel NMA composition LiNi0.7Mn0.25Al0.05O2 and 

benchmark how it performs relative to its cobalt-bearing LiNi0.7Mn0.15Co0.15O2 counterpart as well 

as Co- and Al-free LiNi0.7Mn0.3O2 in order to discern the effects of Mn, Al, and Co in high-Ni 

cathodes. The benefits of Al doping are shown with a striking increase in the specific capacity of 

NMA70, surprisingly matching that of NMC70, and a stabilized high-voltage cycling performance 

compared to those of both NMC70 and NM70 in full cells. EIS curves show the smallest charge-

transfer impedance growth for NMA70 after full cell cycling amongst the tested cathodes. XPS 

analyses further indicate the smallest concentrations of metal fluoride-based species on the anode, 

indicating that NMA70 exhibits the highest stability and greatest suppression of chemical 

crossover to the corresponding graphite anode during full cell cycling. TEM analyses compliment 

the previous results by showing mitigated rock-salt formation and overall phase degradation for 
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NMA70 compared to NM70. The robustness of the transition-metal layer after Al incorporation is 

also shown through high-temperature self-discharge tests in which the NMA70 cathode yields the 

smallest OCV decay, along with the best thermal stability shown with the highest exothermic peak 

temperature through DSC experiments. 

Looking forward, it is hoped that this work provides a path towards reducing Co from current 

commercial high-Ni layered-oxide cathodes by continuing to explore the different compositions 

of the NMA cathode class. Future focus towards understanding the degradation mechanisms 

governing air stability as well as thermal stability of Co-free cathodes will be of particular 

importance in order to boost the practicality of these materials for the EV industry. Holistically, 

understanding the roles of Co-alternative dopants in high-Ni cathodes will be what ultimately 

dictates the feasible incorporation of these materials into LIBs for next-generation EVs. 
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