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Abstract 

The demand for high-energy-density lithium-ion batteries (LIBs) has driven intensive 

research into cathode materials that exhibit both superior performance and stability over 

multiple charge-discharge cycles. This work focuses to enhance the dynamic stability 

of single-crystal (SC) low-cobalt (Co) nickel-rich (Ni-rich) cathode materials, crucial 

for the advancement of LIB technology. The proposed strategy involves co-doping of 

iron (Fe) and aluminum (Al) with an optimized composition to mitigate the capacity 

degradation and voltage fading observed in traditional Ni-rich (≥ 90%) cathodes. 

Through a comprehensive investigation combining theoretical modeling, material 

synthesis, and electrochemical characterization, the synergistic effects of Fe/Al co-

doping are elucidated. The presence of Fe and Al ions in the crystal lattice not only 

stabilizes the structural integrity but also facilitates the suppression of phase 

transformation and surface degradation during cycling. Moreover, the incorporation of 

Fe and Al ions optimizes the lithium (Li)-ion diffusion kinetics and enhances the 

electronic conductivity, leading to improved electrochemical performance. The 

achieved dynamic stability of the co-doped SC cathode material enables prolonged 

cycle life and high-rate capability, making it a promising candidate for next-generation 

LIBs. 
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1. Introduction 

The mission for more efficient and reliable energy storage solutions has led to 

intensive research and development in the field of LIBs.1-3 Among the key components 

of LIBs, cathode materials play a crucial role in determining the battery's performance 

and durability.4, 5 In recent years, there has been a growing interest in exploring Ni-rich 

cathode materials due to their high energy density and potential for reducing reliance 

on expensive and scarce Co.6-8 However, challenges such as stability during cycling 

have emerged, prompting researchers to delve into innovative approaches to enhance 

the performance of Ni-rich cathodes.4, 9, 10 In response, it is imperative for the 

sustainable advancement of LIBs to completely eliminate Co from the current cathode 

material composition.11 However, Co-free cathodes often exhibit significant structural 

deficiencies, such as the occurrence of Li/Ni cation mixing, leading to diminished 

capacity and sluggish Li-ion diffusion due to magnetic frustration effects.12-14 

Additionally, the thermal breakdown of Co-free cathodes during charging can lead to 

uncontrollably high temperatures, triggering exothermic reactions between the 

electrolyte and liberated oxygen, posing a potential risk of thermal runaway and serious 

safety concerns.15 Enormous efforts have been invested in determining the causes of 

the inferior failure mechanism.16-21 Consequently, the pursuit of Co-free cathodes with 

both practical capacity and stability suitable for industrial applications remains an 

exceptionally challenging endeavor. 

Indeed, adopting a SC design presents a pragmatic approach to mitigating the 

challenges associated with low-Co Ni-rich cathodes, particularly in bolstering their 

thermal stability and longevity across cycling.22-25 These materials exhibit unique 

structural and electrochemical properties that can significantly impact battery 

performance. In addition, SC structures can minimize the structural defects and grain 

boundaries, which are known to contribute to performance degradation and reduced 

stability in traditional polycrystalline cathodes.26 The dynamic stability of these SC 

low-Co Ni-rich cathode materials refers to their ability to maintain structural integrity 

and electrochemical performance over numerous charge-discharge cycles.27, 28 
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Achieving dynamic stability is crucial for extending the lifespan and enhancing the 

reliability of LIBs, especially in demanding applications such as electric vehicles and 

grid storage. 

Recently, incorporating different cations, such as Mg2+, Al3+, Fe3+, and Ti4+, into the 

layered structure has proven effective in enhancing structural stability, surface oxygen 

retention, and thermal stability.22, 23, 29, 30 Additionally, the inclusion of cations with 

larger radii, such as Zr4+ and W5+, during LiNiO2 synthesis has led to the preferential 

segregation of a secondary phase onto primary particle surfaces.23, 31 This parasitic 

secondary phase acts as a physical barrier, effectively isolating the parent phase from 

the electrolyte and thereby inhibiting interfacial side reactions. An increasing number 

of studies have explored the application of multiple dopants in layered oxides, aiming 

to leverage synergistic effects that enhance the individual roles of each dopant.32, 33 The 

ongoing exploration of dopant combinations underscores the dynamic and evolving 

nature of materials science in optimizing battery performance for future applications.34-

36 One strategy involves precise control over the synthesis parameters to tailor the 

crystal structure and optimize the electrochemical properties of the cathode material. 

By minimizing Co-content and engineering the Ni-rich phase the stability and 

cyclability of the cathode material can be significantly improved.37 

Herein, we propose Fe/Al co-doped SC LiNi0.90Mn0.05Fe0.02Al0.02Co0.01O2 

(NMFAC) cathode material with low-Co content, benchmarked against the pristine SC 

LiNi0.90Mn0.05Co0.05O2 (NMC) cathode synthesized through coprecipitation followed 

by molten flux method. The high Ni-content is essential for providing a high capacity, 

however, adding a small amount of Fe3+ (0.55 Å) and Al3+ (0.54 Å), with almost similar 

ionic radii as Ni3+ (0.56 Å), could replace some of the Ni and improve cycle life, 

structural stability, and safety.38, 39 The co-presence of Mn and Al in Ni-rich cathodes is 

critical to thermal and cycle stability, which efficiently inhibit the multistep phase 

transitions of LiNiO2 during delithiation.40, 41 Besides, Mn tends to increase Li/Ni cation 

mixing, whereas Al tends to decrease it; Al is good at moderating transition-metal (TM) 

dissolution, while Mn appears to have no such advantages.42 Meanwhile, Al usage is 

often restricted to ≤ 5–6 mol% to prevent secondary phases, while Mn can be added up 
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to 33–50 mol% in Ni-based layered oxides without structural reconstruction into a 

spinel phase.43, 44 The introduction of Al into the host layered structure stabilizes the 

crystal structure, resulting in Ni-rich cathodes with high capacity and long cycle life, 

outperforming conventional cathodes with the same Ni content.34 Fe3+ dopant has a 

similar electronic structure and the same oxidation state as Co3+, which helps minimize 

Li/Ni cation mixing by lowering the interlayer linear Ni2+−O2−−Fe3+ super-exchange 

interactions.45 Substituting Fe3+ for TM ions in SC NMC helps to create a high entropy 

oxide layer and strong TM-O-Fe bonds. This effectively suppresses oxidation and the 

migration of lattice oxygen due to the electrochemical inactivity of Fe3+ ions.46 Co-

doping of Fe and Al is expected to offer synergistic effects of combining the advantages 

of both elements, leading to (i) reductions in capacity degradation and voltage fading 

by preventing the layered-to-spinel phase transition, avoiding the migration of Ni ions 

into the Li layer and minimizing the lattice oxygen release, and (ii) added thermal 

stability and reduced surface reactivity to minimize electrolyte decomposition and 

related side reactions. Such expectations are demonstrated in this study. On the 

interphase front, time-of-flight secondary ion mass spectrometry (TOF-SIMS) is 

utilized to see and quantitatively analyze the cathode-electrolyte interphase (CEI). In 

conclusion, we clarify the advantages of a low-Co Ni-rich cathode and determine that 

the NMC cathode chemistries can be substituted with the combination of Fe and Al. 

These findings emphasize the probability of the co-doping strategy and demonstrate the 

NMFAC viability for real-world use in inexpensive LIB systems. 

 

Figure 1: Schematic illustration of the synthesis process for NMC and NMFAC. 
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2. Experimental section 

2.1 Materials Preparation: The hydroxide precursors of NMFAC and NMC 

(Ni0.90Mn0.05Fe0.02Al0.02Co0.01(OH)2 and Ni0.90Mn0.05Co0.05(OH)2, respectively) were 

synthesized via coprecipitation. Aqueous solutions containing NiSO4·6H2O, 

FeSO4·7H2O, Al2(SO4)3·H2O, MnSO4·5H2O, and CoSO4·7H2O at concentrations of 2.0 

M and their respective stoichiometric ratios were prepared in deionized water. Solutions 

of 4.0 M NH3·H2O and 5 M NaOH were also prepared separately. These solutions were 

simultaneously transferred into a stirred tank reactor with controlled conditions of 

temperature (55 °C), pH (11.5), and stirring speed (650 rpm) during the coprecipitation 

process. The resulting hydroxide precursors were subsequently washed with deionized 

water, filtered, sieved, and dried at 100 °C overnight to remove excessive water. The 

obtained hydroxide powder then underwent calcination at 900 °C for 15 hours in 

oxygen atmosphere to obtain oxide precursor (Ni0.90Mn0.05Fe0.02Al0.02Co0.01O2 and 

Ni0.90Mn0.05Co0.05O2). The resulting oxide precursors were then mixed with lithium 

oxide at a molar ratio of 1:0.8, followed by the addition of NaCl (at a 1:1.1 weight ratio). 

Here, NaCl with a melting point of 801 °C was used as a molten salt medium to lower 

the reaction temperature and time for growth of single crystals (SC). The oxide 

precursor + LiH + NaCl mixture was homogenized and well ground, and then heated at 

800 °C for 10 hours, followed by 900 °C for 5 hours in oxygen atmosphere. The final 

products were washed with ethanol to remove the residual impurities from the samples 

after the molten salt process and dried in vacuum at 80 °C for 2 hours. Following this, 

post annealing was performed at 580 °C for 4 hours in an oxygen atmosphere before 

the end products were collected. Figure 1 schematically illustrate the synthesis 

procedure for both NMC and NMFAC.  

2.2 Electrochemical Testing: Cathode active material with poly(vinylidene fluoride) 

(PVDF) and conductive carbon (Super P) with weight ratios 90 : 5 : 5 in N-methyl-2-

pyrrolidone (NMP) solvent were used to prepare cathode slurries. The as-prepared 

slurries were casted on Al foil with ~2.2 to 2.4 mA h cm-2 active material loadings and 

dried overnight in a 90 °C vacuum oven. After undergoing drying, calendaring, and 
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punching, the electrodes were utilized as cathodes in both coin half-cell and full-cell 

tests. For the full cells, a mixture of graphite, conductive carbon and PVDF binder in 

NMP (mass ratio: 90:2.5:7.5) was prepared as the anode. This anode slurry was coated 

onto a copper foil with a graphite loading of approximately 2.3-2.4 mA h cm-2. The 

electrolyte used in this work contained 1 M LiPF6 in a blend of ethylene carbonate, 

ethyl methyl carbonate, and dimethyl carbonate (EC/EMC/DMC, 1:1:1 by weight) 

containing 2 wt% vinyl carbonates (VC) as an additive. The electrochemical 

performance of the fabricated coin half-cell and full-cell was evaluated using a battery 

testing system (LAND CT2001A, China) across various current rates within a voltage 

range of 2.8-4.3 V at room temperature. 

2.3 Materials Characterization: Powder X-ray diffraction patterns were collected by 

Rigaku Miniflex 600 X-ray diffractometer with Cu Kα radiation (λ = 1.54184 Å). The 

surface morphologies were examined by a scanning electron microscope (SEM; JSM-

7800F) and transmission electron microscope (TEM; JEOL F200) equipped with 

energy dispersive X-ray spectroscopy (EDX) to examine the particle shape and 

elemental distribution. The cathode's chemical composition was analyzed using an 

inductively coupled plasma optical emission spectrometer (ICP-OES; ICAP 7000). X-

ray photoelectron spectroscopy (XPS; Ulvac-PHI 5000) was employed to investigate 

the chemical state of the main elements present on the surface of the active materials. 

The cathode-electrolyte interphase characterization was carried out with time-of-flight 

secondary ion mass spectroscopy (PHI nano TOF-SIMS) with a mass resolution of 30 

keV energy and Bi3
++ ion analysis beam (sputtering areas 100×100 μm2). 

2.4 Computational Methodology: All the calculations in this work have employed 

density functional theory (DFT), utilizing the plane-wave method executed in the 

Vienna ab initio simulation package (VASP). The projected augmented wave (PAW) 

method displayed the correlations between ions and electrons. A cut-off energy of 

550 eV was taken with a plane-wave basis, and exchange-correlation energy was 

modeled using the Perdew, Burke, and Ernzerhof (PBE) functional. The convergence 

criteria for the geometry optimization were set to be 10−6 eV for energy and 10−2 eV/Å 

for Hellmann-Feynman force. A 2x2x1 supercell with a Monkhorst Pack special k-point 
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mesh of 3 × 3 × 3 was taken for Brillouin zone integration. For Ni, Mn, Fe, Al, and Co, 

DFT+U parameters of 6.8, 5.2, 4.9, 5.2, and 3.4 eV were used. 

3. Results and discussion 

Theoretical and computational methodologies, particularly DFT, represent a promising 

avenue for digging into the behaviors of material defects and establishing correlations 

between structure and properties.47 Figure 2a illustrates the optimized atomic structure 

of the lowest energy configuration of the NMFAC cathode, revealing a preference for 

Fe/Al substitution at the Ni-site and the stability of a layered crystal structure, consistent 

with prior research findings 48, 49 as well as the XRD analysis of this study (to be 

discussed later). Furthermore, the close agreement in the lattice parameters between the 

experimental results derived from the XRD analysis (Table S1) and DFT calculation 

demonstrates the accuracy of the DFT approach in predicting structural changes due to 

Fe/Al co-doping. Analysis of the density of states (DOS) and partial density of states 

(PDOS) in proximity to the Fermi level predominantly showcases highly redox-active 

Ni3+ states (3d-states). It can be observed that NMFAC cathode is half metals, and these 

computations suggest that the conductivity of NMFAC cathode is comparable to NMC 

(Figure 2b-d).50, 51 Due to the similar energy level and conductivity, it is additionally 

verified that the innovative low-Co cathode material demonstrates a Li+ diffusion rate 

equivalent to that of the traditional NMC cathode. Figure 2e and Table S2 show the 

impact of Fe/Al doping on the transition metal ion-oxygen bonds. This analysis 

underscores that the longer bond length of Fe-O shows superior oxygen stability at high 

delithiation as compared to Co by Mn-Fe.52 Note that Fe-O links are heavily hybridized 

into metal-oxygen bonds as indicated by the comparable energy states between the Fe 

d-band and the O p-band, which readily cause oxygen instability during charging. 

However, partial Mn substitution for Co can reduce oxygen instability because Mn has 

a greater energy difference versus the oxygen p-band.53 When combined, NMFAC can 

increase safety performance by lowering the reactivity between the charged cathode 

and electrolyte at high temperatures. Such observations align with anticipated outcomes 

based on standard bond dissociation energies with oxygen. The presence of robust Fe-
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O bonds energy (409 kJ/mol) vs. Ni-O bond energy (391 kJ/mol) in NMFAC holds 

potential for enhancing material stability by mitigating oxygen release or phase 

transitions. The atomic charge density difference suggests that NMFAC exhibits less 

electron accumulation implying a preference for a more uniform surface capping by 

atoms (Figure 2f). Superexchange metals primarily influence the alteration of Ni/Li 

disordering during transitions, elucidating why the exchange of Ni3+ in Ni-rich 

materials is more facile compared to Ni2+.45, 54  

 

Figure 2: (a) Optimized atomic structure of NMFAC cathode. (b-d) Calculated 

density of states and partial density of states for NMFAC. (e, f) Bond length and 

charge density distribution for NMFAC. 

The XPS analysis were carried out to investigate the valence states of the metal 

elements in NMC and NMFAC. Figure 3a shows the Ni 2p spectra for both NMC and 

NMFAC, exhibit Ni 2p3/2 and Ni 2p1/2 at ~854.9 and ~872.7 eV, respectively, 

corresponding to Ni2+, along with a satellite peak at ~855.6 eV corresponding to Ni3+. 

The higher proportion Ni2+ ions migrate to the Li layer, increasing the level of cation 

mixing. The partial substitution of Co3+ with Fe3+ and Mn4+ with Al3+ leading to the 

conversion of Ni2+ ions to Ni3+ to maintain charge neutrality and helps to overcome the 

drawback of increased cation mixing. The Mn 2p spectra reveals two peaks of Mn 2p3/2 
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and Mn 2p1/2, corresponding to Mn4+ and Mn3+, located at ~642.03 and ~653.83 eV, 

respectively (Figure 3b) with two satellite peaks at ~637.58 and ~644.08 eV. The Co 

2p spectra display two peaks of Co 2p3/2 and Co 2p1/2, corresponding to Co3+, located 

at ~780.03 eV and ~795.38 eV, respectively (Figure 3c). However, the peaks intensity 

was lower for NMFAC than that of NMC. The Fe 2p spectra (Figure 3d) for NMFAC 

display Fe 2p3/2 and Fe 2p1/2 located at ~711.43 and ~724.03 eV, respectively, with 

satellite peaks at around ~704.9, ~713.08 and ~733.38 eV, confirming the presence of 

Fe3+ state. In the Al 2p spectra for NMFAC, peaks corresponding to Al 2p3/2 and Al 

2p1/2 are detected at ~67.18 and ~72.43 eV, respectively, with a satellite peak at ~68.38 

eV (Figure 3e). The less prominent XPS spectra of Al 2p and Co 2p may be attributed 

to their lower content in NMFAC. Additionally, the XPS survey spectrum for both NMC 

and NMFAC cathode materials confirms the presence of all elements, including Ni, Co, 

Mn, Fe, and Al (Figure S1c and S1d).  

XRD was performed to analyze the structural changes in NMC cathode with Fe/Al 

co-doping. The XRD patterns in Figure 3f confirmed the formation of layered structure 

hexagonal α-NaFeO2 (R-3m space group), with a clear splitting of (108)/(110) and 

(006)/(102) peaks in both NMFAC and NMC, indicating the high crystallinity and 

higher ordered layered structure.55 Furthermore, according to the Rietveld refinement, 

the Li/Ni cation mixing were decreased from 3.28% for NMC to 2.95% for NMFAC 

with the addition of dual dopant Fe/Al (Figure S1a and S1b; Table S1). It can also be 

observed that the (003) and (104) peaks shift to lower angle with the addition of Fe/Al, 

indicating the larger value of c(Å)-axis, offers a larger channel for Li+ diffusion, which 

is beneficial to the rate capability.56 The atomic ratios of the hydroxide precursor and 

the two cathode samples are presented in the ICP-AES test results (Table S3), 

indicating the successful synthesis of all components in accordance with stoichiometry.  

The morphology and chemical compositions were examined using a SEM, TEM 

and EDX. The SEM images of Ni0.90Mn0.05Fe0.02Al0.02Co0.01(OH)2 and 

Ni0.90Mn0.05Co0.05(OH)2 hydroxides are shown in Figure S2. Overall, two hydroxides 

have similar particle sizes, but Fe/Al co-doping appears to have induced slight 

modifications in surface roughness, as evident by fine ridges on the surface of 
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Ni0.90Mn0.05Fe0.02Al0.02Co0.01(OH)2. However, such a difference in surface roughness 

does not affect the particle sizes and morphologies of the final NMC and NMFAC 

products as both exhibit similar particle sizes 2 – 4 m with an octahedral shape (Figure 

4a and 4e). EDS mapping along with SEM imaging reveals that the Fe/Al is effectively 

doped with uniform distribution of Ni, Mn, Fe, Al, Co and O elements without changing  

Figure 3: XPS spectra for (a) Ni 2p, (b) Mn 2p, (c) Co 2p, (d) Fe 2p, and (e) Al 2p 

for NMC and NMFAC. (f) XRD patterns for NMC and NMFAC. 

morphology (Figure 4d and 4h). Furthermore, the NMFAC bulk particle still has 

layered structure, as demonstrated by the TEM (Figure 4b, c and 4f, g), identifying the 

(003) facet with a typical interplanar spacing of 0.48 nm. Consistent with the XRD 
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conclusion and DFT calculations, the TEM analysis validates that the new cathode 

NMFAC displays a typical α-NaFeO2 hexagonal layered structures with the R-3m space 

group and high purity. 

The electrochemical performances of NMC and NMFAC cathodes were initially 

evaluated in a coin half-cell configuration with a Li-metal anode at different current 

rate (where 1C = 200 mA g-1) within a voltage range of 2.8-4.3 V. Figure 5a shows the 

charge-discharge curves for NMC and NMFAC cathodes at 0.2C rate, demonstrating 

almost a similar specific discharge capacity of 217 and 220 mA h g-1, respectively. 

However, the specific charge capacity is pretty higher for NMFAC (248 mA h g-1) as  

Figure 4: SEM, TEM and EDS analysis of (a-d) NMC and (e-h) NMFAC. 

compared to NMC (235 mA h g-1). The dQ/dV curves in Figure 5b shows that both 

NMC and NMFAC undergo a sequence of phase transitions starting from the initial 

hexagonal phase (H1) and progressing towards two additional hexagonal phases (H2 

and H3), transitioning via a monoclinic phase (M) near 4 V.57 The redox peaks in the 
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dQ/dV curves of NMC and NMFAC around 4.2 V, linked to the H2–H3 phase transition, 

exhibit distinct differences. These peaks show a noticeable decrease in intensity and an 

increase in width upon the introduction of Fe/Al. A sharp redox peak during the H2–

H3 transition typically indicates a sudden and detrimental structural change.55 A well 

suppressed H2–H3 redox peaks in the dQ/dV curves for the NMFAC suggests that the 

Fe/Al co-dopant incorporated into the crystal structure protracts the detrimental phase  

Figure 5: (a) Charge-discharge capacity and (b) dQ/dV curves at 0.2C. (c) Rate 

performance with different current rate for NMC and NMFAC. (d) Cycle 

performance, (e, f) charge-discharge curves for coin half-cells with NMC and 

NMFAC cathodes. (g) Cycle performance for full-cells with NMC and NMFAC 

cathodes. 

transition. The rate capability comparison of NMC and NMFAC cathodes indicates that 

NMFAC consistently outperforms to its NMC counterpart, offering a maximum 
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reversible discharge capacity of 221 mAh g-1 at a current rate of 0.2C (Figure 5c). 

Moreover, the discharge capacity of NMC drops to 173 mAh g-1 at 3.0C, while NMFAC 

still delivers a discharge capacity of 176 mAh g-1. Although both NMC and NMFAC 

cathodes exhibit a similar initial capacity, obvious difference occurs upon subsequent 

cycles. The cycling performance for half cells at 1C rate reveal maximum capacities of 

196 and 198 mA h g-1 for NMC and NMFAC cathodes, respectively (Figure 5d). It is 

evident that NMFAC experiences lower capacity decay with 93% retention rate after 

100 cycles. In contrast, the NMC cell displays higher capacity decay with 90% retention 

rate. 

The long-term cycling performance of NMC and NMFAC cathodes for full-cell 

employing commercial graphite anodes are attempted to comprehensively evaluate 

their suitability for various industrial applications. The short cycle life observed in half-

cells utilizing Li-metal anodes, compared to full-cells with graphite anodes, can be 

attributed primarily to issues such as dendritic formation and other related challenges 

during cycling, leading to the depletion of active-Li and electrolyte consumption. NCM 

and NMFAC delivered the highest discharge capacity of 186 and 189 mAh g-1, 

respectively, at 1C for full-cell (Figure 5g). After 600 cycles, both NCM and NMFAC 

exhibit a decline in discharge capacities to 129 and 154 mAh g-1, respectively, with a 

capacity retention of 70% and 81% (Figures 5g and S3). These results reveal that the 

unique structure design of NMFAC can significantly enhance the cycle stability when 

compared with NMC (Figure 5 and Table S5). In addition, when compared with the 

previously reported Ni-rich cathodes, NMFAC also exhibits advantages. As shown in 

Table S6, among all Ni-rich cathodes with 100 cycles only one cathode with Al/Mg co-

doping processes the same capacity retention (93%) as NMFAC, but it contains higher 

Co concentration (0.042 moles) than NMFAC (only 0.01 moles). When the initial 

charge capacity of NMFAC is compared with that of the previously reported co-doped 

Ni-rich cathodes (Table S7), NMFAC also has advantages by delivering 248 mAh/g at 

0.2C rate while all other studies have lower specific capacities even at 0.1C rate with 

only one exception which delivers 252 mAh/g specific capacity.  

To provide more insights into the mechanism(s) through which NMFAC delivers 
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better electrochemical properties than NMC, EIS analysis was conducted (Figure S4). 

The EIS curves of both NMC and NMFAC cells before cycling consist of a depressed 

semicircle and a sloped line (Figure S4a) and can be fitted with an equivalent circuit, 

Rs(QctRct)W. The semicircle (QctRct) is regarded as the charge transfer resistance and 

the sloped line is related to the Warburg impedance (W), while the intercept with real 

axis (Z') at the highest frequency range is assigned to the solution resistance (Rs). After 

100 cycles the EIS curves of both materials exhibit three depressed semicircles 

(Figures S4b) and can be fitted with an equivalent circuit of 

Rs(QSEIRSEI)(QintRint)(QctRct)W. Here (QSEIRSEI) appearing at the high frequence range 

is due to the resistance of the solid electrolyte interface (SEI) film formed on the 

electrode during high-voltage cycling, whereas (QintRint) emerged with the (QSEIRSEI) 

semicircle but at the slightly lower frequence is attributed to interphase contact 

resistance. Rs, (QctRct) and W have the same meanings as those before cycling. As 

summarized in Table S4, the charge transfer resistance has increased dramatically for 

both NMC and NMFAC cells after 100 cycles, but the final charge transfer resistance 

of the NMFAC cell is smaller (431 Ω) than that of the NMC cell (495 Ω). Furthermore, 

the NMFAC cell also has smaller values for all other resistances, Rs, RSEI, and Rint, 

when compared with the NMC cell after 100 cycles, revealing that the NMFAC cell 

has a smaller increase in the internal resistance of the cell and thus has better cycle 

stability and rate capability.   

The primary challenges associated with high Ni-rich cathode materials involve 

surface and structural deteriorations during long term cycling. Thus, to further 

understand the mechanism(s) through which NMFAC exhibits better electrochemical 

properties than NMC, high mass and spatial resolutions of TOF-SIMS chemical 

imaging were used to observe the surface chemistry and CEI of NMC and NMFAC 

cathode materials after cycling (Figure 6a). The TOF-SIMS mappings of various 

fragments of interest from the cycled NMC and NMFAC cathode particles reveal that 

the interaction between the cathode particles and F-containing species in the electrolyte, 

such as PF6 and its hydrolysis products POF2 and HF, led to the generation of LiF2 and 

the fluorinated TM fragment NiF3.
46, 58 However, the NiF3 and LiF2 contents were 
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higher in NMC as compared to NMFAC, suggesting more adverse cathode-electrolyte 

reactions occur on the surface of NMC than on the surface of NMFAC. Additionally, 

 

Figure 6: (a) TOF-SIMS chemical imaging and (b) integrated yields of the 

secondary-ion fragments of cathodes after 600 cycles. 

the degraded interphase on NMC extends deeper inside the cathode, as evidenced by 

overlay mapping results of NiO2 fragments, C2HO fragments, and PO2 fragments in 

NMC and NMFAC. Overall, the TOF-SIMS mapping results indicate that NMFAC can 

better withstand electrolyte attacks compared to NMC cathode. Furthermore, analysis 

of recovered cathode electrodes reveals the total integrated yields of each fragment, 

including LiPF6 breakdown fragments (PO2/POF3), organic solvent decomposition 

fragments (LiO2/C2HO/C2H3O), and active material dissolution fragments (LiF3/F2) 

(Figure 6b). It is interesting that most of the fragment counts between NMC and 

NMFAC cathodes are not significantly different. A few higher fragment counts 
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(LiO2/POF3/C3F) in NMFAC indicates that the electrode-electrolyte reaction products 

based on fragments are more concentrated near the surface of NMFAC, possibly 

preventing electrolyte reactions from penetrating deeper into the bulk material. 

Compared to NMFAC, which appears to be less reactive during usage, the intensity of 

C2HO/C2H3O fragments indicates that NMC is significantly more susceptible to 

detrimental EC-based electrolyte oxidation processes during prolonged cycling. 

Similarly, the LiF2/F2 data suggests that the active material dissolution reaction, mainly 

triggered by LiPF6 hydrolysis processes, is much more severe for NMC than for 

NMFAC.  

SEM images reveal that the inner main particles of NMFAC display smoother 

surfaces than those of NMC (Figure S5). This suggests significant structural 

degradation in the original NMC cathode, possibly induced by inner anisotropic strain 

during deep cycling. Conversely, due to the distinctive integrated structure of SC 

primary particles, SEM images indicate that both electrodes maintained mechanical 

integrity without visible cracks even after 600 cycles, preserving their morphology well. 

Moreover, TEM images illustrate the visibility of the Fm-3m rock-salt phase from the 

exterior to the interior of the main particle, suggesting severe corrosion resulting from 

unfavorable electrode/electrolyte interphase side reactions (Figure S5). The existence 

of a small layer of CEI on the surface of the NMFAC electrode provides stronger 

evidence of the structural integrity of SC particles without electrolyte penetration 

compared to NMC. Unlike the cycled electrode, where the disordered rock-salt NiO 

phase occurs, the R-3m layered structure remains well-maintained without 

experiencing irreversible alteration. The structural integrity of the micron-sized particle 

is preserved to a high degree. According to the outcome, Fe/Al co-doping can provide 

a stable CEI, which can significantly reduce the likelihood of adverse reactions and 

stabilize structural alterations. 

Furthermore, during extended cycling only a thin layer of the disordered phase 

remains on the surface of the bulk structure, maintaining the original R-3m layered 

structure. The substantial volume change experienced by primary particles in the NMC 

cathode induces significant microstrains over prolonged cycling periods, as illustrated 
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by the schematic diagram depicting internal structure progression. This phenomenon 

can result in the formation of a thick CEI layer, facilitating the generation of 

microcracks and eventual disintegration of primary particles (Figure 7). An irreversible 

phase transition from an ordered layered structure to a disordered spinel/rock salt phase, 

which spreads from the surface into the inner bulk, typically impacts pristine NMC. 

This transformation is characterized by anisotropic volume changes accompanied by 

 

Figure 7: Schematic illustration of crack evolution and the internal morphological 

difference for NMC and NMFAC cathodes after long-term cycling. 

localized stress shrinkage. This will impede the diffusion of Li-ions and accelerate the 

deterioration of capacity. Furthermore, the recurrent cycling induces nanoscale 

intergranular cracks that enhance the electrolyte's penetration into the SC architecture. 

This can lead to severe reactions at the electrode/electrolyte interface and worsen the 

collapse of the structure. Moreover, electrolyte infiltration triggering irreversible phase 

transitions exacerbates the structural degradation of the newly exposed cathode surface. 

The densely disordered structure impedes Li+ diffusion, accelerating capacity 

degradation and shortening cycle life. Conversely, the NMFAC cathode, owing to Fe/Al 

addition embedded within its underlying structure, exhibits anisotropic microstrains, 

inherently resisting microcrack formation. The even distribution of Fe/Al, offering both 

bulk and surface stability, notably curbs the continuous expansion of undesirable rock-

salt phase and CEI layers induced by electrolyte erosion. Furthermore, Fe/Al 
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diminishes Li/Ni cation mixing and truncates Li+ diffusion pathways, enhancing the 

long-term cycle stability of LIBs. More significantly, Fe/Al and oxygen together fill the 

tetrahedral gap of oxygen caused by Fe/Al-occupation on the transition metal (TM) site. 

This can greatly increase the layered distance and enhance the thermodynamics and 

kinetics of the Ni-rich electrode, guaranteeing the superior rate capability. 

4. Conclusion 

In summary, the dynamic stability of Fe/Al co-doped SC low-Co Ni-rich cathode 

materials holds great promise for advancing the performance and reliability of LIBs. 

The as-prepared NMFAC cathode has made a significant progress in achieving dynamic 

stability by utilizing a combination of straightforward synthesis techniques, thorough 

characterization, and computational modeling. The cycle performance of NMFAC 

cathode has been greatly enhanced even at high current rates. NMFAC delivers a high 

specific discharge capacity of 221 mAh g-1 at 0.2C and a stable cycling performance 

with a 93% retention for 100 cycles at 1C. In particular, for full cells, it exhibits a high-

capacity retention of 81% over 600 cycles and a higher reversible capacity of 154 mAh 

g-1. This work highlights the potential of the Fe/Al co-doping strategy as a viable route 

towards realizing high-performance and long-lasting LIB systems, addressing the 

critical challenges in energy storage technology. Continued efforts in this field are 

essential for realizing the full potential of Ni-rich cathodes and accelerating the 

adoption of high-performance LIBs in various applications. 
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