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ABSTRACT

Sodium layered oxides Na,MO, (x < 1 and M = transition metal ions) have gained significant interest as sodium-ion battery
(NIB) cathodes owing to their high operating voltages and potential for higher energy density compared with polyanion and
Prussian blue-type cathodes. However, their practical applications are often hindered by the irreversible structural transitions
leading to capacity fading during cycling. The nature and substitution of transition metal ions define the material properties and
electrochemical performance. In this study, through comprehensive electrochemical characterization combined with multi-scale
structural and spectroscopical analyses, we demonstrate the synergistic impacts of Lithium and Titanium doping, which not only
increases overall capacity by boosting cation and anion cooperative redox contributions but also improves the rate capability and
cycling stability. Specifically, Li* doping enhances the available sodium inventory for extraction, while Ti** disrupts Na*/vacancy
ordering at lower voltages (< 4 V) and mitigates the detrimental P2—OP4/02 phase transition during cycling. The combined effect
of Lithium and Titanium doping promotes more charge localization on Oxygen, which activates reversible lattice oxygen redox
reactions at elevated voltages, contributing additional capacity beyond conventional cationic redox. This work provides crucial
insights into the design of high-performance, high-capacity P2-type layered cathode materials for sodium-ion batteries.

1 | Introduction future, representing a transformative technology for the global

economy [1]. However, the limited abundance of Lithium (Li)
Lithium-ion batteries (LIBs) have seamlessly integrated into  in the Earth’s crust, coupled with geographic concentration of
many aspects of modern life and are poised to drive the electrified its reserves, raise concerns about future supply chain constraints
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[2-4] Sodium-ion batteries (SIBs) have recently emerged as
promising complementary technology, offering advantages such
as lower cost, material abundance, enhanced safety, and superior
high- and low-temperature reliability compared to state-of-the-
art LIBs [5-7] Integration of SIBs into the broader battery
ecosystem is therefore crucial for meeting terawatt-hour-scale
energy demands toward a decarbonized future [8].

However, the accessible energy density of SIBs remains sub-
stantially lower than that of commercial LIBs, which is largely
imposed by the low capacity of the sodium-ion (Na-ion) cathode
materials [9]. Among various cathode materials explored for
SIBs, layered oxides have attracted particular attention due to
their relatively higher capacities and lower costs [10, 11]. Layered
Na oxides are categorized into P2 and O3 phases based on
Na coordination (prismatic or octahedral) and oxygen layer
stacking sequence (ABBA or ABCABC) [12]. Critically, P2-type
structures offer superior Na* diffusion kinetics compared to O3-
type structures due to the capability of direct hopping between
prismatic sites for Na* ions through an open square channel [13].
Typically, P2-type materials exhibit better rate performance and
cycle stability compared to O3-type materials. However, P2-type
materials face several fundamental challenges that limit their
practical implementation. First, the inherently lower Na content
(x ~ 0.67) compared to O3 phases (x ~ 1) restricts the available
Na* inventory and capacity [14]. Second, P2-type materials com-
monly undergo detrimental structural phase transitions to O2 (or
intermediate OP4/Z phases) upon deep de-sodiation (>4.2 V),
resulting in substantial volume changes and rapid capacity
decay [15]. Third, P2-type materials often exhibit Na*/vacancy
ordering phenomena, where Nat ions and vacancies arrange
into superstructures to minimize electrostatic repulsion. This
ordering creates voltage plateaus in electrochemical profiles and
can interact and impede Na* migration [16].

To enhance the accessible capacity, cycle stability, and rate perfor-
mance of P2-type Na cathode materials, elemental substitution
in the transition metal (TM) layer has emerged as an effective
strategy. [17-23] Nonetheless, the single-element doping strategy
present inherent limitations. For instance, Li* substitution alone
can stabilize higher Na content in P2 type structures and modify
the transition-metal redox chemistry but does not effectively
control the reversibility of oxygen redox [21, 24], while Ti*"
doping enhances structural robustness but contributes little to
redox activity [25]. Furthermore, higher doping levels often
incur a capacity penalty due to the electrochemical inactivity of
the dopant species. Hence, a synergistic design that integrates
electronic and structural regulation is imperative to unlock the
full potential of P2-type Na cathodes, enabling high-energy,
high-power, and durable Na-ion batteries.

In this work, we employ a dual-substitution strategy combin-
ing Li* and Ti** doping to design high-Na content P2-type
layered oxides with simultaneously enhanced capacity and elec-
trochemical stability. Through comprehensive optimization and
synchrotron X-ray characterizations, we demonstrate that Ti sub-
stitution effectively disrupts Na*/vacancy and charge ordering at
low state of charge (SoC) region (< 4.2 V) and promotes oxygen
participation at high SoC region (>4.2 V). Specifically, the partial
substitution of Mn with Ti leads to an expansion of interlayer
spacing, which is beneficial to the Na* diffusion kinetics thereby

improving the rate performance. Moreover, the strong Ti—O
increases the ionicity and charge density of oxygen, promoting
reversible lattice-oxygen participation at high-voltage. This syn-
ergistic combination yields a balanced cationic-anionic redox
mechanism that delivers higher reversible capacity, excellent rate
capability, and robust structural integrity during extended high-
voltage cycling. These findings establish design principles for
high-performance P2-type cathodes, paving the way for next-
generation Na cathode materials with high energy density and
fast kinetics.

2 | Results and Discussion

We synthesized a series of high Na content, and Ti-doped P2 -
Nay ;5Lig osNig3Mn 65 Ti, O, cathode materials via the solid-state
synthesis. The materials have 5% Li substituted in the transition
metal layer to increase the Na content in this compound, from
0.67 to 0.75. The crystal structures of Na ;sLijosNig3;Mng 50,
(NaLNMTO) and Na, ;5 Li, 45 Nig s Mng 59 Tig 0, (NaLNMT6) were
characterized by X-ray Diffraction. For comparison, two other
Ti-doped candidates—Na ;s Li; osNiy s Mn ¢, Tij 530, (NaLNMT3)
and Na, ;5Lij0sNig3MngssTip;0, (NaLNMT10) were also syn-
thesized. In this design, Ni** serves as the primary redox
center, leveraging the reversible Ni**/Ni**/Ni** redox couple,
while Li* incorporation enables higher Na content (0.75) while
maintaining charge neutrality. ICP-MS analysis (Table SI)
confirms that the Li-free, Ti-containing reference composition
Na, (Ni,;Mn ¢, Ti; 06O, (NaNMT6) contains a significantly lower
Na content than Li-substituted NaLNMT compositions, support-
ing the role of Li incorporation in enabling high Na-content
P2 type structures. The average cationic potential calculations
shown in Figure 1a for the designed layered sodium transition
metal oxides confirm that high Na content and Ti substitution are
within the thermodynamic stability of the P2-type phase.

Synchrotron XRD patterns coupled with Rietveld refinement
confirm the phase purity and crystal structure for NaLNMTO
and NaLNMTé6 (Figure 1b,c). All diffraction peaks index to
the hexagonal space group P6;/mmec, confirming the P2-type
layered structure. Notably, Ti substitution induces systematic
lattice expansion: the a-axis lattice parameter increases from 2.887
A (NaLNMTO) to 2.893 A (NaLNMT6), and the c-axis lattice
parameter increases from 11.072 A t011.096 A (Tables S2-S5), thus
expanding the interlayer spacing and potentially reducing the
Na* migration barrier during electrochemical cycling. However,
the c-lattice parameter does not evolve uniformly, especially for
the endmember NaLNMTI0, likely due to cubic impurity phase
NiO as observed in XRD (Figure S1).

SEM analysis shown for NaLNMT6 in Figure 1d and NaLNMTO
(Figure S2) reveals well-defined platelet-like particles with lateral
dimensions of 5-8 pm, which is characteristic of solid-state
synthesized layered oxides. HAADF-STEM imaging of NaLNMT6
along the [100] zone axis, shown in Figure le shows the layered
structure with a measured interlayer d-spacing of ~ 0.586 nm,
which aligns with the crystallographic interslab distance obtained
from Rietveld refinement. EDS elemental mapping shown in
Figure 1f for NaLNMT6 demonstrates uniform distribution of Na,
Ni, Mn, Ti, and O throughout the particles with no evidence of
elemental segregation or secondary phases.
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FIGURE 1 |

(a) Cationic potential of the different synthesized P2-type materials considering the Na content, oxidation sate and addition of Ti in the

TM layer. (b and c) Synchrotron XRD and Rietvald refinement plot of NaLNMTO0 and NaLNMT6 materials prepared by solid state synthesis. (d) SEM
images, (¢) HAADF-STEM image along [100] zone axis, and (f) energy-dispersive X-ray spectroscopy mapping of P2-NaLNMT6.

T 454 454
(3)4.5 L | ’ (b) NaLNMTO / (C) NaLNMT6
1
38+ ! ! 401 401
30 | i 2 2
0 1 > D .
! ! % 35 2 354
23+ g : 2 2
' . ['d
a5} ; i > 301 £ 30
— | §’ >
+ <IN i = £
3 38 cum ; S 254 S 25
Fao0l S i
-~ I
Z. g : 204{—50" 204
g 231 = I 0 2’0 Ah 6’0 8‘0 K‘)D 1%0 1130 160 0 2‘0 4’0 6’0 8‘0 160 150 11;0 1(;0
Z 45| i i Specific Capacity (mAh/g) Specific Capacity (mAh/g)
()] I
o) | 200 200 .
8 100 (€ T100
% 3.8 % NaLNMT3 ( ) 180]%008 ¥ M&ggwoo( ( 180] %W WWW@O‘Q pocpyfeoeicoal
k] ] o = £\ d
> 30+ 'o : 1604 | \O/ = ?c:»mo-::-&\ 3 g
| < 1404° 95 5 140 | 7 Coghesesessstossey 95 3
23 E 1 E : £ | §‘ E o IN_ ?
] >120- §  z1204 s
L i 2 Z
4.5 { i & 100 {a**, o 8100 I, -
| < 0200 o Q 150 MA g'—s o
38 | NaLNMTO yilal P esteey 0 2 501 ]
30 ! 5 60 A 3 % e0q 3
L .2 S P
’ ! & a0 8BS & a0 k'
23| \ 20]~@~NaLNMTO 2.0 mAh cm 20| @~ NaLNMTO 2.0 mAh ¢
L 1 L 1 L L 1 ~@-NaLNMT6 2.0 mAh cm? ~@— NaLNMT®6 2.0 mAh cm?
0 : : . , 480 0 : T - T 80
00 01 . 02 0.'3 0'.4 05 0'6. 07 08 0 10 20 30 40 50 0 10 20 30 50
x in Na,Lig osNig sMng g5, Ti,O, Cycle number (n) Cycle number (n)

FIGURE 2 | (a) Voltage profiles of the P2 Nag 75 Lig gsNig 3Mny ¢5.4 TiyO, materials versus metallic sodium cycled between 2.0-4.5 V vs Na*/Na® at
15 mA g1 Typical charge/discharge profiles of (b) NaLNMTO and (c) NaLNMT6 between 2.0 and 4.5 V during 10, 20™, 30™ and 50™ cycle at 150 mA

g7, Long-term cycling tests of NaLNMTO and NaLNMT6 operated between

(d)2.0-4.2 V and (e) 2.0-4.5 V with areal loading of 2.0 mAh cm~2 at 150 mA

g1, Five formation cycles at 7.5 mA g~! were conducted before the cycling test.

The electrochemical performance characteristics of all synthe-
sized materials were first evaluated in Na half-cells with an
areal loading of 0.5 mAh cm™ cycled between 2.0-4.5 V at a
15 mA g! at 25°C (Figure 2a; Figure S3). Increasing the Ti
substitution from 0% to 3% to 6% progressively enhances the

reversible capacity, with the NaLNMT6 composition exhibiting
greater sodium extraction compared to the Ti-free NaLNMTO.
Compared with Li/Ti co-doped NaLNMT, the Li-free NaNMT6
exhibits lower reversible capacity and inferior long-term cycling
stability (FigureS4), indicating that Ti substitution alone is
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insufficient to achieve both high capacity and long-term struc-
tural stability.

NaLNMTO delivers a reversible capacity of 135 mA g~!, corre-
sponding to the extraction of approximately 0.52 Na per formula
unit. This is below the theoretical capacity based on the Ni**/Ni**
two-electron redox process (0.60 Na per formula unit, 156 mA
g™1), indicating that the full Ni redox capacity is not achieved
at the 4.5 V voltage cutoff. With Ti** substitution, NaLNMT6
exhibits a higher reversible capacity of 163 mA g™, equivalent
to the extraction of approximately 0.62 Na per formula unit.
This exceeds the theoretical capacity expected from Ni**/Ni+*
redox alone suggesting the involvement of additional charge com-
pensation mechanisms beyond conventional TM redox, which
will be discussed later. Meanwhile, as shown in Figure 2b,c the
charge-discharge profile of NaLNMT6 displays a smooth voltage
profile compared to NaLNMTO and higher cycling stability when
cycled up to 4.5 V. The differential capacity analysis (dQ/dV) and
cyclic voltammetry (Figures S5 and S6) demonstrate that Ti*"
substitution leads to broader, less intense redox peaks, indicat-
ing a transition toward solid-solution-type behavior during Na
(de)intercalation and suppressing the formation of Na*/vacancy-
ordered superstructures [18]. However, the relationship between
observed progressive capacity increase and the gradual decrease
in Na‘*/vacancy ordering with Ti substitution from 0% to 6%
is not fully understood and warrants further investigation to
elucidate the underlying mechanism. The remainder of this
study focuses on these two compositions to systematically
investigate how Ti incorporation modifies the charge com-
pensation mechanisms in these Li-containing P2-type cathode
materials.

To demonstrate the practical applicability of these materials,
we fabricated high-mass-loading electrodes (~ 2 mAh cm~2%)
and evaluated their cycling performance, shown in Figure 2d,e.
The cells were initially cycled at 7.5 mA g™ to facilitate the
activation of redox processes throughout the electrode bulk,
followed by galvanostatic cycling at 150 mA g=!. Both NaLNMTO0
and NaLNMT6 exhibited remarkable cycling stability under
these conditions, retaining their respective capacity trends, with
NaLNMT6 maintaining its superior capacity even with higher
mass loading electrodes. As shown in Figure 2d, when tested up
to 4.2 V both NaLNMTO0 and NaLNMT6 demonstrate exceptional
cycling stability with capacity retentions of 93% (NaLNMTO0) and
98% (NaLNMT®6) after 50 cycles. As shown in Figure 2e, when
cycling over an extended voltage window up to 4.5 V, NaLNMT6
retains 76% of its capacity after 50 cycles compared with only 48%
for NaLNMTO, highlighting the synergistic stabilization by Li and
Ti during high voltage operation.

To evaluate the practical relevance of the Li/Ti co-doping strategy,
Na-ion full cells were assembled using hard carbon (HC) anodes
paired with NaLNMTO and NaLNMT6 cathodes (Figure S7).
Given the substantial initial irreversible capacity associated with
HC, the anodes were pre-sodiated by cycling in half cells prior
to full-cell assembly to mitigate Na inventory loss. With pre-
sodiated HC, the full cells exhibit electrochemical behavior
closely resembling their respective half-cell behavior. At different
current densities (i.e., 15and 30 mA g™'), NaLNMT6 shows higher
capacity with better cycling stability compared to NaLNMTO,
demonstrating the practical improvement of Na cathode with

Li/Ti co-doping. Future work can be focused on improving hard
carbon stability and kinetics as well as Na inventory balance, to
further boost full-cell performance.

These results collectively affirm that strategic Ti substitution
in high-Na-content layered oxides effectively suppresses phase
transitions, enhances reversibility, and activates additional redox
contributions, positioning NaLNMT6 as a highly promising
cathode for next-generation sodium-ion batteries.

To elucidate charge-compensation in NaLNMTO and NaLNMT6
during sodiation and de-sodiation, we performed ex situ soft and
hard X-ray absorption spectroscopy (XAS) to track the evolution
of transition-metal and oxygen states at selected state-of-charge
points. During charging, the Ni K-edge XANES (Figure 3a,b)
and the half-edge energy (E, s, inset; half-height method) show
the expected increase in E,; upon charge (Nat extraction) and
decrease upon discharge (Na*t insertion), indicating the regular
cationic redox behavior [26]. For both compositions, E, 5 rises
monotonically from pristine to 4.5 V, evidencing oxidation of
Ni** to higher valence states. During discharge (Figure S8), the
Ni ions are reduced back to Ni**, indicating good reversibility
of Ni redox. Notably, NaLNMT6 displays higher E,s already
at 40 and 4.2 V than NaLNMTO. This indicates that Ni in
the Ti-doped material attains higher oxidation states at lower
potentials and thus Ti can promote faster Ni redox kinetics.
This trend is corroborated by Ni K-edge EXAFS as shown in
Figure 3c (Figure S9 and Tables S6 and S7), the first-shell peak
yields shorter Ni—O distances at 4.2 V for NaLNMT6 (1.92 A)
than for NaLNMTO (2.01 A), consistent with higher Ni valence
in NaLNMT6. In contrast, the Mn ions show only a minor
participation in the electrochemical charge transfer reaction and
remain essentially all Mn*" (Figure S10). Prior studies on P2-
type layered oxides have shown that Li substitution within the
transition-metal layer can increase Ni redox participation and, in
some cases, temper oxygen-redox activity [24, 27] In our Li/Ti-
modified NaLNMTS6, the enhanced Ni participation is evident
from XANES/EXAFS, yet its higher capacity relative to NaL-
NMTO cannot be rationalized by cationic redox alone as discussed
previously in Figure 2a. Taken together, these results indicate that
local TM-layer chemistry (Li/Ti substitution and Ti—O bonding)
modulates Ni redox thermodynamics and TM—O covalency,
while additional charge compensation, likely involving lattice-
oxygen redox, can contribute to the excess capacity observed in
NaLNMTe6.

To probe the evolution of Oxygen states during electrochemical
cycling, O K-edge soft X-ray absorption spectroscopy (sXAS) was
conducted in total fluorescence yield (TFY) mode, providing
information on the bulk electronic structure. The pre-edge region
below 535 eV corresponds to O(1s) — O(2p)/TM(3d) hybridized
transitions, while the broader features above 535 eV arise from
O(1s) —O(2p)/TM(4sp) hybridized states. The pre-edge can be
deconvoluted into t,, (~529.7 €V) and e, (~531.8 €V) components,
reflecting crystal-field splitting under octahedral coordination
[27, 28]. Although TM—O hybridization dominates the O K-edge
response and thus the spectra alone cannot unambiguously con-
firm oxygen redox activity, the evolution of the pre-edge region
provides important qualitative insight into Oxygen participation.
Notably, as shown in Figure 3d,e while the overall line shape
of NaLNMTO remains unchanged upon charging, NaLNMT6
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FIGURE 3 | Exsitu NiK-edge XANES (a) NaLNMTO and (b) NaLNMT6. The inset is the zoomed-in region around the half-edge. (c) Ex situ Ni-K
edge EXAFS of NaLNMT6. TFY O K-edge XAS at various states of charge (d) NaLNMTO and (e) NaLNMT6. (f) RIXS spectra of pristine and charged
state (4.5 V) NaLNMTO and NaLNMT6 collected at a 531.6 eV excitation energy. The prefixes “C” and “D” indicate the charged and discharged state,

respectively.

exhibits a clear attenuation of the shoulder feature between 531
and 532 eV, particularly from 4.2 V to 4.5 V. This loss of intensity
signifies the emergence of a new oxidized oxygen species at high
voltages, consistent with partial participation of lattice oxygen in
charge compensation [27, 29] The onset of this spectral evolution
above 4.2V aligns with the enhanced reversible capacity observed
in NaLNMTS6, supporting the coexistence of cationic and anionic
redox processes in the Ti- and Li-doped system.

Mechanistically, the oxygen oxidation observed in NaLNMT6
does not follow a reductive coupling mechanism, wherein elec-
trons from oxidized oxygen species are transferred to neighboring
transition metals [30, 31]. This inference is supported by the Ni K-
edge hard XAS results, which show no measurable reduction of
the transition-metal species at high voltages.

To reveal the intrinsic lattice-oxygen redox activity, high-
efficiency mapping resonant inelastic X-ray scattering (mRIXS)
was employed, a technique now widely recognized as the most
sensitive probe for detecting unreleased oxidized oxygen species
in battery electrodes. A distinct emission feature centered near
523.7 eV serves as the spectroscopic fingerprint of oxidized
lattice oxygen [19]. This characteristic feature has been firmly
established across both Li- and Na-based layered oxides as a
reliable indicator of lattice-oxygen redox activity [19, 32]

O K-edge RIXS measurements were performed on ex situ cath-
odes charged to 4.5 V to examine the nature of these oxidized
oxygen states. Reversible oxygen redox activity in layered oxides
is often linked to subtle changes in local oxygen coordination and

the partial oxidation of lattice oxygen species. In NaLNMT®6, the
mRIXS maps (Figure S11) show no pronounced high-intensity fea-
ture typically associated with molecular-like O—O interactions.
Instead, a localized spot in the mRIXS map corresponds to the
energy region captured in the RIXS line scan (Figure 3f; Figure
S12), which highlights the emergence of an inelastic shoulder
near 523.7 eV emission energy at the charged state. This shoulder
reflects the oxidation of lattice oxygen and confirms the presence
of an oxygen redox process in NaLNMT®6 [33, 34]

To further assess whether the activated oxygen redox is accom-
panied by irreversible oxygen release or oxygen-driven para-
sitic reactions, differential electrochemical mass spectrometry
(DEMS) measurements were conducted during the first charge
(Figure S13). While NaLNMTO exhibits negligible gas evolution
over the investigated voltage range, NaLNMT6 shows a pro-
nounced increase in CO, evolution at high voltages approaching
4.5V. Direct O, evolution is not dominant under these conditions.
The enhanced CO, generation is therefore attributed to the
presence of highly reactive oxidized oxygen species that can
chemically interact with the carbonate electrolyte, rather than to
direct lattice-oxygen release as molecular O, [35-39] These DEMS
results are consistent with the mRIXS observations, indicating
that oxygen redox in NaLNMT6 is primarily due as lattice-oxygen
oxidation, though it is accompanied by interfacial side reactions
at high-voltages.

In the Ti-doped analogues, while Ti** remains electrochemi-
cally inactive within the 2.0-4.5 V window, it primarily func-
tions as a structural and electronic stabilizer rather than a
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FIGURE 4 | (a) Calculated Na* ion diffusion coefficients from GITT of NaLNMTO and NaLNMT6 samples as a function of voltage during Na
extraction processes. (b) Arrhenius plot of Na* diffusion coefficients obtained from ML-MD calculations (c) Calculated energy difference per Na atom
between the Naggge and Nage, site for NaLNMTO and NaLNMT6. Rate performance comparison of NaLNMTO and NaLNMT6 cathodes with areal
loading of 2.0 mAh cm~2 from 15 to 450 mA g~! with voltage range of (d) 2.0-4.2 V and (e) 2.0-4.5 V. Five formation cycles were conducted at 15 mA g~

before the rate test.

redox-active center. Its relatively large ionic radius and strong
Ti—O bond (~662 kJ mol™') modulate the covalency of adjacent
TM—O bonds [40]. Owing to its highly ionic character, Ti*"
reduces TM—O covalency in neighboring sites, localizing greater
electron density on oxygen and subtly tuning the electronic
landscape of the TM layer. The presence of Li further comple-
ments this effect by enabling stabilization of Na-rich P2-type
structures and facilitating deeper de-sodiation. The highly ionic
Li—O bond can further increase the electron density around
oxygen, facilitating charge localization. While Li—O—Na config-
urations are known to create the electronic conditions for oxygen
participation, the present results indicate that Ti incorporation
is essential to activate oxygen redox electrochemically at high
voltages [41, 42] Taken together, Li and Ti act synergistically: Li
stabilizes Na-rich composition, while Ti enhances high-voltage
structural robustness and moderates oxygen activity, enabling
oxygen redox in NaLNMT6 [43, 44]

To further understand the capacity increase mechanism after Ti
substitution, the Na* transport kinetics were compared between
the two materials. Galvanostatic intermittent titration technique
(GITT) measurements were conducted for both NaLNMTO and
NaLNMT6. As shown in Figure 4a (Figure S14), the apparent
Na* diffusion coefficient (Dy,*) varies with voltage during
cycling between 2.0-4.5 V. NaLNMT6 exhibits a consistently
higher Dy, " across the potential range, averaging 2.58x10™° cm?
s7!, nearly twice that of NaLNMTO (1.13x10~° c¢m? s7!). This
enhancement reflects the beneficial effect of Ti incorporation on
Na-ion mobility. The GITT-derived Na* diffusion coefficient of
NaLNMTO exhibits a pronounced local minimum near ~4.2 V,
characteristic of layered Na cathodes undergoing high-voltage
structural evolution to OP4/02-type phase, whereas NaLNMT6
maintains a more stable diffusion profile throughout charge and
discharge [45-47]

This improvement is linked to the observed expansion of
the c-lattice parameter upon Ti doping, which reduces Na*
migration barriers by widening the diffusion channels and
weakening Na—O electrostatic interactions. From the mean-
square-displacement (MSD) analysis, the diffusion coefficient
(Dnat) was extracted by fitting the slope of the MSD-time
curves. The diffusivity values derived for NaLNMTO (3.34 x
10~° cm? s7!') and NaLNMT6 (5.59 x 10~° cm? s7!) are in good
agreement with the experimental results. The Arrhenius plots
derived from Molecular Dynamics (MD) calculations done with
Machine Learning (ML) interatomic potentials (Figure 4b) yield
activation energies (E,) of 261 meV for NaLNMT6 and 279 meV
for NaLNMTO, confirming a lower migration barrier and faster
ionic transport in the Ti-doped material.

In the P2-type layered structure, sodium ions occupy two distinct
prismatic sites: the edge-sharing site (Na.q,.) and the face-sharing
site (Nay,. ), which differ in their local coordination environment
with the adjacent transition-metal layers. Density functional the-
ory (DFT) calculations (Figure 4c) reveal that Li/Ni/Mn/Ti cation
mixing significantly reduces the site-energy difference between
Nagge and Nag,. sites. The calculated site energy difference
for the most stable Nay,, site and Naq,, site is 221.4 meV for
NaLNMTO and 117.6 meV for NaLNMTé6.

This energetic homogenization suppresses Na*/vacancy ordering
and thereby mitigates the formation of strongly ordered interme-
diate phases. As a result, Ti substitution promotes continuous
solid-solution-type Na* de-intercalation behavior and thus stabi-
lizes Na-ion diffusion pathways. Rate capability tests were further
performed in the voltage ranges of 2.0-4.2 V and 2.0-4.5 V at
rates from 15 mA g! to 450 mA g! (Figure 4d,e). Within the
4.2 V window, both materials exhibit excellent rate performance
and cycling stability. The slight capacity drop of NaLNMT6 at
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NaLNMT6.

higher rates is attributed to the slower kinetics of the oxygen redox
activity at 4.2 V. However, in the extended 4.5 V window, NaL-
NMTO suffers a pronounced capacity decay, consistent with the
diffusion drop observed near 4.2 V, whereas NaLNMT6 exhibits
superior rate performance and structural stability. Although Li
co-substitution in both compositions mitigates P2—OP4 phase
transitions, Ti doping further strengthens the structural robust-
ness and improves Na-ion transport, collectively enabling fast and
reversible electrochemical kinetics in NaLNMTS6.

Given the marked differences in Na* diffusion kinetics and rate
performance, it is essential to understand how Ti substitution
influences the structural evolution of the layered framework
during (de)sodiation. To this end, in situ X-ray Diffraction
(XRD) measurements were carried out for both NaLNMTO and
NaLNMTS6 at different C rates of 15 and 75 mA g~'. The results for
15 mA g! are shown in Figure 5a,c and Figure S15.

Upon initial charging to 4.2 V, both compositions exhibit system-
atic peak shifts corresponding to an increase in the interlayer
spacing (c-lattice parameter) and a decrease in the in-plane TM-
TM distance (a-lattice parameter) (Figure 5b,d). The expansion
of the c¢ parameter arises from reduced electrostatic screening
between adjacent negatively charged oxygen layers as Na* ions
are extracted, while contraction of the ‘a’ parameter results from
shortening of TM—O bonds upon oxidation of transition metals.
During charging, the (002) and (004) reflections move to lower
angles, signifying c-axis expansion due to increased inter-slab
repulsion, whereas the (100) and (102) reflections shift to higher

angles, indicating ab-plane contraction linked to Ni** / Ni**
oxidation.

At voltages above 4.2 V, both samples show a plateau in the
electrochemical curve, characteristic of a two-phase transition.
In NaLNMTO, the (002) reflection abruptly shifts to higher
angles at high voltages, consistent with the development of
O-type stacking faults and OP4/02-type intergrowth domains
within the P2 framework [25, 33, 48-50] This P2 — OP4/02-
type intergrowth evolution originates from gliding of the TM—O
slabs from ABBA toward ABAC stacking and induces a maximum
volume change of approximately 3.3% in NaLNMTO. In contrast,
Ti-substituted NaLNMT6 follows similar peak-shift trends but
with more mitigated structural distortion. At high voltages, the
shift of the (002) reflection is strongly suppressed, and the growth
of the OP4 phase region is markedly narrowed. The overall
volume change is limited to 1.7%, nearly half that of NaLNMTO.
Although Li incorporation is known to moderate P2 to OP4 to O2-
type evolution, these results show that Li alone (as in NaLNMTO0)
cannot prevent structural collapse above 4.0 V; Ti co-substitution
is required to maintain lattice stability across the extended 4.5 V
window. Ex situ XRD at 4.5 V (Figure S16) is consistent with
in situ measurements with NaLNMTO showing a distinct right
shift of the (002) reflection at 4.5 V, whereas NaLNMT?6 exhibits
peak broadening with minimal peak displacement, indicating
suppressed P2 to OP4 transition.

At the higher C rate of 75 mA g7 (Figures S17 and S18),
the difference in structural reversibility becomes even more
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evident. NaLNMTO fails to fully recover its initial structure upon
discharge—the (002) reflection does not return to the pristine
position, and progressive peak broadening indicates accumu-
lating disorder. Conversely, NaLNMT6 exhibits nearly complete
structural reversibility. Ex situ XRD post cycling further confirms
the reduced crystal structure degradation of NaLNMT6 relative
to NaLNMTO as shown by the stronger intensity attenuation in
NaLNMTO (Figure S19).

The evolution of the c-lattice parameter (Figure 5b,d) further
illustrates this contrast. NaLNMTO undergoes a sharp c-axis
contraction of ~3% upon charging to 4.5 V, accompanied by a
clear discontinuity at high voltage that signifies the P2—0OP4/02
type transition. In comparison, NaLNMT6 displays a modest c-
axis variation of only ~1%, despite extracting a larger quantity
of Na* than NaLNMTO. While conventional P2-type oxides
typically undergo layer gliding when Na content drops below x
~ 0.33, NaLNMT6 preserves the P2 framework even under deep
(de)sodiation states. Ti substitution, therefore, can enhance the
thermodynamic stability of the P2 phase and minimize structural
strain.

Two primary factors account for the suppressed phase transi-
tion and small volume change observed in both compositions.
First, Li doping stabilizes higher Na content within the P2
lattice, and the remaining Na* effectively screens electrostatic
repulsion between adjacent TM—O slabs. Retaining more Na*
during charging mitigates the driving force for layer gliding and
preserves structural order. Second, Ti substitution strengthens
TM—O bonding, as Ti—O (~ 662 kI mol™) is significantly
stronger than Mn—O (~ 402 kJ mol™!) or Ni—O (~ 392 kJ mol ™)
[40, 44]. The stronger, more ionic Ti—O bonds can alleviate
anisotropic distortion of the TM—O framework, limiting lattice
expansion and contraction during cycling. Together, these effects
enable NaLNMT6 to achieve higher capacity and structural
stability.

3 | Conclusions

In this work, we employ a comprehensive experimental and
spectroscopic approach to elucidate how rational cation sub-
stitution can couple electronic modulation with structural
stabilization in high-Na P2-type layered oxides. Using elec-
trochemical measurements, in situ XRD, and hard and soft
X-ray spectroscopies, we reveal that Li and Ti co-doping
enhances sodium storage reversibility and structural robust-
ness. Ti substitution accelerates Na* diffusion, mitigates phase
transitions, and promotes lattice oxygen redox with its strong
Ti—O bonding. Whereas the coexistence of Li* in the TM layer
allows for more Na to be introduced in a P2-type structure
promoting higher Na retention during charging, and mitigat-
ing layer gliding. Combined spectroscopic evidence, includ-
ing soft XAS and RIXS analyses, confirms the activation of
reversible oxygen redox. Together, these effects establish a
clear correlation between transition-metal-oxygen covalency,
lattice stability, and oxygen redox reversibility. The coopera-
tive Li-Ti dual-doping strategy thus provides a guiding prin-
ciple for designing high-energy, long-life sodium-ion cathodes
through the synergistic tuning of cationic and anionic redox
processes.

4 | Experimental Section
4.1 | Synthesis

All samples were synthesized via a solid-state reaction. First, sto-
ichiometric amounts of NiO (99.99%, Sigma-Aldrich), MnO,
(=99%, Sigma-Aldrich), TiO, (99.8%, Sigma-Aldrich), 5% excess
of Li,CO; (99%, Alfa Aesar), and 10% excess of Na,CO; (>99.5%,
Sigma-Aldrich) were mixed and ground in an agate mortar for 15
min. The powders were then ball milled (Fritsch Pulverisette 7) at
400 rpm for 4 h (alternating between 15 min of effective milling
and 15 min of rest). The mixed powders were calcined at 950°C
for 24 h in a muffle furnace (Carbolite Gero, CWF-B 1200). The
resulting powders were transferred to an Argon-filled glove box
antechamber while maintaining a temperature of 150°C to avoid
exposure to moisture.

4.2 | Electrochemical Measurements

Electrodes were prepared by mixing each of the layered oxides
with conductive additive, Super P (MTI corp), and binder
polyvinylidene fluoride (PVdF) in N-methyl pyrrolidone (NMP)
in a ratio of 90:5:5 (active material:Super P:PVdF) to form a
well-homogenized slurry. The slurry was casted using a doctor
blade method on a carbon-coated Aluminum foil and was then
dried in a vacuum oven overnight at 120°C. The electrodes
were transferred to an Argon-filled glove box (Vigor, H,O and
O, content <0.1 ppm) for half-cell assembly. The dried electrodes
with areal loading ~0.5 mAh cm~ were used for half cell testing
using Na metal as the anode and Whatman GF/F borosilicate
glass fiber as the separator. The electrolyte used for both half and
full cell study was 1 M NaPF, in Propylene Carbonate (PC) mixed
with 6wt% of Fluoroethylene Carbonate (FEC) as an additive,
and the electrolyte volume added was 80 pl. All cells were rested
for 6 h followed by 2 formation cycles in 2.0-4.5 V at 15 mA
g™, for activation of redox processes in both bulk and surface of
the material. For electrodes with a high areal loading of 2 mAh
cm~2, the electrolyte volume was increased to 150 pl followed by
5 formation cycles at 7.5 mA g!

For the full cell studies, a hard carbon anode was prepared by
mixing hard carbon from Kuraray with conductive additive and
binder polyvinylidene fluoride (PVdF)) in a ratio of 90:5:5 and
coated on Al foil to be used as the negative electrode in CR2032
coin-type Na-ion full cells. The negative to positive material (N/P)
ratio of 1.1. The full cells were cycled between the voltage window
of 0.7-4.19 V.

For the GITT tests, the batteries were charged at 15 mAh g! for
10 min, followed by open-circuit relaxation for 4 h. The diffusion
coefficient was calculated as [51]:

oo A4 (MY ?(AE,\’
Tt \ MpS AE,
where 7 is the duration of current pulse (s), my is the mass of the
active material (g), V), is the molar volume of the material (cm?
mol™), My is the molar mass of the material (g mol™) S is the

surface area of the electrode (cm?), AE; is the steady state voltage
change and AE, is the total voltage change.
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DEMS measurements were applied to detect and identify
gas evolution of different cathode materials during the first
charge/discharge. The DEMS was built based on a commercial
mass spectrometer (HPR-40, Hiden Analytical). A home-made
cell with electrolyte consisting of 1 M NaPF, in Propylene
Carbonate (PC) mixed with 6wt% of Fluoroethylene Carbonate
(FEC) as an additive was used for in situ measurements. To
enhance measurement precision, an intermittent gas sampling
was implemented, and a controlled vacuum was applied to ensure
complete collection of the evolved gases. The released gases were
accumulated inside the cell for 60 min prior to being introduced
into the mass spectrometer for detection. The cells were then
cycled at a current rate of 15 mA g™ between 2.0 and 4.5V versus
Na*/Na, using high-loading electrodes (2 mAh cm™2) as positive
electrodes to ensure better accuracy from machines.

4.3 | Structural Characterization

SEM imaging was performed using a Thermo Scientific Aqui-
los Cryo-focused ion beam (FIB)/SEM. Powders were prepared
inside an argon-filled glovebox and transferred using an air-tight
transfer arm. Atomic-resolution images of the NaLNMTO and
NaLNMTS6 cathodes were acquired using an aberration-corrected
Thermo Fisher Scientific Spectra Ultra X (Iliad) scanning trans-
mission electron microscope operated at 300 kV in HAADF
mode. The imaging was done at room temperature, and ImageJ
software was used for post-processing. Elemental compositions
were determined with inductively coupled plasma—mass spec-
trometry (ICP-MS) using Thermo iCAP RQ ICP-MS. Standards
for the calibration curve were prepared using a stock multi-
element standard containing each element (Inorganic Ventures).
The laboratory-based XRD was conducted using a Rigaku Smart-
Lab diffractometer using Cu Ka radiation (1 = 1.54 A) over
a 20 range of 5-90°. X-ray Diffraction characterization was
conducted at the 17 BM beamline of the Advanced Photon Source
(1 =0.45961 A).

4.4 | InSitu X-Ray Diffraction Measurements

In situ X-ray Diffraction characterization during the charge-
discharge process was conducted at the 17 BM beamline of
the Advanced Photon Source (1 = 0.2526 A). The tested 2032-
type coin cell cases were modified with holes on both the
cathode and anode caps and sealed with Kapton tape. The
voltage profiles obtained during in situ XRD are fully con-
sistent with conventional electrochemical measurements, with
minor deviations attributable to the in situ cell configuration
(Figure S20). Electrochemical cycling was performed using a
MACCOR battery testing system. A standard reference material
CeO, was measured to obtain the instrument parameters for
sample data analysis. Rietveld refinements were processed using
the sequential refinement function in the GSAS-II software
package.

4.5 | Hard XAS Measurements

All the XAS spectra were collected under room temperature with
the transmission signals. To prepare the samples for Hard XAS

(hXAS) measurements, once the desired SoC was achieved, the
coin cells were disassembled in the glovebox carefully (prevent
short-circuiting) and as soon as possible (to minimize self-
discharge under open circuit). The positive electrode powders
were rinsed thoroughly three times with anhydrous dimethyl
carbonate (DMC) to eliminate electrolyte residues and soluble
surface species. DMC was evaporated by leaving the samples in
a vacuum (using the glovebox antechamber) for at least 2 h. The
ex situ cathode samples were sandwiched between a Kapton tape
in an argon-filled glove box and then transferred from the glove
box into a transport container and then into an X-ray absorption
antechamber through an argon environment to minimize the
potential exposure to air. The Ni and Mn K-edge XAS mea-
surements were performed at 7-BM-B beamline of the National
Synchrotron Light Source II (NSLS-II) at Brookhaven National
Laboratory. The obtained data were normalized and analyzed
using Athena software. The EXAFS fittings were performed in
Artemis software (Figures S21 and S22)

4.6 | Soft XAS and RIXS Measurements

The O K-edge soft XAS (sXAS) and O K-edge RIXS spectra were
collected by the iRIXS end station at beamline 8.0.1 in Advanced
Light Source, Lawrence Berkeley National Laboratory. A custom-
built transfer kit was employed to transport the samples from
the Ar-filled glovebox to the measurement chamber, ensuring
complete protection from air exposure. The RIXS spectra were
continuously scanned through the O-K pre-edge region with
the excitation energy step size of 0.2 eV. The collected spectra
were fabricated to 2D RIXS maps as functions of emission and
excitation energies. The sXAS data shown in this work are
measured in both total fluorescence yield (TFY) and total electron
yield (TEY) modes. We use the TFY data for detailed analysis
in this work due to its bulk sensitivity. All spectra have been
normalized to the photon flux.

4.7 | Computational Methods

All density functional theory (DFT) calculations were performed
using the Vienna Ab initio Simulation Package (VASP) within
the projector augmented-wave (PAW) formalism [52, 53]. The
Perdew-Burke-Ernzerhof (PBE) functional within the general-
ized gradient approximation (GGA) was employed to describe the
exchange-correlation interaction [54]. The DFT+U approach was
used to correct for on-site Coulomb interactions of localized 3d
electrons, with U = 3.1 eV for Mn and 6.2 eV for Ni [55].

Structural optimizations were performed for each structure using
computational parameters consistent with Materials Project Set-
tings as implemented in Pymatgen, followed by a static energy
calculation [56]. The final static runs used a 520 eV cutoff and
a reciprocal density of approximately 64 k-points A—3. Electronic
convergence was set to 107® eV. These static-run energies were
used to calculate the site energies for the Na vacancies.

Molecular dynamics (MD) simulations were performed using
the LAMMPS package with the TensorNet-MatPES-PBE-v2025.1-
PES foundation potential to investigate Na-ion diffusion [57-59]
All simulations were carried out in the NPT ensemble using a
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Nosé-Hoover thermostat to maintain the target temperature [60,
61] The time step was set to 1 fs, and each trajectory was
equilibrated for 500 ps followed by a 1 ns production run for
diffusion analysis.

A 600-atom supercell was used in each case for the diffusion
analysis, with Na-ion diffusivities computed from MD trajectories
between 1200 and 1500 K using the Nernst-Einstein equa-
tion based on mean-squared displacements. The temperature-
dependent diffusion coefficients were fitted to an Arrhenius plot,
and the extrapolated 300 K ionic diffusivity was obtained to
evaluate room-temperature transport behavior.
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