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ABSTRACT 

High-Ni layered oxides are among the most promising cathode materials for lithium-ion batteries (LIBs) due to their high capacity. 
However, the reliance on Co, a scarce, expensive, and geographically constrained element, poses challenges to sustainability and 
large-scale deployment. In this study, Ti is investigated as a cost-effective and earth-abundant substitute for Co in LiNi1-x Tix O2 

(LNTO, x = 0.07 and 0.14), synthesized via a scalable co-precipitation method. EXAFS analyses indicate that no obvious Jahn–Teller 
distortion is observed in LNTO-1, while DFT calculations suggest that Ti substitution modulates the Ni ─O electronic interaction 
and helps reduce the driving force for cooperative Jahn–Teller distortion within the interconnected NiO6 framework. In addition, 
it suppresses the detrimental H2–H3 phase transition and reduces internal mechanical stress during cycling. EXAFS and NEXAFS 
analyses further reveal that TiO6 octahedra act as compensatory structural units that accommodate lattice strain in both bulk and 
surface regions, thereby stabilizing the rhombohedral framework. As a result, the optimized LNTO-1 ( x = 0.07) delivers a high 
initial discharge capacity of 197.5 mAh g− 1 at 0.05 C and retains 80% capacity after 431 cycles at 0.5 C. This work provides strategic 
insights for the design of sustainable, high-performance cobalt-free Ni-rich cathodes for next-generation LIBs. 
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 Introduction 

ithium-ion batteries (LIBs) are adopted as the primary energy
torage system in portable electronics and electric vehicles (EVs),
upporting the global transition away from internal combustion
ngines and helping to mitigate CO2 emissions [ 1–3 ]. A key
actor limiting their performance, however, is the performance
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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and costs of cathode materials [ 4–9 ]. In recent years, high-Ni
(LiNix TM1-x O2 , x ≥ 0.8, where TM is transition metal) layered
oxide materials such as lithium nickel cobalt aluminum oxide
(LiNix Coy Alz O2 , NCA) and lithium nickel manganese cobalt
oxide (LiNix Mny Coz O2 , NMC) have gained considerable atten-
tion, due to their high capacity and reduced cost compared to
lithium cobalt oxide (LiCoO , LCO) [ 10, 11 ]. However, despite
se, which permits use, distribution and reproduction in any medium, provided the 
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heir advantages, most high-Ni materials still rely on Co, a
ostly and scarce metal with limited global reserves. The uneven
istribution of Co across different geographical regions and the
ssociated risks in raw material procurement further complicate
ts widespread use [ 12, 13 ]. 

hese challenges underscore the growing need for Co-free
lternatives that can deliver high performance while ensuring
ustainability and economic viability. However, in high-Ni lay-
red oxide cathodes, cobalt plays a crucial role in stabilizing the
tructure. It is commonly incorporated to suppress Ni/Li cation
ixing, primarily due to its “magnetic frustration” property,
hich can reduce the likelihood of Li+ and Ni2 + exchanging
ositions, thereby preserving the layered structure and enhancing
ong-term electrochemical stability [ 14 ]. As a result, even though
o-free high-Ni layered oxides have attracted great attention, they
ften face inherent structural degradation. These issues include
ot only Ni/Li cation disorder, but also the formation of residual
ithium compounds and irreversible phase transitions (Ni ─O-
ike rock-salt structure formation on the surface), all of which
egatively impact cycling performance [ 12, 15 ]. 

n this work, Ti is investigated as a Co-free stabilizing element in
igh-Ni layered oxides, owing to its abundance, low cost, stable
etravalent state, and strong Ti ─O bonds. To date, only a limited
umber of studies have examined LiNi1-x Tix O2 (LNTO, 0 < x <
.2) [ 16, 17 ]. These reports indicate that Ti substitution enhances
he structural integrity and cycling stability of LiNiO2 , although
xcessive Ti content reduces the specific capacity due to the
lectrochemical inactivity of Ti4 + . LiNiO2 is intrinsically prone
o cooperative Jahn–Teller distortion, which is closely linked to
hase transitions, lattice distortion, and cycling-induced degrada-
ion [ 18, 19 ]. More recent studies on Ti-containing Co-free LiNiO2 -
ased cathodes and related dopant-stabilized layered oxides fur-
her suggest that structural stabilization can be achieved through
opant distribution control [ 20 ], dopant-induced cation/defect
rdering [ 21 ], microstructural engineering [ 22, 23 ], suppressed
hase transitions [ 24 ], and pillar-type framework stabilization
 25, 26 ]. 

espite these advances, the atomic-scale origin of Ti-induced sta-
ilization remains insufficiently resolved. Most previous studies
ave correlated Ti substitution with improved electrochemical
erformance, suppressed structural degradation, or surface stabi-
ization, but the fundamental electronic and local structural roles
f Ti within the Ni ─O framework remain unclear. In particular,
ow Ti affects the Ni ─O electronic structure and the cooperative
ahn–Teller distortion of NiO6 octahedra has not been directly
stablished. 

ere, we disentangle the electronic and structural roles of Ti
ithin the Ni ─O framework. Specifically, we investigate (i) the
lectron-withdrawing effect of Ti on the Ni ─O local electronic
tructure, and (ii) its influence on the cooperative Jahn–Teller
istortion across NiO6 octahedra, which governs phase stability
nd degradation in LiNiO2 -derived cathodes. Near-edge X-ray
bsorption fine structure (NEXAFS) spectroscopy, combined with
ensity functional theory (DFT)-based band structure calcula-
ions, is used to resolve the electronic effects of Ti incorporation.
n parallel, extended X-ray absorption fine structure (EXAFS),
igh-resolution transmission electron microscopy (HRTEM), and
of 16
powder diffraction (PD) are employed to correlate local electronic
changes with octahedral ordering across multiple length scales.
Together, these results provide an atomic-scale mechanistic
description of Ti-induced stabilization of the crystallographic
and electronic structure, moving beyond empirical correlations
between dopant substitution and cycling performance. 

2 Results and Discussion 

2.1 Structural and Electrochemical 
Characterizations 

LNO (LiNiO2 ), LNTO-1 (LiNi0.93 Ti0.07 O2 ), and LNTO-2
(LiNi0.86 Ti0.14 O2 ) were synthesized using the conventional
co-precipitation method, which offers the potential for scale-
up for industrial applications. The total Ti content in the
synthesized materials is determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES, Table S1 ).
The particle size analysis (PSA) results in Figure S1 reveal that
the mean secondary particle size distributions across all these
materials are roughly comparable. As shown in Figure 1a , all
synthesized materials are phase-pure as confirmed by powder
diffraction. The diffraction peaks are well-defined, indexable to
a NaFeO2 -type rhombohedral structure, corresponding to the
𝑅3̄ 𝑚 space group. As Ti incorporation increases, a systematic
leftward shift is observed for all reflections, such as 003 and
018/110 doublets, indicating successful Ti substitution into the
rhombohedral lattice. Further structural analysis using Rietveld
refinement (see Figure S2 ; refinement sequences can be found
in Supporting Information) was carried out. As reported in the
literature, Ti can occupy both transition-metal ( TM ) and Li
lattice sites [ 27 ]. Accordingly, three different models were used
for the refinement: (a) Ti distributed over both the TM and Li
sites, (b) Ti occupying only the TM site, and (c) Ti occupying only
the Li site. The refinement results shown in Figure S3 indicate
that model (a) provides the best match among the three models.
These results suggest that, in the Ti-substituted samples, Ti is
distributed over both the TM and Li sites. Partial Ti occupation
at Li sites may contribute to interslab stabilization through a
pillar-like effect. The Li/Ni disorder values are estimated to be
1.4% for LNTO-1 and 2.2% for LNTO-2, compared to 1.7% for
unsubstituted LNO (see Tables S2–S5 ). 

The structural origin of Ti-induced stabilization is further dis-
cussed in the following sections based on combined operando
SXPD, EXAFS, and HRTEM analyses. With increasing Ti content,
the a ( = b ), and c lattice parameters show a corresponding
increase. Elemental mapping using scanning electron microscopy
coupled with energy-dispersive X-ray spectroscopy (SEM-EDX)
(Figure S4 ) confirms a homogeneous distribution of Ti across the
secondary particles. Additionally, high-resolution transmission
electron microscopy images (HRTEM, Figure 1b,c ; Figure S5 )
demonstrate that Ti is uniformly distributed not only within the
secondary particles but also throughout the primary particles of
both LNTO-1 and LNTO-2. Moreover, these HRTEM maps reveal
that LNTO-1, LNTO-2, and LNO all retain a well-ordered layered
structure. The calculated lattice distances align well with the
expected lattice d -spacing of the (003) planes in rhombohedral
structures [ 28–30 ], denoted as (003)L in the insets. The d-spacing
of the (003) planes increases from 0.473 nm in LNO to 0.534 nm
Advanced Science, 2026
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FIGURE 1 Rhombohedral structure of Ti-substituted LiNiO2 (LNTO-1 and LNTO-2), same as LNO. (a) Synchrotron X-ray powder diffraction 
(SXPD) patterns of LNO, LNTO-1, and LNTO-2. (b) Elemental mapping and HRTEM images of LNTO-1, with lattice spacings determined by fast Fourier 
transform (FFT) analysis of the marked regions. (c) Elemental mapping and HRTEM images of LNTO-2. 
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n LNTO-1, and further slightly increases to 0.535 nm in LNTO-
. This trend indicates that Ti substitution enlarges the Li slab
pacing within the layered structure, which is consistent with the
eft shift of the (003) reflections observed with PD, Figure 1a . 

he electrochemical performance of LNO, LNTO-1, and LNTO-
 is presented in Figure 2 . The materials are cycled vs. Li/Li+
ithin a voltage window of 3.0–4.4 V. As shown in Figure 2a
rate performance), LNO delivers the highest initial specific
ischarge capacity of 210 mAh g− 1 at 0.05C, followed by LNTO-
 (192.8 mAh g− 1 ) and LNTO-2 (138.7 mAh g− 1 ). However,
oth LNTO-1 and LNTO-2 outperform LNO in rate capabil-
ty. After 45 cycles in the rate test, LNTO-1 and LNTO-2
ecover to 194.4 and 140 mAh g− 1 , respectively, values that even
lightly exceed their initial capacities, while LNO could only
ecover to 189.6 mAh g− 1 , noticeably lower than its initial 210 
Ah g− 1 . 

n the cycling stability test shown in Figure 2b , LNTO-1 exhibits
he most robust performance, retaining 80% of its capacity after
31 cycles at a 0.5 C rate. In contrast, LNO and LNTO-2 reach the
ame retention after only 146 and 247 cycles, respectively, high-
ighting the superior long-term stability of LNTO-1. As shown in
igure 2c , even within the first 5 cycles at 0.05 C, LNO exhibits
 noticeable specific capacity loss of 16.7 mAh g− 1 , decreasing
rom 211 to 194.3 mAh g− 1 . In contrast, the LNTO samples show a
light capacity recovery: LNTO-1 rises by 3.9 mAh g− 1 (from 193.6
o 197.5 mAh g− 1 ) and LNTO-2 increases by 2.2 mAh g− 1 (143–
45.2 mAh g− 1 ), demonstrating superior initial capacity retention.
he calculated initial Coulombic efficiencies (ICE) are 79.8% for
NO, 83.0% for LNTO-1, and 76.0% for LNTO-2, respectively, with
NTO-1 exhibiting the highest value. Since a higher ICE has been
eported to correlate with improved cycling stability [ 31 ], this
esult further supports the superior electrochemical performance
f LNTO-1. 
dvanced Science, 2026

t

The reduced specific capacity upon Ti substitution is further
reflected in Figure 2d . The integrated areas of the reaction
peaks, which correspond to the specific capacities in Figure 2c ,
decrease progressively from LNO to LNTO-1 and LNTO-2. This
trend indicates that increasing Ti content reduces the number
of redox-active species owing to the electrochemical inactivity of
Ti4 + . Therefore, Ti substitution introduces a trade-off between
structural stabilization and specific capacity. While a moderate
Ti content enhances cycling stability, excessive Ti substitution
does not provide further benefit. Partial Ti occupation at Li sites
may be considered a relatively stable form of local cation disorder
that contributes to framework stabilization; however, excessive
Ti incorporation further increases the degree of cation disorder,
which is generally unfavorable for efficient Li+ transport and
electrochemical reversibility and may ultimately lead to a phase
transformation from the rhombohedral structure toward a more
cubic-like structure [ 32 ]. To further investigate the optimal Ti
substitution level, additional compositions were synthesized and
evaluated, with the corresponding results presented in Figures
S6 and S7 . Based on these results, x ≈ 0.07 provides the best
balance between structural stabilization, cycling stability, and
electrochemical activity in the present system. 

2.2 Suppression of Phase Transition 

The voltage profile in Figure 2c reveals that LNO exhibits three
distinct voltage plateaus at 3.63, 4.0, and 4.17 V. During lithium
extraction, LNO undergoes a sequence of reversible and stable
phase transitions: H1 → M → H2 → H3 [ 33–35 ], as shown in
Figure 3a . Herein, H1 represents the initially hexagonal phase,
M corresponds to a monoclinic phase, H2 is a second hexagonal
phase, and H3 is a third hexagonal phase. According to the
Gibbs phase rule [ 36 ], the chemical potential of the LNO cathode
material remains almost unchanged during phase transitions,
3 of 16
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FIGURE 2 Battery performance of Ti-substituted LiNiO2 (LNTO-1 and LNTO-2) compared with LNO. (a) rate performance and (b) cycling stability 
in the voltage window of 3.0–4.4 V. The first two cycles were conducted at a constant current of 9 mA g− 1 (0.05C rate), followed by cycling at 90 mA g− 1 

(0.5C rate). Both (a) and (b) include error bars. (c) Voltage versus specific capacity and (d) dQ/dV vs. voltage curves for the first, third, and fifth cycles. 
1C corresponds to 180 mAh g− 1 . 
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esulting in three voltage plateaus observed in Figure 2c . Each
hase transition region corresponds to a plateau, which in turn
eads to distinct reaction peaks in the dQ/dV curve (Figure 2d ),
pecifically associated with the H1 -M, M-H2 , and H2 -H3 phase
ransitions. These are all classified as first-order phase transitions,
s they involve phase coexistence, a key characteristic of first-
rder behavior [ 37 ]. Typically, such transitions are accompanied
y latent heat and require overcoming a significant energy barrier
of 16
between phases. In this context, the transitions involve collapse
of interlayer repulsion and slab gliding in Li-depleted regions,
which are consistent with the abrupt structural changes expected
in first-order transitions. 

In contrast, LNTO-1 and LNTO-2 display no clear voltage plateaus
in Figure 2c . The absence of voltage plateaus in the voltage
profile of LNTO-1 aligns with the operando SXPD measurements
Advanced Science, 2026
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FIGURE 3 Lattice structure analysis via operando SXPD reveals that Ti substitution alleviates the lattice strain induced by phase transitions. (a) 
3D contour plots of operando SXPD patterns for LNO. The phases H1, M, H2, and H3 are marked. The transition zone between each stable phase region 
serves as a phase transformation region, encompassing not only the preceding phase but also the new phase. (b) 3D contour plots of operando SXPD 

patterns for LNTO-1. Since no phase transformation is observed, only a single-phase 𝑅3̄ 𝑚 is present, with reflections corresponding to this phase—such 
as 003, 104—marked in the diagram. (c) Shrinkage of a = b , c lattice parameters, c / a , and unit cell volume during charging with standard deviations. 
The evolution of the unit cell volume for the M phase has not been included. More detailed SXPD patterns can be found in Figures S9–S11 . (d) Schematic 
representation of the structural evolution of LNO and LNTO-91 during the delithiation process. 

Advanced Science, 2026 5 of 16
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n Figure 3b , which show no distinct phase transformation.
nstead, a continuous shift of the rhombohedral reflections (space
roup 𝑅3̄ 𝑚) is observed, including the 003, 104 reflections.
onsequently, the reaction peaks in Figure 2d are more appro-
riately labeled as reaction peaks I, II, and III, rather than using
omenclature based on phase transformations. 

ietveld refinement is carried out for these in-situ SXPD patterns,
nd the evolution of the a , c lattice parameters, c/a ratio, and
nit cell volume is summarized in Figure 3c . In the absence of
tructural distortion, the lattice parameters of the monoclinic
M) and hexagonal (H) phases are related by the following
xpressions: aM 

= √3 aH , bM 

= aH , cM 

= cH /3 sin β, and β = 180 −
an− 1 cH / √3 aH [ 38 ]. Under these conditions, the M and H lattice
arameters can be directly compared within the same diagram,
xcept for the unit cell volumes (Figure 3c ). Upon delithiation,
NO shows discontinuous contraction in a lattice parameter, i.e.,
hrinking by 9.74% from 2.87551(7) Å to 2.80044(10) Å. In contrast,
NTO-1 exhibits a continuous change, with the a parameter
ecreasing by 2.05% from 2.87927(5) Å to 2.82013(4) Å. Similarly,
he c lattice parameter of LNO changes non-monotonically, first
ncreasing and then decreasing, resulting in a total contraction of
.71% (from 14.19020(50) Å at 0%SOC to 13.23774(63) at 100%SOC
). In comparison, LNTO-1 displays a smoother and more
radual c -axis contraction, with a total change of 2.83% (from
4.22812(33) Å at 0%SOC to 13.85416(354) Å at 100%SOC). The
hrinkage of unit cell volume is a critical indicator of overall
rystal contraction and is closely linked to the risk of particle
racking during cycling [ 39 ]. For LNO, the volume change is
gain discontinuous, dropping from 101.613(1) Å3 to 89.908(6) Å3 ,
orresponding to ΔV = 11.52%. In contrast, LNTO-1 shows a more
radual volume reduction, from 102.151(1) Å3 to 95.422(31) Å3 ,
ith ΔV = 6.59%—nearly half the volume change observed in
NO. 

he c/a ratio serves as an important indicator of shear strain
ithin the lattice, which can lead to anisotropic stress, ultimately
ausing structural collapse and particle cracking [ 27, 40 ]. In LNO,
he c/a ratio changes abruptly, particularly across the H2–H3
ransition, where it drops sharply from 4.98 to 4.82, and then
ontinues to decrease to 4.73. This behavior reflects a nonlinear
nd discontinuous lattice response. In contrast, LNTO-1 shows
 smooth and continuous change in the c/a ratio, without any
udden jumps. An abrupt contraction observed in LNO generates
echanical shear stress within the layered structure, significantly
ncreasing the likelihood of crack formation and structural
egradation. Notably, this sharp collapse is most pronounced
uring the H2–H3 phase transition, aligning with literature [ 33 ].
hus, the H2–H3 transition is highly detrimental upon long-term
ycling. 

perando SXPD shows that LNTO-1 does not undergo distinct
hase transitions, in contrast to the clear, multi-phase transitions
bserved in LNO. This indicates that Ti substitution effectively
uppresses phase transitions, particularly the H2–H3 transition,
nd it alters the reaction pathway toward a more continuous (or
ingle-phase) process. The partial substitution of Ni by Ti also
educes mechanical stress within the lattice upon cycling, thereby
inimizing structural degradation. As a result, this structural
tabilization contributes directly to the enhanced cycling stability
bserved in LNTO-1. 
of 16
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The electrode morphologies of LNO and LNTO-1 after 150
cycles are investigated by SEM. As shown in Figure S8 , clear
particle cracks are observed in LNO, whereas such cracks are
largely absent in LNTO-1. This is a macroscopic manifestation of
mechanical degradation that originates from accumulated lattice
strain and volume changes during cycling [ 41 ]. These findings
are consistent with the long-term cycling performance shown
in Figure 2b , where LNTO-1 outperforms LNO. To elucidate the
atomistic origin of the enhanced structural stability upon Ti
incorporation, both the crystallographic and electronic structures
are investigated in more detail. 

2.3 Cooperative Suppression of Jahn–Teller 
Distortion 

To further investigate how Ti alters the crystallographic structure
and potentially suppresses the phase transitions, operando hard
X-ray absorption spectroscopy (XAS) [ 42 ] is conducted on LNO
and LNTO-1 during the first cycle to unravel the local ordering
around the transition metals (overview Figure S12 ). Figure 4a–c
presents the Fourier transform (FT) magnitudes of k3 -weighted
hard XAS spectra. The samples at OCV, charged to 4.4 V, and
discharged to 3.0 V are selected for data fitting with the Artemis
software [ 43 ], Figure 4d–f (see Tables S7–S9 for details). The first
shell in the Ni K edge (Figure 4a,b ) and Ti K edge (Figure 4c )
corresponds to the nearest O atoms, with the distance reflecting
the Ni ─O or Ti ─O bond length, while the second shell relates to
the nearest TM atoms, with the distance reflecting the Ni ─TM
or Ti ─TM bond length. As indicated by the arrow in Figure 4a,b ,
the Ni ─O bond length slightly decreases while the corresponding
EXAFS intensities increase during delithiation in both LNO and
LNTO-1. This behavior is attributed to the oxidation of Ni, which
results in a reduction of its ionic radius from 0.69 Å (Ni2 + )
to 0.62 Å (Ni4 + ). As the Ni ─O bond shortens, the intensity of
the Fourier Transform of the EXAFS signal increases, since the
amplitude is approximately inversely proportional to the square
of the bond length ( ∝ 1/R2 ), assuming other factors are constant.
In contrast, the Ti ─O bond exhibits a decrease in EXAFS intensity
during delithiation (Figure 4c ), indicative of a slight elongation
of the Ti ─O bond. This opposing trend indicates a compensatory
structural response of TiO6 octahedra to the contraction of NiO6 
units. 

The presence of low-spin Ni3 + (3d7 : t2g 6 eg 1 , Figure 4g ) in LNO
induces Jahn–Teller distortions [ 44, 45 ], which destabilize the lat-
tice, trigger phase transitions, and cause abrupt volume changes
[ 46 ], as shown in Figure 3 . These structural instabilities can lead
to microcrack formation, surface pulverization, and ultimately
result in capacity loss [ 45 ]. Low-spin Ni3 + in octahedral coordina-
tion is susceptible to spontaneous symmetry breaking to lower the
system’s energy, through tetragonal elongation or compression
(Figure 4g ). This distortion splits the first Ni ─O shell into two
distinct shells: Ni ─O1 and Ni ─O2 [ 44, 46 ], as illustrated in
Figure 4d . To verify this effect, Figure S13 presents EXAFS fitting
results using two models: one with two single scattering paths
(Ni ─O and Ni ─TM ) and another with three single scattering
paths (Ni ─O1 , Ni ─O2 , and Ni ─TM ). The two-paths model fails
to adequately capture certain regions of the data compared to
the three-paths model, resulting in a higher R-factor relative to
the three-paths model. This supports the presence of Jahn–Teller
Advanced Science, 2026
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FIGURE 4 Operando extended X-ray absorption fine structure (EXAFS) technique reveals that no obvious Jahn–Teller distortion is observed in 
Ti-substituted LNO. Fourier-transformed (FT) magnitudes of k3 -weighted EXAFS spectra at the Ni K-edge for (a) pristine LNO and (b) Ti-substituted 
LNTO-1, and at the Ti K-edge for (c) LNTO-1, recorded during the charging process in the first cycle. EXAFS fitting profiles at the Ni K-edge for (d) LNO 

and (e) LNTO-1, and at the Ti K-edge for (f) LNTO-1, collected at open-circuit voltage (OCV), after charging to 4.4 V, and after discharging to 3.0 V in the 
first cycle. Light yellow area indicates the fitting regions. (g) Schematic illustration of Jahn–Teller distorted NiO6 octahedra. Wavelet-transformed EXAFS 
diagrams of LNTO-1 at the (h) Ni K-edge and (i) Ti K-edge. (j) Schematic showing how TiO6 octahedra alleviate Jahn–Teller distortion in neighboring 
NiO6 units. See also Figures S12–S15 and Tables S7–S9 for additional details. 
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istortion in LNO. With the Ti substitution, Figure S14 shows
he same two fitting models applied to LNTO-1. However, in this
ase, the three-paths model does not improve the fitting and
ails to capture key regions compared to the two-paths model,
ielding a higher R-factor. This outcome confirms the absence of
ahn–Teller distortion in LNTO-1 (Figure 4e ). In Figure 4f , the
i K-edge fit clearly displays three distinct coordination shells
ithin the 1–3 Å region. Accordingly, a three-path model is used
or Ti EXAFS fitting, and the results are in excellent agreement
ith the experimental data. 

avelet-transformed EXAFS enhances visualization by com-
ining spatial (R-space) and frequency (k-space) information
igure 4h . The Ni K-edge of LNTO-1 displays two distinct
ntensity maxima, corresponding to two coordination shells.
n contrast, the Ti K-edge in Figure 4i clearly exhibits three
istinct maxima, which are labelled in the diagram. However, it
s important to note that the number of intensity maxima in a
avelet transform does not necessarily correspond to the number
f coordination shells, as contributions from different scattering
aths can overlap in both R- and k-space. For example, in Figure
15 , LNO also shows two distinct signals, but the first signal arises
rom the combined contribution of a Ni-O and Ni-O shell. 
1 2 

dvanced Science, 2026

t

In Figure 4a,b and Figure S15 , the Ni K-edge of both LNO
and LNTO-1 becomes stronger upon charge from OCV to
4.4 V and then returns to their original states upon dis-
charge to 3.0 V, demonstrating a reversible process. Figure 4c
shows that the Ti K-edge signals of LNTO-1 behave oppo-
sitely during cycling but still exhibit reversibility. This contrast-
ing behavior supports the idea that Ti plays a compensatory
structural role in response to changes occurring in the Ni
environment. 

As previously mentioned, Ti can occupy both the 3a site ( TM
site) and the 3b site (Li site) within the crystal structure (see
Figure S16 ). When Ti occupies Li sites, the local TiO6 units
remain structurally connected to the surrounding NiO6 frame-
work through shared oxygen atoms across adjacent slabs, which
may impose a local structural constraint on the evolution of
cooperative Jahn–Teller distortion. Therefore, regardless of the
occupied site, TiO6 can still interact with the surrounding NiO6 
framework and inhibit Jahn–Teller distortions of NiO6 through
local structural compensation and enhanced lattice rigidity.
Based on this mechanism, a schematic illustration depicting the
structural interaction between NiO6 and TiO6 is presented in
Figure 4j . 
7 of 16
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n conclusion, while LNO undergoes a cooperative Jahn–Teller
istortion that ultimately leads to phase transformations dur-
ng cycling, Ti incorporation into the Ni ─O host structure
uppresses these distortions, resulting in single-phase Li-ion
ntercalation/deintercalation. 

.4 Electronic Structure Stabilization 

he effect of Ti substitution on the electronic structure is
nvestigated with NEXAFS and band structure calculations using
FT. The Ni K- and Ti K-edge of the pristine samples as
ell as upon charge and discharge are presented in Figure
12 . The Ni spectra display a broad absorption maximum at
 8350.6 eV and a pre-edge feature at ∼ 8330 eV for all sam-
les (LNO, LNTO-1, and LNTO-2). The main edge corresponds
o the dipole-allowed 1s–4p transition, while the pre-edge is
ssociated with a formally forbidden 1s–3d or 4p transition,
ommonly observed in distorted octahedral Ni sites [ 47–49 ].
igure S12a shows that the overall spectral shapes of the pris-
ine samples remain largely unchanged with Ti incorporation.
owever, the energy shifts toward higher values indicate an
xidation of the TM ─O host structure [ 50–52 ]. Moreover, the
hift of the main edge toward lower energies with increas-
ng Ti content suggests that Ti has an electron-withdrawing
ffect on the Ni-O lattice. Figure S12b,c demonstrates that
he spectral shapes of both LNTO-1 and LNO remain largely
nchanged upon cycling, whereas the peak energy changes.
he Ni K-edge in LNTO-1 shifts from 8347.87 to 8350.34 eV
pon charge and returns to 8347.90 eV after the first cycle,
hile LNO shows a comparable reversible shift from 8347.81 to
347.90 eV (Table S6 ). These results indicate a nearly reversible
i redox process in both materials during the initial cycle,
ith LNTO-1 exhibiting slightly improved reversibility. This
rend is consistent with the electrochemical cycling data in
igure 2 . 

imilar to the Ni K edge, the Ti K edge exhibits a pre-edge
bsorption feature, Figure S12d , which is typically associated with
istorted octahedral Ti [ 53 ]. For reference TiO2 (anatase), in the
irst pre-edge peak (A1 ) is primarily attributed to quadrupolar
ransitions to the t2g levels of the Ti octahedron, while the second
A2 ) and third (A3 ) pre-edge features correspond to 1s → 3d
ipolar transitions [ 54 ]. Additionally, the shoulder B1 is assigned
o the 1s to 4p transition [ 55 ]. The pre-edge peak of LNTO-
 and LNTO-2 reveals two components located at 4968.4 eV
A1 ) and 4970.7 eV (A2 ), indicating that the spectral shape is
nfluenced by the octahedral coordination environment. The
harp main absorption feature at ∼ 4987 eV is attributed to the
ipole-allowed 1s → 3p transition. As shown in Figure S12e , the
verall spectral shapes exhibit slight variations during cycling.
 small shoulder peak at ∼ 4982.5 eV appears at high SOCs
ut is absent at low SOCs. Additionally, the pre-edge shape
hanges slightly with increasing SOCs, suggesting that the Ti
nvironment becomes distorted upon charge. This distortion
ay compensate for microstrain that typically develops at high
OCs when the lattice begins to break down, Figure 4c (at
 4.2 V). The evolution of the Ti K pre- and main-edge fea-
ures does not follow a consistent trend, which may also be
ttributed to this structural distortion, Figure S12 and Table
6 . 
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To further investigate the effect of Ti substitution on the electronic
structure of LNO, the band structure is investigated with DFT
calculations. As shown in Figure 5 , the PDOS of pristine LNO
reveals strong hybridization between Ni 3d and O 2p states near
the Fermi level. Upon Ti substitution, in LNTO-1, additional
Ti 3d states appear in the conduction band region, while the
overall distribution of Ni 3d and O 2p states is slightly modified
(Figure 5b ). To quantitatively evaluate the electronic structure,
the band centers of Ni 3d and O 2p states were extracted from
the PDOS (Figure 5c ). For pristine LNO, the energy separation
between Ni 3d and O 2p band centers ( Δεd–p ) is calculated to be
0.517 eV. After Ti substitution, this value increases to 0.697 eV,
indicating an enlarged Ni 3d-O 2p energy separation. Such an
increase in Δεd–p suggests a modulation of the Ni ─O electronic
interaction and a slight reduction in the Ni ─O covalency and thus
confirms the electron-withdrawing effect of Ti substitution. The
modified electronic structure can influence the local structural
stability of the layered lattice. Weakened Ni ─O hybridization
can reduce the Jahn–Teller driving force, thereby stabilizing the
NiO6 octahedra. Combined with the experimental observations
from EXAFS in Figure 4 , which reveal a compensatory evolution
of Ti ─O and Ni ─O bond changes during cycling, these results
suggest that TiO6 octahedra act as local structural stabilizers
that accommodate lattice strain and mitigate the distortion of
neighboring NiO6 units. 

To further verify the electron-withdrawing effect induced by Ti
incorporation in LNO, TM L-edge and O K-edge spectra (Figure 6 ;
Figure S17 ) were collected to probe the occupied redox-active
valence states of the material. Employing NEXAFS at the TM L
and O K edges provides valuable information about the oxidation
states of 3d metals and O 2p states as well as about the electronic
nature of the TM ─O bonds [ 48, 56–59 ]. The NEXAFS measure-
ments were performed in fluorescence yield (FY) mode with a
sampling depth of ∼ 300 nm on LNO and LNTO-1 at different
states of charge (SOCs) during the first cycle applying a C/20
rate [ 48 ]. Specific SOCs were selected during discharge, including
0%, 50%, 75%, 80%, and 100%. Notably, 80% SOC was chosen as
it corresponds to the maximum reaction peak III in the dQ/dV
versus voltage plot (Figure 2 ). The pre-edge peaks O1 ( ∼ 529 eV)
and O2 ( ∼ 530 V) in the O K edge (Figure 6a,b ) are present because
of electron holes in the O 2p band formed due to a hybridization
of TM t2g or eg with O 2p orbitals [ 56 ]. The comparison of the
O K-edge spectra for pristine LNO and LNTO-1 is shown in
Figure S18a . The enhanced O K-edge pre-edge intensity of LNTO-
1 cannot be simply attributed to a higher Ni oxidation state.
Instead, it is more reasonably associated with the introduction
of Ti4 + (3d0 ), which provides additional unoccupied Ti 3d states
hybridized with O 2p orbitals. Together with the redistribution of
hybridized O 2p–TM 3d unoccupied states revealed by the DFT
calculations (Figure 4 ), these Ti-related electronic states likely
contribute to the enhanced pre-edge feature observed in LNTO-
1. Similar modulation of the oxygen electronic structure through
strong heteroatom–oxygen interactions has also been reported in
other doped high-Ni layered oxide systems [ 60, 61 ]. 

During the first cycle, both LNO and LNTO-1 exhibit an increas-
ing degree of hybridization between TM and O orbitals with
increasing SOC, as evident by the rising intensity of the O1 and
O2 peaks in Figure 6b . The Ni L edge spectra (Figure 6c,d ; Figure
Advanced Science, 2026
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FIGURE 5 Electronic structure evolution revealed by Ni 3d and O 2p band centers upon Ti substitution. Density functional theory (DFT)-calculated 
projected density of states (PDOS) of (a) LNO and (b) LNTO-1. (c) Calculated band centers of Ni 3d and O 2p states and the corresponding Ni-3d ─O- 
2p energy separation ( Δεd-p ). The enlarged d–p separation suggests a modified Ni ─O electronic interaction, which is expected to influence the local 
structural stability of the layered lattice. 
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18b ) display distinct features at the L3 edge ( ∼ 851–860 eV) and
he L2 edge ( ∼ 867–877 eV). The L3 edge features two main peaks,
1 and N2 , corresponding to an excitation into the unoccupied Ni
d states from Ni 2p3/2 core level [ 48, 53, 58 ]. For simplicity, the N1
eak ( ∼ 854 eV) is assigned to Ni2 + , while the N2 peak ( ∼ 873 eV)
s associated with Ni3 + [ 56, 62 ]. However, in the Ni L edge
Figure 6c,d ), the oxidation behavior of Ni differs between the
wo materials. In LNTO-1, Ni2 + is continuously oxidized to Ni3 +
hroughout cycling. In contrast, in LNO, Ni3 + initially increases
hile Ni2 + decreases from 0% to 75% SOC. Between 75% and 80%
OC, a slight reduction of Ni3 + back to Ni2 + occurs, after which
he previous oxidation trend (Ni3 + ↑ and Ni2 + ↓) resumes until
00% SOC. This trend is confirmed by changes in the O K edge;
.g., the 75% and 80% SOC spectra of LNO lie on top of each other.
s reported in the literature [ 62, 63 ], this phenomenon is likely
ssociated with anionic redox, finally leading to oxygen release,
hich partially reduces Ni3 + back to Ni2 + . It is known to be highly
rreversible and is observed specifically during the H2–H3 phase
ransition in LNO, previously identified as highly detrimental
o cycling performance. This phenomenon is barely observed in
NTO-1, further supporting that Ti substitution enhances the
tructural stability of the oxygen framework compared to LNO.
i4 + also exerts an electron-withdrawing effect on the oxygen
attice (inductive effect), as evidenced by the enhanced O K pre-
dge of pristine LNTO-1 compared to pristine LNO (Figure 6a,b ).
dvanced Science, 2026
This effect is expected to be particularly pronounced for Ti located
within the TM layer (3a sites), where strong in-plane TM –O
orbital hybridization arises from the edge-sharing TM O6 network
characteristic of layered 𝑅3̄ 𝑚 structures, whereas the interlayer
electronic coupling involving Ti in 3b sites is comparatively
weaker [ 64 ]. 

Similar to the Ni L edge, the Ti L edge spectra (Figure 6e ) are
characterized by the L3 ( ∼ 455-461 eV, T1 and T2 peaks) and L2 edge
( ∼ 462-465 eV, T3 and T4 ). These features are separated by ∼ 4 eV
due to spin-orbit coupling of the Ti 2p atomic orbitals [ 48, 53,
65–68 ]. Further splitting of the L3 and L2 transitions into doublet
features arises from symmetry effects within the crystal field, as
well as covalent or ionic interactions between the ligand and the
TM center [ 48, 53 ]. In Ti(IV) oxides, these doublets are typically
attributed to the t2g and eg manifolds, which are characteristic of
octahedral (Oh symmetry) or distorted octahedral symmetry [ 59,
65, 69 ]. 

In the case of TiO2 , either in rutile or anatase, the TiO6 octahedra
are tetragonally distorted, leading to a reduction in symmetry
from Oh to D2h (rutile) or D2d (anatase) [ 70 ]. These TiO2 phases
exhibit spectral features similar to those observed in LNTO-1
(Figure 6e ; Figure S18c ), suggesting that Ti in LNTO-1 may exist
within a locally distorted coordination environment. It should
9 of 16
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FIGURE 6 Near-edge X-ray absorption fine structure (NEXAFS) technique in the soft X-ray range demonstrates that Ti substitution stabilizes the 
electronic structure of LNO. NEXAFS data of cycled samples (LNTO-1 and LNO) on O K (a,b), Ni L (c,d), and Ti L (e) edges with 0%, 50%, 75%, 80%, and 
100% states of charge (SOCs) in fluorescence yield. These data were collected at the KIT light source. To verify the results, cycled LNTO-1 samples were 
re-measured at PTB in Berlin, confirming the same trend, as shown in Figure S17 . 
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e noted that such local structural asymmetry is fundamentally
ifferent from the Jahn–Teller distortion associated with the
nterconnected NiO6 network: Ti4 + possesses a d0 electronic
onfiguration and thus it is not expected to undergo Jahn–
eller distortions. In both the pristine sample (Figure S18c ) and
ycled samples (Figure 6e ), the Ti L-edge consistently displays
0 of 16
four well-defined peaks at similar positions, indicating that this
locally slightly distorted environment persists throughout the
electrochemical cycling process. However, with increasing SOC,
the intensity decreases, and the peaks shift slightly toward lower
energies, which may result from changes in the Ti ─O bond length
or the distorted environment during delithiation. At high SOCs,
Advanced Science, 2026
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he electron-withdrawing effect of Ti on the oxygen lattice may
ecome especially stabilizing [ 60, 62 ], as it weakens the inductive
lectron-withdrawing effect of highly oxidized Ni species on
xygen, thereby reducing the susceptibility of lattice oxygen
oward irreversible oxidation and oxygen release. Furthermore,
ecause Ti, similar to Co [ 41, 56 ], remains largely redox-inactive at
igh SOCs, it helps maintain a relatively stable local coordination
nvironment and buffers structural perturbations arising from
he changing oxidation states of neighboring Ni ions. 

o investigate the long-term stabilization effect of Ti substi-
ution, NEXAFS measurements at the O K, Ni L, and Ti L
dges were carried out for LNO and LNTO-1 after 1 and 100
ycles Figures S18 and S19 . The O K-edge spectra indicate
hat both materials experience a reduction of the hybridization-
elated O1 /O2 pre-edge peaks during cycling, accompanied by the
mergence of Hubbard-band-related O3 /O4 features associated
ith structural degradation [ 71 ]. These spectral changes reflect
xygen-depletion-induced structural reconstruction, in which
ransition metal migration into Li 3b sites and/or transition metal
issolution promotes the transformation of the original rhombo-
edral layered oxide into spinel- or rock-salt-like domains with
ncreased Mott–Hubbard character and structural disorder [ 56,
2, 72–74 ]. These transformations are particularly pronounced
t the grain boundaries and progressively propagate into the
ulk structure, as evidenced by the less pronounced changes
n the bulk-sensitive FY spectra ( ∼ several hundred nm probing
epth, Figure S18 ) compared with the surface-sensitive TEY
pectra ( ∼ 2–5 nm probing depth, Figure S19 ). This evolution is
enerally detrimental, as it correlates with capacity fading and
educed electrochemical reversibility during prolonged cycling
 72 ]. 

he observed changes are significantly less pronounced in LNTO-
, suggesting that Ti substitution helps stabilize the oxygen
ramework and suppresses oxygen depletion during long-term
ycling. The Ni L-edge spectra further reveal that LNTO-1
aintains a largely reversible Ni redox behavior after 100 cycles,
hereas LNO exhibits stronger Ni2 + features, consistent with
he formation of spinel/rock-salt-like phases revealing strong
ubbard peaks in the O K edge (peak O3 and O4 , Figure S19a ).
fter 100 cycles, the splitting of the Ti L3 and L2 edges remains
argely unchanged, indicating that Ti maintains its coordination
nvironment and associated crystal field splitting (Figure S19c ).
M dissolution is typically accompanied by changes in the local
lectronic environment and oxidation state of the metals, which
re readily detectable by NEXAFS, particularly in the surface-
ensitive TEY mode, as previously reported for Mn and Co
issolution in layered oxides [ 75 ]. Thus, the stable Ti signal
bserved at the surface upon the 100th cycle (Figure S19c ) supports
he role of Ti in stabilizing the surface lattice structure by
n electron-withdrawing effect. Surface-sensitive TEY-NEXAFS
easurements also confirm that LNTO-1 retains surface-active
xygen species and partially preserved Ni3 + after prolonged
ycling, while LNO undergoes severe surface passivation toward
 NiO-like rock-salt structure (Figure S19b , increasing Ni2 +
eaks N1). Overall, these results demonstrate that Ti substitution
nhances both bulk and surface structural stability, suppresses
rreversible oxygen oxidation and structural degradation, and
dvanced Science, 2026
thereby improves the long-term cycling stability of LNTO-1
compared to pristine LNO. 

Based on the above analysis, LNTO-1 demonstrates superior long-
term cycling stability compared to LNO, primarily attributed to
Ti substitution within the rhombohedral structure not only in
the bulk but also on the surface. This substitution helps suppress
phase transitions, eliminate Jahn–Teller distortion, and mitigate
structural degradation both in the bulk and on the surface during
cycling. 

3 Conclusion 

This study presents Ti substitution as a promising strategy to sta-
bilize Co-free high-Ni layered oxide cathodes for LIBs. Phase-pure
LNTOs were successfully prepared, with LNTO-1 showing a high
initial discharge capacity of 197.5 mAh g− 1 at 0.05 C and superior
cycling stability, retaining 80% of its capacity after 431 cycles at
0.5 C and thus clearly outperforming pristine LiNiO2 . Operando
synchrotron XRD reveals that introducing Ti suppresses all phase
transitions (H1-M, M-H2, and H2-H3), significantly reducing
mechanical strain and structural degradation. EXAFS analyses
show the suppression of Jahn–Teller distortions in the NiO6 
octahedra of LNTO-1. This stabilization effect is attributed to
TiO6 octahedra acting as compensatory structural units that
accommodate local lattice strain within the interconnected NiO6 
framework, leading to improved structural reversibility. In addi-
tion to this pillar-like local structural stabilization, theoretical
calculations reveal that Ti substitution enlarges the Ni 3d-O
2p energy separation, indicating an inductive electronic effect
that weakens Ni ─O covalency and reduces the driving force for
Jahn–Teller distortion. Therefore, the improved electrochemical
performance of LNTO-1 originates from the synergistic struc-
tural and electronic stabilization effects of TiO6 units. These
findings clarify the mechanistic role of Ti substitution beyond
empirical performance improvement and provide guidance for
the rational design of Co-free high-Ni layered oxide cathodes for
next-generation lithium-ion batteries. 

4 Experimental Section 

4.1 Material Synthesis 

The precursors of LNO were synthesized using a lab-scale setup.
A 1.5 M aqueous solution of metal ions consisting of NiSO4 ⋅6H2 O
(Acros Organics, purity: 99%), a 12 wt.% ammonia solution
(Acros Organics, purity: ≥ 99%), and a 4.875 M sodium hydroxide
solution (Fischer Chemical, purity: 99.44%) were separately and
simultaneously pumped into the flask, respectively. The pH of the
mixture was controlled at ∼ 11 with the temperature maintained at
60◦C and a stirring speed of 500 rpm. Following co-precipitation,
the precipitates were thoroughly washed with distilled water in a
Büchner funnel with Büchner flask suction until the pH reached
7. The precipitates were then dried overnight at 80◦C. To obtain
the final rhombohedral lithium transition metal oxides (LiNiO2 ),
the precursor was mixed with LiOH ∙H2 O (Fischer Chemical,
purity: ≥ 99%) in a molar ratio of 1:1.03 and preheated to 500◦C for
11 of 16
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 h with a heating rate of 2◦C min− 1 and later calcined at 680◦C
or 10 h with O2 flow. The LNTO-1 and LNTO-2 samples were
ynthesized by introducing a transition-metal solution containing
i and Ti ions during the co-precipitation process, followed by
ithiation and calcination at 800◦C. Ti was introduced using
iOSO4 as the Ti source (Acros Organics, purity ≥ 99%). The
ominal Ti feeding ratios were 0.10 and 0.20 for LNTO-1 and
NTO-2, respectively, while the final Ti contents in the calcined
roducts, as determined by ICP-OES, were x = 0.07 and 0.14,
espectively. Therefore, the compositions of LNTO-1 and LNTO-
 are denoted as LiNi0.93 Ti0.07 O2 and LiNi0.86 Ti0.14 O2 throughout
his work. This synthesis method was optimized in a previous
ublication [ 76 ]. 

.1.1 Sample Characterization: Scanning Electron 

icroscopy (SEM) 

he morphology of the synthesized precursors and final products
as examined using scanning electron microscopy (SEM, Carl
eiss AURIGA, Carl Zeiss Microscopy GmbH) at an accelerating
oltage of 3.0 kV and a working distance of 3 mm. 

.1.2 Energy Dispersive X-Ray Spectroscopy 
SEM-EDX) 

or mapping measurements, an accelerating voltage of 3.0 kV and
 working distance of 5 mm were employed. Energy dispersive
-ray spectroscopy was conducted using an X-MAX 80 mm2

etector to analyze the elemental composition of the samples.
he acquired spectra were analyzed using the INCA software
eveloped by Oxford Instruments. 

.2 Synchrotron X-Ray Powder Diffraction 

SXPD) 

he phase purity of the various cathodes was confirmed through
owder diffraction measurements at DESY P02.1 ( λ = 0.20728Å).
dditionally, the operando cycling processes of LNO and LNTO-
 were investigated at the same beamline with self-designed
ell bodies. These cells ensured homogeneous pressure on the
orking electrodes. Details can be found in Ref. [ 77 ]. 

.2.1 Particle Size Analyzer (PSA) 

 particle size analysis was performed with a CILAS Particle size
nalyzer. 

.2.2 Inductively Coupled Plasma Optical Emission 

pectroscopy (ICP-OES) 

he measurements were performed using an ARCOS spectrome-
er from SPECTRO Analytical Instruments Company (Germany),
ith axial plasma viewing, and a standard Fassel-type torch
as utilized. During microwave digestion, LNTO-1 and LNTO-
 initially showed slight turbidity with greenish residues. After
tanding for a short period, the residues gradually disappeared,
2 of 16
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resulting in clear solutions. These clear digested solutions were
then used for ICP-OES measurements to determine the total
elemental compositions. 

4.2.3 Transmission Electron Microscopy (TEM) 

TEM images were obtained at 300 kV from a high-
resolution field-emission transmission electron microscope
(FEI Tecnai G2 F30). 

4.3 X-Ray Photoelectron Spectroscopy (XPS) 

The cycled electrode was removed from the respective cell in a
glovebox, washed with DMC and dried under reduced pressure.
The sample was then transported in a sealed vessel to a glovebox
connected to an Axis Ultra DLD spectrometer (Kratos), where
it was held in the instrument ́s ultra-high vacuum chamber for
12 h to completely remove volatile species. The measurement
was conducted under ultra-high vacuum ( < 10 − 8 mbar) using
a monochromatic Al K α source (h ν = 1486.6 eV) with 10 mA
emission current, and an accelerating voltage of 12 kV, at an
0◦ angle of emission. In order to compensate for charging of
the sample, a charge neutralizer was used. Five core spectra
each for Ni 2p, F 1s, Ti 2p, O 1s, C 1s, and Li 1s hyperregion
were acquired using a pass energy of 20 eV, and a “hybrid”
lens mode on an analysis area of 700 µm x 300 µm for two
different spots. Sputter depth profiling was carried out using
monochromatic argon. An accelerating voltage of 500 V and
an extractor current of 15 µA were used. The diameter of the
sputter crater is approximately 2 mm. Survey spectra at a pass
energy of 160 eV and core spectra were acquired again after
sputtering times of 60, 120, 180, 240, 300, 360, 490, 600, and 1200
s. The resulting data were evaluated with CasaXPS (v2.3.25, Casa
Software) [ 78 ]. The five individual measurements for each core
spectrum were summed. The data were then internally calibrated
to the positions of the M-F/Li-F peaks at a binding energy of
685 eV. 

4.4 Near Edge X-Ray Absorption Fine Structures 
Spectroscopy (NEXAFS) 

To ensure uniform performance, 10-coin cells were assembled
for the first cycle. Each electrode’s cycling performance was
evaluated, and only the most representative electrodes were
selected for NEXAFS measurements. The electrodes were fully
charged and then discharged to a specific state of charge (SOC)
using a constant current of C/20. The SOC was determined
based on the specific capacity of the previous cycle. Subsequently,
the cells were disassembled within the glovebox. Following
disassembly, the electrodes were vacuum-dried overnight in
a Buechi Oven. They were then mounted onto the sample
plate and transferred to the beamline using a transfer case
to mitigate air contamination. NEXAFS data were collected at
IQMT’s soft X-ray beamline WERA at the Karlsruhe synchrotron
light source KARA (Germany) and PTB (Physikalisch-Technische
Bundesanstalt) at the PGM beamline in the PTB laboratory
at BESSY II in Berlin, Germany. NEXAFS measurements at
Ni L2,3 , Ti L2,3 , and O K were carried out simultaneously in
Advanced Science, 2026
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luorescence yield (FY) and total electron yield (TEY) detection
ode. The photon-energy step size in the spectra was set to
.2–0.4 eV. 

.5 X-Ray Absorption Spectroscopy (XANES and 

XAFS) 

he operando XAS spectra on LNO and LNTO-1 were recorded
t the B18 beamline [ 42, 79, 80 ] of Diamond Light Source, using
he same cell body as in the operando SXPD experiments to ensure
ata comparison. Ni K-edge spectra were collected during cycling
n transmission mode, while Ti K-edge spectra were measured
x situ at specific states of charge: 0%, 25%, 50%, 75%, and 100%
n fluorescence mode using an ME-4 Silicon Drift Fluorescence
etector. Measurements have been made using a Si(111) crystal
ut of the monochromator using Pt-coated collimating, focusing,
nd harmonic-rejection mirrors (HRMs). The dedicated pair of
armonic rejection mirrors was used to eliminate higher har-
onics. The hard X-ray absorption spectroscopy (XAS) data were
rocessed using the Athena program of the Demeter software
ackage [ 43 ]. The energy scale was calibrated by applying the
nergy shift determined from simultaneously measured reference
oils. Background subtraction and normalization were performed
sing the same procedure for all absorption edges. The EXAFS
pectra, χ(k), were extracted and Fourier transformed from k -
pace to R -space using Athena. Quantitative fitting of the EXAFS
ata was carried out with the Artemis program of the Demeter
ackage to determine the Ni ─O, Ni ─TM, Ti ─O, and Ti ─TM bond
istances. 

.6 Electrochemical Characterization 

lectrode preparations were performed using 80 wt.% of the
athode materials, 10 wt.% C65 conductive carbon (Super C65,
merys Graphite & Carbon), 10 wt.% polyvinylidene fluoride
PVDF, Kynar Flex), and N-methylpyrrolidone (NMP, Sigma–
ldrich, 99.5%) as processing solvent. The electrode paste was cast
nto an Al-foil (20 µm thickness, Goodfellow) with a doctor blade
gap height 200 µm, ZAF 2010, Zehntner). The wet film was dried
t 80◦C overnight in an oven. The 12 mm diameter samples were
unched out of the dried electrodes and assembled in a dry room
nto 2032-coin cells with two layers of Celgard2500 (16 mm Ø),
6 µL LP572 (1 M LiPF6 in ethylene carbonate (EC): ethyl methyl
arbonate (EMC), 3:7 by weight, with 2 wt.% vinylene carbonate
VC), BASF, battery grade) and metallic lithium as a counter
lectrode (15 mm Ø, Albemarle, battery grade). The as-prepared
amples’ rate performance, cycling stability, and galvanostatic
ntermittent titration technique (GITT) are measured using a
accor Series 4000 automated test system at 20◦C, applying a
oltage of 3.0–4.3 V. Each electrochemical investigation involved
hree-coin cells. The electrodes have an average mass loading
f ∼ 6 mg cm− 2 . In specific current and capacity calculations,
n active material mass value of ∼ 4.8 mg cm− 2 was utilized. A
ominal capacity of 180 mAh g− 1 was used to determine the C-
ates. Consequently, constant currents of 9, 18, 36, 90, 180, and
60 mA g− 1 were applied for C-rates of 0.05, 0.1, 0.2, 0.5, 1, and 2
, respectively. 
dvanced Science, 2026
4.7 Density Functional Theory 

Calculations were performed using the projector augmented-
w ave (PAW) method [ 81 ] as implemented in the Vienna Ab initio
Simulation Package (VASP) [ 82, 83 ]. The exchange–correlation
interactions were treated within the generalized gradient approx-
imation (GGA) [ 84 ] using the Perdew–Burke–Ernzerhof (PBE)
functional. A plane-wave energy cutoff of 520 eV was employed
for all calculations. The total energy and atomic forces were
converged to within 1 × 10− 7 eV and 0.01 eV/Å, respectively.
LiNiO2 used a 12 × 12 × 2 k-point mesh centered at the Gamma
point. For the calculations of Ti-doped LiNiO2 , a 3 × 3 × 1 unit cell
was used, with a 2 × 2 × 1 k-point mesh centered at the Gamma
point. 

4.8 Statistical Analysis 

The X-ray diffraction patterns were analyzed using the software
package Fullprof [ 85, 86 ]. The Ni/Li disorder was calculated
from Rietveld refinements (the refined occupancy of Ni in the
Li 3b sites/amount of 3a sites * 100%). The structural input
parameters for LNO were obtained from the crystallographic data
file [ 87 ]. The refinement analysis includes the estimated standard
deviations of the lattice parameters, which have been adjusted
by multiplying them with the correlated residuals [ 88, 89 ]. XRD
refinement was used to evaluate possible crystallographic site
occupancy. 

The EXAFS data are energy calibrated, normalized, and analyzed
by ATHENA, and fitted by Artemis [ 90 ]. For electrochemical
characterization, each evaluation was conducted using the aver-
age of three coin cells, with error bars/ standard deviations
represented in the corresponding diagrams. 

4.8.1 NEXAFS Data Analysis 

A NiO reference was used for data energy calibration [ 91, 92 ].
The spectra were recorded over a broad photon-energy range,
covering regions well below and well above the absorption
features of the samples. The FY signal was normalized following
an established procedure: (1) I0 normalization: The raw FY
signals collected from four fluorescence detectors positioned at
different angles were summed. The incident X-ray intensity,
I0 , was measured using the drain current from a freshly Au-
coated mesh inserted into the beam path upstream of the
sample, before the X-rays impinged on the sample. Dark counts,
corresponding to the residual signal recorded with the shutter
closed, were subtracted. The normalized FY signal was then
obtained by dividing the summed raw FY signal by the corrected
incident intensity. (2) Background subtraction: A linear sloping
background was removed by fitting a straight line to the flat low-
energy region of the NEXAFS spectrum, where no absorption
features are present. (3) Edge-jump normalization: The spectrum
was normalized by setting the flat low-energy pre-edge region
to zero and the post-edge region to unity, corresponding to a
unit edge jump. The photon-energy range selected for the post-
edge normalization was 590–605 eV, which lies well above the
13 of 16
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bsorption features. The normalization is not sensitive to the
xact choice of this range, as it is sufficiently far above any
ompound-specific resonances. The normalization of the TEY
ignal follows a similar procedure. 
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