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W-incorporated high-performance layered
cathode materials for advanced lithium-ion
batteries

Xiaoyi Hou, * Haozhe Wu, Qirongxin Shen, Dengdeng Ai and Xi Wu

High-nickel cobalt-free cathode materials are regarded as some of the promising candidates for high-

energy-density lithium-ion batteries due to their excellent attributes of high capacity and cost-

effectiveness. However, increasing the nickel content and removing cobalt lead to degradation of the

electrode–electrolyte interfacial environment and other bulk-phase layered structure issues, which

significantly compromise the battery’s cycle life. In this work, a W-doped LiNi0.90Mn0.07Al0.03O2 cathode

material was synthesized by introducing a small amount (2 mol%) of tungsten (W) during the lithiation

procedure. The W-doping enhanced the cyclic stability of the LiNi0.90Mn0.07Al0.03O2 cathode (capacity

retention after 100 cycles: 90.82% vs. 88.99% for the pristine material at 4.3 V) remarkably. These

improvements are attributed to the high-valence W6+ passivating the cathode material surface activity,

thereby stabilizing the bulk structure and electrode–electrolyte interface. These findings provide valuable

strategic insights for developing high-nickel, cobalt-free cathode materials in lithium-ion batteries.

1. Introduction

Due to the high operating voltage, low production cost, and
superior reversible capacity, high-nickel ternary layered cath-
ode materials (LiNixCoyMn1�x�yO2, LiNixCoyAl1�x�yO2, x Z 0.6)
have been widely used in new energy vehicles, electric bicycles,
and smart wearable devices.1–5 Extensive studies have demon-
strated that the specific capacity of the layered cathode materi-
als exhibits a positive relationship with the nickel content.
Consequently, ultrahigh-nickel (Ni Z 0.9) layered oxides have
emerged as a predominant research focus to achieve consider-
able energy density (4220 mAh g�1).6–8 Simultaneously, the
continuously rising cobalt price, driven by geopolitical instabil-
ity and inherent resource scarcity in main production regions,
has accelerated the development of cobalt-free cathode materi-
als. This strategic shift, however, introduces significant chal-
lenges: the absence of cobalt not only degrades electronic
conductivity and reaction kinetics due to the loss of the
Co3+/Co4+ conductive pathway but also exacerbates structural
collapse and cation mixing by weakening the Co–O bond
stability, while simultaneously compromising thermal stability
and introducing greater safety risks.9 Consequently, the combi-
nation of ultra-high nickel content and cobalt absence gener-
ally delivers adverse effects on the overall electrochemical
performance.10,11

In such cobalt-free systems, the inherent issues of ultra-
high nickel content are further aggravated. The ultra-high
nickel content inevitably causes unstable Ni4+ species during
deep charge/discharge cycles. These metastable Ni4+ ions are
reduced to the stable Ni2+ ions through parasitic reactions with
electrolytes.12–16 This process triggers severe interfacial side
reactions and leads to excessive cathode electrolyte interphase
(CEI) growth. Furthermore, the accumulated Ni2+ ions (ionic
radius: 0.69 Å) preferentially migrate into Li layers (Li+ = 0.76 Å)
due to their similar ionic radii and exacerbate cation disorder.17

This structural defect hinders the transmission of lithium ions
as well as the reversible intercalation/de-intercalation reaction,
deteriorating rate capability and cycling stability.18,19

To address these inherent challenges of high-nickel
layered cathode materials, researchers have developed compre-
hensive modification strategies including ion doping,20 surface
coating,21 core–shell architecture,22 and concentration gradient
design.23,24 Based on the above discussions, strategies such as
multifunctionalization,25 interface engineering,26 and all-solid-
state thin-film microbatteries27,28 have been proposed for bat-
tery systems. Among these approaches, ion doping emerges as
the most straightforward and effective method for mitigating
Li+/Ni2+ cation mixing and stabilizing the layered structure.29,30

The doping mechanism involves incorporating elements into
the crystal lattice to form the robust transition metal–oxygen
bonds (TM–O) and expand the interlayer spacing, which could
suppress lattice oxygen release and transition metal dissolution
during deep cycling.31,32 Different dopants occupy specific
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crystallographic sites according to their ionic characteristics,
with high-valence cations (W6+, Al3+, Zr4+, and Ta5+)33–36 pre-
ferentially substituting transition metal sites to enhance struc-
tural integrity, anions (F� and Cl�)37,38 stabilizing the oxygen
sublattice, and divalent cations (Mg2+ and Zn2+)39,40 occupying
lithium sites to block Ni2+ migration. Notably, W6+ doping
demonstrates exceptional effectiveness due to its high valence
state that facilitates charge compensation while simultaneously
modifying the microstructure to inhibit microcrack formation
and strengthen interfacial stability through the formation of a
thin protective CEI layer. These multifunctional improvements
collectively enhance the structural, thermal, and electrochemi-
cal stability of the cathode material, with W6+-doped systems
exhibiting superior performance in suppressing cation disorder
and maintaining capacity retention during high-rate cycling.
Building upon these findings, researchers Zhao et al.41 success-
fully synthesized a 1 mol% W6+-doped NCW-2 cathode material
using WO3 as the tungsten source and Ni0.9Co0.1(OH)2 as the
precursor through high-energy ball milling. The resulting
NCA-2 cathode demonstrated exceptional electrochemical
performance, delivering an initial discharge capacity of
204.44 mAh g�1 at 1C with 93.25% capacity retention after
100 cycles. In a parallel development, researchers Yang et al.42

employed a solid-state reaction method with LiOH, NiO, Co3O4,
MnO2, Al2O3, and WO3 precursors to fabricate LiNi0.895Co0.04-
Mn0.03Al0.03W0.005O2 (W-NCMA), which achieved 95% capacity
retention after 100 cycles at 0.5C. While these studies conclu-
sively demonstrate W6+ doping efficacy in Co-containing high-
nickel cathodes, the research landscape remains notably sparse
regarding its application in cobalt-free systems. This gap under-
scores the critical need for systematic investigation of W6+

doping effects in high-nickel cobalt-free layered cathodes to
establish comprehensive structure–property relationships.

In this study, we synthesized LiNi0.90Mn0.07Al0.03O2 (NMA)
cathode materials with varying W6+ doping concentrations (0–
0.03 mol) using Ni0.90Mn0.07Al0.03(OH)2 as the precursor and
WO3 as the dopant source. Systematic characterization revealed
that the optimal 0.02 mol W6+ doping concentration effectively
suppressed secondary particle growth, creating shorter Li+

diffusion pathways that significantly enhanced rate capability.
The refined microstructure simultaneously provided increased
electroactive surface area for improved reaction kinetics, ulti-
mately delivering exceptional cycling stability with 90.82%
capacity retention after 100 cycles at 1C under high current
density conditions.

2. Experimental section
2.1. Materials preparation

2.1.1. Synthesis of the Ni0.90Mn0.07Al0.03 (OH)2 precursor.
The spherical Ni0.90Mn0.07Al0.03(OH)2 precursor was synthe-
sized via a coprecipitation method. 1 L of deionized water
was introduced into a three-neck flask equipped with a
constant-temperature heating mantle and maintained under a
continuous nitrogen flow (500 rpm stirring) while being

gradually heated to 60 1C. Stoichiometric amounts of
Ni(NO3)2�6H2O (Aladdin, analytical reagent grade, 99.9%),
MnSO4�H2O (Aladdin, analytical reagent grade, 99.9%), and
Al(NO3)3�9H2O (Aladdin, analytical reagent grade, 99.9%)
(90 : 7 : 3 molar ratio) were precisely weighed and dissolved with
moderation PEG 6000 and PEG 200 to form a homogeneous
mixed metal solution (0.05 mol L�1 total concentration). The
temperature was then elevated to 83 1C under constant stirring.

For the precipitation reaction, di-n-butylamine (C8H19N,
Aladdin, analytical reagent grade) was added dropwise at a
controlled rate when the temperature stabilized at 83 1C.
The reaction proceeded for 5 h under isothermal conditions
(83 � 1 1C) with persistent nitrogen flow to ensure an oxygen-
free environment. The resulting mixed hydroxide suspension
was aged for 12 h under static conditions, followed by filtration,
washing with deionized water, and vacuum drying at 80 1C for
12 h to obtain the precursor.

2.1.2. Preparation of W6+-doped Li Ni0.90Mn0.07Al0.03O2

cathodes. The Ni0.90Mn0.07Al0.03(OH)2 precursor was mixed with
LiOH�H2O (Aladdin, analytical reagent grade, 99.99%) and WO3

(Aladdin, analytical reagent grade, 99.9%) according to their
molar ratios of 1 : 1.04 : x (where x represents 0, 0.01, 0.02, and
0.03 molar ratios of W doping). The precisely weighed compo-
nents were homogenized via planetary ball milling (zirconia
media, 500 rpm, 2 h) to ensure a homogeneous distribution.
The mixed powder was loaded into a tube furnace under
flowing oxygen atmosphere (100 mL min�1) and subjected to
a controlled thermal treatment protocol: first heated to 500 1C
at 5 1C min�1 and maintained for 5 h, subsequently raised to
750 1C at 5 1C min�1 and maintained for 20 h, followed by
naturally cooling to room temperature, yielding W6+-doped
LiNi0.90Mn0.07Al0.03O2 cathode materials. The resulting pro-
ducts were designated as NMA (undoped), W-0.01 (1 mol%
W), W-0.02 (2 mol%), and W-0.03 (3 mol%) based on their
nominal tungsten content.

2.2. Material characterization

The crystal structure of the cathode material was characterized
by powder X-ray diffraction (XRD) using a SmartLab diffract-
ometer (Rigaku, Japan) with Cu Ka radiation operated at 40 kV
and 150 mA. Data were collected over a 2y range of 10–801 with
a scan rate of 101 min�1. The morphology of the cathode
material was observed using scanning electron microscopy
(SEM, Zeiss Sigma 300) and transmission electron microscopy
(TEM, Thermo Scientific Talos F200i S/TEM, 200 kV). High-
resolution TEM imaging was performed for lattice spacing
analysis. The surface elemental composition of the cathode
material was analyzed by X-ray photoelectron spectroscopy
(XPS; Thermo Fisher Scientific K-Alpha). All binding energies
were calibrated using the C 1s peak at 284.8 eV as a reference.

2.3. Electrochemical characterization

The cathode material, conductive carbon black, and polyviny-
lidene fluoride (PVDF) were homogeneously mixed in a weight
ratio of 8 : 1 : 1 in a beaker. N-Methyl-2-pyrrolidone (NMP) was
added dropwise under stirring until a uniform mixture was
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formed. Magnetic stirring was applied at 450 rpm for 4 h. The
slurry was coated onto aluminum foil and vacuum-dried at
80 1C for 12 h. The dried electrodes were roll-pressed and cut
into 16-mm-diameter disks. For electrochemical testing, coin-
type half-cells (CR2032) were assembled in an argon-filled glove
box (o0.01 ppm H2O/O2) using 1 M LiPF6 in ethylene carbonate
(EC)/diethyl carbonate (DEC)/dimethyl carbonate (DMC)
(1 : 1 : 1 by volume) as the electrolyte and lithium metal as the
counter electrode. Charge/discharge tests were performed in
constant-current mode on a Neware system (CT-4008T-5V6A,
China) at 2.5–4.3 V and 25 1C. Rate capability was evaluated at
0.1–5C (1C = 180 mA g�1). Cyclic voltammetry (CV) was con-
ducted at 0.1 mV s�1 (2.5–4.3 V) using a CHI660e workstation.
Electrochemical impedance spectroscopy (EIS) measurements
were performed from 0.01 Hz to 100 kHz with a 10 mV
amplitude. All tests were maintained at room temperature
(25 1C).

3. Results and discussion

The synthesized cathode materials were characterized by X-ray
diffraction (XRD) to investigate the evolution of their diffraction
peaks. As shown in Fig. 1a, the W6+-modified W-0.01, W-0.02
and W-0.03 samples exhibit similar diffraction patterns to the
pristine NMA, all demonstrating a typical a-NaFeO2 hexagonal
layered structure with the R%3m space group, which matches well
with the standard PDF card (PDF #09-0063).43,44 This indicates
that W6+ doping does not introduce any impurity phases in the
cathode materials. As shown in Fig. 1b and c, the clear splitting
of the (006)/(012) and (011)/(018) peak doublets further con-
firms that all four cathode materials maintain well-ordered
layered structures.45

To systematically investigate the effects of varying W6+

doping concentrations on structural parameters, Rietveld
refinement of XRD patterns was performed using Fullprof
software, with refinement profiles shown in Fig. 1d–g (panels
d–g corresponding to NMA, W-0.01, W-0.02, and W-0.03,
respectively). As summarized in Table 1, all refined patterns
exhibit satisfactory reliability factors (Rp and Rwp o 10%),
confirming the credibility of refinement results.

The refinement data reveal a gradual expansion along the c-
axis with increasing W6+ content. This anisotropic lattice
expansion is attributed to the larger ionic radius of W6+

(0.60 Å) compared to Ni3+ (0.56 Å).46 Since the c-axis corre-
sponds to the (003) crystallographic plane, this expansion
indicates that W6+ doping effectively enlarges the interplanar
spacing, which is expected to provide wider Li+ diffusion
channels and could potentially enhance the rate capability.

Notably, the refined unit cell volumes (V) demonstrate a
non-monotonic variation trend – initially decreasing then
increasing with W content – suggesting that the 0.02 mol W6+

doping optimally suppresses grain growth through solid-
solution strengthening effects induced by W6+ incorporation.
The c/a ratios, critical indicators of layered structure integrity,
maintain values exceeding 4.9 for all samples (NMA and W-

doped variants), unambiguously confirming their well-ordered
layered configurations.47,48

Complementary to the structural parameters, the cation
mixing behavior was quantitatively analyzed through XRD
refinement. The results reveal a non-monotonic variation in
Li+/Ni2+ cation mixing with increasing W6+ doping content,
showing an initial decrease followed by an increase compared
to the pristine material. Fundamentally, this phenomenon
originates from charge compensation effects – as excessive
incorporation (40.02 mol) of a high-valence cation (W6+)
inevitably induces the reduction of Ni3+ to Ni2+ to maintain
charge balance, thereby promoting Li+/Ni2+ mixing.49–51

Among all doped cathodes, the 0.02 mol W6+-modified
sample exhibits optimal electrochemical performance, demon-
strating both the minimal cation mixing degree (2.63%) and
the highest I(003)/I(104) intensity ratio (1.727), which collectively
indicate superior structural ordering and reduced Li+/Ni2+

disorder compared to other doping concentrations.52 These
values are superior to both the pristine material and other
doping concentrations (Table 1), providing compelling evi-
dence that appropriate W6+ doping can effectively minimize
Li+/Ni2+ cation disorder in layered cathode materials.

The morphological characteristics of four cathode materials
(pristine NMA, W-0.01, W-0.02, and W-0.03) were systematically
investigated through scanning electron microscopy (SEM) to
elucidate the influence of varying W6+ doping concentrations
on their morphological evolution, as shown in Fig. 2a–d. All
samples remain largely unchanged, with the materials retain-
ing a spherical shape resulting from the compact stacking of
primary particles. Moreover, with increasing W6+ content, the
secondary particle size demonstrates an initial decrease fol-
lowed by an increase, a phenomenon that confirms that an
appropriate amount of W6+ can modify the primary
particle size.

The particle size plays a pivotal role in influencing the
electrochemical performance as a larger specific surface area
and smaller particle size facilitate lithium ion transport.53 The
W-0.02 sample exhibits the smallest particle size, which may
positively influence the Li-ion diffusion kinetics. To further
investigate the microstructure, higher-magnification observa-
tions reveal that W-0.02 exhibits more densely packed primary
particles and a smoother surface morphology (Fig. 2e–h). This
clearly demonstrates that W6+ doping effectively regulates the
microstructural evolution, leading to compact secondary parti-
cles. The enhanced particle compactness and reduced
size in W-0.02 not only reinforce the crystal structure integrity
but also increase the specific surface area, providing abundant
electrochemically active sites that ultimately maximize the
performance of this high-nickel layered cathode material.
As evidenced by TEM and corresponding FFT patterns
(Fig. 2i and j), both pristine NMA and W-0.02 exhibit well-
defined (003) crystallographic planes, confirming layered struc-
ture preservation and the absence of W6+ induced impurities.
IFFT analysis further reveals interlayer spacing expansion from
0.490 nm to 0.493 nm upon doping, attributed to a larger ionic
radius of W. This lattice expansion facilitates Li+ migration
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Table 1 Rietveld refinement parameters of XRD patterns for pristine NMA and W6+-doped LiNi0.90Mn0.07Al0.03O2 cathodes

a (Å) c (Å) V (Å3) c/a I(003)/I(104) Li+/Ni2+ (%) Rp (%) Rwp (%)

NMA 2.8791 14.1984 102.100 4.931 1.548 4.72 2.43 3.08
W-0.01 2.8705 14.1944 101.599 4.945 1.462 4.02 2.55 3.29
W-0.02 2.8709 14.1980 101.344 4.945 1.727 2.63 2.58 3.32
W-0.03 2.8762 14.2120 101.822 4.941 1.327 3.97 2.62 3.33

Fig. 1 (a) XRD patterns of pristine NMA and W6+-doped samples (W-0.01, W-0.02, W-0.03); magnified view of the (b) (006)/(012), and (d) (011)/(018)
peak doublets; Rietveld refinement results of the XRD patterns for (d) pristine NMA, (e) W-0.01, (f) W-0.02, and (g) W-0.03 samples.
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while alleviating volumetric variations during charge/discharge
processes.54,55

Finally, EDS analysis confirms successful W doping with
uniform distribution in both bulk and surface regions (Fig. 2k),
as evidenced by the co-existence of Ni, Mn, Al, and W signals.

X-ray photoelectron spectroscopy (XPS) was employed
to characterize the valence states of W and Ni in the
cathode materials, and shown in Fig. 3. As expected, pristine
NMA shows no detectable W signals (Fig. 3a). The W 4f5/2 and

W 4f7/2 doublet peaks are clearly observed in W-0.02, confirm-
ing the successful incorporation of W6+ at the 0.02 mol doping
level. Identical W 4f spectral features were observed in W-0.01
and W-0.03 samples (Fig. 3b). This demonstrates that the W 4f
characteristic peaks can be detected in samples with different
tungsten doping ratios. From Ni 2p spectra, the peaks at
873 and 855.2 eV are assigned to Ni 2p1/2 and Ni 2p3/2 orbitals,
respectively. The Ni 2p3/2 peak can be further deconvoluted
into two components at 854.6 (Ni2+) and 856.0 eV (Ni3+)56

Fig. 2 Morphological and structural characterization of pristine and W6+-doped LiNi0.90Mn0.07Al0.03O2 cathodes: (a–d) SEM images showing secondary
particle morphology of (a) NMA, (b) W-0.01, (c) W-0.02, and (d) W-0.03; (e–h) Corresponding high-magnification SEM images revealing primary particle
arrangements; (i) TEM image of NMA displaying lattice fringes with inset fast Fourier transform (FFT) pattern; (j) TEM image of W-0.02 with corresponding
FFT pattern (inset) demonstrating improved crystallinity; (k) EDS elemental mapping of W-0.02 confirming homogeneous distribution of Al (red), Ni (blue),
Mn (green), and W (purple) throughout secondary particles.
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(Fig. 3c and d). Quantitative analysis reveals that the Ni3+/Ni2+

ratios in the four cathodes exhibit a non-monotonic depen-
dence on W6+ doping concentration, following the sequence:
1.11 (NMA), 1.20 (W-0.01), 2.00 (W-0.02), and 1.44 (W-0.03). To
further probe the interfacial stability, the O 1s spectra of NMA
and W-0.02 were analyzed, as shown in Fig. 3(e and f). The
deconvolution results show that the oxygen impurity content in
W-0.02 was 40.66%, lower than that in NMA (45.37%), which
indicates a reduced presence of carbonate/bicarbonate ions
and suppressed interfacial side reactions. Moreover, the lattice
oxygen content in W-0.02 was 9.33%, higher than that in NMA

(3.60%). This collective evidence confirms that W6+ doping
effectively inhibits the release of lattice oxygen and improves
the overall interfacial stability.57,58

To further investigate the electrode reversibility of cathode
materials, cyclic voltammetry (CV) measurements were con-
ducted on four samples (pristine NMA, W-0.01, W-0.02,
and W-0.03) between 2.5 and 4.3 V vs. Li/Li+ at a scan rate of
0.2 mV s�1 as shown in Fig. 4a–d. All CV curves exhibit three
distinct redox couples: the oxidation peaks correspond to phase
transitions from hexagonal (H1) to monoclinic (M), monoclinic
(M) to hexagonal (H2), and hexagonal (H2) to hexagonal (H3),

Fig. 3 The X-ray photoelectron spectroscopy (XPS) spectra of the pristine NMA and W-doped cathode materials: (a) and (b) W 4f and (c) and (d) Ni 2p
orbitals across varying doping ratios; (e) and (f) O 1s orbitals of NMA and the optimal W-0.02 sample.
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while the reduction peaks represent the reverse transitions
(H3 - H2 - M - H1).59 The potential interval (DV) between
the first redox couple serves as a critical indicator of electrode
reversibility. NMA, W-0.01, W-0.02, and W-0.03 are 0.24, 0.266,
0.233, and 0.286 eV, respectively. Notably, W-0.02 demonstrates
the smallest potential difference (0.233 eV), indicating superior
electrode reversibility among all samples. This result correlates
well with electrochemical performance tests, demonstrating
that a small potential gap contributes to superior cycling
stability by improving reaction kinetics.60

To investigate the effect of W6+ doping on electrochemical
performance, coin-type CR2032 half-cells containing pristine
NMA and modified samples were assembled and tested using a
Neware electrochemical workstation. Fig. 4e and f displays the
initial charge/discharge profiles of the cathode materials mea-
sured at 0.1C rate within a voltage window of 2.5–4.3 V. The
pristine NMA, W-0.01, W-0.02, and W-0.03 samples deliver
initial charge/discharge capacities of 239.24/206.25, 235.85/
199.48, 239.78/226.67, and 221.83/203.20 mAh g�1, respectively,
with corresponding initial Coulombic efficiencies of 86.21%,
84.58%, 94.53%, and 91.60%. The high ICE is more likely due
to the W-doping stabilizing the crystal structure and reducing
irreversible cation mixing or phase transitions during the first
cycle, thereby minimizing irreversible capacity loss.

The cycling stability of all cathode materials was further
evaluated at room temperature under a current density of 1C
(180 mAh g�1) within a voltage window of 2.5–4.3V. As shown in
Fig. 4g, the pristine NMA delivered initial and final (after 100
cycles) discharge capacities of 173.60 and 154.50 mAh g�1,
respectively, corresponding to a capacity retention of 88.99%.
In comparison, all W-doped cathodes showed improved perfor-
mance. Among them, the W-0.02 cathode exhibited the most
promising combination of high capacity and cycling stability,
with capacities of 178.13 and 161.78 mAh g�1 (90.82% reten-
tion), outperforming both W-0.01 (167.27/146.56 mAh g�1,
87.62%) and W-0.03, which showed the highest retention
(94.02%) but a lower initial capacity (169.13 mAh g�1). Notably,
although W-0.03 showed higher capacity retention, its absolute
cycled capacity (159.02 mAh g�1) remained lower than W-0.02,
demonstrating that optimal W6+ doping (0.02 mol) effectively
enhances high-current cycling performance.

Compared with flexible electrode systems, lithium-ion trans-
port within the constrained crystalline framework of cathode
oxides often encounters significant Li+ diffusion limitations,
resulting in relatively sluggish kinetics. Consequently, rate
capability becomes a critical performance metric for practical
applications of Ni-rich cathode materials. The rate performance
was evaluated using half-cells cycled at 0.1C for activation,

Fig. 4 Cyclic voltammetry (CV) curves of (a) NMA, (b) W-0.01, (c) W-0.02, and (d) W-0.03 cathode materials; electrochemical performance evaluation of
pristine NMA and W6+-doped LiNi0.90Mn0.07Al0.03O2 cathodes: (e and f) Initial charge/discharge profiles and the corresponding bar plots at 0.1C between
2.5 and 4.3 V; (g) rate capability tested at progressively increased current densities (0.1C - 5C) followed by recovery at 0.2C; (h) cycling stability at 1C
over 100 cycles with Coulomb efficiency monitoring; (i) EIS plots of all cathode materials, with the equivalent circuit model shown above; (j) linear fitting
plots of Z0 vs. o�1/2 for NMA and W-0.02 cathode materials.
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followed by sequential cycling at 0.1, 0.2, 0.5, 1, 2, and 5C (5
cycles each rate), before finally returning to 0.2C as shown in
Fig. 4h. The W-0.02 cathode delivered superior discharge
capacities of 211.58, 205.66, 190.22, 170.80, 148.14, and
77.08 mAh g�1 at respective rates, maintaining 96.72% capacity
recovery upon returning to 0.2C. In contrast, the pristine NMA
cathode exhibited lower capacities (206.25, 197.42, 178.90,
160.12, 126.10, and 60.73 mAh g�1) with only 93.88% capacity
retention, demonstrating the W-0.02 sample enhanced electro-
chemical performance through improved Li+ diffusion kinetics.
The superior discharge capacity of W-0.01 at low current rates
may be attributed to the moderate lattice expansion induced by
limited W6+ doping, which facilitates Li+ transport through
widened diffusion channels. However, this doping level proves
insufficient to stabilize the layered structure against severe
structural degradation under high current densities, as evi-
denced by the rapid capacity fading. Conversely, the consis-
tently inferior capacity of W-0.03 across all rates stems from
excessive W6+ incorporation, which not only introduces redox-
inactive species but also reduction in redox-active sites conse-
quently diminishes the specific discharge capacity of the cath-
ode material.61

The superior electrochemical performance of W-0.02 origi-
nates from its optimal doping concentration that simulta-
neously modifies the cathode morphology, reduces primary
particle size, and enhances Li+ diffusion kinetics. These struc-
tural advantages provide abundant electrochemically active
sites while the strong W–O bonding stabilizes the crystal lattice,
suppressing microcrack formation and reinforcing the cath-
ode–electrolyte interphase.62

The impedance evolution is closely associated with inter-
facial stability and Li+ transport kinetics. Thus, EIS was
employed to investigate the post-activation impedance of four
cathode materials, as depicted in Fig. 4i. The equivalent circuit
model is illustrated alongside, with detailed fitting parameters
summarized in Table 2. All four cathode materials exhibited
two distinct semicircles in their Nyquist plots. The high-
frequency intercept with the real axis corresponds to the ohmic
resistance (Rs), representing intrinsic bulk resistance. The high-
frequency semicircle originates from the solid–electrolyte inter-
phase (SEI) film resistance (Rsf), formed through vigorous
electrolyte oxidation/reduction reactions during initial cycling.
The medium-frequency semicircle reflects the charge transfer
resistance (Rct), constituting the dominant component of elec-
trochemical impedance, the slope in the low-frequency region
corresponds to the Warburg impedance (s) associated with Li+

diffusion.63,64

After initial activation, the Rs values for NMA, W-0.01, W-
0.02, and W-0.03 measured 2.22, 2.15, 1.96, and 2.21 O,
respectively, demonstrating negligible variations that exclude
Rs as a critical performance determinant. Notably, the Rsf values
followed the sequence: 54.29 O (NMA) 4 32.86 O (W-0.03) 4
27.82 O (W-0.01) 4 25.55 O (W-0.02). This is attributed to the
0.02 mol W6+ doping, which induces the formation of a more
stable and ion-conductive interface phase in the W-0.02 cath-
ode material. Furthermore, W-0.02 exhibited the lowest Rct

(27.40 O) among all samples after activation. Fig. 4j depicted
the linear fitting of Z0 vs. o�1/2 for NMA and W-0.02 cathode
materials, where the slope represents the Warburg impedance,
showing an inverse linear relationship with Li+ diffusion coeffi-
cient. A larger slope corresponds to a smaller Li+ diffusion
coefficient. The slope of W-0.02 (27.57) is lower than that of
NMA (31.96), indicating faster Li+ diffusion in W-0.02. The Li+

diffusion coefficient (DLi+) can be calculated using the following
equation:65,66

DLiþ ¼
R2T2

2A2n4F4C2s2
(1)

Z0 ¼ Rs þ Rct þ so�
1
2 (2)

where R is the gas constant (8.314 J mol�1 K�1), T is the
absolute temperature (298.15 K), A denotes the electrode geo-
metric area, n represents the number of transferred electrons
(n = 1), F represents the Faraday constant (F = 96 485C mol�1), C
is the bulk Li+ concentration (4.99 � 10�2 mol cm�2), and s is
the Warburg coefficient derived from the linear fitting of Z0

versus o�1/2. The DLi+ of NMA and W-0.02 cathode materials
were calculated to be 3.51 � 10�15 and 4.72 � 10�15 cm2 s�1,
respectively, using the aforementioned equation. These values
are consistent with the prior analysis results.

The superior electrochemical performance and enhanced
Li+ diffusion kinetics of W-0.02 compared to NMA can be
attributed to (i) refined primary particle size via 0.02 mol W6+

doping facilitating Li+ diffusion, (ii) inhibited irreversible phase
transitions in the layered structure.

4. Conclusions

In summary, W6+-doped LiNi0.90Mn0.07Al0.03O2 (NMA) cathode
materials with controlled doping concentrations (0–0.03 mol)
were successfully synthesized through a coprecipitation
method combined with a high-temperature solid-state reaction
using WO3 as the tungsten precursor. Structural characteriza-
tion reveals that the optimal W-0.02 effectively reduces primary
particle size while enhancing structural stability, with Rietveld
refinement and XPS analysis confirming significant suppres-
sion of Ni3+ to Ni2+ reduction (Ni3+/Ni2+ ratio increasing
from 1.1 to 2.0) and decreased Li+/Ni2+ cation mixing from
4.72% to 2.63%. Electrochemical evaluation demonstrates out-
standing performance with an initial discharge capacity of
178.13 mAh g�1 at 1C (2.5–4.3 V vs. Li+/Li), capacity retention
of 90.8% after 100 cycles (161.78 mAh g�1), and 96.72%

Table 2 Impedance fitting parameters for the four cathode materials after
activation

Sample Rs (O) Rsf (O) Rct (O)

NMA 2.22 54.29 95.15
W-0.01 2.15 27.82 28.13
W-0.02 1.96 25.55 27.40
W-0.03 2.21 32.86 45.62
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capacity recovery when returning to 0.2C after rate testing,
attributed to strengthened W–O bonding (653 kJ mol�1) and
optimized charge compensation. This work provides funda-
mental insights into cation doping strategies for high-nickel
layered oxide cathodes in next-generation lithium-ion batteries.
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