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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Co-free Li-rich Li1.2Mn0.8− xNixO2 made 
via α-MnOOH sacrificial template.

• Ni/Mn ratio tunes R3m/C2/m phase 
balance and Ni/Li antisite disorder.

• Optimized Ni/Mn = 0.6 delivers 256 
mAh g− 1 at 0.1C and 209 mAh g− 1 at 
0.5C.

• Controlled ~2% Ni on Li-layer sites 
maximizes rate capability and cycling 
stability.

• Clustered particles built from small pri
maries shorten Li + diffusion length.

A R T I C L E  I N F O

Keywords:
Li-ion battery
Cobalt free Li-rich layered oxide
α-MnOOH sacrificial template
Phase evolution

A B S T R A C T

Co-free Li-rich layered Li1.2NixMn0.8− xO2 (x = 0.2, 0.3, 0.4) was synthesized by co-precipitation using an 
α-MnOOH sacrificial template. XRD with Rietveld refinement and electron microscopy confirm a well-developed 
layered framework consisting of R3m and Li2MnO3-like C2/m domains, together with a clustered morphology 
assembled from small primary particles. Varying the Ni/Mn ratio tunes the phase balance and the extent of Ni/Li 
antisite disorder and is accompanied by stacking disorder associated with minor Ni2+ incorporation in the Li 
layer of the monoclinic component, improving Li+ transport and electrochemical reversibility. The optimized 
composition (x = 0.3; Ni/Mn = 0.6) delivers 256.05 mAh g− 1 at 0.1C and 208.57 mAh g− 1 at 0.5C 
(1C = 200 mA g− 1), with 96.71% capacity retention after 100 cycles at 0.1C in half-cells. These results define a 
practical design window for Co-free Li-rich layered cathodes enabled by α-MnOOH-templated synthesis.
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1. Introduction

Portable electronics and electric vehicles demand Li-ion batteries 
(LIBs) with high energy density and electrochemically stable perfor
mance. Recent studies in metal-air systems, battery-management 
modeling, solid-electrolyte/interfacial engineering, and sodium-based 
dual-ion batteries further show that practical battery performance de
pends not only on active-electrode chemistry but also on transport, 
interface, and device-level design considerations [1–5]. Accordingly, 
significant effort has focused on developing cathode materials that 
operate at high potential, deliver high capacity, and maintain high 
coulombic efficiency. Li-rich layered oxides, typically formulated as 
Li1.2NixCoyMn0.8− x− yO2, have attracted attention because they can 
provide high discharge capacities (commonly reported at 0.1–0.5C) and 
high energy density at ambient temperature [6–8]. However, these 
materials still suffer from several well-known limitations, including low 
initial coulombic efficiency (ICE), poor C-rate capability, and pro
nounced capacity/voltage decay upon cycling, which are generally 
linked to structural instability during (de)lithiation and voltage-induced 
phase evolution [8–10].

From a crystallographic viewpoint, pristine Li-rich layered oxides are 
often described as an intergrowth of two components: a monoclinic 
Li2MnO3-like phase (space group C2/m) and a rhombohedral layered 
solid-solution phase (space group R3m), frequently represented as 
LiMO2-type (M = Ni, Co, Mn) (Fig. 1a) [8]. Because these components 
differ in local ordering, thermodynamic and kinetic behavior, Li+

transport and redox processes can depend strongly on the phase fraction 

and on cation distributions within the layered framework [10]. 
Increasing the Ni content in the rhombohedral solid-solution is attrac
tive because Ni redox contributes high capacity and improved electronic 
conductivity; nevertheless, excessive Ni frequently induces cation dis
order (Ni/Li cation mixing), where Ni occupies Li-layer sites and 
partially blocks Li+ diffusion pathways. This disorder is widely associ
ated with reduced ICE, poorer rate performance, and diminished 
structural stability, and similar effects have been reported for low-Co 
variants of the Li-rich layered system [11,12].

The monoclinic Li2MnO3-like component is also central to the high 
capacity of Li-rich layered oxides [8,13]. However, its electrochemical 
activation introduces additional challenges. During the first charge, 
oxygen release is commonly observed at high voltages (typically 
~4.4–4.8 V), accompanied by structural rearrangements and partial 
transformation of the layered framework, which can seed voltage decay 
and capacity fading upon prolonged cycling [14,15]. More broadly, the 
charged state promotes dynamic structural evolution in Li-rich layered 
oxides, including transition-metal (TM) migration from TM layers into Li 
layers in both rhombohedral and monoclinic domains [14]. Atomistic 
studies have suggested that TM migration proceeds via intermediate 
tetrahedral sites and ultimately to neighboring octahedral sites in the Li 
layer [16]. Once TM ions occupy Li-layer sites, Li+ in the same layer can 
hinder reverse migration, stabilizing a more disordered configuration 
and progressively impairing Li+ transport and voltage retention.

For Mn–Ni Li-rich layered oxides, Ni2+ is generally considered 
among the most prone TM species to enter Li-layer sites during synthesis 
because its ionic radius is close to that of Li+ and synthesis conditions 
can stabilize Ni2+ [16,17]. Composition tuning can further modulate 
this tendency. Several studies indicate that increasing Ni content (often 
coupled with reducing Mn or Co) can shift the average Ni oxidation state 
toward Ni3+ to maintain charge neutrality, potentially reducing the 
driving force for cation disorder and migration in rhombohedral do
mains [16,17]. In addition, small amounts of Ni in Li-layer sites within 
the monoclinic component have been proposed to suppress oxygen 
release during activation and thereby improve electrochemical stability 
[17]. Therefore, distinguishing and quantifying Ni/Li cation disorder in 
both rhombohedral and monoclinic components, together with its 
dependence on phase fraction and Ni/Mn ratio, is essential to under
stand and improve the electrochemical performance of Co-lean or 
Co-free Li-rich layered cathodes.

Chemical composition and morphology control provide additional 
benefits to improve diffusion-limited rate performance. Structurally, 
α-MnOOH consists of distorted MnO6 polyhedra linked (corner/edge- 
sharing) into chain-like motifs stabilized by hydrogen bonding. 
α-MnOOH is thermally unstable in air (~200–500 ◦C) and can transform 
through multiple Mn–O intermediates depending on annealing condi
tions [18]. MnOOH-derived routes have been used to prepare layered 
and spinel cathodes [19], and a practical advantage is that α-MnOOH 
template can yield nano-/submicron morphologies that shorten Li+

diffusion length in at least one dimension (often on the order of a few 
hundred nanometers). Because layered structures provide directional 
Li+ diffusion pathways, controlling particle growth and minimizing 
diffusion length can reduce transport limitations and enhance C-rate 
capability [20]. In the present series, this previously reported template 
route is used as a synthesis platform to produce the Co-free Li-rich 
samples and to compare how the Ni/Mn ratio affects particle-size con
trol and phase/disorder evolution.

Beyond precursor engineering, composition engineering and surface 
modification strategies, including co-doping, coatings, and alternative 
synthesis routes; have been extensively investigated to suppress oxygen 
release and stabilize Li-rich layered cathodes [17,21–27]. Recent ex
amples include dopant-enabled stabilization (e.g., V-based approaches) 
and conductive surface modifications aimed at improving ICE, rate 
capability, and cycling stability [28]. However, a key limitation of many 
high-performance studies is their reliance on cobalt-containing compo
sitions, which raises concerns related to supply-chain sustainability and 

Fig. 1. (a) Structural schematic of the Co-free Li-rich layered oxides generated 
using VESTA. (b) Thermogravimetric analysis (TGA) and derivative thermog
ravimetry (DTG) curves of the Li/Ni-incorporated precursors for L-NM 26, L- 
NM 35, and L-NM 44 measured in air. The inset shows an enlarged view of the 
330–700 ◦C region.
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cost.
In this work, Co-free Li-rich layered Li1.2NixMn0.8-xO2 (x = 0.2, 0.3, 

0.4) is synthesized via co-precipitation route using α-MnOOH nanorods 
as a sacrificial Mn template. Although the effect of varying the Ni/Mn 
ratio has been investigated in related Li-rich Li1.2NixMn0.8-xO2 cathodes, 
to the best of our knowledge this study is the first to use the previously 
reported α-MnOOH-template platform to compare a Co-free 
Li1.2NixMn0.8-xO2 series and directly correlate the Ni/Mn ratio with 
the R3m/C2/m phase balance, Li/Ni antisite disorder, and rate capa
bility. This combined analysis of composition, phase evolution, and 
electrochemical behavior allowed us to identify a practical design win
dow at Ni/Mn = 0.6, where a balanced phase fraction and limited cation 
disorder produce the best overall performance. By systematically tuning 
the Ni/Mn ratio, we show that electrochemical performance is governed 
by the coupled effects of (i) the monoclinic/rhombohedral phase bal
ance and (ii) Ni/Li antisite disorder, which together influence Li+

transport, initial coulombic efficiency, C-rate capability, and cycling 
stability. Quantitative XRD Rietveld refinement, combined with elec
trochemical testing, indicates that performance is maximized at a 
limited level of Ni occupation in Li-layer sites (≈2% in our samples), 
whereas higher Ni/Mn ratios increase cation disorder and shift the phase 
balance toward monoclinic-dominant compositions, leading to poorer 
rate capability and stability. This distinction is important because the 
Rietveld refinement quantifies Ni occupation in the Li layer of the 
rhombohedral component, whereas the monoclinic-related contribution 
is tracked through phase fraction, lattice parameters, HRTEM/FFT 
stacking-fault evidence, and electrochemical activation behavior. The 
previously reported α-MnOOH-templated route also produces clustered 
secondary particles assembled from small primary crystallites, short
ening diffusion length and helping reveal a practical design window for 
Co-free Li-rich layered cathodes.

2. Experimental

2.1. Material synthesis

All reagents (analytical/battery grade, Sigma-Aldrich) were used as 
received. α-MnOOH nanorods were prepared by a hydrothermal route 
reported previously [13,29]; full conditions are provided in the Sup
porting Information (SI). For Li–Ni co-precipitation on the α-MnOOH 
template, the nanorods were dispersed in an ethanol/water mixture (1:1 
v/v), followed by addition of lithium acetate (5% Li excess) and nickel 
acetate to target Li1.2Mn0.8− xNixO2 (x = 0.2, 0.3, 0.4). NH4OH was 
added dropwise to pH 9.4 to promote Ni precipitation on the nanorod 
surface. The suspension was stirred at 120 ◦C to obtain a viscous slurry, 
then vacuum-dried at 140 ◦C for 72 h to yield a foam-like precursor. The 
precursors were calcined in air at 800 ◦C for 12 h (heating rate 7 ◦C 
min− 1) to form the layered oxides. Samples are denoted L-NM 26 
(Li1.2Ni0.2Mn0.6O2; Ni/Mn = 0.33), L-NM 35 (Li1.2Ni0.3Mn0.5O2; 
Ni/Mn = 0.60), and L-NM 44 (Li1.2Ni0.4Mn0.4O2; Ni/Mn = 1.00).

2.2. Material characterization

Thermal behavior was evaluated by thermogravimetric analysis 
(TGA) and differential scanning calorimetry (DSC). Chemical charac
terization was performed using Raman spectroscopy, Fourier transform 
infrared (FTIR) spectroscopy and inductively coupled plasma optical 
emission spectrometry (ICP–OES). Crystal structure was analyzed by X- 
ray diffraction (XRD). Morphology and elemental distribution were 
examined by dual-beam focused ion beam/scanning electron micro
scopy (FIB/SEM) equipped with energy-dispersive X-ray spectroscopy 
(EDS). Specific surface area was determined by the Bru
nauer–Emmett–Teller (BET) method. Surface oxidation states (prior to 
cycling) were examined by X-ray photoelectron spectroscopy (XPS). 
Instrument models and measurement parameters are provided in the 

Supporting Information.

2.3. Electrochemical characterization

Cathode slurries (80 wt% active material, 10 wt% Super P®, 10 wt% 
PVDF) were prepared in N-methyl-2-pyrrolidone, doctor-blade coated 
onto Al foil, and vacuum-dried at 90 ◦C for 24 h. Cycling stability was 
evaluated in CR2032 coin cells, and rate capability was assessed in 
three-electrode Swagelok cells to monitor the working-electrode po
tential (at ambient temperature ~25 ◦C). Celgard separators were used 
for coin cells and GF/A (Whatman) for Swagelok cells; Li metal served as 
counter and reference electrodes. The electrolyte was 1.0 M LiPF6 in EC/ 
DMC (1:1 v/v). Cells were assembled in an Ar-filled MBraun glovebox 
(O2 < 1 ppm; Moisture< 0.5 ppm). Unless otherwise stated, the first 100 
cycles were performed at 0.1C (1C = 200 mA g− 1). All galvanostatic 
cycling and rate-capability tests were conducted over a 2.0-4.8 V voltage 
window vs. Li/Li+. For the 18650 validations, the Li1.2Ni0.3Mn0.5O2/ 
graphite cell used Celgard 2400 separator, 1.0 M LiPF6 in EC/DMC (1:1 
v/v) electrolyte, vacuum drying at 90 ◦C for 24 h, and formation at 40- 
80 mA in the 2.5-4.5 V window.

3. Results and discussions

3.1. Thermal analysis

Thermogravimetric analysis (TGA) was conducted on the Li/Ni- 
incorporated precursors (Section 3) to confirm the thermal events 
associated with layered-phase formation. Differential scanning calo
rimetry (DSC) was additionally performed to identify the temperature 
range for layered-structure formation and to support the selection of the 
final calcination conditions. Fig. 1a illustrates the proposed reaction 
pathway and structural arrangement during thermal treatment (struc
tures rendered in VESTA), while Fig. 1b shows the corresponding TGA 
and differential thermal analysis (DTA) curves for the precursors ob
tained after incorporation of lithium and nickel into the α-MnOOH 
nanorod template.

The TGA curves show a continuous mass loss up to 515 ◦C, reaching 
43.79%, 45.79%, and 46.04% for L-NM 26, L-NM 35, and L-NM 44, 
respectively. Three main mass-loss stages are observed below 515 ◦C. 
The first stage occurs between 25 ◦C and 111.6 ◦C, which is attributed to 
solvent removal. The second stage extends from 116 ◦C to 326.1 ◦C and 
is assigned to oxidation/decomposition of organic species. The associ
ated critical points in this second region are observed on the DTA curves 
at 312.6 ◦C (L-NM 26), 319.3 ◦C (L-NM 35), and 324.18 ◦C (L-NM 44). 
Consistently, the DSC curve of L-NM 35 exhibits an exothermic peak 
centered at 328 ◦C, confirming the organic decomposition event 
(Fig. S1).

The third mass-loss stage is observed between 326.1 ◦C and 515 ◦C, 
corresponding to the onset of formation of the Li1.2Mn0.8− xNixO2 
(x = 0.2, 0.3, 0.4) layered phase. DSC further supports this assignment: 
for L-NM 35, an endothermic peak is detected at 509 ◦C (Fig. S1). A 
related layered-oxide system, LiNi0.5Mn0.5O2, was reported to form at 
approximately 460 ◦C using a comparable synthesis route [13]. The 
higher Li content in the present compositions (Li excess of 20%) there
fore appears to shift the onset of layered-phase formation to higher 
temperature. Following the initial phase formation, crystallization pro
ceeds with oxygen incorporation into the structure, as discussed by Ma 
et al. and Jouybari et al. [30,31]. In agreement with this interpretation, 
the DSC curve of L-NM 35 shows a small exothermic feature with a 
maximum at 534 ◦C, which is attributed to oxygen integration after 
layered-phase formation (Fig. S1).

At higher temperatures, a minor mass loss between 650 ◦C and 
750 ◦C is attributed to decomposition of residual Li2CO3, yielding 
0.42%, 0.59%, and 1.09% for L-NM 26, L-NM 35, and L-NM 44, 
respectively (see the enlarged inset region in Fig. 1b) [32]. Notably, 
L-NM 44 exhibits the most pronounced mass loss in this region, 
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consistent with a higher carbonate residue (see the enlarged region 
between 300 ◦C and 800 ◦C in the inset of Fig. 1b). Finally, because 
layered oxides are commonly calcined in the range 700–950 ◦C to obtain 
adequate crystallinity, an essential factor governing electrochemical 
performance [33–35], a final thermal treatment at 800 ◦C was selected 
for phase development in this study.

3.2. Morphological and elemental distribution

SEM micrographs (Fig. 2) show the morphology of Co-free Li-rich 
layered cathodes synthesized from the α-MnOOH nanorod template at 
different Ni/Mn molar ratios. The rod-like morphology of the α-MnOOH 
precursor is confirmed in Fig. S2. In all compositions, the powders 
consist of large clustered secondary particles assembled from irregular 
scale-shaped primary particles, indicating that the template-assisted 
route promotes hierarchical aggregation rather than uniform faceting.

For L-NM 26, the clustered particles exhibit an average length of 
3.141 ± 1.87 μm (Fig. 2a), while the scale-shaped primary particles 
show an average length of 461.20 ± 188 nm (Fig. 2b). For L-NM 35, the 
clustered particle length decreases to 1.620 ± 0.74 μm (Fig. 2c), and the 
primary particle length distribution yields 256.59 ± 117 nm (Fig. 2d). 
For L-NM 44, the clustered particles recover a larger average length of 
3.069 ± 1.4 μm (Fig. 2e), with scale-shaped primaries of 372.57 ± 98 nm 
(Fig. 2f). Overall, the primary particle size decreases when the Ni/Mn 
ratio increases from 0.33 to 0.60, while the change from 0.60 to 1.00 

produces a less pronounced additional reduction, consistent with the 
SEM observations. Notably, L-NM 35 displays the most uniform cluster 
length (lowest standard deviation), suggesting a narrower aggregation 
distribution than the other samples.

BET measurements were performed to quantify the influence of Ni/ 
Mn ratio on surface properties. The specific surface area increases 
monotonically from 9.33 m2 g− 1 (L-NM26) to 19.67 m2 g− 1 (L-NM 35) 
and 28.66 m2 g− 1 (L-NM 44). The corresponding BET-derived “equiva
lent” particle sizes are 642.79 nm, 304.91 nm, and 209.36 nm, respec
tively, supporting the SEM trend of decreasing characteristic particle 
size with increasing Ni/Mn ratio. The pore volume, however, is non- 
monotonic: 0.00122 cm3 g− 1 (L-NM 26) decreases to 0.00044 cm3 g− 1 

(L-NM 35) and then increases slightly to 0.00121 cm3 g− 1 (L-NM 44). 
This indicates that pore development does not scale linearly with surface 
area and is likely governed by the competing effects of primary-particle 
size and secondary-particle packing/aggregation. The smallest cluster 
size in L-NM 35 is consistent with its intermediate surface area and its 
reduced pore volume, highlighting the complex interplay among clus
tering, surface area, and porosity.

The local chemical distribution was examined by EDS mapping (right 
panels in Fig. 2a, c, and 2e; quantitative composition in Table S1). For L- 
NM 35 and L-NM 44, the clustered particles display lateral composi
tional heterogeneity across the projected particle surface, with regions 
of different Mn/Ni ratios (see Tables S4, S5, S7, and S8). Because SEM- 
EDS analyzes the projected surface of three-dimensional particles, these 

Fig. 2. Scanning electron micrograph of active materials (powders) after thermal treatment and before cycling in air atmosphere, along with the corresponding 
scaled-shaped individual particle size distributions displays on the right side. (a, b) L-NM 26, (c, d) L- NM 35 and (e, f) L-NM 44. The right-side plots are SEM-derived 
particle-size distributions from image analysis, not EDS depth profiles, etching profiles, or differential total-signal curves.
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data should not be interpreted as a depth-resolved interior/exterior 
composition profile. Instead, the EDS maps support local compositional 
heterogeneity at the particle scale, while the coexistence of R3m and C2/ 
m domains is supported by the combined XRD, Raman, and HRTEM 
evidence. For L-NM26, although XRD confirms the presence of both 
phases (Section 4.3), EDS does not clearly resolve separated Ni-rich and 
Mn-rich regions, indicating a more homogeneous distribution at the 
SEM/EDS spatial resolution.

TEM/HRTEM was performed on individual particles to further probe 
structural heterogeneity (Fig. 3). All samples show lattice fringes 
consistent with coexisting R3m and C2/m domains. In L-NM26, a 
dominant fringe spacing of 0.47 nm corresponds to the (003) plane of 
the R3m phase, while regions with 0.43 nm and 0.37 nm spacings are 
assigned to the (020) and (111) planes of the C2/m phase, respectively 
(Fig. 3a and b). Similar features are observed for L-NM35 and L-NM44 
(Fig. 3c–f), again showing 0.47 nm (R3m (003)) and 0.43/0.37 nm (C2/ 
m (020)/(111)) domains. Following Wu et al. [36], stacking faults may 
arise in C2/m-related ordered regions when small amounts of Ni2+

occupy Li-layer sites; in the present samples, stacking faults are observed 
for L-NM 35 and L-NM 44 in the enlarged HRTEM regions. Such stacking 
disorder has been associated with enhanced high-voltage anionic redox 
activity and can increase the reversible capacity during the first cycle. In 
this work, stacking faults were additionally counted from the HRTEM 
images as an apparent areal density for the samples where stacking-fault 
features were discussed, giving 0.125 ± 0.020 and 0.066 ± 0.018 
stacking faults nm− 2 for L-NM 35 and L-NM 44, respectively. The 
apparent density was calculated as the number of visible stacking-fault 
interruptions divided by the analyzed HRTEM image area. Because the 

C2/m contribution estimated from the monoclinic-phase Rietveld re
sults in Table S9 is 42.48% for L-NM 35 and 55.53% for L-NM 44, and 
prior reports associate stacking faults in C2/m ordered regions with 
trace Ni2+ occupation of monoclinic Li-layer sites, these values are 
interpreted as local TEM-based defect densities within the imaged 
monoclinic-related domains rather than as bulk Rietveld-derived 
stacking-fault probabilities.

Taken together, SEM/BET indicate hierarchical aggregation with Ni/ 
Mn-dependent primary-particle size, while EDS and HRTEM support 
two-phase coexistence (C2/m + R3m) with compositional/structural 
heterogeneity at the particle scale. A plausible formation sequence is 
that Li and Ni species precipitate and incorporate into the α-MnOOH 
template during heat treatment, favoring an initial internal formation of 
a Ni-containing layered oxide domain, followed by progressive incor
poration and rearrangement as the template dissolves/transforms above 
~140 ◦C. Differences in metal–oxygen bonding energetics (Ni–O vs 
Mn–O) may contribute to this sequence [37]. Related growth and 
transformation pathways have been proposed for MnOOH polymorphs 
and their topotactic conversion to MnO2 during calcination in air [38,
39]. Accordingly, the α-MnOOH rod-like template is expected to un
dergo dissolution/transformation processes that lead to the clustered 
morphologies observed here, consistent with prior observations for 
template-assisted routes [13]. The impact of these morphology/heter
ogeneity features on electrochemical performance is discussed in Sec
tion 4.4.

According to Wu et al. [36], stacking faults can occur in the ordered 
layer structure with C2/m symmetry due to the traces of Ni2+ in the 2c Li 
sites. In the current work, stacking faults were seen for the samples L-NM 

Fig. 3. Results of TEM and HRTEM study of the layer samples of active materials (powders) after thermal treatment and before cycling in air atmosphere, Fourier 
transform of TEM Images and local d-spacing Vector Variations for each sample at the right side. (a, b) Results of HRTEM and Local d-spacing vector variation of 
HRTEM for the sample L-NM 26, respectively (c, d) Results of HRTEM and Local d-spacing vector variation of HRTEM for the sample L-NM 44, respectively (e, f) L- 
NM 35. Fast Fourier Transform-FFT images at the ride side of each HRTEM. Enlarge region embedded in each HRTEM image to show Stacking Fauls. Color-full bar d- 
spacing in nm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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35 and L-NM 44, as the enlarged region embedded in the HRTEM images 
showed. Furthermore, stacking faults enhance the high-voltage anionic 
redox activity, increasing the reversible capacity in the first cycle.

The above results indicated that two phases with spatial groups C2/ 
m and R3m coexist in the particles of all synthesized samples. Accord
ingly, the EDS results are discussed here as evidence of lateral surface 
compositional heterogeneity rather than as direct proof of bulk-depth 
segregation. A plausible formation pathway is that Li and Ni species 
precipitate onto and interact with the α-MnOOH template during ther
mal treatment, followed by progressive incorporation and rearrange
ment as the template transforms to form the layered oxide particles. This 
can be explained by the fact that the average energy of bond dissociation 
of the Ni-O is lesser than that of the Mn-O, owing to the cation metal 
amount at different oxidation states in the solid solution [37]. Therefore, 
the first octahedral arrangement in the layer structure is given by Ni-O, 
corresponding to the rhombohedral. As was described in the experi
mental section, the α-MnOOH nanorods are obtained at 140 ◦C. This 
compound begins to dissolve at temperature superior to 140 ◦C to form 
layer particles with different morphologic characteristics. Lan et al. [39] 
proposed a growth mechanism for γ-MnOOH, which can be calcined at 
around ~400 ◦C to form intercalation compounds such as MnO2. 
Moreover, according to the observation of Kohler et al. [38] the top
otactic relation is preserved in α-MnOOH (groutite) and γ-MnOOH 
(manganite) when these are transformed into pyrolusite (β-MnO2) in air 
atmosphere during a thermal treatment. Therefore, the rod-like particles 
of the α-MnOOH template are expected to have the same dissolution 
mechanism to form the clustered particles of the layer materials 
observed in this study and by Agudelo et al. [13].

3.3. Chemical and structural characterization

Chemical composition was quantified by inductively coupled plasma 
optical emission spectrometry (ICP–OES) to determine Li and transition- 
metal contents, while Raman spectroscopy was used to probe local 
vibrational environments. The ICP–OES results (Table 1) are close to the 
nominal synthesis stoichiometries, and SEM–EDS provides consistent 
elemental ratios (Fig. S3–S5). Among the analyzed samples, L-NM 44 
shows the lowest measured Li content. This observation is interpreted 
cautiously and discussed together with the thermal-analysis results in 
Section 4.1, rather than as an independent quantitative proof of pro
gressive Li loss during calcination.

Raman spectroscopy was used to assess local phase/chemical het
erogeneity within the clustered, scale-shaped particles observed by SEM. 
Two reproducible spectral signatures were identified by point-by-point 
mapping (Fig. 4) and are denoted Spectrum 1 (S1) and Spectrum 2 
(S2). The classification was based on (i) the presence of a low- 
wavenumber shoulder adjacent to the main band in the 
~450–485 cm− 1 region (associated with the monoclinic component) 
and (ii) the relative sharpness/intensity of the band assigned to the 
rhombohedral component (S1 being higher and narrower). All spectra 
show the two broad features typical of layered oxides: an Eg-related band 

in the ~470–485 cm− 1 range (oxygen displacements in adjacent O 
layers) and an A1g band near ~583 cm− 1 (symmetric oxygen motion 
along the c-axis) [40].

For L-NM 26, the band in the ~450–485 cm− 1 region is centered at 
~453 cm− 1 (S1) and ~480 cm− 1 (S2), while the A1g band remains near 
~583 cm− 1 in both cases. The shift between S1 and S2, together with the 
appearance of a Li–O-related feature at ~425 cm− 1 in S2, indicates that 
S2 is associated with Mn-rich, Li2MnO3-like environments, whereas S1 
corresponds to Ni-enriched regions [13]. This assignment is consistent 
with SEM–EDS evidence of Mn-rich and Ni-rich regions (Table S4–S5 for 
L-NM 35, Table S7–S8 for L-NM 44, and Fig. S7). For comparison, LiNiO2 
typically exhibits dominant Raman bands (Eg ~465 cm− 1, A1g 
~545 cm− 1), and pronounced broadening has been associated with 
increased disorder/degeneration of the rhombohedral framework [41]. 
In the present samples, the comparatively narrower spectral shapes, 
particularly for S1, suggest that the rhombohedral component remains 
well preserved within both Ni-rich and Mn-rich regions, in agreement 
with the two-phase picture supported by XRD (Table 2).

The Mn-rich and Ni-rich regions also affect the relative Raman in
tensities of the Eg and A1g modes. The Eg/A1g intensity ratio is consis
tently lower in the Ni-enriched regions (S1) than in the Mn-enriched 
regions (S2). Specifically, Eg/A1g in S1 is 0.49, 0.58, and 0.48 for L-NM 
26, L-NM 35, and L-NM 44, respectively, whereas the corresponding 
values in S2 are 0.77, 0.59, and 0.72. This trend indicates that higher 
local Ni content (and lower Mn content) reduces the relative Eg intensity, 
while Mn-rich regions exhibit a stronger Eg contribution.

A systematic shift of the A1g band toward higher wavenumber is 
observed as the Ni/Mn ratio increases from 0.33 to 1.0 (Fig. 4), and the 
effect is most pronounced for the Ni-rich spectrum (S1). This behavior is 
consistent with progressive Ni enrichment of the rhombohedral 
component as Ni/Mn increases, accompanied by redistribution of Mn 
toward the monoclinic component. In a simplified vibrational picture, 
Raman frequency depends on the bond force constant and reduced mass; 
stronger M − O bonding (e.g., associated with higher Ni valence and 
increased bond polarization) can shift the A1g mode to higher wave
number. Accordingly, the A1g feature in Ni-rich regions shifts from ~597 
to ~647 cm− 1 as Ni/Mn increases from 0.33 to 1.0 (Fig. 4). All samples 
retain the characteristic broad Eg and A1g bands of layered oxides 
(Fig. 4).

Fig. 5 shows the XRD patterns of L-NM 26, L-NM 35, and L-NM 44. 
Phase identification and Rietveld refinement were performed using 
HighScore Plus and FullProf, respectively. The diffraction patterns are 
well described by a two-phase model comprising a rhombohedral 
layered phase (R3m, COD 1520787) and a monoclinic Li2MnO3-like 
phase (C2/m, COD 1514067), while L-NM 44 requires an additional 
minor Li2CO3 impurity phase. Across the series, increasing the Ni/Mn 
ratio changes both the R3m/C2/m phase balance and the impurity 
tendency: L-NM 35 preserves a dominant rhombohedral contribution 
with controlled monoclinic participation, whereas L-NM 44 shifts to
ward a larger monoclinic fraction and shows additional carbonate/ 
hydroxide-related reflections. Weak reflections in the 2θ = 20–25◦

range indexed to (020)/(110) are consistent with the monoclinic 
component. The clear splitting of (006)/(102) at 37.64◦/37.91◦ and 
(018)/(110) at 64.47◦/65.07◦ confirms the formation of a well-layered 
hexagonal framework.

Cation mixing was assessed using the I(003)/I(104) intensity ratio, 
which is 0.59 (L-NM 26), 1.05 (L-NM 35), and 0.87 (L-NM 44). Since 
higher I(003)/I(104) values (typically >1.2) indicate lower Li/Ni disorder, 
these results suggest moderate cation mixing in all samples, with the 
lowest disorder for L-NM 35 [45,46]. In L-NM 44, weak additional peaks 
at 30.5◦ and 32.17◦ are assigned to Li2CO3 and LiOH, respectively [47], 
consistent with FTIR evidence of enhanced carbonate-related bands at 
higher Ni/Mn ratio and with higher BET surface area (greater exposure 
to air). Finally, crystallite sizes estimated from the FWHM of the (104) 
reflection are 30.4, 28.1, and 27.8 nm for L-NM 26, L-NM 35, and L-NM 

Table 1 
Results of chemical composition analysis by ICP of L-NM 26, L-NM 35 and L-NM 
44a.

Active 
material

Li (Moles per 
molecule)

Mn (Moles per 
molecule)

Ni (Moles per 
molecule)

L-NM 26 1.18 ± 0.007 0.60 ± 0.006 0.22 ± 0.002
L-NM 35 1.19 ± 0.007 0.48 ± 0.002 0.33 ± 0.005
L-NM 44 1.10 ± 0.007 0.43 ± 0.004 0.47 ± 0.002

a Note: The Standard Deviation (SD) values were calculated from duplicate 
ICP-OES measurements for each sample. Therefore, they should be interpreted 
as an indicator of analytical repeatability between replicates rather than a 
comprehensive statistical analysis of sample-to-sample variability. The results 
are shown in moles.
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44, respectively, supporting a slight reduction of diffusion length with 
increasing Ni/Mn ratio and consistent with the BET-derived trend.

Lattice parameters obtained from Rietveld refinement are summa
rized in Table 2 together with representative literature values. The 
rhombohedral “a” parameter shows no meaningful variation among the 
present samples and is consistent with prior reports, while the unit-cell 
volume is similarly comparable, albeit slightly larger than that reported 
by Jin et al. [42].

Because these compositions are Mn-containing layered oxides, the 
lattice can be influenced by Jahn–Teller distortion associated with high- 
spin Mn3+, which lowers octahedral symmetry along the c direction and 
affects the c parameter [48]. In the present series, increasing the Ni/Mn 
ratio is expected to promote partial Ni3+ formation with charge 
compensation that favors Mn3+, and Table 2 shows a modest increase in 
c as Ni/Mn rises from 0.33 to 1.0. The slightly larger c values for L-NM 
35 and L-NM 44 are consistent with expanded interslab spacing and may 
facilitate Li+ diffusion, suggesting improved rate capability relative to 
L-NM 26.

Compared with literature, the c parameters of L-NM35 and L-NM44 
are generally higher, except for the report by Wu et al. [36], who 
emphasized cycling-driven lattice evolution at an optimal Ni/Mn ratio 
(~0.36) without using an α-MnOOH template. In that case, improved 
electrochemical performance was primarily linked to controlled Li/Ni 
antisite disorder rather than an increased c parameter.

All samples exhibit high c/a ratios, consistent with well-developed 
layered structures; L-NM 35 shows the highest c/a among the series. 
To quantify Ni/Li cation disorder, site occupancies (OCC) were extracted 
from Rietveld refinement and the unit-cell density was calculated; the 
resulting crystallographic parameters are summarized in Table 3. Small 
variations among samples are observed, which are attributed to changes 
in oxygen coordinates and local bonding associated with the different 
ionic radii and valence states of Li+, Ni2+/3+, and Mn3+/4+ as Ni/Mn is 
varied.

A clear increase in Ni occupation of Li-layer sites is observed as the 
Ni/Mn ratio increases from 0.33 to 1.0 (Table 3), while the transition- 
metal layer shows a corresponding increase in Ni content and decrease 

Fig. 4. Raman spectra of the L-NM 26, L-NM 35 and L-NM 44 active materials. The classified spectra are marked as S1 and S2 in Figs. S4 and S5.

Table 2 
Lattice parameters of the R3m space group and phase quantification of the active materials L-NM 26, L-NM 35 and L-NM 44.

Composition R 3 m Phase (%)** Ni/Mn molar ratio a(Å) c(Å) v (Å3) c(Å)/a(Å) Source

0.3Li2MnO3⋅0.7LiNi1/3Co1/3Mn1/3O2
a NR*** 0.44 2.857 14.16 100.13 4.9562** [42]

Li1.2Ni0.2Mn0.6O2 48.30% 0.33 2.8591 14.2505 NR*** 4.9843 [36]
Li1.2Ni0.297Mn0.426Co0.074O2 89.20% 0.70 2.8606 14.2325 NR*** 4.9754 [43]
Li1.2Mn0.54Ni0.13Co0.13 NR*** 0.24 2.8402(14) 14.215(28) NR*** 5.0004(8) [44]
Li1.2Ni0.2Mn0.6O2 87.02% 0.33 2.8656(0) 14.2178(5) 101.11(0) 4.9615(1) [This work]
Li1.2Ni0.3Mn0.5O2 57.52% 0.6 2.8638(2) 14.2340(9) 101.10(0) 4.9703(2) [This work]
Li1.2Ni0.4Mn0.4O2 39.81% 1 2.8665(1) 14.2567(7) 101.45(1) 4.9630(2) [This work]

a Equivalent chemical formula (Calculated by the authors of this work) = Li[Li0.13Ni0.202Co0.202Mn0.463]O2. **Calculated by the authors of this report. ***No reported.

H.D. Agudelo et al.                                                                                                                                                                                                                             Journal of Power Sources 689 (2026) 240754 

7 



in Mn content within the R3m component. These trends are consistent 
with the Raman/EDS evidence for Ni-rich regions and with the phase 
evolution discussed above. Notably, Ni occupation of Li sites rises from a 
limited level in L-NM 35 (≈2%) to a much higher level in L-NM 44 
(35.6%). Here, 35.6% refers specifically to the refined Ni fraction on the 

3b Li-layer site in the R3m component. Since moderate Li/Ni antisite 
disorder can stabilize layered frameworks and improve Li+ transport, 
whereas excessive disorder blocks diffusion pathways [43], the opti
mized performance of L-NM 35 is consistent with its controlled Li/Ni 
mixing compared with L-NM 44.

Fig. 5. X-ray diffraction of the samples L-NM 26, L-NM 35 and L-NM 44.
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X-ray photoelectron spectroscopy (XPS; survey and high-resolution 
scans) was performed on the active materials prior to cycling to eval
uate surface oxidation states of the transition metals and to support the 
proposed cation-disorder mechanism. High-resolution spectra of Ni 2p, 
Mn 2p, and O 1s are shown in Fig. 6, while additional survey/high- 
resolution spectra for Li 1s and Mn 3s are provided in Fig. S8. Peak 
positions and semi-quantitative fitting results extracted using CasaXPS 
from the Ni 2p3/2 and Mn 2p3/2 regions are summarized in Table 4, and 

the overall spectral features are consistent with prior reports for related 
Li-rich layered oxides [17,25,49–52].

In the Ni 2p3/2 region, the components at 854.64 eV (L-NM 26), 
853.61 eV (L-NM 35), and 854.82 eV (L-NM 44) are assigned to Ni2+, 
while components at 855.31 eV, 854.89 eV, and 855.29 eV, respectively, 
are assigned to Ni3+. For Mn 2p3/2, peaks at 641.79 eV, 641.59 eV, and 
642.02 eV are attributed to Mn3+, whereas peaks at 643.55 eV, 
642.08 eV, and 643.16 eV correspond to Mn4+. These results confirm 

Table 3 
Crystallographic results from R3m space groupa.

Sample Atom Coordinate OCC rate Site Rwp (%) Density of the compound (Unit cell - g cm− 3)

X Y Z

L-NM 26 O 0.00000 0.00000 0.24816 1.000 6c 1.09 4.533
Mn 0.00000 0.00000 0.00000 0.300 3a
Ni 0.00000 0.00000 0.00000 0.700 3a
Ni 0.00000 0.00000 0.50000 0.006 3b
Li 0.00000 0.00000 0.50000 0.964 3b

L-NM 35 O 0.00000 0.00000 0.25494 1.000 6c 1.11 3.753
Mn 0.00000 0.00000 0.00000 0.077 3a
Ni 0.00000 0.00000 0.00000 0.923 3a
Ni 0.00000 0.00000 0.50000 0.020 3b
Li 0.00000 0.00000 0.50000 0.980 3b

L-NM 44 O 0.00000 0.00000 0.25383 1.000 6c 1.15 4.019
Mn 0.00000 0.00000 0.00000 0.040 3a
Ni 0.00000 0.00000 0.00000 0.960 3a
Ni 0.00000 0.00000 0.50000 0.356 3b
Li 0.00000 0.00000 0.50000 0.643 3b

a Note: Crystallographic dates of the monoclinic phase are not considered relevant because it is a transition phase, only important during the first charge/discharge 
cycle. However, phase content and the lattice parameters are reported in Table S9 in the supporting information.

Fig. 6. XPS spectra and high-resolution regions Ni2p, Mn2p, and O1s of the active materials L-NM 26, L-NM 35 and L-NM 44.
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that tuning the Ni/Mn ratio in Li1.2Mn0.8− xNixO2 (x = 0.2, 0.3, 0.4) 
modifies the surface redox-state distribution.

Semi-quantitative analysis indicates that the Ni2+ contribution de
creases as Ni/Mn increases from 0.33 to 0.60, but increases again at Ni/ 
Mn = 1.0, whereas Ni3+ is more pronounced for L-NM 35 and L-NM 44 
than for L-NM 26, suggesting that higher Ni/Mn generally promotes 
Ni3+ formation (Table 4). Notably, L-NM 44 exhibits evidence of a 
surface Li2CO3-related layer (supported by TGA, TEM, and XRD), which 
can reduce the electrochemically active surface area and is consistent 
with the relatively stronger Ni2+-related contribution observed in its Ni 
2p spectrum (Fig. 7). In addition, the Ni2+-related component shifts to 
lower binding energy from Ni/Mn = 0.33 to 0.60, consistent with an 
increased average Ni oxidation state; the trend partially reverses at Ni/ 
Mn = 1.0, indicating redistribution of surface redox states and/or phase- 
dependent chemistry.

Although XPS does not provide crystallographic site specificity, the 
combined XPS redox trends and the phase fractions/occupancies ob
tained from XRD Rietveld refinement support our structural model. At 
higher Ni/Mn ratio, where the monoclinic fraction increases (XRD 
refinement), the surface shows a higher Ni2+ contribution; quantita
tively, the Ni2+ fraction increases by 6.11% when Ni/Mn changes from 
0.6 to 1.0 (Table 4). This behavior is consistent with the charge- 
compensation requirements of the Rietveld-derived occupancy model 
(Table 3), in which increasing Ni/Mn is accompanied by increased 
cation disorder (including Ni involvement in the Li layer) and an 
increased Mn3+/Mn4+ contribution in Mn-rich monoclinic domains. The 
presence of stacking-fault features observed by HRTEM for L-NM 35 and 
L-NM 44 (Fig. 3) further supports the emergence of locally disordered 
environments at higher Ni/Mn ratio. The coexistence of a larger Ni3+

contribution with residual Ni2+, especially when the Ni/Mn ratio in
creases from 0.60 to 1.00, suggests redox-state redistribution; the re
sidual Ni2+ species are the most likely Ni species to participate in Li-site 
occupation because their ionic radius is close to that of Li+, consistent 
with the stacking-fault features observed in monoclinic-related domains.

ΔeV of the binding energies in the Mn3s core level is frequently used 
to determine the coexistence of the Mn3+ and Mn4+ [53]. It can also be 
considered that the increasing ΔeV is due to the reduction of Mn from 
+4 to 2+. Thus, the ΔeV commonly reported for Mn4+ is between 4.5 eV 
and 4.7 eV, for Mn3+ is above ~5.2 eV and for Mn2+ nearly to ~6.0 eV 
[13,51,53–55]. For the current work, it is noted that when the Ni/Mn 
molar ratio passed from 0.33 to 1, the ΔeV seemed to increase (Table 4
and Fig. S8). This result confirmed that the ΔeV is forced to be wider 
when the Ni/Mn molar ratio passes from 0.33 to 1. Therefore, the Mn3+

species are forced to appear. Also, the Mn2+ was not seen because the 
corresponding satellite was not observed.

According to the core-level Li1s, all samples showed a centered peak 
at ~54.5 eV corresponding to Li-O in the tetrahedral arrangement and a 
centered peak at ~49.5 eV corresponding to Mn-O in the octahedral 
arrangement (Fig. S8) [13,56]. Additionally, the high-resolution O1s 
region exhibited peaks in the range of ~530 eV to ~532 eV, corre
sponding to M − O (metal-oxygen) and C–O bonds, respectively [13,56]. 
The peak intensity related to C-O showed the significant presence of 

Li2CO3 in the surface of the L-NM 44 active material, and the higher 
intensity of the M − O (M = Metal) also clarified the significant oxygen 
integration of the L-NM 35 active material. Raman and XPS results are 
used as indirect evidence of changes in local M − O bonding and the 
surface oxygen environment, rather than as direct measurements of 
M − O bond lengths, bond energies, or operando oxygen activity.

3.4. Electrochemical performance evaluation

The left side of Fig. 7a shows each sample's initial charge/discharge 
profiles performed at 20 mA g− 1 (1C = 200 mA g− 1) with different Ni/ 
Mn molar ratios. The initial discharge capacities during the first cycle 
were 171.75, 198.3 and 159.68 mAh g− 1, along with coulombic effi
ciencies of 49.33, 69.37, and 66.93% for the active materials L-NM 26, 
L-NM 35 and L-NM 44 respectively. All samples contain at least three 
plateaus in the first charge curves under two electrochemical processes 
(see the left side of Fig. 7a and the corresponding dQ/dV plot). The first 
plateau at ~3.8 V is due to the de-intercalation of Li+ from LiMO2 (M =
Mn, Ni), owing to the oxidation of Ni from 2+ to 3+. The second plateau 
at ~4.2 V is due to the oxidation of Ni3+ to N4+. The third plateau, 
observed within the voltage range of 4.4 V to 4.8 V, is typically associ
ated with the irreversible removal of Li2O from Li2MnO3 [25]. The L-NM 
35 sample exhibited greater extra capacity, attributed to the monoclinic 
phase, which, as reported in the literature, is associated with oxygen 
release [8]. When this process is finished, a new phase is formed. The 
monoclinic phase transitioned to a cubic spinel-like phase framework 
[13]. The XRD analysis showed that sample L-NM 35 contained a more 
reasonable monoclinic phase amount than the rest of the active mate
rials, and it should be expected to have a more considerable charging 
capacity in the voltage plateaus between 4.4 V and 4.8 V. However, all 
samples exhibited a considerable charge capacity. On the other hand, all 
reduction peaks observed in the discharge capacity curve correspond to 
the sequential reduction of Ni4+/Ni3+/Ni2+ vs. Li/Li+ (~4.3 V and 
~3.7 V) and Mn4+/Mn3+ vs. Li/Li+ (~3.2 V region) [25].

According to the report of H. Yu and Zhou, for their Li-rich compo
sition study (Li1.2 Ni0.166Mn0.567Co0.067O2), there is an arising of cubic 
spinel-like phase framework that can be confirmed by the appeared 
oxidation peaks assigned to the pair redox Mn3+/Mn4+ between 3.0V 
and 3.2V after the first cycle [8]. This same phenomenon was seen in this 
work for all samples, even after cycle 80th (see the corresponding dQ/dV 
plot of Fig. 7a). The sample L-NM 35 showed broader peaks between 
3.0V and 3.2V as well as the peaks at ~3.8V and ~4.2V for the cycles 30 
and 80, suggesting more gradual cubic spinel phase transformation 
compared to the sharp peaks of the samples L-NM 26 and L-NM 44. Also, 
these results suggest a more significant electrochemical active region 
presence of Ni3+ and the considerable presence of Mn3+ in the sample 
L-NM 35 during cycling.

Activation of the Li2MnO3-like component during the first charge is 
associated with lithium/oxygen loss or oxygen redox and subsequent 
spinel-like structural rearrangement. The first-cycle coulombic effi
ciencies were 49.33%, 69.37%, and 66.93% for L-NM 26, L-NM 35, and 
L-NM 44, respectively. Although L-NM 44 contains the largest mono
clinic fraction, its first discharge capacity is limited by higher Li/Ni 
disorder and the Li2CO3-rich surface layer observed by HRTEM/XRD 
(Fig. S6), which can hinder Li-ion diffusion and reduce the accessible 
anionic-redox contribution [13,57].

Furthermore, concerning the Ni/Mn molar ratio, the oxidation peak 
intensities at 3.6V and 4.6V appeared to shift as the Ni/Mn ratio 
increased from 0.33 to 1, aligning with the findings from the XRD 
analysis. These dQ/dV changes indicate that the structural differences 
identified by XRD/Rietveld and HRTEM are electrochemically reflected 
in the activation and cycling response: L-NM 35 shows broader and more 
stable redox features, consistent with a balanced monoclinic/rhombo
hedral contribution and controlled Li/Ni disorder, whereas the sharper/ 
shifted features of L-NM 26 and L-NM 44 indicate greater polarization 
and less favorable structural evolution. Voltage-fade behavior was 

Table 4 
Ni2p3/2, Mn2p3/2 and Mn3s spectral fitting parameters: binding energy (eV) for 
each active material, percentage of the total area of Ni2p3/2 region for each 
active material and ΔeV in the Mn3s region for each active material.

Sample Ni2p3/2 Mn2p3/2 Mn3s

Peak 1 
(eV)

% Peak 2 
(eV)

% Peak 1 
(eV)

Peak 2 
(eV)

ΔeV

L-NM 
26

854.64 62.67 855.31 37.33 641.79 643.55 4.68

L-NM 
35

853.61 54.66 854.89 45.34 641.59 642.08 4.83

L-NM 
44

854.82 60.82 855.29 39.18 642.02 643.16 4.92
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further quantified from the average discharge voltage, calculated as 
discharge energy divided by discharge capacity for each cycle. Using 
cycle 2 as the post-activation baseline, the average discharge voltage 
decreased by 192.34 mV for L-NM 26, 82.79 mV for L-NM 35, and 
228.87 mV for L-NM 44 (last valid cycle: 100 for L-NM 26 and L-NM 35, 
and 99 for L-NM 44), confirming the lower voltage decay of the opti
mized L-NM 35 electrode (Fig. S11).

Fig. 7b confirms the superior cycling behavior of L-NM 35, which 
delivered 198.3 mAhg− 1 and retained 96.71% after 100 cycles, 
compared with 171.75 mAh g− 1 and 83.58% for L-NM 26 and 159.68 
mAh g− 1 and 87.5% for L-NM 44. L-NM 35 also showed the best rate 

capability (Fig. 7c and Fig. S9), consistent with its balanced R3m/C2/m 
phase contribution, lower Li/Ni disorder, smaller particle/crystallite 
size, and favorable Li-ion diffusivity. The lower performance of L-NM 26 
is associated with less favorable activation/kinetics, whereas L-NM 44 is 
affected by excessive Li-layer Ni occupancy and carbonate-related sur
face species. Although extended cycling beyond 100 cycles was not 
available, the combined 100-cycle retention, voltage-decay analysis, 
rate capability, and Li-ion transport analysis identifies L-NM 35 as the 
most stable composition within the present series [43]. According to 
Table 5 the current work's material showed comparable results to other 
materials prepared using cobalt or vanadium as dopants.

Fig. 7. (a) Charge–discharge voltage profiles of the L-NM 26, L-NM 35 and L-NM 44 between 2.0 and 4.8 V at a current density of 20 mA g− 1 (0.1C) at room 
temperature and in the ride side the corresponding differential capacity curves for the cycles 1, 2, 30 and 80. (b) Cycling performance at 20 mA g− 1 (0.1C) over a 
2.0–4.8 V voltage window is compared for the samples L-NM 26, L-NM 35 and L-NM 44. (c) Cycling stability curves performed at different C-rates over a 2.0–4.8 V 
voltage window are compared for the samples L-NM 26, L-NM 35, L-NM 44, and L-NM 35, and L-NM 35 in CCCV mode. (d) Cycling performance of the 
Li1.2Ni0.3Mn0.5O2/graphite 18650 full cell, reported as full-cell discharge capacity (mAh) with the corresponding Coulombic efficiency over 32 cycles.
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Preliminary 18650 Li1.2Ni0.3Mn0.5O2/graphite full-cell cycling data 
are presented in Fig. 7d as proof-of-concept validation. The cell deliv
ered 273.53 mAh in the first cycle, reached 323.99 mAh at cycle 17, and 
retained 298.62 mAh after 32 cycles, corresponding to 92.17% retention 
relative to the maximum capacity. These values are reported as full-cell 
capacities in mAh and are therefore not compared directly with the half- 
cell specific capacities.

The lithium-ion diffusivity (DLi+) was calculated using the Galva
nostatic Intermittent Titration Technique (GITT) and Electrochemical 
Impedance Spectroscopy (EIS). GITT was applied for the first charge, 
and the DLi from GITT was calculated after 0.80 y Li in Li1.2NixMn0.8-xO2 
to observe the lithium coefficient in the last quintile Li extracted ca
pacity. The estimated values for DLi+ from GITT are summarized in 
Fig. S10 as a function of the y Li in Li1.2NixMn0.8-xO2. The L-NM 35 
electrode reveals DLi + values in the range from 1 × 10− 12 to 
1 × 10− 14 cm2 s − 1, which are higher than the rest of tested materials. 
These values are consistent with the observation of Kaewmala et al. for 
the first cycle, which can be found for the different chemical composi
tions and the occurred phase transition [58]. It is important to highlight 
that there was no depletion of the DLi+ in the active materials tested. The 
higher Li-ion diffusion coefficient observed in the L-NM 35 active 
cathode material favors the fast-charging performance displayed by the 
L-NM 35 electrode at the different C-rates. This means that the archi
tecture, initial crystal structure, balance phases, and adequate Ni/Mn 
molar ratio contribute together to promoting Li+ diffusion and to the 
outstanding electrochemical performance of the L-NM 35 cathode ma
terial. According to Fig. S10, the DLi + for the sample L-NM 26 was 
slightly affected by the transition phase during the de-intercalation of Li, 
since notably variability of the DLi+ was seen. The samples L-NM 35 and 
L-NM 44 showed more homogeneous Li+ diffusion. Furthermore, the 
sample L-NM 35 showed good kinetic performance and the highest 
electrochemical reversibility.

Fig. 8 shows Nyquist and Bode plots collected after galvanostatic 
charging, together with the equivalent electrical circuit used for fitting. 
The spectra contain high- and intermediate-frequency contributions 
associated with the cathode/electrolyte interphase and charge-transfer 
processes, followed by a low-frequency diffusion response. The Li-ion 
diffusion coefficients estimated from EIS at 40% SOC in cycle 10 were 
6.73 x 10− 12, 6.84 x 10− 12, and 6.67 x 10− 12 cm− 2 s− 1 for L-NM 26, L- 
NM 35, and L-NM 44, respectively; these close values indicate compa
rable EIS-derived Li-ion diffusion, with L-NM 35 showing a slightly 

higher estimated coefficient.
The BET results further indicate that pore volume does not vary 

monotonically with Ni/Mn ratio. Instead, L-NM 35 combines the 
smallest clustered-particle size, intermediate surface area, and favorable 
pore/connectivity characteristics, which helps explain its lower polari
zation and better high-rate behavior.

The Nyquist/Bode plots in Fig. 8 are used to compare the impedance 
spectral features and fitted response of the three electrodes. Because the 
BET surface area differs significantly among samples, the fitted resis
tance parameters were also normalized by BET-derived surface area and 
are presented in Fig. S12. After surface-area normalization, the resis
tance parameters increase with Ni/Mn ratio, indicating larger 
interfacial/charge-transfer resistance for the relative Ni-richer structure. 
Accordingly, the optimized behavior of L-NM 35 is interpreted from the 
combined evidence of moderate Li/Ni disorder, favorable R3m/C2/m 
balance, smaller particle size, voltage retention, rate capability, and Li- 
ion transport rather than from the charge-transfer resistance alone.

The structural and electrochemical evidence therefore converge on 
the same interpretation: insufficient monoclinic activation and less 
favorable kinetics limit L-NM 26, whereas excessive Ni content in L-NM 
44 increases Li/Ni disorder and surface carbonate contribution. In 
contrast, L-NM 35 balances phase fraction, cation disorder, particle size, 
and diffusion behavior, giving the best lithium-ion mobility and cycling 
stability within the studied composition window. From the mechanistic 
point of view, it can be said that increasing the Ni/Mn ratio promotes 
partial Ni3+ formation, with charge compensation favoring Mn3+ (as 
evidenced by XPS). Structurally, XRD data demonstrates an expansion in 
the c-lattice parameter as the Ni/Mn ratio rises from 0.33 to 1.0. These 
slightly larger c values for L-NM 35 and L-NM 44 are consistent with an 
expanded interslab spacing that facilitates Li+ diffusion, thereby 
improving rate capability. Concurrently, this composition induces a 
moderate antisite disorder, which stabilizes the layered framework and 
further enhances Li+ transport pathways.

4. Conclusion

A Co-free Li-rich layered cathode series was successfully synthesized 
by tuning the Ni/Mn molar ratio using an α-MnOOH sacrificial template. 
Among the investigated compositions, Li1.2Ni0.3Mn0.5O2 (Ni/Mn = 0.6) 
delivered the best overall electrochemical performance, exhibiting an 
initial discharge capacity of 213.8 mAh g− 1 under constant-current (CC) 

Table 5 
Comparison of electrochemical performance for Li-rich layer cathode cell in the current work and previous reported works.

Composition Charge 
Mode

Voltage 
range (V)

First Charge 
Capacity (mAh g− 1) 
0.1C

Discharge capacity 
(mAh g-1) 
0.5C

Discharge capacity 
(mAh g− 1) 
1C

Retention Capacity Ref.

Li1.2Ni0.13Co0.13Mn0.54O2 (1C = 200 
mAh g− 1)

CC 2.0-4.7 239.2 ~190a ~160.0a 90.0% after 100 cycles at 
0.1C

[42]

Li1.2Ni0.2Mn0.59V0.01O2 (1C = 250 
mAh g− 1)

CC 2.0-4.8 245.0 ~200-210a ~190-200a 93.87% after 200 cycles 
at 0.1C

[58]

Li1.2Mn0.6Ni0.2O2 (1C = 250 mAh 
g− 1) 
T-LMNOb

CC 2.0-4.8 273.7 249.2 233.2 96.7% after 100 cycles at 
0.1C

[59]

Li(Li0.2Mn0.54Ni0.13Co0.13)O2 with 
Carbon Coating 
(1C = 250 mAh g− 1)

CC 2.0-4.8 264.0 NR ~225.0a 91.0% after 100 cycles at 
0.2C

[60]

Li1.2Mn0.6Ni0.2O2 

FD-LMNOc (1C = 250 mAh g− 1)
CCCV 2.0-4.8 252.0 220 192.0 96% after 100 cycles at 

0.2C
[25]

Li1.2Ni0.2Mn0.6O2 

M-LLOd
CC 2.0-4.8 256.7 NR ~215.0a 98.1% after 100 cycles at 

1C
[43]

Li1.2Ni0.3Mn0.5O2 (L-NM 35) CCCV 2.0-4.8 256.05 208.57 193.4 96.7% after 100 cycles at 
0.1C in mode CC

This 
work

NR= No reported
a These values were taken from the graph presented by the author.
b The author introduced C, N, and S in the superficial of solid solution with thiourea.
c Synthesis by sol-freeze-drying method.
d Synthesis by MOF Assisted Hydrothermal.
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operation and 256.05 mAh g− 1 under constant-current/constant-voltage 
(CCCV) operation, together with >96.71% capacity retention after 100 
cycles at 20 mA g− 1. This improved performance is attributed to an 
optimized balance between the rhombohedral (R 3 m) and monoclinic 
(C2/m) components, controlled cation disorder, and a hierarchical 
microstructure consisting of clustered secondary particles assembled 
from smaller primary particles, which collectively promote Li+ transport 
and cycling stability. Thus, the optimized Ni/Mn = 0.6 composition is 
presented as a practical electrochemical performance window for this 
α-MnOOH-template-derived Co-free Li-rich series, rather than as a uni
versal optimum for all Li-rich layered oxides.

Structural analysis indicates that increasing Ni/Mn enriches the 
rhombohedral component in Ni while redistributing Mn toward the 
monoclinic Li2MnO3-like domains, thereby modifying phase fraction 
and local bonding environments. These composition-dependent struc
tural features, together with the particle-size evolution and porosity 
characteristics, highlight that C-rate capability is governed not only by 
diffusion length but also by pore connectivity and aggregation/packing 
effects.

Overall, this study demonstrates a viable design strategy for cobalt- 
free Li-rich layered cathodes that combine high reversible capacity, 
competitive C-rate capability, and good cycling stability, supporting 
their potential for high-energy LIB applications.
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