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Abstract. Nickel-rich layered oxides such as  (NCA) are widely studied for their promising properties. In this work, NCMA materials were produced using a controlled co-precipitation approach to attain uniform composition and morphology. Structural investigation techniques, including X-ray diffraction (XRD), scanning electron microscopy (SEM), and Rietveld refinement, were applied to evaluate phase formation, crystallinity, and cation distribution. To complement the experimental results, Density Functional Theory (DFT) calculations were performed using the DFT+U approach to accurately model the localized 3d electrons of the transition metals. These simulations provided atomic-level insights into the optimized crystal structure, magnetic ordering, and electronic behavior of the synthesized materials. The high-precision computational setup ensured reliable predictions of total energy, stability, and electronic properties. Combining experimental and theoretical methods yields a thorough comprehensive of the structure–property relationships in NCMA materials and supports their further development for advanced electrochemical applications.
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INTRODUCTION

Advancing reliable and environmentally sustainable energy-storage systems has become essential, driven by the rising global demand for renewable power and the pressing requirement to address climate change. [1,2]. As global energy systems transition toward intermittent renewable sources such as solar and wind, high-performance batteries are essential for ensuring reliable power supply [3]. Lithium-ion batteries (LIBs) remain the dominant choice due to their high energy density, long cycle life, and proven reliability [4]. However, improving their efficiency, cost-effectiveness, and environmental sustainability continues to be a major challenge, particularly with respect to reducing reliance on critical raw materials [5].
Nickel-rich layered transition metal oxides, especially those based on the  (NCA) system, have emerged as promising cathode candidates owing to their high theoretical capacity, thermal stability, and tunable structural properties [6,7]. Among these,  is one of the most extensively studied compositions, offering a favorable balance between energy density and structural robustness [8,9]. Partial substitution of cobalt and aluminum enhances electronic conductivity and structural stability, respectively, while lowering cobalt content is a critical advantage given its high cost, limited availability, and supply chain risks [10,11].
With the increasing demand for high-energy cathodes, further reducing cobalt content without sacrificing performance has become a central research focus. In this context,  (NCMA) has attracted particular interest. The incorporation of Mn⁴⁺ into the NCA lattice helps suppress cation mixing, improves thermal stability, and enhances structural integrity during cycling. Compared with alternative dopants such as Fe, Mg, or Ti, manganese offers additional benefits: it is low-cost, abundant, and environmentally benign. Moreover, Mn⁴⁺ remains electrochemically inactive within the typical operating voltage range of LIBs, stabilizing the layered framework without inducing undesirable phase transitions. These characteristics make Mn doping a highly effective strategy for optimizing performance while advancing sustainability.
Synthesis conditions exert a major impact on the physical and chemical features of NCA-derived compounds, including particle morphology, stoichiometric homogeneity, crystallite size, and defect concentration [12,13]. Among the available methods, co-precipitation has proven to be one of the most reliable and scalable approaches, enabling precise control over elemental distribution and reaction kinetics [14,15]. This wet-chemical technique promotes uniformity and enhances phase purity in the calcined product, making it well-suited for large-scale production of high-quality cathode materials [16,17].
While experimental techniques provide critical insight into morphology and crystal structure, theoretical modeling offers complementary atomistic-level understanding of intrinsic material properties. Density functional theory (DFT) is particularly powerful for probing electronic structure, defect energetics, thermodynamic stability, and lattice dynamics in transition metal oxides [14]. Integrating DFT with experimental characterization therefore enables a more predictive and comprehensive evaluation of structure–property relationships, guiding the rational design of next-generation cathodes.
In this study, NCMA materials were synthesized via a carefully optimized co-precipitation route to ensure precise compositional control and uniform morphology. Structural properties were investigated through X-ray diffraction coupled with advanced Rietveld refinement, while high-resolution scanning electron microscopy provided detailed morphological analysis. To complement these experimental results, first-principles DFT calculations were performed to model the optimized crystal structure, magnetic ordering, and electronic behavior of Mn-doped NCA. The synergy between experimental characterization and theoretical modeling not only validates the synthesis outcomes but also provides new insights into how Mn incorporation influences both atomic-scale structure and macroscopic properties. By establishing clear correlations between synthesis parameters, structural features, and functional behavior, this work delivers a comprehensive framework for the rational design and optimization of nickel-rich layered cathodes. Such integration of experiment and theory represents a step beyond conventional studies and opens new pathways for the targeted development of high-performance, cobalt-reduced cathode materials.

MATERIALS AND METHODS
A cobalt-reduced material incorporating manganese was synthesized via a co-precipitation route. Metal nitrate salts (Ni, Co, Mn, Al) and LiOH.H₂O were dissolved in distilled water and stirred at 85 °C under controlled pH conditions to promote uniform precipitation of metal hydroxides. The obtained precipitates were filtered, dried at 120 °C, and pre-calcined at 500 °C, followed by high-temperature annealing at 750 °C for 24 h in an oxygen-rich atmosphere to yield the final layered oxide structure. The complete synthesis process is illustrated in Fig. 1.
Phase purity and crystal structure of the NCMA materials were verified by X-ray diffraction (XRD, PANalytical X’Pert PRO) using Cu Kα radiation (λ = 1.5406 Å) at 40 kV and 40 mA over a 2θ range of 10°- 60°. Morphological characteristics and particle distribution were examined by scanning electron microscopy (SEM, JEOL JSM-7610F) equipped with an energy-dispersive X-ray spectroscopy (EDS) detector. Fourier-transform infrared (FTIR) spectra were collected using a Bruker Alpha II spectrometer in the 500 - 3000 cm⁻¹ range to identify functional groups and confirm phase composition. Particle size distribution was further characterized with a Malvern Mastersizer 3000, providing quantitative analysis of mean particle size and overall distribution profile of the NCMA powders.
[image: ]FIGURE 1. Synthesis process of the pristine NCA and Mn-doped NCA materials

DFT Calculations:
All first principles computations were performed through the Quantum ESPRESSO package [18][19], which implements density functional theory (DFT) with plane wave basis sets and pseudopotentials. Ionic cores were described using projector augmented wave (PAW). The exchange–correlation functional was handled using the generalized gradient approximation (GGA) using the Perdew–Burke–Ernzerhof (PBE) parametrization. To improve the description of electron exchange and correlation, the GGA+U method, an extension of GGA that includes a Hubbard model correction for strong on-site Coulomb interactions, was used to better capture the behavior of localized 3d electrons in transition metals. To further account for these interactions, the DFT+U method was employed with effective Hubbard parameters set to 5 eV for Ni, 5.5 eV for Mn, and 5 eV for Co [20][21]. The kinetic energy cutoff for the plane wave basis was established to 80 Ry for wavefunctions and 800 Ry for charge density, ensuring
convergence of total energies and forces. The Brillouin zone was gathered via a Monkhorst–Pack k-point grid of 6×6×1. Atomic positions and cell parameters were relaxed until the forces on all atoms were below 0.001 eV/Å and the total energy change was less than 10⁻6 Ry.
[bookmark: _Hlk205544791]            To ensure consistency with experimental observations, the lattice constants used in DFT modeling were directly derived from our X-ray diffraction refinement (Rietveld analysis). The refined experimental values are a = 2.8604 Å, c = 14.0433 Å for pure NCA, and for Mn-doped NCA (NCMA), a = 2.8705 Å and c = 14.1362 Å.

RESULTS AND DISCUSSION

Structural Properties
The phase purity and structural characteristics of both pristine NCA (LiNi₀.₈Co₀.₁₅Al₀.₀₅O₂) and Mn-doped NCA (NCMA) were examined by powder X-ray diffraction. Fig. 2a displays the XRD patterns of both samples, while Fig. 2b magnifies the (003) reflection. The patterns were refined using the Rietveld refinement approach with the  space group, which is typical for layered α-NaFeO₂-type structures. No secondary phases or impurity peaks were observed, indicating successful synthesis of single-phase layered oxides in both cases.
The refinement profiles presented in Fig. 3 show that the computed and observed patterns correlate strongly: Fig. 3a for pristine NCA and Fig. 3b for Mn-doped NCA (NCMA), both yielding low residuals (Rwp < 5%) and acceptable goodness-of-fit values (χ² < 2). Table 1 indicates the obtained cell parameters for both samples. The obtained lattice parameters for pristine NCA were a = 2.8604 Å, c = 14.2229 Å, whereas for Mn-doped NCA, a slight lattice expansion was observed with a = 2.8817 Å and c = 14.2232 Å. This expansion is attributed to the partial substitution of Ni³⁺/Ni²⁺ (ionic radii: 0.56/0.69 Å) by Mn⁴⁺ (0.53 Å), which alters the local lattice environment due to changes in the average transition metal–oxygen bond lengths and electrostatic interactions.
The c/a ratio, often used as an indicator of the degree of cation mixing in layered structures, slightly increased upon Mn doping (from 4.9723 to 4.9357), suggesting a marginal improvement in layer ordering and reduced Li⁺/Ni²⁺ intermixing. Furthermore, peak splitting around 2θ ≈ 38° characteristic of the (006)/ (102) planes was clearly visible in both samples, affirming the presence of a well-ordered layered structure [22]. The difference in the (006)/ (102) peak intensity ratio between pristine NCA and Mn-doped NCA in the XRD patterns is primarily attributed to lattice distortion and changes in structural ordering caused by Mn incorporation. When Mn is doped into the NCA structure, it substitutes for Ni in the transition metal layer, leading to slight distortions due to the difference in ionic radii. This substitution can affect the local electron density and alter the intensity of specific reflections. Additionally, Mn doping may influence crystallinity either by introducing lattice strain and defects or by stabilizing the layered structure and reducing cation mixing. As a result, the change in the (006)/ (102) intensity ratio reflects the effect of Mn on the overall structural integrity and ordering of the material.
To further analyze the microstructural changes induced by Mn doping, crystallite size, lattice strain, and dislocation density were determined using the Williamson–Hall (W–H) method. The average crystallite size was found to be ~89 nm for pristine NCA and slightly increased to ~95 nm for NCMA, indicating enhanced grain growth upon Mn addition. The calculated lattice strain was marginally reduced from 0.0024 in NCA to 0.0020 in NCMA, suggesting lower internal stress levels in the doped structure. Similarly, dislocation density (δ), which is inversely proportional to crystallite size and reflects the concentration of lattice defects, decreased from 1.26 × 10¹⁴ m⁻² to 1.11 × 10¹⁴ m⁻² upon Mn doping. These findings confirm that Mn incorporation not only stabilizes the layered structure but also contributes to reduced lattice imperfection and defect density.
Mn doping appears to have a subtle but beneficial effect on the structural integrity of NCA. The increased lattice volume could enhance Li⁺ diffusion kinetics, while the slight suppression of cation mixing may improve long-term structural stability. No significant peak broadening was observed, indicating minimal strain or crystallite size variation due to Mn incorporation. These structural modifications suggest that Mn acts as a stabilizing dopant without disrupting the overall layered framework.
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FIGURE 2. (a) The XRD patterns of the pristine NCA and Mn–doped NCA, The magnified sections of (b) (003)
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FIGURE 3. Rietveld refinement patterns of the XRD data for the prepared samples: (a) Pristine NCA, (b) Mn–doped NCA
	
TABLE 1: Refinement data for the prepared samples from Rietveld refinement method
	

	Sample
	a(°A)
	c(°A)
	c/a

	Pristine NCA
	2.8604
	14.2229
	4.9723

	Mn doped NCA 
(NCMA)

	2.8817
	14.2232
	4.9357



	

The FTIR spectra of pristine NCA and Mn-doped NCA (NCMA), shown in Fig. 4, display pronounced differences in vibrational features, highlighting structural modifications induced by Mn incorporation. In particular, the broad absorption bands in the 1250–1600 cm⁻¹ region, typically assigned to metal–oxygen (M–O) stretching and bending vibrations, exhibit reduced intensity and slight peak shifts in the Mn–NCA sample. These variations reflect changes in the local bonding environment, likely arising from partial substitution of Co by Mn, which alters both the atomic mass and bond strength within the M–O framework. This observation is in line with earlier reports describing similar spectral modifications upon Mn doping [27].
Furthermore, absorption bands in the lower wavenumber range (~500–700 cm⁻¹), associated with lattice vibrations characteristic of the layered oxide structure, appear slightly attenuated in the NCMA material. Such damping suggests a potential stabilization of the crystal lattice and a reduction in structural disorder, consistent with findings reported by Lee et al. [28]. Overall, the suppression of IR-active modes in NCMA implies the development of a more rigid and symmetric bonding network, which may underpin improved structural stability.
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FIGURE 4. FTIR spectra of the pristine NCA and Mn-doped NCA
       LiNi0.8Co0.15Al0.05O2 (NCA) crystallizes in the rhombohedral R3̅m space group, adopting a layered α-NaFeO₂-type structure with an O3 stacking sequence. In this configuration, oxygen atoms form a close-packed cubic structure, while lithium and transition metal (TM) ions occupy alternating octahedral interstitial sites. The primitive 12-atom unit cell contains three formula units and consists of repeating Li-O-TM-O planes stacked along the c-axis, as illustrated in Fig. 5a. To examine how Mn doping influences the structural and electronic properties of NCA, we constructed a 3×2×1 supercell, allowing the substitution of one Co atom by Mn, corresponding to the composition LiNi0.8Co0.1Mn0.05Al0.05O2 (NCMA) (Fig. 5b and Fig. 5c). Structural optimization was performed using density functional theory (DFT) with Hubbard U (DFT+U) corrections to account for localized 3d electrons of TM elements. The optimized values of the lattice parameters are a = 2.9119 Å and c = 14.2058 Å for pristine NCA, and a = 2.9151 Å, c = 14.2341 Å for the Mn-doped structure (NCMA). The slight expansion of the lattice upon incorporation of Mn reflects its subtle impact on the crystal structure and arises from the difference in ionic radii between Mn and Co.
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FIGURE 5. Unit cell representation of the R3̅m phase of LiNiO2 is given in a polyhedral model (a), 3×2×1 supercell of the LiNiO2 material (b), and Optimized 3×2×1 supercell of the NCA material, LiNi0.8Co0.15Al0.05O2 (c). Color code: Lithium atoms are shown in blue, oxygen in red, nickel in green, cobalt and manganese in maroon, and aluminum in violet.
Morphological Properties:
SEM imaging was performed to investigate the surface morphology and particle distribution of both pristine NCA and Mn-doped NCA samples. Fig.6 presents representative micrographs of the two samples (Fig. 6a for the pristine NCA and Fig.6b for the Mn-doped NCA) at a scale of 5 μm. The pristine NCA sample exhibits agglomerated secondary particles consisting of tightly packed primary particles morphology. The average secondary-particle size is close to 5 μm. The particle boundaries are well defined, and the surface is relatively smooth with limited porosity. However, some signs of inter-particle fusion can be observed, potentially due to high- temperature calcination. In contrast, the Mn-doped NCA (NCMA) sample displays a more porous and slightly roughened surface texture, Mn incorporation appears to promote slight particle coarsening and more evident grain boundaries. The morphological differences between pristine and Mn-doped NCA suggest that Mn doping subtly alters the sintering behavior during synthesis.
Notably, the SEM-observed grain features are consistent with the XRD-derived crystallite sizes utilizing the Williamson–Hall (W–H) method. While the SEM reveals secondary particles in the micrometer scale (~5 μm), the crystallite sizes ~89 nm for pristine NCA and ~95 nm for NCMA reflect the nanoscale building blocks that make up these secondary particles. The slight increase in crystallite size upon Mn doping aligns with the observed surface coarsening and more defined grain boundaries in SEM images. This suggests that Mn facilitates grain growth at the nanoscale, which translates to changes in the microstructural features seen in SEM. Thus, the results from XRD and SEM are in good agreement and collectively highlight the influence of Mn doping on both nanostructure and microstructure.
To corroborate the successful introduction and spatial distribution of Mn in the NCA matrix, energy-dispersive X-ray spectroscopy (EDS) elemental mapping was carried out (Fig. 6c). The mapping reveals a well-dispersed distribution of Ni, Co, Al, O, and particularly Mn across the sample, confirming effective doping. The Mn signal is well-dispersed and overlaps with the regions containing Ni and Co, indicating that Mn is integrated within the layered oxide structure rather than forming isolated clusters. This uniform elemental dispersion supports the structural integrity and compositional uniformity of the Mn-doped NCA material.
Additionally, particle size distribution analysis was applied to analyze the influence of Mn doping on particle dimensions (Fig. 7). The volume density versus size plot indicates that both pristine and Mn-doped NCA samples exhibit a unimodal distribution centered around 100-150 μm. However, the Mn-doped NCA shows a slightly narrower distribution and a lower frequency of larger particles (>200 μm), suggesting a drop in particle agglomeration and a narrower and more homogeneous size distribution. This observation is consistent with the SEM results, where Mn doping appears to influence the particle growth dynamics, likely by affecting the surface energy and sintering kinetics during calcination.
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FIGURE 6. SEM micrographs of the two prepared materials at a scale of 5 μm; a) Pristine NCA, b) Mn-doped NCA, c) EDS mapping of Mn-doped NCA
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FIGURE 7. Particle size analysis of the two prepared materials; Pristine NCA and Mn-doped NCA





Magnetic and Electronic Properties 
The impact of Mn doping on the NCA material's electrical and magnetic structure is discussed in this section. 
We approximated the oxidation states of Ni, Mn, and Co from magnetic moments computed by DFT to gain a better understanding of the oxidation states of transition metal (TM) ions in NCA and Mn-doped NCA materials. For NCA, the calculated magnetic moment of Ni ranges from 1.14 to 1.42 μB, corresponding to a low-spin Ni³⁺ state. For NCMA, this value ranges from 1.14 to 1.60 μB. In both materials, the magnetic moment of Co is zero, indicating a low-spin Co³⁺ configuration. Regarding manganese doping in NCA, the calculated magnetic moment of Mn is 2.85 μB, corresponding to a high-spin Mn⁴⁺, while the Ni in this compound has a magnetic moment close to 2 μB (about 1.60 μB), indicating a Ni²⁺ state. These results are consistent with previous theoretical modeling [23][24].
To investigate the electronic characteristics of LiNi0.8Co0.15Al0.05O2 and LiNi0.8Co0.1Mn0.05Al0.05O2, we analyzed their total density of states (TDOS) and partial density of states (PDOS) determined using GGA+U, as shown in Figure 7 and 8. The Fermi level is aligned at 0 eV, and the energy gap between the valence and conduction bands on either side of the Fermi level indicates the band gap. Both NCA and Mn-doped NCA exhibit a semi-metallic character, as revealed by their total density of states (TDOS) and partial density of states (PDOS), with a nearly negligible band gap. These results suggest that Mn doping does not significantly alter the electronic structure near the Fermi level. The calculated electronic properties align well with earlier theoretical studies using the GGA+U approach [25][26].
For the layered NCA material, as illustrated in Fig. 8, the valence band maximum (VBM) is primarily composed of the oxygen 2p orbitals (2p–O) and the nickel 3d orbitals (3d–Ni), with significant hybridization occurring mainly between these orbitals. The contribution of cobalt orbitals to the VBM is negligible. Similarly, the conduction band minimum (CBM) shows comparable orbital contributions to those of the VBM, with additional minor hybridization involving the 3d orbitals of Mn and Co and the 2p orbitals of oxygen. The p orbitals of Al, in addition to the s orbitals of Li, Al, Ni, Co, and O, contribute negligibly to both the VBM and CBM. As depicted in Fig. 9, in Mn-doped layered NCA structures, the overall orbital contributions remain like those of undoped NCA, with the addition of small d- orbital contributions from Mn to the CBM.
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FIGURE 8. Schematic total and projected density of states (PDOS) for NCA.
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FIGURE 9 Schematic total and projected density of states (PDOS) for Mn doped NCA.

CONCLUSION

In this work,  (NCA) and  (NCMA) were synthesized via a controlled co-precipitation method, yielding phase-pure layered structures with uniform morphology. X-ray diffraction combined with Rietveld refinement confirmed the high crystallinity and well-ordered cation distribution within the layered lattice, while scanning electron microscopy provided well-defined particles with a tightly controlled particle size distribution. Such morphological uniformity in NCMA powders suggests favorable processability for electrode fabrication, supporting consistent packing density and reliable performance.
Complementary density functional theory (DFT) calculations revealed atomistic details of the crystal, electronic, and magnetic structures of NCA, further validating the experimental findings. In particular, the theoretical analysis confirmed the stabilizing role of Mn incorporation within the layered framework.
By integrating experimental characterization with first-principles modeling, this study offers a comprehensive understanding of the structure–property relationships in nickel-rich layered oxides. The results not only establish co-precipitation as an effective and scalable synthesis route but also demonstrate that compositional tuning through Mn substitution can reduce cobalt content without compromising electrochemical performance. Overall, the combined evidence highlights NCMA as a promising cathode candidate, capable of balancing high capacity with improved structural and thermal stability.
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