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ABSTRACT: O3-type Na[NixCoyMnz]O2 materials are
attractive cathodes for sodium-ion batteries because of
their full cell fabrication practicality, high energy density,
and relatively easy technology transfer arising from their
similarity to Li[NixCoyMnz]O2 materials, yet their perform-
ance viability with Ni-rich composition (x ≥ 0.6) is still
doubtful. More importantly, their capacity degradation
mechanism remains to be established. In this paper, we
introduce an O3-type Ni-rich AlF3-coated nanorod gradient
Na[Ni0.65Co0.08Mn0.27]O2 cathode with enhanced electro-
chemical performance in both half-cells and full cells. AlF3-
coated nanorod gradient Na[Ni0.65Co0.08Mn0.27]O2 particles
were synthesized through a combination of dry ball-mill
coating and columnar composition gradient design and deliver a discharge capacity of 168 mAh g−1 with 90% capacity
retention in half cells (50 cycles) and 132 mAh g−1 with 90% capacity retention in full cells (200 cycles) at 75 mA g−1

(0.5C, 1.5−4.1 V). Through analysis of the cycled electrodes, the capacity-degradation mechanism was unraveled in O3-
type Ni-rich Na[NixCoyMnz]O2 from a structural perspective with emphasis on high-resolution transmission electron
microscopy, providing valuable information on improving O3-type Na[NixCoyMnz]O2 cathode performance.
KEYWORDS: Ni-rich layered oxide cathode, AlF3 coating, gradient cathode, Na-ion batteries, O3-type cathode,
degradation mechanism, HR-TEM

With the embracement of electrical energy as a
significant energy source, lithium-ion batteries
(LIBs) have become prominent as an energy

storage device, expanding tremendously from portable
electronic devices to larger devices such as vehicles and grid
energy storage systems.1,2 Indeed, the LIB market grew
considerably between 1990 and 2013 to a total of $54 billion
(U.S.) and is forecasted to accelerate, especially with the
spread of electric vehicles.3 Despite its tremendous expansion,
there has been much concern over the possible exhaustion of
lithium sources as it is predicted that lithium shortages could
occur due to increased demand.4,5 This is already reflected in
lithium prices doubling over the past few years. Additionally,
lithium sources are concentrated in only a few geographical

locations, making it vulnerable to price fluctuations. Naturally,
alternative energy storage sources have been sought after for
some time.
Of the potential candidates, room-temperature sodium-ion

batteries (SIBs) have received much attention. Sodium is the
sixth most abundant element in the earth’s crust, which makes
it more cost-effective than lithium,6 and SIB chemistry is like
that of the well-established LIB, which facilitates SIB research.7

Nonetheless, for SIBs to compete with LIBs, the former need
to have comparable electrochemical performance to the latter.
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To achieve this, various SIB cathodes have been studied,
including polyanion structures,8,9 organic compounds,10 and
P2-type11−15 and O3-type layered oxides.16−23 Among the
various candidate materials, the layered oxide compounds
appear to be most attractive as a promising cathode for SIBs
because of their high gravimetric energy density and cycling
stability. Recently, P2-type layered oxide materials (NaxMO2, x
≈ 0.7) have garnered much attention due to their high
reversible capacities and fascinating crystal structure. But the
initial sodium deficiency results in an atypical coulombic
efficiency (≥100%) during the initial formation cycle and
hampers full cell fabrication, ultimately making them
impractical.24 On the other hand, O3-type layered oxides
NaMO2 (M: transition metals) possess the same crystal
structure and chemistry as the prominent LiCoO2

25 and can
still be fabricated into practical full cells. In particular, spherical
co-precipitation synthesized layered O3-type Na-
[NixCoyMn1−y]O2 (Na-NCM) has been of interest because
of its high tap density15 and basis in the prominent layered
Li[NixCoyMn1−x−y]O2 (Li-NCM) chemistry, making Na-NCM
technology transfer relatively easy.
On the basis of previous works, increasing the Ni content in

Na-NCM has shown to be crucial in fundamentally increasing
its energy density in a similar way to Li-NCM chemistry.20

This is a double-edged sword though as Na-NCM also suffers
from accelerated capacity fade with increasing Ni content due
to the high reactivity of Ni4+ with electrolyte, but with
heightened intensity compared to Li-NCM and also at Ni-rich
conditions of over 60% Ni. Additionally, above 4.0 V, O3-type
Na-NCM experiences unwanted electrolyte side reactions and
structural instabilities, further contributing to capacity fade

(additional comments on the voltage window are contained in
the Methods).20 In LIBs, a myriad of strategies have been
explored to alleviate the detrimental effect of surface
degradation on reversible capacity.26−29 Similarly, coating
with compounds such as NaPO3, MgO, TiO2, ZrO2, and
Al2O3

30−36 has been a successful strategy in SIBs. Unfortu-
nately, there is a dearth of publications regarding SIB-layered
cathode surface modifications compared to LIB cathode
surface modifications, even though cathode surface modifica-
tion is critical to SIB battery performance. Additionally, many
of the processes used in LIB cathodes are not suitable for SIB
cathodes as they employ solvents or require an additional
calcination treatment which may expose the cathode to
moisture or thermal stress.7,36

To bypass potentially irreversible damage to the cathode and
resolve the reactivity of Ni-rich Na-NCMs, Sun et al. developed
a dry ball-mill coating process using Al2O3, which reacts with
electrolyte to form an AlF3 protective layer, to successfully
suppress surface degradation.36 Another successful approach
has been the design of a radially nanocolumnar structured
cathode with a transition-metal concentration gradient to
achieve minimized metal redox reactions on the surface for
chemical stability.37,38 Despite such successes, Ni-rich Na-
NCM is still relatively unexplored in contrast to its lithium
counterpart, and a clear understanding of the capacity fading
mechanism in Ni-rich Na-NCM is absent at the present. As
such, for the development of a realistic SIB, both a high-
performance Ni-rich Na-NCM cathode and understanding of
the cathode degradation mechanism need to be realized.
In this study, a combination of radially nanocolumnar

composition gradient design and dry ball-mill coating was used

Figure 1. (a) SEM image, (b) Rietveld refined XRD pattern, (c) cross-sectioned TEM image, and (d) EPMA data of as-synthesized nanorod
gradient Na[Ni0.65Co0.08Mn0.27]O2.
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for achieving a synergistically high capacity and stable cycling
performance for a Ni-rich Na[Ni0.65Co0.08Mn0.27]O2 cathode.
The nanorod gradient Na[Ni0.65Co0.08Mn0.27]O2 (NRG65)
particle was comprised of a Ni-rich core for high capacity and
Mn-rich surface for cycling stability and presents superior
electrochemical performance compared to constant concen-
tration Na[Ni0.65Co0.08Mn0.27]O2. To further enhance cycling
performance, surface stabilization of the NRG65 was achieved
via a dry ball-mill coating process using aluminum fluoride
(AlF3) as the coating medium. This approach improves upon
the previous Al2O3 coating

36 as it circumvents electrolyte side
reaction/decomposition with Al2O3 by applying the final AlF3
product as a protection layer in a simple one-step process to
delay active material dissolution. Additionally, AlF3 is more
stable than Al2O3 as it has a lower Gibbs free energy of
formation39 and is stable up to 4.5 V, and fluorides are also
considered to be more resistant to moisture in ambient air than
oxides.40 It is also a tried-and-true coating material in LIB
cathodes.29,39,41,42 As a result, AlF3-coated NRG65 exhibits a

high specific capacity and stable cycling performance in both
half cells and full cells. More importantly, through a systematic
analysis of the cycled cathodes, this work highlights the
capacity degradation mechanism of O3-type layered Ni-rich
Na[NixCoyMnz]O2 from electrochemical and structural
perspectives, with a focus on high-resolution TEM analysis.
In the process, we hope to provide a step forward toward the
future development of realistic high energy density SIBs.

RESULTS AND DISCUSSION
A scanning electron microscopy (SEM) image of the
[Ni0.65Co0.08Mn0.27](OH)2 precursor is shown in Figure S1a.
Here, we refer to “secondary particles” as the individual
spherical cathode particles which have a uniform size
distribution of 8−10 μm in diameter (tap density of ∼2.00 g
cc−1) and are composed of smaller needle-like nanoscale
structures in a radial configuration which we refer to as
“primary particles”. Thermally sodiated bare (no AlF3 coating)
nanorod gradient Na[Ni0.65Co0.08Mn0.27]O2 (NRG65) particles

Figure 2. AlF3-coated NRG65 (a) particle SEM image, (b) Rietveld refined XRD pattern, and (c) TEM−EDX quantitative elemental mapping
of Ni, Al, and F concentrations near particle surface. Note that the colors indicate the concentration intensity of Ni, Al, and F as indicated by
the concentration % shown at the bottom of each images.
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retain their uniform spherical morphology, but the primary
particles became bulkier due to sintering (Figure 1a and Figure
S1b). The X-ray diffraction (XRD) pattern and Rietveld
refinement of the oxide (Figure 1b) reveaed that the sodiated
cathodes had a well-ordered O3-phase with a R3̅m space group
and lattice parameters of a = 2.945 (1) Å and c = 15.756 (2) Å
(Rwp = 12.6).16,43,44 The proposed NRG cathode design was
based on the physiochemical feature shown previously by
gradient materials:45,46 The Ni-rich center delivers a high
discharge capacity and the Mn-rich surface minimizes surface
reactivity, while the linear transition-metal concentration
variation throughout engenders columnar nanorods to
minimize anisotropic volume changes from composition
differences. An electron probe microanalyzer (EPMA) (Figure
1d) was used to study the transition-metal compositions of the
as-synthesized NRG65 to verify the presence of a concen-
tration gradient from particle center to surface to ensure
successful nanorod gradient synthesis . The Na-
[Ni0.65Co0.08Mn0.27]O2 had transition-metal concentrations of
81 atom % Ni, 5 atom % Co, and 14 atom % Mn in the core
and 59 atom % Ni, 10 atom % Co, and 31 atom % Mn on the
surface and composition gradients in between.47 Finally, a
TEM image of a cross-sectioned nanorod gradient oxide
particle (Figure 1c) reveals that NRG65 was composed of
compactly packed nanorods that spanned from the center to
the surface, confirming that NRG65 was synthesized
successfully.38 Overall (volume averaged) transition-metal
compositions were determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) as seen in Table S1.
AlF3-coated nanorod gradient Na[Ni0.65Co0.08Mn0.27]O2

(AlF3−NRG65) particles were obtained via dry ball-mill
coating with AlF3 nanoparticles as shown in Figure 2a. As
the figure shows, the AlF3 coating did not alter the spherical
morphology of the original particle, but the coating filled the

pores that are present in bare NRG65 and roughened the
particle surface. The XRD pattern of the coated oxide (Figure
2b) showed almost the same lattice parameters as bare particle
(a = 2.943 (1) Å and c = 15.772 (2) Å Rwp = 10.8).16,43,44

SEM-EDX of the AlF3−NRG65 particle cross-section as
displayed in Figure S2 shows that Al signals were detected
from the particle surface and that the coating was nonuniform
with thicknesses varying from 50 nm thin to 300 nm thick. It
should be noted that while a thick coating layer is not
beneficial for some aspects regarding cathode performance,
due to sodium-based oxide layers being so reactive with
electrolyte and moisture, a 200 nm thick coating layer still
efficaciously protects the O3-type layered cathode from
electrolyte attack and other coating works also have
thicknesses of ∼100 nm and show significantly improved
performance.36 Quantitative elemental mapping by energy-
dispersive X-ray spectroscopy (EDX) (Figure 2c) also revealed
that the outer surface signals consisted of Al and F in an
approximately 1:3 ratio, like the molar ratio of AlF3.
Additionally, Ni signals are stronger in the bulk than the
surface, providing further evidence of the compositional
gradient. As such, it was affirmed that the desired
concentration gradient of Ni, Co, and Mn throughout the
entire cathode particle was achieved with a nickel-rich core for
high capacity and a manganese-rich surface for cycling stability
in a columnar nanorod structure38 and that the coating was
indeed AlF3 for surface protection from acidic species such as
HF.
The effect of the synthesized nanorod gradient Na-

[Ni0.65Co0.08Mn0.27]O2 particle is evident in its electrochemical
performance (Figure 3a−d). For comparison, we synthesized a
constant (uniform) concentration Na[Ni0.65Co0.08Mn0.27]O2
(CC65) particle, as shown in Figure S3a, and compared the
electrochemical performances. When cycled from 1.5 to 4.1 V

Figure 3. Comparison of electrochemical performances between bare NRG65 and AlF3−NRG65 in half-cell: (a) cycling performance and
corresponding charge−discharge curves at 1st and 50th cycles of (b) bare NRG65 and (c) AlF3-coated NRG65. (d) Rate capability. dQ dV−1

profiles of 1st and 50th cycles of (e) bare NRG65 and (f) AlF3-coated NRG65.
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at 0.5 C (Figure S3b−d), the bare NRG65 cell exhibited much
better electrochemical performance than that of CC65 of
identical average chemical composition; NRG65 had a
discharge capacity of 168 mAh g−1 and capacity retention of
77% while CC65 had a discharge capacity of 161 mAh g−1 and
capacity retention of 64% with the former outperforming the
latter also in rate capability performance, especially at high C-
rates above 1C.37,38 It is worth noting that the CC65 charging
curve dragged on above 4.0 V and its charging capacity was
much higher than discharging capacity, pointing to undesired
side-reactions caused by unstable Ni4+ on the surface, which is
less prevalent in NRG65. Note that such reactions result in
electrolyte decomposition and subsequent evolution of gaseous
products such as CO2. The superior performance of the
nanorod gradient cathode material is derived from its
compositional variation, which exploits the Ni3+/Ni4+ redox
reaction having a lower energy level than Ni2+/Ni3+, as
suggested by Delmas et al.48 In the nanorod gradient oxide, the
Ni-rich center is dominated by Ni3+/Ni4+ redox reactions,
while the Mn-rich surface is dominated by Ni2+/Ni3+ redox
reactions, explaining why the NRG65 material simultaneously
yields more capacity while achieving higher cycling stability
compared to CC65 of identical average composition. Despite
such merits, the capacity fade of the NRG65 material occurs
too rapidly to be considered as a practical SIB cathode and
needs improvement.
In order to further improve the electrochemical perform-

ance, a coating of AlF3 was applied to the NRG65 surface.
With a layer of AlF3, the AlF3−NRG65 cell delivered a 161
mAh g−1 first-discharge capacity but retained 90% of its initial
discharge capacity (after 50 cycles), which was significantly
higher than the bare NRG65 retention rate (Figure 3a).
Moreover, both cells showed similar first charge−discharge

voltage profiles, but the AlF3−NRG65 cell better maintained a
charge−discharge profile similar to its first as seen in Figure
3b,c; this is reflected in the 1st and 50th cycle dQ dV−1 curves
of the two cells (Figure 3e,f), which exhibited transition redox
peaks correlating to distinct phase transitions where AlF3−
NRG65 better maintained its redox peaks. In particular, the
peak from 4.0−4.1 V, which indicates a Ni redox reaction,15,20

disappeared by the 50th cycle in NRG65, whereas this peak
remained unchanged in AlF3−NRG65 due to the coating layer
preventing surface degradation. Note that the arrows indicate
the structural phases that are present at the peaks and dash
lines indicate the borders in between. Likewise, after-cycled
XRD patterns of bare NRG65 and AlF3−NRG65 demon-
strated that the AlF3-treated material better preserved its
structure as the former lost many of its original XRD peaks
between 30−40° and possessed a broadened (003)hex peak
which also shifted and merged with the monoclinic O3 (001)
peak (Figure S4). On the other hand, even though the after-
cycled AlF3−NRG65 electrode showed a monoclinic O3 (001)
peak corresponding to 10% Na extraction,22 it retained its
original peaks with minimized peak broadening or weakening.
At an elevated temperature of 55 °C (Figure S5), both bare
and AlF3-coated NRG65 showed increased discharge capacities
of 163 mAh g−1 and 166 mAh g−1, respectively, with the latter
showing better capacity retention at the end of the 30th cycle.
Not surprisingly, the AlF3−NRG65 exhibited outstanding rate
capability at the faster rates of 3C (450 mA g−1) and 5C (750
mA g−1), where it delivered high discharge capacities of 147
mAh g−1 (92.1% of 0.2C) and 145 mAh g−1 (90.2% of 0.2C),
respectively. It should be noted that NRG65 still exhibited
better rate capabilities than the CC (constant composition)
materials reported previously20 due to the elongated nanorods

Figure 4. Comparison of electrochemical performances between bare NRG65 and AlF3−NRG65 in full cells: (a) cycling performance and
efficiencies and corresponding charge−discharge curves from the 1st to 200th cycle at a 0.5 C rate of (b) bare NRG65 and (c) AlF3−NRG65.
(d) Electrochemical impedance spectroscopy results at the 200th cycle at 0.5 C rate. (e) HF titration test result.
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providing for more rapid Na+ transport through their entire
volume.
The impact of the AlF3 surface coating treatment on the

nanorod gradient Na[Ni0.65Co0.08Mn0.27]O2 particles can be
seen more clearly in practical pouch-type full cells (cathodes:
bare NRG65 and AlF3−NRG65, anode: hard carbon) as seen
in Figure 4. The bare NRG65 and AlF3-coated NRG65 full
cells both delivered similar first-cycle discharge capacities of
130 and 132 mAh g−1. Nevertheless, due to the AlF3 coating
layer shielding the cathode from irreversible damage, the
capacity retention of the AlF3−NRG65 was 90% at 0.5C after
200 cycles and possessed a stable coulombic efficiency
throughout cycling. In contrast, the bare NRG65 full cell
cycle stability and coulombic efficiency started to falter after
the 50th cycle (as seen in the magnified inset of Figure 4a
showing the coulombic efficiency) due to exposed active
materials reacting with electrolyte and deteriorating to a
capacity retention of 63%. Correspondingly, the cell with the
AlF3 surface treated material better retained its charge−
discharge character compared to the cell with untreated
material which suffered from capacity and voltage fade with
progressive cycles (Figure 4c,d). Nyquist plots of the
electrochemical impedance (Figure 4b) corroborate said cell
performance as by the 200th cycle the charge-transfer (Rct)
resistance of the surface modified cell was 225.0 Ω,
significantly lower than the 753.8 Ω of the bare cell.
Additionally, an HF titration test revealed that the amount

of HF (ppm) detected in the bare NRG65 electrode was more
than twice that of the AlF3−NRG65 electrode.
To investigate the promising electrochemical performance of

the AlF3−NRG65 particles, cross-sectional TEM samples from
the cycled electrodes of the full cells were fabricated using a
focused ion beam. The dark-field scanning TEM image of the
cycled AlF3−NRG65 particle in Figure 5a shows that the AlF3
coating layer (marked by red arrows) remained intact around
the periphery of the secondary particle. The AlF3 coating was
as thick as 1 μm at some places even after 200 cycles. Judging
by the before-cycling coating thickness estimated from the
EDS mapping in Figure 2, the AlF3 coating was hardly
damaged and incurred no significant materials loss during
cycling. The EDS mapping of Al, F, Ni, and Na in Figure 5b
confirms the presence of the AlF3 coating layer (marked by
blue dashed lines) filling in the valley between the two
protruding primary particles when the Ni and Al (or F)
elemental maps are compared. In addition to Al, a strong Na
signal was detected in the coating layer, suggesting that Na
reacted with the AlF3 to form new compounds in the coating
that improved the cycling stability. Figure 5c shows a bright-
field TEM image of the surface region of the cycled AlF3−
NRG65 cathode particle marked by a green dashed box of
Figure 5b, and the accompanying magnified image of area “A”
indicates that the even the surfaces that appeared uncoated
were encapsulated by a thin layer (∼10 nm in thickness) such
that the AlF3 coating extended all around the secondary
particle and effectively protected the cathode surface. A high-

Figure 5. (a) Bright-field scanning TEM cross-sectional image of the cycled AlF3−NRG65 cathode particle after 200 cycles (red arrows
indicate the AlF3 coating remaining intact after cycling), (b) EDS elemental mapping of the cycled AlF3−NRG65 cathode particle, (c) bright-
field TEM image of the cycled AlF3−NRG65 cathode marked by the green dashed box in (b) (the figure below shows the magnified image of
the area marked A), (d) high-resolution TEM image of the region marked B in (c) and Fourier transform images of the regions I and II, and
(e) high-resolution TEM image showing the crystalline secondary phases observed within the AlF3 coating layer and Fourier-filtered images
of the marked secondary phases.
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resolution TEM image along the 100 zone axis of a primary
particle (Figure 5d) of the area marked by B in Figure 5c
affirmed retention of the original structure in the particle
interior, which was capped by a thin layer of NiO-like rock salt
structure. The thickness of the surface rock salt layer was
limited to 10−30 nm. Fourier-transform images of the regions
I and II in the dotted red boxes clearly distinguishes the two
distinct structures. The Fourier transform of the particle
interior reproduced the SAED pattern shown in the inset of
Figure 5d, whereas some of the diffraction spots became
extinct in the Fourier transform of the surface region due to
the disordering of the cations in the rock salt structure. Despite
a thin layer of partially collapsed structure at the very edge, the
layered structure just inside the particle periphery and further
in the interior is preserved, which explains the improved
cycling stability and the superior rate of the AlF3−NRG65
cathode. In addition to the surface rock salt layer, isolated
secondary crystalline phases were observed near the vicinity of
the cycled cathode surface (Figure 5e). The crystalline phases
in the surrounding AlF3 coating layer are marked in Figure 5e.
The accompanying Fourier filtered images of the marked
regions verify the presence of a crystalline phase, and the
estimated distances between the lattice fringes were 2.0 and 2.4
Å. Surveying the XRD database, possible compounds
containing any combination of Na, Al, F, and O (and with
strong peaks at 2.0 Å and/or 2.4 Å) are NaF (Fm3̅m, a = 4.62
Å)49 and Na5Al3F14 (P4/mnc, a = 7.014 Å and c = 10.402 Å).50

Since the EDS mapping revealed a significant presence of Na
in the cycled coating layer, it is likely that AlF3 reacted with Na
to form such compounds. These compounds near the cathode
surface may have stabilized the interface chemistry (protection
from HF attack and prevention of Ni4+ oxidation) and lowered
the interface charge transfer resistance by assisting Na+

conductivity in a similar way that lithium containing
compounds reduce ion resistance to improve electrochemical
performance.40,51,52

As shown in Figure 6a, the cycled bare NRG65 cathode
particle contained a large crack that nearly fractured the
secondary particle due to stress from repeated Na intercala-
tion/deintercalation and the opening created by the crack
allowed the infiltration of electrolyte into the particle interior,
accelerating the electrolyte attack of the exposed interior
surfaces. The dark-field scanning TEM image in Figure 6b
shows that individual primary particles in the cycled bare
NRG65 cathode suffered from numerous intraparticle cracks.
Hence, without the AlF3 coating, the bare NRG65 cathode
particles lost their mechanical integrity from the intergranular
fracture as well as from the structural undermining of the
primary particles themselves. The bright-field TEM image in
Figure 6c confirms the intraparticle fracture by revealing a
network of numerous hairline microcracks nucleated within a
primary particle as pointed out by yellow arrows. In addition to
the observed hairline microcracks, the high-resolution TEM of
the surface area of the primary particle in Figure 6d indicates

Figure 6. (a) Bright-field scanning TEM cross-sectional image of the cycled bare NRG65 cathode particle after 200 cycles (red arrows
indicate a major crack in the secondary particle that allows infiltration of the electrolyte into the particle interior), (b) dark-field scanning
TEM image of the cycled bare NRG65 cathode, showing numerous intraparticle cracks, (c) bright-field TEM image of the cycled bare
NRG65cathode with the yellow arrows indicating the intraparticle microcracks, and (d) high-resolution TEM image of the red box marked
region in (c) and Fourier transform images of regions I, II, and II demonstrating the extensive transition to the rocksalt structure at the
surface of the cycled bare NRG65cathode.
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that the phase transition to the rocksalt structure arising from
the cation intermixing persisted well into the particle interior.
The Fourier transform of region III which is approximately 100
nm away from the particle surface still contains strong
diffraction peaks corresponding to the rocksalt structure on
the background pattern of the layered structure. This contrasts
sharply with the surface structure of the cycled AlF3−NRG65
cathode in which the damaged rocksalt layer was confined to
∼20 nm. The thick damaged surface layer and the observed
loss of the mechanical integrity well explains the rapid capacity
fade of the bare cathode and immensely large value for Rct of
the bare full cell electrode. In this regard, the O3-type Ni-rich
NaNixCoyMnzO2 capacity fading mechanism is very much like
that of the LIB layered LiNixCoyMnzO2 in which the cathode
structure breaks down from mechanical stress imposed by
numerous phase transitions with the surface degrading from
electrolyte side-reactions followed by electrolyte penetration
into the bulk and accelerated capacity fade.47,53,54 However,
SIB NaNixCoyMnzO2 undergoes more phase transitions than
LIB LiNixCoyMnzO2, and the extent of damage is more severe
than those of the LIB LiNixCoyMnzO2 cathodes possibly due
to the large ionic size of the Na.
Indeed, the SEM images of the post-mortem cycled full cell

electrodes reveal the efficacy of the AlF3 coating at a
macroscopic scale (Figure 7). The shattered particles are
marked by red circles. Even though many of the after-cycled
bare NRG65 particles remained intact due to the compact
nanorods mechanically strengthening the structural integ-
rity,37,38 some of the particles still shattered (Figure 7a,b).
As demonstrated via XRD patterns and TEM images above,
electrolyte penetration via inter- and intramicrocracks under-
mines the bulk and surface structure and leads to cathode
particle pulverization. Such pulverized active materials become
disconnected from the wider electrical network and contribute
to accelerated capacity fade. On the other hand, AlF3−NRG65
particles displayed minimal damage to the overall particle
morphology and remained intact as pointed out in Figure 7c,d
due to the AlF3 surface coating obstructing electrolyte
penetration, which explains its stable electrochemical perform-
ance. A table comparing the electrochemical performance of
AlF3-coated nanorod gradient Na[Ni0.65Co0.13Mn0.27]O2 to

other coated layered cathode materials electrochemical
performance is shown in Table S2.30−36,55

CONCLUSIONS
In summary, we propose an O3-type AlF3-coated nanorod
gradient Na[Ni0.65Co0.08Mn0.27]O2 material as a high-perform-
ance cathode active component for SIBs. By combining the
nanorod gradient design with an AlF3 coating, the O3-type
AlF3 coated nanorod gradient Na[Ni0.65Co0.08Mn0.27]O2
cathode material delivers a high discharge capacity (half cell:
160 mAh g−1, full cell: 132 mAh g−1 at 0.1 C-rate), high
capacity retention (half cell: 89.2%, full cell 96.3% at 0.5 C-
rate), and promising rate capability. In addition, we explore the
degradation mechanism of Ni-rich Na[NixCoyMnz]O2 cathode
materials in SIBs. A systematic examination by electrochemical,
structural, and optical methods of the post-mortem bare and
AlF3-coated nanorod gradient Na[Ni0.65Co0.08Mn0.27]O2 cath-
odes clearly demonstrates that an AlF3 nanolayer coating
efficaciously shielded the particle bulk structure from electro-
lyte infiltration and limited structural degradation to a 4−5 nm
thick region on the outer surface, preserving the interior
layered structure, even at the particle periphery which is most
vulnerable to Na removal. This leads to the preservation of
overall particle cohesion and promising electrochemical
performance, and we hope that this study will contribute to
further development of Ni-rich O3-type Na[NixCoyMnz]O2.

METHODS
Synthesis of Nanorod Gradient Na[Ni0.65Co0.08Mn0.27]O2

Cathodes. For the synthesis of the NRG 65, the [Ni0.65Co0.08Mn0.27]-
(OH)2 precursor was prepared as nanorod primary particles via co-
precipitation,37,56 in which the chemical-composition gradient varied
from the inner end to the outer end. NiSO4·6H 2O, CoSO4·7H2O,
and MnSO4·H2O were used as starting materials for co-precipitation.
Two tanks containing two different solutions were used to control the
concentrations of the transition metals. An aqueous solution with a
Ni/Co/Mn ion molar ratio of 0.58:0.10:0.32 (tank 2) was slowly
pumped into a Ni-rich (molar ratio of Ni/Mn = 0.96:0.04) stock
solution (in tank 1). At the initial stage of the co-precipitation
process, the Ni-rich aqueous solution (tank 1) was fed first into the 17
L batch reactor filled with a certain amount of deionized water,
NH4OH solution (aq), and NaOH solution (aq). The solution from
tank 1 was mixed continuously with the solution from tank 2 (Ni-

Figure 7. Post-mortem analysis: SEM images of the cycled (a, b) BARE NRG65 (red circles point out pulverized particles) and (c, d) AlF3−
NRG65 electrodes collected from the pouch-type full cells after 200 cycles.
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deficient solution), and the homogeneously mixed solution was then
fed into a batch reactor. Concurrently, a 4.0 mol L−1 aqueous NaOH
solution and the desired amount of a NH4OH chelating agent
solution (aq) were separately pumped into the reactor. After the
composition of tank 1 reached the desired surface composition,
feeding from tank 2 was stopped. The concentration of the solution
(2 mol L−1 for the metal ions), pH (11), temperature (50 °C), and
stirring speed of the mixture in the reactor (1000 rpm) were carefully
controlled.
Synthesis of Constant Concentration Na[Ni0.65Co0.08Mn0.27]-

O2 Cathodes. A co-precipitation method56 was used to synthesize
the constant concentration [Ni0.65Co0.08Mn0.27](OH)2 precursors. A
homogeneously mixed solution of NiSO4·6H2O, CoSO4·H2O, and
MnSO4·H2O was added into a 17 L batch reactor under a N2
atmosphere at a reaction temperature of 55 °C. The pH of the
solution was kept at 11, and the stirring rate was kept at 550 rpm. The
resulting hydroxide precursors from the reactor were filtered, washed,
and vacuum dried at 110 °C overnight. The final constant
concentration of the Na[Ni0.65Co0.08Mn0.27]O2 cathode was fabricated
by mixing the dried hydroxide precursor with NaOH in a 1:1 molar
ratio and calcining at 650 °C for 24 h under an oxygen environment
and then quenching in vacuum.
Nanosized AlF3 Particle Synthesis. AlF3 particles were

synthesized as reported previously.41 In a molar ratio of 1:7,
Al(NO3)3·9H2O (aq) and NH4F (aq) were mixed together in a
solution. The solution pH was adjusted to 10, and the solvent was
evaporated. The obtained (NH4)3AlF6 powders were heated at 400
°C for 5 h under N2 conditions, and the resulting powder was vacuum
dried to obtain AlF3 powders. The resulting AlF3 particles’ SEM image
and XRD pattern are shown in Figure S7.
Dry Ball-Mill Coating. To avoid cathode exposure to moisture,

the dry ball-mill coating was performed in a dry room. The AlF3-
coated full-concentration gradient Na[Ni0.65Co0.08Mn0.27]O2 was
obtained by placing bare Na[Ni0.65Co0.08Mn0.27]O2 and AlF3 nano-
particles (Sigma-Aldrich, USA) in a polypropylene bottle (Nalgene,
USA) with zirconia balls and ball-milling using a ball-mill machine (As
One, PM-001, Japan). Coating of the particles was carried out at 100
rpm for 12 h with 1 wt % AlF3 nanoparticles.
Electrochemical Characterization. The resulting bare and AlF3-

coated sodium metal oxides were mixed with Super-P carbon and
polyvinylidene fluoride (PVdF) in a 85:10:5 ratio in N-methyl-2-
pyrrolidone and cast onto an aluminum foil to achieve active material
loading of 2.5−3.0 mg cm−2 for half-cells and 5.5−6 mg cm−2 for full
cells. Afterward, the cast electrodes were vacuum-dried and roll-
pressed. Half-cell electrodes were punched out from the electrodes
and assembled in 2032 coin-type cells with sodium metal as an anode
with 0.5 M NaPF6 in propylene carbonate (PC) + fluoroethylene
carbonate (FEC) 2 vol % as electrolyte and cycled from 1.5−4.1 V
versus Na0/Na+ at 0.5C. With Ni-rich O3-type cathodes, it is true that
higher capacities could be achieved with an increased cutoff voltage.
Due to unwanted side reactions and structural instabilities, the O3-
type cathodes are susceptible structural damage, which leads to rapid
capacity fading. In the case of SIBs, these problems exacerbate as the
stressful monoclinic P′3 to hexagonal P3′′ phase transition occurring
above 4.0 V (vs Na/Na+) causes the reversibility of Na ions during
charge−discharge to fall significantly. In a previous report,20 reactive
Ni4+ in high-Ni cathodes (x ≥ 60 at%) at a highly charged state
(upper cutoff potential of 4.1 V) have been reported to cause partial
electrolyte decomposition, leading to substantially poorer capacity
retention and rate capability compared to cathodes with low Ni
content. Therefore, to achieve reasonable cycling performance along
with high capacity, we have decided to cycle between the voltage
range of 1.5−4.1 V. Note that 1 C = 150 mA g−1. Pouch-type full cells
were fabricated with electrode dimensions of 3 by 5 cm2 area of both
bare and AlF3 coated nanorod gradient Na[Ni0.65Co0.08Mn0.27]O2
electrodes as the cathode and hard carbon as the anode (active
material: PVdF = 8:2). The negative electrode to positive electrode
(N/P) capacity ratio of the full cells was 1.15:1, and the fabricated full
cells were cycled from 1.0−4.1 V up to 200 cycles at 1C and 25 °C.
Electrochemical impedance spectroscopy (EIS) was performed on

after-cycled full cells which were charged to 4.1 V with a potentiostat
(Bio-Logic, VMP3) from 1 MHz to 1 mHz.

Analytical Techniques. The chemical composition of the
prepared precursors and oxides were ascertained by inductively
coupled plasma atomic emission spectroscopy (ICP-AES,
OPIMA8300, PerkinElmer). Powder X-ray diffraction (XRD, Rigaku,
Rint-2000) was performed with Cu Kα radiation at 2θ = 10−80° with
a step size of 0.01°, and the lattice parameters were obtained from the
XRD pattern by Rietveld refinement employing the FullProf software
package. Scanning electron microscopy (SEM, JSM-6340F, JEOL)
was used to analyze particle before- and after-cycled morphology.
Particle cross sections were obtained with a focused-ion beam (FIB),
and an electron-probe microanalyzer (EPMA, JXA-8100, JEOL) was
used to confirm successful concentration gradient profiles on
precursor and sodiated oxides. Transmission electron microscopy
(TEM, JEM2010, JEOL) and energy-dispersive X-ray spectroscopy
(EDX, JEM 20100F, JEOL) were carried out on the cross-sectioned
samples. HF titration was performed with a 5 mL glass buret using a
0.02 N sodium hydroxide (NaOH) aqueous solution. The pH
indicator was bromothymol blue (0.04 wt % in water), which appears
yellow at pH less than 6 and blue at pH greater than 7. A
polypropylene syringe and Erlenmeyer flask were used to prevent
possible reaction of glass with HF acid. The titration was performed
by placing 3 mL of crushed ice and 1 mL of water in the
polypropylene Erlenmeyer flask with a couple drops of bromothymol
blue. A 0.2 mL portion of electrolyte was drawn from pristine
electrolyte, cycled bare NRG65 pouch cells, and cycled AlF3−NRG65
pouch cells and weighed and added to the Erlenmeyer flask. The flask
was swirled, and NaOH solution was added to the solution until the
yellow solution turned blue. If the color returned to yellow after 30 s,
more NaOH drops were added. The weight of the empty syringe was
taken to determine electrolyte weight, and HF levels were calculated
under the assumption that acids were pure HF.
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