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Abstract

The growing demand for higher-energy lithium-ion batteries, encompassing consumer
electronics, stationary grid storage, and electric mobility to specialized sectors like
aerospace, medical devices, and industrial robotics, requires cathode materials that of-
fer higher capacity while remaining cost-effective. This trend has intensified the devel-
opment of nickel-rich LiNij _x—yMnyCoyO; (NMC) systems. However, high-Ni NMCs
such as LiNig gMng 95C0p 9502 (NMC90) suffer from limited thermal and cycling stability.
Core-shell architectures using LiNig ¢Mng2Cop 20, (NMC622) as a shell can partially alle-
viate these drawbacks, but structural degradation caused by interdiffusion between the
core and shell persists as a major challenge. This study investigates whether a tungsten
oxide interlayer can act as a protective barrier that suppresses interdiffusion, stabilizes
the crystal structure, and improves long-term electrochemical performance. In this work,
NMC cathode powders were synthesized via a one-pot oxalate co-precipitation route,
followed by structural characterization using X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM), X-ray photoelectron spectroscopy (XPS), and ion scattering spectroscopy
(ISS). Electrochemical performance, including capacity retention, cycling stability, and
internal resistance, was evaluated through galvanostatic charge—-discharge (GCD) testing
and electrochemical impedance spectroscopy (EIS). The core-shell configuration delivered
higher specific discharge capacity compared to the individually synthesized core-only and
shell-only reference materials, and the incorporation of a tungsten oxide interlayer resulted
in a twofold increase in cycle life. These results demonstrate that tungsten oxide effectively
enhances cycling stability by inhibiting core—shell interdiffusion, offering a promising
pathway toward more durable high-Ni NMC cathodes.

Keywords: Ni-rich NMC; tungsten oxide; core-shell; coating; co-precipitation; oxalic acid;
cyclic stability

1. Introduction

The transition toward a carbon-neutral global economy has precipitated an unprece-
dented demand for efficient electrochemical energy storage systems. Spanning a broad
spectrum from consumer electronics, electric mobility, and stationary grid storage to spe-
cialized sectors, such as aerospace, medical devices, and industrial robotics, lithium-ion
batteries (LIBs) have emerged as the benchmark technology for high-energy-density appli-
cations [1-5]. Over the past three decades, the energy density of commercial LIBs has more
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than tripled, evolving from approximately 100 Wh kg~! to over 300 Wh kg~!. Despite
these advances, the demand for higher energy capacity, fast-charging capabilities, and
cost reduction necessitate further breakthroughs in materials science [6-8]. Among the
fundamental components of a battery cell, the cathode material represents the critical tech-
nological bottleneck, as it dictates the cell’s capacity and thermal stability, and it accounts
for the largest fraction of the overall cost [9].

Layered transition metal oxides with the general formula LiNixMnyCo,O, (NMC,
where x + y + z = 1) are currently one of the most promising candidates for next-generation
cathodes due to their high specific discharge capacity and established manufacturing scala-
bility. To maximize energy density, research efforts have increasingly focused on Ni-rich
compositions (x > 0.8). Increasing the nickel content significantly elevates the reversible dis-
charge capacity and reduces reliance on cobalt, a critical raw material plagued by high costs,
supply chain volatility, and ethical concerns regarding its extraction [10,11]. Consequently,
pushing the nickel content toward 90% (NMC90) is a strategic priority for the industry.
However, a higher amount of Ni leads to intrinsic structural and chemical instabilities,
decreasing cycle life and safety. The rapid capacity fading in Ni-rich cathodes is attributed
to a synergistic interplay of several degradation mechanisms. First, the highly reactive Ni**
species formed at high states of charge (SoC) tend to oxidize the liquid electrolyte, leading
to the formation of a thick, resistive cathode electrolyte interphase (CEI) [12,13]. Second,
these materials undergo severe anisotropic volume changes during cycling, specifically
during the H2 — H3 phase transition near 4.2 V. The resulting mechanical strain induces
the formation of intergranular microcracks, which electrically isolate primary particles and
expose fresh surfaces to further parasitic reactions with the electrolyte [14,15]. Furthermore,
during charging (delithiation), the thermodynamic instability of surface Ni** ions induces
a reduction in these species to Ni?*. This process is accompanied by oxygen evolution from
the lattice to maintain charge neutrality, which leads to oxygen-assisted decomposition
of the electrolyte solvent (e.g., C3H4O3(EC) + [O] — CO, + CO +2H,0). This chemi-
cal cascade facilitates the hydrolysis of the electrolyte salt, generating hydrofluoric acid
(LiPFs 4+ H,O — POF; + 2HF + LiF; POF; 4+ H,O — HF + HPO,F; ), which subsequently
promotes transition metal dissolution [16]. Such interfacial instability triggers a structural
reconstruction of the layered rhombohedral phase to spinel-like and disordered rock-salt
phases, creating a significant kinetic barrier for lithium-ion diffusion. Due to the similar
ionic radii of Li* (76 pm) and Ni?* (69 pm), Ni?* ions readily migrate into the Li layers.
This cation mixing effectively clogs the 1D diffusion channels and renders Li sites elec-
trochemically inactive, further decreasing reversible capacity [15,17-19]. To reduce cation
mixing during synthesis, lithium is typically provided in excess. However, this strategy
leads to the formation of residual surface species such as LiOH and LiCO3; upon exposure
to ambient air, as Ni-rich powders are highly sensitive to moisture and CO, [17,20].

To mitigate these drawbacks, various surface engineering strategies, such as cation
doping and surface coating, have been extensively investigated. While doping stabilizes the
bulk lattice and coatings protect the surface, neither approach fully resolves the trade-off
between capacity and stability [9,13,21-23]. A more sophisticated strategy involves the
construction of core—shell architectures. This design aims to combine the best attributes of
two different compositions: a high-capacity Ni-rich core (e.g., NMC90) encapsulated by a
chemically stable, Mn-rich shell (e.g.,, NMC622). The shell acts as a physical shield, isolating
the reactive core from the electrolyte and suppressing the aggressive surface chemistry,
while the core provides the necessary energy density [15,24-28].

However, the practical implementation of core-shell cathodes is often hindered by the
instability of the interface itself. During the high-temperature calcination process required
for synthesis, uncontrolled cation interdiffusion occurs between the core and the shell. This

https://doi.org/10.3390/batteries12030082


https://doi.org/10.3390/batteries12030082

Batteries 2026, 12, 82

30f19

leads to a blurring of the phase boundary and a dilution of the shell’s protective proper-
ties. Furthermore, the lattice mismatch between different NMC compositions can induce
interfacial strain, leading to delamination during long-term cycling [29-32]. Therefore,
engineering a robust interface that suppresses transition metal migration while maintaining
high lithium transport is crucial for the success of core—shell materials.

In this context, tungsten has emerged as a highly effective interfacial modifier. Upon
synthesis, tungsten forms chemically resilient WO3 and LixWyO, species that protect the
cathode from hydrofluoric acid (HF)-induced degradation. Beyond surface passivation,
LixWy Oy infiltrates the primary particle grain boundaries, acting as a mechanical adhesive
that prevents intergranular cracking. Moreover, the doping of the surface lattice with W-
ions provides a stabilizing effect, suppressing deleterious phase transitions and maintaining
the long-term structural integrity of the material [33-36].

In this work, we present a novel approach to fabricate a robust core-shell architecture
featuring a LiNig9oMng05C00,0502 (NMC90) core and a LiNig¢MngCog20, (NMC622)
shell, separated by a functional tungsten oxide interlayer. Unlike conventional co-
precipitation methods that rely on hydroxide precursors and require complex ammonia
chelating agents, an oxalate-assisted co-precipitation route was employed. A distinctive
feature of the suggested synthesis is the integration of lithium directly into the precursor so-
lution prior to precipitation and solvent evaporation. This one-pot lithiation strategy avoids
the inhomogeneity issues often associated with solid-state mixing of lithium salts [17]. It is
hypothesized that the introduction of the tungsten oxide interlayer not only suppresses
the interdiffusion of transition metals between the core and the shell during calcination
but also strengthens the mechanical integrity of the particle against microcracking. This
study provides a comprehensive characterization of the tungsten oxide-modified core-shell
cathode material and the resulting electrochemical performance, demonstrating a pathway
toward high-energy, long-life cathode materials.

2. Materials and Methods

The following chemicals were purchased and used for the synthesis of the tung-
sten oxide modified core-shell structured NMC material: nickel (II) acetate tetrahydrate
(Ni(CH3COO0),-4H,0, 99%, ChemPUR, Karlsruhe, Germany), manganese (II) acetate
tetrahydrate (Mn(CH3COO),-4H,0, >99%, Carl Roth, Karlsruhe, Germany), cobalt (II)
acetate tetrahydrate (Co(CH3COO);-4H,0, >98%, Carl Roth), lithium acetate (LiCH3COO,
>99%, Carl Roth), oxalic acid dihydrate (Co,HyO4-2H,0, >99%, Carl Roth), ammonium
tungstate (NH4)10H2(W207)¢, +99.99%, Thermo Fisher, Waltham, MA, USA), isopropanol
(C3HgO, technical grade, Thermo Fisher).

For electrode preparation, polyvinylidene fluoride (PVDEF, 99.9%, Thermo Fisher) and
N-methyl-2-pyrrolidone (NMP, >99.5%, Thermo Fisher) were used as binder and solvent,
respectively. Activated carbon (C, p.a., Carl Roth) served as a conductive additive.

For coin cell assembly, lithium metal chips (16 mm diameter, Nanografi, Ankara,
Tirkiye) were used as counter and reference electrodes. A glass fiber filter (Whatman
GF/D, Cytiva, Marlborough, MA, USA) was used as a separator, and a 1 M LiPF¢ solution
in ethylene carbonate/dimethyl carbonate (EC/DMC = 50/50 (v/v), battery grade, Merck,
Darmstadt, Germany) was used as an electrolyte.

2.1. Material Synthesis of NMC90 Core

The synthesis of NMC90 core particles via the oxalic acid-assisted co-precipitation
route is illustrated in Figure 1. Nickel (II) acetate (0.9 mol), manganese (II) acetate (0.05 mol),
and cobalt (II) acetate (0.05 mol) were dissolved separately in deionized water and sub-
sequently combined to form a homogeneous transition metal (TM) precursor solution.
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Acetate salts were specifically selected over sulfates to avoid sulfur contamination in the
final product, as the resulting acetic acid is volatile and easily removed during thermal treat-
ment. Based on preliminary optimization experiments, a Li:TM molar ratio of 1.5:1 yielded
the most promising results regarding phase purity, crystallinity, and processability. Higher
concentrations of lithium led to an increased hardness of the synthesized powders, which
made effective grinding difficult. Therefore, 1.5 mol of lithium acetate was dissolved and
added to the mixture to compensate for lithium volatilization during the high-temperature
calcination process. The precursor solution was maintained at 65 °C under continuous
stirring at 350 rpm. Oxalic acid (1.75 mol), serving as the precipitating agent, was added
dropwise to the mixture. Since oxalic acid acts as both a precipitating agent and a complex-
ing agent, which stabilizes the oxidation state of the transition metals, further pH control
or synthesis under an inert atmosphere is not necessary. After adding oxalic acid, the
suspension was kept at 65 °C under stirring for 1 h. Due to the solubility of the formed
lithium oxalate, the solvent was removed via evaporation at 80 °C rather than filtration to

maintain the ratio of substances. The resulting precipitate was dried overnight in an oven
at 80 °C. The dried powder was calcined at 850 °C for 8 h with a heating ramp of 3 °C/min.
The final calcined powder was ground in a mortar to eliminate agglomerates.

Figure 1. Synthesis process for NMC via the oxalate co-precipitation route. (a) Preparation of
precursor solutions by separately dissolving TM salts, lithium salt, and oxalic acid. (b) Controlled
mixing and homogenization of the reactants at 65 °C under continuous stirring. (c) Formation of the
metal-oxalate precipitate following the dropwise addition of oxalic acid. (d) Intermediate product
obtained as a fine greenish powder after drying at 80 °C overnight, and (e) final NMC powder after
calcination at 850 °C for 8 h and subsequent mortar grinding for de-agglomeration.

2.2. Coating of NMC90 Core with Tungsten Oxide

To apply the tungsten oxide coating, ammonium tungstate (1 wt%) was dissolved in
isopropanol. The previously synthesized NMC90 powder was dispersed in this solution.
The suspension was stirred continuously at 70 °C to facilitate solvent evaporation. Follow-
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ing the removal of isopropanol, the resulting powder was calcined at 650 °C for 4 h with a
heating rate of 3 °C/min to form a stable tungsten oxide coating on the NMC90 core.
The reaction is as follows [37]:

24LiOH + (NHy),Hz(W207), — 12LiWO, + 10NH; + 18H,0

(NHy),,H2(W,07), 23 12WO5 + 10NH; + 6H,0

2.3. Synthesis of NMC622 Shell on Tungsten Oxide-Coated Core Particles

Following the coating of a tungsten oxide layer onto the NMC90 core particles, an
outer shell of NMC622 was synthesized using the procedure described in Section 2.1 with
adjusted molar ratios. Nickel (II) acetate, manganese (II) acetate, and cobalt (II) acetate
were dissolved in deionized water in a molar ratio of 6:2:2. The tungsten oxide-coated
NMC90 powder was dispersed directly into this metal precursor solution. Oxalic acid
was subsequently added dropwise to induce co-precipitation of the NMC622 shell onto
the suspended particles. The solvent was then evaporated, and the precipitate dried and
calcined following the same thermal parameters used for the core synthesis.

2.4. Structural and Morphological Characterization

The crystallographic structure of the synthesized powders was analyzed by X-ray
diffraction (XRD) using a Bruker D8 Advance diffractometer (Bruker, Bremen, Germany)
equipped with Cu K« radiation (A = 1.5406 A). Patterns were recorded in continuous
scanning mode over a 26 range of 10-90° with a step size of 0.024°, operating at 35 kV and
30 mA. Rietveld refinement was performed on the diffraction data using TOPAS (Version 6,
Bruker AXS, Karlsruhe, Germany) to determine precise lattice parameters and to identify
potential secondary phases.

Particle morphology was examined using a Zeiss Ultra 55 scanning electron micro-
scope (SEM; Zeiss, Jena, Germany) at an accelerating voltage of 8 kV. The elemental com-
position and spatial distribution were analyzed via energy-dispersive X-ray spectroscopy
(EDS) integrated into the SEM system, operating at 15 kV.

For further surface analysis of the tungsten oxide-coated NMC90 particles, a Thermo
Fisher Nexsa G2 (Thermo Fisher Scientific, East Grinstead, UK)surface analysis system
was used. X-ray photoelectron spectroscopy (XPS) was employed to determine the surface
oxidation states and chemical composition, and ion scattering spectroscopy (ISS) was
performed using He* ions to probe the outermost surface layers, enabling a precise analysis
of the chemical environment within a depth range of 1-10 nm.

2.5. Electrochemical Performance

Electrochemical performance was evaluated using coin cells (CR2032 configuration,
Nanografi, Ankara, Turkey). Positive electrodes were fabricated from a slurry containing
the synthesized NMC powder as the active material, activated carbon as the conductive
additive, and polyvinylidene fluoride (PVDF) binder in an 8:1:1 mass ratio. To prepare the
slurry, PVDF was dissolved in N-methyl-2-pyrrolidone (NMP) at 60-65 °C under stirring.
Upon cooling to room temperature, activated carbon and the active material were added.
The mixture was stirred overnight at 1400 rpm to ensure homogeneity. The resulting slurry
was cast onto aluminum foil using a doctor blade with a wet-film thickness of 450 um and
dried at 70 °C for 4 h, resulting in a dry coating thickness of 100 um. Circular electrodes of
14 mm diameter were punched from the dried electrode. Cell assembly was conducted in
an argon-filled glovebox. Galvanostatic charge-discharge (GCD) cycling was performed at
room temperature using a constant current of C/10 within a voltage window of 2.7-4.2 V for
the initial formation cycles. Electrochemical impedance spectroscopy (EIS) was conducted
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on the assembled cells to evaluate charge-transfer resistance and ion-transport kinetics at
the electrode-electrolyte interface.

3. Results and Discussion
3.1. Structural Characterization with XRD

XRD was employed to investigate the crystal structures of the synthesized NMC
materials. Patterns were collected from the pristine NMC90, the tungsten oxide-coated
NMCI0 (hereafter referred to as NMC90-W), and, as a reference, a self-synthesized NMC622.
These samples are compared to the pattern of the core-shell structured NMC with a
tungsten oxide interlayer (referred to as core-shell-W) in Figure 2. As can be seen in
Figure 2a, the patterns look almost the same and comply with the reference spectra for
LiNip gMng 1Cop 10, (JCPDS 00-066-0856). Only around 21° and 32° are some small peaks
visible, which belong to Li;COj3 [38]. These peaks are more pronounced in the NMC90
sample compared to NMC622 and core-shell-W, likely due to the increased moisture
sensitivity associated with higher nickel content. The peak intensity ratios of (003) and
(104) were calculated and are summarized in Table 1. For all samples, the ratio is higher
than 1.2, indicating a low Li* /Ni?* cation mixing [16,39-42]. Furthermore, splitting of the
(006)/(102) (Figure 2b) and (018)/(110) (Figure 2c) peaks is clearly visible for all samples.
This splitting implicates a well-defined x-NaFeO, hexagonal structure belonging to the
R3m space group [43—45]. The Rietveld refinement further confirms a highly ordered
layered structure, as evidenced by a c/a ratio of over 4.9 [46,47].

(b) (c)
l Core-shell-W
l.l A A Aa " i\ A S
= =
l NMC622 2 £
lA A A M E“, _——A__/\/\_— 5 e
£ £
’ & =
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2 Theta (deg.) 2 Theta (deg.) 2 Theta (deg.)

Figure 2. XRD of NMC90, tungsten oxide-coated NMC90 (NMC90-W), NMC622 and core—shell
structured NMC with a tungsten oxide interlayer (core-shell-W), (a) overall pattern, (b) (101) and the
double peaks (006) and (102), (c) double peak (108) and (110); Color coding in (b,c) is the same as in
(a). Reference peaks from LiNipgMng 1Cog 10, (JCPDS 00-066-0856).
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Table 1. Rietveld refinement results of the XRD data for NMC90, tungsten oxide-coated NMC90,
NMC622, and core-shell structured NMC.

NMC90 NMC90-W NMC622 Core-Shell-W
1(003)/1(104) 1.61 1.53 1.95 1.34
a=b(A) 2.8779 2.8749 2.8665 2.8745
c(A) 14.1921 14.2173 14.2082 14.2238
c/a 49314 4.9452 4.9566 4.9482
Ruwp (%) 5.66 5.74 6.49 6.15
GOF (%) 1.27 1.28 1.22 1.15

Regarding the tungsten oxide coating, no WO3 or Li,WO, phases were detected in the
XRD patterns, suggesting that the coating amount is below the detection limit [48]. Addi-
tionally, c/a ratios are similar for all samples, which indicates that there is no integration of
the tungsten ions into the crystal lattice [47,49]. The low Ry, and GOF values confirm the
reliability of the Rietveld refinement.

3.2. Morphological Characterization (SEM and EDS)

The morphological characteristics of the samples were investigated via SEM, as pre-
sented in Figure 3. Figure 3a—c displays the pristine NMC90 and the uncalcined and
calcined NMC90-W, respectively. Figure 3d shows the pristine NMC622, while Figure 3e,f
represents the core—shell samples without (further labeled as core-shell) and with a tung-
sten oxide interlayer. As observed in Figure 3a, the NMC90 secondary particles exhibit an
angular rather than spherical morphology. Small and bright-colored particles are visible
on the surface, likely corresponding to LiCOj3 residues, which aligns with the previously
discussed XRD results. Following the tungsten oxide coating process (Figure 3b), a dense
layer of fine particles is distributed across the NMC90 surface, indicating high coating
coverage. These surface features largely disappear after calcination (Figure 3c), resulting
in a smoother, less angular particle surface. In contrast, the pristine NMC622 (Figure 3d)
consists of smaller primary particles and exhibits a more spherical secondary morphol-
ogy, consistent with prior reports [50]. Furthermore, there is a notable absence of small,
brighter-colored surface residues, which again correlates with the XRD data. core—shell
structured particles (Figure 3e,f) appear morphologically identical, with no significant
differences in size or shape. Compared to the single-composition NMC90 and NMC622,
core—shell particles are significantly larger, more spherical, and nearly without surface
residues. To assess the overall sample homogeneity and particle size distribution, low-
magnification SEM images are provided in Figure S1. While the pristine NMC90 exhibits
a broader size distribution with finer particles alongside larger irregular agglomerates,
the tungsten-coated and core—shell samples consist predominantly of coarser secondary
structures. It should be noted that while NMC90 and NMC622 were processed in a mortar,
the coated and core-shell samples were not subjected to intensive milling to preserve the
structural integrity of the tungsten oxide interlayer and the core-shell architecture.

To evaluate the homogeneity of the tungsten oxide coating on the NMC90, EDS was
performed. The elemental mapping in Figure 4 confirms a uniform distribution of W across
the NMC90 surface, alongside the homogenous distribution of Ni, Co, and Mn throughout
the particle [51].
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Figure 3. SEM images of the synthesized samples: (a) NMC90; (b) NMC90-W—uncalcined;
(c) NMC90-W—calcined; (d) NMC622; (e) core-shell; (f) core—shell-W.

Figure 4. EDS elemental mapping of NMC90-W secondary particles. (a) SEM micrograph of a
representative particle. (b—f) Corresponding EDS maps for O, Ni, Mn, Co, and W, respectively. The
overlapping elemental signals demonstrate a uniform distribution of tungsten species across the
cathode surface.

3.3. XPS and ISS Spectra

Since EDS provides information from the bulk and underlying particles due to its large
interaction volume, XPS and ISS were employed to selectively analyze the surface of the
NMC90 and NMC90-W particles. XPS characterizes the chemical bonding and electronic
configurations, while ISS provides sensitivity to the topmost atomic layers, which is partic-
ularly advantageous for detecting thin surface coatings like tungsten oxide. In Figure 5a,
the survey scan of pristine NMC90 reveals the presence of residual contaminants such as
Na, S, N, and F, likely introduced during processing and handling. More significantly, the
high-resolution spectra of O 1s, C 1s, and Li 1s (Figure 5b—d) indicate a substantial amount
of LipCOj3 on the surface. This is attributed to the calcination process in air. As high-nickel
NMC materials are highly sensitive to ambient moisture and CO,, the formation of Li;CO3
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is a common degradation mechanism. The literature suggests that Li;CO3 promotes para-
sitic reactions and electrolyte decomposition, particularly at high voltages, involving lattice
oxygen from the NMC structure. This process is often accompanied by the reduction of Ni3*
to Ni2*. The resulting surface reconstruction into a rock-salt-like phase (similar to NiO or
disordered LiNiO,) is electrochemically inactive and hinders lithium-ion diffusion, leading
to performance fading [52,53]. The Ni 2p spectra (Figure 5e) were also examined to further
evaluate the surface state. The two primary peaks, Ni 2p3/2 and Ni 2p1/2, are located
at ~855 eV and ~873 eV, respectively. These are accompanied by satellite peaks located
at ~862 eV and ~879 eV. These satellite peaks generally arise from multiple splittings in
the energy levels of the transition metal ions and serve as a characteristic indicator for the
presence of divalent nickel (Ni%*) at the surface [47,54].
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Figure 5. XPS surface characterization of pristine NMC90. (a) Wide-scan survey spectrum and
high-resolution core-level spectra of (b) O 1s, (c) C 1s, (d) Li 1s, and (e) Ni 2p regions.
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For the coated NMC90-W sample, the XPS survey shows new characteristic peaks for
tungsten in Figure 6a, while the intensities of the O 1s, C 1s, and Li 1s signals associated
with Li;COj3 are lower compared to the uncoated sample. This suggests that the coating
process may consume surface residuals through the reaction of tungsten with lithium and
oxygen to form LiyWO, or WO3 phases. The tungsten signal consists of the W 5p peak
at approximately 41 eV and the well-resolved W 4f doublet, located at ~36 eV (W 4f7,)
and ~38 eV (W 4fs5,,). The absence of additional shoulders and the sharp peak shapes
indicate that tungsten exists only in the +6 oxidation state, consistent with WO3 or Li;WOs4.
Although Li;WQ4 typically has a Li 1s peak at 56 eV, the presence of Li;COj3 results in an
overlap, preventing a definitive classification based on the lithium signal alone. This aligns
with findings by Animesh Dutta et al. and other studies [37,47,55,56].
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Figure 6. XPS surface characterization of coated NMC90-W. (a) Wide-scan survey spectrum and
high-resolution core-level spectra of (b) O 1s, (c) C 1s, (d) Li 1s, (e) Ni 2p regions, and (f) W 4f.

Figure 7 displays the ISS spectra for the pristine NMC90 and the tungsten-coated
NMC90-W samples. The two spectra are nearly identical. However, the NMC90-W sample
exhibits an additional distinct peak at approximately 875 eV, which is assigned to tungsten.
This observation correlates with the EDS data, further supporting the presence of tungsten
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at the surface of the cathode particles. Notably, the characteristic peaks for Ni, Co, and
Mn remain clearly visible in the NMC90-W spectrum. Due to the high sensitivity of ISS,
which selectively probes only the topmost 1-2 atomic layers, the continued visibility of the
transition metals indicates that the tungsten-based layer does not form a complete, thick
encapsulation. Instead, this suggests the coating is either ultra-thin or characterized by
an island-like, inhomogeneous distribution across the particle surface. Ideally, a thin and
homogeneous coating is favored to provide uniform surface protection while maintain-
ing low interfacial resistance for fast kinetics. However, achieving perfect, pinhole-free
coverage is often difficult via standard dry or wet coating methods. Alternatively, an
island-like distribution acts as a partial physical barrier, which ensures facile Li* transport
through uncoated regions. Studies suggest that full coverage is not always necessary for
performance gains. These discrete clusters can effectively stabilize the surface structure and
enhance electrochemical durability, as further evaluated by the following electrochemical
characterization [57-59].
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Figure 7. ISS spectra of pristine NMC90 and NMC90-W and a schematic illustration of the tungsten-
coated NMC90 particle.

3.4. Galvanostatic Charge and Discharge Measurements

The GCD profiles for NMC90, NMC622, and the core—shell structured NMC samples,
both with and without a tungsten oxide coating, are illustrated in Figure 8a—d, while the
corresponding specific discharge capacities and coulombic efficiencies after the first and
fifth cycles are summarized in Table 2. Notably, pure NMC90 exhibited a relatively low
specific discharge capacity of 81.7 mAh/g compared to the other samples. The initial
open-circuit voltage (OCV) was measured below 2.7 V, leading to the start of the first
charging cycle in the graph at 30 mAh/g. A prolonged duration was observed during the
initial cycle to reach the 4.2 V cutoff voltage, which is attributed to the formation of the solid
electrolyte interphase (SEI) and the associated consumption of lithium ions (Figure 8a).
Consequently, the initial coulombic efficiency (CE) in the first cycle is lower, primarily due
to this SEI formation. Specifically, NMC90 exhibits a significantly lower CE compared
to the other materials, as can be seen in Table 2, which can be attributed to its higher
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surface reactivity. In contrast, the core—shell materials show improved CEs, demonstrating
their enhanced structural and interfacial stability. While subsequent cycles demonstrated
consistent charge—discharge behavior, the overall capacity remained significantly lower
than values typically reported in the literature for high-nickel materials. This capacity
limitation may be attributed to the presence of surface LiyCOs3, which was already observed
in the XRD, SEM, and XPS measurements. This impurity leads to the formation of an
electrochemically inactive reconstruction layer on the NMC particles, which hinders the
lithium-ion transport and increases the interfacial resistance, leading to a reduction in
capacity [60]. Interestingly, pure NMC622 showed a higher specific discharge capacity
of 118.5 mAh/g (Figure 8b) compared to NMC90 (Figure 8a). This observation deviates
from the expected trend, as higher nickel concentrations generally yield higher capacities
in the literature [61]. The core-shell architecture outperformed both individual NMC
components, achieving a capacity of 138.2 mAh/g (Figure 8c), whereas core-shell-W
showed a slightly lower value of 136.9 mAh/g (Figure 8d). This minor difference may
be attributed to the synergistic effect of the active materials composed of NMC90 as core,
NMC622 as shell, and tungsten oxide as interlayer between core and shell. By the fifth cycle,
all samples reach a high CE, indicating successful stabilization of the material and highly
reversible lithiation/delithiation processes. Across all samples, the coulombic efficiency
remained high, generally ranging between 98% and 100%, indicating good electrochemical
reversibility following the initial stabilization phase.
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Figure 8. GCD curves of the initial five cycles performed at C/10 within a potential window of
2.7-4.2 V for (a) NMC90, (b) NMC622, (c) core—shell, and (d) core-shell-W cathode electrodes.
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Table 2. Discharge capacity and Coulombic efficiency values after the 5th cycle for pristine NMC90,
pristine NMC622, core-shell, and core-shell-W.

NMC90 NMC622 Core-Shell Core-Shell-W

1st Cycle 5thCycle 1stCycle 5thCycle 1stCycle 5thCycle 1stCycle 5th Cycle

Specific discharge

capacity (mAh/2) 78.0 81.7 117.21 118.5 140.4 1382 135.1 136.9
Coulombic 292 98.8 57.1 98.5 78.6 98.5 79.9 100
efficiency (%)

3.5. Cycling Stability Measurements of Core-Shell with and Without Tungsten Oxide Coating

The long-term cycling stability of the core—shell samples, with and without a tung-
sten oxide coating, was evaluated over 50 cycles between 2.7 and 4.2 V at a rate of C/10
(Figure 9). The results demonstrate that the tungsten oxide coating significantly enhances
the cyclability of the cathode material, effectively doubling its operational lifespan. Specifi-
cally, the tungsten oxide-coated sample maintained an 80% state of health (SoH) until the
44th cycle, whereas the uncoated core—shell sample reached this degradation threshold by
the 20th cycle. These results indicate that the tungsten oxide interlayer exerts a stabilizing
effect beyond simple surface protection. This synergistic enhancement likely originates
from the suppression of detrimental side reactions at the core—shell interface and a reduc-
tion in mechanical strain during lithiation/delithiation cycles. Furthermore, the tungsten
species may act as a structural buffer, preventing cation disordering and maintaining the
integrity of the core-shell architecture. Additionally, the core-shell design provides a
higher specific discharge capacity than the individual core or shell materials, while the
tungsten oxide modification acts as a critical protective layer that mitigates capacity fade
and improves structural longevity during electrochemical cycling.

100 -

|—@— Core-shell
0 —@— Core-shell-W
0 10 20 30 40 50

Cycle number

Figure 9. Long-term cycling stability of core—shell NMC cathode powders without and with a
tungsten oxide interlayer. Cycling was performed between 2.7 and 4.2 V with C/10.
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3.6. EIS Analysis

Figure 10 illustrates EIS Nyquist plots for the core—shell samples without and with a
tungsten oxide interlayer after the 50th cycle. The pristine core—shell sample (Figure 10a)
exhibits impedance in the Mega-() range, accompanied by significant scattering of the data
points. In contrast, the core-shell-W sample (Figure 10b) remains in the lower kilo-() range
and displays a discernible semicircular arc. Although the arc is not clearly resolved, it
represents a substantial reduction in the charge—transfer resistance (Rt) compared to the
extreme impedance observed in the core-shell material without a tungsten oxide interlayer.
This indicates that the tungsten oxide interlayer significantly facilitates charge transfer at the
core—shell interface. The impedance rise in the core-shell material without a tungsten oxide
interlayer is likely triggered by the formation of an insulating surface reconstruction layer
(e.g., rock-salt phase) and the accumulation of decomposition products [62]. Furthermore,
the ohmic resistance Rs representing the resistance of the electrolyte, current collector
contacts, and bulk electrode, was measured at 22.3 k() for the pristine core-shell and 35.3 ()
for core—shell-W. The excessively high R in the unmodified sample suggest a near-total
loss of electrical contact or severe electrolyte depletion [62,63]. In the lower frequency range,
the characteristic straight line corresponds to the Warburg impedance (Zy), which describes
the solid-state diffusion of Li* ions within the cathode bulk [62-64]. While the core-shell-W
sample shows a more defined diffusion tail, it also exhibits increased scattering and a rise
into the M() range at very low frequencies. This suggests that while the tungsten interlayer
improves interfacial kinetics, lithium-ion diffusion remains a limiting factor after extended
cycling. After all, the fact that core—shell-W maintains a significantly lower and more stable
impedance confirms that the tungsten interlayer effectively preserves conductive pathways
and mitigates the drastic surface degradation that plagues the core-shell material without
a tungsten oxide interlayer.
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Figure 10. EIS after 50 cycles of (a) core-shell and (b) core-shell with a tungsten oxide interlayer, with
additional graph, which shows scattering in M) for lower frequency.

4. Conclusions

In this study, a core—shell structured NMC cathode with a tungsten oxide interlayer
was successfully synthesized via a novel, one-pot co-precipitation method. By utilizing
oxalic acid as a precipitant, a more cost-effective and environmentally friendly synthesis
route was established compared to conventional hydroxide-based methods. The addition
of lithium directly into the reaction solution ensured high chemical homogeneity of the
precursor. Structural and morphological characterization confirmed the formation of the
desired R3m phase and verified the successful integration of tungsten at the interface
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between the NMC90 core and NMC622 shell. While ISS measurements suggested that
the tungsten oxide coating exists as an ultra-thin or a non-uniform island-like layer, its
impact on the electrochemical performance was significant. The tungsten interlayer appears
to stabilize the core—shell interface, potentially mitigating structural degradation during
long-term cycling. Electrochemical evaluation revealed a significant performance gain with
the core—shell architecture, achieving a specific discharge capacity of 138.2 mAh/g, which
notably surpasses the capacities of both the pristine NMC90 core (81.7 mAh/g) and the
NMC622 shell (118.5 mAh/g). The stability of these materials was further highlighted
during cycling, while core-shell-W reached an SoH of 80% at the 44th cycle, whereas the
core—shell without a tungsten oxide interlayer reached this threshold by the 20th cycle. This
suggests a beneficial synergistic interaction, where the protective shell and the stabilizing
interlayer effectively compensate for the inherent limitations of the standalone materials.

Although surface impurities such as Li;COjs initially limited the absolute capacity, fu-
ture optimizations, for instance, by calcination under an oxygen atmosphere or specialized
washing procedures, could effectively remove these species, resulting in further enhance-
ment of the discharge capacity. In conclusion, this work demonstrates that combining a
core—shell structure with a functional tungsten oxide interlayer offers a robust strategy
for enhancing the structural stability and longevity of high-capacity, nickel-rich cathode
materials for next-generation lithium-ion batteries.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/batteries12030082/s1, Figure S1: XRD patterns of NMC90 with varying
lithium content. (a) Overall pattern; (b) (101) and the double peaks (006) & (102); (c) Double peak (108)
& (110); Table S1: Comparison of 1(003) /1(104) peak intensity ratios for NMC90 samples with different
lithium content; Figure S2: SEM images of NMC90 with varying lithium content (1.5, 2 and 2.2 mol).
(a,c,e) High-magnification and (b,d,f) low-magnification views of samples with: (a,b) 1.5 mol Li,
(c,d) 2 mol Li, and (e,f) 2.2 mol Li; Figure S3: XRD patterns of NMC622 with varying lithium content.
(a) Overall pattern; (b) (101) and the double peaks (006) & (102); (c) Double peak (108) & (110).;
Table S2: Comparison of 1(003)/1(104) peak intensity ratios for NMC622 samples with different
lithium content; Figure S4: SEM images of NMC622 with varying lithium content (1.5, 2 and 2.2 mol).
(a,c,e) High-magnification and (b,d,f) low-magnification views of samples with: (a,b) 1.5 mol Li,
(c,d) 2 mol Li, and (e,f) 2.2 mol Li; Figure S5: XRD patterns comparing two-step and single-step
calcination processes for NMC90. (a) Overall pattern; (b) (101) and the double peaks (006) & (102);
(c) Double peak (108) & (110). The black curve represents NMC90 after initial calcination at 450 °C
(4 h) followed by mortar grinding. The red curve shows the same powder after a second calci-
nation step at 850 °C (8 h). The blue curve represents the single-step calcined NMC90 (850 °C,
8 h). All samples were heated at a rate of 3 °C/min. The 1(003)/1(104) intensity ratio is 1.36 for
the two-step calcined powder and 1.61 for the single-step calcined powder; Figure S6: SEM images
of NMC90 comparing two-step and single-step calcination processes at different magnifications.
(a,c,e) High-magnification and (b,d,f) low-magnification views of: (a,d) single step; (b,e) 1st stage of
the two-step process; (c,f) 2nd stage of the two-step product; Figure S7: Low-magnification SEM im-
ages of the synthesized samples, providing a broader overview of particle morphology for: (a) NMC90;
(b) NMC90-W—uncalcined; (c) NMC90-W—-calcined; (d) NMC622; (e) Core-shell; (f) Core-shell-W.
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