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ABSTRACT: Sodium-ion batteries (SIBs) hold great promise for low-cost energy
storage. Despite the major advances made in the material preparation and battery
performance, air instability has become a bottleneck for the storage and electrode
fabrication of O3-type NaNi1/3Fe1/3Mn1/3O2 (NFM), but the underlying mechanism
remains elusive. Here we discovered that NFM loses Na+ ions during ambient
storage and Na2CO3 “fibers” sprout from the particle surface, which caused the
performance decay. We further demonstrated a facile resintering strategy to
regenerate the NFM in situ. This work highlights the importance of stringent
humidity control and provides the basis for designing surface-modification strategies.
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Sodium-ion batteries (SIBs) have attracted significant
interest in recent years because they operate similarly to

lithium-ion batteries (LIBs) but may potentially cost much less
thanks to the abundance of sodium (Na) versus lithium (Li)
and the substitution of copper by aluminum as anode current-
collector.1−3 In SIBs, the cathode materials play a crucial role
because their physiochemical and electrochemical properties
directly impact the battery-level energy density, power
capability, and safety. Numerous cathode materials have been
studied, including layered oxides,4−7 Prussian-blue ana-
logues,8,9 and polyanion-based compounds,10,11 among which
the O3-type layered oxides stand out because of their high
specific capacity, good cycle performance, and facile prepara-
tion methods.12,13 G. Ceder et al. reported O3-Na-
Ni1/3Fe1/3Co1/3O2 that exhibited a discharge capacity of 165
mAh g−1 at 0.05 C in 4.2−2.0 V.14 Y. Hu et al. reported O3-
Na0.9[Cu0.22Fe0.30Mn0.48]O2 that provided a reversible capacity
of ∼100 mAh g−1 at an average voltage of 3.2 V and good cycle
performance.15 C. Johnson et al. first reported O3-NaNi1/3-
Fe1/3Mn1/3O2 (NFM), which retained a specific capacity of
100 mAh g−1 after 150 cycles in half-cell tests.16 NFM is free of
cobalt, an expensive metal (∼$30000−40000 per metric ton)
with an unstable supply chain. Instead, NFM is made of earth-
abundant iron (Fe) and manganese (Mn) and thus has a cost
advantage over many other Na cathode materials. Our research
group has focused our efforts on NFM over the years and
studied its large-scale synthesis,17 electrochemical reaction
mechanism,18 and thermal stability.19 In particular, by
optimizing the microstructure of NFM and electrolyte

engineering,20 it is now possible to achieve a cycle-life over
2500 cycles in 1 Ah pouch cells (NFM-hard carbon) and a
specific energy density of ∼105 Wh kg−1 at the single-cell
level.21 These attributes have established NFM as a practically
relevant cathode material for SIBs.
Despite the progress achieved in the electrochemical

performance of NFM, we have noticed slurry alkalization
and “gelling” during the fabrication of NFM electrodes under
ambient conditions in air (∼40% relative humidity, RH). This
observation suggests that NFM is likely susceptible to
degradations upon air exposure, which is a common problem
facing Ni-rich or Li-rich transition metal oxides for LIBs as
well.22,23 Recently, Y. Yang et al. studied the structural/
chemical transformations of P2-type sodium transition metal
oxides upon contact with moist air; these materials were found
to suffer from hydration (H2O intercalating into the layered
structure) during storage.24 A. Manthiram et al. studied the
degradation chemistry of a high-Ni Na cathode (O3-type
NaNi0.7Co0.15Mn0.15O2) in air and observed the rapid
formation of NaOH, Na2CO3, Na2CO3·H2O, and NiO on
the particle surface (within hours) that caused a significant
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electrochemical performance decline.25 It appears that the
degradation mechanism of different cathode materials depends
on the composition and crystal structure.26−28 To facilitate the
large-scale production of NFM-based SIBs, it is necessary to
elucidate the degradation mechanism of NFM during ambient
storage, which is pivotal in designing improvement strategies.
The research efforts along this direction are currently lacking.
Here we investigated the degradation mechanism of NFM

under ambient storage (up to 1000 h) and revealed the
structural origins of electrochemical performance decay. We
combined a suite of characterization techniques to study the
morphological, chemical, and structural transformations of the
NFM during storage. It was found that NFM became Na-
deficient after the storage, and the “lost” Na reacted with CO2

to produce Na2CO3 at the particle surface; this was responsible
for the significant capacity loss. Further, we found that high-
performance NFM could be regenerated in situ by directly
sintering the degraded NFM and the “byproduct” (Na2CO3) at
high temperature. This work unlocks the nature of air
instability of NFM and lays the foundation for improving air-
sensitive Na cathode materials toward practical applications.
The fresh NFM material was synthesized by sintering the

coprecipitated Ni1/3Fe1/3Mn1/3(OH)2 and Na2CO3 at 850 °C
in air following a previously reported method17 (also see
Experimental Methods in the Supporting Information). We
first evaluated the impact of storage time on the electro-
chemical performance of NFM. The NFM powders were
stored in ambient air (RH = ∼40−50%) for different amount

Figure 1. NaNi1/3Fe1/3Mn1/3O2 cathode materials after ambient storage: (a, b) the first discharge voltage profiles and XRD patterns of the NFM
samples as a function of storage time under ambient conditions, respectively; (c) SEM images of the aged NFM showing the gradual formation of
fiber-like particles at the surface as indicated by the red arrows; (d) an NFM electrode used for pouch-cell assembly and tests, which had been
stored under ambient conditions for ∼1000 h; (e) SEM image taken from the electrode sheet in panel d showing the rampant growth of fiber-like
particles; and (f) elemental analysis of the carbon content in the NFM samples as a function of storage time.
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of time, then made into electrodes, and tested in half cells
using Na metal as the anode. Figure 1a shows the voltage
curves of the aged NFM electrodes at the first discharge. The
specific capacities decreased as the storage time increased;
these were 130 (fresh, 0 h), 120 (1 h), 103 (3 h), 94 (5 h), 69
(7 h), 58 (10 h), 51 (100 h), and 28 mAh g−1 (1000 h),
respectively. The polarization also increased with the storage
time. The degraded electrochemical performance suggested
that significant structural/chemical transformations had
happened to the NFM material during storage.
To understand the structural origins of the performance

decay after storage, we first collected powder X-ray diffraction
(XRD) patterns from the fresh and aged NFM powders
(Figure 1b). The freshly prepared NFM sample could be
indexed to a single phase with an α-NaFeO2-type structure. As
the storage time increased, the characteristic peaks of NFM
remained, but their intensity decreased, indicative of structural
transformations. We also observed that several new peaks
emerged after just 1 h of storage, and their intensity increased
with the storage time (denoted by * in Figure 1b). These peaks
appear to match well with those of Na2CO3. We further
studied the variation of the interlayer spacing among the fresh,
aged, and regenerated NFM materials. We collected high-
resolution PXRD patterns from the three samples and carried
out the Rietveld refinements for the fresh and regenerated
NFM materials (Figure S1). The aged NFM sample contained
Na2CO3 and showed a poor signal-to-noise ratio compared
with the other patterns. We were not able to do refinements
but chose to estimate the interlayer spacing based on the 2θ
angle of the (003) peak using the Bragg equation. The lattice
parameter c was determined to be 15.981, 16.022, and 15.997
Å for the fresh, aged, and regenerated NFM materials.
Scanning electron microscopy (SEM) characterizations were

performed to understand the morphological evolution of the
NFM particles during storage (Figure 1c). The freshly
prepared NFM consisted of nanoparticle aggregates with
smooth surfaces. With an increase in storage time, we observed
changes at the surface of the primary particles and also
between neighboring particles. The particle surface was no
longer smooth. After 100 h, some fiber-like particles were
observed to sprout out from the NFM particles (indicated by a
red arrow in Figure 1c). After 1000 h, a significant amount of
fiber-like particles were present in the sample. In the NFM
electrode used for the pouch-cell assembly (Figure 1d), we

observed even more rampant growth of fibers at the electrode
surface after ∼1000 h of storage (Figure 1e). Elemental
analysis also showed an increase in the carbon content as a
function of storage time (Figure 1f).
We further carried out optical Raman spectroscopy

measurements to study the structural changes in the NFM
samples to complement the results from XRD, SEM, and
elemental analysis. Figure 2a shows the Raman spectrum
collected from the aged NFM samples in comparison with a
reference spectrum of Na2CO3. Two characteristic peaks were
observed for the freshly prepared NFM at ∼496 and 578 cm−1,
which can be attributed to Ni−O and Mn−O stretching.23 The
peaks became weaker and broader with an increase in storage
time, which was indicative of a less ordered structure. In
addition, a new peak appeared at ∼1077 cm−1 after 10 h, and
its intensity continued to grow with the storage time. These
results further supported the presence of Na2CO3 in the aged
NFM samples after ambient storage and made us wonder if the
fiber-like particles observed by SEM (Figure 1c) were actually
Na2CO3.
To identify the composition of the fiber-like particles, we

carried out correlative SEM-Raman studies on the NFM
sample stored for 1000 h. The measurements were made in an
SEM integrated with a Raman microscope, which enables high-
resolution morphological information and spatially resolved
structural information. Figure 2b shows the SEM image of the
aged NFM particles loaded at the surface of a piece of carbon
tape. We collected single-point Raman spectra from two
locations where the fiber-like particles were visible and indeed
observed strong signals at the position that matched well with
the Na2CO3 reference (Figure 2c).
The air instability of the O3-type NFM material is similar to

those of NaNi0.7Mn0.15Co0.15O2
25 and NaNi1/3Mn1/3Co1/3O2

27

but is in striking contrast with those of its Li counterparts.
Little change in surface chemistry and particle morphology was
observed for Li-NMC111 even after ambient storage for 1
year.23 In the case of a Ni-rich NMC such as LiNi0.8Mn0.1-
Co0.1O2 (Li-NMC811), which is considered to be more
sensitive to moist air, a surface layer mostly composed of nickel
carbonate species mixed with minor quantities of hydroxide
and water was formed and caused a significant performance
decay.23 NFM appeared to be more reactive toward CO2 as
more carbonates were formed in a much shorter time (4.64 wt
% after 1000 h, Figure 1f) compared with Li-NMC811 (0.39

Figure 2. (a) Raman spectra of the NFM samples after ambient storage for a different amount of time. (b) SEM image of the NFM particles
supported on a carbon tape after 1000 h of storage. (c) Single-point Raman spectra were collected from two locations where fiber-like particles
could be seen, as indicated by the red circles. A strong signal at ∼1077 cm−1 was observed, matching the characteristic peak in the Na2CO3
reference.
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wt % after 1 year).23 NFM was also much more reactive toward
H2O and suffered a significant loss of Na after immersion in
H2O (∼8% Na remaining after 24 h soaking according to ICP-
AES). By contrast, water-washing is now a procedure
commonly adopted in the Ni-rich Li-NMC manufacturing
industry to control the surface pH (i.e., basicity) and shows
little negative impact on the bulk structure and electrochemical
performance of the Li-NMC material.29 The difference in
reactivity toward CO2 or H2O between the O3-type Na
cathode material and its Li counterparts may be understood in
terms of ion migrations in the two host lattices. In Li-NMC,
the transition metal (TM) ions are known to migrate to the Li
sites, producing a cation-mixing surface layer that is less
permeable to Li+ to provide self-passivation.22 Due to the
larger ionic radius of Na+ (1.02 Å) versus Li+ (0.76 Å) and
thus a larger mismatch between the Na+ and TM ions (e.g.,
0.69 Å for Ni2+), it is more difficult to have TM migration to
the Na sites to activate the self-protection. The O3-type Na
cathode materials face a serious challenge during storage and
fabrication of electrodes, similar to Ni-rich Li-NMCs such as
LiNi0.8Mn0.1Co0.1O2 and LiNi0.83Mn0.05Co0.12O2. Stringent
humidity control, which is currently applied to Ni-rich Li-
NMCs, will be indispensable throughout the material
production and processing processes of O3-type Na cathodes
to ensure good electrochemical performance.
It is now clear that the NFM material loses Na and Na2CO3

is formed at the surface after ambient storage. Since Na2CO3 is
a precursor for the synthesis of NFM and the fiber-like
Na2CO3 particles appeared to be homogeneously mixed with
the degraded NFM particles (Figures 1c and 3a, after 1000 h),

it is envisaged that NFM may be regenerated in situ through a
simple resintering at high temperature, which is practically
relevant. SEM images in Figure 3a show the morphological
evolution of the particles at three different stages, namely,
freshly prepared, aged, and resintered. The fiber-like Na2CO3
particles disappeared after resintering, and the resintered NFM
particles looked similar to the freshly prepared ones. The
characteristic XRD peaks of the NFM sample became strong
and sharp again after resintering, confirming that the degraded
NFM returned to its original crystal structure after sintering
(Figure 3b). The structural evolution during storage and
resintering is also schematically summarized in Figure 3c.
We further tested the electrochemical performance of the

regenerated NFM material in comparison with the freshly
prepared one. Figure 4a shows the voltage curves for the
freshly prepared NFM, the NFM stored for 1000 h, and the
regenerated NFM. The regenerated NFM shows a specific
discharge capacity of 121 mAh g−1, slightly lower than that of
the freshly prepared NFM (at 128 mAh g−1). The difference in
capacity may be attributed to the minor loss of Na due to
Na2CO3 evaporation during the resintering, as revealed by the
ICP-AES analysis (molar ratio Na/TM = 0.95 for the
resintered NFM versus 0.98 for the fresh sample). The cycle
performance of the regenerated NFM is compared with that of
the freshly prepared one in Figure 4b, which shows a
comparable cycle performance in 100 cycles by retaining
∼83% of their initial capacity, respectively. The rate capability
of the two samples is compared in Figure 4c (in mAh g−1) and
Figure 4d (in capacity retention relative to the capacity at 0.1
C). Both graphs reveal a similar trend: the discharge capacity

Figure 3. Regeneration of the degraded NaNi1/3Fe1/3Mn1/3O2. (a) SEM images of freshly prepared, 1000 h stored, and resintered NFM particles.
Fiber-like Na2CO3 particles were formed during storage but disappeared after resintering. (b) XRD patterns of the three samples showing that the
crystal structure of NFM could be restored after resintering; (c) Schematic illustration of the structural evolution during storage and resintering.
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decreases as the current density (C-rate) increases. The rate
performances for the regenerated and the fresh NFMs are
comparable. The regenerated NFM shows a slightly better rate
performance than the fresh one at 10 C (i.e., ∼6 min charge/
discharge), delivering a specific capacity of 61 versus 59 mAh
g−1 for the fresh NFM. This may be attributed to the minor
Na-deficiency in the regenerated NFM (according to ICP-
AES), which improves Na+ transport by facilitating the
divacancy hopping of Na+ ions.
The long-term cycle performance of the regenerated NFM

was further evaluated for 1 Ah pouch-type full cells using hard
carbon as the anode. The full cells went through a formation
process at 0.1 C and were then tested galvanostatically at a
current of 1 A (1 C rate) in a voltage range 3.8−1.5 V at room
temperature (Figure 4e). The first-cycle discharge capacity was
∼0.84 and 0.86 Ah for the regenerated NFM and the freshly
prepared one, respectively. Both batteries showed excellent
cycling stability and retained ∼80% of the initial capacity after
1500 cycles (Figure 4f). The fluctuation in data points was
caused by a temperature swing in the testing room. These
results confirmed that the electrochemical performance of the
aged NFM can be recovered by the resintering strategy.
In this work, we elucidated the structural and chemical

degradation mechanism of an O3-type Na cathode material
(NaNi1/3Fe1/3Mn1/3O2, NFM) during ambient storage. The
results showed that the NFM material was reactive toward
moisture and suffered from Na loss in ambient air. The lost Na
migrated to the particle surface and formed fiber-like Na2CO3
particles as confirmed by a combination of techniques
including XRD, SEM, Raman spectroscopy, and elemental
analysis. These significant structural and chemical trans-
formations were the causes of the capacity decay and the

polarization increase. Furthermore, we demonstrated a simple
resintering strategy to restore the structure and electrochemical
properties of the NFM cathode materials. Our results highlight
the importance of stringent humidity control during the
material preparation and electrode fabrication processes of
NFM and point to some new research directions in improving
the air stability of NFM, including but not limited to surface
coating (such as ZrO2 surface modification or a hydrophobic
self-assembled monolayer30) and doping to reduce the
interlayer distance (preferentially at the surface).
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