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1. Introduction

Amid escalating concerns over climate
change and carbon emissions, secondary
batteries have emerged as key enablers of
the global clean energy transition.[1,2]

They play a pivotal role in diverse sectors,
ranging from electric vehicles (EVs) and
renewable energy storage systems to grid-
stabilization technologies.[3] Among these,
lithium-ion batteries (LIBs) currently dom-
inate owing to their high energy density
and long cycle life, particularly for EV appli-
cations.[4,5] However, the growing demand
for LIBs has raised concerns regarding the
long-term sustainability of lithium resour-
ces, highlighting the need to explore alter-
native chemistries that offer comparable
performance with improved resource
abundance and supply chain security.[6,7]

Sodium-ion batteries (SIBs) are attract-
ing increasing interest as a promising

O3-type layered sodium chromium oxide (O3-NaCrO2) is a promising cathode
material for cost-effective and practical sodium-ion batteries (SIBs). However,
achieving a high energy density in SIBs with NaCrO2 as the cathode remains
challenging owing to chromium migration and irreversible phase transition at
voltages above 3.6 V (vs Na/Naþ). Herein, a substantially improved high-voltage
stability of O3-NaCrO2 (O3-NCO) as a cathode through the implementation
of high-valent Nb5þ substitution strategies is reported. The strong interaction
between Nb5þ and O2� ions alleviates structural stress during repeated charge and
discharge processes. The introduced Nb5þ enhances the disorder in the transition
metal layer and structural stability, increasing the reversibility by suppressing Cr
disproportionation reactions and irreversible Cr migration. Additionally, Nb5þ

creates Naþ/vacancies in the Na layer owing to charge compensation, thereby
facilitating the Na-ion diffusion kinetics. Consequently, 3 mol% of Nb-substituted
O3-Na0.94Cr0.97Nb0.03O2 cathode demonstrates superior reversible capacity, cycle
life, and rate capability. Furthermore, the high-valent Nb substitution strategy
improves water stability and shows good compatibility with all-solid-state battery
systems, highlighting its excellent practical applicability.
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alternative for large-scale, intermittent grid-energy storage owing
to the natural abundance of sodium and its chemical similarity to
lithium.[8–10] However, the larger ionic radius of Naþ (1.02 Å)
compared with Liþ (0.76 Å) poses significant challenges to struc-
tural stability, often resulting in increased internal resistance and
sluggish Naþ diffusion kinetics.[11] Additionally, the higher
atomic weight and less negative redox potential of sodium
(22.99 gmol�1, –2.73 V vs Naþ/Na) relative to lithium
(6.94 gmol�1, –3.04 V vs Liþ/Li) limit the achievable gravimetric
energy density.[11] For the commercial viability of SIBs, careful
design and optimization of the active materials are critical, par-
ticularly with respect to cathodes, which play a decisive role in
determining energy density, cycling stability, and rate perfor-
mance. In this context, layered transition metal (TM) oxides have
garnered significant attention, inspired by their successful
application in LIBs.[12] Therefore, research on layered cathode
materials tailored for SIBs has become a central focus for advanc-
ing next-generation battery technologies.[13]

Among O3-type layered TM oxides (NaxTMO2, where
TM= Ti, V, Cr, Ni, Co, Fe, Mn, etc.), O3-NaCrO2 stands out
as a promising cathode material for SIBs owing to its high
theoretical capacity of �240mAh g�1 when utilizing 1mol of
Naþ.[14–17] Despite this advantage, NaCrO2 suffers from severe
capacity fading, particularly when more than 0.5mol of Naþ is
extracted, primarily owing to irreversible structural transitions
at high voltages.[18] At voltages above 3.8 V (corresponding to
x > 0.5 in Na1�xCrO2), Cr

4þ ions tend to undergo disproportion-
ation reactions (3Cr4þ(3d2) ! 2Cr3þ(3d3) þ Cr6þ(3d0)), particu-
larly in regions with concentrated Cr4þ–Cr4þ–Cr4þ

arrangements.[19] The resulting Cr6þ, characterized by an empty
3d orbital configuration (3d0), preferentially occupies tetrahedral
sites within the Na layer rather than the octahedral sites of the
TM layer. This site preference facilitates Cr6þ migration into
the Na layer, where it subsequently engages in a comproportionate
reaction with neighboring Cr3þ species, generating Cr4þ ions that
become trapped in the octahedral sites in the Na layer. These Cr4þ

ions cannot reintegrate into the TM layer, leading to the formation
of oxygen vacancies and triggering an irreversible phase. Such
structural degradation drastically undermines the electrochemical
performance and long-term stability of the O3-NaCrO2 cathode.

While limiting the extraction of Naþ to 0.5 mol in O3-NaCrO2

enables relatively stable cycling and power performance by avoid-
ing extensive Naþ vacancy ordering, it also induces complex
phase transitions, such as to the monoclinic O 03 and P 03 phases,
during the charge/discharge process.[20] From a practical stand-
point, achieving higher energy density while maintaining struc-
tural stability remains a critical challenge. To mitigate the
irreversible phase transitions above 3.8 V, which are strongly
associated with Naþ vacancy ordering, various strategies
involving aliovalent cations and TM substitutions have been

explored. For example, Obrovac et al. synthesized Ca-substituted
O3-NaCrO2 via a solid-state reaction. Owing to the comparable
ionic radii and chemical properties of Ca2þ (1.00 Å) and Naþ

(1.02 Å), Ca2þ ions preferentially occupy sites within the sodium
layer. These electrochemically inactive cations serve as structural
pillars during cycling, contributing to enhanced high-voltage sta-
bility. As a result, the modified material exhibited increased
reversible capacity and reduced voltage hysteresis within
the 2.0–3.8 V range.[21] In another study, Chen et al. reported the
substitution of Nb5þ into Cr3þ sites, which alleviated the lattice
strain and facilitated Na-layer expansion.[22] The stronger
Nb─O bond, relative to the Cr─O bond, contributed to the
improved structural robustness during repeated cycling.
Although previous studies have demonstrated the positive
impact of Nb5þ substitution on the electrochemical performance
of O3-NaCrO2, a comprehensive understanding of the underly-
ing mechanisms, particularly those related to charge compensa-
tion, local structural evolution, and their implications for
practical performance, remains insufficient.

In this study, a series of Nb-substituted layered oxides with
the general formula Na1�2xCr1�xNbxO2 (x= 0, 0.01, 0.03, and
0.05) was synthesized via a conventional solid-state reaction
route. To gain comprehensive insight into the physicochemical
and electrochemical roles of high-valent Nb substitution, a com-
bined theoretical and experimental approach was employed.
The results indicate that the incorporation of Nb5þ into the
Cr3þ sites effectively suppresses the irreversible phase transi-
tions typically observed in the voltage range of 1.5–3.8 V. The
enhanced Nb─O bond strength relative to that of Cr–O miti-
gates the structural stress during cycling, while the distinct
ionic radius and Fermi level of Nb5þ introduce increased
cationic disorder in the TM layer, thereby inhibiting Cr dispro-
portionation. Moreover, high-valent metal substitution gener-
ates vacancies for charge compensation, which leads to the
expansion of the Na layer and improves the Naþ diffusion kinet-
ics. Among the compositions studied, Na0.94Cr0.97Nb0.03O2

(O3-NCN3O) exhibited the best electrochemical performance,
with enhanced reversible capacity, superior rate capability,
and excellent cycling stability. In addition to the electrochemical
performance, the practical viability of O3-NCN3O was further
validated by assessing its thermal and moisture stability as well
as its successful integration into an all-solid-state sodium-ion
battery configuration.

2. Result and Discussion

A series of Na1�2xCr1�xNbxO2 (x= 0, 0.01, 0.03, 0.05) samples
was synthesized using a conventional solid-state reaction
method.[23] The chemical compositions of the as-prepared
samples were determined using inductively coupled plasma
optical emission spectrometry (ICP-OES; Table S1, Support-
ing Information). Hereafter, NaCrO2, Na0.98Cr0.99Nb0.01O2,
Na0.94Cr0.97Nb0.03O2, and Na0.90Cr0.95Nb0.05O2 are referred to
as O3-NCO, O3-NCN1O, O3-NCN3O, and O3-NCN5O, respec-
tively. X-ray diffraction (XRD) analysis was performed using
the Rietveld refinement method to investigate the crystallo-
graphic information, lattice parameters, and possible impurities
of the synthesized samples. The calculated diffraction patterns
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and the corresponding cell parameters, along with the refine-
ment results, are shown in Figure 1a,b, and S1, S2 and
Table S2, Supporting information.[24] All diffraction peaks can
be indexed to the simulated O3-phase crystal structure with the
R-3m space group. Owing to the similar ionic radii of Cr3þ

(0.615 Å) and Nb5þ (0.64 Å), Nb5þ ions were preferentially incor-
porated into the TM layers occupying the octahedral 3a Wyckoff
sites. The c-axis lattice parameters of O3-NCO, O3-NCN1O,
O3-NCN3O, and O3-NCN5O were 15.955, 15.983, 15.995, and
15.983 Å, respectively. The c-axis expands with increasing Nb
content because Nb substitution induces Naþ vacancies to main-
tain charge neutrality, thereby enhancing the repulsion force
between the Na–O layers.[25] Based on the Rietveld refinement
data, we can suggest that the formation of vacancies into Na sites
can be attributed to Nb substitution. To confirm the existence
of vacancies in Na layers of O3-NCN3O, we conducted the
vacancy formation energy calculations (Figure S3, Supporting
information).

In addition, the TM─O bond is strengthened owing to the
larger cationic potential of Nb5þ compared with that of
Cr3þ.[26] However, when Nb5þ substitution exceeded 5mmol,
negligible changes in the c-axis were observed, accompanied
by the formation of a NaNbO3 impurity phase, indicating the sol-
ubility limit of Nb5þ in the O3-NCO crystal.[27] The appearance of
NaNbO3 diffraction peaks is discussed in detail later.

Scanning electronmicroscopy (SEM) analysis was performed to
examine the morphologies of O3-NCO, O3-NCN1O, O3-NCN3O,
and O3-NCN5O (Figure S4, Supporting Information). The SEM
images revealed that all samples were composed of plate-like pri-
mary particles with nanoscale diameters ranging from 200 to
500 nm. These observations indicate that the introduction of
Nb ions has a negligible impact on particle morphology.
High-resolution transmission electron microscopy (HR-TEM)
was used to gain further insight into the microstructure of
O3-NCN3O. As shown in Figure 1c, O3-NCN3O exhibits a high
degree of crystallinity; the interplanar spacing of 1.60 nm

Figure 1. Rietveld refined XRD patterns of the a) O3-NCO and b) O3-NCN3O cathodes. c) HR-TEM image and d) SAED patterns of O3-NCN3O.
e) Energy-dispersive X-ray spectroscopy elemental mapping of O3-NCN3O. f,g) Top-view atomic structures of O3-NCO and O3-NCN3O, respectively,
with corresponding ELF maps. h,i) COHP analysis of the Cr─O bond and associated changes in the bond length for O3-NCO and O3-NCN3O, respec-
tively, obtained from DFT calculations.
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corresponds to the (003) planes of the R-3m space group.
Furthermore, a well-defined ABCABC stacking sequence of
the atomic layer was observed along the [001] zone axis, further
confirming the O3-type layered structure (Figure 1d). The
energy-dispersive X-ray spectroscopy (EDS) mapping images
revealed a uniform distribution of Na, Cr, Nb, and O in both
O3-NCO and O3-NCN3O samples (Figure 1e and S5,
Supporting Information).

Electron localization function (ELF) (Figure 1f,g) maps
revealed how Nb substitution and Na content jointly reshaped
the bonding and electrostatic landscape of NaxCrO2. In fully sodi-
ated O3-NCO, ELF isosurfaces form symmetrical, high-
localization lobes around each oxygen atom, signaling uniform
Cr–O covalency and discrete, zero ELF lobes at the Na sites,
which is consistent with purely ionic Na–O interactions that
effectively screen interlayer Coulomb repulsion. By contrast,
the partially desodiated, O3–NCN3O displays pronounced asym-
metry in its ELF distribution: intense localization appears around
the Nb─O bonds, indicating that fewer Naþ ions remain to neu-
tralize the negative charge on the oxide sheets, and O2�–O2�

repulsion grows. The stronger in-plane covalent character of
Nb–O driven by the high oxidation state and polarizing power
of Nb5þ draws electron density into the TM slabs, partially offset-
ting the layer-separating effect of the unscreened electrostatic
repulsion. This competition manifests in the vertical spacing of
Cr–O lobes to adjacent Na layers: in O3-NCO, the distance is mini-
mal, whereas in O3-NCN3O, it increases noticeably, directly visu-
alizing the balance between enhanced M–O localization (which
contracts the lattice) and amplified interlayer Coulomb repulsion
(which expands it) along the z-axis (Figure S6, Supporting infor-
mation). Minor distortions around the Na vacancies further mod-
ulate the local ELF, demonstrating how even a small degree of Nb
substitution and Na deficiency profoundly influence both the elec-
tronic structure and lattice geometry in these layered oxides.
To further elucidate the bonding nature and structural response
during sodium intercalation, we conducted a crystal orbital
Hamilton population (COHP) analysis of the Cr─O bond in
the discharged states of NCO and NCN3O.

As shown in Figure 1h, the integrated ─pCOHP value for the
Cr─O bond increased from 1.0561 eV for O3-NCO to 1.2151 eV
for O3-NCN3O, indicating stronger covalent interactions in the
Nb-substituted structure. This enhancement can be attributed to
the electronic influence of high-valent Nb5þ, which alters the
local electronic environment and promotes stronger Cr–O
hybridization. To complement this finding, we examined the
bond lengths in the discharged states (Figure 1i). The average
Cr─O bond distance decreases from 2.025 Å in O3-NCO to
1.991 Å in O3-NCN3O, while the Na─O bond distance slightly
increases from 2.293 Å to 2.413 Å, which follows the general
trend.[28] The shortening of the Cr─O bond confirms the
strengthening of the TM–O interactions upon Nb5þ substitution.
Cr─O bond shortening has two complementary effects: first,
each Nb5þ ion introduces two extra positive charges, forcing
the local lattice to compensate by creating Naþ vacancies; and
second, the empty 4 d orbitals of Nb strongly polarize adjacent
O 2p electrons, boosting the partial covalent character and bond
order of both the Nb–O and neighboring Cr─O bonds.

Concurrently, the increased Na–O slab spacing facilitates Naþ

migration, alleviates structural stress, and mitigates Naþ/vacancy

ordering, thereby implying enhanced structural integrity that con-
tributes to improved cycling reversibility.[28] Together, the bond
length and COHP analyses provide compelling evidence that
Nb substitution significantlymodifies the local bonding landscape,
thereby improving the structural robustness of O3-NCN3O during
sodium de/intercalation. In Bader-charge analyses of the dis-
charged phases of O3-NCO, the approximate charges for the
Na, Cr, and O atoms are þ0.80 |e|, þ1.50 |e|, and –1.10 |e|, respec-
tively. By comparison, the charges in O3-NCN3O slightly redistrib-
ute: the Na atoms retain their charge ofþ0.80 |e|, the charge of the
Cr atoms decreases to þ1.45 |e|, the charge of the O atoms
becomes marginally more negative (–1.12 |e|), and the Nb atom
charge is þ2.70 |e|. Consequently, the Nb─O bonds bear �1.25
|e| more positive charge than the Cr─O bonds, directly reflecting
the higher oxidation state of Nb and its strong polarizing effect on
the oxide framework (Figure S7, Supporting information).

To further investigate the high-voltage stability of both sam-
ples, electrochemical tests were carried out within an extended
voltage window of 1.5–3.8 V, compared to the conventional range
of 1.5–3.6 V typically employed in previous studies.[17] The initial
charge/discharge voltage profiles of all the samples at a current
density of 0.1C (1C= 120mA g�1) are presented in Figure 2a,b
and S8, Supporting information. Upon initial charging,
O3-NCO, O3-NCN1O, O3-NCN3O, and O3-NCN5O exhibited
specific charge capacities of 195.9, 139.5, 134.2, and
120.0mAh g�1, respectively, with O3-NCO showing the highest
value owing to the extended voltage plateau near 3.8 V. However,
when assessing the reversibility, O3-NCO delivers the lowest
discharge capacity of 76.4 mAh g�1 and a Coulombic efficiency
(CE) of only 39.1%, significantly lower than the Nb-substituted
samples. By contrast, O3-NCN1O and O3-NCN3O demon-
strated improved discharge capacities of 130.7 mAh g�1 and
129.8 mAh g�1, with corresponding CEs of 93.7% and
96.7%, respectively. O3-NCN5O showed a slightly reduced
discharge capacity of 114.1mAh g�1, attributed to the presence
of the electrochemically inactive orthorhombic NaNbO3 phase,
which possesses low electrical and ion conductivities.[29] To fur-
ther elucidate the origin of the differences in discharge capacity
and CE as a function of Nb substitution, the dQ/dV profiles were
derived by differentiating the first-cycle charge/discharge curves
of O3-NCO and O3-NCN3O (Figure 2c,d). As shown in Figure 2c,
O3-NCO undergoes a multi-stage phase-transition sequence of
hexagonal O3 (O3hex)–monoclinic O 03 (O3mon)–monoclinic P 03
(P3mon)–X, corresponding to several voltage plateaus observed
in the charge/discharge profile.[30] A distinct oxidation peak
was observed near 3.8 V, associated with the P3mon to X phase
transition. During discharging, the corresponding reduction peak
was significantly suppressed, likely owing to an irreversible phase
transition occurring in the high-voltage region near 3.8 V. This
irreversible transition not only accounts for the higher initial
charge capacity of O3-NCO but also explains its lower discharge
capacity and reduced CE. By contrast, O3-NCN3O displayed sim-
ilar electrochemical characteristics to O3-NCO, except for the pro-
nounced oxidation peak at 3.8 V (Figure 2d). Notably, all oxidation
peaks in O3-NCN3O appeared reversibly as corresponding reduc-
tion peaks, which contributed to its enhanced discharge capacity
and improved CE. A more detailed discussion of the phase evo-
lution mechanism during charging and discharging is provided
based on the in situ XRD analysis. The cycling performances of
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both samples were evaluated at current densities of 1C and 10C
(Figure 2e–g and S9–S12, Supporting Information). During
cycling at 1C, the O3-NCN3O cathode exhibited the highest
reversible capacity and most stable cycling behavior over 50 cycles
(Figure S9 and S10, Supporting information). Moreover, under a
high-rate cycling condition of 10C for 1000 cycles, O3-NCN3O
demonstrated superior long-term stability with a capacity reten-
tion of 73.0 mAh g�1. By contrast, the capacities of O3-NCO,
O3-NCN1O, and O3-NCN5O declined to 40.4, 56.5, and
48.7 mAh g�1, respectively (Figure S11 and S12, Supporting
Information). The rate performances of all samples were further
assessed at varying current densities ranging from 0.5 C to 20C
within a voltage window of 1.5–3.8 V. Among all samples,
O3-NCN3O delivered the best rate performance, achieving
discharge capacities of 128.1, 122.0, 118.3, 114.1, 103.7, and
83.54 mAh g�1 at 0.5C, 1C, 2C, 5C, 10C, and 20C, respectively
(Figure 2h and S13 and S14, Supporting information). The
enhanced cycling stability and rate capability of O3-NCN3O
can be attributed to the strong Nb─O bonds in the TM layer
and the presence of Naþ vacancies within the Na layers, which

synergistically relieved structural stress and facilitated Naþ diffu-
sion during the insertion and extraction processes. To further
understand the effect of high-valent Nb substitution on the reac-
tion kinetics after the 1st and 1000th cycles at 10C, electrochemi-
cal impedance spectroscopy was conducted. The resulting
Nyquist plots were fitted using the equivalent circuit model
shown in Figure S15, Supporting Information. Figure S16a,b
and Table S3, Supporting Information) show the Nyquist plots
of the O3-NCO and O3-NCN3O electrodes in the discharged state
after the 1st and 1000th cycle at 10C. The high-frequency region
of the spectra was correlated with the surface diffusion resistance
(Rsei), and the intermediate-frequency region was related to the
charge transfer resistance (Rct) at the electrode–electrolyte inter-
face.[31] After the 1st cycle, O3-NCN3O exhibited significantly
lower Rsei and Rct values than O3-NCO. The lower Rsei is attrib-
uted to the suppression of the irreversible phase transition and
the resulting structural integrity. The lower Rct is attributed
to the improved charge-transfer kinetics resulting from the
electronic structure modified by the Nb substitution and the
generation of Naþ vacancies within the Na layers.

Figure 2. Initial charge and discharge profiles of a) O3-NCO and b) O3-NCN3O between 1.5 and 3.8 V at 0.1C and corresponding dQ dV�1 plots of
c) O3-NCO and d) O3-NCN3O cathodes. e) Results of cycling tests at 10C and selected charge–discharge curves of f ) O3-NCO and g) O3-NCN3O, and
h) rate capabilities in the voltage range of 1.5–3.8 V at current densities of 0.5C to 20C.
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A convex-hull analysis was conducted to study the thermody-
namic stability of O3-NCN3O. During Naþ extraction, the O3-
NCN3O cathode phase-transitioned from O3 to P3, helping to
maintain its structural integrity and continuous Na-ion diffusion
channels despite a charge of >3.8 V (Figure 3a). This structural
adaptability, along with the favorable transport properties, is also
reflected in the voltage profile, where the density functional the-
ory (DFT)-predicted curve matches well with the experimental
data, thus validating the theoretical findings (Figure 3b). The par-
tial density of states (PDOS) results directly correlate with the
electronic conductivity behavior of both the O3-NCO and
O3-NCN3O systems during charge–discharge cycling, as shown
in Figure 3c,d. In the case of O3-NCO, the narrow bandgap
(0.19 eV in the discharged state (OCV) (full Na) indicates limited
but non-negligible electronic conductivity owing to the partially
occupied Cr 3 d states near the Fermi level. However, upon
charging to the Na0.2CrO2 composition, the bandgap widens sig-
nificantly to 1.07 eV. This large increase reflects the transition to
a more insulating state as electrons are removed and Cr is oxi-
dized, which suppresses the charge carrier density and reduces
the electronic conductivity in the desodiated phase. By contrast,

O3-NCN3O exhibits superior electronic characteristics. The OCV
state (for Na0.94) exhibited an even narrower band gap of
0.113 eV, indicating an enhanced intrinsic conductivity com-
pared with that of O3-NCO. This improvement can be attributed
to the electronic contribution of the Nb 4d states, which
partially overlap with the O 2p orbitals near the Fermi level
and introduce additional conducting channels. When charged to
Na0.4Cr0.97Nb0.03O2, the band gap only increases to 0.70 eV still
considerably lower than that of charged NCO implying that the
Nb dopant mitigates the drop in conductivity typically observed
upon desodiation. The Na-ion migration profiles further demon-
strate the advantages of O3-NCN3O using climbing image-
nudged elastic band (CI-NEB). As shown in Figure 3e,f, the
activation energy barriers for Na diffusion were lower in
NCN3O across both the discharged and charged states. At
OCV, the barrier drops slightly from 0.88 eV in NCO to 0.80 eV
in NCN3O, indicating marginal improvement. However, the
impact of Nb-doping becomes much more significant upon
charging: while NCO exhibits a high migration barrier of
0.928 eV, the barrier in NCN3O drops dramatically to just
0.29 eV. The enhanced electronic conductivity facilitated by

Figure 3. a) Convex-hull plot of various O3-/P3-Nax[Cr0.94Nb0.03]O2 configurations (0.4≤ x≤ 0.94) with theoretical redox potentials. b) Comparison of
experimentally obtained charge-discharge curves with voltage profiles predicted from first-principles calculations. c,d) PDOS plots of the discharged and
charged states of O3-NCO and O3-NCN3O. e,f ) Calculated relative energies associated with the Naþ migration pathways in O3-NCO and O3-NCN3O,
respectively.
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the presence of Nb through additional Nb–O contributions near
the Fermi level complements the significantly lower Na-ion
migration barrier (0.29 eV) observed in the charged NCN3O
structure, as shown in Figure S17, Supporting information. In
addition to OCV and charged state of NEB calculation, to directly
compare Naþ migration energetics at equivalent sodiation levels,
we performed CI-NEB calculations on both O3- and P3-type con-
figurations at x� 0.93, 0.82, 0.52, and 0.40 (plus an additional
O3 point at x� 0.20 for NCO) in O3-NCN3O and O3-NCO
(Figure S18, supporting information). In each case, the highest
energy barrier in NCN3O is substantially lower than in NCO e.g.,
0.80 eV versus 0.86 eV at x� 0.93, 0.76 eV versus 0.82 eV at
x� 0.82, 0.29 eV versus 0.33 eV at x� 0.52, and 0.25 eV versus
0.37 eV at x� 0.4 demonstrating that Nb5þ substitution consis-
tently smooths the Naþ migration pathway across both O3 and
P3 phases. This systematic reduction in barrier height confirms

that the combined effects of enhanced M–O covalency and
increased vacancy concentration in NCN3O lower the activation
energy for Naþ hopping at all intermediate compositions. The
concurrent decreases in migration barrier, the resulting diffusiv-
ity proportional to the product of vacancy concentration and the
Arrhenius factor rise by more than three orders of magnitude,
offering a quantitative explanation for the faster Naþ transport
observed experimentally in NCN3O.

Ex situ X-ray absorption near edge structure (XANES) meas-
urements were conducted at the Cr K-edge to investigate the local
structure and oxidation state of Cr in O3-NCO and O3-NCN3O
during cycling. Figure 4a–c presents the XANES spectra of the
pristine O3-NCO and O3-NCN3O samples, along with Cr2O3 and
CrO3 reference compounds, representing Cr3þ and Cr6þ oxida-
tion states, respectively. As shown in Figure 4a, the pristine elec-
trodes of both O3-NCO and O3-NCN3O exhibit absorption edge

Figure 4. Cr K-edge XANES spectra of O3-NCO and O3-NCN3O cathode in various states; a) pristine state, b) charged state (3.8 V), and c) discharged
state (1.5 V). d) Schematic illustration of possible Cr ion migration pathways. e) Corresponding energy barriers for Cr migration. f,g) BVPA models
showing possible Cr migration sites and their associated normalized site energies under the charged states of the cathodes.
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positions consistent with that of Cr3þ, confirming that Cr exists
predominantly in the 3þ oxidation state in the as-prepared mate-
rials. This observation also supports the successful substitution
of Nb5þ into the TM sites without altering the initial oxidation
state of Cr, in accordance with the ICP-OES results (Table S1,
Supporting information). Upon charging to 3.8 V (Figure 4b),
a clear shift of the Cr K-edge to a higher energy was
observed, indicating the oxidation of Cr3þ to Cr4þ as Naþ was
extracted from the structure.[32] Notably, when more than
0.5mol of Naþ was removed, the Cr4þ ions underwent the fol-
lowing disproportionation reaction[19]

3Cr4þð3d2Þ ! 2Cr3þð3d3Þ þ Cr6þð3d0Þ (1)

This disproportionation highlights a critical instability in the
high-voltage regime. Consequently, a pronounced increase in the
pre-edge feature at 5992 eV was observed in the Cr K-edge
XANES spectrum. This enhancement is indicative of the pres-
ence of Cr6þ, as evidenced by comparison with the strong
pre-edge signal of CrO3. The origin of this feature is attributed
to the formation of tetrahedrally coordinated Cr6þ species, which
allows an electric dipole-allowed transition from the 1s to hybrid-
ized p–d orbitals, thereby intensifying the pre-edge signal.[33]

Notably, the O3-NCO sample exhibited a stronger pre-edge peak
than O3-NCN3O, indicating a higher fraction of Cr6þ in O3-NCO
(Figure 4b). This can be ascribed to the extended voltage plateau
near 3.8 V in O3-NCO, which promoted the formation of Cr4þ

and facilitated the Cr disproportionation reaction.[18] By contrast,
O3-NCN3O does not exhibit a significant plateau in the same
region, indicating suppressed Cr disproportionation. This sup-
pression was attributed to the presence of a strong Nb─O bond
in the TM layers, which enhanced the structural stability and
inhibited the undesired phase transitions associated with Cr
migration. Moreover, the incorporation of Nb5þ disrupted the
ordering of the TM layers, thereby reducing the likelihood of
Cr disproportionation reactions. Upon discharge, the O3-
NCN3O sample displays a pre-edge peak with both positions
and intensities nearly identical to those of the pristine state, indi-
cating a highly reversible Cr3þ/4þ redox process during cycling
(Figure 4c). By contrast, the O3-NCO electrode retained an ele-
vated pre-edge peak intensity after discharging, indicating
incomplete reversibility. This behavior was attributed to the irre-
versible migration of Cr ions from the TM layers to the more
thermodynamically stable tetrahedral sites within the Na layer.
Once Cr6þ ions migrate into these sites, they become kinetically
trapped and cannot readily return to the TM layers during the
discharge process.[30] These findings highlight that Nb5þ substi-
tution in O3-NCN3O effectively stabilizes the TM layer, sup-
presses detrimental Cr migration, and enables a more
reversible redox reaction, thereby contributing to its superior
electrochemical performance.

To investigate the resilience of the Cr framework to disorder
during 3.8 V charging, we examined two different migration
pathways for a Cr ion to move from its native octahedral site
in the TM layer to sites within the alkali metal (Na) layer of
O3-NCO (Na0.2) and P3-NCN3O (Na0.4), as low sodiation affects
the structural phase, based on the DFT analysis. Figure 4d illus-
trates these pathways schematically (gray spheres mark possible
Cr positions) using Bond Valence Pathway Analyzer (BVPA) and

plots the corresponding energy barriers at 3.8 V charge: in pure
Na0.2CrO2 (left), Cr can hop into either a tetrahedral site alkali
metal layer (AML) or an octahedral site in the Na layer (AML)
from an octahedral site (TM layer (TML)), but the highest barrier
for completing that path is 2.724 eV (Figure 4e). By contrast, in
N0.4Cr0.97Nb0.03O2 (right), the only feasible migration channel is
from the octahedral site (TML) to the prismatic site in the Na
layer (AML) and that barrier rises even higher, and the barrier
increases to 3.710 eV (Figure 4e), showing that Nb substitution
and the P3 stacking pattern together strongly suppress Cr move-
ment. To understand why these barriers differed, we calculated
the site energy of a Cr atom lodged at each candidate site, relative
to its native octahedral position (Figure 4f ). For Na0.2CrO2 (3.8 V
charged state), three destinations were considered: octahedral
vacancies in the TML, tetrahedral vacancies in the Na layer
(AML), and octahedral vacancies in the Na layer (AML). In
Na0.2CrO2 (Figure 4g), moving Cr to an AML site is substantially
more favorable than relocating it to a TML site. By contrast, for
Na0.4Cr0.97Nb0.03O2 (3.8 V charged state), the only local mini-
mum outside the original octahedral site is the prismatic
Na-layer environment. Its energy lies only slightly above the
TM-layer octahedral level, while all other positions (including
any hypothetical tetrahedral or octahedral Na-layer sites) are
far too high in energy to be occupied. Physically, this means
the prismatic geometry of P3 stacking and the stronger, more
directional M─O bonds imparted by Nb5þ leave no low-energy
stepping stones for Cr to wander into the Na layers.
Chemically, these results reflect two key factors: 1) the high-
valent Nb ion pulls electron density into the TM-layer bonds,
making them stronger and less likely to break, and 2) P3 stacking
changes the coordination geometry in the Na layer to a prismatic
site that is intrinsically less hospitable to a Cr6þ ion. Together,
these effects increase the cost of the Cr migration energy barrier
compared to that of the unsubstituted Na0.2CrO2 structure,
explaining why high-valent Nb-substituted Na0.4Cr0.97Nb0.03O2

exhibits far greater reversibility under high-voltage cycling.
To elucidate the structural evolution during Naþ (de)insertion,

in situ XRD analysis was performed during the first charge-
discharge of O3-NCO and O3-NCN3O within the voltage range
of 1.5–3.8 V at a current density of 0.1C. Figure 5a,b displays the
contour plots of selected 2θ regions: 15°–18°, 31°–38°, 40°–43°,
43°–47°, and 60°–65°. Upon charging, both the (003) and (006)
reflections shifted toward lower angles, indicating a single-phase
solid-solution reaction characterized by the expansion of
the c-axis.[34] This expansion resulted from the increased electro-
static repulsion between O2� ions owing to Naþ extraction.
Concurrently, the (101) and (012) reflections shift to higher
angles, indicating that the oxidation of Cr ions decreases their
average ionic radius in the transition metal layers, thereby con-
tracting the a-axis. At �3.1 V, the emergence of the monoclinic
O 03 phase is observed, evidenced by the splitting and shifting of
the (003), (012), and (104) peaks, indicating lattice distortion
from the original hexagonal O3 structure.[18] As charging pro-
ceeds to 3.3 V, the O 03 phase gradually diminishes, while the
monoclinic P 03 phase becomes predominant. Both O3-NCO
and O3-NCN3O undergo an O3-O 03-P 03 phase transition during
charging, however, notable differences appear at the fully
charged state near 3.8 V. For O3-NCO, the P 03 phase reflection
around 15° abruptly disappears, consistent with previous reports

www.advancedsciencenews.com www.small-structures.com

Small Struct. 2025, 2500400 2500400 (8 of 14) © 2025 The Author(s). Small Structures published by Wiley-VCH GmbH

 26884062, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sstr.202500400 by K

arlsruher Institut Für T
echnologie, W

iley O
nline L

ibrary on [10/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-structures.com


on NaCrO2 cathodes at highly charged states. By contrast, O3-
NCN3O exhibits continuous Naþ extraction at the end of the
charging process, while maintaining the P 03 phase. Upon dis-
charging to 1.5 V, O3-NCN3O reversibly returns to the hexagonal
O3 phase via the monoclinic O 03 phase, whereas O3-NCO fails to
undergo a reversible phase transition. This behavior correlates
with the disappearance of the P 03 peak at the end of the charged
state. In the high-voltage region, a Cr disproportionation reaction
occurred when more than 0.5 mol of Naþ was extracted. Cr6þ,
which is thermodynamically favored at tetrahedral sites within
the Na layer, readily migrates into the Na layers.[35] The resulting
TM vacancies, induced by Crmigration trigger an oxygen release,
leading to the formation of an X-phase with a rapidly contracting
lattice to achieve thermodynamic stability. By contrast, the intro-
duction of Nb5þ strengthened the bonding within the TM layer
and increased the degree of cationic disorder, effectively sup-
pressing Cr disproportionation and undesirable Cr-ion migra-
tion. This stabilization enabled the retention of the P 03 phase
without abrupt (003) plan shrinkage at the end of charging.
These results are consistent with the XANES analysis and Cr
migration energy calculations. Further analysis of lattice param-
eter variations during electrochemical cycling (Figure 5c,d)
reveals that O3-NCN3O exhibits smaller changes in both the
c- and a-axes than O3-NCO (O3-NCO: Δa: –3.4%, Δc: þ6.3%,
O3-NCN3O: Δa: –3.1%, Δc: þ5.9%). This reduced lattice distor-
tion is attributed to the stronger Nb─O bonds than Cr─O bonds,
which alleviate structural stress and result in more stable lattice
parameters throughout cycling. This finding is consistent with
the superior long-term cycling stability shown in Figure 2e.

To investigate the Naþ transport kinetics in a certain voltage
region of O3-NCO and O3-NCN3O, galvanostatic intermittent
titration technique (GITT) measurements were performed.
The GITT tests were conducted during the first charge/discharge

cycle, applying a constant current pulse of 0.1 C for 15min, fol-
lowed by a 1-hour relaxation period, within a voltage range of
1.5–3.8 V.[36] For both samples, the sodium-ion diffusion coeffi-
cient, DNaþ , was calculated based on Fick’s second law using the
following expression

DNaþ ¼ 4
πτ

nmVm

S

� �
2 ΔES

ΔEt

� �
2

(2)

where τ is the duration of the current pulse (s), nm is the amount
of active material (mol), Vm is the molar volume of the electrode
material (cm3 mol�1), S denotes the electrode–electrolyte contact
area (cm2), ΔEs is the steady-state voltage changes during the
relaxation period, and ΔEτ is the transient voltage change during
the constant current pulse. The GITT curves and corresponding
DNaþ values for O3-NCO and O3-NCN3O are presented in
Figure 5e,f. For O3-NCO, the DNaþ values ranged from
1.2� 10�10 cm2 s�1 to 2.82� 10�14 cm2 s�1, with an average
value of 9.03� 10�11 cm2 s�1. By contrast, O3-NCN3O exhibited
an enhanced average DNaþ value of 4.57� 10�10 cm2 s�1, rang-
ing from 9.12� 10�10 cm2 s�1 to 1.95� 10�11 cm2 s�1. The
improved Naþ diffusion kinetics in O3-NCN3O are attributed
to the Nb substitution, which effectively suppressed the irrevers-
ible phase transition near 3.8 V, thereby enhancing the high-
voltage stability and reversibility. Furthermore, the strong
Nb─O bonds and the introduction of Naþ vacancies reduced
the charge transfer resistance during the charge/discharge pro-
cess, leading to an increase in the average DNaþ and suppression
of the large fluctuation typically observed during cycling.

To further investigate the structural and chemical stability of
the cathode materials after prolonged cycling, the TEM coupled
with fast Fourier transform analysis and X-ray photo spectros-
copy (XPS) was performed on the O3-NCO and O3-NCN3O

Figure 5. In situ XRD patterns of the a) O3–NCO and b) O3–NCN3O cathodes obtained during the first-cycle galvanostatic charge and discharge profiles.
The lattice parameter changes along the c- and a-axes during the first charge and discharge, derived from in situ XRD analysis, are shown for c) O3–NCO
and d) O3–NCN3O. GITT curves with Naþ diffusion coefficient at 1st cycle of e) O3-NCO and f ) O3-NCN3O.
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electrodes after 1000 cycles at 10C. As shown in Figure S19a,b,
Supporting information, both samples were examined for sur-
face and structural degradation. The TEM image of the cycled
O3-NCO cathode reveals a structurally deformed, �5–10 nm
thick surface layer, indicating pronounced surface deterioration.
By contrast, the O3-NCN3O samples exhibit thinner and, more
uniform surface layers, indicating improved surface integrity.
The presence of an amorphous layer on the outermost region of
both samples, delineated by yellow dotted lines (Figure S19a,b
Supporting information), is attributed to hydrofluoric acid (HF)
attack from electrolyte decomposition.[37] HR-TEM confirmed
that the layered structure of O3-NCO was significantly damaged,
which is consistent with the large unit cell volume fluctuations
and irreversible phase transitions observed in the in situ XRD
analysis.[38] Conversely, the O3-NCN3O cathode retained its lay-
ered structure with minimal structural disruption, indicating its
superior resilience to long-term cycling.

To assess the chemical stability of the electrodes after long-
term cycling, XPS was performed on the O3-NCO and
O3-NCN3O electrodes after 1000 cycles at 10C. In addition, to
elucidate the correlation between the enhanced structural stabil-
ity with high reversibility and its impact on electrolyte decompo-
sition, the surfaces of O3-NCO and O3-NCN3O (end of discharge
at the 1000th cycle at 10C) were analyzed using XPS. In particu-
lar, the F 1s XPS spectra provide insights into the decomposition
behavior of the NaPF6 salt and fluoroethylene carbonate (FEC)
additive. The degradation of NaPF6 typically follows a stepwise
process:[37]

NaPF6 ! NaFþ PF5 (3)

PF5 þH2O ! POF3 þ 2HF (4)

2POF3 þ 3Na2O ! 6NaFþ P2O5 (5)

The F 1s XPS spectra were deconvoluted into three distinct
peaks corresponding to Na–F (685.2 eV), NaxPOyFz (686.8 eV),
and C–F (688.3 eV), as shown in Figure S20, Supporting infor-
mation.[39] For all three components, the O3-NCO cathode exhib-
ited significantly higher peak intensities than O3-NCN3O,
indicating a greater extent of electrolyte salt decomposition.[40]

Additionally, the C 1s XPS spectra revealed strong signals asso-
ciated with C─C, C═O, C─O, and C─F species, which are
attributed to the decomposition of the EC and DEC solvents
(Figure S21, Supporting information).[41] Notably, the O3-NCO
sample displayed a higher concentration of organic decomposition
products than O3-NCN3O. These findings are consistent with the
more severe electrolyte degradation inferred from the F1s spectra
and further highlight the superior interfacial stability of the
Nb-substituted O3-NCN3O cathode. To deeper investigation into
Nb-induced changes in surface chemistry, we conducted oxygen
vacancy energy calculation of O3-NCO and O3-NCN3O. We have
to check vacancy energy of O from surface of O3-NCO and
O3-NCN3O.ΔEvac= E(slab–O)þ½E(O2) – E(slab).ΔEvac increases
from 1.52 eV in pristine to 2.10 eV in the Nb-substituted surface
(Figure S22 and S23, Supporting information). By strengthening
the local M─O bonds (particularly Nb–O), Nb substitution makes
it thermodynamically less favorable for surface oxygen to be
removed a key first step in electrolyte oxidation.

Figure S24, Supporting information presents the Cr 2p spec-
tra of the O3-NCO and O3-NCN3O electrodes after extended
cycling, highlighting the evolution of the chromium oxidation
states. A noticeably higher proportion of Cr4þ species was
detected in the O3-NCO cathode, indicative of irreversible redox
behavior associated with Cr migration and structural instability
under high-voltage operation (1.5–3.8 V).[30] This elevated Cr4þ

content was sustained over prolonged cycling, reflecting the per-
sistent nature of these parasitic reactions. By contrast, the
O3-NCN3O electrode displays a significantly lower Cr4þ contri-
bution, even after repeated cycling, indicating that Nb5þ substi-
tution effectively stabilizes the local electronic structure by
suppressing the Cr disproportionation and migration phenom-
ena. This stabilization is consistent with the mitigated lattice dis-
tortions observed in the XANES and in situ XRD analysis.
Complementary TEM and XPS characterizations further confirm
that Nb incorporation reinforces structural robustness and
reduces electrolyte-induced surface degradation at high poten-
tials, thereby underpinning the superior cycling performance
of O3-NCN3O.

From practical perspective, the moisture sensitivity of the
cathode materials remains a critical challenge for the commer-
cialization of SIBs. Brief exposure to ambient humidity can ini-
tiate Naþ/Hþ ion exchange at the particle surface, leading to the
formation of insulating byproducts such as Na2CO3, NaOH,
and NaHCO3, which severely compromise electrochemical per-
formance.[42] To assess the water tolerance of the synthesized
materials, both O3-NCO and O3-NCN3O samples were
immersed in deionized water for 10 min, followed by vacuum
drying at 100 °C overnight.[43] The corresponding XRD patterns
are shown in Figure 6a,b. For the O3-NCO sample, pronounced
structural degradation was observed after water exposure,
which was attributed to extensive Naþ extraction that destabi-
lized the layered framework and promoted the formation of
NaHCO3 impurities.[44] By contrast, O3-NCN3O maintained
its layered structure with only trace amounts of NaHCO3, indi-
cating superior structural resilience. This enhanced water sta-
bility is ascribed to Nb5þ substitution in the TM layer, which
reinforces the host framework and effectively mitigates
Naþ/Hþ. Additionally, the generation of Naþ vacancies in
the Na layers owing to high-valent Nb5þ doping further sup-
presses surface reactions with moisture.[45] To further elucidate
the impact of moisture exposure on electrochemical perfor-
mance, both samples were subjected to post-treatment cycling.
Figure 6c,d presents the initial charge–discharge profiles of
water-exposed O3–NCO and O3–NCN3O cathodes, tested at
0.1 C within a voltage window of 1.5–3.8 V. The O3–NCN3O elec-
trode delivered an initial discharge capacity of 108.8mAh g�1

with a CE of 86.3%, while O3–NCO showed a substantially
lower discharge capacity of 69.7 mAh g�1 and a significantly
reduced CE of 47.4%, indicative of irreversible side reactions
and active material degradation. As illustrated in Figure 6e,
the O3-NCN3O electrode retained a discharge capacity of
53.1 mAh g�1 after 100 cycles at 1C, corresponding to 63%
capacity retention, thereby demonstrating excellent structural
and electrochemical stability under moisture stress. In stark con-
trast, the O3-NCO electrode exhibited rapid capacity decay,
retaining only 12.3 mAh g�1 after 100 cycles. This pronounced
degradation is attributed to structural collapse and surface

www.advancedsciencenews.com www.small-structures.com

Small Struct. 2025, 2500400 2500400 (10 of 14) © 2025 The Author(s). Small Structures published by Wiley-VCH GmbH

 26884062, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sstr.202500400 by K

arlsruher Institut Für T
echnologie, W

iley O
nline L

ibrary on [10/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-structures.com


passivation by insulating byproducts such as NaHCO3, which
hinder Naþ transport and electrode kinetics.

Using DFT, we studied the molecular adsorption of water onto
O3-NCO and O3-NCN3O in two ways: a surface absorption reac-
tion and an interlayer H2O insertion reaction, as depicted in
Figure 6f–h and S25 (Supporting information). Figure 6f,g
shows the schematic illustrations of the adsorbed H2Omolecules
on the O3-NCO and O3-NCN3O surface, respectively. Water
binding on the exposed surface is exothermic, with adsorption
energies of –41.37 kJ mol�1 on NCO and –22.59 kJ mol�1 on
O3-NCN3O. The surface oxygens on O3-NCO act as strong
Lewis bases, readily forming hydrogen bonds and stabilizing
the water molecule, whereas the Nb-induced polarization of
the O 2p electrons in O3-NCN3O reduces this basicity and weak-
ens surface interactions. Consequently, O3-NCO wets more eas-
ily, whereas O3-NCN3O offers greater resistance to surface
hydration. The case of H2O molecule insertion into the O3-
NCO and O3-NCN3O is shown in Figure S25, Supporting infor-
mation. When a single water molecule is inserted between the
oxide layers, the process becomes endothermic, requiring

8.19 kJ mol�1 of O3-NCO and a substantially higher
80.17 kJ mol�1 of O3-NCN3O. This energy cost reflects the need
to separate negatively charged O2� sheets and overcome their
mutual repulsion an effect that is greatly amplified by Nb5þ sub-
stitution, strengthening the in-plane M─O bonds and tightening
the layer spacing, leaving fewer sites for water to occupy. These
DFT calculation results indicate that Nb substitution significantly
enhanced the water resistivity of the O3-NCO cathode.

In addition to liquid electrolyte system, we also confirm the
practical feasibility of O3-NCN3O in the all-solid-state-batteries
(ASSBs). ASSBs configured as cathode composite (O3-NCN3O–
Na2O2–ZrCl4–carbon)|Na2O2–ZrCl4|Na3PS4|Na3Sn were fabri-
cated and subsequently evaluated. Na2O2-ZrCl4, which is electro-
chemically stable within the operating voltage range of
O3-NCN3O and exhibits high ionic conductivity, was employed
as the primary solid electrolyte in the cell.[46] To mitigate poten-
tial interfacial reactions with the Na3Sn anode, Na3PS4 was intro-
duced as an interlayer. The XRD patterns for the obtained Na2O2-
ZrCl4 and Na3PS4 are shown in Figure S26, Supporting informa-
tion.[46,47] The SEM images revealed that Na2O2-ZrCl4 and

Figure 6. Water stability of the O3-NCO and O3-NCN3O samples. XRD patterns of a) O3-NCO and b) O3-NCN3O before and after soaking in water for
10min. Charge and discharge profiles before and after soaking in water for c) O3-NCO and d) O3-NCN3O. e) Cycle stability of O3-NCO and O3-NCN3O
after water soaking. H2O absorption models of f ) O3-NCO and g) O3-NCN3O. h) Binding energies for H2O absorption for both samples.
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Na3PS4 solid electrolyte showed microscale diameters ranging
from 3� 5 μm (Figure S27, Supporting information).
Figure 7a shows a schematic of the all-solid-state cell configura-
tion using an O3-NCN3O cathode. Electrochemical performance
was assessed in the voltage range of 1.9–3.7 V at a current density
of 0.2C with 30 °C (Figure 7b,c). The initial specific discharge
capacity of the O3–NCN3O cathode was 100.94mAh g�1, with
an initial CE of 88.2% (Figure 7b). Furthermore, the long-term
cycling performance of the all-solid-state cell with O3–NCN3O
demonstrated remarkable stability. After 100 cycles, the
all-solid-state cell with O3-NCN3O retained 80.0% of its initial
capacity, corresponding to a specific discharge capacity of
�79.9mAh g�1, with CE approaching 100%, as depicted in
Figure 7c.

3. Conclusion

In summary, a niobium substitution strategy was employed to
mitigate the irreversible phase transitions typically observed in
O3-type NaCrO2 (O3-NCO) cathodes within the voltage window
of 1.5–3.8 V. The modified O3-NCN3O cathode exhibited
markedly enhanced electrochemical performance, delivering a
high reversible capacity of 129.8mAh g-1 with a coulombic effi-
ciency of 96.7%, excellent capacity retention of 64% over 1000
cycles at 10C, and a strong rate capability of 84.9 mAh g�1 at
20C. These improvements are attributed to three primary factors:
1) suppression of the Cr4þ disproportionation reaction and inhi-
bition of irreversible Cr migration by disrupting the TM layer
ordering and stabilizing the structure at high voltage through
high-valent Nb5þ incorporation; 2) improved structural robust-
ness owing to the stronger Nb-O bonding interaction relative

to Cr–O; and 3) enhanced Naþ transport kinetics enabled by
the introduction of Naþ vacancies through high-valent Nb5þ sub-
stitution. In addition, the O3-NCN3O cathode demonstrated
excellent resistance to moisture-induced degradation and was
compatible with all-solid state sodium battery configurations,
reinforcing its potential for practical deployment. These findings
offer valuable design principles for engineering high-
performance, structurally stable Na-ion cathode materials.

4. Experimental Section

Material Synthesis: The O3-NCO, O3-NCN1O, O3-NCN3O, and
O3-NCN5O were synthesized by simple heat treatment. Cr2O3 (Sigma-
Aldrich, 98%), Nb2O5 (Sigma-Aldrich, 99.99%), and Na2CO3 (Sigma-
Aldrich, 99.5%) were used as start material. They were mixed in mortar
and pestle in right stoichiometry. After mixing the start material, mixed
powder was pelleted. The pelleted powder was annealed in a tube furnace
at 900 °C 12 h in Ar atmosphere. The final powder was obtained by grind-
ing the annealed powder. The O3-NCO and Nb-substituted O3-NCO cath-
odes were synthesized in stoichiometric proportions using Cr2O3, Nb2O5,
and Na2CO3 as starting materials. The precursor powders were thoroughly
mixed using mortar and pestle, and the resulting mixture was pelletized.
The pellets were then annealed in a tube furnace at 900 °C for 12 h under
Ar atmosphere. After annealing, the materials were ground into fine pow-
ders to obtain the final cathode samples. Na2O2-ZrCl4 powders were pre-
pared by ball milling a stoichiometric mixture of Na2O2 (Sigma-Aldrich,
97%) and ZrCl4 (Sigma-Aldrich, 99.99%) at 500 rpm for 10 h using a
Pulverisette 7 PL (Fritsch GmbH). The milling was conducted in an
80mL ZrO2 vial containing 15 ZrO2 balls (Φ= 10mm). Na3PS4 powders
were prepared by ball milling a stoichiometric mixture of Na2S (Sigma-
Aldrich, 98%) and P2S5 (Sigma-Aldrich, 99%) at 300 rpm for 3 h using
a Pulverisette 7 PL (Fritsch GmbH), followed by heat treatment at
270 °C for 1 h in a fused-glass ampoule sealed under vacuum. Na3Sn
was prepared by manually mixing Na metal (Sigma-Aldrich, 99.9%) and
Sn powder (Alfa Aesar, spherical, APS � 0.1 micron) in a mortar.

Material Characterization: The structure of the final powder was identi-
fied by using XRD (SmartLab, Rigaku) with Cu Kα radiation. The morphol-
ogy of the powders was observed via SEM (Helios, FEI). The composition
of each sample was confirmed by using inductively coupled plasma-optical
emission spectrometry (ICP-OES) (iCAP 700 SERIES, Thermo Fisher
Scientific). X-ray spectroscopy (XPS) (XPS – Theta Probe, Thermo
Fisher Scientific) was used to identify the surface of the electrode after
cycle. Transmission electron microscopy (TEM) (NEO ARM, JEOL) was
also used to identify the structure and EDS mapping. The structural evo-
lution during cycling was acquired by in situ XRD by using a diffractometer
(Empyrean, PANalytical) with a Mo Kα radiation source (λ= 0.0709 nm,
Power: 60 kV, 30mA) over a 2θ range of 4.6°–34.5°. To investigate oxida-
tion state of O3-NCO and O3-NCN3O at pristine, charge state(3.8 V), dis-
charge state(1.5 V), XANES measurements were conducted at the 7D
beamline of the Pohang Light Source. The structural characteristic after
cycling was examined by using Brucker D8 advanced in the 2θ range
between 10° and 80° at 40 KV and 30mA with a Cu Kα radiation source.
TEM, selected area electron diffraction (SAED) patterns, and EDS were
performed. To obtain TEM, SAED pattern, and EDS, as prepared and after
cycling electrode were polished by focused ion beam (Helios, FEI).

Electrochemical Measurements: The cathode was prepared by mixing the
active material, conductive carbon (Super P:KS6= 1:1, wt%), and polyvi-
nylidene fluoride with a ratio of 8:1:1 in N-methyl-pyrrolidone (NMP).
After mixing slurry, slurry was then coated on the aluminum foil with
carbon-coated layer and dried at 110 °C for 12 h to eliminate every mois-
ture in electrode. The foil was pressed between stainless steel roller to
make it uniform. The coin-type cell (CR–2032) was fabricated to test elec-
trochemical property in glove box. The CR–2032 was assembled by cath-
ode, sodium metal anode which was separated by polymer polyethylene
separator (Celgard 2400) and glass fiber (GB-100 R). 1M NaPF6 in a mix-
ture of ethylene carbonate and diethyl carbonate (EC:DEC, 1:1 in volume

Figure 7. Electrochemical performance of all-solid-state cells incorporating
the O3-NCN3O cathode. a) Schematic illustration of the O3-NCN3O-SE|
Na2O2-ZrCl4|Na3PS4|Na3Sn, SE=Na2O2-ZrCl4 all-solid-state cells. b) Initial
charge and discharge curves of the O3-NCN3O all-solid-state cells at 0.2C.
c) Long-term cycling stability of O3-NCN3O at 0.2C and 30 °C.
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ratio) with 5 wt% fluoroethylene carbonate was used as electrolyte, which
was purchased from Enchem Engineering. The fabricated cells were cycled
at 10C in 1.5–3.8V, 1C= 120mA g�1.

For all-solid-state half-cells, Na3Sn was used as counter electrodes.
Na2O2-ZrCl4 powder (150 mg) was pelletized at 100 MPa to form solid
electrolyte (SE) layers. To reduce interfacial reactivity between Na2O2-
ZrCl4 and Na3Sn, an interlayer was introduced by placing a thin layer
of Na3PS4 (50 mg) beneath the Na2O2-ZrCl4 layer, followed by pelletiza-
tion at 100MPa. The composite working electrodes (composite cathode)
were prepared by mixing O3-NCN3O, Na2O2-ZrCl4, and super C65
powders in a weight ratio of 50:50:3 using a mortar and pestle for
15 min. The working and Na3Sn counter electrodes were placed on each
side of the SE layers, and the cell assembly was pressed at 370 MPa
at room temperature. The mass loading of cathode electrode was
11.3 mg cm�2. The all-solid-state cells were tested under an external
pressure of 70 MPa at 30 °C.

Computational Details: All calculations in this study were conducted
using the Vienna ab initio Simulation Package (VASP) code,[48] with
the exchange-correlation energy described by the Perdew–Burke–
Ernzerhof functional within the generalized gradient approximation
framework. The projector augmented wave method was utilized to accu-
rately model the interactions between ion nuclei and valence elec-
trons.[49] To account for intra-atomic Coulombic repulsion, Hubbard
corrections were applied using a U parameter of 3.7 and 4 eV specifically
for the Cr-3d and Nb-4d electrons, respectively, thereby improving the
accuracy of electron–electron interaction modeling. Moreover, spin
polarization was considered in all calculations. Also, DFTþD3 was
implemented during all adsorption calculations. The cut-off energies
for the plane-wave expansion were set at 450 eV, and the force conver-
gence criterion for the relaxation was 0.06 eV Å�1. Also, 4� 4� 2
Monkhorst-Pack k-point grid was employed for structural optimization,
while a denser 6� 6� 2 grid was used for all rest of calculations. A unit
cell comprising 26 Cr, 54 O, and 1 Nb atoms was considered for investi-
gating the energies associated with various configurations involving the
incorporation of Na ions in NCN3O structure. To calculate the minimum
energy path and the corresponding relative migration energy barriers for
Na and Cr diffusion in the NCO and NCN3O structures, the CI-NEB[50]

and BVPA[51] method were used. To extract chemical bonding informa-
tion within the structures, LOBSTER software[52] was incorporated. In the
end, we employed the VESTA software for post-processing tasks, such as
analyzing structural design, and visualizing electronic properties.
Formation energy and voltage calculation have been used same formu-
lation as described in the previous reported work.[53]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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