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0O3-type layered oxide materials are being considered as one of the most promising cathodes for Na-ion batteries
owing to their higher capacity, however, they usually suffer from structural damage at the highly desodiated state.
To achieve the stable/high-capacity O3-type Na-ion cathodes, a series of Ni-rich O3-Na[NiyFeyMn; xy]O02 (x =
0.6, 0.7 and 0.8) oxide cathodes were successfully prepared and the phase transitions at high voltage were sys-
tematically investigated. Combined with the electrochemical measurements and structural characterizations, the
structural transitions from O3 to 0’3, P3, 03" phases during the Na™ (de)intercalation process were demonstrated
in the voltage range of 2.0-4.2 V. Moreover, several reasons for the high-voltage capacity decay are revealed: 1)
the thermodynamic instability of high-voltage phase due to less Na™ in the crystal structure; 2) large volume
change during the high-voltage phase evolution with inferior Na™ diffusion kinetics; 3) formation of microcracks
and cathode-electrolyte interphase on the surface of cathode particles. To address the above issues, a reasonable
upper cut-off voltage of 4.0 V was set to prevent the formation of O3” phase and reduce electrolyte decomposition,
which leads to a high reversible capacity of ~152 mAh g~* (~467 Wh kg™1) with a superior capacity retention of
~84% after 200 cycles at 0.5C, showing great Na storage performance. This work provides insights on the
relationship of the structure-property for the further development of high-performance Ni-rich O3-type Na-ion
cathodes.

1. Introduction Prussian blue analogues [12-14]. Among the Na-intercalation cathode

materials, O3-type layered transition metal (TM) oxides of Na,TMO,

Na-ion batteries (NIBs) have experienced a considerable development
during the past decade, for which NIBs are believed to be the promising
supplement to Li-ion batteries (LIBs) for the abundant sodium resources
in large-scale energy storage applications [1-3]. Until now, great efforts
have been devoted to developing high-performance cathode materials,
including layered oxides [4-8], polyanionic compounds [9-11], and

(x~1.0) are considered as one of most promising type, owing to their
high specific capacity and flexible synthesis process [3,15].

Ni-rich O3-type Na,TMO, materials with high capacity have been
widely studied. As a starting material, monoclinic NaNiOy (O’3 phase)
shows the charged capacity of ~190 mAh g~! but with reversible dis-
charged capacity of 147 mAh g~! when cycling in 2.0-4.5 V [16] as
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Fig. 1. Structural characterizations of the as-prepared O3 samples. (a) Powder XRD patterns of the as-prepared O3 materials. (b) Rietveld refinement pattern of the
powder XRD data for O3-NNFM. (c) SEM image of O3-NNFM. (d, e) HAADF-STEM images of O3-NNFM from different directions, the inset shows crystal structure

illustration of this O3-type oxide.

shown in Fig. S1. It is shown that multiple phase transitions
(0'3-0""""3-P'3-P"3-0"3-0""3-P”3) during the Na' deintercalation are
responsible for the irreversible capacity loss [17,18], thus this intrinsic
structural instability renders its application in NIBs. Replacing the total
Ni®* with 0.5 mol Ni* and 0.5 mol Mn** per unit to obtain the hex-
agonal NaNigsMngsOy [5] shows a higher reversible capacity of 185
mAh g1 up to 4.5 V. However, the material experiences a series of
structure evolution (03-0'3-P3-P'3-P3") as well as Na'/vacancy
ordering upon charging (Fig. S1). The formation of hexagonal P3” phase
at the end of charge is highly vulnerable to the incorporation of solvent
molecules in the Na layer, considering the anomalously large interslab
distances (~7.0 10\) [5], which degenerates the structure reversibility and
long-term cycle stability. Further study showed that a reversible capacity
of 125 mAh g ™! could be obtained with an optimized charge/discharge
cut-off voltage between 2.2 and 3.8 V, however, the capacity and cycle
performance is still not satisfied. In addition, Co>" and Fe>" substituted
NaNip 5C00.502 [19], NaNig sFeq 502 [19], NaNi;,3Co;,3Mn;,30, [20],
NaNi; s3Fe; 3Mn; 302 [21] are also investigated, respectively, but these
materials only deliver the reversible capacity of 120-130 mAh g~! below
4.0 V, corresponding to 0.5-0.55 mol Na' (de)intercalation from the
hosts.

Inspired by the high-active and open layered framework for fast Li*
extraction/insertion reactions of Ni-rich Li-ion cathodes, such as
LiNig Cog oMng 505 [22] or LiNig gCog.1Mng 10> [23] with the reversible
capacity of more than 200 mAh g~! (up to 4.5 V vs. Li*/Li), a series of
Ni-rich NaNixCoyMn,0» (x = 0.33, 0.5, 06, 0.8) [24],
composition-graded NaNig 6;C0912Mng 2702 and Ti-doped Na
[Tig.03(Nig.6C0p.2Mng 2)9.97102 materials have been studied [25,26],
which showed good electrochemical properties. Recently, Yang et al.
[27] reported an electrochemical Li*/Na* exchange strategy for Ni-rich
Na-ion oxide, Nag 75Nig g2C0g 12Mng 0502, which exhibited a reversible
capacity of 171 mAh g~! in the voltage of 2.0-4.0 V. However, the
synthesis of O3-type Na-intercalated layered oxide via a topological
manner derived from Li-analogues cannot be easily scaled up for the

industrial application, and Co is not an optimal choice for the redox
center in NIBs for its high cost. In general, for the Ni-rich O3 oxides the
least phase transition and minimum volume change are considered to
play pivotal roles in achieving high battery performance, thus under-
standing the phase transitions is significant to construct reliable cathode
materials.

In this work, we designed a series of Ni-rich oxide cathodes, O3-Na
[NiyFeyMn;.xy]O2 (x = 0.6, 0.7 and 0.8; labeled as O3-NNFM, O3-
NNFM1 and O3-NNFM2, respectively.) through an industrially feasible
coprecipitation method. Replacing Co®" with Fe>* not only reduces the
cost of cathode materials but also contributes to the specific capacity
owing to the electrochemically active of Fe in O3-type NaFeO, [28]
different from the inactive O3-type LiFeO. By combining advanced
in-situ and ex-situ characterization techniques, a detailed structure evo-
lution mechanism of this O3-NNFM oxide at different states of charge
was revealed. The large volume change and thermodynamic instability of
the high-voltage 03" phase is found to be responsible for the inferior
cycling/rate performance. To lower the charge cut-off voltage to 4.0 V, a
good comprehensive performance was obtained owing to the absence of
the high-voltage phase, exhibiting a reversible capacity of 152 mAh g™},
approximately 84% of capacity retention after 200 cycles at 0.5C and a
rate capability of 81% capacity retention at 2C. Our work provides a
preview of the structure-performance relationship for O3-type Na-ion
cathodes.

2. Results and discussion

The designed Ni-rich oxide compounds were prepared by a hydroxide
co-precipitation method followed by high-temperature calcination, as
shown in the Supporting Information in detail. It should be mentioned that
the calcinated temperature and additive amount of NaNO3 have been
adjusted carefully to obtain the pure phase as shown in Fig. S2. According
to the X-ray diffraction (XRD) patterns (Fig. 1a), all diffraction peaks can
be indexed into the hexagonal O3-type layered structure (space group:
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Fig. 2. Electrochemical performance of O3-NNFM cathode. (a) The galvanostatic charge/discharge curves of the O3-NNFM electrode cycled in the voltage range of
2.0-4.2 V at 0.1C. (b) GV curves of the O3-NNFM electrode at 0.1 mV s~ . (c) Cycling performance of the O3-NNFM electrode in the voltage range of 2.0-4.2 V during
100 cycles at 0.2C after the initial two cycles of activation. (d, ) Rate performance of O3-NNFM electrode, galvanostatic charge/discharge curves versus specific
capacity at various rates from 0.1C to 2C. (f) GITT curves of O3-NNFM cathode material in the first cycle.

R3m) which is isostructural with a-NaFeO,, and no other phase is recog-
nized. The actual atomic compositions of as-prepared O3 samples were
determined to be 1.030:0.594:0.253:0.153, 1.021:0.695:0.202:0.103 and
1.036:0.790:0.155:0.055 (Na: Ni: Fe: Mn), respectively, by inductively
coupled plasma-atomic emission spectrometry (ICP-AES). Rietveld
refinement was performed to explore the structural information of 03-
NNFM as shown in Fig. 1b, and detailed crystallographic parameters
were shown in Table S1. According to the obtained lattice parameters, the
interslab distance of TM layer was 5.29 A. Scanning electron microscopy
(SEM) images of the O3-NNFM particles were presented in Fig. 1c and
Fig. S3. Most of the particles are presented as polyhedral and ball-like
morphology with an average particle size of ~2 pm and a clean surface,
which are different from the common spherical morphology composed of
plate/spoke-like primary particles [25,29]. The energy dispersive X-ray
spectroscopy (EDS) mappings (Fig. S4) clearly reveal that all elements are
homogeneously distributed on the buck of particles. The high-angle
annular dark field (HAADF) scanning transmission electron microscopy
(STEM) was employed to detect the atomic structure. As shown in Fig. 1d
and e, the interslab distance and TM—TM distance are 5.3 A and 2.9 1°\,
respectively, which are consistent with the XRD refinement results.

Moreover, the clear bright-dots stretching from the particle bulk to the
surface further confirms the clean surface of the pristine material and in-
dicates favorable Na* transport channel.

The electrochemical performance of as-prepared O3 cathode mate-
rials was firstly evaluated by galvanostatic charge/discharge tests using
pure sodium metal as counter electrode. As shown in Fig. S5, O3-NNFM
and O3-NNFM1 samples show similar reversible capacity however a
much smaller initial capacity for O3-NNFM2. Besides the capacity
distinction, both O3-NNFM1 and O3-NNFM2 materials show even more
complicated multifold oxidation/reduction steps in terms of multi-
platform of capacity-voltage curve (especially in the voltage range of
3.0-4.0V), which may seriously deteriorate long cycling performance. As
a result, the O3-NNFM material displays better capacity retention during
long cycling, retaining nearly >80% of the initial capacity after 100 cy-
cles in comparison to the ~70% and 63% capacity retention for the O3-
NNFM1 and O3-NNFM2 samples (Fig. S6), respectively. The possible
reason could be the more Fe-Mn contents in the lattice framework of O3-
NNFM, which could dramatically improve the structural stability, thus
from now on, we mainly concentrate on the investigation of the
structure-property relationship of 0O3-NNFM material.
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Fig. 3. Charge compensation mechanism during Na™ (de)intercalation in O3-NNFM cathode. Normalized ex-situ XANES spectra at the (a) Ni K-edge, (b) Fe K-edge, (c)
Mn K-edge of O3-NNFM cathode during charge/discharge and the corresponding metal oxide powders as standard references; corresponding ex-situ EXAFS spectra at
the (d) Ni K-edge, (e) Fe K-edge, (f) Mn K-edge of O3-NNFM cathode during charge/discharge.

Fig. 2a displays the charge/discharge curves of the first three cycles
obtained in the voltage range of 2.0-4.2 V at 0.1C (1C = 150 mA g™ 1).
The reversible capacity of 190 mAh g’1 is obtained with initial
coulombic efficiency of ~90%, corresponding to the reversible interca-
lation of ~0.8 mol of Na* per formula unit. Such a favorable high-
capacity performance leads to a specific energy of more than 584 Wh
kg™! (average voltage is ~3.06 V), which even surpasses the values
delivered by some LIB cathodes, such as LiFePO4 (about 530 Wh kg’l)
and LiMn,04 (about 450 Wh kg’l) [7]. It is obvious that the appearance
of a long plateau above 4.0 V is responsible for the increased reversible
specific capacity at a high charge cut-off voltage of 4.2 V, compared to the
traditional O3-type cathode materials. This plateau is also detected in
cyclic voltammetry (CV) curves with the redox peaks at 3.9/4.1 V
(Fig. 2b). However, a slight capacity decay of the plateau in the second
cycle is observed due to the high-voltage phase transition (discussed
later). The cycle performance of the O3-NNFM electrode was tested at
0.2C after the initial two cycles. As shown in Fig. 2c, the O3-NNFM
cathode retained 81.3% of the initial capacity after 100 cycles, and
corresponding charge/discharge curves at selected cycles are presented
in Fig. S7. It can be seen that the high-voltage plateau degraded signifi-
cantly, indicating the more severe structural degradation in this region.
The rate capabilities of the O3-NNFM electrode were also investigated in
Fig. 2d and e, where the reversible capacities are 176, 161, 153 and 134

mAh g’1 at the current rates of 0.2C, 0.5C, 1C and 2C, respectively. It is
worth noting that the high-voltage plateau gradually disappeared with
the increasing of current rate, further confirming the inferior Na*
diffusion kinetics at high-voltage region. In addition, the diffusion coef-
ficient of Na™ (Dy,) was estimated using the galvanostatic intermittent
titration technique (GITT), which is a common electrochemical tech-
nique to analyze diffusivities of alkali ions in electrodes [30]. As shown in
Fig. 2f and S8, the apparent Na™ diffusion coefficient for the O3-NNFM
was around 6.6 x 107'! em? s7! within the voltage window of
2.5-4.0 V and around 1.2 x 107'2 cm? s~! within the voltage window of
4.0-4.2 V. Note that, the value for high-voltage phase is one fifth of those
for low voltage phases, which could be attributed to the discrepant
structure change.

Ex-situ X-ray absorption spectroscopy (XAS) spectra were collected at
K edge of Ni, Fe and Mn to understand the charge compensation mech-
anism and the evolution of local structure during Na* (de)intercalation.
Fig. 3a—c shows the normalized X-ray absorption near edge structure
(XANES) spectra of Ni, Fe, and Mn K-edges at different charge and
discharge states and the corresponding metal oxide powders as standard
references. Similar edge positions are compared in XANES with the
standard TM oxides including NiyOs3, Fe;Os, and LioMnOj3, indicating
that the valence states of Ni, Fe, and Mn for pristine O3-NNFM are pri-
marily determined as +3, +3, and +4, respectively. As mentioned above,
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the average valence state of TM ions in this system should be +3, thus, a
certain amount of Ni%" should exist in the as-prepared material to bal-
ance the total charge, which was further confirmed by X-ray photoelec-
tron spectroscopy (XPS) results (a mixture of Ni** and Ni%* with a ratio
of 75:25 was confirmed as seen in Fig. S9). The Ni and Fe K-edge spectra
have an identical tendency that a much clearer shift towards the higher

energy region from initial state to 4.0 V and 4.2 V. In contrast, for the Mn
K-edge, only small shift of the edge position is observed in the region of
2.0-4.2 V, which ascribes to the local environment changes around Mn
during the Na™ (de)intercalation process [31]. All of the TM K-edge shifts
are highly reversible upon discharge. These results indicate that the
oxidization/reduction of Ni-ion and Fe-ion are mainly responsible for the
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charge compensation. The corresponding magnitudes of the Fourier
transformed extended X-ray absorption fine structure (FT-EXAFS) spectra
are presented in Fig. 3d-f. The two intense peaks in the Ni, Fe, and Mn
K-edges are observed, which correspond to the average TM-O length of
the first shell TM-Og configuration and the TM-TM length of the second
shell TM-TMg on the ab plane, respectively. In the Ni K-edge EXAFS
spectra (Fig. 3d), the peak for the first coordination shell of pristine
sample splits into two parts, indicating that Ni®*(d”) exhibits Jahn-Teller
distortion with contributions from four O atoms at the short distance and
two O atoms at the long distance [32]. With the voltage increases to 4.0 V
and 4.2V, the split peaks merge into one and its amplitude is significantly
greater than that of Ni®*, which means that Ni%* is continuously oxided
to Ni** with the absence of Jahn-Teller distortion. During the subsequent
discharge, Ni-ion is reversibly reduced to its initial state, even though the
bond-length changes are not completely reversible. The reason could be
the slightly decreased site symmetry of Ni-ion after completing one cycle.
Fig. 3e shows that the Fe-O bond length undergoes a reversible decrea-
se/increase upon desodiation/sodiation, indicating the Fe>*/Fe** oxi-
dation/reduction. For Mn—O bond, subtle variations were only observed
up to 4.2 V, and the Mn-O interatomic distance of fully sodiated sample
shows negligible change compared with pristine sample, which reveals
that no Mn*" is involved in the charge compensation during discharging
process. As for the second coordination shells, all of the TM-TM

interatomic distances decrease with the oxidation of TM-ions and in-
crease with the reduction of TM-ions, indicating a random and uniform
distribution of TM-ions.

To further understand the structure evolution of this as-prepared
material during Na' (de)intercalation process, in-situ XRD patterns
were collected at 0.1C within the voltage range of 2.0-4.2 V (Fig. 4a and
$10). Upon the initial Na™ deintercalation (~0.12 mol), the (003) peak of
the O3 phase primarily shifts to a lower angle and then a new peak
representing the monoclinic O'3 phase (space group: C2/m) appeared,
indicating a two-phase reaction with the coexistence of the O3 and 0’3
phases in the x (Na™ intercalation amount) range of 0.12-0.26. Note that
the monoclinic distortion observed in intermediate O’'3 phase is consis-
tent with the previously reported for NaNip sMng 502 [5]. The pure 0’3
phase is only observed at x = 0.3 as shown in Fig. S11, and another
biphasic domain (O’3+P3) corresponding to a value of 0.3 < x < 0.36
readily appears. Upon further desodiation, the hexagonal P3 phase (space
group: R3m) peaks show a continuous shift, where the (003), (006),
(107), and (108) diffraction peaks shift towards a lower angle while the
(101) and (102) peaks move towards a higher angle until charging to 4.0
V as shown in Fig. 4b, which demonstrates a solid-solution reaction with
the expansion of c-axis and contraction of the ab-plane and is consistent
with the electrochemical behaviour. By contrast, when the charging
process is conducted above 4.0 V, the formed P3 phase undergoes a phase



F. Ding et al.

Energy Storage Materials xxx (xxxx) xxx

Fig. 6. Structure and morphology characterization of O3-NNFM particles after the cycling test. The SEM images (a, b) and HRTEM images (c, d) with FFT maps of 03-

NNFM particles after 100 cycles in the voltage range of 2.0-4.2 V.

transition from P3 to 03" phase via a biphasic process occurring over a
narrow Na composition region (<0.03), indicating that the nucleation of
O-type stacking in the P phase is more favorable when less Na™ is
reserved in the van der Waals gap [33]. This new 03" phase is indexed to
hexagonal phase with (00l) peaks locating at higher angles and has a
higher (104)/(015) peak intensity ratio compared to the P3 phase
(shown in Fig. 4¢), which is similar to the pristine O3 structure but with
different cell parameters owing to the much less Na content. During the
further charging process, (000) peaks of O3” phase continue to shift to
higher angle upon ~0.15 mol Na*t being deintercalated out of the host
structure, which indicates a solid-solution reaction until the end of
charge. It is noticed that (00I) peaks of O3” phase are still on the left side
of the initial phase after fully desodiation, which is quite different from
the recent literature results showing that the first peak ((001)yon Or
(003)pex) of high voltage phase shifts to higher angles compared to the
pristine one, such as NaNij 3Fe;,3Mnj,302 [34], NaNigsMng 4Tip.102
and NaNig 4Cug1Mng 4Tip 102 [33], usually attributing to the cation
migration. This result suggests the suppression of TM-ion migration from
the octahedral site in the TM layer to the neighbouring tetrahedral site of
the Na layer [35]. Up to now, all of the phase transitions
(03-0'3-P3-03") are based on the gliding mechanism of TMO, [5,31],
and the entire structural evolution is illustrated in Fig. 4d. The variations
in the TM—TM and interslab distances calculated from Rietveld refined
lattice parameters are plotted in Fig. 5, allowing a more quantitative
description of the structural changes. Compared to NaNiOo, a series of
structural changes are significantly reduced due to the stabilizing effect
of Fe®* and Mn*" within the structure. The interslab distance increases

firstly and then decreases in a little small magnitude at the end of
charging, which can be attributed to the increased electrostatic repulsion
between adjacent oxygen layers owing to the removal of Na' and the
shift of TMO; layers upon deep desodiation, respectively.. The TM-TM
distance decreases continuously upon charging, which is consistent
with the EXAFS observation due to the contraction of the TM octahedral
upon TM oxidation to a higher valence state.

During the discharging process, the electrodes undergo an opposite
evolution and recover to the original structure after one full cycle, indi-
cating the high reversibility of Na' storage mechanism. However, as
mentioned above, the plateau above 4.0 V had poor cycling stability and
rate property. Therefore, to investigate the reason for such differences of
durability below and above 4.0 V, the structural information of the
sample charged to 4.0 V and 4.2 V are also investigated with the ex-situ
XRD data as shown in Fig. 4b and c and Tables S2 and S3. First, the
obtained P3 and 03" phases are indexed to hexagonal structure (as well
as O3 phase, in which three TMO, slabs are in a unit cell), and show
about 0.6% and 2.7% cell volume reduction, respectively, as compared to
pristine O3-NNFM. Such a large volume change in the high-voltage phase
most likely accounts for the poor cycling and rate property of this com-
pound over the extended voltage window of 2-4.2 V as seen before
(Fig. 2c and d). Furthermore, the high-voltage O3” phase would show
sluggish Na™ diffusion kinetics, which is consistent with our GITT results,
therefore the stress and mechanical degradation of the electrode material
are prominently accelerated during cycling. Second, in order to distin-
guish the structural stability of the two desodiation phases, we have
embarked on a comparative study of the XRD evolution along with the



F. Ding et al. Energy Storage Materials xxx (xxxx) xxx
(%)\4.0 [ i (E)\4.0
< ond 2 sl
ts 3.5t +
Z m
» Z30}
> 30} g
= >25t
)
25k [0)
§ 2.0}
[e) % 2C 1C0.5C0.2C0.1C
=20 [, " " L " x > 150 " " " " "
0 30 60 90 120 150 0 30 60 90 120 150
(c) Specific capacity (mAh g') Specific capacity (mAh g-1)

‘:_\ 250 1 1 L) L] 1 1 1 L) 100 oy
Ic) | o\o
_C N
< 200 |- 480 >
£ i S
= 2.0-4.0V 0.5C 1 &
= 150 60 ©

[
S ©
§ 100 140 ©
e

& - —@— Charge A =
'8 50  —e—Discharge <420 O
o | —m— Cycle efficiency(%) ] 3
w 0 1 | 1 | 1 1 1 | 1 1 1 | 1 | 1 1 1 | 1 o O

0 20 40 60 80 100 120 140 160 180 200

(d) Cycle number
)
= i :
© I
§ 50 | :
q>,) s —E—2.0-4.2V 0.2C ~81.3% : —3—2.0-4.0V 0.5C ~84.0%
T 25| I
O 1
x i 1
0 1 | 1 1 1 1 1 1 N 1 1 1 1 1 " 1 1 | 1
20 40 60 80 100 120 140 160 180 200

Cycle number

Fig. 7. Electrochemical performance of the O3-NNFM cathode in voltage range of 2.0-4.0 V. (a) The first and second galvanostatic charge and discharge curves of the
O3-NNFM electrode at 0.1C. (b) Rate performance, galvanostatic charge/discharge curves versus specific capacity at various rates from 0.1C to 2C. (¢) cycling
performance of the O3-NNFM electrode during 200 cycles at 0.5C after the initial two cycles of activation. (d) Capacity retention ratio of O3-NNFM electrode cycled in

the voltage range of 2.0-4.0 V and 2.0-4.2 V, respectively.

exposure time in ambient humidity (Figs. S12 and S13). Upon exposure
to moisture, the O3” phase quickly transformed into birnessite-like
Nay,TMO,-nH0 with water molecules lie between the layers [33,36],
while the P3 phase shows quite less reactivity. The frustrating thermo-
dynamic stability of O3” phase undoubtedly influences the structural
stability during long-term electrochemical cycling, such as the interca-
lation of trace amounts of water, solvent molecules and/or salt ions in the
interstitial space between the TMO- slabs [37].

To confirm the above points, XRD measurements on the fully

discharged O3-NNFM cathode after the charge/discharge cycling were
conducted. As shown in Fig. S14, the XRD pattern is very complex with
the first peak splitting into two and shifting to lower angles, which might
be indexed to the two-phase coexistence of O’3 and P3 phase. This sug-
gests that the initial O3 structure cannot return back and gradually
transforms to O'3 and P3 phase during cycling, possibly because the
intercalation of external ions prevents Na* from being embedded. Un-
fortunately, the phase transition at high voltages accompanied by larger
mechanical strain causes mechanical failure of the cathode particle and
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Fig. 8. Electrochemical properties of 03-NNFM//HC full cells. (a) Charge/discharge curves of the as-prepared cathode and hard carbon anode vs. Na*/Na. The hard
carbon anode shows a reversible capacity of ~300 mAh g~ at a current rate of 0.1C in the voltage range of 0-2.0 V, and the first discharge capacity is used to pair the
full cells. (b) Charge/discharge curves of the full cell cycled at a rate of 0.1C in the voltage range of 0.5-4.0 V. (c) Rate performance of O3-NNFM//HC full cell at
various rates. (d) Retention of the discharge capacity and Coulombic efficiency at the rate of 0.2C calculated based on the mass of O3-NNFM cathode.

thus creating obvious cracks on the surface of O3-NNFM particles. As
predicted, the SEM images of the cycled O3-NNFM cathode (Fig. 6a and
b) show that distinct tiny microcracks appear along the particle surface.
Similar microcracks could be often observed in O3-type layered lithium-
ion compounds, such as LiNiggg5C00.1Alp.01502 and LixCoOy [38,39],
when cycled at a high cut-off voltage. The local structure of the cycled
O3-NNFM cathode was further analyzed by high-resolution transmission
electron microscope (HRTEM) and diffraction information extracted
from the TEM images by a Fourier transform. The HRTEM images along
the [100] and [001] zone axis of cycled O3-NNFM particle (Fig. 6¢ and d)
show the presentation of multiphase intergrowth and the increased
interslab distance to 5.45 f\, which is in accordance with ex-situ XRD
patterns with characteristic of the mixed P3 and O’3 structure. The cor-
responding fast Fourier transform in the inset further presents that the
structural integrity of the cycled electrode is severely changed after
long-term cycling. It is worth noting that the electrode material cycled at
4.2 V exhibits a thin layer of cathode-electrolyte interphase (CEI) along
the (000) surface, which is due to the interfacial side reactions and
thermodynamic instability of the electrolyte during the charge/di-
scharge. These results confirm that charging the O3-type cathode mate-
rial to a high cut-off voltage not only arouses a greater degree of phase
transition with a much huger volume change, but also accelerates the
unfavourable solvent intercalation.

Under such circumstances, the best compromise in terms of electrode
comprehensive performance is to utilize the electrode in the voltage
range of 2.0-4.0 V. As shown in Fig. 7a, the initial Coulombic efficiency
increased slightly from 90% to 92% when the charge voltage was limit
from 4.2 to 4.0 V, which could be due to the highly reversible structural
evolution and restrained electrolyte decomposition at the cathode sur-
face. Moreover, the material exhibited a reversible specific capacity of

152 mAh g1, corresponding to an energy density of 447 Wh kg~!
(average voltage is ~2.95 V). The high reversibility of Na* (de)interca-
lation was also evidenced by the close overlapping of the galvanostatic
charge and discharge curves. The rate capabilities were investigated at
varied current rates as shown in Fig. 7b; the reversible capacities were
152, 148, 140, 135 and 123 mAh g’1 at the current densities of 0.1C,
0.2C, 0.5C, 1C and 2C, respectively. To further confirm the high rate
capability of 03-NNFM, the Na* diffusion coefficient of the cathode was
also evaluated by CV measurement. The Na™ diffusion coefficient (Dya.)
values are calculated to be about 5.2 x 10! and 4.3 x 107! em? s~ for
the cathodic and anodic peaks, respectively, which are well consistent
with the value obtained from GITT measurement for low voltage phases,
and calculation details are provided in Supporting Information
(Fig. S15). For the long-term cycling stability, when tested at 0.2C and
0.5C, the O3-NNFM cathode displayed capacity retentions of 90% and
84% after 100 and 200 cycles, respectively (Figs. S16 and 7c), demon-
strating the excellent reversibility with a lower charge cut-off voltage
(Fig. 7d). We have also summarized the electrochemical properties of
several similar O3-type layered transition metal oxide cathode materials
(Table S4), the integrated performance of the as-prepared O3-NNFM
material in terms of capacity, cycle retention and high rate capability is
remarkable among its peers.

The structural stability of the O3-NNFM cathode was also verified by
in-situ XRD test in the voltage range of 2.0-4.0 V. The evolution of the
XRD patterns (Fig. S17) shows that the phase transitions observed during
charging up to 4 V correspond to the 03-0’'3-P3 sequences, and a thor-
ough reversible behaviour is observed during the discharging process. In
general, O3-type structure transforms into P3-type one after moderate Na
extraction, and then evolves into another O3-type phase when the elec-
trode materials have more than 0.5 mol Na™ extraction, as confirmed in
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previous literature. This value has improved to 0.6 for NaFe; ,,Co1 /202
[40,41], NaNij sFej/3C01,302 [42], NaNij sFe;,3Mn; 302 [43], and
NaNij /4Fe; ,4Co1,4Mny 40, [44]. Interestingly, after 0.68 mol Na™ being
extracted in O3-NNFM, the P3 phases can still be maintained according to
the in-situ and ex-situ XRD data (Fig. 4b), which could be responsible for
the remarkable reversible specific capacity and excellent cycle perfor-
mance. Furthermore, the O3 phase with hexagonal symmetry was still
maintained even after 200 cycles and no crack was found on the surface
of cathode particles (as shown in Figs. S18 and S19), suggesting that the
electrochemical reactions in the resultant O3-NNFM material are highly
reversible in this voltage range, which could contribute to the impressive
cycling stability (~84% capacity retention after 200 cycles).

To further investigate the O3-NNFM cathode in practical application,
full cell was fabricated with hard carbon (HC) as anode (Fig. 8a and
Fig. S20) and measured by galvanostatic charge/discharge cycling at
various rates in the voltage range of 0.5-4.0 V. As shown in Fig. 8b, the
full cell can deliver a specific capacity of 138 mAh g}, corresponding to
an energy density of 256 Wh kg ™! (based on the total mass of cathode and
anode active materials). The initial Coulombic efficiency is about
~85.5%, and >99.5% after several cycles. As shown in Fig. 8c the full cell
can deliver rate capacities of 138 mAh g1, 132 mAh g™}, 126 mAh g7},
123 mAh g}, 121 mAh g! at 0. 1C, 0.2C, 0.5C, 1.0C, and 2.0C,
respectively, verifying the highly stable and reversible reactions of O3-
NNFM cathode material again. Besides, the cycling performance of the
coin-type full cell has also been tested and 84% capacity was attained at
0.2C over one hundrad cycles(Fig. 8d), which demonstrates excellent
cycling stability and a great commercial prospect for practical NIBs.

3. Conclusions

In summary, we report a novel O3-type Na-ion layered oxide material,
Na[Nig goFep.25Mng 15102, which was synthesized by an industrially
feasible coprecipitation method. A combination of ex-situ XAS and in-situ
XRD analyses was performed to inversigate the reaction mechanism,
which demonsdated that nickel and iron cations are mainly involved in
the charge compensation mechanism with a highly reversible 03-0’3-
P3-03” phase transition upon Na™ (de)intercalation. It is worth noting
that the high-voltage 03" phase displayed inferior Na* diffusion kinetics
and thermodynamic stability, as revealed by GITT, ex-situ XRD and TEM
analysis. By decreasing the charge voltage from 4.2 to 4.0 V, in the
absence of the high-voltage 03" phase, the electrode exhibits an excellent
comprehensive performance (approximately 84% of capacity retention
after 200 cycles and the good rate capability with approximately 81% of
capacity retention at 2.0C). Furthermore, the confirmed deterioration
mechanism in the high voltage helps clarify the capacity decay reason
and drive the pursuit of effective solutions. We hope feasible strategies
could be implemented in the future, such as surface coating, trace doping
or electrolyte optimization for the development of stable and high-
capacity cathode material for NIBs.
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