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ABSTRACT: Nickel-based layered cathodes such as LiNiO; offer high energy density for lithium-ion batteries, yet improvements
in cycling performance and safety are required for practical use — often achieved through manganese and cobalt substitution, as in
LiNig.30Mno.10C00.1002, (NMC811). However, how such substitution impacts calcination, the key process governing lithiation, struc-
tural ordering, crystallization, and ultimately the resulting material properties, remains unclear. Here, we investigate substitution-
mediated calcination dynamics in NMC811 compared to LiNiO; using multiscale-correlated in situ spectroscopy and atomistic-to-
mesoscale modeling. While both systems progress through a common sequence of intermediates toward the thermodynamically fa-
vored layered phase, NMC811 exhibits an earlier onset of layering concurrent with hydroxide decomposition, followed by sluggish
crystallization. Modeling reveals that Mn and Co lower the energy barrier for lithium incorporation and ordering but increase the
penalty for interlayer gliding, thereby slowing crystal growth at elevated temperatures. This substitution-mediated decoupling of
lithiation and crystallization explains the fine-grained microstructure observed in NMC811 versus coarsened particles in LiNiO- and

establishes a mechanistic framework for predictive microstructure engineering of Ni-based cathodes.

1. Introduction

Transition metal (TM) oxides represent a versatile family of
materials widely used in optics, electronics, catalysis, and en-
ergy storage owing to their abundance, structural diversity and
tunable properties.!* Among them, nickel (Ni)-based layered
oxides have emerged as cornerstone cathode materials for high-
energy lithium-ion batteries (LIBs), offering high specific ca-
pacities while reducing reliance on cobalt.>” To further boost
storage capacity, research efforts have increasingly focused on
cathodes with higher Ni content. However, increasing Ni con-
centration exacerbates detrimental phenomena such as cation
mixing, surface reactivity, and particle cracking, which com-
promise long-term performance.® Stoichiometric LiNiO,
(LNO), the pure Ni endmember, offers the highest theoretical
capacity among Ni-based cathodes, but suffers from poor cy-
cling and thermal stability.*!! Its synthesis presents an addi-
tional hurdle: slight deviations from the ideal LiNiO: stoichi-
ometry lead to Li deficiency (Lii ,Nii+,0O2) and Ni** occupancy
of Li sites, further compromising performance.'? These com-
plexities have historically hindered the practical adoption of
LNO." Partial substitution of Ni with Mn and Co is a well-es-
tablished route to stabilize Ni-based cathodes as exemplified by
commercialized LiNig soMng 10C00.1002 (NMC811).!4-16

Ni-based cathode materials are typically synthesized via two
major steps: coprecipitation and calcination. Coprecipitation
defines the precursor composition and morphology, establishes
primary and secondary particle architectures, and enables ho-
mogeneous elemental distribution or compositional gradients.
The subsequent calcination step dictates the lithiation, structural

ordering, crystallization, and thus ultimately determines the mi-
crostructure and electrochemical performance of the synthe-
sized cathode materials.'* '* Calcination is inherently complex,
involving intercoupled processes, including dehydration, oxida-
tion, lithiation, and structural transformation, collectively dic-
tating phase progression and crystallization.'> !> Subtle varia-
tions in calcination parameters, such as temperature, duration,
or atmosphere, can significantly alter the resulting microstruc-
ture and performance.

Elemental substitution provides additional control over the
structural transformations during calcination. Co substitution
not only enhances electronic conductivity, which is essential for
cycling, but also promotes structural ordering during calcina-
tion.!® Mn, by contrast, has been shown to influence microstruc-
tural development during the sintering process by suppressing
the migration of grain boundaries in addition to its well-estab-
lished roles of stabilizing the layered structure during cycling.!”
The combined use of both Mn and Co is therefore widely ap-
plied to maintain structural integrity of Ni-based cathodes, ena-
bling both high capacity and long cycling stability.'® 1 Despite
their widespread use, the mechanistic roles of Mn/Co substitu-
tion during calcination — particularly how they regulate lithium
incorporation (lithiation), layered-phase formation (layering),
and crystallization, remain poorly understood. 2!

In our recent study, we demonstrated the intricate interplay
between thermodynamics and kinetics during calcination of
LNO, particularly the intercoupling of lithiation, layering, and
crystallization.”! For example, concurrent lithiation and dehy-



dration occurred in LNO, resulting in low-temperature crystal-
lization of the layered phase alongside lithiated rocksalt inter-
mediates. The calcination process is strongly composition-de-
pendent: Mn and Co substitution alter lithium incorporation,
structural ordering, and phase-transition pathways, ultimately
yielding markedly different microstructures and morphologies
(Scheme 1).252® However, a detailed mechanistic understand-
ing of how Mn and Co regulate the calcination of Ni-based cath-
odes, in terms of intermediate phase formation, lithium diffu-
sion, transition metal migration, and grain growth — remains
elusive.?

To address this knowledge gap, we investigate how Mn and
Co substitution impacts the sequence and kinetics of phase pro-
gression and crystallization during the calcination of Ni-based
cathodes, using two model systems, NMC811 and LNO. Corre-
lated in situ X-ray diffraction and total scattering coupled with
pair distribution function (PDF) analysis, are employed to cap-
ture the structural evolution of intermediates, both short and
long-range order. Our results show that, while both systems un-
dergo similar processes towards the thermodynamically-fa-
vored layered phase, NMC811 exhibits an earlier onset of lay-
ering, followed by a slower layered-phase crystallization com-
pared to LNO.

To rationalize these observations, we perform atomistic mod-
eling and phase field-based continuum simulations to capture
key chemical reactions (dehydration, oxidation, lithiation, lay-
ering) and sintering processes (mediated by surface, grain-
boundary, and bulk diffusion mechanisms).>*3 This integrated
atomistic-to- mesoscale modeling reveals that Mn and Co sub-
stitution facilitates low-temperature lithiation and layering,
while imposing a high energy barrier that inhibits gliding be-
tween transition metal and lithium layers, thereby slowing the
growth of the layered phase at elevated temperatures. This sub-
stitution-mediated decoupling of lithiation and crystallization
explains the observed distinct microstructures: fine-grained, po-
rous secondary particles in NMC811 versus dense, coarsened
grains in LNO. These findings establish a mechanistic frame-
work for designing calcination strategies to control microstruc-
ture and optimize the electrochemical performance of Ni-based
cathode materials.

2. Experimental Section

2.1 Synthesis of LNO and NMCS811. Ni(OH), and
Nig.30C00.10Mng.1o(OH), (NMC811(OH),) precursor powders
were continuously synthesized via coprecipitation, using a 10 L
Taylor Vortex Reactor (TVR). The starting solutions consisted
of 2 M of transition metal sulfate solutions with nominal Ni, Mn
and Co ratios, along with 4 M NaOH and 4 M NH4OH. Both
Ni(OH), and NMC811(OH), coprecipitations were carried out
with a 4-hour residence time. Prior to pumping the reactants into
the reactor, the reactor was filled with nitrogen-purged deion-
ized (DI) water, and the inner cylinder was rotated at 800 rpm
for Ni(OH), and 1250 rpm for NMC811(OH), syntheses. The
pH and temperature of the reaction were maintained at 12.00
(£0.02) and 50.00 °C (x0.10°C) for the Ni(OH), reaction and at
11.10 (£0.05) and 42.00°C (£0.05 °C) for NMC811(OH),. All
reactants were pumped simultaneously, with NaOH flow con-
trolling the pH. Once steady-state conditions were reached, the
precipated hydroxides were collected with a rate of ~200 g/h
continuously up to the desired amounts. The products were

washed with nitrogen-purged DI water until the conductivity of
the solution dropped below 20 uS/cm, then filtered, and dried
overnight at 120 °C in a vacuum oven.* For preparing the lay-
ered NMC oxides, the dried hydroxide precursors were mixed
with Li source, LIOH*H,O 5% with Li excess, and subjected to
various in situ and ex situ calcination experiments.

2.2 In Situ High-Energy XRD Measurements. Correlated
in situ high-energy X-ray diffraction and total scattering exper-
iments were carried out at beamline 28-ID-2 of the National
Synchrotron Light Source II (NSLS-II) at Brookhaven National
Laboratory (BNL), as schematically illustrated in Figure 1(a).
A monochromatic X-ray beam with a wavelength of 1.666 A
and a spot size of 0.5 mm (horizontal) x 0.5 mm (vertical) was
used. The pellet sample was prepared from a mixture of
TM(OH); and LiOH*H,O powders, at a molar ratio of 1.00:
1.05. The pellet was placed inside a vertically mounted furnace
(Linkam TS 1500), with an open window aligned perpendicular
to the X-ray beam. The pellet sample was heated at 20 °C steps
from 35 °C to 1000 °C based on the furnace control tempera-
ture; see the heating profile given in Figure 1(b). At each tem-
perature, the sample was held for about 5 minutes to ensure
thermal equilibrium before taking in situ XRD patterns with 30-
second counting time. A Perkin-Elmer XRD 1621 digital imag-
ing detector was used to collect XRD patterns. A temperature
calibration curve correlating the sample temperature to the con-
trol temperature was obtained by measuring the thermal expan-
sion of CeO, under identical experimental conditions.

2.3 Refinement of XRD Data. Rietveld refinements of XRD
patterns were carried out using the TOPAS-Academic software.
TM(OH), (SG: P-3ml), Li\TM2xO, (SG: Fm-3m), and
LiTMO; (SG: R-3m) were employed as the structural models
for initial hydroxides, intermediates, and final layered oxides,
respectively. LiyTM,O: is used here to describe the stoichiom-
etry of lithium transition-metal (TM) oxides. This formulation
unifies both the pure rocksalt phase, represented by x = 0 (with
a normalization factor of 2), and the stoichiometric layered
phase LiTMO:, corresponding to x = 1. The parameter x di-
rectly corresponds to the Li occupancy at the 3b sites obtained
from Rietveld refinement and represents the lithium content
per LixTM>—xO: formula unit, or per two rocksalt (Li, TM)O
formula units.The global refining parameters included back-
ground coefficients, peak shape parameters, lattice parameters,
and the weights of different structures. For the structure of the
layered oxide, the positional parameter of O (6¢); the fractional
factors of all Li and TM and isotropic atomic displacement pa-
rameters (Uis,) were refined. The chemical formula (Li;-
+ITM,)3(TM)3,0, was followed. That is, the total occupancy of
Liand TM at 3b is 1. The Ui, of all elements sharing the same
crystallography position was set to be equivalent.

2.4 In situ High-Energy X-ray Total Scattering Measure-
ments and Pair distribution function (PDF) Analysis. Total
scattering data sets were collected using Perkin Elmer Area de-
tectors with a sample to detector distance of ~200 mm, simulta-
neously with XRD measurements (Figure 1(a)). Exact detector
to sample distances were derived by fits to Ni powder calibra-
tion standards. The Ni standard was also used to determine set-
up specific parameters (Quamp and Oproaad), Which were held fixed
for these samples. The range Qmim = 0.2 A™' and Quax = 24.0 A
! was used in data reduction. The sample information is the
same as that in XRD measurements. Scans were collected with
blank capillaries to determine the background scattering. This



background was subtracted from all datasets. The methods uti-
lized for analysis of the PDF data are described in detail in Ref.
36. For the fits in R-space, the range 1.5 <t <30 A was utilized.

The PDF G(r) is the reduced atomic pair distribution function
which oscillates about zero and is obtained directly from the

scattering data, S(Q), with Q = _4"5/1; Q)

G(r) = % fgw’:;i" Q(S(Q) — 1) sin(Qr) dQ is related directly to

the standard pair distribution function g(r). G(r) =
4rtrpo(g(r) — 1), where p, is the number density of atoms.
F(Q) is defined as F(Q) = Q(S(Q) —1). The PDF G(r) in-
cludes all of Q-space between the limits of the integral in Q-
space and not just at the peak positions. Hence, it captures the
diffuse scattering.’’

. The function

2.5 Atomistic Modeling Methodology The calculations
were performed within the spin polarized density functional
theory (DFT) methodology as implemented in the Vienna Ab
Initio Simulation Package (VASP).>** The generalized gradi-
ent approximation (GGA) is used to model the exchange-corre-
lation potentials as developed by Perdew, Burke, and Em-
zerholf (PBE).*’ The interaction between valence electrons and
ion cores is described by the projected augmented wave (PAW)
method.*' Furthermore, the GGA+U scheme is used for apply-
ing the on-site correlation effects among 3d electrons of the
transition metals, where the parameter of (U-J) is set to 6.20,
3.32, and 3.90 eV for Ni, Co, and Mn, respectively.*? The mag-
netization was used to assign the oxidation state of the ions.

2.6 Multiscale Computational Methodology A phase-field-
based computational modeling framework was developed at the
mesoscale level to capture the sintering and chemical reaction
(dehydration, oxidation, and lithiation) of the cathode active
particles, as well as the evolution of the layered phase within
the lithiated domains.® A Cahn-Hilliard type fourth-order partial
differential equation was solved to capture the evolution of the
conserved solid phase during the sintering process.** Grains are
represented by non-conserved order parameters, and their
growth was modeled by solving the Allen-Cahn type second-
order partial differential equations. All three chemical reactions,
namely, dehydration, oxidation, and lithiation of the cathode ac-
tive particles were assumed to occur through a two-step process:
44

a) reaction at the particle surface, and

b) subsequent transport of the species within the bulk of the

active particles.

The movement of water and lithium was assumed to occur
through a single-phase diffusion process, whereas the transport
of oxygen was assumed to be a two-phase diffusion phenome-
non (details provided in SI). Evolution of the layered phase oc-
curred through the nucleation and growth of the layered do-
mains within the lithiated phase.** Dehydration, oxidation, and
lithiation induced volume expansion and subsequent stress evo-
lution-driven viscoplastic deformation of the cathode particles
were also captured by solving the equilibrium equation within
the developed computational framework. Further details of the
computational techniques and parameters used for running the
simulations are provided in the Supplementary Information (SI).

For the calcination of NMC811 and LNO cathode particles,
a temperature ramp protocol consistent with the experimental
conditions was adopted. The temperature was raised from room
temperature (RT; 25°C) up to 900 °C at a rate of 20°C/min for
1 minute and then held constant for 5 more minutes.

In situ X-ray diffraction analysis of the calcination process
reveals that the hydroxide precursors for both NMCS811 and
LNO demonstrate average primary particle size around 10 nm.
For the computational analysis, a microstructure containing ran-
domly distributed particles with average size around 8§ nm was
generated and used as the initial particle microstructure at the
beginning of the calcination process. The same initial micro-
structure was used for simulating the calcination of NMCS811
and LNO cathode precursors. Dehydration, oxidation, lithiation,
volume expansion, sintering, and subsequent layered phase for-
mation were all simulated on these microstructures.

3. Results
3.1 Substitution-Mediated Phase Progression

Results from synchrotron XRD and scanning electron micros-
copy (SEM) analyses of the synthesized hydroxides and final
layered oxides are provided in the SI (Figures S1-S4). The ini-
tial hydroxides, Ni(OH): and Nio.sMno.10C00.10(OH):, consisting
of needle-like primary particles with a trigonal structure (space
group: P-3ml), transformed into larger particles with a hexag-
onal layered structure (space group: R-3m) upon calcination.
Significant structural and morphological changes occur during
this process due to the involved dehydration, lithiation, struc-
tural ordering, and crystallization (illustrated in Scheme 1).

A comparison of particle size distributions and surface areas
for Ni(OH)2 and Nio.sMno.10C00.10(OH)2 precursors is shown in
Figure S5. The two precursors exhibit comparable primary par-
ticle sizes and anistropic crystal growth, with average values of
11.3 nm for Nio.sMno.10C00.10(OH)2 and 15.4 nm for Ni(OH)z,
being estimated by the Scherrer equation. Brunauer—Emmett—
Teller (BET) surface area measurements also indicate similar
values: 20.6 m?/g for Nio.sMno.10C00.10(OH)2 and 16.4 m?/g for
Ni(OH).. The slight differences in particle size and surface area
are primarily attributed to the lower co-precipitation tempera-
ture used for Nio.sMno.10C00.10(OH): (42 °C) compared to
Ni(OH): (48 °C).

To elucidate the substitutional effects of Mn and Co, in situ
synchrotron XRD and PDF data were collected simultaneously
during calcination of NMC811 and LNO. These measurements
enabled tracking of intermediates and their structural evolution,
from the long-range order down to local octahedral units.?> The
overall phase transformation trends are illustrated by the con-
tour plots of the temperature-resolved XRD patterns (Figure S6).
A zoom-in view of the low-angle diffraction region is provided
in Figures 1c-e to highlight the contrasting structural evolution
of the two systems. In NMC811, the (003), peak, characteristic
of the layered phase, emerged early, upon the hydroxide decom-
position, indicating that Mn and Co substitution promotes early-
stage layering.”? While LNO exhibited a significantly delayed
appearance of the layered phase, with the (003), reflection only
developing at much higher temperatures.

To quantify the major phases evolving during calcination,
Rietveld refinements were applied to individual in situ XRD
patterns, capturing contributions of distinct phases to subtle fea-
tures, such as asymmetric shoulders. Representative calculated
patterns compared with experimental data are shown in Figure
S7. Refined Structural Parameters are provide in Tables S1-S3.
The phase progression of NMC811 and LNO with temperature,
as summarized in Figure 1(f), can be categorized into four se-
quential stages: I (RT to ~180°C), II (180-280°C), III (280-
650°C), and IV (above 650°C):



Stage I (below 180°C). No new Bragg peaks emerged be-
yond those from hydroxide precursors, indicating that the lay-
ered hydroxide structure (P-3m1) was largely preserved. How-
ever, anisotropic lattice expansion occurred, as evidenced by
the gradual shift of the (001)ppeak to lower angles as tempera-
ture increased (Figure 1 (d, e)).

Stage I1 (180-280°C). This stage marks the onset of dehydra-
tion and early lithiation, accompanied by an abrupt phase tran-
sition with multiple co-existing intermediates. In LNO, the
Bragg peak (001)p continuously shifted to lower angles due to
thermal expansion (Figure 1(e)). In NMC811, the Bragg peak
(001)p first shifted to lower and then to higher angles before
rapidly disappearing, indicating lattice shrinking as a result of
faster dehydration. Simultaneously, the (003); characteristic of
the layered phase (at ~2.01°) appeared together with rocksalt
reflections, coinciding with the disappearance of hydroxide
peaks (Figure 1(d)). Notably, in LNO, the appearance of the
characteristic (003), was significantly delayed, highlighting that
Mn and Co substitution facilitates early lithiation and rapid ini-
tial layering in NMCS811. By the end of this stage, hydroxide
phases were fully consumed (Figure 1(f)).

Stage III (280-650°C). Lithiated rocksalt Li,TM»-,O, gradu-
ally converted into to the layered phase (LiTMO,). In LNO, the
(003),, peak emerged at ~330°C, but remained weak and broad,
reflecting delayed nucleation of nanoscale layered domains and
concurrent lithiation of the rocksalt lattice (evidenced by peak
shifts to higher angles). Although layered domains formed ear-
lier in NMCS811, the conversion of lithiated rocksalt to the lay-
ered phase progressed more slowly in NMCS811 than in LNO
(Figurel(f)), suggesting that Mn and Co substitution slows
crystallization, despite promoting early layering.

Stage IV (above 650°C). Both LNO and NMCS811 under-
went rapid rocksalt-to-layered phase transformation, accompa-
nied by pronounced crystallite growth, as reflected by the dra-
matic increase in (003); peak intensity (Figurel(d, e)). Despite
its earlier onset of layering, NMC811 exhibited notably slower
growth of the layered phase compared to LNO; the rocksalt-to-
layered phase transformation reamined incomplete even at the
end of the in situ experiment (~ 865°C), further confirming the
crystallization-inhibiting effect of Mn and Co substitution at
high temperatures. As shown in Figurel(f), Li.COs formation
occurred in both systems due to the exposure to ambient air and
may have slowed the lithiation process (see detailed discussion
in the SI; Note S1).

The phase progression in LNO and NMC811 was further ex-
amined using thermal gravimetry analysis (TGA) and differen-
tial scanning calorimetry (DSC), revealing distinct behaviors
between the two systems (Figure S8). Due to Mn and Co sub-
stitution, the onset of water loss from LiOH.H,O in the mixture
with NMC811(OH), shifted to lower temperatures (at ~ 79.6 °C)
compared to the Ni(OH), mixture (~ 87.5°C). In both cases, de-
hydration of Ni(OH), occurred between 200 and 320°C, as ob-
served in the DSC curves. Notably, NMC811(OH), began los-
ing water at a lower temperature than Ni(OH),, evident from its
greater mass loss in the TGA curve and a lower onset tempera-
tures of endothermic events in DSC (250°C vs. 265 °C).

Furthermore, LiOH-H20 in the mixtures exhibited signifi-
cantly reduced dehydration temperatures compared to pure
LiOH-H:O. In the mixtures, molecular water loss occurred be-
low 90°C and dehydration around 450°C, whereas in pure
LiOH-Hz0 these events typically occurred near 100°C and

above 500°C, respectively. These shifts indicate strong interac-
tions between LiOH-H-0O and TM(OH)..¥

In summary, LNO and NMC811 underwent the same four-
stage phase evolution during calcination, yet exhibited funda-
mentally different behaviors in layering and crystallization ki-
netics:

— Layering: In NMC811, the layered phase emerged earlier,
coinciding with hydroxide decomposition. This contrasts
sharply with LNO, where the onset of layering is markedly
delayed until much higher temperatures, highlighting the
role of Mn and Co in promoting early layering.

—  Crystallization Kkinetics: Despite its early layering,
NMCS811 exhibited much slower crystallization compared
to LNO, pointing to a substitution-induced inhibition of
long-range ordering during layered-phase growth.

The dual-phase crystallization process involved a complex in-
terplay of Li/O incorporation, lattice reconstruction, TM oxida-
tion and migration. Importantly, most major peaks, except for
(003). and (101)y, are shared between the rocksalt and layered
phases, reflecting their geometrical correlation. To further re-
solve the structural ordering and crystallization pathways,
Rietveld refinement of the in situ XRD patterns was performed,
enabling quantitative comparison between NMC811 and LNO.

3.2 Layering and Crystallization

Beyond the overall transformation from rocksalt to the lay-
ered phase, subtle structural evolution can be tracked by
changes in lattice parameters, as schematically illustrated in
Figures 2(a, b). The c/a ratio serves as a key indicator of lay-
ered-phase nucleation within the rocksalt framework, while
evolution of the rocksalt lattice a reflects lithiation dynamics
and induced chemical/structural changes. Notably, the rocksalt
in NMCS811 exhibited a smaller a lattice parameter than that of
LNO, indicating a higher degree of lithiation. This is attributed
to the rapid oxidation of Co?" and Mn*" at low temperatures,
which facilitates early lithiation and layered-phase formation.??
As shown in Figure 2(c), lithium accumulated more rapidly in
NMCS811, with the Li content x rising from 0.5 up to 0.85. In
contrast, lithiation of rocksalt-LNO was much slower, with x
remaining below 0.5 due to sluggish Ni oxidation.

At temperatures above ~600 °C, the partially lithiated rock-
salt phase in LNO reached a steady state, where the lattice pa-
rameter and lithium concentration remained constant over an
extended heating period. This behavior reflects a dynamic equi-
librium between lithium incorporation into the rocksalt lattice
and its concurrent consumption during the layered phase for-
mation. Below ~700 °C, the domain sizes of rocksalt were com-
parable in NMC811 and LNO; above this temperature, LNO
underwent pronounced domain coarsening accompanied by a
rapid reduction in rocksalt phase fraction (Figure 1(f)). These
observations highlight how lithiation-driven evolution of the
rocksalt phase was closely coupled to the crystallization of the
layered phase, as further illustrated in Figure 2(d).

The difference in layering between NMC811 and LNO is fur-
ther highlighted by their c/a ratios at temperatures above 500
°C. During Stage III (below 650 °C), LNO consistently exhib-
ited c/a values below 4.899, significantly lower than that in
NMC811 (4.920), which is due to the highly distorted nanoscale
layered domains (< 5 nm) as reported previously.”” When the
layered LNO first emerged, it showed a lower ¢ and higher «
compared to those of the disordered rocksalt (Figure 2(d)). This



anisotropic lattice distortion of the nano-sized LNO, contraction
in ¢ and expansion in a, is attributed to the excess surface en-
ergy, specifically enhanced attractive and repulsive interactions
along different crystallographic planes.*®

In general, as the nuclei grow, they progressively lose stabil-
ity and transition toward a thermodynamically stable state. This
happens to the LNO system, where a strong correlation was ob-
served between the c/a ratio, Li occupancy, and the domain size
illustrated in Figure 2(d). Above 650 °C, the domain size in lay-
ered LNO grew much faster than in NMC811, indicating more
rapid crystallization and Li/TM ordering. The sudden reduction
and subsequent recovery of Li content in LNO is likely related
to the Li source accessibility: below 740 °C, a fraction of lith-
ium source was trapped in lithium carbonates, becoming inac-
cessible; as temperature rose above 740 °C, the carbonates
started to decompose, releasing lithium. Beyond 800 °C, Li oc-
cupancy decreased again due to lithium and oxygen loss at such
high temperatures. In contrast, NMC811 maintained a relatively
stable Li content up to 800 °C, followed by a gradual decline,
which correlates with slower rocksalt-to-layer transformation
and delayed crystal growth. Therefore, lithium stoichiometry
control during calcination is more challenging in LNO than in
NMCS811 due to the sluggish lithiation in LNO.?' Overall, the
structural transformation during calcination is governed by an
intricate interplay among lithiation, layering, and crystalliza-
tion. This complexity is further examined through in situ PDF
analysis.

3.3 Short-range Ordering

The initial nucleation of the layered phase and the rocksalt-
to-layer phase transformation involve multiple processes, in-
cluding dehydration, lithiation, TM oxidation and migration.
The resulting structures, especially those associated with disor-
dered phases during hydroxide dehydration cannot be ac-
counted for by Bragg analysis due to their short-range nature.
To overcome the limitation and complement the in situ XRD
analysis, in situ PDF measurements were performed to probe
local structural changes throughout the transformation from the
initial layered TM hydroxides to intermediates and final layered
TM oxides.

Figure 3 (a, b) presents temperature-resolved X-ray PDF pat-
terns derived from the Fourier transform of the total scattering
data. Consistent with the XRD results, the overall evolution fol-
lows four distinct stages:

Stage I: TM hydroxides maintained strong local order, re-
flecting bulk-like behavior.

Stage II: A sharp drop in structural ordering coincided with
hydroxide dehydration and loss of long-range order.

Stage I1I: New local ordering gradually emerged, marking
TM oxide nucleation, with a correlation length of ~5 nm —
matching domain sizes from XRD.

Stage IV: Rapid strengthening of local order was observed
in both systems, with LNO showing a faster growth rate
compared to NMCS811.

These observations highlight the role of short-range ordering
in mediating the transformation from hydroxides to layered ox-
ides. To further elucidate the relationship between short-range
ordering and long-range phase evolution, a quantitative analysis
was conducted on the temperature dependence of the peak in-
tensities and positions of the TM-O and TM-TM peaks in

NMCS811 and LNO, as shown in Figure 3(c) and (d). Peak po-
sition reflects atom-pair separations, while peak intensity corre-
sponds to the average coordination number in a defined local
volume: the denser the packing density, the higher the peak in-
tensity. In Stage I, peak positions were nearly constant, while a
gradual decrease in peak intensity was due to the thermal ex-
pansion. In Stage II, TM-TM distances contracted in both sys-
tems, indicating hydroxide dehydration and lattice shrinkage. In
NMCS811, the TM-O pair distance also contracted, indicating
preferential oxidation of Co?*/Mn?* and early lithiation. In con-
trast, in LNO the Ni—O distance remained nearly constant, indi-
cating that Ni(OH): primarily dehydrated without significant Ni
oxidation. This divergence explains the delayed layered-phase
nucleation in LNO (see Figure 1(f)).

In Stage III, Ni-O distances gradually contracted in LNO,
consistent with the progressive oxidization of Ni*" to Ni**. In
NMCS811, TM-O distance stabilized, suggesting limited TM ox-
idation. Meanwhile, TM-TM peak intensity displayed a rapid
drop in both systems, resulting from the lithiation of rocksalt.
Peak intensity dropped due to Li insertion into the lattice, which
lowers X-ray scattering.

Overall, PDF analysis reveals that Co/Mn substitution in
NMCS811 promotes early lithiation and accelerate the nuclea-
tion of the layered phase, whereas sluggish Ni oxidation in LNO
delays layered-phase formation. These short-range structural
signatures further corroborate the distinct transformation path-
ways between the two systems. Combined XRD and PDF anal-
ysis, we can rationalize the differences in the layering and crys-
tallization kinetics between NMC811 and LNO, as summarized
in Figure 3(e): in LNO, nucleation of the layered phase is de-
layed but followed by rapid crystallization; in NMC811, early
oxidation of Mn/Co induces prompt nucleation of the layered
phase, yet crystal growth is comparatively slower. These con-
trasting behaviors between NMC811 and LNO are further elu-
cidated through atomistic and mesoscale modeling in the fol-
lowing sections.

3.4 Layering Thermodynamics by Atomistic Modeling

To better understand the distinct lithiation and layering be-
haviors between NMCS811 and LNO (Figures 1(f) and 2), we
performed DFT calculations to evaluate the relative stability of
the layered and rocksalt phases as a function of Li content (see
details in Note S2 and Figures S9 and S10). Our calculations
reveal that the rocksalt phase is more energetically favorable at
lower levels of lithiation: below 0.65 Li in NMC811 (i.e.,
x<0.65 in LixM>405), and 0.80 Li in LNO (Figure 4(a-b)).
Above these thresholds, the layered phase becomes thermody-
namically favorable. In fact, NMC811 requires less lithiation to
initiate layering and exhibits greater thermodynamic driving
force for this transition than LNO, as evidenced by its lower
formation energy (Figure 4(c)). It is energetically more favor-
able for NMCS811 to adopt and maintain the layered structure
compared to LNO, consistent with the experimental observa-
tions of earlier layering in NMC811. These findings provide a
mechanistic explanation for the different phase evolution be-
haviors in the two systems.

The enhanced stability of the layered structure in NMC811 is
primarily due to the presence of Mn and Co alongside Ni. As
illustrated in Figure 4(d), Mn, Co, and Ni tend to form clusters
(non-alike nearest neighbors) within the layered framework.



This arrangement leads to a more stable configuration because
it maintains an average oxidation state of +3 for the transition
metal ions within the cluster. Breaking this stable structure is
energetically unfavorable. Therefore, the specific distribution
of Mn and Co in NMC811 adds extra stability to the lattice dur-
ing lithiation.

Despite layered phase being thermodynamically stable in
NMCS811 at earlier stages of lithiation, the transition from rock-
salt to the layered structure is more challenging compared to
LNO, most likely due to their different layering mechanisms.
Through combined DFT and Ab Initio Molecular Dynamics
(AIMD) calculations, we have shown that in LNO the relative
gliding between NiO; and Li layers is more accessible with low
energy cost (See Figure S10 in the SI), consistent with a facile
cationic ordering and reduced Li-Ni anti-site formation.*> In
contrast, in NMC811, such a mechanism (gliding) requires
more energy and hence limits its contribution to the layering
process. As a result, even though the layered phase is energeti-
cally favorable, the structural rigidity imposed by Mn and Co
delays the transition from the disordered rocksalt to the fully
ordered layered phase. This gliding-barrier interpretation repre-
sents a mechanistic framework derived from combining DFT
and AIMD insights with experimentally observed trends, while
acknowledging that direct quantification of kinetic barriers dur-
ing calcination is experimentally challenging.

3.5 Microstructure Evolution by Mesoscale Modeling

It is evident from the experimental results that along with de-
hydration, oxidation, lithiation, and layering, the cathode pri-
mary particles experience sintering-induced crystallization dur-
ing calcination.* To understand the underlying mass transport
processes that occur within the cathode active particles during
calcination, computational models at the mesoscale level were
developed.™ Detailed description of the mathematical formula-
tion is provided in Note S3. After complete layering, lithium
demonstrates high diffusivity within the layered phase.’! How-
ever, at the initial stage of calcination the hydroxide precursors
release water and get converted to a rocksalt type structure,
which is charactetrizd as the dehydration process.*? Initial oxi-
dation and lithiation happen within this rocksalt or rocksalt-like
transition metal framework, where the diffusivity of oxygen and
lithium ions are several orders of magnitude smaller than that
observed within the layered phase.> Slow lithiation during cal-
cination can be attributed to the fact that both TM oxidation and
lithiation need to occur during the calcination process, which
can become a challenge in NMC811 and LNO-type cathodes.
Also, due to the energy barrier associated with the transition
from rocksalt to the layered phase, even after reaching the de-
sired lithium stoichiometry, additional time and energy input
may be required for the nucleation and growth of the layered
domains. Crystallization of the cathode primary particles can
further complicate the scenario by increasing the particle size
and, in turn, the diffusion length for ions.

To elucidate the interplay among the dehydration, oxidation,
lithiation, layering, and crystallization, a computational model
was developed at the mesoscale level to capture the physical
phenomena occurring during the calcination of NMC811 and
LNO cathode particles (Note S4). Comparisons of experimental
and atomistic results were conducted to extract the relevant
physics to estimate the appropriate model parameters. The in-
fluence of the nucleation and propagation of the layered phase

within the lithiated rocksalt domain was also incorporated into
the computational scheme. The temperature ramp in the model
was taken directly from the experiments (as in Figure 1(b)). A
change in particle size is observed during calcination due to vol-
ume changes from dehydration, oxidation, and lithiation, as
well as inter-particle sintering. More specifically, dehydration
causes a decrease in particle size (via a combination of molar
volume reduction and particle cracking), whereas oxidation,
lithiation, and sintering lead to an increase in primary particle
size — a process identified with crystallization. The potential in-
fluence of this crystallization on the chemical reactions and lay-
ering of NMC811 and LNO precursors was also investigated.
Starting from the transition metal hydroxide precursor micro-
structure shown in Figures 5(a, b)(panel i), both NMC811 and
LNO underwent dehydration, oxidation, lithiation, layering,
and crystallization at elevated temperatures during the calcina-
tion process. Their final particle microstructures and lithium
concentration profiles as obtained at around 800°C are shown
in Figures 5(a, b)(ii) and 5(a, b)(iii), respectively.

A major structural difference between NMCS811 and LNO is
the presence of 10% Mn and 10% Co TMs within the Ni matrix,
which can influence lithiation, layering, and crystallization dy-
namics. Slower crystallization for NMC811 results in a final av-
erage particle size of 45 nm, whereas LNO reaches an average
particle size of 75 — 80 nm at the end of the calcination. The
temperature dependent growth in primary particle size is pre-
sented in Figure 5(c), with black and blue lines representing
NMCS811 and LNO, respectively. The model shows good agree-
ment with experimental data (circles), obtained by fitting the
activation energies associated with the crystallization of the
cathode particles in the layered phase.

Irrespective of their crystallization behavior, both NMC811
and LNO experienced complete lithiation towards the end of the
calcination, which is clearly denoted by Figures 5(a)(iii) and
5(b)(iii). Prior to lithiation, both the transition metal hydroxide
(NMCS811(OH), and Ni(OH),) precursors experience dehydra-
tion and oxidation of the transition metals. Removal of water
from the hydroxide precursors, along with their oxidation, lithi-
ation, and layering are simulated using the developed mathe-
matical framework. The model predicted evolution of different
species concentration for NMC811 and LNO is shown in Fig-
ures S11(a) and S11(b), respectively, showing similar dehydra-
tion of NMC811(OH), and Ni(OH),. The evolution of the oxi-
dized and lithiated species is shown by the overlapping cyan
and red lines, respectively (in Figure S11). Since oxidation of
Mn and Co is easier than that of Ni, NMC811 undergoes faster
oxidation and lithiation reactions when LiOH was used as the
lithium source. A larger magnitude of reaction rate constant as-
sociated with the oxidation process is assumed for NMCS811
than LNO to capture their differences in the oxidation and sub-
sequent lithiation process. Direct comparison of the increase in
lithium concentration with temperature is shown in Figure S12
(in the SI section), highlighting earlier lithiation of the NMC811
particles than LNO due to the faster TM oxidation.

The layering process within the lithiated rocksalt domain is
modeled as a combination of nucleation and growth of the lay-
ered structures.!” Guided by atomistic simulations, we assume
that in pure LNO evolution of the layered phase is possible
when the extent of lithiation exceeds a certain threshold
(cLi/CLimax> 0.3).%* On the contrary, NMC811 is assumed to un-
dergo early nucleation of the layered phase due to the presence
of Mn and Co, which possibly exist at higher oxidation states



than Ni, consistent with DFT calculations (Figure 4). Computa-
tionally predicted layering in LNO and NMC811 cathode parti-
cles is plotted in Figure 5(d), represented by the black and blue
solid lines, respectively. The close agreement with experi-
mental observations (dashed lines) clearly indicates that the lay-
ering process is distinctly different from the lithiation. Accord-
ingly, it is treated using a separate governing equation and pa-
rameter set (see Eqs. (22) and (23) in SI). Formation and prop-
agation of the layered phase in NMC811 and LNO is denoted
by the black line in Figures S11(a) and S11(b) (in the SI), dras-
tically differing from the lithiation phenomenon (red lines).

The nucleation of the layered phase in NMCS811 occurred
earlier than in LNO (Figure 1(f)) due to the presence of the Mn
and Co, which existed at a higher oxidation state than Ni (Mn **
and Co™). However, the faster nucleation in NMC811 is capped
at x;,~0.3 by the 10% Mn and 10% Co present, which enables
30% lithiation of the NMC811 cathode particles without requir-
ing Ni oxidation (where x;, denotes extent of layering). The
faster oxidation and lithiation of NMC811 possibly contributes
to the early layering process. Atomistic simulations further sup-
port this mechanism, revealing the formation of stable Ni-Mn-
Co honeycomb domains (Figure 4(d)), which aids in the hy-
pothesis of 30% lithiation and layering of NMC811 without any
oxidation of Ni**. On the other hand, the growth of the layered
domain in NMC811 is hindered by the presence of Mn and Co,
by restricting the interlayer gliding mechanism observed
through AIMD simulations. In the mesoscale model, this effect
is captured by assigning a lower reaction rate constant associ-
ated with the layering process in NMC811 compared to LNO
(kO,reac,L,NMcsll < kO,reac,L,LNO) . Figures 813(39 b) demon-
strates the evolution of the hydroxide precursor (blue), interme-
diate rocksalt phase (red), and the layered domains (black) in
NMCS811 and LNO, respectively. The slower layering kinetics
in NMC811 (as compared to LNO) can also be attributed to cat-
ion mixing and/or strain effects that are mediated by Mn and Co
substitution (Note S5 and Figure S14 in SI). During the transi-
tion from the RS to the L phase, the RS domain in LNO and
NMCS811 experiences tensile and compressive strains, respec-
tively. Since the phase change from RS to L is associated with
an increase in volume, tensile strains should facilitate the phase
change in LNO, whereas, compression should slow it down in
NMCS811, which is in clear correlation with the experimental
observations demonstrated in Figures 1(f) and 5(d).

4. Discussion

Through multiscale-correlated in sifu characterization and
modeling, we demonstrate the critical role of Mn and Co sub-
stitutions in regulating the calcination process of Ni-based cath-
odes. In particular, our study reveals distinct differences in lithi-
ation, layering, and crystallization kinetics between NMC811
and LNO, governed by the complex interplay of thermody-
namic and kinetic factors.

—  Early lithiation and layering in NMC811: Mn and Co sub-
stitutions facilitate early lithiation and layered-phase nu-
cleation in NMC811. DFT calculations show that the lay-
ered phase becomes energetically favorable at lower lith-
ium stoichiometry (~0.65 Li) than in LNO (~0.80 Li), pro-
moting earlier nucleation (Figure 4).

—  Sluggish crystallization in NMC811: Despite the early lay-
ered-phase nucleation, the crystallization in NMC811 is ki-
netically slower compared to LNO. This is attributed to the
increased structural rigidity imposed by Mn and Co substi-
tutions, which raises the energy barrier for interlayer glid-
ing — a critical mechanism for layered-phase propagation.
In contrast, in LNO the facile interlayer gliding in homo-
geneous Ni lattice enables faster crystallization.

Given the 10% Mn and 10% Co content, it can be hypothe-
sized that at least around 30% of the NMCS811 lattice structure
behaves like LiN;sMn;;3Co0,30, (NMCI111), forming Ni-Mn-
Co honeycomb domains as observed in atomistic simulations
(see Figure 4(d)). These domains likely initiate early layered-
phase nucleation, which then halts after about 30% conversion,
as demonstrated in Figures 1(f) and 5(d). Usually, the kinetic
pathways of phase transformation are strongly composition de-
pendent and appear markedly different in the NMC111 com-
pared to NMC811 and LNO. 3% %5 While the presence of the
NMCI111-like domains in NMC811 is supported by computa-
tional modeling, it has not been experimentally confirmed.

Following the early nucleation of the layered domains at low
temperatures (< 400°C), their growth mechanism at higher tem-
peratures (> 400°C) becomes the key factors defining the final
particle morphology, which can possibly be argued as a kinet-
ically controlled phenomenon. In particular, the growth of the
layered domains in NMC811 is much slower than in LNO
(shown in Figures 1(f) and 5(d)), which may be justified by the
energetics of inter-layer gliding.** Complete layering of the
transition metal oxide cathode requires gliding of the transition
metal and Li layers across the layering plane. The structural sta-
bility in the presence of Mn and Co reduces the propensity of
interlayer gliding, thus slowing the propagation of the layered
phase in NMC811. Conversely, the structural homogeneity in
LNO enables more facile gliding and faster layered-phase
growth. Crystal-field stabilization analysis suggests that while
Co can readily migrate to octahedral sites from a neighboring
tetrahedral site, it is hard to move out, making its migration
from rocksalt cubic 4a octahedral sites to layer rhombohedral
3a octahedral sites sluggish.®

Although both systems undergo an overall similar process,
eventually evolving into the thermodynamically favored lay-
ered phase, NMC811 follows a different pathway than LNO due
to Mn/Co substitution, as illustrated in Figure 6. In LNO, crys-
tallization and structural ordering are sluggish prior to full lithi-
ation and occur mostly during high-temperature sintering when
rapid crystal growth sets in (Figures 6 (a); top). However, this
late-stage growth is accompanied by Li/O loss and structural
degradation, making synthetic control of structure and morphol-
ogy particularly challenging.?! In contrast, NMC811(OH).
shows an earlier shift of the (110)p and (111)p peaks to higher
angles (Figure S6), consistent with early Mn oxidation and for-
mation of the MnOOH phase (with a relatively smaller lattice).
This promotes early lithiation and layering and then followed
by sluggish crystal growth during high-temperatures sintering
(Figure 6a; bottom). Consequently, a porous microstructure
composed of fine primary particles is formed in calcined
NMCS811, in contrast to dense, coarse-grained LNO. The dis-
tinct interplay between thermodynamics and kinetics may ex-
plain the common observations of the smaller particle sizes and
enhanced structural stability in NMC811 compared to LNO.

In our current analysis, it is assumed that the presence of Mn
and Co slows down the bulk diffusion of transition metal in



NMCS811 as compared to LNO, which leads to the lower surface,
grain-boundary, and bulk diffusion coefficients, as illustrated in
Figure 6 (b). Another important factor is excess Li, which can
cause particle fusion through a mechanism called “liquid-phase
sintering”.!¢ Since Mn and Ni substitutions in NMC811 facili-
tate early lithiation into the lattice (as shown in Figure 2) there
is relatively less Li excess than in LNO. As a result, particle
fusion occurs more slowly in NMC811. This observation is con-
sistent with a recent report on accelerated interparticle fusion
caused by Li excess at grain boundaries.>® Explicit modeling of
the liquid phase sintering process within the mesoscale frame-
work reveals that the reduced activation energy barrier for sin-
tering in LNO is necessary for capturing the rapid grain growth
at elevated temperatures (see Note S6 and Figure S15 in SI).

This study focused on the synergistic effects of Mn and Co
substitution in the commonly studied NMC811 composition.
Atomistic simulations show that incorporating Mn and Co in
NMCS811 promotes the formation of NMCI111-like clusters
(Figure 4d), with Mn**, Co**, and Ni** occupying the transition-
metal lattice. The strong Mn*—O?" interaction increases the en-
ergetic cost of layer gliding, thereby slowing crystallization in
Mn-containing compositions. In contrast, Co** exhibits ionic in-
teractions with O similar to Ni**, suggesting a limited effect
on the crystallization barrier; instead, Co primarily facilitates
structural ordering during calcination.!’

5. Conclusion

This study provides a comprehenaive mechanistic under-
standing of substitution-mediated calcination thermodynamics
and kinetics in Ni-based cathodes. By integrating in situ syn-
chrotron measurements, atomistic DFT calculations, and
mesoscale modeling, we demonstrate that Mn and Co substitu-
tion facilitates early lithiation and layering, while impeding
crystallization due to increased energy barriers for interlayer
gliding. This decoupling of lithiation and crystallization estab-
lishes a mechanistic framework for understand microstructure
evolution during the calcination of Ni-based cathodes.

Our findings underscore that targeted elemental substitution,
when coupled with tailored temperature profiles, enables pre-
dictive control over structure, particle morphology, and ulti-
mately electrochemical performance. The developed multiscale
models offer predictive insights into tuning primary particle ar-
chitecture and size — key factors that influence the cycle life
and rate capability of cathodes. Together, these findings estab-
lish a general principle for guiding the synthesis of next-gener-
ation cathode materials, with improved control over their mi-
crostructure and, in turn, electrochemical properties.
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Calcination - . -

Crystallization

Hydroxide Precursor Layered Cathode

Scheme 1. Schematic of the substitution-mediated calcination of Ni-based cathodes, illustrating the transformation from hydroxide pre-
cursor (/eft) to layered oxide cathode (right), with coupled evolution of structure (top) and morphology (bottom) across multiple length scales.
Top: Concurrent lithiation and dehydration drive a structural transformation from a trigonal structure (S.G.: P3m1) to a lithiated rocksalt
(S.G.: Fm3m)/layered (R3m) two-phase composite and eventual conversion to the layered phase.

Bottom: Morphology evolves from the needle-like sub-10 nm-sized primary particles in the hydroxide precursor into ~100 nm primary
particles in the layered cathode; during the process, the layered phase nucleates from lithiated intermediates and grows rapidly via sintering-
driven coarsening. Inset: Schematic illustration of the particle morphology in hydroxide precursors and final layered cathodes.
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Figure 1. Tracking phase progression and crystallization during the calcination of NMCS811 and LNO.

(a) Schematic illustration of the setup for the correlated in situ high-energy synchrotron XRD and PDF setup using two CCD detectors,
enabling simultaneous data acquisition at the high-angle and low-angle ranges, respectively.

(b) Heating profile for the correlated in situ XRD/PDF measurements, with data collected during the 5 min hold at each temperature step.
(c) Atomic configuration of the layered structure with the (104) and (003) lattice planes highlighted in blue and purple, respectively.

(d, e) Contour plots of the temperature-resolved XRD patterns (low angle region) collected during calcination of NMC811 (d) and LNO

(e), showing that the hydroxide (001)p reflection disappears and the layered (003)L emerges at lower temperatures upon hydroxide decom-
position in NMC811 compared with LNO.

(f) Stack plots for the phase fraction (wt%) of the major crystalline phases obtained by Rietveld refinements of the in situ XRD data, revealing
a shared four-stage pathway with distinct layering and crystallization kinetics:

— Stage I (RT-180 °C): hydroxide precursors (P-3m1) remain intact with anisotropic lattice expansion;

— Stage II (180-280 °C): dehydration and early lithiation. NMC811 shows faster hydroxide decomposition and the emergence of both
layered and rocksalt phases, while LNO delays layered-phase formation until higher temperatures;

— Stage III (280—650 °C): ithiated rocksalt LixTM2-xO2 gradually transforms into layered LiTMO2. NMC811 exhibits early nucleation
early but slower growth, while LNO shows delayed nucleation followed by faster growth;

— Stage IV (>650 °C): rapid rocksalt-to-layer transformation. Crystallite growth accelerates in LNO, while NMC811 remains kinetically
hindered.
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Figure 2. Lithiation-driven structural transformation during calcination of NMC811 and LNO.
(a) Schematic of the rocksalt-to-layer phase transformation.
(b) Correlation between lattice parameters of rocksalt and layered phases, illustrating structural relationships between the two.

(c) Quantitative analysis of structural parameters in the rocksalt phase derived from Rietveld refinement: lattice parameters, lithium occu-
pancy, and domain size

(d) Quantitative analysis of structural parameters in the layered phase obtained from Rietveld refinement: c/a ratio, lithium occupancy, and
domain size
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Figure 3. Local structural ordering during calcination of NMC811 and LNO.

(a, b) Temperature-resolved in situ PDF patterns over a wide r range, showing the evolution of local structural ordering through multiple

stages in NMC811 and LNO, respectively.

(c) Integrated intensities of the TM-O (solid circles) and TM-TM (open circles) peaks as a function of temperature.

(d) Peak positions of the TM-O and TM-TM correlations as a function of temperature, reflecting the evolution of the interatomic distances

and cation oxidation states across stages.

(e) Schematic comparison of layered-phase nucleation and crystal-growth rates for NMC811 and LNO, highlighting the faster layered-phase

nucleation but slower growth in NMC811 (as summarized in the table).
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Figure 4. Atomistic insights into layered-phase formation during lithiation.

(a, b) Calculated formation energies of LixM2.xO2 as a function of the Li concentration for M = Ni and M=Nio.sMno.1Coo.1 respectively.
Blue circles represent the disorder rocksalt configurations, where all the elements occupy octahedral sites in a random manner. Red circles
represent “layered” configurations, where all the Li ions occupy alternating layers. The blue line is the convex hull representing the equi-
librium line where the rocksalt configuration is the more stable. The red line is the convex hull representing the equilibrium line where the
layered configuration is the most stable.

(c) Calculated formation energies of LixM2.xO2 as a function of the Li concentration. The plot shows the layered configuration becomes
thermodynamically favorable at lower Li content for NMC811 (circles) than for LNO (squares).

(d) Ball-and-stick schematic representation of the TM layer (top view) in the layered LixNio.sMno.1Co00.102, showing the lowest-energy
configuration of Ni-Co-Mn clusters.
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Figure 5. Mesoscale microstructure evolution and sintering behavior during calcination of NMC811 and LNO.

(a, b) Particle microstructures and lithiation profiles for NMC811 and LNO, respectively: (i) Initial particle microstructure, (ii) final particle
microstructure, and (iii) Li concentration profile at the end of calcination.

(c) Temperature-dependent crystallization in NMC811 and LNO, comparing computational predictions (solid lines) with experimental ob-
servations (circles), showing faster crystallization in LNO than in NMC811.

(d) Comparison of the layering process in NMC811 and LNO, showing faster nucleation but slower layered-phase formation in NMC811

than in LNO.
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Figure 6. Impact of Mn and Co substitution on microstructure evolution in Ni-based cathodes.

(a) Schematic comparison of the calcination pathways of LNO and NMC811, illustrating differences across the process from early lithiation
through layered-phase formation to final crystallization.

(b) Energetics of cathode crystallization at elevated temperatures, illustrating the thermodynamic driving force to reduce total energy by
lowering surface energy and the corresponding diffusion mechanisms: surface, grain-boundary, and bulk diffusion that governs crystalliza-
tion. In general, surface diffusion is fastest, followed by grain-boundary diffusion and then bulk diffusion.
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Description (60 words): Multiscale-correlated experimentation and modeling reveal key insights into nickel-based cath-
ode calcination. Mn/Co substitution in NMC811 facilitates early lithiation and layered-phase formation while delaying sub-
sequent crystallization — decoupling lithiation and crystallization. This work provides direct evidences explaining contrasting
microstructures in NMC811 versus LiNiO: and establishes a mechanistic framework for predictive synthesis of high-perfor-
mance cathodes.
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