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Abstract

With exceptional capacity during high-voltage cycling, P3-type Na-
deficient layered oxide cathodes have captured substantial attention.
Nevertheless, they are plagued by severe capacity degradation over
cycling. In this study, tuning and optimizing the phase composition
in layered oxides through Li incorporation are proposed to enhance
the high-voltage stability. The structural dependence of layered
Na,,3Li,Nig25Mng 750, 5 oxides on the lithium content (0.0 < x < 1.0)
offered during synthesis is investigated systematically on an atomic
scale. Surprisingly, increasing the Li content triggers the formation of
mixed P2/03-type or P3/P2/03-type layered phases. As the voltage
window is 1.5-4.5 V, P3-type Na,,3Nig25Mng 750, (NLyoNMO, R3m) ma-
terial exhibits a sequence of phase transformations throughout the pro-
cess of (de)sodiation, that is, 03=P3=03'=03". Such complicated phase
transitions can be effectively suppressed in the Na,,3Liy 7Nig25Mng 750, 4
(NLo,NMO) oxide with P2/P3/03-type mixed phases. Consequently,
cathodes made of NL, ;NMO exhibit a substantially enhanced cyclic per-
formance at high voltages compared to that of the P3-type layered
NLy,oNMO cathode. Specifically, NL, ;NMO demonstrates an outstanding
capacity retention of 98% after 10 cycles at 1 C within 1.5-4.5 V, much
higher than that of NLj (NMO (83%). This work delves into the intricate
realm of bolstering the high-voltage durability of layered oxide cathodes,
paving the way for advanced sodium-ion battery technologies.
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high-voltage cycling, Li incorporation, phase transition, sodium ion batteries, triphasic
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1 | INTRODUCTION

Given their cost-effectiveness and abundant resources,
sodium-ion batteries (SIBs) are emerging as an
exceptionally promising substitute for conventional
lithium-ion batteries.'™ Cathode materials, as one of
the pivotal constituents of SIB systems, wield a domi-
nant influence over cost efficiency and energy density.
Among diverse cathode materials like transition-metal
(TM) oxides (Na,TMO,) (x < 1),* polyanion com-
pounds,5 Prussian blue analogs,6 and organic com-
pounds,” layered oxides have captured significant
attention, owing to their distinctive two-dimensional
structure that facilitates the facile (de)insertion of
Na'. Notably, among these layered oxides, the Mn-
based P-type variants have emerged as particularly
advantageous for practical, large-scale applications.®
Based on the TM-O stacking sequence and electro-
chemical environments of Na*, layered Na,TMO, can
be classified into three distinct phases: P2, P3, and O3
phases, respectively.” Despite O-type Na,TMO,
demonstrating a high capacity owing to its elevated
sodium component, it often exhibits unsatisfactory
rate property and cycling stability. This can be associ-
ated with the hindered kinetics of sodium ion transfer
resulting from unfavorable diffusion pathways for Na*
ions. In sharp contrast, P-type Na,TMO, materials
exhibit remarkable rate capability and exceptional
long-term cycling performance, primarily attributed to
open prismatic diffusion pathways. Among P-type
Na,TMO, materials, P3-type oxides are stable under a
low temperature (<800°C), indicating lower energy
consumption for synthesis, while P2-type counterparts
usually generate at 900°C.'° In general, compared with
P2-type compounds, P3-type oxides deliver a higher
capacity.'' Nevertheless, at an elevated voltage of 4.4 V,
P3-type cathode materials undergo irreversible phase
transition, that is, 03=P3,'? consequently resulting in
a swift deterioration of capacity.

To address this challenge, recent research has
focused on the binary or ternary mixed-phase layered
oxides, which can amalgamate the advantages of
single-phase materials while mitigating their inherent
limitations. Typically, introducing TM cations is an
effective method to synthesize composite-layered
structures.'® For instance, Cheng et al.'"* introduced
Ti** into the TM layer, obtaining the biphasic com-
pound, NaO.76Ni0'33Mn0.5Fe()A1Tio‘0702, lnCludlng 03
(41.09 wt%) and P2 (58.91 wt%) phases, demonstrating
exceptional cycling performance with a remarkable
capacity retention of 75.4% after 500 cycles. Similarly,
with the introduction of Zn*" and Cu?®" into the TM
layer, P2/P3 biphasic Nag 73Cug.27Zn9 06Mng 670, was
developed, which exhibits superior cycling stability.'
Recently, a triphasic composite, Nag5C0¢15Mng g5
Mg,,0,,"® consisting of P2/P3/spinel phases, was
developed by substituting Mg*", delivering excellent

electrochemical characteristics. However, the impact
of element dopant on the formation mechanism of
multiphase composites is still unclear. Similarly, the
role of mixed-phase compounds in structural stability
is not well understood.

In this study, Li-substituted layered composites,
Nay/3LiNig 25Mng 7502, (0.0 < x < 1.0), with binary
(P2/P3) or ternary (P2/P3/03) phases were synthe-
sized. A small amount of Li ions (x < 0.2) in the com-
pounds produces a P3-type layered structure. With
increasing Li concentration, two- or three-
phase composite structures emerge, namely mixed
P2/03-type or P3/P2/03-type layered structures,
which are novel and unprecedented. P3-type
Nay/3Nig25sMng 750, undergoes multiple phase
transformations, that is, 03=P3=03'=03", during
the (de)sodiation process within 1.5-4.5 V. Remark-
ably, these complex phase transformations are effec-
tively suppressed in the mixed P3/P2/03-type oxide
cathodes upon (de)sodiation within 1.5-4.5 V.
Consequently, NLy,NMO undergoes a remarkable
improvement in the electrochemical performance,
with 98% retention rate after 10 cycles at a current
density of 1 C within 1.5-4.5 V, higher than that of
NLy oNMO (83%). This study presents novel insights
and innovative strategies aimed at enhancing the
electrochemical property of layered oxide cathode
materials.

2 | RESULT AND DISCUSSION

Using a solid-state calcination method,'”** Li-
incorporated oxides, Nay,3LiyNig25Mng 75025 (0.0 <
x < 1.0), were prepared by sintering the mixture of
Na,COj3, a hydroxide precursor and varying amounts
of LiOH-H,0. The synthesized materials were
labeled as NLy,NMO, NLy;NMO, NL,,NMO,
NLy3NMO, NLy4,NMO, NLysNMO, NL,,NMO, and
NL; (NMO, respectively. The oxygen content (5
value) was correspondingly augmented to keep the
electroneutrality of these prepared materials. The
powder X-ray diffraction (XRD) patterns, as well as
the Rietveld refinements, of Nay,3Li,Nig25Mng 750, 5
oxides are illustrated in Figure 1A, Figure S1 and
Table S1. The XRD patterns of NLyo,NMO and
NLy;NMO unequivocally demonstrate that they are
both single P3-type layered phases (R3m). From
NLy>,NMO to NLy;NMO, all the compounds are
found to be a mixture of the P3-type (R3m), P2-type
(P6s/mmc), and O3-type layered phases (C2/m).
Rietveld refinement results show that, as the Li
content augments, the weight proportion of the P3
phase starts at 100% for NLyoNMO, progressively
diminishing to approximately 10% for NL,,NMO,
while the fraction of P2-type and O3-type layered
phases gradually increases to ~67% and -~23%,
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FIGURE 1

Li-incorporation-induced structural alterations in Na,,3Li,Nig25sMng 75025 (0.0 < x < 1.0). (A) XRD patterns of

Nay,3Li,Nip 2sMng 750, 5 oxides and the corresponding weight fraction of various layered phases with increasing Li content; (B) Ni, Mn
K-edge XANES spectra of samples; (C) “Li and (D) ®Na ss-NMR spectra (asterisks represent spinning sidebands); (E) Fourier
transformation of the EXAFS spectra at Ni and Mn K-edges; the insets showcase the TM layer encircling the absorbing Ni or Mn atoms in
the layered structure, respectively. (F) PDF analysis and (G) the corresponding local structure model; (H) the schematic representation of
structural changes of Na,,3Li,Nip25sMng 750, 5 with increasing Li contents (0.0 < x < 1.0). EXAFS, extended X-ray absorption fine
structure; PDF, pair distribution function; ss-NMR, solid-state nuclear magnetic resonance; TM, transition-metal; XANES, X-ray

absorption near edge structure; XRD, X-ray diffraction.

respectively, see Figure 1A and Figure S2. As the
supplied Li content surpasses 0.4, the percentage of
the P2-type layered phase gradually declines, while the
portion of the O3-type layered phase increases, which
suggest a transformation from the P2-type to O3-type
layered phase. Correspondingly, the structural
changes of Na,,3LiNip»5Mng 75025 induced by Li
incorporation are illustrated in Figure 1H. It is worthy
to note that the phase transformation from P3- to
P2-type phase generally occurs at an elevated

temperature (>900°C). The obtained results suggest
that the incorporation of Li, in addition to Na, could
facilitate the generation of the P2-type phase at a
comparatively lower temperature (i.e., 700°C).

As depicted in Figure S3, scanning electron mi-
croscopy (SEM) clarifies that as-synthesized samples
are flake-shaped particles in a size of approximately
500-600 nm. The surface of these flake-shaped crys-
tals exhibits several fine crystallites, the number of
which increases with higher Li concentration,
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possibly due to the generation of the O3 phase.
Energy-dispersive spectroscopy mappings (Fig-
ures S4-S11) demonstrate that Na, Ni, Mn, and O
elements distribute homogenously in the particle
interior. X-ray absorption spectroscopy (XAS) was
applied to investigate the changes of valence and
local structure of Nay,3Li,Nig 25Mng 7502, 5
(0.0 < x < 1.0). Figure 1B exhibits the Ni, Mn K-edge X-
ray absorption near edge structure (XANES) spectra
of all samples. No substantial alterations were
discernible in the Ni K-edge XANES spectra of these
samples, all were assigned to Ni**. In contrast to Ni,
the oxidation state of manganese exhibits a marginal
increment, that is, ranging from around +3.8 in
NLO()NMO to +4.0 in Naz/gLixNiO.stn0_7502+5 oxides
with higher Li contents (x > 0.3). Figure 1E showcases
the Fourier-transformed Ni and Mn K-edge extended
X-ray absorption fine structure (EXAFS) spectra of
as-prepared compounds. In all samples, Ni and Mn
K-edge EXAFS spectra manifest two prominent peaks,
located approximately at 1.65 and 2.60 A, corre-
sponding to the first TM-O coordination shell and the
second coordination shell of TM-TM, respectively.23
Compared with the coordination shell of Ni-TM, the
intensity of Mn—-TM peak significantly drops with Li
incorporation, which implies that Li-ions are more
likely encompassed by Mn ions (ry;+ = 0.53 A), that
is, positioned on the Ni sites because of their similar
ionic radius (r;+ = 0.76 A, ryp. = 0.69 A).>**°

The local structures of all compounds were further
examined by solid-state nuclear magnetic resonance
(ss-NMR) spectroscopies of “Li and **Na. As depicted
in Figure 1C, in the ‘Li ss-NMR spectra of these ox-
ides, the narrow resonance at ~0 ppm can be indexed
to surface-deposited diamagnetic Li species such as
Li,CO; and LiOH. Since both NLy(,NMO and
NLo;NMO oxides possess a single P3-type layered
phase, the major resonance observed at ~738 ppm in
NL,;NMO is most likely associated with Li ions at the
Na sites. The NMR peaks centered at ~1489 ppm can
be assigned to Li-ions at the TM sites.”®*’ From
NLy,NMO to NL;(NMO, the main NMR peaks
exhibit negligible changes in position, which implies
a consistent local environment of Li ions within the
P3-, P2-, and O3-type layered phases. Interestingly, a
new resonance appeared at ~560 ppm in the NMR
Spectra of Naz/gLixNiO.25Mn0_7502+5 oxides with
higher Li contents (x > 0.3), which is probably
attributed to the generation of P2/03-type phases.?®
Figure 1D illustrates the **Na ss-NMR spectra of these
samples. The sharp peak near 0 ppm is again arising
from diamagnetic impurities like Na,CO; and
NaOH.?"*° The broad NMR peak at around 1280 ppm
of NLy oNMO can stem from the Na-ions in the Na
layer of P3-type structure.’>*! This signal shifts to
1340 ppm as the Li content increases to 0.2, possibly
due to a potential rise in the Mn valence state from

Mn~—>#" to Mn*" (see XANES results in Figure 1B).
The occurrence of an NMR signal at ca. 1500 ppm and
the disappearance of the peak at 1340 ppm from
NLy>.NMO to NL, (NMO reveal the structure evolu-
tion from P3- to P3/P2/03- and finally P2/03-type
phases.** The weak **Na NMR signal observed for
NL; oNMO is caused by extreme line broadening (see
Figure S12).

To investigate the real-space interatomic dis-
tances of the synthesized oxides, the total scattering
pair distribution function (PDF) technique was
employed, as illustrated in Figure 1F, Figures S13 and
S14. The peaks of G(r) at about 7.20 A exhibit a
weakening trend with increasing Li content, which is
possibly ascribed to the decrease in the percentage
of the P3-type layered phase, corresponding to the
aforementioned XRD findings. The variation in
the small r range (<4.00 A) is barely observable due to
the similar local structures of P3, P2-, and O3-type
layered phases, see Figure S14. The first PDF signal at
approximately 1.90 A illustrates the Li/Ni/Mn-O pair
correlation lengths within the TMOg octahedra and
the subsequent peak located at ~2.90 A signifies the
Li/TM-Li/TM distances (see Figure 1F,G).** A minor
peak at 2.27 A denotes the interaction between O and
Na in the NaOg prismatic cage.**

To unravel the intricate correlation between elec-
trochemical property and crystallographic structure,
the electrochemical tests of these cathode materials
were firstly conducted on the coin cells within 2.0-
4.0 V. Several voltage plateaus and redox peaks can be
discerned in the galvanostatic charge/discharge
(GCD) voltage curves and related dQ/dV profiles of
NL( (NMO electrode (Figures S15 and S16), which is
closely tied to the local structural transitions of Na/
vacancy orderings.*® Generally, the electrochemical
profiles of cathode materials with mixed phases would
exhibit their individual characteristics (potential pla-
teaus) such as layered/spinel heterostructured Li-rich
oxide materials®® and layered tunnel hybrid cath-
odes.*”*® Very interestingly, the GCD profiles of elec-
trodes with high Li content such as NLy3NMO,
NL( 5sNMO, and NLy;NMO lack clear plateaus due to
the suppressed phase transition in the layered P3/P2/
O3-type composites (see in situ synchrotron-based X-
ray diffraction (sXRD) results given below). Very
importantly, the average working voltage of
NLy 2NMO, NLy3NMO, and NLy4,NMO electrodes is
higher than that of the NLy (NMO electrode, indicating
a significant voltage increase following Li incorpora-
tion. For instance, the NL, sNMO cathode delivers the
highest initial discharge capacity of 94 mAh g~' and
the highest voltage plateau at ca. 3.1 Vatarate of 0.1 C.
The rate capabilities of all electrodes were measured
ranging from 0.1 to 10 C. NLy 4,NMO cathode demon-
strates the optimum rate capability, with a discharge
capacity of around 84 mAh g' even at 10 C
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(Figure S17). Figure S18 provides the cyclic property of
selected cathodes at a current density of 0.1 C. During
the initial 40 cycles, a gradual increase in the discharge
capacities of the NL, ;NMO and NL; (NMO cathodes is
observed, which is attributed to a gradual activation
process. After 100 cycles, other six cathodes exhibit an
outstanding capacity retention of nearly 100% at
0.1 C, indicating an exceptional cyclic stability within
2.0—4.0 V. However, NLy; (NMO electrode displays an
inferior cycling property at 1 C over 250 cycles
compared to other electrodes (Figure S19). The ca-
pacity retention of the NL,,NMO, NL,sNMO, and
NLy ;NMO cathodes is 93%, 96%, and 97%, respec-
tively, surpassing that of the NLy (NMO cathode (82%).
Therefore, Li incorporation significantly improves the
long-term cyclic stability in Mn-based-layered Na
cathode materials.

To explore the influence of lithium incorporation
on the structural stability and electrochemical
behavior of the prepared cathode materials upon

(A)

WILEY—L 2%

high-voltage cycling, electrochemical measurements
were carried out on the fabricated coin cells within
1.5-4.5V. The initial charge/discharge voltage plots of
all cathodes at 0.1 C demonstrate distinct character-
istics as displayed in Figure 2A. Obviously, the
discharge curve of the NL, (NMO electrode exhibits a
long plateau at approximately 1.9 V owing to the
reduction of Mn**. By contrast, the voltage platforms
observed at 4.2 and 1.9 V exhibit a gradual reduction in
length as the Li amount in the layered oxides increases,
indicatingrelatively minor structural changes in the Li-
incorporated oxides during high-voltage operation.
Figure 2B presents the dQ/dV curves of NLy (NMO and
NLy7,NMO. Four pairs of redox peaks between 3.0 and
4.2 V can be observed in the dQ/dV plot of the
NLy (NMO cathode, which represent the reduction/
oxidation of Ni*"/Ni*" coupled with the Na™/vacancy
ordering/rearrangement. The presence of a flat voltage
plateau and a noticeable peak in dQ/dV profile
at approximately 4.2 V can be assigned to the 0>~ /0"~
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FIGURE 2 Electrochemical performance of coin cells for Na,,3Li,Nip 2sMng 750, 5 cathodes during the (de)intercalation of Na/Li-
ions. (A) The first charge/discharge profiles for Na/Na,,3Li,Nig 25Mng 750, s cells within 1.5-4.5 V without predischarge at 0.1 C; (B) the
corresponding dQ/dV profiles; (C) the Dy, values calculated from GITT during the second cycle within 1.5-4.5 V; (D) the first discharge/
charge curves of Na/Na,,3Li,Nig ,sMng 750, 5 cells with predischarge at 0.1 C; (E) cycling property for NL; (NMO and NL, ;NMO cells at 1 C
within 1.5-4.5 V; (F) the initial GCD profiles with predischarge of Li/Na,,3Li,Nip 25Mng 750, 5 cells at 0.1 C within 2.0-4.8 V; GCD curves of
(G) NLy,NMO and (H) NL, (NMO cathodes selected at various cycles at 1 C. GCD, galvanostatic charge/discharge; GITT, galvanostatic

intermittent titration technique; RT, room temperature.
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redox switching in the NLyoNMO electrode.*® Na*
diffusion kinetics in the cathodes was evaluated using
the galvanostatic intermittent titration technique
(GITT). Figures S20-S27 display the second charge/
discharge curves of Nay,3LiNig25Mng 75055 elec-
trodes measured by GITT at 26 mA g~'. The Na-ion
diffusion coefficient (Dy,+) was calculated according
to equation (1)*°** (Supporting Information SI).
Intriguingly, the Dy,+ value of NL,;NMO remains
relatively stable during the insertion of Na ions (see
Figure 2C), while the Na* diffusion coefficient of
NLy oNMO changes between 107 and 107° cm? s7},
especially in the phase transition regions.

In order to determine the quantity of Na vacancies
(CD present in the layered oxides, all cathodes were
discharged to 1.5 V initially, followed by charging to
4.5 V. As illustrated in Figure 2D, NL, (NMO electrode
exhibits the maximum initial discharge capacity,
reaching 97 mAh g™!, associated with about one-third
Na ion intercalation into the Na,,3Nig .5Mng 750,. The
initial discharge capacity gradually decreases as Li
content increases in Nay,3LiNig25Mng 750, 5 oxides,
indicating that Li ions progressively occupy the Na
vacancies in the synthesized materials. To extend the
application of these materials, the prepared oxides
were utilized as cathode materials in Li-ion batteries
(LIBs) (Figure 2F). The fabricated coin cells were also
firstly discharged to 2.0 V to further confirm the
amount of Na vacancies in the layered structures, as
depicted in Figure 2F. A reduced first discharge ca-
pacity is found as the Li concentration rises, aligning
precisely with the electrochemical results in
Figure 2D. The shape of charge-voltage profiles for
these cathodes are similar to those of Li- and Mn-rich
oxide cathodes (LMROs).”® Figure S28 exhibits the
cycling performance (2.0-4.8 V) of these materials
with predischarge. Among them, the NLy,;NMO
cathode stands out with a remarkable capacity
retention rate of 77% after 50 cycles, which is higher
than that of NLy(NMO cathode (63%). The charge-
voltage profiles without predischarge are shown in
Figure S29, and they resemble those of LMROs.*?
Figure S30 manifests the cycling performance of all
cathodes within 2.0-4.8 V. Surprisingly, NL;o,NMO
cathode without the predischarge process exhibits a
worse cycling property compared to the discharge-
charge tests in Figure S28. The capacity retention of
NLy.oNMO cathode is 55% after 50 cycles, which is
lower than that of NL,-NMO cathode (76%). These
results confirm that the as-synthesized oxides with
P3/P2/03-type multiphase (e.g., NLy,NMO) demon-
strate an enhanced high-voltage cycling stability
when used as cathode materials in both LIBs and
SIBs.

The cyclic performances for NL,oNMO and
NL,,NMO cathodes were evaluated over a wide
voltage scope of 1.5-4.5Vat 0.1 and 1 C, see Figure 2E

and Figure S31. As depicted in Figure 2E, although the
NLyoNMO cathode demonstrates an impressive initial
discharge capacity (184 mAh g™'), it undergoes severe
capacity fading upon cycling, resulting in only 83%
capacity retention after 10 cycles. Very importantly,
approximately 98% of the initial discharge capacity of
NL,3sNMO, NL,4NMO, NLosNMO, and NLo,NMO
cathodes can be maintained after 10 cycles at both 0.1
and 1 C (see Figure S31). Such high capacity retention
is superior to those reported values for P3-type layered
oxides,'*'"***7 p2-type layered oxides,*®*™>" O3-type
layered oxides,***°*>* and layered oxides with mixed
P2/P3/03 structures,'*>**9* see Tables S2 and S3.
The practical energy density of the NL, ;NMO cathode
is approximately 423 Wh kg~ after 10 cycles, which is
comparable to that of LiFePO,*>® and LiMn,0,°’
cathode materials for LIBs (~410 Wh kg_l), indicating
promising applications for high-energy SIBs. Unfor-
tunately, a gradual attenuation of the discharge ca-
pacities is observed in NLg3NMO, NLy,NMO,
NLy 5NMO, and NL,,NMO cathodes over the subse-
quent 40 cycles, which is attributed to the serious
irreversible structural damage and release of lattice
oxygen from the oxides in this wide voltage region (as
discussed subsequently with regard to the ex situ XRD
and XAS findings of fatigued electrodes after various
cycles).

The evolution of structure in P3-type NLy ,NMO
upon the first cycle within 1.5-4.5 V was investigated
by in situ XRD (Ag Ka radiation). When Na ions extract
from the P3-type NLy (NMO, the reflection assigned to
001p3 moves to lower two-theta angles, which in-
dicates an expansion of the interlayer spacing stem-
ming from enhanced electrostatic repulsion between
contiguous oxygen ions, see Figure 3A. Simulta-
neously, 130p; reflection shifts toward higher scat-
tering angles, demonstrating that the ab plane
contracts as a result of the oxidation of Ni*". With an
increase in voltage from 3.0 to 4.0 V, P3 phase partially
transforms to the O3’ phase (space group C2/c), evi-
denced by the emergence of 311p3 reflection. When
the cell is charged to 4.3V, a new reflection assigned to
00303~ generates at the expanse of 3113 and 001ps
peaks, indicating that P3 and O3’ phases completely
transform to 03" phase (space group R3m). Further,
Na-ion intercalation results in the transformation
from the O3” structure back into the O3’ and P3 pha-
ses. As the voltage diminished to 1.9V, anew O3 phase
(space group R3m) appears accompanied by the
vanishing of P3 phase, which is supported by the
appearance of 0013 reflection along with the absence
of reflections belonging to the P3 phase. Therefore, P3-
type NLyoNMO experiences a sequence of phase
transitions upon (de)sodiation within 1.5-4.5 V, that
is, 03=P3=03'=03". The corresponding changes of
phase fractions upon the first (de)sodiation are illus-
trated in Figure 3C. Furthermore, to elucidate the
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FIGURE 3 Na-driven structural changes of P3-type layered NL, (NMO and mixed P3/P2/03-type layered NL, ;NMO electrodes during
Na™' extraction/insertion. (A) In situ XRD patterns of Na/NLy,NMO cells upon the first (de)sodiation within 1.5-4.5 V, right side of the
figure contains the corresponding GCD curves; (B) 3D maps of in situ sXRD patterns of NL,;NMO versus Na cells upon the first
(de)intercalation of Na* at a rate of 0.1 C, with the relevant GCD curve on the right; (C) phase fraction variations of NLy (NMO electrode
during cycling; the variations in (D) lattice parameters (4, ¢, and V) and (E) phase fractions for the NLy ;NMO electrode during cycling.

GCD, galvanostatic charge/discharge; XRD, X-ray diffraction.

enhanced cyclic performance of Na/NL, ;NMO, in situ
sXRD patterns were captured at C/10 within 1.5-4.5 V.
As depicted in Figure 3B, only alterations in both po-
sition and intensity of all reflections can be detected

upon Na® extraction/intercalation, suggesting the
mitigation of multistep phase transformation upon
high-voltage cycling. The dynamic evolution of phase
fractions throughout the initial charge/discharge cycle
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is illustrated in Figure 3E. The weight fraction of the
P2-type phase slightly increases until the charge
voltage reaches 4.2 V accompanied by the dis-
appearence of the P3-type layered phase. During the
charging process of up to 4.5V, the percentage for the
O3-type layered phase increases from 54.3% to 78.5%
while the content of the P2-type phase decreases from
34.0% to 20.0%, suggesting a gradual P2-O3 phase
transition in the oxygen-involved voltage plateau (see
X-ray photoelectron spectroscopy (XPS) spectra of
charged NLy,NMO electrode in Figure 4). When the
voltage decreased to 3.5V, the proportions of P2- and
O3-type layered phases attempt to return to their
initial values. With the gradual insertion of more Na-
ions into the layered structures (below 2.0 V), the
weight fraction of the O3-type phase gradually in-
creases with a decrease in the relative percentage of
both P2- and P3-type phases. The alterations in lattice
parameters a, ¢, and unit-cell volume (V) for P2-type,
P3-type, and O3-type phases upon charge/discharge
are illustrated in Figure 3D. Upon chargingto 4.2V, a
noticeable increase is observed in the parameter c of
three-layered phase rises, while the parameter a
gradually reduces, indicating that all the three phases
participate in the oxidation reaction. At a higher

(A) (B)

voltage of 4.5 V, the parameter a of all three phases
does not undergo significant changes. With more Na
ions extracting from NLy ;NMO, the parameter c of P2-
and P3-type layered phases experiences a gradual
decline. The lattice parameter c of the O3-type phase
remains nearly constant and then slightly drops dur-
ing the lattice oxygen oxidation process, which aligns
with the changes in the LMROs during cycling.'® The
P2-type and P3-type phases demonstrate minor vari-
ations in unit-cell volume (V) before and after one
complete cycle, with percentages of 0.9% and 0.7%,
respectively, which both surpass that of the O3-type
phase (4.8%). The comparatively small volume
change also illustrates the superior structural stability
stemming from the Li incorporation. Significantly,
unlike NLyoNMO, no new phase is formed in
NLy,NMO during wide voltage operation, which is
probably because the as-synthesized P3/P2/03-type
phases in NL, ;NMO could transform between these
phases at different voltages. The suppression of the
complicated phase transformations, thereby, pro-
motes the cyclic capability and rate performance of
NLy,NMO (see Figure 2, Figure S32). Additionally, in
situ sXRD findings of a Li/NL, ;NMO cell demonstrate
the remarkable capability of NL,;NMO cathode in
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FIGURE 4 XPS spectra for NLy ;NMO in different charge states: pristine, 4.2 and 4.5 V of (A) Ni 2p3,,, (B) Mn 2p;,,, and (C) Ols. XPS,

X-ray photoelectron spectroscopy.
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accommodating lithium ions reversibly within 2.0-
4.8V, see Figure S33.

To unravel the intricate charge compensation
mechanism for NLy ;NMO upon charge, XPS analyses
were carried out. Figure 4A exhibits the Ni 2p3,, XPS
spectra of NLy,NMO electrode at different states of
charge. For the pristine electrode, the adjacent mul-
tiple peaks corresponding to Ni** and satellite signals
can be observed. Notably, a new peak (highlighted in
red) emerges at 859.2 eV in the Ni 2p3,, profiles at
both 4.2 and 4.5 V, which is assigned to Ni**/Ni*".>8
The multiple peaks in Mn 2ps,, spectra (Figure 4B)
are indexed to Mn*" during the whole charge
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s ¥ i

1.2 N \/”\\\‘ ______ 1.2 /' 2\

£ JOxygen [ Tm—=SS---oo E N

B 0.8 loss T 2 0.8 ) N =
N 8N 4

[0] © /

£ 0.4+ )/ —Pristine NLo;NMO £ 04 /

() 7 Cycled NLy,NMO o 4

200 200 z

Photon energy (eV)

(C)

——NL,(NMO 50 Cycles
~———NL; (NMO 20 Cycles
——NL,(NMO 10 Cycles
——NL,,NMO Pristine

g
a
0

006,,,

b
. O

Intensity (a.u.)

6540 6560 6580 6600

(D) ——NL,;NMO 50 Cycles

(G)

FIGURE 5

WILEY—L 2%

process,”® confirming that Mn*" has no activity

within 2.0-4.5 V. As shown in Figure 4C, the peaks at
531.9 and 533.1 eV in Ols spectra are connected with
surface oxide species, like oxygen in hydroxides and
carbonates, respectively. Furthermore, the discern-
ible signal centered at 529.4 eV can be ascribed to
lattice oxygen (O*). However, a new peak (high-
lighted in red) at 530.6 eV appears subsequent to a
charge of 4.5 V, demonstrating that lattice oxygen O*~
was oxidized to the O"" during the platform region
(4.2-4.5 V). Moreover, the electrolyte oxidation reac-
tion on the cathode surface occurs at both 4.2 and
4.5V, as substantiated by the discernible emergence
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0065,
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(A) Mn and (B) Ni K-edge XANES spectra of the pristine and fatigued cathodes for NL, ;NMO; a comparison of XRD

patterns for (C) NLy (NMO and (D) NL,;NMO electrodes before and after cycling; SEM images for NL, (NMO (E) before and (G) after
cycling; and SEM images of NLy;NMO (F) before and (H) after cycling. SEM, scanning electron microscopy; XANES, X-ray absorption

near edge structure; XRD, X-ray diffraction.
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of a prominent peak at 534.8 eV in the Ols profiles.
The XPS findings signify that the Ni**/Ni*" redox
couple provides a capacity within 2.0-4.2 V, while the
charge compensation mechanism is facilitated by
oxygen anions upon 4.2-4.5 V.

To figure out the underlying cause of capacity
fading during high-voltage cycling, XRD, XAS, and
SEM analyses were carried out to examine the struc-
tural and morphological alterations of fatigued elec-
trodes following different cycles in the discharged
state. The Mn and Ni K-edge XANES spectra in
NL,,NMO after 50 cycles are depicted in Figure 5A,B.
Notably, the valence state of Mn ions experienced a
noteworthy reduction from +4 to +3 in the fatigued
NL, ;NMO cathode, suggesting the significant release
of oxygen during high-voltage cycling. However, the Ni
K-edge XANES spectra of NLy ;NMO cathode following
50 cycles exhibit a striking resemblance to their initial
electrode, indicating the persistent valence state of Ni
as +2 (Figure 5B). As displayed in Figure 5C,D and
Figures S34-S39, all reflections in the XRD patterns of
cycled cathodes are progressively broadened and
weakened with increasing cycles compared to those of
pristine electrodes, indicating severe structural
degradation during cycling. Noticeably, after 10 cy-
cles, the reflections associated with the O3-type phase
vanish in the fatigued Na,,3Li,Nig25Mng 7505, 5 cath-
odes with higher Li contents (x > 0.3), which can be
attributed to the gradual depletion of Li upon
cycling.?® These findings underscore the beneficial
role of the O3-type layered phase in augmenting the
property of layered oxide cathodes during high-
voltage cycling, as evidenced by the rapid capacity
fading of mixed P3/P2/03-type layered cathodes after
the disappearance of the O3-type phase, as illustrated
in Figure 2E. Furthermore, in NLy;NMO and
NL; oNMO electrodes, the P3-type phase completely
transforms to the P2 phase after 50 cycles, primarily
due to arelatively high thermodynamic stability of the
P2 phase, see Figure 5D and Figure S39. After 50 cycles,
the particle cracks are clearly probed in cycled
NLyoNMO particles, implying significant structural
variations during cycling, see Figure 5E,G. However,
no cracks were observed in Li-incorporated layered
oxides after 50 cycles, again proving their excellent
structural stability. From NLy;NMO to NL,sNMO,
nanoplatelet-like grains gradually become octahedral
particles (Figures S40-S44). Notably, fatigued
NL, ,NMO exhibits several fine crystals attached to the
surface of large particles, which might be related to the
dissolution and recrystallization of oxides upon
extended cycling, see Figure 5FH. Instead of
octahedral-like crystallites, thin nanosheets form on
the surface of NL; (NMO agglomerates after 50 cycles,
see Figure S45. Overall, the large morphological
changes and severe structural degradation are closely

associated with the limited cycling stability of layered
oxide cathodes within 1.5-4.5 V.

3 | CONCLUSION

In summary, a mixing phasic strategy induced by Li
incorporation, Na,,3Li,Nig25Mng750,.,5 has been
used to enhance the high-voltage cycling perfor-
mance. Structural, electronic, and electrochemical
characterizations of layered Na,,3Li,Nig25Mng 75025
oxides were systematically investigated on an atomic
scale. Interestingly, a single P3-type layered phase is
formed with a small amount of Li-ion incorporation
(x < 0.2) into the compounds. Intriguingly, as the Li
concentration further increases, a phase trans-
formation occurs, giving rise to the emergence of
mixed P2/03-type or P3/P2/03-type layered phases.
These results demonstrate that the introduction of Li-
ions could facilitate the generation of thermodynam-
ically stable P2- and/or O3-type phases at a relatively
low temperature (i.e., 700°C). Encouragingly, the
NL,,NMO cathode, featuring a P3/P2/03-type
multiphase structure, exhibits an impressive capacity
preservation rate of 98% following 10 cycles at 1 C
within 1.5-4.5 V. This extraordinary electrochemical
property of this cathode can be attributed to its
remarkable ability to effectively suppress multistep
phase transitions, surpassing that of the P3-type
NLy oNMO cathode as well as surpassing most values
of other layered cathode materials. The disappearance
of the O3-type layered phase leads to rapid capacity
fading of mixed P3/P2/03-type cathode materials
upon prolonged cycling, accompanied by a large
amount of oxygen release and severe structural
degradation. These findings underscore the consid-
erable importance of the O3 phase in stabilizing the
high-voltage cyclic stability of layered oxides
comprised of a blend of P3/P2/03-type phases and
will inspire tremendous endeavors aimed at unlocking
a potential practical application of these materials.
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