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Decoupling the air sensitivity of Na-layered oxides
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Xiao Zhang1,2, Xubin Wang1,2, Yaoshen Niu1, Feixiang Ding1, Xiaohui Rong5*, Yaxiang Lu1,6*,
Nian Zhang7, Juping Xu8, Ruijuan Xiao1, Qinghua Zhang1, Xuefeng Wang1, Wen Yin8, Junmei Zhao4,
Liquan Chen1, Jianyu Huang3*, Yong-Sheng Hu1,2,6*

Air sensitivity remains a substantial barrier to the commercialization of sodium (Na)–layered oxides
(NLOs). This problem has puzzled the community for decades because of the complexity of interactions
between air components and their impact on both bulk and surfaces of NLOs. We show here that
water vapor plays a pivotal role in initiating destructive acid and oxidative degradations of NLOs only
when coupled with carbon dioxide or oxygen, respectively. Quantification analysis revealed that reducing
the defined cation competition coefficient (h), which integrates the effects of ionic potential and
sodium content, and increasing the particle size can enhance the resistance to acid attack, whereas
using high-potential redox couples can eliminate oxidative degradation. These findings elucidate the
underlying air deterioration mechanisms and rationalize the design of air-stable NLOs.

L
ayeredmetal oxides hold promise as cath-
ode materials for both Li-ion batteries
(LIBs) and Na-ion batteries (NIBs) be-
cause of their exceptional capacity and
scalability (1–5). Compared with Li-layered

oxides, (LLOs), Na-layered oxides (NLOs, with
the formula NaxTMO2, where TM represents
transition metals) suffer from a critical chal-
lenge: Even in the absence of Ni-rich design,
which is the primary cause of instability in
LLOs (6–8), they still rapidly degrade within
hours because of extreme sensitivity to air
exposure. This issue can result in capacity
loss, electrode manufacturing difficulties,
and inferior performance (fig. S1) (9). This
air instability has been hindering the com-
prehensive utilization of NLOs for >40 years
(10–12), so resolving this problem becomes
paramount for unlocking their potential to
revolutionize the energy storage landscape
and accelerate the development of practical
NIBs (13–16).
Understanding the origin of instability begins

with understanding the interactions between
the air and NLOs. However, the coupled

atmospheric composition, precovered residues,
and environmental effects in postmortem char-
acterizations can veil the clear degradation
pathways. This has led to various degrada-
tion models, including the water molecular
intercalation (11, 12), the oxidation of TM by
O2 or H2O (9), the direct reaction between CO2

and residues at the surface or in the bulk
(17, 18), the uptake of CO2 and H2O with the
intercalation of carbonate ion (19), and the
exchange of Na+/H+ or Na+/H3O

+ with water
(20–22). Although controversial, the devastat-
ing role of water vapor on its own is widely
emphasized, and will be challenged by our
findings here. In addition to the unclearmech-
anism, the lack of a standard method and
quantitative analysis further impedes the pre-
cise evaluation of the air stability of different
NLOs, thereby obscuring the design principles.
Therefore, a comprehensive understanding of
the air instability issue and a rational design of
air-stable NLOs are urgently demanded.
We chose O3-NaNi1/3Fe1/3Mn1/3O2 (NFM111)

as our model system. It is a material that has
been extensively studied for its high capacity
and scalability but is restricted by poor air sta-
bility (23–26). Through a combination of ex situ
and in situ observations, we observed that water
vapor does not inherently destroyNFM111 and
its analog, but acts as a pivotal factor leading
to distinct acid and oxidative degradation col-
lectively with CO2 and O2, respectively.

Decoupling the roles of different air components

The as-synthesized NFM111 exhibits a pure O3
phase (R�3M) and a clean surface, as confirmed
by x-ray diffraction (XRD), scanning electron
microscopy (SEM), and transmission electron
microscopy (TEM) (fig. S2 and table S1). In situ
XRD patterns (Fig. 1A) showed that NFM111
degrades within hours upon exposure to the
air at a relative humidity (RH) of 50%. The (003)
peak shifts to a lower angle, whereas the (110)
peak shifts to a higher angle immediately after

air exposure, reflecting an enlargement along
the c-axis and a shrinkage along the a-axis as
Na+ is deintercalated. New peaks of Na2CO3

appear within 3 hours of air exposure. The
water-intercalated phase (main peak at 12.5°),
which is frequently observed in P2-NaxTMO2

(x < 0.7), is not visible in degraded NFM111. This
may be attributed to the relatively higher Na
content and narrowerNa layer inO3-NaxTMO2

(0.8< x ≤ 1), which retard the hydration pro-
cess at low Na content (22). However, >50%
of the pristine specific capacity of NFM111 is
irreversibly lost after air exposure for 48 hours
(Fig. 1B), whereas it might be recovered in de-
graded P2-NaxTMO2 upon discharge, with the
Na metal anode providing extra Na+ (21, 27).
This emphasizes the more severe effects that
air instability has onO3-NaxTMO2. Further, the
true capacity of NFM111, and even the O3-
NaxTMO2 family, is underestimated solely be-
cause of the poor air stability, as indicated by
themuch higher capacity of the as-synthesized
NFM111 (146 mAh g−1) compared with the con-
ventionally processed sample (~120 mAh g−1)
in previous comparable reports (24, 25).
To initially determine which gases govern

the degradation, NFM111 samples were first
stored in six combinations of three key air com-
ponents for 48 hours and then characterized
by XRD and SEM. The strictly controlled at-
mospheres include water vapor (N2 protected,
RH=90%), pureO2 (RH=0%), pure CO2 (RH=
2%, trace water can be detected even being
stored with P2O5), O2 with water vapor (RH =
80%), O2 with CO2 (RH = 2%), and CO2 with
water vapor (RH = 70%). For simplicity, the
obtained samples are denoted as H-48, O-48,
C-48, HO-48, CO-48, and HC-48, respectively
(detailed conditions and nomenclature are
summarized in fig. S3 and table S2). Conven-
tional intuition suggests that any one of the
three gases, but in particular water vapor or
CO2, can lead to severe deterioration. The XRD
pattern (Fig. 1C) of H-48 does not show any
new peaks or an obvious shift of peaks under
such high RH. Even after prolonged exposure
to water vapor for 1 week (H-1W), NFM111 still
retains its original peak positions. The same
trends were observed for O-48 and C-48, with
a slightly reduced crystallinity in C-48. These
results suggest that the three key gases are not
individually catastrophic to the global struc-
ture of NFM111. Rather, the synergic effects
from the combined gases are more vital. The
unchanged XRD pattern of CO-48 suggests
that the degradation requires the presence of
water vapor. When both water vapor and O2

are present, moderate peak shifts are found in
the XRD pattern of HO-48. The combination
ofwater vapor andCO2 causes significant peak
shifts, along with the vanishing of O3 phase
peaks and the appearance of NaHCO3 peaks
in the XRD pattern of HC-48 (a magnified com-
parison of XRD patterns is included in fig. S4).
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Fig. 1. Structural, morphological evolutions, and capacity loss of NFM111
upon exposure to different atmospheres. (A) In situ XRD patterns of NFM111
exposed to air (RH = 50%) for 24 hours. (B) Galvanostatic charge/discharge
voltage profiles of fresh and air exposed NFM111 (RH = 50% for 48 hours) in
the initial cycle in the voltage range of 2.0 to 4.0 V (versus Na+/Na) at a rate of
0.2C (30 mA g−1). (C) XRD patterns of NFM111 exposed to different atmospheres
with magnified regions of (003), (104), and (110). The corresponding

atmospheres are represented by various combinations of three fundamental
gases in the ring-like legends (right), where the three split gray parts are colored
blue, yellow, and red, respectively, when water vapor, CO2, and O2 are present.
The RH and processing time are also indicated on the inside and outside of
the ring, respectively. (D to K) SEM images of NFM111 after being exposed to
different atmospheres. Protuberances are marked with circles in (H) to (J). Scale
bars, 1 mm in (D) to (K).
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Fig. 2. Acid degradation characterized by dynamic observation and isotope-
labeling strategies. (A to I) In situ ETEM images of clean nanocrystals of NFM111
before (A) and after (B) CO2 exposure for 30 min (p = 7 mbar); before (C) and
after (D) water vapor exposure for 2 hours (p = 0.5 mbar); before [(E) and (H)] and
after water vapor and CO2 exposure for 1 hour (F) and 2 hours [(G) and (I)] (ptotal =
0.5 mbar). (J) 3D rendering of selected representative secondary-ion fragments

from ToF-SIMS characterization. Samples were stored in N2 with H2
18O vapor for

72 hours and in CO2 with H2
18O vapor for 24 hours. (K) Refinement of the NPD

pattern of the sample stored in D2O vapor and CO2 for 12 hours, where D atoms are
placed at the tetrahedral sites in the Na layer (Natetra in inset). (L) nPDF with
contributions from major atomic pairs. Bonds marked with stars were calculated by
placing the D atoms at the tetrahedral sites in the Na layer in NFM111.
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Fig. 3. Structural and chemical heterogeneity in oxidative and acid degrada-
tions. (A and B) Ni K-edge and Mn K-edge XANES spectra of NFM111 and NFM424
before and after being stored in O2 with water vapor (RH = 80%) for 48 hours.
(C) Soft XAS spectra of Ni L-edge in TFY mode of NFM424, NFM111, and NFM121
before and after storing in O2 with water vapor (RH = 80%) for 48 hours. Spectra of
NFM424 and NFM111 stored in O2 (RH = 0%) for 48 hours were also compared.
(D to G) Soft XAS spectra of Mn L-edge in TEY mode (D), O K-edge in TEY mode (E),
O K-edge in TFY mode (F), and Ni L-edge in TEY mode (G) of NFM111 stored in
different atmospheres: H-48 in N2 with water vapor (RH = 90%) for 48 hours; C-48

in CO2 (RH = 2%) for 48 hours; HO-48 in O2 with water vapor (RH = 80%) for
48 hours; HC-12 in CO2 with water vapor (RH = 60%) for 12 hours; and HA-48 in
moist air (RH = 60%, CO2 concentration ≈600 ppm) for 48 hours. (H) Soft XAS
spectra of Ni L-edge in the TEY mode of NFM424, NFM111, and NFM121 before
and after being stored in O2 with water vapor (RH = 80%) for 48 hours. Spectra
of NFM424 and NFM111 stored in O2 (RH = 0%) for 48 hours were also compared.
(I to K) STEM images of NFM111 after being stored in CO2 with water vapor for
12 hours (I), O2 with water vapor for 48 hours (J), and moist air (RH = 60%, CO2
concentration ≈600 ppm) for 48 hours (K). Scale bars, 2 nm in (I) to (K).
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SEM images (Fig. 1, D to K, and figs. S5 and S6)
also track the same trends in terms of morphol-
ogy, where H-48, H-1W, and O-48 all exhibit
identically clean and smooth surfaces. C-48
and CO-48 show a few protuberances, which is
mainly due to the unavoidable residual mois-
ture in CO2 gas (RH = 2%); HO-48 is partly
covered by residues along with amorphous
clusters; and HC-48 is significantly enveloped
by massive needle-like NaHCO3. The combi-
nation of CO2 and water vapor is therefore
shown to be themost detrimental atmosphere
in terms of deterioration, followed by the com-
bination of O2 and water vapor. Fourier trans-
form infrared spectroscopy (FTIR) results also
confirmed thepresence ofNa2CO3·H2O,NaHCO3,

and possibly NaOH in corresponding atmos-
pheres, consistent with the findings fromXRD
and SEM characterizations (fig. S7).
The XRD and SEM results have generally

identified the catastrophic impact of coupled
water vapor and CO2, but whether water vapor
or CO2 will solely commence microreactions
initially at the surface needs to be clarified. In
situ environmental TEM(ETEM)was performed
to detect dynamic evolutions by avoiding am-
bient impact. NFM111 was first exposed to a
CO2 flow at a gas pressure (p) of 7 mbar for
30min. Figure 2, A and B, and fig. S8 show that
both surface and bulk structures are preserved,

indicating that CO2 cannot solely extract Na+

fromNFM111. Under a continuous flow of water
vapor at 0.5 mbar for >2 hours (the corre-
spondingmass spectrum is shown in fig. S9A),
NFM111 retains its pristine state (Fig. 2, C and
D). More targeted spots (fig. S10 and S11) show
the same result, confirming that water vapor
alone is not destructive to NFM111. By con-
trast, when exposed to the flow of CO2 with
water vapor under a total p of 0.5 mbar (the
corresponding mass spectrum is shown in fig.
S9B), the deterioration is fast and prominent.
Figure 2, E to G, shows that the surface of
NFM111 becomes rough within 1 hour of expo-
sure to CO2withwater vapor and is covered by
a mass of NaHCO3 (thicker than 15 nm) after
2 hours. The increased spacing of the lattice
fringes from 5.33 to 5.40 Å reflects the expan-
sion of the (003) plane along the c axis (Fig. 2,
H and I). Severe surface degradations, includ-
ing crack expanding, roughening, and secondary
phase growth, are also tracked in other regions
(fig. S12), corroborating the damaging effect
of combined water vapor and CO2.
To determine whether the degradation in

water vapor with CO2 is caused by the ion ex-
change of Na+ with protons (H+) or hydronium
ions (H3O

+) or by the intercalation ofH2O, CO2,
or CO3

2− molecules, isotope-labeling strat-
egies were adopted to track the relevant light

elements. Time-of-flight secondary ion mass
spectroscopy (ToF-SIMS) analyses were first
conducted to determine whether external O
(fromH2O orH3O

+) and C (from CO2 or CO3
2−)

enter the bulk after exposing NFM111 to H2
18O

vapor and CO2 with H2
18O vapor, respectively.

The three-dimensional (3D) rendering of depth
profiles (Fig. 2J) shows that only a very small
amount of Na2

18O+ was detected on the sur-
face inH2

18O vapor–treated sample, indicating
a minimal interaction. Further, the Na2

18O+

and CH− fragments of the sample stored in
CO2 with H2

18O vapor are mainly surface dis-
tributed, covering the bulk NiO2

− (more frag-
ments are shown in fig. S13). Both results
exclude the intercalation of CO2, CO3

2−, H3O
+,

or H2O. Neutron powder diffraction (NPD)
was conducted to track the potential interca-
lation of H+ after storing fresh NFM111 pow-
ders in D2O vapor (D-72) and in CO2 with D2O
vapor (DC-6 and DC-12). Even after being ex-
posed to D2O vapor for 72 hours, NFM111 still
exhibits spectra identical to those of the fresh
sample (fig. S14, A to D, and tables S3 and S4),
whereas new peaks of NaDCO3 appear in the
range of 2.5 to 3.5 Å after only 6 hours of
storage inCO2withD2Ovapor, and they intensify
after storage for 12 hours (Fig. 2K and fig.
S14B). Residual density in difference Fourier
maps can be found at the tetrahedral sites in

Fig. 4. Illustration of degradation mechanisms for O3-NLOs in the air. Left, contributions to the deterioration from various combinations of CO2, O2, and water
vapor. Middle, surface reactions and corresponding products through acid and oxidative degradation pathways at the initial stage. Right, subsequent chemical
and structural evolutions.
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the Na layer (Natetra) of DC-6 and DC-12 after
the dual-phase refinement taking Na-deficient
NFM111 and NaDCO3 as models (fig. S14, E, F,
I, and J). Because the C from CO2 and the O
fromH2O have been excluded from occupying
these sites and the slight migration of TM ions
occurs only at the surface (Fig. 3, I to K), the
intercalated protons are believed to occupy
this site (fig. S14, G, H, K, and L, and tables S5
to S8). The Natetra may be an average site for
protons in layers that still preserve pristine O
stacking.Given the strong amorphization after
the gas treatment and the mobility of protons
surrounded by electronegative O in the O–Na–O
layer at room temperature (28), a real O–D (H)
bond length of r = 0.94 Å, as marked in neutron
pair distribution function (nPDF) result (Fig.
2L), is more plausible. We thus conclude that
sufficient protons, mostly generated from the
combined water vapor and CO2, exchange with
Na+ and intercalate into the Na layer to initiate

acid degradation. The XRD results of other ex-
posed NaNixFe1-2xMnxO2 materials (x = 2/5,
1/5, 1/6, and 1/10, denoted as NFM424, NFM121,
NFM141, and NFM181, respectively) confirm
this conclusion, showing varying degrees of
acid degradation (fig. S15).
Apart from the acid degradation, previous

XRD and SEM results showed that the cou-
pling of O2 and water vapor, rather than O2

alone, can also degrade NFM111, implying an
oxidation process. X-ray absorption spectro-
scopy (XAS) characterizations were conducted
to investigate which TM ions can be oxidized.
The valence states of Ni, Fe, and Mn are pre-
dominantly +2, +3, and +4 in fresh NFM111,
respectively, as confirmed by x-ray absorption
near edge structure (XANES) and soft XAS
spectra (Fig. 3, A to H, and fig. S16). The Ni
K-edge of NFMN111-HO-48 shows a slight shift
to the higher-energy region in theXANES spec-
tra (Fig. 3A), suggesting that the bulk Ni2+ can

be oxidized after exposure to O2 with water
vapor. By contrast, Mn4+ and Fe3+ are largely
unchanged in the bulk, as indicated by the un-
shifted Mn K-edge (Fig. 3B) in XANES spectra
of NFM111-HO-48 and trivalence-featured Fe
L-edge spectra (fig. S16, A and B). Moreover,
the oxidation is more pronounced as the Ni
content increases in NaNixFe1-2xMnxO2, be-
cause NFM424-HO-48 shows a more obvious
shift in Ni K-edge spectra (Fig. 3A) and an in-
tensified right shoulder of Ni L3-edge in total
fluorescence yield (TFY) mode, with a max-
imum detection depth of ∼100 nm (Fig. 3C).
Conversely, NFM121 shows negligible oxidation
features (Fig. 3C). The calculated density of
states of representative NFM424, NFM111, and
NFM121 at ground state (fig. S17, A to D) re-
veals that theNi 3d eg orbitals contributemore
to the valence band below the Fermi energy
(EF) level and rise significantly around EF as
the Ni content increases, indicating that the
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Fig. 5. Quantification of the effects of acid and oxidative degradation and countermeasures for developing air-stable NLOs. (A) Na+ loss of NaNixFe1-2xMnxO2
materials (x = 2/5, 1/3, 1/5, 1/6, and 1/10) being tested by the proposed SQMAS with standard H660-48 tests (the RH and CO2 concentration were maintained
at 60% and 600 ppm, respectively) by taking their weighted average ionic potential (FTM) as variables. (B) Na+ loss of various NLOs being tested by HA660-48
and HC660-48 tests by taking cation competition coefficient (h) and particle size as two independent variables. (C) Summary of general strategies to elevate
the intrinsic air stability for NLOs, where coating and other surface modifications are not included.
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increasingNi content renders thematerialmore
susceptible to oxidation in NaNixFe1-2xMnxO2,
and once the oxidative degradation com-
mences, Ni2+ tends to be oxidized first. The ini-
tial charge profiles and XRD results comparing
NaNixFe1-2xMnxO2 reaffirm the lower electro-
chemical redox potential and consequently
more severe oxidative degradation induced by
increasing Ni content (fig. S17E).
In addition to ion exchange and direct oxi-

dation during acid and oxidative degradations,
chemical and structural heterogeneity at the
surface is also observed. In acid degradation,
Mn4+ is reduced substantially for HC-12 and
slightly for C-48 and HA-48 (in a sample that
was exposed to the air for 48 hours, RH =
60% and CO2 concentration = 600 ppm), as
indicated by the pronounced peaks of Mn2+ at
639.6 eV and Mn3+ at 641.1 eV in Mn L-edge
spectra in total electron yield (TEY) mode,
with a maximum detection depth of ~5 nm
(Fig. 3D). The decreased O K-edge pre-edge
in TEY mode (Fig. 3E) also reflects a weak-
ened TM 3d and O 2p orbital hybridization
caused by TM reduction and oxygen loss (29).
By contrast, the Mn K-edge spectra are less
changed (Fig. 3B), and the TM 3d and O 2p
orbital hybridization is recovered in bulk re-
gions (Fig. 3F). As for the oxidative degrada-
tion, although the Ni2+ can be oxidized in the
bulk, it remains +2 at the surface, evidenced
by the almost overlapping Ni L-edge spectra in
TEY mode of exposed and pristine NFM111,
NFM424, and NFM121 (Fig. 3, G and H). This
phenomenon can be ascribed to the instability
of Ni3+, as reported in LiNiO2 (6), leading to
the formation of surface rock salt NiO. More
directly, high-angle annular dark-field scan-
ning TEM images further confirmed the het-
erogenetic structures. Images of HC-12 (Fig. 3I
and fig. S18, A to C) show a slight reconstruc-
tion occurs at the surface, and interlayer cracks
and dislocations unevenly penetrate the bulk
region, indicating that locally concentratedH+

can lead to an inward growth of cracks and
even ultimate exfoliation as the gases contin-
uously reach the tips. STEM images of NFM111
(Fig. 3J and fig. S18, D to F) and NFM424 (fig.
S19) that were exposed to water vapor and O2

for 48 hours consistently showed a rock salt–
like phase at their surfaces, indicating the re-
duction of Ni3+ and the formation of NiO.
Combined features from both acid degradation
and oxidation can be seen in NFM111 being
exposed to the air for 48 hours (Fig. 3K and fig.
S18, G to I). Negligible change can be found in
STEM images of NFM111 even being stored in
water vapor (90% RH) for 48 hours (fig. S20).

The pivotal role of water vapor

On the basis of the above observations, CO2 or
O2 is only destructive to O3-NaTMO2 in the
presence of water vapor. In other words, water
vapor is the bridge that connects CO2 or O2

with O3-NaTMO2 and thus leads to two dif-
ferent degradation pathways. It is noteworthy
that water vapor indeed reacts with surface
Ni3+ and induces a subsequent reduction dur-
ing oxidative degradation. This phenomenon
is also found in other O3 systems such as O3-
NaNi0.5Mn0.5O2 (NM11) andNaNi0.8Co0.1Mn0.1O2

(NaNCM811). However, this interaction does
not necessarily destroy the bulk structure and
is still subordinate to the dominant two deg-
radations, aligning with our findings (figs.
S21 to S23). Additionally, despite being re-
garded as an unstable P2-NLO, Na2/3MnO2

(P2-NMO) exhibits a relatively lower reactiv-
ity toward water vapor (fig. S24). Therefore,
we conclude that water vapor can be consi-
dered “conditionally inert” in the context of
most NLOs if there are no inherently unstable
ions present within the structure.
The corresponding structural and chemical

evolution are comprehensively summarized in
Eqs. 1 to 7 and Fig. 4. In the primary pathway
through the “bridge,” namely acid degrada-
tion, the presence of CO2 alters the equilibrium
of Na+/H+ exchange. As the density function
theory calculation suggests, the reaction energy
of exchanging Na+ with H+ from water (Eq. 1,
x = 1/36 in this case) is 16.33 meV unit−1, in-
dicating a near-equilibrium reaction. The role
of CO2 can thus be seen as a destroyer of the
equilibrium reaction betweenwater vapor and
NaTMO2, which moves Eq. 1 forward and pro-
duces NaHCO3 (when CO2 is sufficient) or
Na2CO3 (when CO2 is inadequate) by increas-
ing the acidity (Eqs. 2 and 3). In addition to the
Na+/H+ exchange, locally concentrated protons
may cause uneven extraction of Na+ and surface
reduction of Mn4+ orMn3+, resulting in severe
cracking, curvature within interlayers, and sur-
face reconstruction, as depicted in Fig. 4.

NaNi1=3Fe1=3Mn1=3O2 þ xH2OðgÞ↽⇀
Na1�xHxNi1=3Fe1=3Mn1=3O2 þ xNaOH ð1Þ

NaTMO2 þ xH2OðgÞ þ xCO2¼
Na1�xHxTMO2 þ xNaHCO3 ðsufficient CO2Þ

ð2Þ

NaTMO2 þ xH2OðgÞ þ x

2
CO2¼

Na1�xHxTMO2 þ x
2 Na2CO3 ðinadequate CO2Þ

ð3Þ
In the secondary pathway through the “bridge,”
electrochemical oxidation occurs. The coexisting
H2O and O2 can produce OH− by oxidizing cer-
tain TM ions in NaTMO2. The overall reaction
(Eq. 4) is the combination of two half-reactions
given in Eqs. 5 and 6. Contrary to the acid
degradation, this oxidation reaction occurs
simultaneously on the surface and in the bulk.
However, unstable oxidized ions (typically Ni3+)
can be subsequently reduced in ambient water

vapor (Eq. 7), accompanied by the reconstruc-
tion at the surface region, resulting in the
formation of a rock salt phase (6, 18).

NaTMO2 þ y

4
O2 þ y

2
H2OðgÞ¼

Na1�yTM
0O2 þ yNaOH ð4Þ

y

4
O2 þ y

2
H2OðgÞ þ ye�¼ yOH� ð5Þ

NaTMO2 � ye�¼ Na1�yTM
0O2 þ yNaþ

ð6Þ

4Ni3þ þ 4O2�
lattice þ 2H2OðgÞ→4Ni2þþ

4OH� þ O2 ð7Þ

The generated NaOH can absorb a large quan-
tity of water, resulting in a fluid quasiliquid
that gathers in the gaps between particles and
can further react with CO2. This explains the
amorphous products on the HO-48 sample in
SEM images (fig. S6, E to H) and the gathering
of the Na2

18O+ fragments shown in fig. S13C.

Rationalizing the design principles

To intelligently build future air-stable NLOs,
the next stage is to determine which internal
features of different materials respond to the
two degradation pathways and how. This re-
quires objective quantification and comparison
of the degree of deterioration among NLOs.
However, such a quantitative comparison re-
mains challenging and has been rarely achieved
(30). Inspired by the success of titration gas
chromatography in quantitatively distinguish-
ing the grown phase with minimal environ-
mental influence (31, 32), we proposed a method
based on this, which we call the standard
quantification method for air-stability (SQMAS).
SQMAS involves a series of standard atmo-
spheric treatments to control the degradation
process and convert various possible Na sur-
face residues to Na2CO3, which is then tit-
rated with acid to produce CO2 and measured
by gas chromatography to determine the amount
of Na+ loss after deterioration. The details are
illustrated in fig. S25 and S26 and described
in the supplementary text. We chose 48 hours
as the testing time because it is sufficient for the
degradation to reach the equilibrium (fig. S27).
SQMASwasfirstperformedinNaNixFe1-2xMnxO2

to quantify the contributions of acid and
oxidative pathways to the total Na+ loss and
highlight the severity of overall air degrada-
tion, showing that >0.30 bulk Na+ can be lost
after air exposure for 48 hours (HA660-48 test,
whereRH=60%,CO2 concentration≈600ppm)
in all samples (Fig. 5A and table S9). As the
Ni content of NaNixFe1-2xMnxO2 increases, this
value can reach as high as 0.633 in NFM424.
Oxidative degradation accounts for <10% of the
overall Na+ loss and becomes almost negligible
as theNi andMn content in NaNixFe1-2xMnxO2
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decreases to 0.25, consistent with the conclu-
sion that an elevated electrochemical redox
potential induced by a lowerNi contentweakens
the oxidative degradation. Conversely, acid
degradation dominates the overall deteriora-
tion, accounting for 84 to 100% of the total Na+

loss in the air. These results also highlight that
even aminor quantity of CO2 (0.06% in volume)
can activatewater vapor, leading to catastrophic
acid degradation. Apparently, elevating the air
stability of NLO heavily relies on improving
the anti-acid stability.
If the lattice oxygen binds Na+ more tightly,

then the process of dissociating O–Na bonds
and reestablishing O–H bonds during acid de-
gradation can be effectively hindered. In this
case, the strength of interactions between TM
and lattice oxygen becomes the key tomodulat-
ing the O–Na bond in the TM–O–Na sandwich
configuration (33). Inspired by the successful
use of ionic potential (F) to compare the po-
larization between TMO2 and NaO2 slabs (34),
such a thermodynamic interaction can be de-
scribed by the weighted average ionic poten-
tial of TMs, FTM¼X

wini=Ri , where wi is the
content of TMi with charge number ni and
radius Ri. A lowerFTM indicates a weakened
TM–O attraction and thus a strong Na–O in-
teraction, leading to less possibility of a Na+/H+

exchange. For instance, as FTM decreases in
NFM424, NFM111, andNFM121, theNa–Obond
becomes tighter, as reflected by the increased
Bader charges on lattice oxygen (table S10),
resulting in improved anti-acid stability in the
rank of NFM424 < NFM111 < NFM121. FTM

can effectively capture the trend when x = 1 in
NaxTMO2, but the impacts of Na content should
also be considered, because NLOs can exhibit
different Na contents. Given that a substan-
tial Na reserve can enhance both the pos-
sibility and frequency of Na+/H+ exchange, the
decrease in Na content offers the materials
with fewer Na resources for exchange. Addi-
tionally, the polarizing influence of alkaline
ions was also taken into account, especially in
light of distinguishing characteristics between
NLOs and their Li counterpart. We thus pro-
pose the “cation competition coefficient” (h) to
depict the competition between cations of TM
ions and alkaline ions and serve as a predic-
tive tool in elucidating the trends of Na+ loss
in various NLOs. h is defined as follows:

h ¼ xAFTM

fA
ð8Þ

wherexA is thecontentofalkaline ions inAxTMO2

and fA is the ionic potential of alkaline ions.
By extending SQMAS to variousNLOs (tables

S11 and S12 and figs. S28 to S33), we found that
h and particle size are two major factors that
influence the anti-acid stability and thus the
air stability of NLOs. As shown in Fig. 5B (and
detailed in fig. S34 and table S13), P2-NLOs

and Na-deficient O3-NLOs exhibit a lower h
thanmostO3-NLOs and thus show lessNa+ loss.
For O3-NLOs with similar particle sizes, the
replacement of Mn4+ and Ni2+ with ions having
lower ionic potential, such as Ti4+, Fe3+, Zn2+,
Cu2+, and Li+, effectivelymitigates Na+ loss. This
is evident when comparing NaNixFe1-2xMnxO2

(with decreasing x values), NFMT3321,
NFMT2211, and L5T25NFM. When exhibiting
a close h value, NLOs with larger particle sizes
show an improved anti-acid ability, which is
attributed to the prolonged diffusion paths for
Na+ (H+), retarding the Na+/H+ exchange rate.
A clear illustration of this effect is seen in the
comparison amongNFM111, ZNFM1344-1000°C,
CNFM1344, and CNFM1344-1000°C. These find-
ings also imply that elements such as Cu2+ and
Zn2+, along with high-temperature calcination,
favor the formation of single crystals, whereas
Ti4+ tends to form fine grains, as observed in
NFMT3321 and NFMT2211.
On the basis of the above analyses, the ra-

tional design of intrinsic air-stable NLOs is
clear (Fig. 5C). The antioxidation stability can
be obtained by introducing TMs with higher
redox potentials (Cu2+and Fe3+) or by decreas-
ing the content of TMs with lower redox
potentials (Ni2+ and Mn3+). Conversely, the
anti-acid stability can be enhanced through
both stoichiometric and structural design: de-
creasing h to reduce the likelihood of Na+/H+

exchange, increasing the particle size by intro-
ducing the appropriate ions (Cu2+ and Zn2+),
and elevating calcination temperature to de-
crease the Na+/H+ exchange rate. Combining
these strategies, several designed samples, such
as CNFM1344-1000°C, CNFMT13421-1000°C,
CNFMT14223-975°C, and C10T25NFM-975°C,
which have suitable Ni content and substan-
tial capacity, only experience 0.05 to 0.10 Na+

loss and show improved cycling performance,
demonstrating promising applicability (figs.
S35 and S36).

Discussion

We have decoupled the acid and oxidative de-
gradations of NLOs upon exposure to air and
showed the individual and collective roles of
different air components in degradation. In
material storage, the key is to break the col-
lective effect of coupled air components. Strict
environmental humidity control remains the
most effective method, but it brings extra cost
and may fail in long-distance shipping. Al-
though it is challenging to completely elimi-
nate the water vapor, simply using low-cost
soda lime, which absorbs CO2 during packing,
can provide comparable protection regardless
of the RH (fig. S37). More potential strategies
for alleviating the air degradation of NLOs
and their challenges in commercial produc-
tion are summarized in fig. S38. The most ef-
fective strategy in surmounting these hurdles
continues to center on enhancing the intrin-

sic air stability of NLOs. To determine the
factors ruling intrinsic air stability, we quan-
tified and compared the Na+ loss value across
diverse NLOs. Although the Na+ loss is rela-
tively low in P2-NLOs, the larger Na-layer dis-
tance facilitates the water molecule insertion
(fig. S39). More complex aspects should be
considered in comparing the air stability of
P2-NLOs and O3-NLOs, as detailed in the sup-
plementary text. The intrinsic air stability can
be realized by a combination of strategies
using low-cation competition coefficients and
large particle sizes, and it is anticipated to be
further enhanced when protective coatings,
surface engineering, and modification in the
NLOs are implemented. Extra concerns should
be addressed in systems containing a high con-
tent of unstable ions such as Mn3+, and Ni3+, in
which inherent instability, including suscep-
tibility to reduction and Jahn-Teller distortion,
may induce more severe effects. In addition
to understanding the fundamental mecha-
nisms and establishing guidelines for devel-
oping air-stable NLOs, our findings can also
assist us in understanding the difference in
air stability for NLOs and their Li counter-
parts (fig. S40). The relatively low redox po-
tential of NLOs renders them susceptible to
oxidative degradation. The weaker Na–O in-
teraction, implied by the lower ionic potential
of Na+ than Li+, facilitates a much faster
Na+/H+ exchange than Li+/H+. Although air
exposure can also lead to the formation of
alkaline carbonate and hydroxide on the surface
of Ni-rich LLOs, the low solubility of these
compounds allows them to function as a shield
to impede further degradation. Conversely,
whereas the Na2CO3 formed at the surface
may initially encapsulate the cathode particles,
its strong water absorptivity and solubility can
re-expose the surface of NLOs, resulting in
continuous degradation in the humid air (13).
Therefore, the design of intrinsically air-stable
NLOs becomes imperative. The successful synthe-
sis of Na0.96Ca0.02Cu0.1Ni0.35Fe0.1Mn0.2Ti0.25O2

with a mere 0.019 Na+ loss underscores the
efficacy of the combined strategies, where low
h, increased particle size, a potential segrega-
tion effect, and the pillar effect of Ca2+ (35) are
used synergistically.
Our findings offer a comprehensive roadmap

for the design of air-stable NLOs, with a focus
on practicality in advancing the next-genera-
tion NIBs. These insights serve as a catalyst for
additional explorations aimed at overcoming
similar stability challenges in related materials,
thereby propelling the field forward.
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