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ABSTRACT: O3-layered metal oxides are promising cathode materials for high-energy Na-ion batteries (SIBs); 
however, they suffer from fast capacity fade. Here, we develop a high-performance O3-Na-
Ni0.68Mn0.22Co0.10O2 cathode for SIBs toward practical applications by suppressing the formation of a rock salt 
layer at the cathode surface with an advanced electrolyte. The cathode can deliver a high specific capacity of 
∼196 mAh g−1 and demonstrates >80% capacity retention over 1000 cycles. NaNi0.68Mn0.22Co0.10O2−hard 
carbon full-cells with practical loading (>2.5 mAh cm−2) and lean electrolyte (∼40 μL) demonstrate ~82% 
capacity retention after 450 cycles. A 60 mAh single-layer pouch cell has also been fabricated and 
demonstrated stable performance. This work represents a significant leap in SIB development and brings new 
insights to the development of advanced layered metal oxide cathodes for alkaline-ion batteries.

Sodium-ion batteries (SIBs), with the intrinsic advantages
of resource abundance and geographic uniformity, are
desired alternative battery technology to Li-ion batteries

(LIBs) for grid-scale energy storage and transportation
applications.1−3 To make SIBs comparable to LIBs in
electrochemical performance, it is essential to develop
advanced cathode materials of high capacity and long cycle
life. Among the recent efforts made in this regard,4−10 the O3-
type layered transition-metal oxides (O3-NaTMOs) with high
specific capacity, tunable transition metal composition/
secondary particle structure, and high tap density are expected
as promising candidate cathodes toward practical applica-
tions.3,11−18 However, the nickel-rich O3-NaTMOs suffer from
irreversible phase transition at high voltage and limited cycle
life, similar to their Li analogues, if not even worse.19−23

Approaches such as nanostructure design, elemental doping,
and surface coating have been developed to synthesize high-
performance O3-NaTMOs cathodes for practical applications.
Recently, the radially aligned gradient structured O3-
NaNi0.6Co0.05Mn0.35O2 has demonstrated ∼157 mAh g−1

specific capacity at 15 mA g−1 in half-cells and 125 mAh g−1

with 80% retention over 300 cycles in full-cells.14 Ti doping

and MgO surface coating have been used to mitigate cation
mixing, electrolyte penetration, and intragranular cracking.15,16

Cu/Fe substitution and TiO2 interphase construction have
been demonstrated to be effective in alleviating the irreversible
extraction of Na+ from their octahedral position and hence
reduce the destructive impact on the layered structure.17,18

However, the electrochemical performance of O3-NaTMOs is
still far from satisfactory for industrial applications.21−23

Interface stability, particularly the structural and chemical
stability, is known to be essential for battery performance.24,25

In the development of LIBs, electrolyte optimization and
electrode surface engineering are classic protocols for
controlling the formation of solid electrolyte interphase
(SEI), cathode electrolyte interphase (CEI), and electrode
surface structure/chemistry.26−32 However, these strategies
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have not been systematically studied on SIB cathodes. Here,
we demonstrate a long-life O3-type layered Na-
Ni0.68Mn0.22Co0.10O2 (O3-NaNMC682210) cathode for prac-
tical SIBs by controlling the surface phase transition and
interphase stability. The O3-NaNMC682210 cathode, by
suppressing the propagation of surface rock salt layer with
localized high-concentration electrolyte,27 delivers a specific
capacity of ∼196 mAh g−1, a specific energy of ∼612 Wh kg−1

(based on the cathode), and >83% capacity retention over 100
cycles between 2 and 4.2 V (vs Na/Na+). The cathode has
∼80% capacity retention over 1000 cycles with a specific
capacity of ∼151 mAh g−1 between 2 and 4 V. The good
cathode reversibility is consistently confirmed by the O3-
NaNMC682210−hard carbon full-cells with ∼81% capacity
retention over 1000 cycles. Full-cells with practical loading
(>2.5 mAh cm−2) and controlled electrolyte amount (∼40 μL)
also have been demonstrated. The capacity retention is >82%
after 450 cycles. A 60 mAh single-layer pouch cell has also
been fabricated and demonstrated stable performance. This
work is a momentous step forward in developing high-
performance SIBs. It unravels the indispensable role of
controlling the surface phase transition in maximizing the
cathode structure stability and battery performance and
provides general guidance for improving the performance of
layered metal oxide cathodes for Li/Na-ion batteries.
O3-NaNMC682210 was selected as the cathode material

based on the overall electrochemical performance and cost
balance.33−35 It was prepared via careful control of the
synthesis parameters of the coprecipitation-annealing approach
(see Experimental Section and Supplementary Note 1 in the
Supporting Information). SEM analysis shows that the
spherical O3-NaNMC682210 secondary particles are ∼10
μm in diameter consisting of densely packed primary particles
(Figure S1). The detailed characterizations of the cathode
composition, structure, and NMC682210 precursor are shown
in Figures S1−S4.
The electrochemical performance of O3-NaNMC682210

was evaluated in half-cells using both carbonate-based

electrolyte (1 M NaPF6 in ethylene carbonate (EC)/dimethyl
carbonate (DMC) (30/70) with 2 wt % fluoroethylene
carbonate (FEC), noted as conventional throughout the
Letter) and our localized high-concentration ether-based
electrolyte (1.2 M NaFSI in dimethoxyethane (DME) with
(bis(2,2,2-trifluoroethyl) ether (BTFE), noted as advanced
throughout the Letter) (Figure 1). The first cycle charge−
discharge curves and specific capacities are similar in both
electrolytes in either voltage window of 2−4.2 or 2−4 V
(Figure 1a,d). At low current density of 12 mA g−1, the specific
capacity is ∼196 mAh g−1 (2−4.2 V) and ∼151 mAh g−1 (2−4
V), respectively. They correspond to specific energy densities
of 421 Wh kg−1 (2−4 V) and 612 Wh kg−1 (2−4.2 V) based
on the cathode, very close to some LIB chemistries.36,37

The cycling stability and rate capability show substantial
improvements switching from conventional electrolyte to the
advanced system. Between 2 and 4.2 V, the O3-
NaNMC682210 cathode delivers good cycling stability with
∼83% capacity and specific energy retention after 100 cycles at
24 mAh g−1 in the advanced electrolyte, contrasting to the 72%
after 50 cycles in the conventional electrolyte (Figures 1b and
S5a). The specific capacity at high current density of 1200 mA
g−1 is 155 mAh g−1 in the advanced electrolyte, ∼3 times the
value (55 mAh g−1) obtained in the conventional counterpart
(Figure 1c). For cells tested between 2 and 4 V, the cathode
demonstrates ∼80% capacity and energy retention over 1000
cycles at 120 mA g−1 in the advanced electrolyte, while the
capacity retention is only 75% after 200 cycles in the
conventional system (Figures 1e and S5b). The Coulombic
efficiency of the conventional electrolyte has large fluctuation,
indicating heavy decomposition of the electrolyte. The good
cycling performance of O3-NaNMC682210 in the advanced
electrolyte has actually been observed at various current
densities. In particular, the capacity retention at 600 mA g−1 is
∼85% over 2000 cycles (Figure S6). The rate performance
shows that the specific capacity at 1200 mA g−1 is 110 mAh
g−1, ∼2 times the value (65 mAh g−1) achieved in the
conventional electrolyte (Figure 1f).

Figure 1. Electrochemical performance of O3-NaNMC682210 in half-cells. (a−c) Electrochemical performance between 2 and 4.2 V in
advanced and conventional electrolyte. (a) First cycle charge−discharge curves. (b) Long-term cycling at 24 mA g−1. (c) Performance at
different current densities. (d−f) Electrochemical performance between 2 and 4 V in advanced and conventional electrolyte. (d) First cycle
charge−discharge curves. (e) Long-term cycling at 120 mA g−1. (f) Performance at different current densities.
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Ex situ XRD analyses and a close comparison of the charge−
discharge curves at various cycles have been carried out to
understand the mechanism of the different performance in the
two electrolyte systems. At the first cycle, the cathode shows
almost identical charge−discharge profiles (Figure 1) and the
ex situ XRD exhibits similar phase transitions (Figure S7). In
both electrolytes, the typical hexagonal O3 peaks, including
(003), (101), and (107), gradually shift toward lower angle
during desodiation, indicating the formation of monoclinic P3
structure (Figure S8) with increased interlayer spacing, and
then almost fully recover to their original O3 positions during
sodiation.33 After long-term cycling, however, the charge−
discharge curves and the corresponding dQ/dV plots exhibit
big differences around several plateaus (Figure S9). Using the
cathodes cycled between 2 and 4.2 V as an example, the
differences are corroborated by the ex situ XRD analyses, which
show much poorer phase reversibility after 50 cycles in the
conventional electrolyte than in the advanced electrolyte
(Figures S7, S10, and S11). The high-voltage plateau (4−4.2
V) that corresponds to the O3−P3 phase transition particularly
shows decreased reversibility after cycling in the conventional
electrolyte. After 50 cycles, ex situ XRD shows mainly O3
phase for the cathode cycled in the advanced electrolyte (full
discharge state at 2 V), while a mixed O3−P3 phase is
observed in the conventional electrolyte (full discharge state at
2 V). The mixed phase formation is believed to be associated
with the severe surface phase transition, enlarged interlayer
distance, and significant TM reduction−dissolution (vide
inf ra).38 The dQ/dV analyses of the O3-NaNMC682210
cycled in the two electrolytes reveal different kinetics at various
voltage plateaus (Figures S12 and S13). In the voltage range of
2−4.2 V, the performance difference is mainly associated with
the high-voltage plateau between 4 and 4.2 V. In the

conventional electrolyte, the dQ/dV signal related to that
plateau is greatly shortened or almost completely disappears
with the rate increase (Figure S12). In contrast, the same dQ/
dV signal remains similar in the advanced electrolyte with only
a slightly reduced peak intensity at high rates (Figure S12).
The dQ/dV curves of the cells cycled between 2 and 4 V
exhibit similar phenomena, while the capacity loss is more
associated with the plateau at ∼2.3 V (Figure S13).
The two electrolytes have similar ion conductivity (the ion

conductivity of the advanced electrolyte actually is slightly
lower than that of the conventional electrolyte), and the metal
deposition at the anode side should not have significant
dependence on the voltage plateaus.27 Hence, the above results
indicate that the drastically dissimilar cycling stability and rate
performance are more related to the Na-ion transfer kinetics at
the cathode side rather than the electrolyte effect on the Na
metal side. To help differentiate the major cause for the
capacity fade in the advanced electrolyte, a control experiment
was carried out, in which a new Na metal was applied to an
O3-NaNMC682210 half-cell after 50 cycles. The cell having
similar fading trend after Na metal change corroborates that
the capacity fade in this system is mainly from the cathode
side, and the effects from Na metal and electrolyte conductivity
are minimum (Figure S14). Three-electrode electrochemical
impedance spectroscopy (EIS) tests (Supplementary Note 2)
show significant cathode impedance increase for the cells with
the conventional electrolyte and hence further corroborate that
the cathode determines the performance decay (Figure S15). It
is believed that the improved cycling and rate performance in
the advanced electrolyte is related to the mitigated surface
phase transition and hence lower cathode impedance
compared to that in the conventional electrolyte (vide inf ra).
Full-cell test and post-mortem analyses of the cathode have

Figure 2. Electrochemical performance of O3-NaNMC682210−hard carbon full-cells. (a and b) Cycling performance (a) and charge−
discharge curves (b) in the voltage range of 1.2−4.1 V. (c and d) Cycling performance (c) and charge−discharge curves (d) in the voltage
range of 1.2−3.9 V.
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been performed to further verify the hypothesis and under-
stand the mechanism of the enhanced cycling stability in the
advanced electrolyte.
O3-NaNMC682210−hard carbon full-cells were tested to

completely avoid the interference from Na metal. The rate
performance of the hard carbon anode was first performed in
half-cells as the reference for full-cell balancing (Figure S16).
Hard carbon in convention and advanced electrolyte show
similar specific capacity of ∼200 mAh g−1 and good cycling
stability with ∼93% capacity retention over 100 cycles (Figure
S17). The full-cells then were assembled by matching the
cathodes with precycled hard carbon anodes at the n/p ratio of
1.1:1 (see Experimental Section in the Supporting Informa-
tion). Figure 2 presents the excellent cycling performance of

the full-cells with advanced electrolyte. A specific capacity of
188 mAh g−1 (based on the cathode) was obtained at 25 mA
g−1 between 1.2 and 4.1 V. It is very close to the capacity of
O3-NaNMC682210 cathode in half-cells. It also has
demonstrated good cycling stability with capacity retention
of ∼80% over 200 cycles at 50 mA g−1 (Figure 2 a,b). The full-
cell cycled between 1.2 and 3.9 V delivers a specific capacity of
137 mAh g−1 (based on cathode) at 25 mA g−1 and 129 mAh
g−1 at 125 mA g−1 (Figure 2c). The cycling stability is even
better than that of half-cells (Figure 1e) with ∼81% capacity
retention over 1000 cycles (Figure 2 c,d). Although the
fundamental mechanism of the good cycling stability of full-
cells is not fully understood, it is believed that precycled hard
carbon anodes are beneficial for more stable SEI than Na metal

Figure 3. Characterization of the surface phase transition layer of O3-NaNMC682210 cathodes after 50 cycles between 2 and 4.2 V. (a−j)
Conventional electrolyte. (a) Typical low-magnification STEM-HAADF image. (b) HAADF image taken at the surface region of the primary
particle marked with the yellow box in panel a. Inset are the FFT taken at numbered regions. (c) HAADF image taken at the bulk region of a
primary particle. (d and e) Typical EELS analysis of Ni L-edge (d) and Mn L-edge (e). (f) Zoom-in STEM-HAADF image of panel a. (g and
h) EDS mappings of Na and Mn of the particle in panel f. (i and j) Chemical composition change of the surface (i) and bulk (j) of a primary
particle. (k−t) Advanced electrolyte. (k) Typical low-magnification STEM-HAADF image. (l) HAADF image taken at the surface region of
the primary particle marked with the yellow box in panel k. (m) HAADF image taken at the bulk region of a primary particle. (n and o)
EELS analysis of Ni L-edge (n) and Mn L-edge (o). (p) Zoom-in STEM-HAADF image. (q and r) EDS mappings of Na and Mn of the
particle in panel p. (s and t) Chemical composition change of the surface (s) and bulk (t) of a primary particle. Scale bar: 100 nm (a and k),
4 nm (b and c; i−m), 20 nm (f−h and p−r).
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and reduce gas formation at the cathode.39 The full-cells also
have good rate performance in both voltage ranges. The
discharge capacity at large current density of 500 mA g−1 is
∼161 mAh g−1 between 1.2 and 4.1 V and 110 mAh g−1

between 1.2 and 3.9 V (Figure S18).
The cyclability and rate performance are poor for full-cells

with the conventional electrolyte (Figure S19). The long-term
cycling shows capacity retention of ∼52% over 100 cycles
between 1.2 and 4.1 V (Figure S19a) and ∼73% over 200
cycles between 1.2 and 3.9 V (Figure S19d). The full-cell tests
not only corroborate that the cathode side improvement is
mainly responsible for the enhanced electrochemical perform-
ance of half-cells with advanced electrolyte but also show that
the advanced electrolyte is good for both O3-layered cathodes
and hard carbon anodes.
Thorough post-mortem characterizations were conducted

on the cycled O3-NaNMC682210 electrodes to understand
the electrochemical performance differences. The cathodes
after 50 cycles (discharge state, 2.0 V vs Na/Na+) in the two
electrolytes between 2 and 4.2 V were chosen as model
systems. Side-by-side comparisons of the scanning trans-
mission electron microscopy (STEM) analyses of the surface
transition layer show that the cycled O3-NaNMC682210 in
the conventional electrolyte (Figure 3a−j) has many more
structural and chemical changes than in the advanced
electrolyte (Figure 3k−t). In terms of thickness, the phase
transition layer at the surface perpendicular to the (003)
transition metal (TM) layer is ∼20 nm thick in the
conventional electrolyte (Figure 3a,f), much larger than the
2−3 nm in the advanced electrolyte (Figure 3k,i,p). High-angle
annular dark-field (HAADF) images (Figure 3b,i) and the fast
Fourier transform (FFT, inset of Figure 3b) patterns show that
the transitioned surface layer has a typical rock salt structure
with a lattice distance of ∼2.6 Å, contrasting to the layered
structure underneath. It is also intriguing to note that the
surface transition layer is anisotropic along or perpendicular to
the TM layers. Unlike the large thickness difference in the
perpendicular direction, it has similar thickness of 2−3 nm at
the surface parallel to the (003) plane in both electrolytes
(Figure 3f,p). This is consistent with the fact that the direction
perpendicular to the TM layers has repeated ion shuttling. The
finding provides insights for more effective surface doping or
engineering toward layered cathodes of better cyclability.
The contrasting surface phase transitions after cycling in the

two electrolytes are not limited to the structural change.
Energy-dispersive X-ray spectroscopy (EDS) and electron
energy loss spectroscopy (EELS) studies reveal significantly
different chemical compositions and valence states of the TMs
in the surface phase transition layer (Figure 3d,e,g−j,n,o,q−t).
In the conventional electrolyte, the cycled cathode surface has
apparent Na deficiency, Mn dissolution, and reduction of TMs
(Figures 3d,e,g−j, S20a−c, and S21a), compared to the
pristine cathode (Figures S1 and S22). This is consistent
with the capacity fade, increased bulk lattice distance to ∼5.6 Å
(Figure 3c), and poor phase reversibility upon repeated cycling
in the conventional electrolyte (Figure S11).24,40,41 In contrast,
the cycled cathode in the advanced electrolyte has similar bulk
phase to the pristine sample with only a thin surface phase
transition layer showing Na deficiency and reduction of TMs
(Figures 3n,o,q−t, S20d−f, and S21b). It corroborates the
good electrochemical capacity retention, similar bulk lattice
distance to the pristine cathode of ∼5.2 Å (Figure 3m), and
reversible phase change upon long-term charge−discharge

(Figure S10). The changes of the surface TMs’ valence also are
verified by X-ray photoelectron spectroscopy (XPS) study. The
Ni3+/Ni2+ ratio of cycled cathode in the advanced electrolyte is
∼2.1 times that in the conventional electrolyte (Figure S23).
Considering the reduced surface TMs are more susceptible to
dissolution into electrolyte and deposition on the opposite
electrode,42 XPS analyses of the TMs on counter electrodes
also were investigated for both cycled half-cells and full-cells.
Stronger Ni 2p signals were detected on the Na metals and
hard carbon anodes cycled in the conventional electrolyte than
in the advanced electrolyte (Figure S24).
Figures S25 and S26 are the TEM images and XPS spectra

of typical CEI developed in the two electrolyte systems. Similar
to LIBs, the CEI does not uniformly cover the SIB cathodes.31

For many areas we have checked, the CEI thickness in the
conventional electrolyte (∼4 nm) is thicker than that obtained
in the advanced electrolyte (∼3 nm) (Figure S25). The C 1s
and F 1s XPS spectra also show some differences between the
CEI compositions (Figure S26), consistent with the literature
using similar salt and electrolyte systems.30 The intragranular
cracking, which has been regarded as a major fading
mechanism for layered metal oxides in LIBs and SIBs, also
has been investigated.14,20,43,44 The values for the number of
cracks per unit area of the cycled cathodes in both electrolytes
are very close to each other, and there seems to be slightly
more cracking observed for the cathode cycled in the advanced
electrolyte (Figure S27).
The above analyses clearly show that the controlled surface

phase transition is the determining factor for the superb
electrochemical performance of O3-NaNMC682210 in the
advanced electrolyte, while CEI, intragranualr cracking, and the
surface phase transition layer all contribute to the electro-
chemical performance fade.45−47 It is believed that the thicker
CEI from the increased deposition of the electrolyte
decomposition products on the cathode surface impedes Li
penetration to the cathode and leads to a reduced kinetics in
the bulk. The Na deficiency, Mn dissolution, and reduction of
transition metals are related to the electrolyte interaction with
cathode surface. Gassing, as one result of the parasitic reactions
at the interphase, is believed to be another possible reason for
uneven current distribution and heterogeneity of the cathode
and hence contributes to the noisy Coulombic efficiency,
cathode structural change, and capacity fade in the conven-
tional electrolyte.39,48

Based on the EIS result and the above TEM and XPS
analyses, our current understanding/hypothesis is that the
surface phase transition and the formation and evolution of
rock salt layer are the main decisive reasons for the impedance
increase. It works together with the cracking, metal dissolution,
CEI, etc., leading to the cathode structure and capacity fade.
Mitigation of continuous formation of the cathode rock salt
layer (1) alleviates the loss of the layer structured active
cathode material, (2) controls the increase of impedance, (3)
maintains the transition metal valence state, and (4) reduces
the transition metal dissolution. This is one step further toward
understanding the fading mechanism and boosting the
performance of Ni-rich O3-NaNMC682210 cathode, although
the molecular mechanism of the surface phase transition layer
evolution requires further investigation.
With the surface phase transition and chemical reactivity

well-controlled, high-performance SIB full-cells have been
demonstrated with practical loading O3-NaNMC682210
cathodes, hard carbon anodes, and controlled amount of
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advanced electrolyte. The high loading hard carbon anodes
also were precycled to alleviate the challenges from the low
initial Coulombic efficiency. The full-cells were assembled with
an n/p ratio of 1.1/1 and electrolyte amount of 40 μL. The
ratio between the electrolyte amount and the cell capacity is
reasonable for coin cell full-cells, even though it may be slightly
high for practical large format cells. Figures 4 and S28 show the
typical performance of full-cells with an areal capacity of ∼2.5
mAh cm−2. At 0.25 mA cm−2, high specific capacities of ∼184
mAh g−1 and 141 mAh g−1 (based on cathode) were obtained
for full-cells cycled in the voltage ranges of 1.2−4.1 V and 1.2−
3.9 V, respectively. These values are very close to what have
been acquired in the half-cells and low loading full-cells with
flooded electrolyte. The full-cell shows good cycling stability in
the voltage range of 1.2−4.1 V. The capacity retention after
100 cycles is ∼83% (Figure 4a). The full-cell cycled between
1.2 and 3.9 V delivers even better cycling stability with >82%
capacity retention over 450 cycles (Figure 4b).
It is very encouraging that the estimated specific energy of

the full-cell between 1.2 and 4.1 V achieves ∼290 Wh kg−1

based on the total mass of cathode and anode, and the energy
retention is 80% (Figure S29). The cell-level specific energy
would be ∼160 Wh kg−1 if we extrapolate to practical large-
format cells using the optimized LIB design with 55 wt %
active materials (Argonne BatPac Version 3.1).49 This value is
already competitive with the commercial LiFePO4−graphite
batteries (156 Wh kg−1)34 and attractive to applications,
including low-speed vehicles and stationary storage systems.
The practical prospect was further demonstrated with a 60
mAh single-layer pouch cell in the voltage range of 1.2−3.9 V,
which retains ∼95% of the capacity over 100 cycles (Figure
S30).
In summary, we have unravelled the essentials of the surface

phase transition in enabling long-life O3-layered metal oxide
cathodes. High-performance SIBs O3-NaNMC682210 cathode
and advanced electrolyte have been demonstrated in a full-cell
configuration and close-to-practice design parameters (Table
S1). The full-cell performance can be further promoted by
integrating advanced anode materials and an even better

electrolyte. Our strategies are general and have been
demonstrated to be applicable for other O3-type NaTMO
cathodes (Figure S31). This work paves a new way toward
practical SIBs, and the fundamental insights shed light on the
development of future cobalt-free/low-cobalt cathode materi-
als in Li-ion batteries and other battery chemistries.
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