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Manganese-rich layered oxides are among the most promising positive electrode candidates for sodium-ion
batteries due to their abundant resources and relatively high theoretical specific capacity. However, conventional
P2-type layered transition metal oxides suffer from structural instability, particularly at high voltages, resulting
in poor capacity retention. Here, we investigate the effect of Ge substitution on the structural and electro-
chemical properties of Nag ¢7Nig.33Mng 6702 at high voltage. X-ray and neutron diffraction analyses reveal that
the P2 phase and honeycomb ordering are preserved after Ge** substitution. Meanwhile, the enlarged sodium
layer spacing facilitates Na*t diffusion, enhancing ionic transport and transfer kinetics, which leads to improved
rate capability. Particularly, Nag¢7Nig 33Mng e2Gep.0s02 (NNMO-Gep s) exhibits a high-rate capability and
excellent cycling stability, retaining 81% of its capacity after 500 cycles at 150 mA g™ between 2 - 4.2 V,
compared with the undoped sample (69%). Moreover, it also shows excellent electrochemical performance
among recently reported NNMO-based materials. 2>Na solid-state nuclear magnetic resonance and operando
synchrotron X-ray diffraction characterizations demonstrate that the enhanced performance arises from stabi-
lization of the P2 phase and suppression of the detrimental O2 phase at high voltage. Soft X-ray TM L-edge
absorption spectroscopy and O K-edge resonant inelastic X-ray scattering analyses suggest that charge
compensation is predominantly governed by reversible Ni redox, with limited direct participation of lattice
oxygen. This work provides a simple and effective strategy for improving the performance of Mn-rich layered
transition metal oxide positive electrode materials through Ge substitution.

radius (1.02 A), which leads to a lower energy density and sometimes
sluggish Na' transport kinetics, hindering the practical application of

1. Introduction

With the rapid expansion of electric vehicles and smart grids, sodium
ion batteries (SIBs) have emerged as a promising complement to lith-
ium—ion batteries (LIBs) due to the natural abundance and low—cost of
sodium resources [1,2]. However, Na exhibits a higher electrode po-
tential than Li (—2.714 V for Na, —3.045 V for Li) and a larger ionic
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SIBs. Consequently, the development of advanced positive electrode
materials with high capacity, robust cycling stability, and fast Na*
diffusion has become a critical research priority [3]. Among various
candidates, P2-type Nag ¢7Nip.33Mng 702 (NNMO) positive electrode
material has attracted significant attention owing to its high working
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voltage (~3.7 V), relatively high energy density, and good air stability
[4]. Nevertheless, NNMO suffers from several issues under high-voltage
operation, including anisotropic lattice distortion, irreversible P2-02
phase transitions, irreversible oxygen redox associated with gas evolu-
tion, and parasitic surface reactions [4,5]. Addressing these issues is
essential for realizing high-performance sodium-ion batteries.

To tackle the issues at high-voltage operation for NNMO, several
strategies have been employed, including surface coating [6] and
elemental substitution [7,8]. Liu et al. demonstrated improved electro-
lyte stability when NNMO was coated with alumina by wet chemistry
method [9], leading to improved capacity retention (achieved to 73.2%
from 26.8% after 300 cycles between 2.5 — 4.3 V) and rate performance.
However, the unfavorable P2-02 phase transition still persisted, leading
to exfoliation of layers. Elemental substitution, including electrochem-
ically active cations (e.g., Cu**, Co%"), nonactive cations (e.g., Li*,
Mg?t, zn?*, A%, Y3*, Ti*t, Nb>", W) and anions (e.g., F), has been
widely demonstrated to optimize the intrinsic structure by modulating
bond energies, lattice parameters, and surface/interface properties,
thereby enhancing structural and chemical stability [10]. Wu et al. [11]
reported that high-valence W8* effectively suppresses the P2-02 phase
transition in Nag g7Nig.33Mng 6Wo.0102 under 4.2 V high voltage oper-
ation, leading to significantly improved cycling stability (77.6% ca-
pacity retention after 1000 cycles at 10 C rate). W (ionic radius 0.60 A)
possesses both a higher valence state and a larger ionic radius than
Mn**(0.53 A), the resulting stronger W-O bonding expands the lattice,
suppresses lattice oxygen release, and consequently improves structural
stability. Table S1 (Supplementary Information) summarizes recent
single element doping in NNMO, which generally enhance capacity
retention during prolonged high-voltage cycling by stabilizing the
layered framework.

However, most previously reported substitutions, particularly elec-
trochemically active cations (e.g., Cu2+, Co®*") and anions (e.g., F), tend
to modify the TM redox chemistry or alter the TM-O covalency, often
leading to trade—offs between structural stability and reversible capac-
ity. In contrast, the isovalent Ge** substitution at the Mn site provides a
fundamentally different stabilization mechanism that decouples struc-
tural robustness from redox perturbation. Specifically, because Ge**
possesses the same valence state and a nearly identical ionic radius to
Mn*t (r = 0.53 A) [12,13], its incorporation preserves local charge
neutrality and minimizes lattice strain, thereby maintaining the integ-
rity of the TM-O framework. Additionally, Ge substitution may influ-
ence the local electronic structure, which could be beneficial for
electrochemical performance [14].

When monovalent, divalent, or trivalent nonactive dopants (e.g., Li*,
Mg2+, Zn2+, Al3+, Y3*) substitute at Mn site in NNMO, the initial
oxidation state of Ni%* will be increased to satisfy charge-compensation
requirement. Based on this, the redox activity of nickel may partly be
curtailed [15]. Tetravalent dopants such as Ti*" have the same valance
of Ge4+, but their relatively larger ionic radii (r = 0.61 /o\) and/or more
bonding character can introduce local lattice strain and increased po-
larization [16]. Moreover, the substitution of Mn*t by the much heavier
higher—valence dopants (e.g., Nb>*, wé™) may reduce the achievable
gravimetric energy density because their large atomic masses increase
formula weight without proportionally contributing to reversible ca-
pacity [17]. Ge*t preserves the Mn** valence state, similar atomic mass
and avoids charge-compensation-induced lattice instability. Collec-
tively, these effects enable a coupling of structural stabilization with
charge balance, allowing cycling stability without sacrificing reversible
capacity.

Previous studies in LIBs further prove the beneficial role of Ge
incorporation. Zhao et al. [18]. reported a Ge-doped LiNige.
Cog.2Mn 202 material, that delivered an increased discharge capacity of
145.6 mAh g! at 5 C rate (1C = 180 mA g!) within 2.7-4.3 V,
compared to 130.4 mAh g~! for the undoped counterpart, along with a
capacity retention of 91.1% after 100 cycles at 1 C. Similarly, Zhang
et al. [19] synthesized the Ge doped Li3Vy(PO4)3/C materials via a
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sol-gel method, achieving discharge capacities of 137.2mAh g~ 'at 0.2C
compared to 127.9 mAh g~ 'of the undoped sample and 118.4 mAh g~ 'at
5C (vs. 50.6 mAh g™1) in the voltage range of 2-4.3 V. Despite these
promising results, the mechanistic role of Ge substitution in NNMO
positive electrode materials for sodium—ion batteries remains largely
unexplored.

Here, we investigate the impact of selectively substituting Mn** with
Ge** on the NNMO structural stability and electrochemical performance
in the high voltage range of 2.0-4.2 V. The content of Ge*" is systematic
optimized. It was found the modified Nage7Nig 33Mng e2Geg.0502
(NNMO-Gey ¢s), delivers an initial capacity of 126.27 mAh g‘1 at 15mA
¢! within 2.0-4.2 V, representing a 21% improvement over the undo-
ped NNMO of 103.87 mAh g!. Through integrated multi-scale ex— and
in-situ characterizations (e.g., X-ray diffraction (XRD), neutron powder
diffraction (NPD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), x-ray absorption spectroscopy (XAS), Na
solid-state nuclear magnetic resonance (NMR)), we found Ge substitu-
tion suppresses P2-02 phase transitions while broadening Na™ diffusion
pathways, resulting in significantly improved cycling stability and rate
capability. This work presents a promising strategy for developing
high—capacity, stable P2-type layered oxide positive electrode mate-
rials, offering valuable design insights for the development of high-
—performance positive electrode materials for SIBs.

2. Results and discussion
2.1. Structure and morphology

Ge-substituted P2-type Nag ¢7Nig 33Mng ¢7_xGexO2 (NNMO-Gey, x =
0, 0.02, 0.05, 0.10) were synthesized via simple solid—state reaction
[20]. Inductively coupled plasma mass spectrometry (ICP-MS) analysis
confirmed that the chemical composition of the as—prepared samples is
consistent with the expected stoichiometry (Table S2, Supplementary
Information). Fig. 1a shows the powder X-ray diffraction (XRD) result of
the four as-prepared samples. All samples exhibit a P2-type layered
structure (space group P6s/mmc), with only trace amounts of Na-GeOs
phase detected at Ge contents above x > 0.05 (Fig. 1a). In order to better
investigate the lattice changes (Fig. 1b) induced by Ge substitution, the
crystal structures of NNMO-Ge; were further analyzed by Rietveld
refinement of the XRD data [21], which are shown in Fig. 1¢c, 1d and S1
(Supplementary Information). The refined lattice parameters for NNMO
are a = b = 2.8839(1) A, ¢ = 11.1506(2) A, and V = 80.314(3) A?
(Table S3, Supplementary Information). Increasing the Ge content
causes ¢ and corresponding volume to gradually increase (Fig. 1b),
suggesting Ge substitution can facilitate enlarged diffusion pathways for
Na' migration with lower Na™ diffusion barriers. On the other hand, the
ab plane contracts with increased Ge content (Figure S2, Supplementary
Information). The schematic illustration of the changes of crystal
structures after Ge substitution is shown in Figure S3 (Supplementary
Information). It is postulated that the changes in lattice parameters may
be associated with the unique [Ar] 3d'0 electron configuration of Ge*t
(Figure S4, Supplementary Information). Ge*" has nearly identical ionic
radius (r = 0.53 }o\) as Mn** ([Ar] 3d3), allowing it to easily substitute for
Mn without disrupting the honeycomb cation—ordered structure of
P2-NNMO [22]. Neutron powder diffraction (NPD) confirms that the
TM ordering with ABAB stacking of Ni and Mn/Ge remains after Ge
substitution (Fig. le and 1f), according to the good fit of the indexed
peaks to the P63 space group [23]. However, the completely filled
d-orbitals of Ge** cannot accommodate the typical TM 3d-O 2p hy-
bridization of layered oxides and instead bond via the empty 4s/4p Ge
orbitals. This is expected to have substantial effects on the local elec-
tronic structure of oxygen and coordinating transition metal elements.

The morphology and microstructure of the as—prepared
NNMO-Gep,gs were characterized by scanning electron microscopy
(SEM) and high-resolution transmission electron microscopy (HRTEM).
The sample exhibits a plate-like morphology with an average particle
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Fig. 1. Structure characterization. (a) Experimental PXRD patterns of NNMO-Ge,, inset: the schematic illustration of the changes of crystal structures after Ge
substitution; (b) The changes of ¢ and volume values with the Ge substituting increases after refinement; The Rietveld refinement of PXRD and NPD patterns of (c, e)
NNMO and (d, f) NNMO-Gey os; Inset: intralayer ordering; (g) The SEM, (h) TEM, (i) HRTEM (inset) and SAED patterns of the NNMO-Gey o5 sample; (j) HRTEM
image along the (011) zone axis; (k) HAADF and corresponding EDS mapping images of NNMO-Geg os.
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size of approximately 3 pm (Fig. 1g). The HRTEM image and the cor-
responding fast Fourier transform (FFT) image reveal lattice resolved
fringes with a spacing of 0.243 nm, corresponding to the (011) plane of
the P2-type hexagonal system (Fig. 1h-1j). The high-angle annular
dark-field (HAADF) and combined energy-dispersive spectroscopy
(EDS) mappings (Fig. 1k) demonstrate the uniform distribution of Na,
Ni, Mn, Ge, and O elements in NNMO-Gey gs.

2.2. Electrochemical properties

The electrochemical properties of NNMO-Gey were assessed in
coin-type sodium half cells in the voltage range of 2-4.2 V (vs Na/Na™).
All measurements were conducted for at least three duplicates, and the
averaged values with standard deviations are included in Fig. 2, con-
firming the excellent reproducibility of the electrochemical perfor-
mance. Three plateaus at ~3.3, ~3.7, and ~4.2 V were observed during
the first charge, which are in agreement with those reported in the
literature [7]. The first-cycle charge/discharge curves of NNMO-Gey are
shown in Fig. 2a and Figure S5 (Supplementary Information), exhibiting
an initial charge/discharge capacity of 105.06/103.87 mAh g™ for
NNMO, 103.82/101.77 mAh g for NNMO-Geg o2, 115.63/126.27 mAh
g‘1 for NNMO-Geg o5, and 118.05/115.29 mAh g'l for NNMO-Gey 1 at
15 mA g™! between 2-4.2V. There is little difference in initial charge/-
discharge capacity among the NNMO and NNMO-Gey (2 samples, indi-
cating that 2% Ge substitution has no obvious effect on the initial
performance of NNMO. However, with increasing Ge content, the
voltage plateau at 4.2 V during charge extends, resulting in an increase
in the capacity of the material. The extended plateau of NNMO-Geg o5
and NNMO-Gep 9 may be associated with a stabilized single P2
framework and the formation of O-type stacking faults, which is sup-
ported by Operando XRD results discussed later. While local stacking
faults with O-type character may be introduced by substitution and help
accommodate structural strain, they do not correspond to a bulk phase
transformation but instead contribute to maintaining structural integrity
and reversibility. This improvement is also associated with the expanded
Na interlayer spacing due to Ge substituting, which regulates interlayer
electrostatic repulsion between TMs, thereby enabling more reversible
Na* extraction at high voltage. The increased discharge capacity in
NNMO-Gey g5 is partially associated with enhanced Na insertion at low
voltage, involving additional Na® occupation of Na/vacancy-ordered
sites and accompanying Mn**/Mn3* redox (Fig. 3b and 3e). The
Columbic efficiency of the NNMO-Ge o5 electrode becomes 97.9% and
98.2% in the second and third cycles, respectively (Figure S6, Supple-
mentary Information), indicating that the electrode stabilizes after the
initial cycle, with minimal irreversible reactions. The decreased capacity
in NNMO-Gey 19 compared to NNMO-Ge o5 might be associated with
the existance of the inactive NapGeOgs phase in the sample. In addition,
NNMO-Gey o5 exhibits the highest reversible capacity (70.69 mAh g™1)
after 100 cycles at 150 mA g among the four samples (Figure S7,
Supplementary Information), indicating that its structure remains more
stable during long-term cycling. The rate capability of the four samples
is shown in Fig. 2b. NNMO shows a significant decrease in discharge
specific capacity with increasing current density, declining to 60.2 mAh
g’1 at 750 mA g’l. In contrast, NNMO-Geg g2 and NNMO-Ge 5 exhibit
higher specific capacities at 750 mA g}, while NNMO-Geg 1o does not
possibly due to the NayGeO3 phase present. When the current density is
increased from 15 to 750 mA g7, the reversible capacities of
NNMO-Geg o5 are 127.9, 111.8, 93.7, 85.3, 80.0 and 71.9 mAh g_l,
respectively. Upon returning the current density to 15 mA g'l, the
reversible capacity of NNMO-Geg g5 reaches 116.2 mAh g}, retaining
91% of the initial capacity. These results demonstrate the excellent
reversibility of Na™ transport, which is attributed to the larger "Na layer
distance (do—na-0)" of NNMO-Gegos (Figure S3, Supplementary
Information).

The electrochemical impedance spectroscopy (EIS) measurements
were performed on NNMO and NNMO-Geg o5 materials at pristine state
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to investigate their kinetic behavior [24]. The impedance spectra,
equivalent circuit model, and the fitted results are shown in Fig. 2c and
Table S9 (Supplementary Information). Both materials exhibit one small
semicircle near the high frequency region, one larger semicircle in the
intermediate frequency region, and an inclined line in the low frequency
region. These features correspond to the ohmic resistance of the elec-
trode material (Rp) at the intercept, electrode/electrolyte interfacial
resistance (Rcgp), charge transfer resistance (R.y), and Warburg imped-
ance (Zy,). The R, is associated with Na'charge transfer resistance at the
interface between the electrode and the electrolyte [25]. It is observed
that the pristine NNMO electrode exhibited apparently higher R (221.5
Q) values than those of NNMO-Geg 5 (152.5 €; in Table S9, Supple-
mentary Information), indicating enhanced interfacial redox kinetics.
This improvement is attributed to the stabilized Mn/Ge-O framework
and reduced structural polarization during Na extraction/insertion
(Fig. 3a and 3b). Galvanostatic intermittent titration technique (GITT)
studies were completed in Fig. 2d, it can be seen at ~3.3, ~3.7 and ~4.2
V the diffusion coefficient for the NNMO-Geg s is far more stable
through the voltage window and larger compared to the undoped
NNMO sample especially on the discharge, indicating a better kinetic for
NNMO-Gep g5 electrode. The reduced charge-transfer resistance
together with the enhanced Na* diffusion coefficient derived from GITT
collectively demonstrate that Ge** substitution accelerates both inter-
facial redox kinetics and bulk charge transport, leading to globally
improved electrochemical kinetics. This also supports the cyclic vol-
tammetry (CV) results (Fig. 3a and 3b).

In addition, the cycling performance of these samples under a current
density of 150 mA g'1 in half cells is compared in Fig. 2e, NNMO-Gey o5
exhibits excellent cycling stability, possessing a capacity retention of
~81% after 500 cycles (65.9 mAh g’l), compared to NNMO (69%, 56.2
mAh g1), NNMO-Geg o2 (81%, 64 mAh g 1), and NNMO-Geg 1 (80%,
50.8 mAh g™!). Furthermore, it also exhibits superior cycling perfor-
mance compared with previously reported NNMO-based positive elec-
trode materials, as illustrated in Figure S8 (Supplementary Information).
Besides, NNMO-Gey o5 exhibits a more stable average discharge voltage
during prolonged cycling (Figure S9, Supplementary Information), with
only 3.6% voltage decay, compared to NNMO (5.9%), NNMO-Geg o2
(4.4%) and NNMO-Gey 19 (5.4%), indicating suppressed voltage fading
and improved electrochemical reversibility. Furthermore, a coin-type
full cell comprising the NNMO-Geg g5 positive and commercial hard
carbon (HC) negative electrode material (denoted as NNMO-Gey o5//
HC) was assembled (Figure S10, Supplementary Information) to eval-
uate the practical applicability of NNMO-Geg o5 material. As shown in
Fig. 2f, the NNMO-Gey o5//HC full cell delivers a excellent cycling sta-
bility, retaining ~83% after 200 cycles at a 1C rate and the energy
density of full cell is 294 Wh kg™! at a power density of 35 W kg™* based
on the active mass of the positive and negative electrode materials.
These results highlight the potential of Ge-substituted NNMO for prac-
tical sodium-ion full cells. The current loading density of the positive
electrode material is about 2.8 mg/cm? and it could be engineered to
achieve high loading density for pouch cell configuration for future
improvement.

2.3. Redox behaviors

Cyclic voltammetry (CV) measurements were conducted at a scan
rate of 0.1 mV s™! and six peak pairs (centered at 2.35/2.27, 3.26,/2.98,
3.37/3.29, 3.64/3.56, 3.71/3.64 and 4.2/4.12 V) are discerned in
NNMO (Fig. 3a). The peaks below 3 V are associated with Mn®*/Mn**
redox. The redox peaks around ~3.3 V and ~3.7 V correspond to the
Ni2*/Ni®*/Ni** redox and Na*t/vacancy ordering rearrangement in the
sodium layer, while peaks around 4.2 V is associated with the P2-02
transition and oxygen redox [26,27]. CV curves of NNMO electrode
show a significant voltage hysteresis at 4.1 V, suggesting irreversible
structural evolution within the first 3 cycles. It is noteworthy that with
Ge*t substitution, the curves are broader, smoother and more
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Fig. 2. Electrochemical properties: (a) Galvanostatic charge-discharge voltage profiles of electrodes of the first cycle at 15 mA g+ within 2.0-4.2 V; (b) Rate
capability. The error band represents the standard deviation between multiple cells of the sample; (c) Nyquist plots of pristine NNMO and NNMO-Gey ¢s electrode
materials; (d) The comparation of GITT of NNMO and NNMO-Geg s at charge and discharge state; (e) Cycling performance of NNMO-Geg o5 at 150 mA g'l in
comparison with the NNMO, NNMO-Gey o2 and NNMO-Ge, ; counterparts; (f) Cycling performance of a coin—-type NNMO-Geg os//hard carbon full cell at 1C rate
within 1.9-4.1 V (capacity based on the active mass of the positive electrode); Inset: schematic diagram of the full cell with NNMO-Gey o5 and hard carbon elec-
trode material.
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reversible, and the intensity of the redox peak corresponding to the and oxygen redox were directly confirmed by operando XRD and O
Ni>*Ni** redox at ~4.2 V gradually stabilizes (Fig. 3b). This suggests K-edge mapping of resonant inelastic X-ray scattering (mRIXS) analysis
that Ge*" substitution effectively enhances the stability of the material's discussed later.

crystal structure by suppressing the P2-02 phase transition, thereby The aforementioned scenario is confirmed by a series of spectro-
effectively increasing the reversibility. The suppressed phase transition scopic characterizations for probing the valence states of all relevant
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elements in NNMO-Gey o5 at different states of charge. First, soft X-ray
TM L-edge absorption spectroscopy (sXAS) (Fig. 3c—f) directly probes
the 3d valence states through the 2p-3d excitations. Two different probe
depths of about 10 and 100-200 nm could be achieved through the total
electron yield (TEY) and total fluorescence yield (TFY) mode, respec-
tively [28]. We measured Ni-Ls edge TEY (surface, Fig. 3c) and TFY
(bulk, Fig. 3d) sXAS with reference spectra for direct comparison. For
Mn, conventional TFY is known to suffer serious distortion in lineshape
due to the abrupt change in penetration depth at the absorption edge
[29], so we employed inverse partial fluorescence yield (iPFY; bulk)
extracted from mRIXS to evaluate the bulk Mn valence states [29].
Fig. 3c and 3d show the oxidation state evolution of Ni in NNMO-Geg s
during the charge/discharge process at the first cycle. The pristine state
displays a sharp peak at ~853 eV and a hump at ~855 eV, which mainly
corresponds to the Ni?*, consistent with the hard XAS results
(Figure S11, Supplementary Information) and previous results [30,31].
When the electrode is charged to 4.0 V, the relative peak intensity at
~854 eV for Ni®" increases, suggesting that the Ni®*/* redox contrib-
utes to the charge compensation in the bulk of the electrode, with
further oxidation toward a mixed Ni®*/4* state at 4.2 V. Upon discharge
to 2.0 V, the spectral features largely recover toward the pristine state,
indicating a predominantly reversible Ni redox process. Fig. 3e and 3f
show the Mn Ls-edge TEY (surface) and mRIXS—iPFY (bulk) compared
with references. In the bulk, as expected, Mn maintains Mn**, indicating
Mn is an inactive redox component. It is important to note that, through
such a comparative surface versus bulk study, we found a finite amount
of Mn reduction to Mn3* in the bulk, but clear evidence of Mn reduction
to Mn2" on the surface when the electrode is discharged to 2.0 V.

We further characterized the oxygen state evolution to the high
voltage through O K-edge RIXS (Figure S12, Supplementary Informa-
tion). A feature in the O-K RIXS map at an excitation energy of 531.2 eV
is characteristic of oxidized oxygen dimerization [32]. But O-K RIXS
maps of pristine and 4.2 V charged NNMO-Geg g5 show no such pro-
nounced feature, indicating the oxygen oxidation towards dimerization
has not been observed in NNMO-Geg os.

The analysis of the ex-situ soft X-ray studies above is further
confirmed by Operando hard X-ray absorption near-edge structure
(XANES) measurements of NNMO-Geg s conducted at TMs K-edge
(Figure S11, Supplementary Information). It shows that the Ni and Mn is
mainly in the 2+ and 4+ state in NNMO and NNMO-Ge o5 samples at
pristine state (Figure Slla and S11b, Supplementary Information),
which is consistent with the sXAS results (Fig. 3c and 3d). The edge of Ni
K-edge XANES (Figure Sllc, Supplementary Information) in
NNMO-Ge o5 shifts to higher energy during charging process and then
returns to the lower energy region when discharged to 2 V, indicating
both oxidation and reduction of Ni occurs upon charging and dis-
charging. The edge positions of the Mn K-edge XANES spectra
(Figure S11d, Supplementary Information) undergo negligible shifts
during the charge/discharge process, indicating that the valence of Mn
remains essentially unchanged. Although Mn K-edge hXAS indicates an
overall electrochemically inactive Mn framework, the Mn Ls-edge in
sXAS (both in TEY and iPFY) reveals a very minor Mn** to Mn3*
reduction at ~2 V, suggesting a localized and non-dominant Mn redox
contribution that is likely confined to near-surface or defect regions
[33]. Combined Ni/Mn L3- and K-edge XAS and O K-edge RIXS analyses
demonstrate that the electrochemical charge compensation in
NNMO-Gepgs is predominantly governed by a reversible bulk
NiZ*/Ni®*/Ni**redox process, while Mn largely remains electrochemi-
cally inactive at bulk scale. No clear spectroscopic signatures of oxidized
oxygen dimerization are observed, indicating that lattice oxygen does
not participate directly in charge compensation. Overall, NNMO-Gey o5
has a stable electronic structure at high voltage and shows a highly
reversible, cation-dominated charge compensation mechanism.
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2.4. Structural evolution

Fig. 4a, 4b and S13 (Supplementary Information) compare the
high-resolution 23Na NMR spectra of NNMO and NNMO-Gey o5, ob-
tained via the advanced pj-MATPASS (pj = projection, MAT = magi-
c-angle turning, PASS = phase-adjusted sideband separation) method
[34,35]. The downfield resonances between 1250-2000 ppm corre-
spond to Na sites in the primary P2 phase, where paramagnetic shifts
arise from hyperfine interactions with neighboring transition metal ions.
In the P2 structure, Na occupies both edge-sharing and face-sharing
prismatic sites, which experience different hyperfine coupling strengths
due to their distinct local TM coordination environments. Na sites with a
higher number of neighboring TM ions, particularly those coordinated
with stronger TM-O covalency, are expected to exhibit more pro-
nounced downfield shifts and broader resonances. Clusters of low-
er—intensity resonances within the 2000-1250 ppm range originate from
Na environments with mixed Mn/Ni configurations in the first and
second coordination shells. The upfield peaks around 0 ppm represent
diamagnetic Na-containing phases, such as the unreacted Na residues
from synthesis. Comparing the NNMO and NNMO-Gey g5, Ge doping
increases the relative intensity of the primary (green shaded regions) P2
phase. The increased relative intensity contribution is attributed to a
redistribution of local magnetic environments, where Na sites are more
frequently surrounded by TM configurations with stronger and more
uniform hyperfine coupling. Such changes may arise from modified
altered TM-O covalency, and variations in the relative contributions of
edge- and face-sharing Na sites induced by Ge substitution, collectively
leading to an increased population of Na sites exhibiting larger para-
magnetic shifts. In addition, Ge-substitution also leads to a reduced
contribution from diamagnetic Na environments. To compare the
long-range structural evolution and phase transition of NNMO and
NNMO-Gey g5 during cycling, operando synchrotron XRD experiments
were performed in Fig. 4c and 4d. Anisotropic lattice variation and
P2-02 phase transition (O2 phase around 1.5°) occur in the undoped
NNMO sample during the first charge (Fig. 4c and Figure S14, Supple-
mentary Information), which agrees with previous work [36]. Although
the structural evolution appears to be reversible during the first char-
ging—discharging process, the irreversible lattice deformations (such as
generation of dislocations and slips) still exist. The considerable lattice
mismatch between P2 and O2 phases introduces repetitive strain in the
subsequent long-term cycling, causing detrimental lattice distortion or
even micro—cracks within electrodes and eventually impairing the
electrochemical performance [37] (Fig. 2c). In contrast, NNMO-Geg o5
does not undergo the P2-02 phase transition throughout the first charge
(Fig. 4c) based on the absence of the (002)’ peak observed for undoped
NNMO; instead, it only exhibits progressive peak shifts associated with
lattice expansion/contraction during charging and discharging process
and the formation of O-type stacking faults around 4.2 V, similar to
previous work [38] (Figure S15, Supplementary Information). That
suggests the structural stability improved with the Na™ insertion/ex-
traction. Moreover, during the discharge process, all the peaks return to
their original position gradually, indicating the great reversibility of
NNMO-Gey os. In brief, through operando XRD analysis, the destructive
P2-02 phase transition in NNMO-Ge o5 is well suppressed and it shows
better reversibility, which accounts for the enhanced structural stability
and electrochemical performance.

3. Conclusion

In summary, we demonstrate Ge substitution (substituting for Mn in
the TM layer) provides a viable approach for tuning the lattice param-
eters and suppressing phase transitions of NNMO. Operando sXRD re-
veals that the undoped NNMO undergoes a pronounced P2-O2 phase
transition upon high-voltage charging, accompanied by abrupt lattice
evolution and phase coexistence, indicative of severe structural insta-
bility. In contrast, strong Ge-O covalency introduced by Ge**
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spectrum of NNMO and NNMO-Geg s; In situ synchrotron XRD patterns obtained during the first galvanostatic charge/discharge cycle of (c) NNMO and (d)

NNMO-Geg g5 at a current rate of 150 mA g™! in the voltage range of 2-4.2 V.

substitution may help reinforce the TM-O framework and stabilize the
oxygen sublattice, thereby suppressing slab gliding and mitigating the
P2-02 phase transition. The unique stabilizing effect of Ge** is hy-
pothesized to result from its full [Ar]3d'° orbital configuration, forming
covalent Ge-O bonds on the Ge 4 s and 4p orbitals to stabilize lattice
oxygen. Consequently, the TM-O framework becomes more rigid to
resist the TMO; gliding that leads to undesired phase transitions [39,
40]. %°Na NMR result further indicates that Ge doping increases the
fraction of the primary P2 phase with modified altered TM-O covalency
while reducing the amount of diamagnetic Na species. sXAS and hXAS
reveal that the charge compensation in NNMO-Ge o5 is dominated by a
highly reversible bulk Ni?*/Ni®*/Ni*'redox process, with Mn remain-
ing largely electrochemically inactive and no characteristic spectro-
scopic fingerprint of lattice oxygen redox was observed under the
present experimental conditions. The strong coupling between stabi-
lized Ni-centered charge compensation and suppressed layer gliding
may contribute to the improved high-voltage stability of NNMO-Gey os.
As a result of this structural stabilization, NNMO-Geg s delivers
markedly enhanced electrochemical performance, achieving 81% ca-
pacity retention at 150 mA g! after 500 cycles, compared to only 69%
for undoped NNMO under identical conditions. And the
NNMO-Gey g5//HC coin-type full cell further demonstrates durable
cycling stability, maintaining ~98% and ~83% capacity retention after

100 and 200 cycles at 170 mA g, respectively. Furthermore, our ana-
lyses unveil distinct redox behaviors between the surface and bulk,
suggesting opportunities for further optimization through surface engi-
neering or voltage regulation. More broadly, these findings suggest that
combining structurally stabilizing dopants with redox-active or dif-
fusion-regulating elements could provide a promising avenue for
improving phase stability, redox reversibility, and Na" transport in
layered oxide positive electrode materials. Moreover, the different sur-
face and bulk redox behaviors revealed here imply that spatially
resolved compositional engineering, such as surface-enriched stabiliz-
ing dopants coupled with redox-active bulk regions, may offer oppor-
tunities for simultaneously optimizing interfacial stability, reversible
redox chemistry, and structural stability.
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