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ed chemistry enabling super
stable LiNi0.5Mn0.5O2 cathodes under extreme
conditions†

Siqi Chen,a Ping Zhang,a Xin Zhou,a Wenbin Wu,a Xiaohong Liu,*a Yifeng Liu,b

Guilin Feng, c Bin Zhang,d Wangyan Xing,d Meihua Zuo,d Ping Zhang,d Genpin Lv,e

Yao Xiao, *b Shixue Douf and Wei Xiang*ag

High voltage/high temperature operation aggravates the risk of capacity attenuation and thermal runaway

of layered oxide cathodes due to crystal degradation and interfacial instability. A combined strategy of bulk

regulation and surface chemistry design is crucial to handle these issues. Here, we present a simultaneous

Li2WO4-coated and gradient W-doped 0.98LiNi0.5Mn0.5O2$0.02Li2WO4 cathode through modulating the

content of the exotic dopant and stoichiometric lithium salt during lithiation calcination. Benefiting from

the slightly Li-enriched chemistry induced by the hetero-epitaxially grown Li2WO4 surface, the

0.98LiNi0.5Mn0.5O2$0.02Li2WO4 cathode demonstrates superior electrochemical performance to W-

doped LiNi0.49Mn0.49W0.02O2 and WO3 coated 0.98LiNi0.5Mn0.5O2$0.02WO3 cathodes without a Li-

enriched phase. Specifically, when cycled in the potential range of 2.7–4.5 V at 30 °C, the

0.98LiNi0.5Mn0.5O2$0.02Li2WO4 cathode possesses a high discharge capacity of 199.2 and

156.5 mA h g−1 at 0.1 and 5C and a capacity retention of 92.88% after 300 cycles at 1C. Even at a high

cut-off voltage of 4.6 V, it still retains a capacity retention of 91.15% after 200 cycles at 1C and 30 °C.

Compared with LiNi0.5Mn0.5O2, the enhanced performance of 0.98LiNi0.5Mn0.5O2$0.02Li2WO4 can be

attributed to its robust bulk and stable interface, inhibited lattice oxygen release, and improved Li+

transport kinetics. Our work emphasizes the significance of the slightly Li-enriched chemistry and bulk

modulation strategy in stabilizing cathodes and hence unlocks vast possibilities for future cathode design.
1. Introduction

Owing to their high specic capacity, LiNiO2 and nickel-rich
oxides such as LiNixM1−xO2 (where M = Mn, Co, Al, etc.) are
highly promising cathodes for lithium-ion batteries with high
energy density.1–5 However, high Ni content also means high
cost (necessary but costly Co and Ni), high risk under extreme
conditions (fast charging, high voltage or high temperature
operation, etc.) and inferior thermal safety.6–8 Co-free alterna-
tives such as LiNi1−xMnxO2, with a medium nickel content and
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appropriate manganese content, show enhanced structure
stability due to the presence of Ni2+/Mn4+ charge separation.9 In
the solid solution system, Ni2+ remains electrochemically active,
and Mn4+ acts as a stabilizer for the structure, leading to
improved cycling performance and thermal stability compared
to LiNiO2.10,11 To manage the defect of the low discharge
capacity brought by decreased Ni content, high voltage opera-
tion has been proven efficient in embedding and releasing more
lithium ions, thereby enhancing discharge capacity and overall
energy density.

High voltage operation represents deep lithium-ion de-
intercalation and sufficient redox reactions of the active tran-
sition metal, which cause chemical instability for the interface
and bulk structure.12–14 The extraction of massive lithium ions
would induce the generation of lithium vacancies followed by
the transfer of transition metal ions to lithium sites, further
aggravating cation disorder.15–18 In addition, the deepened
delithiation reaction would intensify the volume expansion and
contraction of the layered structure.19,20 More importantly, the
deep redox reaction could generate more highly reactive and
unstable Ni4+, which tends to obtain electrons to form Ni2+,
especially at the surface of the cathode materials. This behavior
would induce the release of lattice oxygen, resulting in a phase
Chem. Sci., 2024, 15, 14415–14424 | 14415
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transition from layered to spinel and then to a rock salt
phase.20–23 What's more, oxygen loss gradually penetrates the
bulk of active particles, destroying the structural stability of the
crystal. A similar phenomenon happened at high-temperature
operation; faster lithiation/delithiation reactions and chaotic
mass transfer at the electrode/electrolyte interface would also
amplify the possibility of parasitic side reactions,24 gas release
and local heating runaway.25,26 Hence, it is urgent to develop
a rational and feasible strategy to enhance the bulk and inter-
facial stability, improving the cycling stability and rate capa-
bility of the cathode.

Since structure collapse always occurs at the crystal surface
during high voltage operation, reported strategies, such as
lattice doping and surface coating, are expected to retain the
integrity of the cathode. In the former situation, exotic atoms,
including Al, Ti, Nb, W, Mo, etc., are likely to be introduced to
the crystal lattice near the particle's surface, promoting the
structure robustness of the material during extended cycles.27–30

Lately, a family of W-doped Ni-rich cathodes has displayed
improved cycle performance and thermal and structural
stability.19,21,23,31–34 However, introducing electrochemically inert
elements would cause capacity reduction. Although high-valent
dopants could effectively trap labile oxygen in the layered
structure, the introduction of some high-valent dopants also
induces harmful cation mixing near the surface, which is
detrimental for Li+ exchange.19,31,35 Thus, rational design should
be considered to reduce capacity loss and alleviate harmful
cation mixing caused by high-valent dopants. The latter surface
coating with good mechanical strength could dramatically
improve the interface properties of layered oxides by avoiding
direct contact between the electrode and electrolyte. Except for
mechanic strength, another critical factor is the limited Li+

transfer rate across the interface induced by coatings.36

Following this trend, a fast lithium-ion conductor tends to be
selected owing to its high lithium-ion transfer coefficient.37–39

For the mechanism of lattice doping and surface coating in the
enhancement of Li+ lithiation/delithiation, it's not difficult to
see that most lattice doping works on the bulk, while surface
coating places special emphasis on the surface/interface char-
acters, whereas, the discrepancy between lattice doping and
surface coating is not clear enough. Following this trend, the
surface coating and doping integrated strategy is an ideal choice
to save layered oxides from predicament. Considering the
complex synthesis of layered cathodes and surface reactivity of
layered oxides with moisture/air, easily scalable routes should
be taken into consideration. In this context, all in one design
including gradient doping and surface chemistry modulating
should be adopted to enhance the electrochemical performance
of Ni/Mn based layered oxides.

Therein, we designed simultaneous gradient W doped and
Li2WO4-coated 0.98LiNi0.5Mn0.5O2$0.02Li2WO4 cathodes by
modulating the content of the exotic dopant and stoichiometric
lithium salt during calcination. Pristine LiNi0.5Mn0.5O2, W
doped LiNi0.5Mn0.5O2 and WO3 coated LiNi0.5Mn0.5O2 cathodes
were prepared as references to reveal the workingmechanism of
the 0.98LiNi0.5Mn0.5O2$0.02Li2WO4 cathode. Compared with W
doped or WO3 coated cathodes without a Li-enriched phase, the
14416 | Chem. Sci., 2024, 15, 14415–14424
0.98LiNi0.5Mn0.5O2$0.02Li2WO4 cathode with a gradient W
doped lattice and uniform Li2WO4 coated surface demonstrates
superior electrochemical performance. This work resolves the
two knotty issues of crystal stability and interfacial stability of
high-voltage cathodes and emphasises the signicance of
a slightly Li-enriched surface/interface for high-energy
cathodes.

2. Results and discussion

A series of (1 − x)LiNi0.5Mn0.5O2$xLi2WO4 (x = 0, 0.01, 0.02,
0.03, 0.05; denoted as NM50, NM50-LW1, NM50-LW2, NM50-
LW3, and NM50-LW5) cathodes, along with LiNi0.49Mn0.49-
W0.02O2 (NM50-W2) and 0.98LiNi0.5Mn0.5O2$0.02WO3 (NM50-
WO2) cathodes, were synthesized by a high-temperature solid-
state method using a co-precipitated Ni0.5Mn0.5(OH)2
precursor. As shown in Fig. S1,† the Ni0.5Mn0.5(OH)2 precursor
and subsequent calcined cathodes consist of spherical
secondary particles composed of agglomerated lamellar
primary particles. When x exceeds 0.03, the coating layer
becomes visible on the surface of particles.

X-ray diffraction (XRD) patterns of NM50, NM-W2, NM50-
LW1, NM50-LW2, NM50-LW3, NM50-LW5 and NM-WO2 show
that all peaks correspond to the layered a-NaFeO2 structure with
a space group of R�3m (Fig. 1a and S2†).40,41 Notably, the peak
positions of (003) and (104) reections gradually shi to lower
angles and Li2WO4 peaks become stronger as the amount of
Li2WO4 increases, indicating the bigger d spacing for (003)/(104)
and the formation of Li2WO4 in the modied cathodes. Addi-
tionally, the shi of the (003) peak for NM50-W2, NM50-LW2
and NM50-WO2 to lower angles indicates that the (003) layer
spacing of the modied cathodes is wider than that of NM50
(Fig. S3†). XRD Rietveld renement and the corresponding
lattice parameters are presented in Fig. 1b, c, S4 and Table S1.†
Considering the relatively larger radius of W6+ (0.60 Å for W6+ vs.
0.56 Å for Ni3+ and 0.53 Å for Mn4+), the increase of the c-axis for
the W modied cathodes suggests the successful incorporation
of W into the lattice of the crystal.34,42 Moreover, antisite defects
where Ni atoms occupy Li sites were determined to be 8.6%,
8.1%, 7.3%, and 8.2% for NM50, NM50-W2, NM50-LW2, and
NM50-WO2, respectively. And the cation mixing of NM50-LW1,
NM50-LW2, NM50-LW3, and NM50-LW5 is lower than that of
NM50, indicating the positive effect of Li2WO4 on the ordered
layered structure.19,29

X-ray photoelectron spectroscopy (XPS) was utilized to
investigate the valence states and relative content of the
elements in NM50 and NM50-LW2 (Fig. 1d–g and S5†).
Compared with pristine NM50, NM50-LW2 exhibits a reduced
content of surface oxygen and a higher content of lattice oxygen
(Fig. S5b and c†), which can be attributed to the stabilized active
surface by the Li2WO4 layer. Additionally, the peak area of C–O–
C and O–C]O for NM50-LW2 is smaller than that for NM50,
suggesting reduced residual Li compounds (such as Li2CO3)
aer Li2WO4modication. Compared with the absence of theW
4f signal for NM50, an obvious W 4f signal can still be detected
for NM50-LW2 aer etching for 90 s (Fig. 1f and S5d†). The shi
of Ni 2p and Mn 2p core levels to lower binding energy indicates
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) XRD pattern of NM50, NM50-W2, NM50-LW2, and NM50-WO2; (b and c) Rietveld refinements of the XRD pattern of NM50 (b) and
NM50-LW2 (c). (d) XPS full spectrum of NM50-LW2 obtained with different etching times; (e) relative content of Ni, Mn andW elements obtained
by XPS with different etching times; (f and g) XPS depth profiles of W 4f (f) and Mn 2p (g) with different etching times.
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that the content of Mn3+ and Ni2+ in NM50-LW2 is higher than
that in NM50 (Fig. S5e and f†), which is due to the charge
compensation induced by W6+ gradient doping.43 According to
the relative content of Ni, Mn and W obtained aer different
etching times, the W content gradually decreases, while the Mn
and Ni content increases from the surface to the inside, con-
rming the gradient distribution of W inside the crystal (Fig. 1e
and f). Furthermore, the Mn 2p peak gradually shis towards
higher binding energy (Fig. 1g), suggesting a progressive
increase in the valence state of Mn from the surface to the bulk,
which further veries the gradient distribution of W6+ from the
surface to the bulk structure.

High angle annular dark eld scanning transmission elec-
tron microscopy (HAADF-STEM) was employed to characterize
the microstructure of NM50 and NM50-LW2. As shown in
Fig. 2a, a continuous phase transition from the ordered layered
phase to the disordered rock salt phase can be observed from
the inside to the surface region of NM50. The transition metal
layers are distinctly discernible inside NM50, with a layer
spacing of d= 4.73 Å, corresponding to the (003) crystal plane of
the layered phase. Fast Fourier transform (FFT) analysis
conrms that this region belongs to the R�3m space group
© 2024 The Author(s). Published by the Royal Society of Chemistry
(Fig. 2a(I)). In the subsurface region, a defective spinel-like
structure, with transition metals occupying lithium sites grad-
ually emerges (Fig. 2a(II)). Ultimately, the phase in the surface
region transforms into a disordered Fm�3m rock salt structure
(Fig. 2a(III)). In contrast, NM50-LW2 exhibits a phase transition
from the ordered layered phase to a slightly disordered layered
structure, and a coating layer approximately 5 nm can be
observed in the outer surface region (Fig. 2b). The bulk phase of
NM50-LW2 demonstrates a clear layered structure, with the
layer spacing d = 4.78 Å, which corresponds to the (003) crystal
plane of the layered phase (Fig. 2b(I)). The larger layer spacing
of NM50-LW2 than that of NM50 could be attributed to the
incorporation of larger W6+ into the lattice, which generates
wider channels for rapid Li+ diffusion and ensures structural
stability during repeated Li+ insertion/extraction.44–50 Compared
with NM50, a signicant alleviation of Li+/Ni2+ cation mixing
could be observed for the subsurface region of NM50-LW2
(Fig. 2b(II)). This improvement is possibly due to the Li-
enriched conditions, which reduce the lithium vacancies near
the surface region and inhibit migration of Ni2+ to the lithium
layer in the corresponding region. Fig. 2b(III) provides
a magnied view of the outer surface region of NM50-LW2.
Chem. Sci., 2024, 15, 14415–14424 | 14417
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Fig. 2 (a and b) High-angle annular dark-field (HAADF) and fast Fourier transform (FFT) images of NM50 (a) and NM50-LW2 (b). (c) Schematic
diagram of the phase transitions for NM50-LW2 from the bulk to the surface.
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Obviously, there exists a hetero-epitaxially grown coating layer
with a distinguishing layer spacing of d = 2.21 Å, which corre-
sponds to the (152) crystal plane of Li2WO4, further conrming
the successful construction and integration of Li2WO4. Thus, it
can be concluded that the phase of NM50-LW2 transitions from
a W doped layered phase to a spinel phase, then to a rock salt
phase and nally to a Li2WO4 compound from the bulk to the
surface (Fig. 2c).

The electrochemical performance of the cathodes was eval-
uated using a half cell in the potential range of 2.7–4.5 V at 30 °C
using galvanostatic charging/discharging (GCD) tests with 1C
dened as 170 mA g−1. As shown in Fig. S6,† from the consid-
eration of discharge capacity, rate capacity and cycle life, NM50-
LW2 shows relatively superior electrochemical performance
among the cathodes (1− x)LiNi0.5Mn0.5O2$xLi2WO4 (x= 0, 0.01,
0.02, 0.03, 0.05) with various Li2WO4 contents. Obviously,
excessive Li2WO4 would hinder the insertion/extraction of Li+

and goes against the electrochemical performance. In addition,
as shown in Fig. 3a, NM50-LW2 also exhibits a much higher
initial discharge capacity (199.17 mA h g−1) and initial
coulombic efficiency (95.32%) than NM50 (196.97 mA h g−1 and
90.72%), NM50-W2 (191.27 mA h g−1 and 91.64%), and NM-
WO2 (195.08 mA h g−1 and 93.54%). As shown in Fig. 3b,
NM50-LW2 shows much improved rate performance than
NM50, NM50-W2, and NM-WO2. At 5C, a high discharge
capacity of 156.5 mA h g−1 can still be obtained for NM50-LW2,
14418 | Chem. Sci., 2024, 15, 14415–14424
which outperformed 113.3 mA h g−1 for NM50, 137.6 mA h g−1

for NM50-W2, and 152.1 mA h g−1 for NM50-WO2. As shown in
Fig. 3c, NM50-LW2 exhibits a superior capacity retention of
92.88% and a discharge capacity of 170.8 mA h g−1 aer 300
cycles at 1C in the potential range of 2.7–4.5 V, which out-
performed 87.01% and 152.3 mA h g−1 for NM50, 91.67% and
162.7 mA h g−1 for NM50-W2, and 91.84% and 165.7 mA h g−1

for NM50-WO2. When cycled at a high temperature of 55 °C,
NM50-LW2 still possesses a capacity retention of 91.44% aer
300 cycles (Fig. 3d), which is higher than 85.10% for NM50,
88.59% for NM50-W2 and 86.07% for NM50-WO2. Moreover,
when cycled in the potential range of 2.7–4.6 V at 1C and 30 °C
(Fig. 3e), NM50-LW2 can still exhibit a capacity retention of
91.15% aer 200 cycles, which is higher than 88.39% for NM50,
90.81% for NM50-W2 and 90.05% for NM50-WO2. To further
verify the excellent electrochemical performance induced by the
slightly Li-enriched chemistry, the cycle performance of NM50-
LW2 and NM50 was also measured using a full cell with
graphite as the anode in the voltage range of 2.7–4.5 V at 1C and
30 °C. As shown in Fig. 3f, aer 500 cycles, NM50-LW2 still
exhibits a capacity of 169.4 mA h g−1, with a superior capacity
retention of 97.47%, conrming the excellent cycle stability
provided by the slightly Li-enriched chemistry. However, NM50
only exhibits a capacity of 118.9 mA h g−1, with a relatively lower
capacity retention of 69.41%, which is signicantly lower than
that exhibited by NM50-LW2.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a–e) The initial charging/discharging curve at 0.1C (a), rate capacity (b), and cycling performance of NM50, NM50-W2, NM50-LW2 and
NM50-WO2 at 1C in the potential range of 2.7–4.5 V at 30 °C (c), at 1C in the potential range of 2.7–4.5 V at 55 °C (d), and at 1C in the potential
range of 2.7–4.6 V at 30 °C (e). (f) Cycle performance of NM50-LW2 and NM50 in a full cell in the voltage range of 2.7–4.5 V at 1C and 30 °C. (g
and h) The dQ/dV curves of NM50 (g) and NM50-LW2 (h). (i and j) Nyquist plots of NM50, NM-W2, NM50-LW2 and NM50-WO2 after one cycle
(h) and 100 cycles (i); (k) Li+ diffusion coefficient of NM50, NM50-W2, NM50-LW2 and NM50-WO2 during the charge and discharge process.

© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2024, 15, 14415–14424 | 14419
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A comparison of the electrochemical performance of the
cathodes reveals that both W doping and the slightly Li-
enriched conditions are crucial for designing stable Ni/Mn
layered oxides. Although 2 mol% WO3 coating and W doping
both can enhance the cycling stability of the cathode, 2 mol%
WO3 coating appears more effective for the enhancement of
performance than W doping under mild conditions. However,
under extreme conditions, the enhanced structural stability
from lattice doping becomes more signicant for long-term
cycling. In our previous work, we also veried that surface
stability is more critical than bulk stress-induced microcracks
for long-life cycling in nickel-rich cathodes.51 Modication
simply by doping can enhance the structure stability of
LiNi0.5Mn0.5O2 but it doesn't create a stable surface to prevent
electrolyte corrosion and metal dissolution. An inert WO3

coating layer can act as a robust barrier to isolate the cathode
from the electrolyte but does not modify bulk structural prop-
erties. However, direct WO3 coating with a short calcination
duration can induce lithium-decient phases in the surface
region due to the combination of W and Li+ to form LixWyOz

compounds, leading to capacity attenuation.52 By modulating
the content of the exotic dopant and stoichiometric lithium salt
during lithiation calcination, the surface-enriched W element
combines with Li+ to produce Li2WO4 compounds, forming
a thin Li+ conductor layer and a slightly Li-enriched chemistry
Fig. 4 GCD curve (left), in situ XRD patterns, selected enlarged peak (med
and NM50-LW2 (b).

14420 | Chem. Sci., 2024, 15, 14415–14424
in the subsurface region, endowing NM50-LW2 with a robust
bulk lattice and surface region as well as superior cycle stability.

The dQ/dV curves of the cathodes (Fig. 3g, h and S7†) across
various cycles show a gradual shi of the oxidation peak to
higher potential and a slight shi of the reduction peak to lower
potential, indicating increased potential polarization due to
structural degradation and surface-interface deterioration.
Among these, NM50-LW2 demonstrates the smallest change,
indicating the enhanced phase transition reversibility and
stability introduced by Li2WO4. Moreover, the excellent struc-
ture stability of NM50-LW2 could be veried by the disparity in
charge/discharge median voltage. As plotted in Fig. S8,† aer
200 cycles NM50-LW2 only shows a small value of 0.189 V for the
disparity in charge/discharge median voltage, which is far less
than 0.241 V for NM50 and 0.201 V for NM50-W2. Nyquist plots
of the cathodes aer one cycle and 100 cycles were obtained and
tted to reveal the resistance evolution (Fig. 3i, j, S8b, S9 and
Table S2†). Each curve consists of two semicircles and a slant
line. The rst semicircle in the high-frequency region, the
second semicircle in the middle-frequency region, and the slant
line in the low-frequency region represent the interface
impedance (Rsf), charge transfer resistance (Rct), and Warburg
impedance, respectively.53 Among these electrodes, NM50
shows the highest Rsf and Rct values (42.81 and 528.6 U) aer
100 cycles, followed by NM50-W2 (28.69 and 207.8 U), NM50-
ium) and corresponding variation of cell parameters (right) for NM50 (a)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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WO2 (26.92 and 241.6 U), and NM50-LW2 (24.88 and 184.7 U).
The lowest Rsf and Rct values for NM50-LW2 can be attributed to
the surface Li2WO4 coating and the enlarged layer spacing in
the layered bulk. The galvanostatic intermittent titration tech-
nique (GITT) was used to examine Li+ diffusion kinetics during
lithiation/delithiation. Obviously, the average lithium diffusion
rate of NM50-LW2 during the charging/discharging process is
signicantly higher than that of NM50, NM50-W2, and NM50-
WO2, indicating that the modication facilitates quick Li+

migration (Fig. 3k).
To identify the structural evolution of NM50 and NM50-LW2

during the rst cycle, in situ XRD was performed (Fig. 4). The
(003) peak of NM50 and NM50-LW2 cathodes shis to lower
angles when charged from 2.7 to 4.3 V, labeling a gradual c-axis
expansion. This can be attributed to a weakened shielding effect
of the Li layer, which increases the repulsion between layers and
subsequently enlarges the space for the Li–O layer.54 At around
4.3 V, as more lithium-ions are extracted from the lattice, the
charge is equalized by oxidizing TM ions, leading to a sharp
shrink in the TM–O layer spacing, that is the main reason for
particle pulverization and microcrack generation.12,55
Fig. 5 (a and b) In situ DEMS measurements of NM50 (a) and NM50-LW2
(d–f) XPS profiles of O 1s (d), F 1s (e), and C 1s (f) for NM50 and NM50-LW
images of NM50 (g and h) and NM50-LW2 (i and j) after 300 cycles.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Additionally, NM50-LW2 almost completely returns to its orig-
inal 2q position aer discharging, while NM50 shows a smaller
offset. The maximum angular displacement of the (003) peak in
NM50 (0.64°) is wider than that in NM50-LW2 (0.32°), sug-
gesting that Li2WO4 surface modication and W-doping can
effectively alleviate volume strain. The calculated lattice
parameters from in situ XRD renement, as a function of the
charging state, show that the maximum c-axis shrinkage (Dc) of
NM50 (2.61%) is higher than that of NM50-LW2 (1.79%).
Additionally, the a-axis shrinkage degree (Da) of NM50 and
NM50-LW2 is 6.73% and 5.95%, respectively, further demon-
strating that NM50-LW2 experiences less lattice distortion.56,57

The smaller pronounced lattice changes of NM50-LW2
demonstrate that the phase transition reversibility and
stability are enhanced aer introducing Li2WO4.

In situ differential electrochemical mass spectrometry
(DEMS) was utilized to monitor the internal gas generation
during the charging process (Fig. 5a and b). Without any
modication, pristine NM50 releases O2 and CO2 gases aer
charging to 4.3 V. In contrast, the emission of O2 and CO2 gases
was entirely restrained in NM50-LW2. The thermal stability of
(b). (c) DSC measurements of NM50 and NM50-LW2 charged to 4.5 V.
2 cathodes after 300 cycles. (g–j) Enlarged (003) reflections and SEM

Chem. Sci., 2024, 15, 14415–14424 | 14421
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the fully charged NM50 and NM50-LW2 electrodes was also
examined using differential scanning calorimetry (DSC)
(Fig. 5c). The NM50-LW2 electrode exhibited a higher
exothermic peak at 307.1 °C and a lower heat release of 71.38 J
g−1, which are superior to 283.5 °C and 131.5 J g−1 exhibited by
NM50. This indicates the reinforced stability provided by the
surface lithium-rich Li2WO4 coating and gradient W-doped
bulk and is consistent with the improved cycling performance
at high temperature. Subsequently, XPS analysis of NM50 and
NM50-LW2 aer 300 cycles was conducted to gain further
insights into the chemical composition of the cathode–elec-
trolyte interface (CEI) layer near the cathode surface. In the O 1s
spectrum (Fig. 5d), compared with NM50-LW2, the area of the
ROCO2Li peak in NM50 is larger, suggesting that more severe
electrolyte decomposition occurred in NM50. Notably, the TM–

O peak is well-detected in NM50-LW2 but absent in NM50,
indicating that a thinner CEI lm forms on the surface of NM50-
LW2. In addition, as shown in Fig. 5e, the content of LiF in
NM50 is signicantly higher than that in NM50-LW2. Moreover,
the C–O and C]O peaks in NM50-LW2 are smaller than those
in NM50 (Fig. 5f), further demonstrating that the surface
Li2WO4 coating and W-doped bulk inhibit side reactions.

The XRD patterns and SEM of the cycled electrodes were
obtained to uncover the phase and morphology evolution of the
cathodes during extended cycling. The XRD results (Fig. 5g and
i) show that the (003) peak of NM50 exhibits a pronounced le
shi with an offset of 0.32°, likely attributed to Li loss and
corresponding phase degradation. In comparison, the shi
magnitude of the (003) peak in NM50-LW2 (0.20°) is narrower,
indicating a well-maintained layered structure. Within the
repetitive charge–discharge process, the accumulation of
anisotropic contraction/expansion in lattice parameters would
Fig. 6 Schematic diagram for the mechanism of LiNi0.5Mn0.5O2 (a), surf
and surface Li-enriched 0.98LiNi0.5Mn0.5O2$0.02Li2WO4 (c) during delith

14422 | Chem. Sci., 2024, 15, 14415–14424
induce breakage for secondary particles to buffer the volume
strain. However, this breakage exposes more active surfaces to
electrolyte, exacerbating side reactions and capacity fading.58

SEM images of NM50 and NM50-LW2 aer 300 cycles demon-
strate that NM50 has obvious microcracks, whereas NM50-LW2
basically maintains its sphere-like morphology without
apparent microcracks (Fig. 5h and j). Therefore, the surface
lithium-rich Li2WO4 coating and gradient doping integrated
strategy strengthens the interface robustness and mitigates the
strain aggregation. These results further support the surface Li-
enriched Li2WO4 coating and gradient W-doping strategy could
efficaciously alleviate structural degradation during long
cycling.

In short, all W-modied materials demonstrate superior
electrochemical performance compared to pristine LiNi0.5-
Mn0.5O2. Specically, 0.98LiNi0.5Mn0.5O2$0.02Li2WO4 exhibits
outstanding electrochemical performance under extreme
conditions (Table S3†). The enhanced electrochemical perfor-
mance of W-modied cathodes indicates that both lattice
doping and surface coating are essential for improving the
cycling stability and maintaining the bulk integrity of Ni/Mn
based layered oxides. Although the direct introduction of WO3

coating or a W dopant during lithiation calcination can create
W-rich surface regions on the surface of primary grains, the
surface phase usually contains Li–W–O compounds and Li-poor
regions due to the lack of stoichiometric Li sources. The surface
lithium-decient phase due to the lithium despoilment induced
by W would inevitably intensify cation disordering and rela-
tively inferior regions (Fig. 6a and b). In contrast, beneting
from the modulated content of the W dopant and stoichio-
metric lithium salt during lithiation calcination, a W-doped
lattice and a Li-enriched surface region induced by hetero-
ace Li-poor LiNi0.49Mn0.49W0.02O2 or 0.98LiNi0.5Mn0.5O2$0.02WO3 (b)
iation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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epitaxially grown Li2WO4 would result in reduced cation dis-
ordering and enhanced structure stability during extended
cycles (Fig. 6c). Kinetics measurements and structural evolution
demonstrate that the Li-enriched surface and gradient doping
strategy signicantly facilitate lithium-ion conduction, alleviate
strain accumulation, reduce parasitic side reactions from elec-
trolyte decomposition, and improve the lattice O stability in
high cut-off voltage and high temperature operation.

3. Conclusions

In summary, a series of cathodes including LiNi0.5Mn0.5O2, (1 −
x)LiNi0.5Mn0.5O2$xLi2WO4 (x = 0, 0.01, 0.02, 0.03, 0.05),
LiNi0.49Mn0.49W0.02O2, and 0.98LiNi0.5Mn0.5O2$0.02WO3 were
synthesized to investigate the role of Li-enriched conditions in
the performance of Ni–Mn binary cathodes in high voltage/high
temperature operation. Compared with lithium-decient
conditions induced by W doping and WO3 coating, the combi-
nation of a slightly Li-enriched Li2WO4 surface coating and
gradient W-doping strategy can signicantly enhance the
performance of the 0.98LiNi0.5Mn0.5O2$0.02Li2WO4 cathode.
Specically, the 0.98LiNi0.5Mn0.5O2$0.02Li2WO4 cathode
exhibits outstanding cycling performance even under harsh
conditions, retaining 91.15% capacity aer 200 cycles at 1C with
a cut-off voltage of 4.6 V and maintaining 91.44% capacity aer
300 cycles at elevated temperature. This study offers a scalable
approach to design high-energy-density and high-safety cath-
odes for next generation lithium-ion batteries.
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